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General introduction,
aim and outline of the thesis



Chapter 1

Parkinson's disease (PD) is a neurodegenerative brain disorder affecting more than
seven million people worldwide.” Over the last decades, we have seen a rapid increase
in the prevalence of PD, due to the ageing of the population in combination with
factors we do not yet fully understand.? PD is best known for the motor symptoms that
clinically characterize the disease and these are a prerequisite for the clinical diagnosis:
bradykinesia, muscle rigidity, resting tremor, and postural instability.> However, PD is
not solely a movement disorder. Most patients also suffer from a wide variety of non-
motor symptoms such as olfactory dysfunction, autonomic dysfunction, apathy, anxiety,
depression, sleep disturbances, psychotic symptoms, fatigue and cognitive decline.*>

An important neuropathological feature of PD is the degeneration of nigrostriatal
dopaminergic neurons in the midbrain. These neurons demonstrate a deposition of
Lewy bodies of which alpha synuclein is one of the main constituents.® The pathological
processin PDis not limited to the midbrain: years before the PD motor symptoms become
overt, the olfactory system and lower brainstem are already affected.” Furthermore,
early in the disease, neurotransmitter systems, other than the dopaminergic system, are
also affected by the degenerative process, such as the cholinergic, noradrenergic, and
serotonergic systems. With progression of the disease, the pathological changes spread
in a predictable caudal to rostral pattern to the midbrain (containing the dopaminergic
neurons), and hence via the limbic system towards cortical brain regions.® PD is therefore
a multisystem neurodegenerative disorder, in which the timing of specific symptoms is
consistent with the involvement of specific brain areas.

Cognitive decline in PD

The prevalence of cognitive decline and dementia in PD is high. Mild cognitive impairment
(MCl), i.e. one or more cognitive domains affected without interference with normal
daily life, is already present at the time of diagnosis in 10-20% of patients.® Eventually,
after 20 years of follow-up, PD dementia will have developed in up to 80% of surviving
PD patients. In the advanced stages of the disease, cognitive decline and PD dementia
contribute significantly (and more than motor symptoms) to an impaired quality of life,
impose a heavy burden on caregivers, and lead to high societal costs.’ The mechanisms
are far from being elucidated and effective treatment options are lacking. To date,
treatment with cholinesterase inhibitors is the only approved symptomatic treatment for
early-stage PD dementia, although the effect is only limited."’

PD patients generally exhibit cognitive decline in the executive, attentional and
visuospatial domains.” There is a heterogeneity in cognitive profiles that seems to be
caused by differences in pathophysiological mechanisms. Dysfunction in posteriorly
located cognitive functions, for instance in the visuospatial domain, may be caused
by spreading of Lewy body pathology to cortical brain areas in combination with
non-dopaminergic degeneration, such as cholinergic and noradrenergic deficits.”>
Frontostriatal dopaminergic deficits are associated not only with motor dysfunction, but
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also with executive dysfunction,’> in addition to a range of other non-motor symptoms
such as apathy, anxiety and depression.'®

Executive dysfunction and apathy (Box 1) are two highly prevalent non-motor symptoms in
PD that often co-exist."'® Studying these symptoms is not only relevant for improvements
in their clinical management, but may also teach us about interactions between cortical and
subcortical brain regions and the mediating role of interventions, such as dopaminergic
medication or deep brain stimulation, that target subcortical brain regions.

Despite major advances in our understanding of the neuropathological and neurochemical
changes in PD over the last decades, our knowledge of the functional brain mechanisms that
lead to clinical symptoms, in particular non-motor symptoms such as cognitive decline, is
far from complete. A better understanding of the mechanisms involved in these symptoms
is a prerequisite for the development of better symptomatic treatments, the prediction of
the course of the disease, and monitoring of the effects of future disease-modifying drugs.

Box 1 Executive dysfunction and apathy

Executive function is the most commonly affected cognitive domain in PD (in 93% of patients, independent
of disease stage). It represents a broad set of cognitive skills involving attentional control, cognitive inhibition,
inhibitory control, working memory and cognitive flexibility.>® Executive function is demanded in many situations
in daily life, from planning a trip (initiation, working memory, organizing), to saying “no” to a chocolate cake that
is offered when one is on a diet (self-monitoring, inhibitory control).

Apathy is defined as a primary loss of motivation, diminished goal-directed behavior and decreased emotional
involvement. It is a common clinical feature following strategic lesions in the prefrontal cortex (PFC) or basal
ganglia and of brain disorders involving the basal ganglia.*¢' The PFC-basal ganglia system circuits are linked
to a diverse range of limbic, cognitive and motor control functions.®*%* Clinically, apathy may manifest in the
context of three conditions: emotional-affective dysfunction (depression), cognitive dysfunction, or a deficit in
auto-activation (inability to self-activate thoughts or behavior).®

Apathy in PD is at least partly caused by dopaminergic deficits, as it may fluctuate with the dopaminergic state
of patients.®>% PD-related apathy can have both an emotional-affective or (executive) cognitive component.®’
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Functional brain imaging techniques

Functional brain imaging techniques allow us to study the activity of the PD brain in
relation to its clinical symptoms in a non-invasive way. Proper (cognitive) functioning relies
on the coordination and integration of neuronal activity within and between distinct brain
regions,'? which the brain accomplishes by synchronizing oscillatory brain activity.?' In
this thesis, we measured brain activity in a resting-state, task-free condition, in which the
brain is remarkably active.?? Characteristics of resting-state brain activity are associated
with cognitive function both in healthy subjects® and in patients with neurological
diseases.?* An explanation of the two functional brain imaging techniques used in this
thesis, magnetoencephalography (MEG) and functional MRI (fMRI), can be found in Box 2
and an explanation of the measures of brain activity and connectivity in Box 3.

Box 2 Functional brain imaging techniques

Electroencephalography (EEG) measures bioelectric brain activity that is caused by groups of active neurons.
It is recorded by (typically 20) electrodes attached to the scalp. It is available in many hospitals, which makes
the translation of research findings into clinical practice relatively easy.

Magnetoencephalography (MEG) measures fluctuations in the magnetic field close to the scalp. These
magnetic fluctuations are induced by changes in the electric fields caused by groups of active neurons. The
resulting magnetic fields are very weak. Therefore, to measure the brain's magnetic fields, very sensitive
sensors, so-called superconducting quantum interference devices (SQUIDS), have to be used. To reduce the
influence of (fluctuations in) background magnetic fields (i.e. noise), measurements are carried out inside a
magnetically shielded room. Like EEG, MEG has an excellent temporal resolution. Unlike EEG, the MEG signal
does not require a reference electrode. In addition, it is hardly disturbed by the underlying tissues such as the
skull or scalp. Furthermore, it is more sensitive to signals from deeper structures, such as subcortical brain
areas. Therefore, MEG offers a better spatial resolution and can be used to map sensor data back to the brain
locations where the signal originates from, for example by using so-called ‘beamforming’, which is a spatial
filtering technique.

Functional MRI (fMRI) is based on the so-called Blood Oxygenation Level Dependent (BOLD) response. As
neural activity in brain regions increases, these regions consume more oxygen and attract more blood. The
BOLD contrast depends on changes in levels of deoxyhemoglobin, which acts a paramagnetic contrast agent
and is an indirect measure of neural activity.®® Although fMRI offers excellent spatial resolution, allowing deep
brain structures to be studied with millimeter precision, its temporal resolution is rather limited, in the order
of seconds, due to the sluggishness of the hemodynamic response.
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Box 3 Measures of brain activity and connectivity

Power spectrum

Atalocalscale, neurons are connected with each other via synapses. The activity of large groups of interconnected
excitatory and inhibitory neurons can synchronize into an oscillating unit. The amplitude of oscillatory activity
in different frequency bands can be measured by applying power spectral analysis to the recorded signals. An
often-applied method is the Fast Fourier Transformation (FFT). This can be used to decompose the measured
EEG or MEG signal into local oscillatory activity and its power within separate frequency bands. The following
frequency bands were used in this thesis: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz) and
gamma (30-48 Hz). In addition, we determined the peak frequency, i.e. the frequency at which the spectral
power is highest, within the 4-13 Hz frequency range.

Delta Theta Alpha Beta Gamma

L

spectral power [a.u.]

—~—

0 T T . T T —
0 10 20 30 40

Frequency (Hz)
Figure 1 Power spectrum between 0.5 and 48 Hz, with a peak frequency around 10 Hz

Functional connectivity

At a larger scale, groups of thousands of neurons form functional modules, or local circuits. The communication
between these populations in spatially separated brain regions as well as the integration of their activity is
vital for normal brain functioning. The functional coupling between two brain regions can be estimated by
computing the statistical relationship between the time-series of activity generated by the two brain regions.

In the MEG studies in this thesis, we calculated functional connectivity using the corrected amplitude envelope
correlation (AEC-c). First, the so-called amplitude envelopes were computed for the time-series that had been
filtered in a specific frequency band (delta to gamma; Figure 2). Using a symmetric orthogonalisation procedure
(meaning time-series X is regressed out from time-series Y and vice versa), we accounted for the effects of
volume conduction/field spread. Next, the correlation between pairs of amplitude envelopes was calculated.

1
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Box 3 Measures of brain activity and connectivity Second part

Amplitude

Time Envelopes

Figure 2 Amplitude envelope correlation

In fMRI research, several consistent networks of interacting brain regions can be identified during the (task-
free) resting-state of the brain by applying an independent component analysis (ICA), which maximizes the
statistical independence of the estimated components.®®’® Based on the ICA, brain regions were clustered
into 30 components, which we visually appointed to seven literature-based resting-state networks (see Figure
3). Functional connectivity, calculated using Pearson correlations, within and between these resting-state
networks was used as measure of brain function.

Figure 3 In yellow the brain regions involved in the default mode network (DMN), one of the dominant resting-
state networks. The DMN is a network that becomes overt during “wakeful rest” and classically involves the
medial prefrontal cortex, posterior cingulate cortex and the inferior parietal lobule.

Dynamic functional connectivity (derived from fMRI data) represents a measure of the fluctuations in
functional connectivity over time. In our fMRI project, we implemented this measure by calculating the standard
deviation of the functional connectivity over multiple consecutive time windows.

Directed functional connectivity (derived from MEG data) represents the balance between incoming and
outgoing information in a brain region. In the MEG study described in Chapter 4 this was estimated using the
directed Phase Transfer Entropy (dPTE). PTE is based on the principle that a source signal must have a causal
influence (flow of information) if knowledge of the past of both signals improves the ability to predict the
target's future, compared to the situation of only knowing the target's past.”

Current EEG, MEG and fMRI findings and cognitive changes in
PD

Previous neurophysiological (EEG and MEG) research has revealed that already at the
earliest stages of PD, slowing of cortical oscillatory brain activity is present.>?® This
slowing continues as the disease progresses from a later-stage non-demented situation
up to PD dementia and is associated with cognitive dysfunction.?”3° Studies of functional
connectivity in PD have shown an initial increase, and a subsequent decrease over time
in relation to clinical disease progression, especially cognitive decline.?** In fMRI studies,
the association between clinical symptoms of PD and measures of functional connectivity
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is rather complex. Both decreases and increases in functional connectivity have been
reported in relation to cognitive decline,?>3¢ even within the same cross-sectional study.*”
Quite possibly, functional connectivity may decrease as a result of the underlying
disease process, whilst compensatory mechanisms inherent to the brain, pathological
processes® or the effects of dopaminergic medication®** may lead to an increase in
functional connectivity. Although the results of the aforementioned studies suggest that
changes in the different measures of brain activity and connectivity (spectral power,
functional connectivity) may reflect relevant pathophysiological mechanisms underlying
PD symptoms, including cognitive decline, several questions remained unanswered.

Knowledge gaps

Previous studies using EEG and MEG in PD focused on cortical brain regions, as until
recently these techniques were more sensitive to cortical brain activity. Yet, the
mechanisms that lead to the previously observed widespread cortical neurophysiological
changes may find their origin in subcortical brain regions. Furthermore, dysfunction of
subcortical brain regions is related to the occurrence of several non-motor symptoms.*+
Thanks to technical advances in beamforming, we can now project MEG-signals onto
subcortical brain regions, allowing for a reliable measurement of the functional properties
of these areas.***” As nigrostriatal changes are early-stage manifestations of PD, we
expected to find functional changes in subcortical brain regions at the earliest clinical
disease stages, or even to precede the onset of changes in cortical brain activity. Should
the latter be the case, this would not only improve our understanding of the cascade
of changes in brain activity and connectivity in PD, but also provide us with an earlier
biomarker of disease activity. In addition, if subcortical changes are present in addition to
cortical changes, it would be of interest to know whether subcortical changes are leading
or lagging the cortical changes and how this relates to a decline in clinical measures of
disease progression.

Second, many previous findings were based on cross-sectional data. Although it is
possible to reconstruct a time-line of functional changes using multiple cross-sectional
data points, this carries the risk of introducing bias in the analysis (e.g. differences in
group characteristics between study cohorts or differences in outcome measures due
to site-specific differences in measuring techniques). Therefore, the conclusions that can
be drawn from this type of study are generally less reliable than those derived from
longitudinal studies. The previous MEG studies in this PD cohort had a follow-up duration
of approximately four years and demonstrated that cortical slowing and loss of functional
connectivity were correlated with cognitive decline and motor dysfunction.?3' However,
it was not clear whether the observed trends in neurophysiological changes would be
maintained with further disease progression. This issue could be addressed by adding
data obtained at a third time point to the analysis. Moreover, the heterogeneous baseline
disease duration of the patients in the PD cohort allowed an analysis using a so-called
multiple longitudinal design. Adding a third time point would lead to an individual follow-

13
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up duration of seven years, and at the same time would enable us to obtain a better
view of the changes in brain activity and connectivity over the whole range of disease
durations of about 20 years.

Third, in a previous fMRI analysis, a global decrease in functional connectivity was
found, which correlated with worsening cognitive function.?> In addition, it was shown
that domain-specific cognitive dysfunction correlated with differences in interactions
between cortical resting-state networks.3#8 However, it remained to be established how
interactions between cortical and subcortical resting-state networks would relate to
domain-specific cognitive decline.

Fourth, an emerging topic in PD research is the influence of (symptomatic) treatment
on brain activity and connectivity in relation to changes in clinical measures of motor
and non-motor function, not only to better understand its mechanism, but also to map
its effects. Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective
surgical intervention for motor symptoms in PD,**° but can induce negative cognitive
and psychiatric side effects in up to 25% of patients, among which apathy is the most
prevalent.>’ These side-effects can partly be explained by the fact that multiple functional
systems (emotional-affective, cognitive, motor) converge in the subthalamic nucleus.>*3
Each DBS electrode generally has four stimulation (also: contact) points and electrodes
are generally implanted bilaterally.>* Clinical improvement and side effects differ from
one contact point to another, but the cause of these effects is only partly understood.
At present, it may take months to identify the optimal DBS settings via trial and error,
as stimulation-related non-motor effects may take long to develop, in contrast to the
effects on motor function that can appear rather quickly upon changes in stimulation
settings. DBS can induce changes in brain activity and connectivity on a minute scale,
which probably extend beyond the motor system.>>%” It was an open question whether
these ‘acute changes’ in brain activity could reflect non-motor side effects that take
longer to develop. If a relation between the location of the stimulated contact point and
brain activity/connectivity was found, then this could aid in the process of selection of
the optimal contact point. In addition, it would improve our knowledge on the structural
and functional brain networks involved in PD symptoms as well as in the side effects of
STN-DBS.

Research questions

The main objectives of this thesis were to gain more insight into the functional brain
mechanisms related to motor and non-motor symptoms in PD, as well as its progression
over the course of the disease, both from a cortical and a subcortical perspective. In
addition, we wanted to determine the neurophysiological effects of DBS on the PD
brain in relation to clinical parameters of motor and non-motor functioning. We studied
whether MEG can be used to measure DBS effects on brain activity and functional
connectivity, in order to answer the question if MEG could aid in the process of selecting
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the optimal contact point. Furthermore, studying the neurophysiological and clinical
effects of manipulation of a subcortical brain structure such as the STN would add to
our knowledge of the pathophysiology of PD and, hence, might provide a stepping-stone
towards new treatments.

We addressed the following main research questions:

1. Which EEG biomarkers of PD progression have been reported in the literature?

2. Whatare theinsights derived from previous MEG studies in PD and which knowledge
gaps can we identify?

3. What is the longitudinal relationship between the development of changes in brain
activity and connectivity in cortical vs subcortical brain regions, and what is their
relationship with clinical measures of disease progression?

4. Are subcortical changes leading or lagging the cortical changes and how does this
relate to a decline in clinical measures of disease progression?

5. How do altered functional interactions between resting-state brain networks,
including subcortical brain regions, relate to domain-specific cognitive decline, and
how do they develop over the course of the disease?

6. Does DBS in PD patients induce changes in brain activity and connectivity (measured
using MEG) and what is the relationship of these changes with motor improvement
and non-motor side effects?

7. Does a change in stimulation location in PD patients treated with DBS produce acute
changes in brain activity and connectivity that can be detected with MEG?

Patients, methods and outline of the thesis

The studies described in this thesis were performed in two study cohorts of PD patients.
The first cohort consisted of a total of 61 non-demented PD patients and 21 healthy
controls who were longitudinally followed for seven years. These subjects underwent
repeated motor and cognitive assessments, as well as MEG recordings, at baseline and
at two follow-up visits scheduled four and seven years after the baseline visit. MEG
recordings performed at the third time point were performed on a different recording
system than recordings at the first two time points. fMRI recordings were performed
during the second and third study visit.

The second cohort consisted of a group of 29 PD patients treated with STN-DBS. The
patients underwent pre-operative as well as post-operative clinical assessments (motor,
psychiatric, cognitive; the same for both study visits) six months after surgery. A minimum
of six months after surgery, MEG recordings were performed in ten conditions: stimulation
ON using the regular DBS settings of the patient, stimulation OFF, and during stimulation at
each of the eight (four on each side) individual contact points. Figure 4 provides an overview
of the conditions in which data were obtained from the second cohort.

15
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Chapter 6.1 and 6.2 Chapter 6.3
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Figure 4 Overview of the conditions in which data were obtained from the second study cohort

In chapter 2.1 we performed a systematic review on EEG findings in PD, in which
we identified the reported biomarkers of clinical PD symptoms. In chapter 2.2 we
systematically reviewed the MEG literature on PD to obtain an overview of the neurophy-
siological characteristics of PD (in relation to clinical symptoms, disease progression, and
treatment effects).

In chapter 3.1 we determined the feasibility to longitudinally analyze MEG data that had
been recorded using two different MEG systems in eight healthy controls, using both
spectral and functional connectivity metrics. Next, in chapter 3.2 we analyzed the MEG
data of 61 PD patients obtained using two different recording systems over a follow-
up period of seven years. Including 61 non-demented PD patients with variable disease
durations and using a multiple longitudinal analysis allowed us to obtain a view of the
changes in brain activity and connectivity over a disease duration of approximately 20
years. Using this approach, we aimed to determine whether neurophysiological changes
involving subcortical brain regions would precede the changes in cortical brain regions.
In addition to studying the changes in both cortical and subcortical brain activity over
time, we analyzed their association with clinical measures of disease severity.

In chapters 4 and 5 we focused specifically on cognitive decline and the role of functional
connectivity changes in subcortical brain regions. In chapter 4 we describe an MEG study
in which we applied a novel functional connectivity measure to assess directed functional
connectivity, i.e. the direction/balance of information flow. We performed these analyses
in 34 late-stage PD patients and 12 healthy controls with a specific focus on the role of
subcortical brain regions in cognitive decline. In chapter 5 we report on a study using
fMRI recordings obtained from 50 PD patients at the second, and 31 patients at the third
study visit. We aimed to longitudinally assess functional interactions between cortical
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and subcortical resting-state brain networks, in relation to domain-specific cognitive
functioning. We also included a new measure of time-varying fluctuations in functional
connectivity, so-called dynamic functional connectivity.

In the second part of the thesis we focused on the final two research questions. First,
we studied the effects of DBS on brain activity and connectivity in PD patients recorded
using MEG, including the relationship with clinical (side) effects. Secondly, we addressed
the question whether we would be able to detect neurophysiological effects of changes
in DBS stimulation location using MEG. Chapter 6.1 is a description of a study in which
we analyzed which DBS stimulation-related changes in functional connectivity were
correlated with optimal clinical effect on motor symptoms in eighteen PD patients. In
chapter 6.2 we report on a study to assess whether apathy, which is highly prevalent
after DBS, could be an effect of the stimulation itself. We analyzed this in 26 PD patients by
correlating the stimulation location (structural) and the changes in functional connectivity
of three pre-selected brain regions, known to be associated with apathy, with changes in
apathy scores after DBS. Lastly, in chapter 6.3 we describe a study in which we explored
whether switching the active stimulation site to another contact point would lead to
measurable changes in brain activity and connectivity. We analyzed this by (1) observing
the effects within a single subject, and (2) by correlating the position of the active contact
points with spectral power and functional connectivity measures at a group level.

In chapter 7 we summarize and discuss the results presented in the preceding chapters,
and provide suggestions for future research.

17
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Abstract

Objective To assess the relevance of quantitative electroencephalography (qEEG)
measures as outcomes of disease severity and progression in PD.

Methods Main databases were systematically searched (January 2018) for studies of
sufficient methodological quality that examined correlations between clinical symptoms
of idiopathic PD and cortical (surface) qEEG metrics.

Results Thirty-six out of 605 identified studied were included. Results were classified
into four domains: cognition (23 studies), motor function (13 studies), responsiveness to
interventions (7 studies), and other (10 studies). In cross-sectional studies, EEG slowing
correlated with global cognitive impairment and with diffuse deterioration in other
domains. In longitudinal studies, decreased dominant frequency and increased 6 power,
reflecting EEG slowing, were biomarkers of cognitive deterioration at an individual level.
Results on motor dysfunction and treatment yielded contrasting findings. Studies on
functional connectivity at an individual level, longitudinal studies on other domains or on
connectivity measures, were lacking.

Conclusions qEEG parameters reflecting EEG slowing, particularly decreased dominant
frequency and increased 6 power, correlate with cognitive impairment and predict future
cognitive deterioration. QEEG could provide reliable and widely available biomarkers for
non-motor disease severity and progression in PD, potentially promoting early diagnosis
of non-motor symptoms and an objective monitoring of progression. More studies are
needed to clarify the role of functional connectivity and network analyses.
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Introduction

Parkinson's disease (PD) is a complex multisystem neurodegenerative disease
characterized by motor features and non-motor symptoms' such as cognitive impairment,
neuropsychiatric disturbances and sleep abnormalities.? Non-motor symptoms can
present early in the disease course, worsen with advancing disease, and largely do not
improve on dopaminergic treatment, suggesting that they may more accurately reflect
severity and progression of the underlying disease.> To date, there are no reliable
objective biomarkers for disease progression in PD.

By definition, a biomarker is objectively measured and evaluated as an indicator of nor-
mal biological processes, pathophysiological processes, or pharmacologic response to a
therapeutic intervention.* Quantitative biomarkers may identify systems at-risk before
overt expression of the disorder. Ideally, biomarkers are cheap, unsusceptible to bias,
widely available and non-invasive. Electroencephalography (EEG) combines these as-
pects® and provides insight into cortical dysfunction by measuring brain activity directly.®
Quantitative analyses of brain rhythms measured by EEG (qEEG) provide not only spec-
tral information of cortical rhythms, but also additional data on regional or whole-brain
synchronization (“connectivity”) of brain activity. Connectivity-derived graph-theory ma-
trices quantify the efficiency of such functional networks (Figure 1).” If detectable, early
signs of cortical dysfunction may serve as prognostic markers of future clinical deteriora-
tion, thereby reducing diagnostic delay and improving patient management.

Figure 1 Principles of quantitative EEG analyses (A) Spectral analyses: an estimation of the amount of oscillations
at given frequencies via a Fast Fourier Transformation (FFT), generally expressed as either power per frequency-
band (i.e. d 0.5-4.0 Hz, 6 4.0-8.0 Hz, a 8.0-13.0 Hz, B 13.0-30.0 Hz), or as a dominant frequency (i.e. FFT peak).
(B) Connectivity analyses: an assessment of the strength of functional connections between individual electrodes
/ brain regions (red dashed lines) throughout the brain to quantify brain synchronization. Connectivity-strength
can be low (i.e. thin dashed line) compared to high connectivity (e.g. occipital regions (thicker lines)). Functional
connectivity is typically assessed within separate frequency-bands. (C) Network analyses: whole-brain networks
derived from connectivity analyses are reflected in a coherent ‘graph’ which accounts for hierarchy and can
therefore identify which brain regions are most important, i.e. ‘hub-nodes’ (red), or less important, i.e. ‘non-hub-
nodes’ (blue).
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Previous studies explored correlations of qEEG features with domains such as motor
impairment®® or cognition''? in PD patients. However, there is a wide variety in EEG
acquisition-methodology, processing and analysis, and patient population. Moreover,
most studies focus primarily on reporting results rather than emphasizing methodological
quality and reproducibility. The relationship between qEEG and its clinical correlates
remains unclear; there is no complete overview of associations between cortical EEG
rhythms and clinical symptoms of PD. In this systematic review, we aim to present a
comprehensive overview of studies of sufficient methodological quality on clinical
correlates of resting-state qEEG in PD. Particularly, we evaluate the relevance of this
method to characterize brain function and connectivity as reliable and easy utilizable
outcomes of PD severity and progression.

Methods

In this systematic review we adhered to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (http://www.prisma-statement.org/)
(checklist available from Dryad (Appendix 1)).

Data sources and search

PubMed, Embase, Web of Science, COCHRANE Library, Emcare, Academic Search Premier
and Sciencedirect were systematically searched for potentially relevant studies up to
January 2, 2018 (date of search), using appropriate keywords (data available from Dryad
(Appendix 2)).

Study selection

Eligibility was initially assessed by screening titles and abstracts, based on the following
inclusion criteria: (1) data available on cohorts with idiopathic PD of at least 10 patients;
(2) original research; (3) quantitative cortical (surface) EEG measures analyzed; (4) article
in English or German; (5) qEEG data on correlations with clinical symptoms. A clinical
correlate was defined as a correlation with an important clinical symptom, therapy or
disease-specific characteristic relevant to PD. Two exclusion criteria were used: (1) no
resting state EEG; (2) analysis focusing exclusively on local field potentials (LFP). Task-
based methodology was excluded because it is difficult to standardize, often semi-
quantitative and thereby subject to observer-bias. LFPs recordings measure activity from
subcortical structures rather than cortical. The use of implantable electrodes makes
them invasive and thereby less attractive as a biomarker.

Data extraction and risk of bias assessment

Screening of titles and abstracts was performed by two independent reviewers (V|G
and LIB). Data extraction was performed using piloted forms (forms available from
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Dryad (Appendix 3)). Inclusion for full-text screening was decided after discussion of
discrepancies and re-reading of the pertinent sections until mutual agreement was
reached. Cohen'’s kappa for interrater agreement was calculated.

Results were categorized in the following domains: cognition, motor function,
responsivenesstointerventions,and‘other’. For purposes of clarity, terms like‘Background
Rhythm Frequency’, ‘peak frequency’, ‘mean frequency’ and ‘median frequency' have
been designated as ‘dominant frequency' in this review.

Risk of bias was assessed using the Checklist for Case Series developed by the Joanna
Briggs Institute (JBI),"> extended with an item addressing clear reporting of EEG acquisition
conditions allowing for reproducibility (data available from Dryad (Appendix 4)). The
quality threshold for inclusion was set at six or more ‘yes’ responses in total, provided
that at least one 'yes' response was obtained for items 1-3, at least two ‘yes' responses for
items 4-8, and a 'yes' for the item on EEG acquisition.

Results
Search results and study characteristics

The initial search yielded 605 studies; 123 of these studies were examined in detail,
after which 36 remained for final inclusion (Figure 2). Interrater agreement k was 0.713.
Reasons for exclusion were: no resting-state EEG (n=26); no correlation of EEG measures
to clinical symptoms of PD (n=21); insufficient methodological quality (n=15); no separate
measures of cortical activity (e.g. only coupling with EMG) (n=10); no separate idiopathic
PD cohorts of more than 10 patients (n=7); no original research (n=4); and LFP-focused
analysis (n=4).

The selected studies are detailed in table 1. Nine studies were classified as medium
quality studies (JBI=6), 21 as high quality (JBI 7-8) and six as very high quality (Bl 9-10).
Seventeen articles were case-control studies, 13 case-series, and six longitudinal follow-
up (FU) studies (table 1).

Results were categorized into ‘cognition’ (n=23), ‘motor function’ (n=13), ‘responsiveness
to interventions’ (n=7), and ‘other’ (not otherwise specified) (n=10). The studied qEEG
measures are defined in table 2.
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COCHRANE
Web of Science library Emcare
(n=262) (n = 26) (n=93)
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(n=299) [ studies < | (n=93)
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title/abstract (n=424)
Retrieved
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Screening full-text (n=287)

Included
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Figure 2 PRISMA flow diagram of selected studies

Cognition

Nineteen cross-sectional studies investigated cognitive function. Increased EEG slowing
correlated with severity of cognitive impairment, defined as lower scores on global
cognitive tests or tests evaluating separate cognitive domains,' 242! or with the patients
cognitive state (either cognitively normal (NCOG), Mild Cognitive Impairment (MCl) or
PD Dementia (PDD)) (Figure 3, Supplementary Table 1))."42'-28 Five studies (four different
cohorts) described a spectral ratio of fast-over-slow EEG power correlating positively
with cognition,'>'>17182% although in one study the results depended on the cognitive
test within the same domain (i.e. either Clock Drawing Test or Block Design Test for
visuospatial abilities).?® Four out of five studies found that a higher dominant frequency
correlated positively with cognition.'>'42026 A fifth study reported that five out of seven
cognitive tests correlated positively with dominant frequency, while the other two tests
showed no correlation.” EEG slowing reflected by specific frequency bands, i.e. either
increased d (+ 0.5-4 Hz) or 6 (4-8 Hz) power, or decreased a (8-13 Hz) or B (13- +30 Hz)
power, showed a trend towards reflecting cognitive dysfunction, although these results
were inconsistent. Especially in the B range results were inconclusive, with three studies
reporting a positive correlation between a higher absolute and relative B power and a
better cognitive function,''%26 contrasted by six studies that found no correlation.'220-24



Table 2 Definition of qEEG metrics
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Spectral Band power
analyses

Dominant frequency

Connectivity  Index of lateralization (IL)

Phase Lag Index (PLI)

Phase Locking Value (PLV)

Coherence
Network Edge-Wise Connectivity Index
(EWCI)
Weighted y
Network (WN)
A
KW
Modularity
Minimum Betweenness

Spanning Tree  Centrality
Diameter
Eccentricity

Leaf fraction

Tree
hierarchy

Degree

Reflects the amount of oscillations within a given frequency band,
typically assessed with a Fast Fourier Transformation (FFT). Power
can be absolute, or relative (as a fraction of total power).

The frequency with the most oscillations (dominant peak in the
FFT spectrum), typically between 4 and 13 Hz.

Reflects EEG asymmetry by calculating power-differences
between homologous pairs of EEG-electrodes.

Assesses differences in relative phase distribution around 0
phase difference between brain regions.

Absolute value of phase differences between brain regions.
The level of consistency between brain regions for relative

amplitude and phase.

EWCI = ¥} Wix 100, in which N is the number of edges in the
subnetwork and W, is the weight of edge i in the network. Defines
the sum of weights of the (significant) subnetwork.

Normalized weighted clustering coefficient (all weights divided
by the maximum weight): functional connectivity between
neighboring nodes.

Normalized characteristic path length (all weights divided by the
maximum weight): average weight of shortest paths between any
two nodes within the network.

Weighted degree divergence: reflects the broadness of weighted
degree distribution.

Ratio of inter-group connections over total number of edges.

Number of paths between all other nodes in the MST crossing the
node of interest, divided by the total number of paths in the MST.

Longest distance between any two nodes in the MST network.
Maximum distance between a node and any other node in the MST.

Ratio between number of leaf nodes (only one edge) divided by
the total number of nodes within the MST.

T, =leaf number/(2m B ), in which m is the number of edges
and B__ is the highest betweenness centrality of any node in the
tree. Defines hierarchy of the MST organization (optimal topology.

Number of edges for each node divided by maximum number of
possible edges.

One study (n=88, JBI=6)) compared connectivity and graph theory metrics, i.e. Phase-
Lag-Index (PLI), Weighted Network (WN) and Minimum Spanning Trees (MST), with
cognitive status (PDD vs. PD-NCOG).>° Reduced synchronization and network integration,
particularly in the a1 band (8-10 Hz), were observed in cognitively impaired patients,
although whether the sign of the correlation was positive or negative depended on
the type of measure studied. This well-defined cohort was used in four other studies
reviewed here, 142231 A different large study (n=124, |BI=7) investigated Phase-Locking-
Value (PLV) and Edge-Wise Connectivity Index (EWCI).2 Lower a1 and a2 (network) edge-
wise connectivity correlated with lower cognitive state, whilst global-level PLV-derived
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network-metrics were not correlated. EWCI correlated positively with outcomes of
cognitive tests. More basic connectivity measures such as signal asymmetry did not
correlate with global cognitive tests.™
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Figure 3 Correlation of qEEG measures with cognition

Green indicates that the measure is positively correlated with cognition, red indicates that the measure is
negatively correlated with cognition, grey indicates no correlation. Dual-shaded boxes indicate that the sign of the
correlation varied per test and/or variable. One asterisk indicates ‘medium quality’ (JBI); two indicates ‘high quality’
and three indicates ‘very high quality".

EWCI: Edge-Wise Connectivity Index, IL: Index of Lateralization, MST: Medium Spanning Tree, PLI: Phase Lag Index,
PLV: Phase Locking Value, wWMNE: weighted Minimum Norm Estimation, WN: Weighted Network

Longitudinal cognitive assessment

Five studies investigated qEEG measures as predictors of cognitive functioning (Figure
4, Supplementary Table 2)). Four studies investigated the predictive effect of a baseline
gEEG measure'>*'3 and one study correlated longitudinal changes in EEG rhythms to
change in cognition over time."

In three studies, dominant frequency at baseline correlated with cognitive
deterioration."'23 Likewise, higher 6 power at baseline predicted cognitive deterioration
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in three studies."3'33 A machine-learning algorithm, applying a random forest classifier,
identified 8 power as the most important classifying feature, although no corresponding
model accuracy was reported.® A survival analysis showed that dominant frequency was
predictive of cognitive worsening with an accuracy of 92% (sensitivity 84%, specificity
80%).32 One study examined spectral powers and dominant frequency, but did not report
the predictive value of these measures.™
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Figure 4 Correlation of qEEG measures with cognition in longitudinal follow-up studies

Green indicates that the measure is positively correlated with cognition, red indicates that the measure is negatively
correlated with cognitive performance. Grey indicates no correlation. One asterisk indicates ‘medium quality’ (BI);
two indicates ‘high quality’ and three indicates ‘very high quality’. The length of the bars reflects the length of the
follow-up duration. All studies investigated the predictive value of baseline EEG measures, with the exception of
Caviness et al."" which investigated the effect of change in spectral measures over time on longitudinal change in
cognitive function.

Motor function

Thirteen cross-sectional studies investigated a relation between motor function and
gEEG (Figure 5, Supplementary Table 3)). Across studies, no consistent pattern of
relations emerged between qEEG variables and measures of the motor domain. Four
studies found no significant correlations between spectral powers and MDS-UPDRS Il
subscores or HY stage.'>202434 | evodopa-induced increases of a and 3 power correlated
with decreased MDS-UPDRS Il subscores in one study.?> Global dominant frequency
correlated negatively with the rigidity subscore in one small study (n=12, JBI=6).2 A ratio
of fast-over-slow EEG power correlated negatively to HY stage in two studies using
identical participants (mean HY stage 2.7).'83% HY stage further correlated positively with
a2 amplitude (n=32, JBI=7), 3 power (n=52, ]BI=8)*" or 8 power (n=135, |BI=7),?' the latter
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only at three electrode positions (T5, F4 and O1). B band coherence correlated positively
with MDS-UPDRS Il scores in one study (n=16, JBI=7),3® which was not supported by
another study including early-onset PD patients (n=52, JBI=8)*’ § band power asymmetry
correlated positively with HY stage, whilst 8 band asymmetry correlated negatively. EEG
asymmetry was not correlated to MDS-UPDRS Il composite scores (n=34, |BI=6) in any
frequency band, although motor asymmetry was not examined."
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Figure 5 Correlation of quantitative EEG measures with motor functioning

Green indicates that the measure is positively correlated with motor impairment; red indicates that the measure
is negatively correlated with motor impairment; gray indicates no correlation. Dual-shaded boxes indicate that
the sign of the correlation varied per test and/or variable. One asterisk indicates medium quality (Joanna Briggs
Institute); 2 indicates high quality; 3 indicates very high quality. HY = Hoehn & Yahr; IL = index of lateralization;
MDS-UPDRS Il = Movement Disorders Society-Unified Parkinson’s Disease Rating Scale Ill.

Responsiveness of EEG measures to interventions

Five studies investigated responsiveness of gEEG measures to both L-dopa and dopamine
agonists (Figure 6, Supplementary Table 4)). Two studies found no effect of long-term oral
dopaminergic treatment on spectral measures.'®?° In contrast, a and 3 power increased
within 60 minutes of L-dopa administration in one study (n=24, JBI=8),*> and the L-dopa
short-duration response correlated positively with a band power asymmetry.'® L-dopa
administration reduced B and y band coherence, which was increased in PD patients
compared to healthy controls in the same study.®

Two studies evaluated the responsiveness of qEEG measures to Deep Brain Stimulation
(DBS). Switching DBS ‘ON’ increased dominant frequency amplitude in one study (n=12,
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JBI=6), although the level of frequency changes depended on the EEG derivation.® DBS
‘ON'increased frontal and parietal B power in another study (n=15, JBI=8). In both studies,
DBS-related artifacts were observed.

Overall, no consistent pattern of responsiveness of qEEG variables was found for oral- or
DBS treatment.
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Figure 6 Correlation of qgEEG measures with treatment

Green indicates that the measure is positively correlated with treatment administration; red indicates that the
measure is negatively correlated with treatment; gray indicates no correlation. One asterisk indicates medium
quality (JBI); 2 indicates high quality; and 3 indicates very high quality. DBS = deep brain stimulation; IL = index of
lateralization.

Other clinical measures

Ten studies investigated a variety of other clinical measures (Supplementary Table 5).
Longer disease duration correlated with higher B power in one study (n=15, JBI=6),° while
in three larger studies of higher quality no significant relation emerged.'®'3” Depressed
PD patients demonstrated lower a1 (7.5-10 Hz) power than non-depressed patientsin one
study (n=24, ]BI=7),* whereas the Hamilton Rating Scale for Depression did not correlate
with EEG asymmetry in another study (n=34, JBI=6)." Higher apathy scores correlated
with higher & power, but not with other spectral measures in one study. Apathy scores
correlated negatively with a2 PLI and a2 WN metrics. PLI classified mild vs. low apathy
groups (median-split) with an accuracy of 82.5% (sensitivity 70% and specificity 90%).4
A high-quality (JBI=10) study showed that PD patients with REM sleep behavior disorder
(RBD) had a higher (wakefulness) 8 power and lower dominant frequency compared to
PD patients without RBD.#' No correlation of coherence with quality of life (as assessed
with the QolL-AD) was found in one study (n=32, JBI=6).%> Olfactory function did not
correlate with resting-state qEEG in one study (n=20, JBI=7).#3
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Discussion

The present systematic review included 36 studies examining relations between resting-
state qEEG measures and clinical features of PD. The cognitive domain was studied most
extensively. Both global and domain-specific cognitive impairments correlated with EEG
slowing, i.e. lower a and B power and higher & and 8 power. PD patients with dementia
had markedly slower EEGs than patients with a normal cognitive function. QEEG values
of MCI patients were ranged between those of PD-NCOG and PDD, likely reflecting the
transitional nature of MCI.'#222331 |t should be noticed that these correlations partly
depended on the used measurement instrument, as demonstrated by discrepant results
obtained when using MoCA or MMSE scores in the same study.?' It remains unclear which
EEG metric best reflects oscillatory slowing and shows the strongest correlation with
cognition. Spectral ratios showed consistent significant correlations with cognition across
all pertaining studies, whereas other spectral measures, such as the power in individual
spectral bands, showed minor inconsistencies between studies. Although relative power
reflects a ratio of a certain spectrum band to total band power, a spectral ratio such
as (a + B) / (d + 8) encompasses a larger range of the EEG spectrogram than individual
spectral bands and is therefore more informative and may provide a better reflection of
EEG slowing. When using individual band powers, assessing both absolute- and relative
band powers seems appropriate, according to the aim of the analysis, to facilitate direct
comparison between individuals or to more accurately identify the actual changes that
occurred within a specific frequency band. However, activity above 20 Hz is frequently
affected by tonic scalp and neck muscle activity. The individual B and y band ranges may
reflect EMG activity rather than cortical oscillations.** Consideration of possible EMG
artifacts is therefore required when interpreting spectral power above 20 Hz.*

Presence or severity of cognitive impairment correlated with desynchronization in the a
bands and reduced network integration,?3° but the sign and strength of the correlation
depended strongly on the type of connectivity variable analyzed. Based on the findings
of this review, there is still insufficient evidence for the use of measures of connectivity as
a biomarker of cognitive function. Careful consideration of the methodology is required
when interpreting results on connectivity or network metrics, as exemplified by significant
results for edge-wise level network measures (uncorrected for volume conduction) which
were not observed on global-level (unweighted) network metrics in the same study.?®

Ideally, qEEG measures would provide prognostic biomarkers of future clinical
deterioration. Five studies reported longitudinal data on cognition and qEEG.'"1231-33 A
slower dominant frequency was shown to be particularly predictive of future cognitive
deterioration, both atgroup level and at an individual level."'23132 These findings have also
been replicated using MEG.* However, although several studies reported ‘biomarkers’ of
cognitive deterioration, only two studies reported biomarkers at an individual level: both 6
power3? and dominant frequency could predict cognitive decline for individual patients.>
Both measures can be calculated relatively easily in a clinical setting. Whether the utility
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of dominant frequency and 6 power as a biomarker for cognitive decline is similar for
every stage of cognitive decline is unknown. We recommend that these variables are
interpreted as indicators of potential cognitive decline that warrant further investigation,
rather than definitive proof of a transition to a different cognitive state.

Findings on correlations of qEEG and motor dysfunction were inconclusive. Overall, EEG
variables did not significantly correlate with the MDS-UPDRS llI total score; the only two
studies that reported significant correlations had methodological limitations associated
with the small sample size® or confounding drug-induced spectral changes.?> Whether
spectral differences between ON-medication and OFF-medication state are induced by
medication directly or due to improved motor function currently remains unknown.
Correlations with HY motor stage were either non-significant, or showed an association
between cortical slowing and increased global dysfunction, suggesting that disease
progression may have been the underlying cause of both. The correlation of motor
function and connectivity depended on the type of connectivity measures, exemplified by
a positive correlation with HY stage and 8 power asymmetry, a negative correlation with
6 power asymmetry and a non-significant correlation with 8 and a power asymmetry.'
Compared to the cognitive domain which involves interactions between large sections of
the cortex, motor function is less well reflected by cortical regions other than the motor
cortex. Although basal ganglia activity may influence cortical rhythms, resting state qEEG
likely has insufficient spatial resolution to pick up focal oscillatory alterations related
to motor dysfunction. Task-based registrations, e.g. evaluating p rhythm, may be more
sensitive to reflect motor activity.*® Techniques with a higher spatial resolution such as
MEG or LFPs recording may be more useful, but are less applicable as clinical tools since
they are not widely available or invasive.

The effect of treatment on gqEEG measures remains equally unclear. Four studies
investigated ON-OFFtransition, butcomparabilityislimited by differencesin design, patient
population and qEEG measures. Again, results on connectivity were highly dependent on
the type of connectivity measures. This is not surprising, given that the characteristics of
connectivity measures are highly variable and may be subject to volume conduction (e.g.
synchronization likelihood, PLV, coherence), non-linearity (coherence), and distinction of
direct or indirect relations (coherence, PLV, PLI). Phase-based measures, such as PLI, are
robust against volume conduction and thereby less sensitive to spurious interactions,
and are therefore recommended. Additionally, PLI does not depend on signal-amplitudes
although small phase-differences may be missed with increasing noise.*” Subsequent
network metrics that are robust against the effect of network density may be useful, such
as MST metrics. Careful consideration of the individual advantages and disadvantages of
different connectivity measures is advised.*

Both studies on DBS were limited by DBS-related artifacts and require further verification.
Especially in these studies, volume conduction may account for the spreading of 8 power

over the frontoparietal EEG electrodes.®®* Moreover, MEG studies showed that DBS
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induces artifacts within the g band range.*® Other clinical characteristics, including disease
duration and depression, were studied in a limited number of studies with inconsistent
findings. Whereas the correlation between spectral measures and cognitive function
emerged as robust, this was not the case for other disease- or clinically-related features.

Limitations of available studies

Several potential confounders across studies may have influenced the results, such as
variability in the age range of patients. Since the effect of aging on EEG slowing is well-
known, this should be consistently taken into account in the analysis. Various studies did
not report whether patients took psychoactive medication, whereas others mentioned that
these drugs were withdrawn 48 hours prior to registration.?'*” In two studies, however,
the use of psychoactive medication was allowed,'®?® which might have influenced the
results.®® As it may not always be safe or ethical to withdraw psychoactive medication, we
recommend that studies account for the use of these drugs during their analyses.

Another confounder could be the different definitions of spectral variables used. Three
studies on cognition defined dominant frequency as Background Rhythm Frequency (BRF).
However, two other studies (investigating the same cohort) defined BRF as the dominant
peak in the FFT average at electrodes P3, P4 and Oz by means of visual inspection.!!
Another study defined BRF as the dominant a peak at positions O1 and 02."> While visual
inspection limits reproducibility, the FFT peak may lie outside the a-range in case of severe
EEG slowing and may inaccurately reflect the true ‘dominant’ frequency. Comparability
between studies may thus be improved by a uniform definition of ‘dominant frequency’,
e.g. the FFT peak within the range of 4-13 Hz, at similar electrode positions (e.g. O1 and
02 to capture the dominant a peak). Likewise, different cutoff values for frequency bands
were used in various studies: 20 studies used classic band power definitions (i.e. 8: £ 0.5-4
Hz, 6: 4-8 Hz, a 8-13 Hz, B: 13- £30 Hz), whilst 14 studies used non-consecutive band power
definitions (e.g. 8: £ 1.17-3.91 Hz, 6: 4.30-7.81 Hz, a 8.20-12.89 Hz, B: 13.28-30.08 Hz).'""83¢
Two studies did not describe band power definitions.®32 Although the differences are small,
consecutive band power definitions warrants that all spectral information is included, but
may lead to overflowing of one frequency band into another.3' However, using a pre-
defined interval may result in loss of potentially interesting data, e.g. when the Fast Fourier
Transformation (FFT) peak lies in the out-filtered range. Consecutive band power definitions
warrant that the crucial FFT peak is analyzed, which is required for correct interpretation
of the EEG spectrogram. To this end, we find the use of an average FFT both more practical
and accurate with respect to other methods.

MEG-studies demonstrated oversynchronization in early-stage PD patients (relative to
controls) which reversed with disease progression, indicating a non-linear correlation of
connectivity to clinical symptoms.>'52 Although this pattern has not been studied with
EEG, these results implicate that the disease stage of the source population needs to be
considered when assessing connectivity.>?
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Another issue concerned the definition of the outcomes, for example the classification of
PD-MCI. This classification varied over time,> which resulted in the Movement Disorders
Society delineating diagnostic criteria for PD-MCI in 2012.54 The variable definitions of
MCI used in seven studies may account for discrepancies in results.

Several studies investigated qEEG metrics at electrode-level rather than focal areas
of several electrodes.®?'3>3748 Adjacent electrodes are influenced by common sources
or volume conduction and are therefore dependent on the type of reference used. We
speculate that the use of global EEG measures may be more informative of widespread
cortical involvement (a-synucleiopathy), rather than focal EEG measures.>> Moreover, the
use of single references, such as the central electrode or the mastoid, may be influenced by
brain activity and therefore affect the difference in electric potential between electrodes.
Whereas spectral analyses are less dependent on the choice of reference, the choice
of reference influences both the strength and directionality of functional connectivity.
Although the choice of reference may have little clinical consequences, the scientific
(pathophysiological) background of these correlations may be limited. Re-referencing
towards a source derivation can aid in correctly interpreting localization of findings.*’

The use of different setups, e.g. polysomnographic registration with two electrodes versus
high-density acquisition, may not be directly comparable. The choice of setup depends
both on the clinical correlation of interest and on the type of EEG analysis. In case of
spectral analyses, we recommend a standard 21-electrode setup to allow sufficient
spatial resolution whilst maintaining proper source localization. This setup is also readily
utilizable in a clinical setting. For connectivity and network analyses, higher density setups
may improve accuracy in identifying brain networks, but careful consideration of source
reconstruction is required.#

Strengths and limitations of this review

Strengths of our systematic review include the use of the PRISMA guideline, the application
of a systematic search strategy and the use of a validated risk of bias assessment tool. When
interpreting the findings of this review, it should be considered that differences between
studies in (non-standard) methods of EEG acquisition and/or the use of psychoactive
medication may have influenced the results. In addition, our review excluded studies with
task-based registrations to improve comparability between studies; however, previous
literature suggests that centralization and network integration may be task-dependent.®

Applicability to clinical practice and knowledge gaps

QEEG is widely available, relatively inexpensive, and easily reproducible. As depression
and RBD may manifest early in the course of PD,? the few observations supporting
associations between qEEG variables and both RBD*' and depression'®* suggests that
oscillatory changes may also be present early in the disease course. Moreover, since
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RBD may be a risk factor for cognitive impairment in patients with PD,>” the EEG slowing
observed in PD patients with RBD*' may be an early indicator of cognitive deterioration.
The observation that EEG slowing precedes the development of PDD in the absence
of clinically manifest dementia supports the notion that qEEG alterations may have
predictive value early in the disease course. One study reported that patients with
PDD who received rivastigmine to improve cognitive performance showed increases
in a power. However, improvements in cognition were not significantly correlated with
gEEG changes.>® This study did not meet our inclusion criteria and was excluded from
this review. Whether the pattern of qEEG slowing related to cognitive impairment is
reversible, either with medication or cognitive training, remains unknown.

Spectral analyses may be applied as biomarkers of future (cognitive) deterioration and
be utilized to complement current evaluation strategies. Desynchronization patterns
reflecting altered connectivity may be more domain-specific but have been sparsely
studied. Moreover, interpretation of either desynchronization or oversynchronization
may be more difficult than evaluation of spectral changes in widespread clinical practice.
There is currently limited evidence for utilizing qEEG to reflect non-cognitive domains
or to apply connectivity measures as biomarkers. Moreover, the pattern of correlation
is highly dependent on the type of connectivity measure; careful consideration of the
nature of the connectivity measure is required for correct interpretation.*’ Future
research should focus on studying functional connectivity and network measures to
further explore biomarker specificity, and assess the utility scope of advanced EEG
analyses. The accuracy of qEEG in reflecting progression of non-cognitive symptoms over
time remains unresolved and should be further studied. Solid large prospective studies
with sufficient follow-up and longitudinal assessments of other non-cognitive domains,
which are currently lacking, should be performed. Big data analysis, i.e. artificial neural
networks, machine learning, and deep learning, may further play a role in identifying
specific prognostic biomarkers of clinical symptoms. Given the variability in design and
analysis in the described studies, standardization in both acquisition and reporting may
improve comparison between studies.* In order to ensure reliable data analysis, careful
selection of epochs free of artifacts or automatic artifact detection is crucial.

The use of qEEG as a biomarker in PD likely reflects cortical a-synucleiopathy. Other
biomarkers may reflect different aspects of PD pathology, such as cardiac scintigraphy
reflecting a-synucleiopathy in the peripheral nervous system. The use of complementary
biomarkers may identify different systems-at-risk and may be studied in parallel.

The observed gEEG changes may not be specific for PD patients, although qEEG
differentiates between other neurodegenerative diseases such as Alzheimer's Disease
and dementia with Lewy Bodies with high accuracy.®® However, a comparison of qEEG
changes between these pathologies was not considered to be a clinical symptom related
to PD and therefore beyond the scope of this review.
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Conclusion

The correlation between qEEG and cognitive impairment is well established: a lower
dominant frequency or increased 6 power is correlated with cognition and is predictive
of future cognitive deterioration also at the individual level.

At present, there is insufficient evidence to support the use of gEEG metrics to examine
other domains or treatment effects in PD patients. Functional connectivity and network
analyses may have potential utility as novel specific biomarkers, but further studies are
needed to investigate their clinical applicability.

Altogether the results of this review suggest that qEEG provide inexpensive, reliable, and
widely available measures that could serve as biomarkers for non-motor disease severity
in patients with PD. The availability of objective biomarkers of disease severity and
progression in PD could directly contribute to patient management, potentially providing
the opportunity of an early diagnosis of non-motor symptoms, a more reliable prognosis,
and an objective monitoring of progression, both in the context of clinical practice and
clinical trials.
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Supplementary materials

We here provide Supplementary Tables 1-5. For appendix 1-4 we refer the reader to
doi.org/10.5061/dryad.29254rn.

Supplementary Table 1 Correlation of qEEG and cognition

Reference

qEEG variable
described

Main conclusions

Global cognition

Bonanni et al."®

Caviness et al.™

Caviness et al.?

Eichelberger et al.?®

Fonseca et al.

Guner et al.”

Hassan et al.?®

He et al.?!

Helkala et al.'®

Kamei et al.””

Latreille et al.™

Morita et al.”®
Mostile et al.”®
Neufeld et al.?
Pozzi et al.®

Soikkeli et al.?

Stanzione et al.?®

Rel. SP, dom. freq.,
CSA

Rel. SP, dom. freq.

Dom. freq., Rel. SP

Ratio (o / 8)

Abs. and rel. SP

Ratio a/p over 5/6
power, abs. SP

Rel. SP, PLV, wWMNE,
EWCI

Rel. SP

Abs. spect. amp.,
dom. freq.

Ratio (a +B) /(5 + 8)

Abs. SP, ratio (5 +0)
/(a + B), dom. freq.

Ratio (o +B) /(5 + 8)
IL

Rel. SP

Abs. SP

Abs. and rel. SP,
dom. freq.

Rel. SP, dom. freq.

Fast 6: PDD-F>PDD-NF

Dom. freq.: PDD<PD-MCI<PD-NCOG. &: PDD>PD-NCOG, PDD>PD-
MCI. 8: PD-MCI>PD-NCOG. a:PDD<PD-NCOG. B1 and p2: PDD<PD-
NCOG, PD-MCI<PD-NCOG

+ corr.. MMSE with BRF and a power. Trails B score with frontal &
and 6 power. CDT and JLO scores with parietal & power

- corr.: MMSE and & power. No correlation: Stroop with SP.

Dom. freq.: PDD<PD-PD-MCI<PD-NCOG. &: PD-NCOG<PD-
MCI<PDD. 8: PD-MCI>PD-NCOG, a: PD-NCOG>PD-MCI>PD-MCI

Lower ratio when incorrectly drawn CDT, lower par. occ. ratio with
worse ROCF
No corr.: ratio with block design test, digit span

Post. rel. 5: PD-MCI<PDD, PD-NCOG<PDD. Post. abs. &: PD-
NCOG<PDD, PD-MCI<PDD. Post. rel. 8: PD-NCOG<PD-MCI, PD-
NCOG<PDD. Post. rel. a: PD-NCOG>PDD

+ corr.: ratio with MMSE. Extensive neuropsychological tests
correlated weakly and diffusely with ratio

+ corr.: cognitive state and 5, 8 power, edge-wise level PLV-
derived a1 and a2. EWCI and cognitive score

- corr.: cognitive state and B power

No corr.: a1 and a2 power and cognitive state. Global level PLV-
derived P, C, Str, E_

Left post. temp., left occ., and left front. 8: PD-NCOG<PD-MCI
- corr.: ® F4 and T5 with MOCA (particularly visuospatial function
and attention). No corr.: SP with MMSE

+ corr: a amp. With WAIS VIQ and PIQ, visual and praxic functions
and list learning. B amp. With WAIS VIQ and PIQ and list learning.
Dom. freq. with WAIS VIQ, visual functions, speech understanding,
list learning and category fluency

+ corr.: ratio with BADS

8, ratio: PD-NCOG<PDD. Dom. freq.: PDD<PD-NCOG. No corr.:
qEEG with extensive neuropsychological tests

+ corr.: ratio with MMSE

No corr.: IL with MMSE or FAB
a: PD-NCOG>PDD

0: PD-NCOG<PDD

Abs. and rel. 3, rel. 8: PD-NCOG<PDD. Abs. and rel. a and g, dom.
freq.: PD-NCOG>PDD

No corr.: & and B1 with WCST
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Reference qEEG variable Main conclusions
described
Tanaka et al.#” Abs. SP + corr.: total power and a with intellectual status

Utianski et al.®®

Phase-lag-index
(PLI), weighted
network (WN),
minimum spanning
tree (MST)

ol PLI: PD-NCOG>PDD, a1 WN (y, A, k,): PD-NCOG>PDD, a1 WN
(mod.): PD-NCOG<PDD, a2 WN (mod.): PD-NCOG<PDD, & MST (BC)
PD-NCOG<PDD, a1 MST (BC, leaf). PD-NCOG<PDD; MST (diam.,
ecc.): PD-NCOG<PDD, a2 MST (diam.): PD-NCOG<PDD.

& and 6 PLI: PD-NCOG<PD-MCI, a1 WN (y, k,, ): PD-NCOG>PD-MCI),
a1 MST (leaf): PD-NCOG>PD-MCI.

+corr.: a1 PLL, a1 WN (v, k,,, a2 WN (k,), & MST (diam., ecc.) with
MMSE. a1 and a2 WN (y), 5 and a1 WN (k) and 8 and a1 MST
(leaf) with MOCA

- corr.: 8 WN (y), a1 and a2 WN (mod.), & MST (BC), a2 MST (diam.,
ecc.) with MMSE. & and a1 WN (mod.) and 8 and a1 MST (ecc.) with
MOCA
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Supplementary Table 2 Longitudinal assessments

Reference qEEG variable Main conclusions
described
Global cognition
Arnaldi et al.?? Dom. freq. Dom. freq.: 82% acc. In predicting cognitive outcome
Caviness et al." Change in dom. freq., &: PD-incident dementia > PD-NCOG
change in Rel. SP (FU 4  + corr.: change in dom. freq.with AVLT-LTM, Stroop
years) - corr.: change in & with MMSE, AVLT-LTM, Stroop, COWA,
Trails B and CDT. Change in 8 with Stroop. Change in a with
Stroop. Change in B with AVLT-LTM
Cozac et al.*® GRMP - corr.: GRMP 8 with change-index overall cognition (3 years

Klassen et al.>!

Latreille et al.™?

Dom. freq., rel. SP

FU)

- corr.: dom. freq.with conversion to PDD (5 years FU)
+ corr.: ©® with conversion to PDD (5 years FU)

Abs. SP, ratio (5 +6) / (@ Temp. ratio and BRF: predict development PDD (4 years FU)

+B), BRF

47



48

Chapter 2.1

Supplementary Table 3 Motor function

Reference

qEEG variable
described

Main conclusions

Motor function
Babiloni et al.>*
Fonseca et al.?®
George et al.®

Guner et al.”

He et al?!

He et al.*’

Jech et al.®

Melgari et al.®

Morita et al.*®
Morita et al.'®

Mostile et al.®

Neufeld et al.?

Stanzione et al.?*

Rel. SP
Abs. and rel. SP
SP, coherence

Ratio a/p over 5/6
power, abs. SP

Rel. SP

Dom. freq., rel. SP

Dom. freq.

Abs. SP

Ratio (a+B) /(0 +6)
Ratio (a+B)/(d+6)
IL

Rel. SP
Rel. SP, dom. freq.

No corr.: a1 and MDS-UPDRS Il or HY stage

+ corr.: post., frontotemp. and global a2 with HY stage
+ corr.: coherence and MDS-UPDRS Il

No corr.: & and 8 and MDS-UPDRS IlI

+corr.: 0 (T5, F4, O1) with HY stage
No corr.: SP and MDS-UPDRS Il

- corr.: B with HY
no corr.: rel. SP, B coherence, dom. freq. with HY or MDS-
UPDRS IlI

- corr.: dom. freq. and MDS-UPDRS llI-rigidity

- corr.: post-L-dopa increase in o (C4) with rest tremor arms.
Post-L-dopa increase in B (C3, C4, P4) with rigidity of arms and
bradykinesia, B (P3) with rigidity of arms

- corr.: ratio with HY stage
- corr.: ratio with HY stage

+corr.: B IL (F3, F4) with HY stage
- corr.: © IL (F7, F8) with HY stage
No corr.: IL with MDS-UPDRS llI

No corr.: SP with HY stage
No corr.: & and B1 with MDS-UPDRS Ill or HY stage
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Supplementary Table 4 Treatment

Reference qEEG variable Main conclusions
described
George et al.® SP, coherence - corr.: coherence with L-dopa
Jechetal® Dom. freq - corr.: power of dom. freq. with DBS
Morita et al.’® Ratio (a +B)/ (5 +©) No corr.: ratio with L-dopa or DA
Melgari et al.> Abs. SP No corr.: & and 8 with L-dopa responsiveness

+ corr.: a (C3, C4, T5, P3, P4, Pz) with L-dopa, B power (C4,
P3, P4, Pz) with L-dopa

Mostile et al."® IL + corr.: IL (01, 02) with L-dopa SDR
Stanzione et al.® Rel. SP, dom. freq., inter- No corr.: & and dom. freq. with L-dopa
hemispheric asymm.
Swann et al.*® Abs. SP + corr.: B (Fz, F1, F2; P5, P7, CP5; P6, P8, CP6) with DBS-
ON
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Supplementary Table 5 Other

Reference qEEG variable Main conclusions
described
Cozac et al.*? Ratio (a/8) No corr.: ratio with olfactory function

Filipovic et al.*

Fonseca et al.*?

Gagnon et al.*!

Hatz et al.*®

He et al.?!

He et al.?”

Moisello et al.?
Morita et al."®

Mostile et al.”®

Abs. and rel. SP

Inter-hemispheric
coherences

Abs. and rel. SP, dom. freq.

WN, PLI, rel SP.

Rel. SP
Dom. freq., rel. SP

SP
Ratio (a +B) /(5 +6)
IL

Rel. a1: depressed<non-depressed

No corr.: inter-hemispheric coherences and QoL

Abs. and rel. 6 (front., temp., par., occ.), abs. 5 (front.,
par., occ.): PD-RBD>PD-NRBD, dom. freq.: PD-RBD<PD-
NRBD

+ corr: Right. Front. 8. No corr.: other rel. SP with AES.
- corr.: apathy with a2 PLI, a2 WN A, y, Kw.

a2-msPLI classifies median-split AES with sens. 70%,
spec. 90%, AUC 82.5%

No corr.: SP with disease duration

+ corr.: dom. freq. with disease duration
No corr.: rel. SP, B coherence with disease duration

+ corr.: B with disease duration
No corr.: ratio with disease duration

No corr.: IL with HPRSD

AVLT-LTM: Auditory Verbal Learning Test - Long Term Memory; BADS: Behavioral Assessment of the Dysexecutive
Syndrome; CDT: Clock Drawing Test; COWA: Controlled Word Association; CSA: compressed spectral array; DA: dopamine
agonists; DBS: Deep Brain Stimulation; EWCI: Edge-Wise Connectivity Index; FAB: Frontal Assessment Battery; FU:
follow-up; GRMP: Global Relative Median Power; HPRSD: Hamilton Psychiatric Rating Scale for Depression; HY stage:
Hoehn and Yahr Stage; IL: Index of Lateralization; JLO: Judgement of Line Orientation; MST: Minimum Spanning Tree
(mod.: modularity; BC: betweenness centrality; diam.: diameter; leaf: leaf number; ecc.: eccentricity); MDS-UPDRS IIl:
Movement Disorders Society - Unified Parkinson’s Disease Rating Scale Ill; MMSE: Minimal Mental State Examination;
MOCA: Montreal Cognitive Assessment; (N)RBD: (non) REM Sleep Behavior Disorder; PDD: PD Dementia; PDD-F: PDD with
fluctuating cognition; PDD-NF: PDD without fluctuating cognition; PD-MCI: PD Mild Cognitive Impairment; PD-NCOG:
cognitively normal PD patients; PIQ: Performance IQ; PLI: Phase-Lag-Index; PLV: Phase-Locking Value; QoL-AD: Quality of
Life - Alzheimer’s Disease scale; SDR: short duration response; SP: spectral powers; TMT: Trail Making Test; VIQ: Verbal 1Q;
WAIS: Wechsler Adult Intelligence Scale; WCST: Wisconsin Card Sorting Test; WMNE: weighted Minimum Norm Estimator
WN: Weighted Network
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Abstract

Parkinson’s disease (PD) is accompanied by functional changes throughout the brain,
including changesin the electromagnetic activity recorded with magnetoencephalography
(MEG). An integrated overview of these changes, its relationship with clinical symptoms,
and the influence of treatment is currently missing. Therefore, we systematically reviewed
the MEG studies that have examined oscillatory activity and functional connectivity in the
PD-affected brain. The available papers could be separated into motor network-focused
and whole-brain focused studies. Motor network studies revealed PD-related changes
in beta band (13-30 Hz) neurophysiological activity within and between several of its
components, although it remains elusive to what extent these changes underlie clinical
motor symptoms. In whole-brain studies PD-related oscillatory slowing and decrease
in functional connectivity correlated with cognitive decline and less strongly with other
markers of disease progression. Both approaches offer a different perspective on PD-
specific disease mechanisms and could therefore complement each other. Combining
the merits of both approaches will improve the setup and interpretation of future
studies, which is essential for a better understanding of the disease process itself and
the pathophysiological mechanisms underlying specific PD symptoms, as well as for the
potential to use MEG in clinical care.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease after
Alzheimer's disease, with a global disease burden of more than five million people.!
The neuropathological hallmark of PD is the deposition of Lewy bodies, of which alpha
synuclein is the main constituent. Nigrostriatal dopaminergic neurons are notoriously
affected, and loss of these neurons leads to prominent motor features that can be
treated symptomatically using levodopa suppletion and, in later disease stages, deep
brain stimulation (DBS). In early disease stages, the alpha synuclein depositions mainly
affect the brainstem and the surviving neurons of the nigrostriatal dopamine system,
and extend to widespread cortical brain regions in later disease stages.? PD is therefore
increasingly recognised as a whole-brain disease with functional disturbances at both
subcortical and cortical levels, and is characterized clinically by both motor and non-
motor symptoms.

The past two decades have seen rapid developments in functional imaging techniques
aimed atthe detection, characterization and localisation of brain activity. These techniques
have yielded important insights into the neuronal mechanisms that may underlie PD and
its broad range of clinical symptoms. One such technique is magnetoencephalography
(MEG), which non-invasively records the weak magnetic fields that are induced by
electrical activity in the cerebral cortex3#and subcortical structures.>” MEG's high temporal
resolution can be used to study neuronal activity as well as functional interactions
between distinct brain regions in great detail .

Using MEG, PD-related neurophysiological characteristics have been studied both within
the motor system and for the brain as a whole. MEG analyses aimed at motor networks
are spatially restricted to the motor cortex and are usually performed in source-space.
They can be combined with neurophysiological signals of different origin, such as muscle
activity recorded using electromyography (EMG)*'° or local field potentials (LFPs) from
the subthalamic nucleus (STN) recorded during DBS).""'? The study of whole-brain
networks using MEG generally involves resting state recordings. Roughly three different
approaches have been used in the analysis of whole-brain networks: the analysis of
oscillatory brain dynamics using measures of band-limited power or peak frequency,
investigation of functional (or directed/effective'®) connectivity (FC) between brain areas,
and assessment of the topological organization of brain networks.

MEG studies increasingly use source reconstruction techniques, such as beamforming, to
project the extracranially recorded (sensor-level) signals to source-space. In sensor-level
analysis, several factors that may lead to erroneous estimates of functional connectivity
should be considered. Multiple sensors pick up the signal from a single source because
of volume conduction (the transmission of electromagnetic fields from a primary current
source through biological tissue) and field spread (multiple sensors picking up activity of
a common source). In addition, the same sensor picks up signals of multiple sources due
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to signal mixing. Moreover, the neuronal generators are generally not located directly
underneath the sensor with the maximum power (particularly for axial gradiometers). The
source-level approach can resolve some of these ambiguities and enables interpretation
of the functional results in an anatomical context.’*18

So far, review articles tend to treat motor network-focused studies'®?° and whole-brain
studies?' separately. Although some efforts have been made to relate findings from
motor networks to non-motor symptoms,?? it is unknown to what extent findings from
motor networks and whole-brain networks can be compared and if so, which similarities
and discrepancies are present. A full understanding of the neurophysiological changes
associated with PD is a stepping-stone towards the development of biomarkers and
novel therapies that are urgently needed. Therefore, we set out to systematically review
the MEG literature on PD not only to provide an overview of the neurophysiological
characteristics of PD, their relationship with clinical symptoms, the effect of disease
progression, and the influence of treatment on these characteristics, but also to explore
how the results of motor network studies and whole-brain approaches can be integrated.

Methods

We performed this systematic review of the MEG literature in PD in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.?
We carried out web-based searches using medical databases: PubMed, Embase, Web of
Science, Emcare, Academic Search Premier, and ScienceDirect. We used combinations of
the key-words Magnetoencephalography (MEG) and Parkinson's disease. The full search
strategies can be found in Supplement A. References up to October 15" 2018 (date of
latest search) were used for further study. Two researchers (LIB and VJG) independently
screened all articles on title and abstract using the following inclusion criteria: original
research article, published in English or Dutch, including a separate cohort of a minimum
of five PD patients, and quantification of at least one MEG-parameter.

Although the underlying sources of MEG and EEG are the same, these techniques measure
different components of the generated electromagnetic fields (resulting in different
sensitivity profiles).?* In addition, MEG is more suitable for source-space analysis than
EEG,® as it typically uses a higher number of sensors and is less affected by the details of
the volume conductor. Even though neurophysiological information obtained using both
techniques might be complimentary, a direct comparison would be challenging. We have
therefore chosen to limit this review to MEG studies in PD (see Gereadsts et al. (2018) for
a recent review of quantitative electroencephalography (EEG) studies in PD).?> Studies
in which data analysis was confined to evoked fields were excluded, but studies aimed
at induced/event-related MEG activity were included. Induced/event-related activity
differs from evoked fields by not being phase-locked to a certain stimulus.?® Cohen’s
kappa for inter-rater agreement was calculated during this selection process. In case of
disagreement, relevant sections were re-read until agreement was reached.
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Next, both reviewers evaluated the full-text of all included articles using the Joanna Briggs
Institute (JBI) checklist for case series, extended with an item addressing clear reporting of
MEG data acquisition and analysis (see Supplement B). Articles had to score a minimum
of 5 points (indicating a sufficient quality study) to be included in this review, of which at
least one point was scored on the first 3 items, at least two points on item 4-8, and one
point on item 11. In this descriptive review, we chose to include a much-cited paper® that
did not fulfil the latter (item 11) more stringent criteria on conducting and reporting the
MEG research. Nonetheless, the importance of clear reporting of MEG data acquisition
and analysis procedures is obvious #. We subdivided the included papers into two main
groups according to the brain network the analysis was focused on: motor network-
focused, in which we treated the tremor network as a sub-category, and whole-brain
network focused. Since a series of articles on the neurophysiological basis of neuronal
entrainment in PD,%3" as well as four other articles®3> tended to stand alone from the
rest of this review, these will not be discussed in the results section, but the main findings
are provided in Table 1.

57



58

Chapter 2.2

Table 1 Profiles of the motor-network studies included in this review

Authors Year Center N= Type of PD Disease JBl Neuro-
cohort duration/ physiological
stage § measures °
Abbasi et al. 2018  Heinrich-Heine University, 17 All DBS 4-19 years 8  Spectral analysis
Dusseldorf, Germany
Airaksinen 2015  Helsinki University, Finland 19  All DBS 12 (5) years 6  Coherence: CMC
etal.
Hall et al. 2014  Aston University, 9 Early, DRT- naive  Unknown 6  Spectral analysis
Birmingham, UK
Heinrichs- 2014a University of Nebraska, 15 1-9 years 7  Spectral analysis
Graham et al. USA FC: PLV
Heinrichs- 2014b  University of Nebraska, 13 1-9 years 6 ERD, PMBR power
Graham et al. USA
Heinrichs- 2017  University of Nebraska, 23 0-16 years 6 ERD, PMBR power
Graham et al. USA (mean 6.5)
Hirschmann 2011 Heinrich-Heine University 8 AlIDBS 11-26 years 6  Coherence: cortex-
et al. Dusseldorf, Germany STN
Hirschmann 2013a Heinrich-Heine University 11 AlIDBS 7.7 (3.4) years 6  -Spectral analysis
et al. Dusseldorf, Germany -CMC and cortico-
cortical coherence
Hirschmann 2013b  Heinrich-Heine University 10 AlIDBS 15.5(5.2) years 6  Cortex-STN
etal. Dusseldorf, Germany coherence and CMC
Jhaetal. 2017  UCL London, UK 7 AlIDBS 9-25 years 7  Coherence: Cortex-
PPN
Krause et al. 2013 Heinrich-Heine University 10 Early 1.9 (0.5) years 8 CMC
Dusseldorf, Germany
Litvak et al. 2011 UCL London, UK 17 AlIDBS 8-17 years 6  Coherence: Cortex-
STN (incl. directed
coherence)
Litvak et al. 2012 UCL London, UK 13 AlIDBS 8-17 years 7  -Spectral analysis
-Coherence: Cortex-
STN
-Granger causality
Luoma et al. 2018  Helsinki University 16 AllDBS 11.9 (5.0) years 7  -Spectral analysis
Hospital, Finland -CMC
Makela et al. 1993  Helsinki University, Finland 5 1.5-6.3 years 6  Spectral analysis
Meissner et al. 2018 Heinrich-Heine University, 20 5.5 (3) years 5 ERD, ERS and PMBR

Dusseldorf, Germany

power
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Source-/ Main findings

sensor-

space

Source Unilateral DBS (both 130 Hz and 340 Hz) leads to a lowering of alpha and beta power over both sensorimotor
cortices. Recordings took place the day after surgery with eyes closed. No correlation with motor improvement
was found.

Sensor STN-DBS modified the CMC with large inter individual variability, correlation with motor improvement was
inconsistent.

Source Contralateral M1 showed greater resting-state beta power than ipsilateral M1 in PD. Zolpidem normalized the
ratio between left and right. Normalization correlated positively with improvement in UPDRS-IIl scores.

M1 beta power differences during different phases of movement (a.o. PMBR), normalized after zolpidem.

Source PD (DRT OFF) vs controls:

-Power: significantly lower beta band power in bilateral motor regions. After DRT, this largely normalizes.
-FC: increased synchronicity between motor cortices, partially normalized by DRT.
Source Controls: alpha and beta band desynchronization prior to and during movement.
PD patients: significantly lower response amplitudes. Trend towards lower amplitude PMBR
Source Response amplitudes were affected more severely in PD patients suffering from right-dominant disease
Source Cortical sources coherent with oscillations STN in PD DBS patients:
-Alpha band: ipsilateral temporal regions
-Beta band: ipsilateral sensorimotor and adjacent premotor cortex
Both Tremor-associated increase in STN-M1 coherence correlated positively with tremor severity.
Beta band power in cortical motor regions lower during tremor.
CMC was unaffected by DRT.

Source Beta band motor cortex-STN coherence reduced by DRT, but no change upon movement contralateral limb.
Alpha and beta band CMC reduced during repetitive movement compared to static contraction forearm, not
affected by DRT.

STN-cortical and beta band CMC negatively correlated with akinesia/rigidity during dopamine OFF state.

Source Alpha band coherence between the PPN and posterior brain stem and cingulum. Beta band coherence
between PPN and medial frontal wall, SMA and primary motor cortex

Source tACS of the motor cortex at beta frequency (20 Hz), but not at 10 Hz, attenuated beta band CMC during
isometric contraction and reduced performance (amplitude variability) of a finger tapping task in PD, but not in
controls.

Source Cortical sources coherent with oscillations STN in PD DBS patients:

-Alpha band: ipsilateral temporo-parietal regions.

-Beta band: ipsilateral anterior parietal and frontal cortex.

-STN activity predominantly led by cortical activity in both frequency bands.
-No changes upon DRT

Source Gamma-band coherence between STN and M1, with the STN mostly driving the cortex. Upon movement of the
hand, gamma band STN-M1 event-related coherence increased. DRT increased gamma band coherence between
the STN and M1, which correlated with the degree of improvement in bradykinesia-rigidity.

Sensor -Lowering of alpha and beta band power during DBS ON, only during resting state when the eyes were open.
During eyes-closed or a motor task: no significant difference between ON and OFF stimulation.

-Maximum CMC over sensorimotor area contralateral to extended hand.
Sensor Beta band power in cortical motor regions lower during tremor.
Source PD patients performed worse than controls on motor task (motor sequence acquisition). During random

presentation of the task no differences in beta band power. After learning a sequence: less training-related
beta power suppression in motor cortex in PD versus HC. In addition, less training related theta activity in
cortical motor regions, paralleling susceptibility to inference.
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Authors Year Center N= Type of PD Disease JBl Neuro-
cohort duration/ physiological
stage § measures °
Oswal et al. 2013 University of Oxford, UK 17 AlIDBS 8-17 years 7  Coherence: STN-
cortex
Oswal et al. 2016  University of Oxford, UK 15 AlIDBS 6-22 years 6  Coherence: STN-
cortex; Granger
causality variant
Pollok et al. 2009 Heinrich-Heine University 10 10.9 (2.4) years 6 CMC and cortico-
Dusseldorf, Germany Range: 4-30 cortical coherence
years
Pollok et al. 2012 Heinrich-Heine University =~ 20 Early PD, of which HY stage (all): I-Il 8  -Spectral analysis
Dusseldorf, Germnany 10 patients DRT ~ DRT naive: 0.4- -Coherence:
naive 2.5 years cortico-cortical
Treated group:
1-3.5 years
Pollok et al. 2013 Heinrich-Heine University 7 11.9 (0.6)years 6  Cortico-cortical
Dusseldorf, Germany coherence
Salenius etal. 2002  Helsinki University, Finland 8 HY stage: I-1lI 6  -Spectral analysis
-CMC
Te Woerd 2014  Radboud University 12 1-12 years 6 ERD, ERS, PMBR
etal. Medical Centre Nijmegen, (mean 6) power
The Netherlands
Te Woerd 2015  Radboud University 15 7 (4) years 6 ERD, ERS, PMBR
etal. Medical Centre Nijmegen, power
The Netherlands
Te Woerd 2017 Radboud University 14 8 (5) years 6  ERD, ERS, PMBR
etal. Medical Centre Nijmegen, power
The Netherlands
Te Woerd 2018 Radboud University 12 7 (5) years 6 ERD, ERS, PMBR
etal. Medical Centre Nijmegen, power
The Netherlands
Timmermann 2003  Heinrich-Heine University 6 1-21 years 6 CMC and cortico-
etal. Dusseldorf, Germany (mean 7) cortical coherence
van Wijk etal. 2016  UCL London, UK 33 Subset of patients 12 (5-25) years 8 Coherence: STN-
previously descri- cortex
bed by [12, 63, 64]
Vardy et al. 2011 VUmc, Amsterdam, The 11 5.1 (3.3)years 7  Spectral analysis
Netherlands HY stage 1.5-ll
Volkmann 1996  New York University 7 7.8 (2.5) years 6  Coherence: CMC
etal. Medical Center, USA HY stage I-Ill

§ Mean (Standard deviation) or Range (..-..)
° Neurophysiological measures relevant for this review; explanation of the measures can be found in Table 3

N, number of PD subjects studied; PD, Parkinson’s disease; JBI, Joanna Briggs Institute (score); DBS, Deep Brain
Stimulation; STN, subthalamic nucleus; CMC, cortico-muscular coherence; FC, functional connectivity; HY stage,
Hoehn & Yahr stage; DRT, dopamine replacement therapy; UPDRS, Unified Parkinson’s disease Rating Scale;
PLV, phase locking value; ERD, Event-Related Desynchronization; PMBR, Post-Movement Beta Rebound; PPN,
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Source-/ Main findings

sensor-

space

Source Alpha band coherence between temporal cortical areas and the STN reduced following movement onset:
degree of suppression in is significantly greater ON DRT than OFF DRT.

Source DBS relatively selectively suppressed lower beta band synchronization of activity between STN and mesial
premotor regions, including SMA. Motor cortical regions ‘driving’ STN in beta band, with different delays for
lower and higher beta band.

Source Oscillatory network associated with tremor comprising: contralateral S1/M1, SMA, PMC, thalamus, S2, PPC and
ipsilateral cerebellum oscillating at 8-10 Hz.

M1/S1 CMC at double the tremor frequency, CMC decreased following DRT.
When controls imitated a tremor, oscillatory network comparable to PD-tremor network when observed in DRT
OFF.
Source In early PD:
-Increased resting-state S1/M1 beta band power
-CMC did not differ between PD and controls.

Source During rest in DRT ON (but not during DRT OFF): positive correlation between disease duration and SMA-M1
coherence.

During isometric contraction in DRT OFF (but not during DRT ON): inverse correlation between UPDRS Il and
SMA-M1 coherence.

Source Trend towards lower beta band power in motor cortex PD patients.

Beta and gamma band CMCs during steady-state contraction of the forearm significantly lower in PD than in controls

Source Pre-stimulus beta band power: patients showed a lower proportion of beta band ERD in the sensorimotor
cortex preceding the reaction stimuli, while the proportion of beta band ERD following the event was larger,
hence there was a change in timing of the ERD: a shift from predictive to more reactive modulation of beta
band oscillations.

Source Rhythmic auditory stimulation regime: entrainment of slow oscillations and increases in modulation depth
of beta oscillatory activity, in PD and controls. Due to increased beta ERS post-movement, that improves the
predictive movement related beta suppression, reflecting a predictive mode of cue utilization.

Source PD patients have demonstrated comparable auditory entrainment as controls. Therefore: Deficient
entrainment in PD patients concerns the motor circuits only.

Sensor PD patients showed reduced motor entrainment compared to controls during tasks containing rhythmic
stimuli, even in situations encouraging entrainment. This is also reflected by beta oscillatory power changes,
both regarding phase and modulation depth.

Source Tremor-related oscillatory network, consisting of a cerebello-diencephalic-cortical loop and cortical motor (M1,
SMA/CMA, PM) and sensory (Sll, PPC) areas contralateral to the tremor hand.

Source Beta band power and phase-amplitude coupling within the STN correlated positively with severity of motor
impairment (lower beta). Coherence between STN and motor cortex dominant in the high-beta range.

Source Cortical motor slowing during rest in correlation with cognitive UPDRS scores, whereas slowing during
movement correlated best with the motor UPDRS scores.

Source Tremor network contralateral to the 3-6 Hz Parkinson resting tremor, involving the diencephalic level (assumed

to be the thalamus), lateral PMC, S1 and M1

pedunculopontine nucleus; tACS, transcranial alternating current stimulation; SMA, supplementary motor area;
S1/M1; primary sensorymotor cortex; PPC, posterior parietal cortex; PMC, premotor cortex; ERS, Event-Related
Synchronization
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Embase Web of Science Cochrane Emcare Academic Search Premier

PubMed 216 Citations 132 Citations 6 Citations 62 Citations 97 Citations Science Direct

141 Citations \ l / 85 Citations
312 Non-Duplicate

Citations Screened

Inclusion/Exclusion
Criteria Applied

79 Articles Retrieved

Inclusion/Exclusion
Criteria Applied

50 Articles Included

233 Articles Excluded After
Title/Abstract Screen

3 Articles Excluded 26 Articles Excluded Based On
Based On JBI Inclusion/Exclusion Criteria

Figure 1 Flowchart for inclusion of studies

Results

Search results and study characteristics

Fig. 1 shows the selection procedure with corresponding numbers of publications. 312
papers matched the search terms and were included for title and abstract screening,
leading to 79 articles meeting the pre-specified in- and exclusion-criteria (Kappa = 0.832).
These articles were selected for full-text analysis, risk of bias assessment was performed,
and data extraction took place. Three articles were excluded based on the JBI checklist
(see Supplement C) and 26 articles were excluded based on the inclusion/exclusion
criteria. Eventually, 50 papers were included for review. Frequency bands were defined
as follows: delta (0.5-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz), beta (13-30
Hz) and gamma (30-48 Hz). In several motor-network focused studies, the beta band has
been divided into low and high-beta. The upper limit of the low-beta band is 20 Hz,":36 21
Hz,%7 22 Hz,38 or 25 Hz.3° An explanation of the neurophysiological measures described in
the reviewed articles is presented in Table 3.
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Table 3 Definitions of the neurophysiological measures described in the review

Category Measure Interpretation
Oscillatory Band power Average spectral power in a particular frequency band.
behaviour

Mean frequency

Peak frequency

Complexity Lempel-Ziv Complexity

Functional Coherence
connectivity

Phase lag index

Phase locking value

Synchronization

likelihood
Directed Directed Phase Transfer
functional Entropy

connectivity

Granger causality

Partial directed
coherence

Dominant frequency in the power spectrum, within a given
frequency range (e.g. 6-15 Hz in;”” 4-13 Hz).”2

Related to the number of distinct patterns and the rate of their
occurrence along a given sequence. A high value indicates a high
variation of the binary signal.'?

The degree of similarity of frequency components of two time
series. Field spread and volume conduction, as well as power,
influence the estimate. High values indicate strong functional
connectivity.'*

Instantaneous phases of two time series are compared at each
time point and the asymmetry of the distribution of the phase
differences between these time series is quantified. A high value
indicates that there is a consistent non-zero (modulus 1) phase
relation between the two time series, indicative of functional
coupling.’® Relatively insensitive to the effects of field spread
and volume conduction.

Reflects the consistency of the phase covariance between two
signals in a frequency range over time (phase-locking). Field
spread/volume conduction affect the estimate.®?

The strength of synchronization between two time series
based on state-space embedding. High values indicate strong
functional connectivity, but field spread/volume conduction
affects the estimate.”®

Based on the Wiener-Granger Causality principle, namely

that a source signal has a causal influence on a target signal if
knowing the past of both signals improves the ability to predict
the target's future compared with knowing only the target's
past: dPTE was implemented as a ratio between ‘incoming’ and
‘outgoing’ information flow.'2®

Quantifies whether the past of one time series contains
information that helps to predict the future of another signal.
Does not capture non-linear effects and requires construction of
a model of the data.’®”

Based on the notion of Granger causality. Frequency-domain
approach to describe the (direction of) relationships between
time series. Decomposes the relationships into “feedforward”
and “feedback” aspects.'?®

Motor network-focused research

A summary of the data extraction and risk of bias assessment of the motor network-
focused articles can be found in Table 1 and a schematic overview to place the main
findings in an anatomical context are provided in Figure 2. Unless stated otherwise,
motor network-focused studies in this review have been performed in source-space.
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Early disease stages

Larger sensorimotor cortical (51/M1) beta band power has been reported both in early-
stage PD patients on dopamine replacement therapy (DRT) and in medication naive
patients as compared to controls, recorded during the resting state.*° In this study, during
isometric contraction of the contralateral forearm, beta band power was suppressed in
controls, but not in PD patients. Only during isometric contraction, contralateral beta
band power correlated with Unified Parkinson’s Disease Rating Scale (UPDRS)-Ill scores
in PD patients.*® Hall and coworkers found larger resting-state beta band power in the
motor cortex contralateral to the most affected hemibody in DRT-naive patients. The
benzodiazepine zolpidem, known for its modulating effects on PD motor symptoms,
normalized the ratio in resting-state beta band power between the ‘affected’ and ‘non-
affected’ motor cortex and this correlated positively with improvement in UPDRS-III
scores.*! Cortico-muscular coherence (CMC) has been studied by correlating M1 activity
with EMG signals recorded in the forearm. CMC was not different between PD patients
and controls during steady-state contraction of the forearm.

Later disease stages

Studies in later-stage PD patients found that beta band power in cortical motor regions
was lower during the resting state compared to controls (both OFF and ON DRT).44
Vardy and colleagues demonstrated that slowing of event-related beta band oscillations
in the motor cortex correlated positively with UPDRS-III scores when recorded during
a motor task and with cognitive UPDRS components when recorded during the resting
state.*® DRT significantly increased cortical motor beta band power, thus having a
normalizing effect.*? In contrast, STN-DBS lowered alpha and low-beta band power in
the sensorimotor cortex in two studies (both a sensor-space and a source-space study)
during eyes-open, resting-state.?®#* However, no correlation with motor improvement
has been observed. In addition, during a motor task, as well as during eyes-closed, no
differences between ON and OFF stimulation were found.

Even in the absence of stimulation, MEG data are contaminated by high-amplitude, low
frequency artefacts mainly originating from the influence of cardiovascular pulsations
and breathing on the percutaneous extension wire (before implantation of a stimulator),*
and the stimulator itself.*¢ Upon stimulation, electromagnetic artefacts generated by the
stimulator, such as jump artefacts and ringing artefacts obscure neuronal activity (see*
for a detailed description of DBS-artefacts). However, MEG recordings are still technically
feasible as DBS artefacts can be minimized using spatial filters,4-4 beamforming
techniques,***® or independent component analyses in combination with mutual
information.>" For a recent review on the effect of DBS on multiple diseases, studied
using MEG, see Harmsen and colleagues.*
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When studying induced MEG activity, prior to movement onset, in healthy individuals
a desynchronization in cortical motor oscillations (beta band) occurs, that disappears
during the actual execution of the movement: Event-related desynchronization (ERD).
This is followed by a post-movement beta band rebound: Event-related synchronization
(ERS).5>54In PD patients OFF DRT, ERD and ERS response amplitudes are reportedly lower
compared to controls,* mainly for right-dominant diseased patients,* but ON DRT these
differences could not be substantiated.*”

One study demonstrated higher resting-state beta band coherence between bilateral
primary cortical motor regions in PD patients compared to controls, which normalized
after DRT administration.*? In akinesia-dominant PD patients, coherence between the
ipsilateral supplementary motor area (SMA) and M1 correlated with disease duration,
not with UPDRS lIl scores, during rest (only ON DRT). During isometric contraction of the
forearm, coherence between SMA and M1 was inversely correlated with UPDRS Il scores
(only OFF DRT).>®

Forearm CMCs in the beta and gamma band were demonstrated to be significantly lower
in PD patients than in controls when recorded during steady-state contraction® and this
correlated with higher akinesia and rigidity sub-scores.® This difference normalized after
DRT in one study,* but not in another.® It was speculated by Hirschmann and colleagues
that this differential response to DRT was caused by the fact that tremor-dominant PD
patients were not excluded from the study from Salenius and colleagues,**® as CMC
increases might be a characteristic of tremor alleviation.®” Transcranial alternating
current stimulation (tACS) of the motor cortex at beta frequency (20 Hz), but not at 10 Hz,
further attenuated both the beta band CMC during isometric contraction and reduced
performance (amplitude variability) on a finger tapping task in PD patients, but not in
controls.®? In a sensor-space study on the effect of DBS on motor CMC, results varied and
the correlation with improvement in motor function inconsistent.®

By combining LFP recordings with MEG recordings in STN-DBS patients, a frequency-dependent
coherence has been demonstrated between signals from the STN and the ipsilateral
S1/M1 cortex in the beta and gamma band during the resting state.'1236376063 Betg
coherence was most dominant in the high beta band,* which was mainly located in the
mesial premotor regions.'"'237 Resting-state M1-STN beta band coherence was inversely
correlated® or not correlated with bradykinesia/rigidity UPDRS-IIl scores (DRT ON and
OFF)."? DRT increased beta band coherence between the STN and a small region in
the prefrontal cortex in one study,'? but in other studies DRT suppressed® or did not
modulate3® beta band coherence between the motor cortex and the STN. In one study,
stimulation of the STN suppressed resting-state high-beta band coupling of the STN with
mesial cortical motor regions, yet the degree of suppression did not correlate with motor
improvement.?’
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Resting-state alpha band coherence has been observed between the STN and ipsilateral
temporal cortex."23760 The alpha band coherence was not influenced by arm movements
in one study,% but decreased upon movement in another study (in DRT ON more than
in DRT OFF).** DRT and DBS did not influence the resting-state alpha band coupling.'"'23”
The former authors suggested that the identified alpha band network may reflect non-
motor functioning, for example auditory processing involving the (8-10 Hz) tau rhythm in
the auditory cortex,®® or attentional processes."1222

Tremor network-focused research

Tremor most likely involves neuronal mechanisms different from those underlying
bradykinesia and rigidity, as the latter symptoms worsen at the same rate as gait and
balance impairments, whereas tremor does not.*®® MEG studies aimed at revealing PD-
related tremor networks have identified a number of brain regions with oscillatory activity
that is coherent with forearm EMG signals at tremor frequency. First, a motor network
contralateral to the 3-6 Hz Parkinson resting tremor has been identified involving the
diencephalic level (likely corresponding to the thalamus), the lateral premotor cortex,
S1 and M1."° Thereafter, cortico-cortical coherence analysis with contralateral M1 as a
seed region (i.e. in which signals from the selected brain region are used to calculate
correlations with the rest of the brain) revealed harmonic involvement (at single and
double frequency) of the ipsilateral cerebellum, contralateral cingulate motor area (CMA)
and contralateral posterior parietal cortex (PPC).>¢” Over the years, several interesting
additional observations have been made: i) using MEG in combination with LFP
recordings in DBS-patients, a muscular-STN-M1 coupling was found during tremor.% ii)
when controls were asked to imitate a tremor, an oscillatory network could be identified
that is comparable to the PD-tremor network observed in the dopamine-OFF state.® iii)
beta band power in cortical motor regions was lower during simultaneous measurement
of an intermittent tremor.%
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Table 2 Profiles of the whole-brain studies included in this review

Authors Year Center N= Type of PD Disease JBl  Neuro-
cohort duration/ physiological
stage § measures °
Airaksinen 2012 Helsinki University, 11 AlIDBS 7-19 years 6 Spectral analysis
etal. Finland
Anninos etal. 2016 Democritus 10 Allmale Unknown 7 Spectral analysis
University of Thrace,
Alexandropouli, Greece
Boesveldtetal. 2009 VUmc, Amsterdam, The 20 HY stage I-I1l 8 -Spectral analysis
Netherlands -FC: SL
Boon et al. 2017 VUmc, Amsterdam, The 34 6 PDD HY stage II-11I 7 FC: dPTE
Netherlands 11.9 (3.8) years
Bosboom et 2006 VUmc, Amsterdam, The 26 13 PD, 13 PDD PD: 9.69 (4.5) 7 Spectral analysis
al.t Netherlands years, HY stage
2.5
PDD: 11.2 (4.0)
years, HY stage
2.9
Bosboometal. 2009a VUmc, Amsterdam, The 8  AllPDD 12.8(2.6) years 7 Spectral analysis
Netherlands HY stage II-IV
Bosboom et 2009b  VUmc, Amsterdam, The 26 Cohort Previously 7 FC: SL
al.t Netherlands previously described
described by [73]
Cao et al. 2015 Shanghai Jiatong 32 16PD, 16 PD- PD: 2-30 years 8 Spectral analysis
University, China DBS PD-DBS 4-13
years
Cao etal. 2017 Shanghai Jiatong 27 13DBS PD:11.3(1.3) 7 Spectral analysis
University, China years
PD-DBS: 9.4
(1.3) years
Gomez et al. 2011 University of Valladolid, 18 Early <2years 7 Complexity of
Spain oscillations
Olde Dubbelink 2013a  VUmc, Amsterdam, The 49  Longitudinal, Baseline: 5.4 6 Spectral analysis
etal. Netherlands 3 PDD (lasttime  (3.5)years
point)
Olde Dubbelink 2013b  VUmc, Amsterdam, The 43  Longitudinal Baseline: 5.2 6 -Spectral analysis
et al.¥ Netherlands 4 PDD (lasttime  (3.6) years -FC: PLI
point)
Olde Dubbelink 2014a  VUmc, Amsterdam, The 43  Cohort Previously 6 -Graph analysis
etal¥f Netherlands previously described

described by [81]

-Minimum

spanning tree (MST)
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Source/
sensor
space

Main findings

Sensor

Sensor

Sensor

Source

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Sensor

Source

Source

STN-DBS modulated alpha (occipital) and beta band (central sulcus) power. Lowering of the latter correlated
positively with relief of rigidity.

TMS over the five main cortical brain regions led to non-significant increases in PD-related abnormally low
peak frequency.

Upon odor stimulation task:
-PD-related decrease in alpha power.
-Controls: decrease in local beta band SL. PD: decrease in intrahemispheric alpha2 band SL.

Lower resting-state beta band directed connectivity (dPTE) in posterior brain regions in PD. Lower posterior
dPTE values correlated with poor global cognitive performance.

PD: slowing of resting-state brain activity involving theta, beta and gamma bands.
PDD: further slowing of resting-state brain activity, additionally involving delta and alpha bands, as well as a
lower reactivity to eye-opening.

Rivastigmine administration to PDD patients: shift spectrum towards higher frequencies: increase in parieto-
occipital and temporal alpha power and a diffuse increase in beta power, together with a decrease in fronto-
central and parieto-occipital delta power.

PDD vs. PD:
-Lower fronto-temporal SL in alpha band and lower intertemporal SL in delta, theta and alphal band.
-Higher left sided parieto-occipital SL in alpha2 and beta band.

PD vs controls: general occipitotemporal slowing.

PD-DBS first week after STN-DBS placement: No band power differences upon stimulation.

Long-term STN-DBS: average cortical frequency increased upon stimulation. Relative 9-13 Hz power over left
hemisphere correlated positively with UPDR-III scores in DBS-ON state.

PD vs. controls: increase in absolute power between 8 and 30 Hz.

Upon STN stimulation: Frontal/parietal increase in lower gamma band power (34-38 Hz) and higher gamma
band power (55-65 Hz).

Improvement of motor symptoms correlated with alpha and beta band power suppression over right
temporal area.

PD patients have lower complexity values in MEG signals than controls: statistical group differences for all (10)
major cortical regions.

PD patients vs. controls:

-Slowing dominant peak frequency

-Global increase in low frequency and decrease in high frequency relative spectral power over time.
-Degree of slowing associated with clinical measures of disease progression, in particular cognitive decline.

PD patients vs. controls:

-Baseline: Lower delta and higher alpha1 FC in temporal regions
-Longitudinal follow-up (4 years): decrease alpha1 and alpha2 band FC
-Motor and cognitive dysfunction correlated positively to the latter.

Early-stage PD: Lower local integration delta band, preserved global efficiency.

Longitudinal analysis: More random brain topology. Local integration (multiple frequency bands) and global
efficiency (alpha2) affected.

Worsening global cognition associated with more random topology in the theta band, motor dysfunction was
associated with lower alpha2 global efficiency.

MST analysis: a progressive decentralization of the network configuration, in correlation with deteriorating
motor function and cognitive performance
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Authors Year Center N= Type of PD Disease JBl  Neuro-
cohort duration/ physiological
stage § measures °
Olde Dubbelink 2014b ~ VUmc, Amsterdam, The 63  Longitudinal Baseline: 7 Spectral analysis
etal. Netherlands 19 PDD (last time PD: 60.9 (6.5)
point) PDD: 66.0 (5.2)
Ponsenetal.t 2012 VUmc, Amsterdam, The 26 Cohort Previously 6 Spectral analysis
Netherlands previously described FC: PLI
described by [73]
Stoffers et al.q 2007 VUmc, Amsterdam, The 70 HY stage I-Ill 7 Spectral analysis
Netherlands 5.5(3.7) years
Stoffers et al. 2008a  VUmc, Amsterdam, The 70 Cohort Previously 6 Spectral analysis
Netherlands previously described FC:SL
described by [70]
Stoffers et al. 2008b  VUmc, Amsterdam, The 37 HY stage I-I1l 7 Spectral analysis
Netherlands 8.0 (2.7) years FC: SL
Suntrup etal. 2013 University of Minster, 20 10dysfagiaand  -Dysfagic PD: 7 Event (swallowing)-
Germany 10 non-dysfagia 5.3 (6.7) related power
PD patients -Non-dysfagic
PD: 8.2 (4.4)
Wiesmanetal. 2016 University of Nebraska, 16 1-9 years 6 Spectral analysis
USA HY stage 1.5-1ll Coherence: CMC

§ Mean (Standard deviation) or Range (..-..)

° Neurophysiological measures relevant for this review; explanation of the measures can be found in Table 3

N, number of PD subjects studied; PD, Parkinson’s disease; JBI, Joanna Briggs Institute (score); DBS, Deep Brain
Stimulation; STN, subthalamic nucleus; TMS, transcranial magnetic stimulation; FC, functional connectivity; HY
stage, Hoehn & Yahr stage; SL, synchronization likelihood; dPTE, directed phase transfer entropy; PDD, Parkinson’s
disease dementia; DRT, dopamine replacement therapy; PLV, phase locking value; ERD, PLI, phase lag index; MST,
Minimum spanning tree

1, %, 9; Articles that have studied the same patient cohort

Whole-brain focused research

A summary of the data extraction and risk of bias assessment of the whole-brain
focused articles can be found in Table 2 and a schematic overview of the main findings is
provided in Figure 3. Unless stated otherwise, the whole-brain focused studies have been
performed in sensor-space.

Spectral power

The mean frequency of cortical oscillations in PD patients decreases over the course of
the disease. In a study involving PD patients at the earliest (drug-naive) disease stage,
oscillatory slowing was already present, most pronounced over the posterior brain
regions.”> When more advanced PD patients were studied, oscillatory slowing was
hardly influenced by DRT.”" Longitudinal analysis of PD patients revealed increases in
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Source/ Main findings

sensor

space

Source Addition of neurophysiological markers to neuropsychological tests substantially improved prediction of the
risk of conversion to PDD. Lower beta power was associated with the greatest risk of developing dementia.

Source PDD vs. PD:

-Lower alpha and beta band power in occipito-parieto-temporal and frontal regions.
-Lower FC in delta and alpha bands in respectively the fronto-temporal and occipito-parieto-temporal areas.
-FC between pairs of regions generally weaker in delta and alpha band, stronger in theta band.

Sensor Widespread slowing of resting-state brain activity in de novo, untreated PD patients.

Sensor Drug-naive PD patients vs controls: Overall increase in alphat SL
Moderately advanced PD: increased theta, alpha, alpha2 and beta SL, particularly with regard to local SL.
Total cohort: disease duration positively associated with alpha2 and beta SL, and severity of motor disease
with theta and beta SL measures.

Sensor Elevated levels of cortico-cortical FC are increased even further by an acute DRT challenge, in parallel with
motor improvement.

Increases involved local FC (4-30 Hz) and intra- and interhemispheric FC (13-30 Hz).

Source A strong decrease in overall task-related cortical activation was found in all PD patients, most prominent in
dysfagic patients. In non-dysfagic patients a compensatory activation towards lateral motor, premotor and
parietal cortices seems to take placed upon swallowing, whereas the supplementary motor area was markedly
reduced in activity.

Source During a memory task, a significant reduction in alpha FC between left inferior frontal cortices and left

supramarginal/superior temporal cortices in PD compared to controls.

band power of the ‘slower’ frequencies (theta and alphal band), whereas band power
of the ‘faster’ frequencies (beta and gamma) decreased. The spectral slowing correlated
with clinical progression of motor symptoms as well as global cognitive decline.”? In a
cross-sectional analysis involving Parkinson’s disease dementia (PDD) patients, spectral
power had progressed towards diffuse slowing, independent of motor and cognitive
scores.’”>’* The spectral slowing in PDD patients could at least partly be reversed by
treatment with the cholinesterase inhibitor rivastigmine.” MEG-derived spectral markers
may help in predicting conversion to PDD: lower beta band power at baseline was the
strongest predictor for conversion to PDD over a period of seven years, followed by peak
frequency and theta power. Moreover, the combination of impaired fronto-executive
task performance and low beta band power strongly increased the risk of conversion to
PDD in this source-space study (hazard ratio of 27.3 for both risk factors versus none).”®
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Stimulation of the STN can have widespread effects on oscillatory brain activity in multiple
frequency bands. Whole-brain average cortical frequency has been shown to increase
upon stimulation of the STN.#® In sensors overlying the central sulcus, power in the beta
band and of the mu rhythm decreased non-significantly, but the lowering in mu rhythm
power (9-13 Hz in this study) correlated positively with relief of rigidity.”” In another study,
suppression of 9-13 Hz power (band width in line with Airaksinen and colleagues)’” in
posterior cortical brain regions and 8-30 Hz power in right temporal regions correlated
positively with DBS-related global motor improvement.*®#° In frontal and parietal regions,
an increase in gamma band power has been reported following DBS, which in frontal
regions correlated negatively with the improvement of total motor function.*

Functional connectivity

In sensor-space studies, local FC can be estimated by averaging FC values for all possible
pairs of sensors within a given region of interest (ROI), whereas between-ROI FC can be
estimated by averaging FC for all possible pairs of sensors between ROIs. In a sensor-
space study, recently diagnosed (drug-naive) PD patients showed an overall higher local
and between-ROI alphal FC compared to controls (measured using synchronization
likelihood (SL;”"7® an FC measure that captures both linear and non-linear interactions).
When moderately-advanced PD patients were compared with controls, higher local
functional connectivity (SL in one study and the phase lag index (PLI; less sensitive to
volume conduction) in another) was found in PD patients, involving the theta, alpha1,
alpha2 and beta band.””® Motor symptom severity and disease duration were positively
associated with higher local and between-ROI SL-values.®’ Furthermore, in one study DRT
further increased between-ROI beta band FC, as well as local FC in the range of 4-30
Hz in association with clinical motor improvement (especially over centroparietal brain
regions).”” These findings are in contradiction with the findings of Cao and colleagues,
who found the higher alpha PLI in PD patients to normalize upon DRT administration, in
correlation with UPDRS-IIl improvement.” This discrepancy could perhaps be explained
by a differential response to DRT observed by Stoffers and coworkers: in the majority of
patients, already elevated levels of resting-state local FC (4-30Hz) further increased, but
in patients with a strong improvement in motor function local beta band FC decreased.”
It was speculated that the differential response to DRT points at differences in the
susceptibility to the development of response fluctuations and/or dyskinesias.

Longitudinal follow-up of PD patients using the PLI in source-space (the average PLI from a
ROl with all other ROIs) revealed a higher baseline alpha1 PLI in cortical temporal regions
in PD compared to controls. With disease progression however, the initial changes in
alpha1l PLI reversed, and an additional global decrease in alpha2 PLI appeared. These
longitudinal changes correlated positively with worsening motor and global cognitive
function. Interestingly, changesin alpha1 and alpha2 PLIin lower temporal regions, but not
in the beta band, correlated with motor impairment.8! Additional connectivity measures
that have been used in source-space analysis to demonstrate cross-sectional differences
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between PD patients and controls include the phase locking value (PLV; comparable
to PLI but sensitive to volume conduction/field spread)®? and directed Phase Transfer
Entropy (dPTE), a measure of directed connectivity.®® The PLV study demonstrated that
during a working memory task, PD patients had significantly lower alpha band (9-16 Hz)
PLV within the left-hemispheric fronto-temporal circuitry compared to controls, which
correlated negatively with verbal working memory performance.® The dPTE has been
used to reveal lower beta band directed connectivity from posterior cortical brain regions
towards frontal and subcortical brain regions in PD versus controls. In this study, lower
directed connectivity from posterior cortical regions with the rest of the brain correlated
with poor global cognitive performance in PD patients.®

Comparison of a cohort of PDD patients with non-demented PD patients using two
different processing pipelines led to conflicting outcomes that could at least partly be
explained by differences in methodology:’#%> in the first study, analysis was based on
(ten) clusters of extracranial sensors and SL was used as FC measure. Compared to PD,
PDD was characterized by lower fronto-temporal SL in lower frequency bands (delta,
theta and alpha1), and higher left-sided parieto-occipital SL in the higher frequency
bands (alpha2 and beta).®> In the second (source-level) analysis, FC was calculated using
PLI. In the PDD group, PLI between pairs of regions was generally lower for the delta,
alpha and beta band, and higher in the theta band. In the gamma band, differences went
both ways.”

Topological organization

Olde Dubbelink and colleagues (2014a) characterized the topological organization of
PD brain networks in source-space using graph analysis techniques. In early-stage PD
patients, lower local integration with preserved global efficiency of the whole-brain
network has been observed in the delta band. A longitudinal analysis demonstrated
a tendency towards a more random brain topology, in which both local integration
(multiple frequency bands) and global efficiency (alpha2 band) were affected. Worsening
global cognition was associated with more random topology in the theta band, and
motor dysfunction was associated with lower alpha2 global efficiency. In contrast to the
more conventional application of graph analysis techniques, minimum spanning tree
(MST) analysis is free of threshold and normalization biases. MST analysis revealed a
progressive decentralization of the network configuration, starting in the early-stage,
untreated patients, which correlated with deteriorating motor function and cognitive
performance.’®
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Discussion

In this review of the MEG literature on PD, we provide an overview of the neurophysiological
characteristics of PD, their relationship with clinical motor and non-motor symptoms, the
effect of disease progression, and the influence of treatment on these characteristics.
The design of the studies included in this review is very diverse, regarding both the MEG-
recordings itself (e.g. task-based versus resting-state, eyes-closed versus eyes-open, MEG
signals alone or in relation to other measures, such as LFPs from the STN) and data analysis
(e.g. source-space versus sensor-space, different FC measures). Despite these challenging
differences in data analytical approaches, we were able to extract several robust findings.

Motor-network focused studies have uncovered a tremor network involving the
motor cortex. In addition, these studies support the notion that, in contrast with the
pathophysiology of bradykinesia and rigidity, not only basal-ganglia-cortical motor
circuits but also cerebello-thalamo-cortical circuits are important for PD-related tremor
(for further reading see Helmich et al. (2018)).8” Another robust finding is the presence of
functional loops between the STN and the temporal lobe (alpha band) and the STN and
the sensorimotor cortex (beta and gamma band), although the clinical relevance and
the effect of DRT on these loops remain to be established. Furthermore, as illustrated
in Figures 2 and 3, the neurophysiological characteristics of the PD brain may vary over
the course of the disease. For motor network-focused studies this could be exemplified
by increased cortical motor beta band power early in the disease and decreased cortical
motor beta band power later in the disease. Whole-brain studies showed a gradual
slowing of the power spectrum and an initial increase in functional connectivity, which
decreased over time in relation to disease progression, especially cognitive decline.
Posterior cortical dysfunction seems to play a crucial role here.>’°’¢ Treatments such as
DRT and rivastigmine generally normalized disrupted neurophysiological characteristics
in both research fields, although many discrepancies exist, for example the increase
in cortical motor beta power upon DRT,*? versus the decrease observed upon DBS,#4
or the differential effect of DRT on whole-brain functional connectivity.”"”® Potential
explanations for these discrepancies include methodological differences and differences
in the underlying neurophysiological characteristics between PD patients (Fig. 2 and 3).

When comparing the MEG findings discussed in this review with the EEG studies recently
reviewed by Geraedts and colleagues,? there is a prominent agreement on the link
between spectral slowing and cognitive decline. Lower peak frequency and higher delta/
theta power were the best predictors for future conversion to PDD in longitudinal EEG
studies®®" and in an MEG study a lower beta band power was the best predictor.”® The
effect of DRT on whole-brain power was inconclusive for both EEG®?> and MEG studies,”’
as well as the relationship between EEG/MEG-findings and UPDRS-IIl scores. Although
EEG-based longitudinal functional connectivity studies are missing, a few cross-sectional
studies hint at lower functional connectivity and network disruptions in cognitively
disturbed PD patients®*®4, in accordance with the results of MEG studies.”#81:8
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The results section of this review reflects the clear distinction between motor network-
focused MEG research and whole-brain MEG research. Although this distinction often
leaves little room for direct comparisons, both fields do share common grounds and we
will further explore these in the next two sections.

Motor network-focused research from a whole-brain point of
view

Beta band hypersynchrony within the STN and the basal ganglia-thalamo-cortical,
cortico-cortical and cerebro-muscular loops is a well-established electrophysiological
phenomenon in PD, not only in the MEG field.>#%%7 |t has been suggested that the
changes in beta band power/connectivity in PD might be a causal mechanism underlying
the motor symptoms bradykinesia and rigidity, also considering the indirect evidence
that treatment (either DRT or high-frequency DBS) alleviates symptoms and at the
same time causes a normalization of local band power and interregional coupling of
beta activity.#2°¢°8% However, there is no clear evidence that beta band synchronization
directly accounts for the motor deficits in PD. Neurophysiological changes in motor
network studies did not correlate with UPDRS-IIl scores when recorded during the resting
state.'238404358 Fyrthermore, several unexpected negative correlations were observed
when late-stage PD patients were recorded during isometric contraction or a motor task
of the forearm in the DRT-OFF state.>®% It has therefore been speculated that excessive
beta band power and/or connectivity may not represent a pathological disinhibition with
an anti-kinetic effect, but could rather be interpreted as a compensatory mechanism
that becomes redundant when DRT is administered.>®% Hyperconnectivity has also
been demonstrated in whole-brain (both source-space and sensor-space) studies in
the early stages of PD, most pronounced in the alphal band.®®" The interpretation of
hyperconnectivity in early disease stages is not trivial and the discussion on this matter
takes place in a broader context than that of PD only.’%" Both pathological disinhibition
and compensatory mechanisms may lead to higher FC values, but only a compensatory
mechanism would be a purposeful reaction to a pathological process. However, it
is unlikely that the latter mechanism is the sole explanation, since the majority of the
studies in the present review did not show a positive correlation between higher FC and
better clinical performance.240435880

The functional subdivision between low and high-beta frequencies might be of value in
unraveling the relationship between interregional coupling of beta activity and clinical
functioning. Whereas dopaminergic treatment mainly affected low-beta spectral power
in the STN, STN-cortical coherence was strongest in the high-beta band frequencies and
was not modulated by levodopa.'>* Perhaps more complex functional interactions, such
as cross-frequency coupling,'® could play a role in the pathophysiology of PD motor
symptoms. Cross-frequency coupling was previously found within the STN*¢ and within
the motor cortex'® (but see also %) but not between these two structures.
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Alternatively, negative correlations such as between M1-STN beta band synchrony and
UPDRS-III scores could merely reflect normal physiology, in which case one would expect
healthy individuals to show stronger M1-STN coherence than PD patients.®® Obviously, it is
not possible to perform invasive recordings of brain activity in controls to confirm this, but
a case study in an obsessive-compulsive disorder patient, treated with STN-DBS, confirmed
the presence of a high STN-motor cortical connectivity in the beta band.'® Furthermore,
advances in source reconstruction techniques, such as beamforming, increasingly allow
the study of subcortical regions by means of MEG.>” At this point, however, additional
methodological and experimental studies are necessary to evaluate the ability of
beamformer techniques to reliably distinguish between individual subcortical brain regions.

Another important consideration is that the local neurophysiological processes observed
in the motor network take place in a brain that is both structurally? and functionally’#!
affected by PD on a whole-brain scale. The interpretation of correlations between
neurophysiological changes and motor symptoms is further complicated when studying the
effect of DRT, since DRT can have varying effects on cortico-cortical functional connectivity,
dependent on disease stage and/or degree of UPDRS motor response to DRT.&

Thus, neurophysiological changes on a whole-brain scale may have directly or indirectly
influenced findings in motor network-focused MEG studies. Whole-brain studies have
demonstrated that neurophysiological changes associated with PD motor symptoms are
not restricted to the ‘classical’motor network, which may have influenced findings directly:
the slowing of beta band oscillations in the motor cortex observed in motor network-
focused studies in relatively advanced-stage patients***° may in fact be part of the more
general process of cortical oscillatory slowing.”%72 Along the same line, the higher beta
band functional connectivity between cortical motor regions* should be considered
against the background of global increases in beta band cortico-cortical FC that have
been observed both using EEG and MEG in moderately advanced PD patients, and which
correlated with both bradykinesia sub scores and disease duration.®® |n contrast, in
early disease stages larger beta band power has been observed in cortical motor regions
in both PD patients and animal models of PD,#411061%8 yet this has not been mirrored by
the results of whole-brain studies.”®72

Variability in ongoing brain activity contributes to the way the brain responds to certain
sensory stimuli and therefore might indirectly influence differences in event-related/
induced motor responses between controls and PD patients.'® Furthermore, whole-
brain band power changes are known to confound estimates of coherence between
two neurophysiological signals and can thereby influence findings in motor network
MEG studies.™ In studies that estimated motor CMC, beta band power in cortical motor
regions (and possibly also global beta band power) also differed between PD patients
and controls and could therefore have impacted the CMC findings.*®* In addition, the
occipital dominant alpha band rhythm, mainly present when the eyes are closed, may
dilute differences observed in the motor network studies.*
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The interpretation of cortico-subcortical interactions in DBS patients is hampered by the
fact that these patients are generally in an advanced stage of disease and therefore have
often received high doses of DRT for several years. Chronic DRT is known to influence
cortical oscillations via neuronal plasticity.’® Furthermore, a longitudinal evaluation of
the effect of STN-DBS on beta band oscillations within the STN, coherence with cortical
regions, and cortical oscillations along the disease course has not been performed yet.
Therefore, when studying cortico-subcortical coherence, the effects of the underlying
disease, chronic use of medication and DBS itself on whole-brain cortical oscillations
should be taken into account.

Whole-brain research: towards a more focused approach

In whole-brain MEG studies in PD, global oscillatory slowing, widespread changes in the
strength of functional connectivity within and between brain areas, and a disruption of
functional brain network organization have been observed. The consistent relationship
between these findings and cognitive decline, motor dysfunction and disease duration
support the notion that these whole-brain neurophysiological changes may represent
a general marker of the disease processes underlying PD,”072738¢ 3 conclusion that is
further supported by the results of EEG studies."®"'2 However, the mechanisms that lead
to these widespread neurophysiological changes remain unknown, as well as the way in
which these neurophysiological changes induce the clinical symptoms of PD, particularly
the non-motor symptoms.

There is increasing evidence to suggest that cortical neurophysiological changes in PD
find their origin in subcortical brain regions. In early-stage PD, involvement of brainstem
dopaminergic, noradrenergic and serotonergic projection systems may be important
factors that contribute to cortical oscillatory slowing.”>''3 In later disease stages - including
PD dementia - local cortical Lewy body and tau pathology, local pathology in thalamo-
cortical circuits,”*'"5 and degeneration of the cholinergic nucleus of Meynert’>'® may
contribute to cortical neurophysiological changes in PD.

Observationsthathighlighttheimportance of cortico-subcortical interactionsin PDinclude
the influence of STN-DBS on whole-brain oscillations,*4%7” the possible influence of STN-
DBS on a multitude of non-motor symptoms'"” and the presence of an STN-temporal
network in the alpha band that shows PD-related functional changes and is influenced
by movement.'12466476 Fyture whole-brain studies could build on these observations
by including estimation of cortico-subcortical interactions using source reconstruction
techniques, and correlate findings to both motor and non-motor symptoms.

The neurophysiological changes observed in whole-brain resting-state studies correlated
with both motor and non-motor symptoms of PD,72738818 hence the interpretation
of these changes might be more ambiguous than the observations in task-related
conditions. On the other hand, whole-brain resting-state neurophysiological changes
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might be a more accurate marker of the underlying disease process. A reliable (non-
invasive) in vivo marker of the disease process can be used to predict the disease course
in individual patients and to monitor the effects of modulatory techniques such as DBS
or future disease-modifying drugs.

The approach of focusing on average FC from a ROl with all other regions in a whole-
brain analysis might be too diffuse to pick up changes restricted to certain sub systems.
When trying to bridge the gap between the underlying disease and specific PD-related
symptoms - referred to as pathophysiology in this context - a more focused approach
would be preferable. A seed-based analysis could be used to confirm hypotheses that
have arisen based on whole-brain research. In addition, particular symptoms such as
cognitive dysfunction in specific domains may be correlated to changes in (dynamic)
connectivity between specific subnetworks.'8"® A more focused approach can provide
important additional information on the pathophysiology of specific disease-related
symptoms, which may prove useful for the development of symptomatic treatments, e.g.
targeting key brain regions or subnetworks using TMS or DBS. These exciting therapeutic
possibilities are already being tested in PD patients.'202!

Clinical utility of MEG in PD

Of the robust findings we have presented in this review, up to now only MEG-derived
spectral markers (markers of spectral slowing) as predictors for conversion to PDD have
potential for routine clinical use.”® As these in-vivo biomarkers of disease progression can
also be derived from cheaper and more widely available EEG recordings,? the need to
include MEG in standard clinical care is currently low. However, with MEG patients would
benefit from a more comfortable and faster recording technique. In addition, when the
higher spatial resolution of MEG over EEG is exploited, application of MEG in routine
clinical care could become more rational (see Hillebrand et al.’?? for further reading on the
clinical application of MEG). Future studies are required to establish whether measures
of functional connectivity or brain network structure, which could be determined more
reliably using MEG, can surpass spectral slowing as an in-vivo biomarker of cognitive
decline or disease progression in a broader sense.

The optimization of stimulation settings after DBS-placement could also benefit from
MEG-recordings, both for non-motor and motor effects. Potentially, beta band power in
the sensorimotor cortex could serve as a biomarker for optimal motor effects, although
the link between cortical beta oscillations and motor function is not clear yet.384
Alternatively, a more dispersed cortical fingerprint could serve as a biomarker for optimal
clinical (both motor and non-motor) effects.
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Conclusion

Macro-scale neurophysiological changes in the PD brain have classically been studied
from two different perspectives. Some research groups have studied PD-related changes
in the brain as a whole, while others have explored relationships between more localized
brain activity and motor symptoms, thereby focusing on pathophysiological mechanisms.
However, the two research fields are certainly not mutually exclusive and the knowledge
gained from both approaches may even be complementary: motor network function is
influenced by whole-brain changes in neuronal activity related to the ongoing disease
processes, whereas whole-brain analysis may not fully capture local pathophysiological
mechanisms underlying specific symptoms. Up to now, results of MEG studies have
been very diverse and the application of MEG in standard clinical care is limited. Future
studies that combine the merits of both approaches could increase reproducibility
and interpretation of results, which will undoubtedly lead to valuable insights into the
neuronal mechanisms underlying PD as well as into the pathophysiology of the broad
range of clinical symptoms that characterize this disease.
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Chapter 2.2
Supplementary materials

Supplement A: Web-based searches

PubMed

((“Parkinson Disease”[Mesh] OR *“Parkinson Disease, Secondary’[Mesh:NoExp] OR
“Parkinsonian Disorders"[Mesh:noexp] OR “parkinsonian”[tw] OR parkinsonian*[tw] OR
“parkinsonism”[tw] OR parkinsonism*[tw] OR “parkinson disease”[tw] OR “parkinson’s
disease”[tw] OR “parkinsons disease"[tw] OR “Paralysis Agitans"[tw] OR parkinson*[tw])
AND (“Magnetoencephalography’[Mesh] OR “magnetoencephalography”[tw] OR
magnetoencephalogr*[tw] OR  “magneto-encephalography”[tw] OR  magneto-
encephalogr*[tw] OR “MEG"[tw]))

Embase

((exp “Parkinson Disease”/ OR “Parkinsonism”/ OR “parkinsonian”.mp OR parkinsonian*.
mp OR “parkinsonism”.mp OR parkinsonism*.mp OR “parkinson disease”.mp OR
“parkinson’s disease”.mp OR “parkinsons disease”.mp OR “Paralysis Agitans”.mp OR
parkinson*.mp) AND (“Magnetoencephalography”/ OR “magnetoencephalography”.
mp OR magnetoencephalogr*.mp OR “magneto-encephalography”.mp OR magneto-
encephalogr*.mp OR “MEG".mp)) NOT conference review.pt

Web of Science

(TS=("Parkinson Disease” OR “Parkinsonism” OR “parkinsonian” OR parkinsonian*
OR “parkinsonism” OR parkinsonism* OR “parkinson disease” OR “parkinson’s
disease” OR “parkinsons disease” OR “Paralysis Agitans” OR parkinson¥)
AND TI=("Magnetoencephalography” OR “magnetoencephalography” OR
magnetoencephalogr* OR “magneto-encephalography” OR “magneto-encephalogr*”
OR “MEG") OR (TI=("Parkinson Disease” OR “Parkinsonism” OR *“parkinsonian”
OR parkinsonian* OR “parkinsonism” OR parkinsonism* OR *“parkinson disease”
OR “parkinson’s disease” OR “parkinsons disease” OR “Paralysis Agitans” OR
parkinson*) AND TS=("Magnetoencephalography” OR “magnetoencephalography” OR
magnetoencephalogr* OR “magneto-encephalography” OR “magneto-encephalogr*” OR
“MEG"))

Cochrane

((“Parkinson Disease” OR “Parkinsonism” OR “parkinsonian” OR parkinsonian®
OR “parkinsonism” OR parkinsonism* OR “parkinson disease” OR “parkinson’s
disease” OR *“parkinsons disease” OR “Paralysis Agitans” OR parkinson*) AND
(“Magnetoencephalography” OR “magnetoencephalography” OR magnetoencephalogr*
OR “magneto-encephalography” OR “magneto-encephalogr*” OR “MEG"))
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Emcare

((exp “Parkinson Disease”/ OR “Parkinsonism”/ OR “parkinsonian”.mp OR parkinsonian*.
mp OR “parkinsonism”.mp OR parkinsonism*.mp OR “parkinson disease”.mp OR
“parkinson’s disease”.mp OR “parkinsons disease”.mp OR “Paralysis Agitans”.mp OR
parkinson*.mp) AND (“Magnetoencephalography”/ OR “magnetoencephalography”.
mp OR magnetoencephalogr*.mp OR “magneto-encephalography”.mp OR magneto-
encephalogr*.mp OR “MEG"”.mp)) NOT conference review.pt

Academic Search Premier

((“Parkinson Disease” OR *“Parkinsonism” OR “parkinsonian” OR parkinsonian*
OR “parkinsonism” OR parkinsonism* OR “parkinson disease” OR “parkinson’s
disease” OR *“parkinsons disease” OR “Paralysis Agitans” OR parkinson*) AND
(“Magnetoencephalography” OR “magnetoencephalography” OR magnetoencephalogr*
OR “magneto-encephalography” OR “magneto-encephalogr*” OR “MEG"))

ScienceDirect

TITLE-ABSTR-KEY((“Parkinson Disease” OR “Parkinsonism” OR *“parkinsonian” OR
parkinsonian* OR “parkinsonism” OR parkinsonism* OR “parkinson disease” OR
“parkinson’s disease” OR “parkinsons disease” OR “Paralysis Agitans” OR parkinson*) AND
(“Magnetoencephalography” OR “magnetoencephalography” OR magnetoencephalogr*
OR “magneto-encephalography” OR “magneto-encephalogr*” OR “MEG"))
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Supplement B
JBI Critical Appraisal Checklist for Case Series

REVIEWET wuuueiiinreinnnreinnieininnennnneensnneessseeesnnee

(D RN

Y011 o N

[ =T 1 N Record number.........

Yes No Unclear Not
Applicable

1. Were there clear criteria for inclusion inthecase 0O O O O
series?

2.  Wasthe condition measuredin astandard, reliable O dJ dJ dJ
way for all participants included in the case series?

3. Were valid methods for identification of the O O O O
condition for all participants included in the case
series?

4. Did the case series have consecutive inclusionof O O O O
participants?

5. Did the case series have complete inclusion of O O O O
participants?

6. Was there clear reporting of the demographicsof O O O O
the participants in the study?

7. Wasthere clear reporting of clinical informationof O O O O
the participants?

8. Were the outcomes or follow up results of cases O O O O
clearly reported?

9. Wasthere clear reporting of the presenting site(s)/ O O O O
clinic(s) demographic information?

10. Was statistical analysis appropriate? o O O O

11. Was there clear reporting of MEG data acquisition O O O O
and analysis?*

Overall appraisal: Include Exclude Seek further info

Minimum requirements: 1x ‘yes’ question 1-3, 2x ‘yes’ question 4-8, 1x ‘yes’ question 11.
Comments (Including reason for exclusion)

* Minimum requirements: details MEG acquisition (system and sensor type, sampling
frequency, position participant, description task/resting state), amount of data gathered
(length and number of data segments), in case of source reconstruction: details on the atlas
or grid/resolution used
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Supplement C

Author (year) Title Reason exclusion JBl scores

Anninos et al. (2000) | Nonlinear analysis -No quantification of an MEG outcome parameter ~ Total: 3
of brain activity in -No statistics performed Iltem 1-3:1
magnetic influenced  -No reproducible MEG acquisition (item 11) Item 4-8: 1
Parkinson patients -Total JBI score too low, too low score for items 4-8  Item 9-10: 1

Iltem 11: 0

Park et al. (2009) Cortico-muscular -No reproducible MEG acquisition (item 11) Total: 4
coherence increases -Total JBI too low Iltem 1-3: 1
with tremor Item 4-8: 2
improvement after Item 9-10: 1
deep brain stimulation Iltem 11: 0
in Parkinson’s disease

Bock et al. (2013) Validity of -Main goal of article was validation of method: Total Total: 3
subthalamic-cortical ~ -Total JBl score too low, too low score for items 4-8. Item 1-3: 1
coherency observed Item 4-8: 1
in patients with Item 9-10: 0
Parkinson’s disease Item 11:1
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Abstract

Background Longitudinal analyses of magnetoencephalography (MEG) data are essential
for a full understanding of the pathophysiology of brain diseases and the development
of brain activity over time. However, time-dependent factors, such as the recording
environment and the type of MEG recording system may affect such longitudinal analyses.
We hypothesized that, using source-space analysis, hardware and software differences
between two recordings systems may be overcome, with the aim of finding consistent
neurophysiological results.

Methods We studied eight healthy subjects who underwent three consecutive MEG
recordings over 7 years, using two different MEG recordings systems; a 151-channel VSM-
CTF system for the first two time points and a 306-channel Elekta Vectorview system for
the third time point. We assessed the within (longitudinal) and between-subject (cross-
sectional) consistency of power spectra and functional connectivity matrices.

Results Consistency of within-subject spectral power and functional connectivity matrices
was good and was not significantly different when using different MEG recording systems
as compared to using the same system. Importantly, we confirmed that within-subject
consistency values were higher than between-subject values.

Conclusions We demonstrated consistent neurophysiological findings in healthy subjects
over a time span of seven years, despite using data recorded on different MEG systems
and different implementations of the analysis pipeline.
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Introduction

Magnetoencephalography (MEG) allows for measurement of fluctuating magnetic fields
induced by neuronal currents. It provides information about normal and pathological
brain activity with excellent temporal and good spatial resolution."? Communication
between distributed brain regions is assumed to be reflected in the statistical relationships
between the regions’ time series of activity, referred to as functional connectivity.?
Disruption of resting-state functional interactions between brain regions is considered to
be a final common pathway in many brain disorders.**

Longitudinal MEG studies are essential for a full understanding of disease-specific
pathophysiological mechanisms and the development of (changes in) functional brain
networks over time, but can be complicated by changes in site-specific factors, such
as environmental noise and the MEG recording system itself. In our center, a VSM-
CTF system was replaced by an Elekta Vectorview system, resulting in changes in both
hardware and software, including a different number of sensors (151 third-order axial
gradiometers versus 306 magnetometers/planar gradiometers, respectively), and a
different beamformer implementation. Although this has hardly been studied, the type
of MEG sensor that is used affects the MEG signals that are recorded: For a given number
of measurement channels, axial magnetometers provided more information than vector
magnetometers.® In addition, it has been shown 7 that radial gradiometers i) have a
better signal-to-noise ratio than radial magnetometers, ii) have slower signal-strength
decay with increasing depth than planar gradiometers, and iii) of the third order are less
sensitive to head-motion and vibrational noise than those of the first order.

Since replacement of a recording system is a common and reoccurring event at many
centers, we considered it important to evaluate the consistency of longitudinal MEG data
obtained in a group of healthy volunteers using different MEG recording systems. We
longitudinally analyzed data from eight healthy volunteers who all underwent a resting-
state MEG recording at three time points as controls in a longitudinal cohort study:
baseline (BL); follow-up 4 years after baseline (FU1); follow-up 7 years after baseline
(FU2). BL and FU1 were recorded using a VSM-CTF MEG system, FU2 using an Elekta
Vectorview system.

We applied an often-used atlas-based beamforming approach®!" to project MEG
signals into source space, allowing for interpretation in an anatomical context'*'* and
comparison across recording sessions and systems. We assessed consistency of within-
subject spectral power and functional connectivity over time and across different MEG
systems and compared this with between-subject findings. We hypothesized that the
within-subject consistency between different MEG systems would be i) comparable to the
within-subject consistency of data recorded using the same MEG system; ii) higher than
the between-subject consistency.
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Materials and methods
Participants

Data from healthy participants were recorded in the context of a longitudinal case-control
follow-up study in Parkinson’s disease'*'® over a period of 7 years (the first follow-up visit
being ~4 years after inclusion). The healthy participants did not suffer from neurological
or psychiatric diseases and did not use any drugs or medication. From an initial group
of 20 healthy participants, 10 had undergone an MEG recording at all three time points.
Two subjects were excluded from further analysis due to an excess of head movement
during the baseline MEG recordings. Hence, data from 8 healthy participants aged 45-72
years (55 + 5.92) were used. The study was approved by the Medical Ethics Committee of
Amsterdam UMC, location VU University Medical Center (Amsterdam, The Netherlands),
and all participants gave written informed consent before participation. All methods
were carried out in accordance with relevant guidelines and regulations.

Data acquisition

BL and FU1 MEG data were acquired using a 151-channel whole-head MEG system with
axial gradiometers (CTF systems Inc., Vancouver, Canada) in an eyes-closed resting-state
condition for five minutes while subjects were seated inside a magnetically shielded
room. A recording passband of 0.25-200 Hz, and sample rates of 312.5 (BL) and 625 Hz
(FUT) were used, and a 3 order software gradient was applied.” At the beginning and
end of each recording the head position relative to the coordinate system of the helmet
was assessed by leading small currents through three head position indicator (HPI) coils
attached to the left and right pre-auricular points and the nasion.

FU2 MEG data were recorded using a 306-channel Vectorview system with 102
magnetometers and 204 planar gradiometers (Elekta Neuromag, Oy, Helsinki, Finland)
in an eyes-closed resting-state condition for five minutes in a supine position. An online
anti-aliasing (410 Hz) and high-pass filter (0.1 Hz) were used and the sample rate was
1250 Hz. The head position relative to the MEG sensors was recorded continuously using
the signals from four HPI coils. The coil positions were digitized before each recording,
as well as the outline of the patient’s scalp (~500 points), using a 3D digitizer (Fastrak,
Polhemus, Colchester, VT, USA).

Structural T1-weighted MR imaging was performed at all three time points (BL; 1.0 T,
Impact, Siemens, Erlangen, Germany; FU1 and FU2; 3.0 T, GE Signa HDxt, Milwaukee, WI,
USA). In preparation of the MR imaging at BL and FU1, vitamin E capsules were placed at
the same anatomical landmarks where the three HPI coils had been placed during MEG-
registration.
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Data pre-processing
A schematic representation of the pre-processing steps can be found in Figure 1A-C.

We used two different pipelines to pre-process the data, each one dedicated to a given
hardware. Both FU1 and FU2 MEG-data were downsampled to 312.5 Hz, to obtain the
same sample rate as BL. MEG channels that were malfunctioning, for example due
to excessive noise, were removed after visual inspection of the data (all by the same
observer KTEOD; mean number of excluded channels: BL/FU1 2.4, range 2-7; FU2 6,
range 2-11). BL and FU1 data were split into epochs (13.11 seconds, 4096 samples) and
epochs containing strong artefacts were discarded (BL mean 2.1 (range 0-4); FUT mean
4.6 (range 0-13); KTEOD). In addition, the temporal extension of Signal Space Separation
(tSSS) in MaxFilter software (Elekta Neuromag Oy, version 2.2.15) was applied to FU2 data
to remove artefacts?*?' with a sliding window of 10 seconds and a subspace correlation-
limit of 0.9 (the correlation limit provides a trade-off between removal of noise and
preservation of brain signal,?? where a value of 0.9 was found to be optimal in our specific
(urban) environment). Note that tSSS (also) reconstructs the data for the identified
malfunctioning channels. Participants’ MEG data were co-registered to their structural
MRIs, in case of BL/FU1 through identification of the same anatomical landmarks (left
and right pre-auricular points and nasion; estimated co-registration error <6 mm)in both
modalities, and in case of FU2 through a surface-matching procedure, with an estimated
resulting accuracy of 4 mm.?® For all three time points, the automated anatomical
labelling (AAL) atlas was used to label the voxels in 78 cortical and 12 subcortical regions
of interest (ROIs) in a subject's co-registered MRIL.?#?> In order to obtain a single time
series for a ROl we used each ROI's centroid as representative for that ROIL.° A scalar
beamformer'22¢ was used to reconstruct beamformer weights for each centroid using
broad-band data (0.5-48 Hz; mean 201 seconds (range 131 - 262 seconds) for BL, mean
238 seconds (range 197 - 288 seconds) for FU1, and mean 297 seconds (range 288 - 341
seconds) for FU2), and using Synthetic Aperture Magnetometry?’ for BL and FU1, and
Elekta’s beamformer implementation (version 2.2.15; Elekta Neuromag Oy), which finds
the optimum beamformer orientation through an eigendecomposition,?® for FU2. The
beamformer used lead fields for equivalent current dipoles at the centroid locations,
using a multi-sphere? or single-sphere head model for BL and FU1 or FU2, respectively.
Broad-band data (0.5-48 Hz) were subsequently projected through the normalized®
beamformer weights in order to project the sensor signals to source space, i.e. broadband
(0.5-48 Hz) time-series of neuronal activity were reconstructed for each centroid of the
90 ROIs.

Subsequently, FU2 time-series were downsampled (4x) and split into epochs of 4096
samples (13.11s) as well. All beamformed data was used for further analysis (BL range 10-
20 epochs, FU1 15-18 epochs and FU2 19-22 epochs), hence no further epoch-selection
took place.
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Data analysis

Spectral power and functional connectivity analyses were performed using in-house
software (BrainWave, version 0.9.152.12.26; CJS, available from http://home.kpn.nl/
stam7883/brainwave.html). For each subject and time point separately, we estimated
the overall spectral power (0.5-48 Hz) averaged over all ROIs and epochs, normalized
based on the area under the curve. Peak frequency values were determined within the
4-13 Hz frequency range. In addition, for each epoch, we band-pass filtered the data
into the alpha (8-13 Hz) and beta (13-30 Hz) band using a Fast Fourier transform to
produce a so-called ‘brickwall’ filter. We subsequently corrected for signal leakage by
pairwise orthogonalisation (in both directions),>" and estimated functional connectivity
by amplitude envelope correlation (AEC), separately for each epoch. The AEC computes
the correlation between the amplitude of the envelopes of two time series obtained with
the Hilbert transform (in our case) or wavelet analysis.>* To adjust for any negative
correlations, 1 was added to the raw AEC values and subsequently divided by 2. The
AEC was calculated for all possible pairs of ROIs, leading to a 90 x 90 weighted adjacency
matrix for each epoch. For each subject, the matrices were then averaged over epochs. A
schematic representation of the spectral power and functional connectivity analyses can
be found in Figure 1D.

Statistical analysis

First, measures of within- (longitudinal) and between-subject (cross-sectional) consistency
in spectral power and functional connectivity were calculated for each individual. Within-
subject correlations were assessed between BL-FU1, FU1-FU2, and BL-FU2. Between-
subject consistency was calculated by taking the average of the cross-sectional consistency
of one subject with the other subjects. The two sample Kolmogorov-Smirnov test was
used to estimate differences in the shape of power spectra (as a measure of consistency)
within- (longitudinal) and between (cross-sectional) subjects. To study consistency in
functional connectivity within-and between subjects, we compared functional connectivity
matrices, averaged over all epochs of each individual. We vectorized the average matrix
(while excluding the diagonal) and calculated Spearman correlations between these
vectors, since the functional connectivity data were not Gaussian distributed.

Second, we tested the hypothesis that no significant differences between within-subject
correlations were present across time, and hence that two recordings performed on the
same MEG system (BL-FU1) would show comparable results with recordings performed
on two different MEG systems (FU1-FU2 and BL-FU2). We also tested the hypothesis that
no significant differences in between-subject correlations were present over time, in
which a p-value >0.05 suggests there is no difference. As all values conformed to the
normality assumption, these correlations were tested using repeated measures ANOVAs.
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Figure 1 Schematic overview of preprocessing and analysis
Five minutes of eyes-closed, resting-state MEG recordings (A) took place on a VSM-CTF system (baseline (BL; t=0) and
follow-up 1 (FU1; t=4 years), and on an Elekta Vectorview system (FU2; t=7 years). (B) Data from all channels were
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projected onto an anatomical framework of 90 brain regions (automated anatomical labeling (AAL) atlas), leading
to source-space MEG data for all time points (C). (D) Whole-brain spectral analysis, as well as functional connectivity
between all pairs of brain regions, was assessed by means of the leakage-corrected amplitude envelope correlate
(AEC). Power spectra and connectivity matrices were compared over time within patients (horizontal arrows), as
well as cross-sectionally between patients (vertical arrows).

Third, we tested the hypothesis that within-subject correlations were higher than
between-subject correlations. We averaged the within-subject correlations (assessed
between BL-FU1, FU1-FU2, and BL-FU2), and compared this with the average between-
subject correlations (BL, FU1, and FU2) using two-tailed unpaired t-tests.

Results
Spectral power

Overall normalized spectral power averaged over all subjects is shown in Figures
2A and 2B. Figure 2A demonstrates broadband spectral power (0.5-48 Hz). As can be
observed from this figure, the normalized power spectra from the three time points
overlapped in the range of 0.5-30 Hz, but the spectra obtained from BL and FU1 (CTF
data) showed more gamma power (30-48 Hz) than the power spectrum from FU2 (Elekta
data). As the presence of artefacts may have contributed to this difference (for example
magnetometers/planar gradiometers of the Elekta Vectorview system (FU2) may be less
sensitive to muscle artefacts or these artefacts may be suppressed more optimally by
using tSSS compared to the use of synthetic third-order gradiometers in the CTF system
(BL, FU1)), we subsequently restricted the spectral analysis to 0.5-30 Hz (Figure 2B).

We estimated the within- and between-subject difference in shape (as a measure of
consistency) of the power spectra using the two sample Kolmogorov-Smirnov tests
(Figure 2C), in which lower values represent higher consistency. The average within- and
between-subject consistency did not differ significantly between time-points (Table 1).
Importantly, comparison of power spectra within subjects over time showed significantly
higher consistency than power spectra between subjects (cross-sectional; Figure 2C). In
addition, the peak frequency did not significantly differ between time points: BL (mean
8.78 SD 0.87), FU1 (mean 8.78 SD 0.92), FU2 (mean 8.91 (SD 0.89), (F(2, 7) = 0.76, p= 0.53,
np?= 0.24).
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Table 1

Within- Statistics Between- Statistics

subject subject

BL- FU1- BL-FU2 BL FU1 FU2

FU1 FU2
Spectral  0.090 0.107 0.085 F(2,7)=1.151,np>= 0.154 0.164 0.152 F(2,21)=1.031, np*=
power  (0.035) (0.040) (0.030) 0.277, p=0.378 (0.010) (0.021) (0.022) 0.001, p=0.374
Alpha 0.380 0.407 0.438 F(2,7)=0.405,np>= 0.279 0.211 0.317 F(2,21)=5.028, np*=
cAEC (0.167) (0.156) (0.095)  0.021, p=0.684 (0.063) (0.072) (0.068) 0.046, p=0.016™
Beta 0.440 0.453 0.426 F(2,7)=2.26, np*= 0.319 0.338 0.371 F(2,21)=2.132, np*=
cAEC (0.121)  (0.099) (0.098)  0.430, p=0.185 (0.059) (0.040) (0.051) 0.011, p=0.144

Within- and between-subject consistency values, expressed as mean (standard deviation). Note that in case
of spectral power, lower Kolmogorov-Smirnov 2 test statistic values represent a higher consistency. In case of
the functional connectivity analyses (leakage corrected AEC), higher Spearman’s rho values indicate a higher
consistency.

BL, baseline; FU1, follow-up 1; FU2, follow-up 2; np? partial eta squared (effect size); Statistics on correlation values
over time was performed using repeated measures ANOVAs

*Consistency values expressed as Kolmogorov-Smirnov 2 test statistic ** Post-hoc paired t-tests; BL-FU1 t(7)= 2.53,
p=0.039; FU1-FU2 t(7)= 4.04, p= 0.005; BL-FU2 t(7)= 1.51, p= 0.1
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Functional connectivity

We calculated within- and between-subject correlations between connectivity matrices
for the three time points (Figure 3). For both alpha and beta band functional connectivity,
the highest within-subject correlations were found in the correlation with FU2 (BL-FU2
for alpha band FC, FU1-FU2 for beta band FC; in which FU2 represented a different MEG
recording system). For alpha band FC, the within-subject correlation values were highest
in the parieto-occipito-temporal cortical brain regions (panel A). For beta band FC, the
correlation values were highest for the central and frontal brain regions (panel B). The
average within- and between-subject correlations were not significantly different over
time (Table 1). Importantly, both in the alpha and beta band, within-subject correlations
were significantly higher than between-subject correlations (Figure 3).
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Figure 3 Functional connectivity analysis

Violin plots summarizing within and between-subject correlation values (Spearman’s rho) between functional
connectivity matrices at different time points. Connectivity matrices consisted of alpha (8-13) and beta (13-30)
band amplitude envelope correlation (AEC) values, corrected for signal leakage. No significant differences were
found between average within-subject values using repeated measures ANOVAs, but between-subject alpha
band functional connectivity values differed between time points BL-FU1 and FU1-FU2 (Table 1). Note that on
average, the within-subject correlations were significantly higher than the between-subject correlations (alpha
band t(46)=4.27, p= 0.011; beta band t(46)=4.12, p< 0.001); average values also provided in Table 1).

*p< 0.05

Discussion

In this study we have demonstrated that longitudinal within-subject neurophysiological
results in healthy subjects were consistent across MEG systems. We demonstrated this
by restricting the normalized power spectral analysis to 0.5-30 Hz and using amplitude-
envelope coupling as a measure of functional connectivity. Furthermore, within-subject
consistency values were significantly higher than between-subject consistency values,
confirming that over time, neurophysiological information of individuals is retained.
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We here demonstrate the feasibility of a longitudinal MEG analysis using datafromthe same
subjects recorded on different MEG systems over a timespan of seven years. A previous
cross-sectional study used a median-nerve stimulation paradigm and demonstrated the
stability of the location of the N20m response, both in terms of location and latency, within
the same subject on three different MEG systems (including a Neuromag Vectorview
and CTF-VSM system), although the magnitude of later evoked components was more
variable.3#® This suggests that cross-sectional pooling of MEG data recorded at different
sites may be possible as well. However, other site-specific factors than the MEG system
and preprocessing pipeline, such as environmental noise and the site-specific agreement
on epoch selection criteria, may complicate such an effort. Future studies should further
explore the feasibility of pooling MEG data from different sites (see for example the MRC/
EPSRC partnership initiative for MEG in the UK, e.g.).3

Although we reported consistency of spectral power and functional connectivity estimates
over time, several factors and sources of error could have negatively affected this, most
of which were related to hardware differences between the CTF and Elekta systems. i)
Different number and type of sensors (151 vs 306; axial vs planar gradiometers; third-
order gradiometers versus magnetometers and first-order gradiometers). Although the
information content of the raw data was therefore different, we performed our analysis
using the same number of (virtual) sensors through the use of the same anatomical atlas
for all datasets. ii) The artefact correction method, which was performed manually in case
of the CTF system (i.e. rejection of bad data segments) and was done using tSSS in case of
the Elekta system (automatic removal of artefacts from the data). This difference may have
caused the lower normalized gamma power found at FU2, since tSSS may have removed
(e.g. muscle) artefacts from the data more successfully than a visual analysis. In the visual
analysis on BLand FU1 data, only data segments with clear artefacts were removed, and less
obvious (muscle) artefacts may therefore have been left in the remaining data. Importantly,
after excluding the gamma band from the spectral analysis, the power spectra were similar
over time/systems. However, the influence of tSSS on gamma activity may not have been
the sole explanation for this difference: tSSS may also affect alpha and high-beta relative
power, as demonstrated in Supplementary Figure 2. Another factor of influence may be
a different sensitivity of magnetometers/planar gradiometers of the Elekta Vectorview
system (FU2) to muscle artefacts. In addition, the use of a sliding window (of 10 seconds)
may introduce artificial discontinuities in the data, although we did not encounter these.
iii) Measurement of head position during the recording (at two time points vs continuous;
where the first could lead to an underestimation of actual head movement during
recordings). iv) Co-registration accuracy (three fiducials for co-registration vs surface-
matching; the first method being more prone to errors).3” This may have affected both the
spectral analysis and the functional connectivity assessment,*® although the influence of
differences in the co-registration approach was probably limited, as the spatial resolution
of the beamforming approach was already reduced through the use of (the centroids of
atlas-based) regions-of-interest. v) Differences in the head model (local spheres vs single
sphere) used for the computation of the lead fields. vi) The implementation of the scalar
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beamformer differed between the CTF and Elekta systems. vii) The CTF recordings (BL and
FU1) were performed in seated position, whereas the Elekta recordings were performed
in supine position. Although not systematically tested, participants may have shown more
movement during recordings in the seated position, for example due to subsiding as the
recording progresses. On the other hand, participants recorded in the supine position
may be more prone to drowsiness. However, this was probably not an issue in our study,
as drowsiness is related to a slowing of the dominant background rhythm which we did
not find (peak frequency and spectra were consistent over time/systems, despite the fact
that we did not select data on the absence of drowsiness). Importantly, in spite of the
differences in hardware and the processing pipeline there was no difference in within-
subject consistency between BL-FU1 and FU1-FU2. This would seem to indicate robustness
of the estimation of spectral power and functional connectivity across recording systems
by performing the analyses in source-space.

The present study has some limitations. Firstly, the data collection in this study was not
designed with the idea to answer the question whether data recorded on two different
MEG system would show comparable results. To better answer this question, the data
collection should have included a cross-sectional comparison between two different MEG
systems (instead of only a longitudinal comparison between systems). However, as we
assume that the adult healthy controls in our analysis have stable brain activity over time
(we did not observe a trend over time, nor did another study;* moreover in the presence of
any significant aging effects our analyses would not have shown neurophysiological results
to be stable over time), we believe that we were able to answer this question successfully.

Secondly, we used a leakage-corrected metric of functional connectivity that has
previously been demonstrated to be a metric with a good within-subject reproducibility
in the alpha band* and to be stable during healthy ageing.®® As one of the aims of this
study was to study its consistency over time (and systems), we did not perform an
exhaustive test of available connectivity measures, such as metrics for phase-based
coupling,#" generalized synchronization,* or information based metrics.** However,
both our within- and between-subject alpha band functional connectivity reproducibility
values did not reach the levels as reported by Colclough and colleagues (average within-
subject correlation ~0.55 and average between-subject correlation ~0.45).° A possible
explanation for the lower within-subject consistency found in our study might be the
longer duration between recordings (several years versus several hours).

Thirdly, in contrast to earlier work from our group,'*'%4445> no epoch selection took place
before our analysis. Epoch selection is generally performed to prevent the inclusion of
data segments during which the subject was drowsy and/or which contained artefacts.
However, as a previous study demonstrated that high between-session repeatability
can be reached by using large amounts of MEG data (> ~100 seconds),*® we chose not
to perform epoch selection here. As a result, we obtained rather high within-subject



Longitudinal consistency of source-space spectral power and functional connectivity using different

magnetoencephalography recording systems

reproducibility both regarding spectral power and functional connectivity. Intuitively,
without epoch selection, MEG data may contain drowsiness in the recordings, which may
affect spectral power. We do however think this effect was limited in this analysis as i)
the reproducibility values of the spectral data were rather good, ii) the peak frequencies
hardly changed between unselected (all) and selected data (n=5 epochs; based on a
previous epoch selection)'*'”: BL all data mean 8.78 Hz, selected data mean 8.75 Hz. FU1
all data mean 8.78 Hz, selected data mean 8.92 Hz FU2 all data mean 8.91, selected data
mean 8.92 Hz.

Fourthly, the number of subjects in this study was small. This may have lowered the power
to find statistical differences between consistency values over time points (within the
same scanner type versus between different scanner types). We are well aware that the
absence of statistically significant differences does not mean that our neurophysiological
results were the same over time points.#” However, the observation that the power
spectra (0.5-30 Hz) visually aligned, both at the group level and at the individual level
(Supplementary Figure 1), suggests stability.

Fifthly, a disadvantage of the AAL atlas is that some central, frontal and temporal regions
span a relatively large surface. Consequently, the centroid (most central voxel) may be
relatively distant from the voxel that is most representative for the activity of that brain
region. However, in a previous study from our group, we compared the centroid-voxel and
peak-voxel approaches (maximum power) and there were no major differences between
the two methods for the neurophysiological measures that were assessed.® Also, we think
we can draw meaningful conclusions on the spatial distribution of the correlations in our
analysis, as high FC correlations values were present in central, frontal (beta band FC)
and temporal (alpha band FC) brain regions. Interestingly, the highest correlation values
are reflected by the posterior cortical alpha rhythm (alpha band FC) and mu rhythm (beta
band FC; Figure 4), which is possibly related to higher signal-to-noise ratio’s in these brain
regions. Another reason not to use an atlas with a much denser parcellation scheme is
the fact that the number of brain regions of the AAL atlas roughly matches the number
of (data-driven) parcels that can be obtained in beamformed resting-state MEG data,*®
indicating that, on average, the resolution of the AAL atlas matches that of beamformed
resting-state data. We do however think that optimization of the parcellation approach
warrants a separate study, in which existing atlases with different parcellation densities
and adaptive parcellation strategies are compared.*®

3.1
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FU1-FU2

Figure 4 Functional connectivity analysis; region of interest-specific display

Distribution of within-subject functional connectivity correlation values displayed on a parcellated template
brain viewed from, in clockwise order, the left, right, left midline, and right midline. For alpha band functional
connectivity, the correlation values were highest in the parieto-occipito-temporal cortical brain regions (panel A).
For beta band functional connectivity, the correlation values were highest for the central and frontal brain regions
(panel B). The subcortical regions had an intermediate level of correlation, both for the alpha and beta band
functional connectivity (not shown).

Lastly, we draw the conclusion that the estimation of spectral power and functional
connectivity is robust across recording systems, but this conclusion applies to the specific
analysis pipeline that we used. This includes the fact that we had to exclude the gamma
band to increase consistency between systems. Future work is necessary to demonstrate
that other functional connectivity measures and source reconstruction approaches
offer the same consistency over time and recording systems.

In conclusion, in this longitudinal study using two different MEG systems, we demonstrated
that source-space power spectral as well as functional connectivity results showed high with-
in-subject reproducibility and remained stable over time in a group of healthy participants,
despite differences in analysis pipelines and relatively long follow-up periods. Therefore, the
use of the leakage-corrected AEC in source-space may allow future longitudinal analyses of
the healthy and diseased brain using data recorded from different MEG systems.
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Supplementary Figure 1 Individual power spectra
Individual normalized power spectra for all subjects (all data) at three time points, averaged over all brain regions.
As can be seen in this figure, in general, spectral results of the three time points visually aligned well.
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Supplementary Figure 2

Power spectra for averaged over all brain regions for subject 1 (FU2; 5 highest-quality epochs), both with and
without tSSS. As can be substantiated from the figure, normalized power differences can be seen both in the alpha,
high-beta and gamma band.
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Abstract

Background In this study of early functional changes in Parkinson's disease (PD), we
aimed to provide a comprehensive assessment of the development of changes in both
cortical and subcortical neurophysiological brain activity, including their association with
clinical measures of disease severity.

Methods Repeated resting-state MEG recordings and clinical assessments were obtained
in the context of a unique longitudinal cohort study over a seven-year period using a
multiple longitudinal design. We used linear mixed models to analyze the relationship
between neurophysiological (spectral power and functional connectivity) and clinical
data.

Results At baseline, early-stage (drug-naive) PD patients demonstrated spectral slowing
compared to healthy controls in both subcortical and cortical brain regions, most
outspoken in the latter. Over time, spectral slowing progressed in strong association with
clinical measures of disease progression (cognitive and motor). Functional connectivity
hardly changed over time and was therefore not further analyzed.

Conclusions Our results suggest that spectral measures are promising candidates in
the search for non-invasive markers of both early-stage PD and of the ongoing disease
process.
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Introduction

Parkinson's disease is a progressive neurodegenerative disease characterized by
classical motor symptoms as well as a wide range of non-motor symptoms, among which
cognitive decline.' The pathological hallmark of Parkinson’s disease is the deposition of
alpha synuclein in the brain, which initially mainly affects the brainstem, including the
neurons of the nigrostriatal dopamine system, and extends to widespread cortical brain
regions in later disease stages.? This pathology affects the brain function, although its
mechanism is as yet unknown.

Magnetoencephalography (MEG) can be used to measure brain activity with high
temporal and good spatial resolution.>* Changes in neurophysiological measures of
cortical brain activity such as spectral slowing and loss of interactions between brain
regions, i.e. functional connectivity, are well-established phenomena in Parkinson’s
disease.>'® These changes correlate with clinical measures of disease progression'''#
and can have predictive value for cognitive deterioration, such as the conversion to
Parkinson’s disease dementia.’>'” Hence, neurophysiological patterns hold promise as
biomarkers of the degenerative process in Parkinson’s disease, for instance for prognosis
or the assessment of treatment effects of future disease-modifying therapies.

Already at the earliest Parkinson’s disease stages, slowing of oscillatory brain activity and
functional connectome changes have been demonstrated.”'® As nigrostriatal changes lie
at the heart of early-stage Parkinson’s disease (i.e. motor) symptoms, one would expect
functional changes in subcortical brain regions as well. Previous neurophysiological
studies have focused on cortical brain regions, with the exception of local field potentials
recorded from the subthalamic nucleus in deep brain stimulation-treated patients. In
recent years, increasing evidence suggests the feasibility to project MEG-signals onto
other subcortical brain regions,'®2* which allows for a reliable measurement of functional
properties of these subcortical brain areas.

Previous longitudinal studies in Parkinson's disease using EEG or MEG had a follow-up
duration of approximately four years''2'42> or were performed in moderately advanced
Parkinson’s disease patients (average disease duration of 8.5 years at baseline in that
study).® Hence, the full picture of the neurophysiological changes that occur throughout
the course of Parkinson’s disease is currently lacking. Ideally, one would follow a cohort
of Parkinson's disease patients from disease onset up to a disease duration of 15-20
years. In our study we have met this aim by using a so-called ‘multiple longitudinal
design’ in which we included patients with different baseline disease durations (ranging
from early-stage, drug-naive patients to patients with a disease duration of 13 years)
in combination with a seven year follow-up duration. We recently demonstrated the
feasibility of combining data recorded longitudinally on two different MEG systems in
healthy controls, by analyzing the MEG data in source-space and excluding the gamma
band.?® This allowed us to combine the MEG data recorded in a Parkinson’s disease
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cohort over a period of seven years using two different recording systems (CTF at BL and
FU1; Elekta Vectorview at FU2).

In the present study, we assessed MEG-based measures of spectral power and functional
connectivity (the corrected amplitude envelope correlation (AEC-c)) at three time points
in a cohort of 61 Parkinson'’s disease patients and 16 healthy controls. We hypothesized
to find neurophysiological changes in subcortical brain regions in de novo Parkinson’s
disease, and expected these to be more prominent than the changes in cortical brain
regions. In addition, we expected longitudinal neurophysiological changes in subcortical
brain regions to be associated most strongly with Parkinson’s disease-related motor
impairments and neurophysiological changes in (mainly posterior) cortical brain regions
to be associated most strongly with cognitive decline.'>2327

Materials and methods
Participants

At baseline, 70 non-demented patients with idiopathic Parkinson’s disease (disease
duration 0-13 years, including 18 early-stage drug-naive (de novo) patients) and 21 healthy
controls (age-matched to the de novo patients) were consecutively approached and
included in this multiple longitudinal study at Amsterdam UMC from April 2003 to March
2006.71121523.28 The inclusion and exclusion criteria have previously been described in.’
Patients underwent motor and cognitive assessments, as well as MEG and MRl recordings
at three time points (BL and two follow-up visits scheduled approximately 4 and 7 years
later). Only data of the BL study visit were used in case of the HCs, part of the follow-up
data has previously been used 2. Figure 1 shows the number of participants at each time
point, as well as the number of participants included in the final analysis (and the reason
for exclusion). 61 patients (including 17 de novo patients) and 16 HCs were analyzed at
BL, 39 patients at follow-up 1 (FU1), and 35 patients at follow-up 2 (FU2).

All participants gave written informed consent to the research protocol, which was
approved by the medical ethical committee of Amsterdam UMC, location VU University
Medical Center (Amsterdam, The Netherlands). Ethics review conformed to the Helsinki
declaration. All recordings/assessments were carried out in accordance with relevant
guidelines and regulations. Reporting of this study meets the STROBE guidelines.?
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Baseling
analysis

61 PD patients

Baseline
70 PD patients

Exclusion

Not enough good-quality
MEG data: 14

21 Healthy
controls

16 Healthy controls

Exclusion
Mot enough good-quality

MEG data: 7
Follow-up 1 aa
59 PD patients Failed preprocessing MEG Foliow-up 1 analysis
data 6

39 PD patients
No MRI performed: 6

Incomplete clinical data: 1

Exclusion

Not enough good-quaily
MEG data: 8

Follow-up 2
47 PD patients

Follow-up 2 analysis
35 PD patients

Poor-quality MRI: 3

Incomplete clinical data: 1

Figure 1 Flowchart of patient inclusion
PD, Parkinson’s disease; MEG, magnetoencephalography

Participants characteristics

Disease duration was calculated on the basis of the patients’ estimation of the onset
of the classical Parkinson’s disease motor symptoms. Educational level was determined
on the basis of the International Standard Classification of Education (ISCED).>* Unified
Parkinson’s Disease Rating Scale motor ratings (UPDRS-III)*" were obtained in the ‘'ON’
medication state by a trained physician (with the exception of 17 de novo Parkinson's
disease patients at baseline who were not on dopaminergic medication yet). For each
patient, the Hoehn and Yahr stage was determined.?? The total dose of dopamine
replacement therapy was converted to a so-called levodopa equivalent daily dose (LEDD)
as described previously."" Levodopa was always used in combination with a peripheral
decarboxylase inhibitor. Two patients were using rivastigmine at the time of FU1 and one
patient at the time of FU2. Global cognitive function was assessed using the Cambridge
Cognitive Examination (CAMCOG) scale.?®* Conversion to PD dementia was assessed using
the clinical criteria recommended by the Movement Disorders Society Task Force.3*

Data acquisition

During all recordings, patients were on their usual dose of dopaminergic medication
(note that the 17 de novo cases did not use dopaminergic medication at BL). BL and
FU1 MEG data were acquired using a 151-channel whole-head MEG system (CTF systems
Inc., Vancouver, Canada) in an eyes-closed resting-state condition for five minutes while
participants were seated inside a magnetically shielded room. Sample rates of 312.5
(BL) and 625 Hz (FU1) were used during recordings. At the beginning and end of each
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recording the head position relative to the coordinate system of the helmet was assessed
by leading small currents through three head position indicator (HPI) coils attached to the
left and right pre-auricular points and the nasion. For more details on the recordings, see
previous publications from our group.'"?

FU2 MEG data were recorded using a 306-channel Vectorview system (Elekta Neuromag,
Oy, Helsinki, Finland) in an eyes-closed resting-state condition for five minutes in a supine
position, with a sample rate of 1250 Hz. The head position relative to the MEG sensors
was recorded continuously using the signals of four HPI coils. The coil positions were
digitized before each recording, as well as the outline of the patient’s scalp (~500 points),
using a 3D digitizer (Fastrak, Polhemus, Colchester, VT, USA).

Structural T1-weighted MR imaging was performed at all three time points (BL; 1.0 T,
Impact, Siemens, Erlangen, Germany; FU1 and FU2; 3.0 T, GE Signa HDxt, Milwaukee, WI,
USA). In preparation for the MR imaging at BL and FU1, vitamin E capsules were placed
at the same anatomical landmarks where the three HPI coils had been placed during
MEG-registration.

Data preprocessing

Standard implementations of the analysis pipeline were used for both MEG systems as
described below. FU1 MEG data were downsampled to 312.5 Hz to obtain the same sample
rate as at BL. MEG channels that were malfunctioning, for example due to excessive noise,
were identified based on visual inspection and not included in the further analysis (all by
the same observer KTEOD; mean number of excluded channels: BL/FU1 2.4, range 2-7; FU2
6.7, range 2-11). BLand FU1 data were splitinto epochs (13.11 s, 4096 samples) and epochs
containing artefacts were discarded (BL mean 2.5, range 0-11; FU1 mean 2.8, range 0-12).
In addition, the temporal extension of Signal Space Separation (tSSS) in MaxFilter software
(Elekta Neuromag Oy, version 2.2.15) was applied to FU2 data to remove artefacts,?>3¢ using
a sliding window of 10 s and a subspace correlation-limit of 0.9.

Participants’ MEG data were co-registered to their structural MRIs using in-house
software, in case of BL/FU1 through identification of the same anatomical landmarks (left
and right pre-auricular points and nasion; estimated co-registration error <6 mm) in both
modalities, and in case of FU2 through a surface-matching procedure, with an estimated
resulting accuracy of 4 mm.*” For all three time points, the automated anatomical
labelling (AAL) atlas was used to label the voxels in 78 cortical and 12 subcortical regions
of interest (ROIs) in the subjects’ co-registered MRI using SPM.383 In order to reconstruct
a single time-series of neuronal activity for a ROl 2' we used each ROI's centroid as
representative for that ROI.*° A scalar beamformer was used to reconstruct beamformer
weights for each centroid using broadband data (0.5-48 Hz)?*2? (Synthetic Aperture
Magnetometry (SAM))*" for BL and FU1, and Elekta’s beamformer implementation, a
scalar beamformer comparable to SAM (version 2.2.15; Elekta Neuromag Oy) for FU2).
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Mean length of broadband data was 231 s (range 157 - 432 s) for BL, 252 s (range 130 -
328 s) for FU1, and 313 s (range 296 - 495 s) for FU2. Broadband data were subsequently
projected through the normalized*? beamformer weights for each centroid of the 90
ROls. For further details on the projection of MEG data to source-space, see our previous
publication on the healthy controls of this cohort.?

Subsequently, FU2 time-series were downsampled (4x, in order to obtain the same sample
rate as at BL) and split into epochs of 4096 samples (13.11 s) as well. Ten artefact and
drowsiness-free epochs were selected per subject at each time point by visual analysis
(KTEOD/LIB). For frequency band specific analyses, epochs were filtered in five canonical
frequency bands (delta (0.5-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz, as the
distinction between alphal and alpha2 oscillations may have functional significance),*?
and beta (13-30 Hz). We excluded the gamma band, as we previously demonstrated in
healthy subjects that gamma power values were not stable between the two different
MEG systems, possibly due to a difference in the handling of artefacts.?

Data analysis

Spectral and functional connectivity analyses were performed using in-house software
(BrainWave, version 0.9.152.12.26; CJS, available from http://home.kpn.nl/stam7883/
brainwave.html). We created group-averaged power spectra (0.5-30 Hz) for each time
point separately, normalized the spectra using the area under the curve (Figure 2A), and
determined the peak frequency within the 4-13 Hz frequency range. Furthermore, for
each ROI, we estimated frequency band specific relative power and functional connectivity
with the rest of the brain.

We estimated functional connectivity using the AEC-c, an implementation of the AEC*4>
corrected for volume conduction/field spread, using a symmetric orthogonalisation
procedure*#¢ applied to each epoch: To adjust for any negative correlations, 1 was added
to the raw AEC values and subsequently divided by 2, leading to values between 0 and
1, and with 0.5 indicating absence of functional connectivity. The AEC-c was calculated
for all possible pairs of ROIs, leading to a 90*90 adjacency matrix. AEC-c values were
subsequently averaged per ROI. This resulted in a single AEC-c value per ROI (per frequency
band), reflecting the mean functional connectivity of that region with the rest of the brain.

Next, both relative power values and functional connectivity values were averaged for i)
all cortical brain regions (regions 1-78; ii) all subcortical brain regions (regions 79-90, see
Supplementary Table 1 for definitions and order of the regions). Results of 10 epochs
were averaged per patient.
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Statistical analysis

Patient characteristics

The baseline composition of the study cohort was statistically tested as follows: Age,
disease duration, UPDRS-IIl score, LEDD total dose, and CAMCOG were tested using
independent sample t-tests. Sex and HY score were tested using Chi-square tests and
ISCED using Fisher’s exact test. The cohorts studied at BL, FU1 and FU2 showed differences
due to drop-out of patients. Hence, our analysis can be considered as a missing data
analysis. The group composition over time was therefore not statistically tested.

Spectral power and functional connectivity: Baseline comparison

First, we analyzed spectral power and functional connectivity averaged over i) all cortical
brain regions and ii) all subcortical brain regions, separately for HCs, de novo patients and
treated (more advanced) patients. Next, we performed linear mixed models separately
for the cortical and subcortical brain regions, with a grouping variable (HCs, de novo and
late PD patients; represented by dummy variables) and the covariates age, gender and
ISCED (dichotomized at 3). In order to explore whether neurophysiological characteristics
of subcortical brain regions differed more from HCs than those of cortical brain regions,
we created linear mixed models with the neurophysiological measure as dependent
variable, the grouping variable (control or de novo PD patient), location variable (cortical
or subcortical), the interaction between the group and location variables, as well as the
covariates age, gender and ISCED (dichotomized).

Spectral power and functional connectivity: Longitudinal changes

We used linear mixed models to evaluate the longitudinal changes in spectral power
and functional connectivity in Parkinson’s disease patients. Linear mixed-models can
account for the dependency of the observations within the patient and the fact that not
all patients had undergone a (complete) study visit at all three time points. In the linear
mixed models the time variable (BL, FU1, FU2) was treated as a categorical variable and
represented by dummy variables. Age at baseline, disease duration at baseline, gender,
ISCED (dichotomized), and LEDD were included in the model as covariates. MEG-machine
was not included as covariate here, as it was redundant because of the inclusion of the
time variable.

Relative spectral power (per frequency band; delta to beta band), peak frequency, and
functional connectivity (per frequency band; functional connectivity of one brain region
with the rest of the brain) were each averaged over cortical and subcortical brain regions
separately and were used as dependent variables.
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Relationship between spectral power measures and clinical measures of
disease progression

We analyzed the relationship between the longitudinal courses of the spectral measures
and global measures of cognitive (CAMCOG) and motor (UPDRS-III) function using linear
mixed models. CAMCOG and UPDRS-IIl were treated as dependent variables, spectral
measures (delta to beta relative power and peak frequency) as independent variables.
Age at baseline, disease duration at baseline, gender, ISCED (dichotomized; only included
in case of analyses involving CAMCOG), recording system (CTF versus Elekta), and LEDD
were included in the model as covariates. Neurophysiological measures of i) cortical brain
regions and ii) subcortical brain regions were used as independent variables in separate
analyses. Due to collinearity of the neurophysiological measures, it was not possible to
combine them in a single linear mixed model.

Statistical analyses were performed using the IBM SPSS Statistics 26 software package
(IBM Corporation, New York , USA). A significance level of 0.05/6 was applied in the
baseline comparisons and the analyses on longitudinal changes (Bonferroni correction
separately for each frequency band). In the other analyses, a significance level of 0.05
was applied. In the linear mixed models, a random intercept was used. Supplementary
Figure 1 gives an overview of the statistical tests performed in this study.

Results
Patient characteristics

Participant characteristics and details on statistics are summarized in Table 1. The HCs
were age-matched to the de novo PD patients, the later-stage (treated) patients were
significantly older. All 17 de novo patients were included in the longitudinal analysis, of
which 9 completed all three study visits. HCs had significantly better CAMCOG scores
than both Parkinson’s disease groups (Table 1A). At FU1, three patients fulfilled the
criteria for Parkinson's disease dementia and at FU2 six patients fulfilled these criteria.
The composition of the cohorts studied at BL, FU1 and FU2 are demonstrated in Table 1B.

123



124

Chapter 3.2

Table 1 Participant characteristics

A
HC (n=16) De novo PD Treated PD Statistics HC- Statistics HC-
(n=17) patients (n=44) De novo PD Treated PD

Sex (M/F) 10/6 12/5 21/23 X(31)=0.243;  X31)=1.02;
p=.622 p=.387

Age baseline (years) 58.9(6.6)  60.6(7.9) 64.1(0.9) t(31)= 0.670; t(58)=2.80 ;
p=.510 p=.006

Disease duration n/a 0.94 (0.42) 7.1(3.0) n/a n/a

baseline (years)

ISCED (1/2/3/4/5/6) 0/5/3/0/8/0  0/5/4/0/8/0 1/20/10/4/9/0 Fisher's exact Fisher's exact
test: p=1.00 test: p= 0.226

UPDRS-III n/a 13.2(6.3) 13.4(5.2) n/a n/a

LEDD total dose n/a n/a 524 (394) n/a n/a

HY stage n/a 0/8/1/7/1/0/0/0  0/6/1/25/12/0/0/0 n/a n/a

(0/1/1.5/2.0/2.5/3/4/5)

CAMCOG 99.1 (3.6) 95.8 (5.1) 94.6 (5.0) t(31)=2.09; t(58)=3.30;
p=.045 p=.002

B

PD BL (n=61) FU1 (n=39) FU2 (n=35)

Sex (M/F) 33/28 25/14 19/16

Age baseline (years) 63.2 (6.8) 61.6 (6.6) 62.1(6.0)

Disease duration baseline (years) 5.35(3.8) 4.66 (3.7) 4.92 (3.7)

ISCED (1/2/3/4/5/6) 1/25/14/4/17/0 112112117121 1/12/10/2/10/0

UPDRS-III 13.4 (5.5) 27.3(8.7) 32.9(9.7)

LEDD total dose 382 (409) 746 (435) 1128 (520)

HY stage (0/1/1.5/2.0/2.5/3/4/5) 0/14/2/32/13/0/0/0 1/0/0/12/20/6/0/0 0/0/0/13/10/10/1/1

CAMCOG 94.9 (5.0) 92.8(8.6) 89.9 (14.0)

Parkinson’s disease dementia 0 3 6

A) Cross-sectional analysis B) Longitudinal analysis in PD patients. Numbers are expressed as mean (standard
deviation)

PD, Parkinson's disease; M, male; F, female; ISCED, International Standard Classification of Education; n/a, not
applicable; UPDRS-IIl, motor part of Unified Parkinson’s Disease Rating Scale; LEDD, levodopa equivalent daily
dose; HY stage (Hoehn and Yahr stage); CAMCOG, Cambridge Cognitive examination; n/a, not applicable; BL,
baseline; FU1, follow-up 1; FU2, follow-up

Spectral power

Figure 2A shows a global normalized power spectrum, group-averaged per time point, in
which de novo and treated Parkinson’s disease patients were combined. At BL, the peak
frequency was significantly lower in the Parkinson’s disease group (Figure 2B). The peak
frequency also significantly decreased further over time in the Parkinson'’s disease group
(Figure 2C).
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Looking at spectral power, the baseline analysis (Figure 2B) demonstrates significantly
higher relative theta band power in both Parkinson’s disease groups compared with
healthy controls, both for cortical and subcortical brain regions. Relative alpha2 power
and peak frequency were significantly lower in the Parkinson’s disease groups, both for
cortical and subcortical brain regions. In addition, only for the cortical brain regions, alpha1
band power was significantly higher (all Parkinson’s disease patients) and beta band power
significantly lower (treated patients). There were no significant differences between the de
novo patients and the treated patients. In addition, using linear mixed models, we found
that de novo PD patients deviated from controls stronger for cortical than for subcortical
brain regions for alpha1 and beta band power (p= 0.028 and 0.008, respectively).

Over time, the pattern of slowing further developed as we found increases in relative
delta and theta power, and decreases in relative alpha2 and beta power. The magnitude
of these changes was comparable between cortical and subcortical brain regions (Figure
2C; see Supplementary Table 2 for statistics).

Functional connectivity

There were no significant baseline group differences in the functional connectivity
analysis (Supplementary Figure 2A). We also observed no significant longitudinal changes
in whole-brain functional connectivity, except for a significant increase in subcortical beta
band functional connectivity between FU1 and FU2 (Supplementary Figure 2B). Because
of this scarcity of results, functional connectivity was not evaluated further in the next
analysis and beyond.

Relationship between neurophysiological parameters and
clinical measures of disease progression

We analyzed the longitudinal relationship between the spectral measures (delta to
beta band relative power, peak frequency) and scores on the CAMCOG and UPDRS-III,
separately for cortical and subcortical brain regions.

Both for cortical and subcortical brain regions, higher relative delta power was significantly
associated with worse performance on CAMCOG. In addition, lower relative alphaft,
alpha2, and beta power, as well as lower peak frequency, all in cortical and subcortical
areas, were associated with worse performance on CAMCOG (Table 2). Conversely, higher
(cortical) relative delta power and (cortical and subcortical) theta power were associated
with higher scores on the UPDRS-III. In addition, lower relative (cortical) alpha2, lower
relative (cortical and subcortical) beta power, and lower peak frequency (cortical and
subcortical) were associated with worse motor performance.

3.2
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Figure 2 Power spectral analysis
Whole-group normalized power spectra at three time points, including the healthy controls (HC) at baseline (BL).
Spectral power between 0.5 and 30 Hz was averaged over all brain regions.

Violin plots summarizing the baseline comparison between three groups; de novo PD patients, later stage treated
PD patients and HCs. A significance level of 0.05/6 (Bonferroni correction) was applied.

Violin plots summarizing the longitudinal analysis. Statistical testing was performed using linear mixed models. A
significance level of 0.05/6 (Bonferroni correction) was applied.
n.s., non-significant; HC, healthy control; FU1, follow-up 1; FU2, follow-up 2

Table 2 Longitudinal associations between spectral measures and clinical measures of disease severity

Subcortical brain regions

Cortical brain regions

CAMCOG Estimated 95% Cl p value Estimated 95% Cl p
regression regression value
coefficient coefficient

Relative power

Delta -75.1 -92.1 to -58.1 <.001 -79.0 -96.9 to -61.0 <.001

Theta -11.7 -43.3t019.8 463 212 -54.0t0 11.5 .201

Alpha1 115.3 71.9 to 158.8 <.001 1125 68.9 to 156.1 <.001

Alpha2 201.4 123.1 to 279.7 <.001 166.0 102.6 to 299.5 <.001

Beta 524 30.9 to 74.0 <.001 51.2 289to73.5 <.001

Peak frequency 4.2 2.6t05.8 <.001 4.5 2.9t06.1 <.001
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UPDRS-III Subcortical brain regions Cortical brain regions
Estimated 95% Cl p value Estimated 95% Cl p
regression regression value
coefficient coefficient

Relative power

Delta 24.8 -2.1t051.6 .072 333 6.7 to 59.9 .015
Theta 40.1 5.9to 74.2 .022 48.6 13.6 to 83.7 .007
Alphat -48.9 -100.6 to 2.6 .062 -38.3 -90.4to 13.7 147
Alpha2 -77.9 -175.9 to 20.0 117 -79.9 -154.1 to -5.6 .036
Beta -27.9 -53.8 to -2.1 .035 -37.3 -62.8 to -11.7 .005
Peak frequency -2.8 -4.7 to -0.70 .008 -2.7 -4.6 to -0.80 .006

CAMCOG, Cambridge Cognitive examination; UPDRS-IIl, motor part of Unified Parkinson’s Disease Rating Scale;
95% Cl, 95% confidence interval

Next, for the spectral measures that demonstrated a significant association with a clinical
measure, we displayed the cortical topographic distribution of (only) the significant
associations as a post-hoc analysis. We restricted these figures to the cortical brain
regions for visualization purposes, but we did calculate the individual associations of the
subcortical brain regions (Supplementary Table 3). Figure 3 illustrates the longitudinal
relations of relative beta band power and peak frequency with clinical measures of
disease severity. The relationship between lower beta band power and worse cognitive
performance was strongest for frontal cortical brain regions, whereas the relationship
between lower beta band power and worse motor function was strongest (most negative)
for the temporal-occipital brain regions. Interestingly, the relationship was weakest for
the sensorimotor regions. For peak frequency, the strongest associations with clinical
measures of disease severity were found for the temporal, parietal and occipital brain
regions, both for the relationship with cognitive and motor performance. The remaining
topographic distributions (delta-alpha2) can be found in Supplementary Figure 3. Higher
delta power in parieto-temporal regions was most strongly associated with cognitive and
motor impairment (in the latter case also the occipital brain regions), higher frontal theta
power with motor dysfunction, lower frontal alphal and alpha2 power with cognitive
dysfunction, and lower parieto-temporal-occipital alpha2 power with motor impairment.

In Supplementary Table 3 we show the associations of individual subcortical brain regions
with clinical measures of disease severity. The most outspoken pattern was the fact that
activity in the hippocampus had the weakest association with CAMCOG and UPDRS-III
for the frequency bands between delta and alpha2, but the strongest association with
CAMCOG and UPDRS-III in the beta band. The results on peak frequency did not show a
clear pattern.
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Figure 3 Topographic distribution of clinical associations

Distribution of longitudinal associations between relative beta band power and CAMCOG, relative beta band
power and UPDRS-III, peak frequency and CAMCOG, peak frequency and UPDRS-III.

Associations only concern cortical brain regions and are expressed as the estimated regression coefficient and
displayed as a color-coded map on a parcellated template brain viewed from, in clockwise order, the left, top, right,
right-midline and left-midline.

All individual associations were statistically significant, except for a number of associations concerning the beta
band (threshold around an estimated regression coefficient of -20). As we treated this analysis as a post-hoc
analysis, we did not correct for multiple comparisons. The distribution of the remaining frequency bands that had
significant associations with clinical measures of disease progression can be found in Supplementary Figure 3

Discussion

In this longitudinal MEG study, we used a multiple longitudinal design to be able to
analyze the changes in brain activity in Parkinson’s disease patients from disease onset
up to a disease duration of 15-20 years. In the earliest Parkinson’s disease stages, we
found activity changes in both cortical and subcortical brain regions, but, surprisingly,
the changes in subcortical regions were less prominent than the changes in the cortical
regions. Furthermore, in our longitudinal analyses we observed a progressive spectral
slowing of brain activity throughout the course of the disease. This spectral slowing was
strongly associated with clinical measures of disease progression (cognition and motor
function), most outspoken for the cortical brain regions. We did not observe functional
connectivity changes in the baseline analysis and functional connectivity hardly changed
over time (only one finding for the beta band).
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The general pattern of spectral slowing involved both cortical and subcortical brain
regions. Although we expected early functional changes in subcortical brain regions to
be more outspoken than cortical changes, the subcortical changes were weaker than
the cortical changes in case of alphal and beta power. Nonetheless, spectral power
values were highly correlated between cortical and subcortical brain regions (Pearson’s
r ranging between 0.913 and 0.965 for different frequency bands, p< .001). Besides a
physiological explanation for this high correlation, as cortical and subcortical activity are
structurally connected, field spread may have played a role, which is not corrected for
in case of spectral analyses. Clearly, we do not know whether small subcortical changes
may have preceded cortical changes at the premotor disease stage. Also, perhaps some
of the subcortical changes were too local to be picked up by our MEG system, as the
spatial resolution deeper in the brain is not as good as at the cortical level.” In addition,
local (subcortical) pathological changes may have more distant (cortical) effects via
ascending neurotransmitter systems. Spectral slowing at the cortical level is hypothesized
to be a consequence of dopaminergic, noradrenergic, serotonergic and cholinergic
dysfunction*>° and could also be an effect of local Lewy body and tau pathology in
thalamocortical circuits.”*? There are no previous EEG/MEG studies in early-stage
Parkinson’s disease to compare our results with, but fMRI studies have shown functional
changes (loss of functional connectivity) within the basal ganglia circuit in early-stage
Parkinson’'s disease®54 that were paralleled by whole-brain changes in activity.>

We found strong longitudinal associations between spectral measures (spectral slowing)
and clinical measures of disease severity. Based on the regression coefficients, we
conclude that subcortical spectral measures were associated equally strongly with
cognitive performance (CAMCOG) as cortical spectral measures (Table 2). However,
unexpectedly, subcortical spectral measures were less strongly associated with motor
function (UPDRS-III) than with cognitive performance (CAMCOG). Also, of the individual
subcortical brain regions, relative beta band power of the hippocampus was most
strongly associated with CAMCOG and UPDRS-IIl. Moreover, relative beta band power
in the sensorimotor cortex was only poorly associated with UPDRS-III scores, compared
to the rest of the cortex. The finding that both subcortical (except the hippocampus)
spectral measures and beta band power in the sensorimotor cortex were associated
poorly with UPDRS-III scores may originate from compensatory mechanisms secondary
to motor impairment, as was previously hypothesized.>**” Alternatively, the lack of strong
associations may result from treatment with dopaminergic medication. The amount
of dopaminergic medication (LEDD) is associated with lower relative beta power in the
motor cortex (Pearson'’s r left motor cortex, -0.213 p= 0.015, right motor cortex, -0.240
p=0.005), but this could be both a disease effect or a treatment effect. Supplementary
Figure 4 demonstrates that sensorimotor beta power remains largely intact against a
background of generalized slowing of cortical brain activity, especially between BL and
FU1, despite worsening motor scores over time. For further considerations regarding the
complex interplay between motor function and beta band power/functional connectivity
we refer the reader to our review on this topic.®®
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When considering the region-specific post-hoc analyses of the other frequency bands,
we found that cognitive decline and motor dysfunction were related to spectral slowing,
sometimes in the same brain regions (see for example Figure 3C and 3D), sometimes
in different brain regions (see alpha2 in Supplementary Figure 3). As hypothesized,
lower peak frequency in posterior cortical brain regions correlated strongest with global
cognitive decline (Figure 3C). This may reflect ‘posterior cortical dysfunction’, a clinical
profile that may indicate a higher risk of developing PD dementia.>®

A correlation of oscillatory slowing with motor dysfunction has only been reported
incidentally®® and has not been found in other studies.''* Possibly, our long follow-
up duration allowed us to find the correlations between spectral slowing and motor
dysfunction. Motor and cognitive impairment may be associated with spectral slowing via
a general underlying mechanism. When we added UPDRS-IIl performance as a covariate
in the linear mixed model for the association between CAMCOG and peak frequency,
the association remained present (standardized effect size 2.32, p= .001), but not the
other way around (standardized effect size -1.50, p=.128). We therefore conclude that,
although motor and cognitive impairment are both related to the same underlying
disease process, their pathophysiology does not fully overlap.

We chose notto include functional connectivity in our analyses of longitudinal associations
with clinical measures of disease severity. At baseline, we did not observe significant
group differences in functional connectivity and over time, only subcortical beta band
functional connectivity significantly changed. This was unexpected, as a previous analysis
in the same cohort showed longitudinal decreases in alphal and alpha2 functional
connectivity, although only between baseline and FU1 and with another measure of
functional connectivity 2. In addition, a recent high-density EEG study with a longitudinal
design demonstrated a progressive loss of functional connectivity in correlation with
global cognitive decline and lateralization of motor symptoms.' In the present study, we
used AEC-c as a measure of functional connectivity, which is a robust leakage-corrected
metric with a good within-subject reproducibility in the alpha band.®"* In our healthy
control cohort this metric remained stable over time and over MEG systems.?® However,
the AEC-c is an amplitude-based measure that is fundamentally different than the
phase-based measures (phase lag index, phase locking value) that were used in other
longitudinal studies on PD patients.’>'* Hence, the measure of AEC-c may not have been
sensitive or stable enough to pick up more subtle changes in functional connectivity in
our cohort. Furthermore, the addition of a third time point and a different MEG system
may have confounded the analysis. The only significant change we observed was an
increase in beta band functional connectivity between FU1 and FU2. Since an increase in
beta band functional connectivity was also present in our healthy control group, this may
be related to the change from one MEG system to the other.?
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Our results confirm that neurophysiological patterns are good candidates in the search
for biomarkers of the degenerative process in Parkinson’s disease. Although we did not
study the risk of conversion to Parkinson’s disease dementia, a previous analysis in this
study cohort demonstrated that lower beta band power, especially in the posterior brain
regions, was a strong predictor for conversion.' Our result in Figure 3A was therefore
somewhat surprising, as we found that beta band power of frontal cortical brain regions
correlated strongest with global cognitive decline. The identification of a subgroup of
Parkinson’s disease patients at high risk for dementia may be important for patients
and caregivers in the context of advanced care planning, and also for future studies
aimed at disease-modifying therapies to slow down cognitive decline. In the latter case,
a neurophysiological biomarker may also serve as an objective read-out parameter of
treatment success.

A strength of the current analysis is the multiple longitudinal design with a long follow-
up duration of seven years, which allowed us to longitudinally cover 15-20 years of
the disease course. In addition, the inclusion of a third time point (second follow-up)
adds robustness to previously published results on spectral power at the first two time
points,' as it confirms that the observed trends in spectral slowing are progressive
over time. In addition, this is the first MEG study exploring the presence of subcortical
neurophysiological changes in the earliest clinical motor stages of Parkinson'’s disease, as
well as the further development of these changes over time. Three potential limitations of
our study deserve consideration. First, our baseline cohort decreased from 61 patients at
BL to 39 patients at FU1. This is explained by the fact that data of 19 patients could not be
used (low quality data, no MRI-scan; see also Figure 1). 23 patients were lost to follow-up
2, possibly due to high disease burden. Given that this group was clinically more severely
affected, the dropout of these subjects can only have led to an underestimation of true
disease effects. In addition, our linear mixed models account for missing data, so that
reliable longitudinal associations could still be established. Second, several subjects could
not be included in the follow-up visits because they had poor-quality data or because
they were lost to follow-up (see Figure 1 for an overview). The majority of missing data
was due to poor-quality MEG or MRI data, which is a random phenomenon. We do not
have an overview of the reasons why patients were lost to follow-up, but there may have
been a selective dropout of patients with a high (subjective) disease burden. However,
this could only have led to an underestimation of the true effects.

Third, although there is increasing evidence that projecting MEG to subcortical sources
is feasible, MEG is most sensitive to cortical sources.#’” The sensitivity for subcortical
sources can be further improved using new analysis techniques such as ‘blind source
separation’,’*®> methods that increase the contrast between cortical and subcortical
sources,®® or in-mouth sensors.®”
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In conclusion, already at the earliest disease stages of Parkinson’s disease, there are
neurophysiological changes in Parkinson's disease patients both at the subcortical and
cortical level, most outspoken for the latter. In our analysis using a multiple longitudinal
design, spanning 15-20 years of disease duration, we found strong longitudinal
associations between spectral slowing of brain activity and clinical measures of disease
severity, especially cognition. Our results indicate that spectral power is a promising
candidate in the search for a non-invasive marker to monitor the ongoing disease process
in Parkinson’s disease.
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Supplementary Materials

Supplementary Table 1

AAL atlas, with regions ordered as in Gong et al.3® Regions in bold were grouped as subcortical brain regions

(region 79-90).

Left hemisphere

Right hemisphere

N

Gyrus rectus

2 Olfactory cortex

3 Super frontal gyrus, orbital part

4 Superior frontal gyrus, medial orbital part
5 Middle frontal gyrus, orbital part

6 Inferior frontal gyrus, orbital part

7 Superior frontal gyrus, dorsolateral part
8 Middle frontal gyrus

9 Inferior frontal gyrus, opercular part

10  Inferior frontal gyrus, triangular part

11 Superior frontal gyrus, medial part

12 Supplementary motor area

13 Paracentral lobule

14 Precentral gyrus

15  Rolandic operculum

16  Postcentral gyrus

17  Superior parietal gyrus

18  Inferior parietal gyrus

19  Supramarginal gyrus

20  Angular gyrus

21 Precuneus

22 Superior occipital gyrus

23 Middle occipital gyrus

24 Inferior occipital gyrus

25  Calcarine fissure and surrounding cortex
26 Cuneus

27  Lingual gyrus

28  Fusiform gyrus

29  Heschl gyrus

30  Superior temporal gyrus

31 Middle temporal gyrus

32  Inferior temporal gyrus

33  Temporal pole: superior temporal gyrus
34  Temporal pole: middle temporal gyrus

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Gyrus rectus

Olfactory cortex

Super frontal gyrus, orbital part

Superior frontal gyrus, medial orbital part
Middle frontal gyrus, orbital part

Inferior frontal gyrus, orbital part
Superior frontal gyrus, dorsolateral part
Middle frontal gyrus

Inferior frontal gyrus, opercular part

Inferior frontal gyrus, triangular part

Superior frontal gyrus, medial part
Supplementary motor area
Paracentral lobule

Precentral gyrus

Rolandic operculum

Postcentral gyrus

Superior parietal gyrus

Inferior parietal gyrus
Supramarginal gyrus

Angular gyrus

Precuneus

Superior occipital gyrus

Middle occipital gyrus

Inferior occipital gyrus

Calcarine fissure and surrounding cortex
Cuneus

Lingual gyrus

Fusiform gyrus

Heschl gyrus

Superior temporal gyrus

Middle temporal gyrus

Inferior temporal gyrus

Temporal pole: superior temporal gyrus

Temporal pole: middle temporal gyrus
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Left hemisphere

Right hemisphere

35
36
37
38
39
79
81
83
85
87
89

Parahippocampal gyrus
Anterior (para)cingulate gyrus
Median (para)cingulate gyrus
Posterior cingulate gyrus
Insula

Hippocampus

Amygdala

Caudate nucleus

Putamen

Pallidum

Thalamus

74
75
76
77
78
80
82
84
86
88
920

Parahippocampal gyrus
Anterior (para)cingulate gyrus
Median (para)cingulate gyrus
Posterior cingulate gyrus
Insula

Hippocampus

Amygdala

Caudate nucleus

Putamen

Pallidum

Thalamus
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A) Baseline: Healthy controls, de novo, and treated PD patients
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Supplementary Figure 2 Functional connectivity

A) Violin plots summarizing the baseline comparison between three groups; Healthy controls (HC), ‘de novo’
untreated PD patients, and later stage treated PD patients. Linear mixed models were performed and a
significance level of 0.05/6 (Bonferroni correction) was applied.

B) Violin plots summarizing the longitudinal analysis. Statistical testing was performed using linear mixed models
with a significance level of 0.05/6.

n.s., non-significant; FU1, follow-up 1; FU2, follow-up 2
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UPDRS-III

Delta

Theta

Alphal

Alpha2

Supplementary Figure 3

Post-hoc analysis analyzing the distribution of longitudinal associations between relative delta-alpha2 band power
of the cortical brain regions and CAMCOG (left column) and UPDRS-III (right column). Post-hoc visualization was
only performed for the frequency bands that had a significant association with the clinical measure (CAMCOG or
UDPRS-II).

Associations are expressed as the estimated regression coefficient and displayed as a color-coded map on a
parcellated template brain viewed from, in clockwise order, the left, top, right, right-midline and left-midline
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Supplementary Table 3

CAMCOG Estimated regression coefficients

AAL region Delta Alpha1 Alpha2 Beta Peak frequency
79 Hippocampus L -62.5 66.3 128.7 52.8 3.1
80 Hippocampus R -60.9 73.2 128.3 54.7 3.3
81 Amygdala L -67.2 100.0 146.2 49.9 3.0
82 Amygdala R -67.0 90.8 190.0 46.6 33
83 Caudate nucleus L -65.7 92.3 109.0 44.0 2.5
84 Caudate nucleus R -64.6 86.9 151.7 45.9 2.8
85 Putamen L -68.8 80.3 126.0 45.0 2.8
86 Putamen R -62.4 87.2 156.8 433 3.7
87 Pallidum L -69.4 81.5 143.4 45.0 2.8
88 Pallidum R -66.9 90.1 186.0 47.2 3.4
89 Thalamus L -63.9 73.4 125.6 36.2 2.7
90 Thalamus R -66.7 80.4 150.2 39.7 3.2
UPDRS-III Estimated regression coefficients

AAL region Theta Beta Peak frequency
79 Hippocampus L 27.6 -32.7 -2.1
80 Hippocampus R 23.8 -40.9 -1.6
81 Amygdala L 39.5 -32.2 -1.9
82 Amygdala R 29.5 -26.0 -1.8
83 Caudate nucleus L 47.0 -26.0 -1.8
84 Caudate nucleus R 45.2 -27.2 -2.1
85 Putamen L 40.9 -22.9 -2.4
86 Putamen R 35.5 -20.1 2.4
87 Pallidum L 354 -22.5 -2.2
88 Pallidum R 34.7 -20.6 -2.0
89 Thalamus L 30.0 -16.1 -2.3
90 Thalamus R 38.4 -25.2 2.3

Post-hoc analyses analyzing the distribution of longitudinal associations between relative spectral power (delta-
beta band) and peak frequency of the subcortical brain regions with A) CAMCOG B) UPDRS-IIl. The post-hoc
analyses were only performed for the frequency bands that had a significant association with the clinical measure.
R/L; right/left
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Supplementary Figure 4

Relative beta band power at baseline (healthy controls and PD), follow-up 1 and follow-up 2. Power values are
displayed as a color-coded map on a parcellated template brain viewed from, in clockwise order, the left, top,
right, right-midline and left-midline. Note that sensorimotor beta power remains largely intact on top of a general
cortical slowing, especially at baseline (i.e. compare PD and HC at baseline).
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Abstract

Objective The pathophysiological mechanisms underlying Parkinson’s disease (PD)-
related cognitive decline and conversion to PD dementia are poorly understood. In
the healthy human brain, stable patterns of posterior-to-anterior cortical information
flow have recently been demonstrated in the higher frequency bands using
magnetoencephalograpy (MEG). In this study we estimated PD-related changes in
information flow patterns, as well as the contribution of subcortical regions.

Methods Resting-state MEG recordings were acquired in moderately advanced PD
patients (n=34; mean Hoehn and Yahr-stage 2.5) and healthy controls (n=12). MEG
signals were projected to both cortical and subcortical brain regions, following which
we estimated the balance between incoming and outgoing information flow per region.

Results In PD patients, compared to controls, preferential beta band information outflow
was significantly higher for the basal ganglia and frontotemporal cortical regions, and
significantly lower for parieto-occipital regions. In addition, in patients, low preferential
information outflow from occipital regions correlated with poor global cognitive
performance.

Conclusions In the PD brain, a shift in balance towards more anterior-to-posterior beta
band information flow takes place and is associated with poorer cognitive performance.

Significance Our results indicate that a reversal of the physiological posterior-to-anterior
information flow may be an important mechanism in PD-related cognitive decline.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by
prominent motor symptoms, as well as a wide range of non-motor disturbances in early
disease stages, among which cognitive dysfunction."? Over time, dementia develops in
up to 75% of PD patients,® contributing significantly to an impaired quality of life and
putting a heavy burden on caregivers.*®> The pathophysiological mechanisms underlying
cognitive decline and conversion to PD dementia (PDD) are not well understood.
Although there is increasing evidence that neuropathological changes extending beyond
the nigrostriatal system are critically involved in cognitive decline, this relationship is not
straightforward.2%” A better understanding of PD-related changes in brain function could
help in translating molecular and cellular changes to clinical symptoms.

Normal cognitive function relies on the coordination and integration of neuronal activity
in distinct brain regions.®? Functional interactions between brain regions can be derived
from the statistical dependencies between spatially distributed time series of neuronal
activity obtained using electroencephalography (EEG), magnetoencephalography (MEG)
and functional magnetic resonance imaging (fMRI).">'3 In recent years, the study of
spontaneous brain activity in the absence of external stimuli, so-called resting-state
brain activity, has contributed enormously to our understanding of human brain function
in health and disease.’* It has been demonstrated that disruptions of resting-state
functional connectivity are an important factor in the development of cognitive decline
in PD. Resting-state MEG studies have shown pathologically increased cortico-cortical
functional connectivity in PD, both in early and late disease stages.’>'” By contrast,
PD-related cognitive decline and dementia are associated with a loss of resting-state
functional connectivity, which has most consistently been reported for frontotemporal
brain regions.’”1?

Previous MEG studies have focused on cortico-cortical functional connectivity. However,
by building on methodological advances in beamforming,?2?2 MEG signals can be
projected onto an atlas-based source space encompassing both cortical and subcortical
regions.? This enabled us to now explore the contribution of disease-related changes in
both cortico-subcortical- and cortico-cortical interactions to cognitive dysfunction. This is
highly important considering the possible contribution of subcortical structures to large-
scale functional integration across brain networks in general®* and, more specifically, the
alleged role of the basal ganglia in frontostriatal cognitive deficits in PD patients.?>%’

Furthermore, while functional connectivity describes the strength of connections between
brain regions, an evaluation of changes in the directionality of connectivity between
brain regions may yield crucial information about the mechanisms underlying cognitive
dysfunction. Using a newly developed measure of directed phase transfer entropy
(dPTE), % MEG's excellent temporal resolution now enables us to study macroscopic
changes in the direction of preferential information flow. In previous resting-state studies
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from our research group in healthy volunteers, stable patterns of posterior-to-anterior
information flow were observed in the higher frequency bands (alpha1, alpha2, beta),
while an opposite pattern of information flow was found in the theta band.*°'

Beta band interactions between posterior and frontal brain regions are considered
as general building blocks for cognition as these interactions are involved in decision
making and top-down attention, whereas gamma band interactions are considered
to be important during bottom-up directed sensorimotor processing.?? The brain
networks underlying these patterns of information flow consist of posteriorly located
highly connected regions, the so-called hubs 3334, Selective damage to such hubs by a
general mechanism called ‘hub overload’ might be a final common pathway in several
neurodegenerative diseases.*

In the present study, eyes-closed resting-state MEG data from moderately advanced PD
patients and healthy controls were projected to source space, including both cortical
and subcortical regions. Subsequently, dPTE was used to characterize differences in the
preferential direction of information flow in relationship to clinical measures of disease
severity. We hypothesized that, in line with the ‘hub overload’ theory, posteriorly located
hubs would be selectively damaged in PD patients. This may result in a disruption of
information flow from these hubs, thereby leading to a reversal of the dominant posterior-
to-anterior pattern of information flow in the higher frequency bands in association with
lower global cognitive scores.

Methods
Participants

As part of a prospective longitudinal study over a period of 7 years, a cohort of 70 non-
demented PD patients (disease duration 0-13 years at baseline) and 21 healthy controls,
matched to the de novo PD patients in the cohort, was recruited.’® Participants underwent
motor and cognitive assessments, as well as resting-state MEG recordings at baseline, at
4 years and at 7 years after inclusion. MEG data obtained at the first two time points have
been analyzed for previous publications,'”*%37 but this is the first study using MEG data
obtained at the third time point and the first study investigating directed connectivity in
cortical as well as subcortical regions.

A total of 47 PD patients and 13 controls participated in the second follow-up evaluation,
7 years from baseline. Of the remaining participants, eight PD patients and one control
had relatively severe artefacts in the MEG recordings, three PD patients had an MRI
that was of poor quality, MEG data for one patient were not available due to technical
problems, and clinical data for one patient were incomplete. Therefore, these subjects
were excluded from further analysis. This led to a final group of 34 PD patients and 12
healthy controls, which we studied in a cross-sectional analysis.
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The research protocol was approved by the medical ethical committee of the VU University
Medical Center. Ethics review criteria conformed to the Helsinki declaration. After careful
explanation of the procedures, all participants gave written informed consent.

Participant characteristics

Disease duration was calculated on the basis of the patients’ estimation of the onset of
the classical PD motor symptoms. Unified Parkinson’s Disease Rating Scale motor ratings
(UPDRS-III)*® were obtained in the ‘ON-medication state by a trained physician. Global
cognitive function was assessed using the CAMbridge COGnitive Examination (CAMCOG).*
Level of education was determined using the International Standard Classification of
Education (ISCED) (UNESCO, 1997).40 At each follow-up visit, conversion to PDD was
assessed according to the clinical criteria recommended by the Movement Disorder
Society Task Force 4, in which the Mini Mental State Examination (MMSE) criterion was
substituted with a reliable change index (RCI)*? of the CAMCOG score over time. Both the
rationale for this substitution and the calculation of the RCl in this longitudinal cohort
have been described previously.?” The total dose of dopamine replacement therapy was
converted to a so-called levodopa equivalent dose (LEDD), as described previously.*®
Levodopa was always used in combination with a peripheral decarboxylase inhibitor. In
addition to this, 12 patients used a catechol-O-methyltransferase inhibitor and 22 patients
used a dopamine agonist. Rasagiline was used by 2 patients; amantadine, rivastigmine
and selegiline were each used by 1 patient.

The sections ‘Data acquisition’, ‘Beamforming’ and ‘Phase transfer entropy’ have been
described in detail in a previous publication.®® We therefore provide the details as
Supplementary Material, and summarize the approach below.

Data acquisition

MEG data were recorded using a 306-channel whole-head system (Elekta Neuromag, Oy,
Helsinki, Finland) in an eyes-closed resting-state condition for five minutes with a sample
frequency of 1250 Hz and online anti-aliasing (410 Hz) and high-pass (0.1 Hz) filters,
while subjects were in the ‘ON’-medication state. Anatomical images of the head were
obtained on a 3.0T whole body MRI scanner (Magnetic Resonance Imaging; GE Signa
HDxt, Milwaukee, WI, USA). Patients’ MEG data were co-registered to their structural MRIs
using a surface-matching procedure, with an estimated resulting accuracy of 4 mm.*

Data pre-processing

MEG channels that were malfunctioning, for example due to excessive noise, were
removed after visual inspection of the data (KTEOD/LIB, mean number of excluded
channels was 6, range: 2-11), after which the temporal extension of Signal Space
Separation (tSSS) in MaxFilter software (Elekta Neuromag Oy, version 2.2.15) was applied
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to remove artefacts.* The automated anatomical labelling (AAL) atlas was used to label
the voxels in 78 cortical and 12 subcortical regions of interest (ROIs) in a subject’s co-
registered MRI.*>%¢ Each ROl in the atlas contains many voxels and the number of voxels
per ROl differs. In order to obtain a single time-series for a ROl we used each ROI's centroid
as representative for that ROI, with the centroid defined here as the voxel within the ROI
that is nearest, in terms of Euclidean distance, to all other points in the ROI.3° An atlas-
based beamformer approach? sequentially projected sensor signals to source space, i.e.
the time-series of neuronal activity were reconstructed for these centroid voxels.

The beamformer approach resulted in broad-band (0.5-48 Hz) time-series for each
centroid of the 90 ROIs. Subsequently, twenty artefact free epochs, containing 4096
samples (3.2768 s), were selected per subject (KTEOD/LIB). These time-series were then
filtered in six classical EEG/MEG frequency bands (delta (0.5-4 Hz), theta (4-8 Hz), alpha1
(8-10 Hz), alpha2 (10-13 Hz), beta (13-30 Hz), and lower gamma (30-48 Hz)) and analyses
of information flow were performed using in-house software (BrainWave, version
0.9.152.1.23; CJS, available from http://home.kpn.nl/stam7883/brainwave.html).

Information flow

The information flow between ROIs was estimated using the Phase Transfer Entropy
(PTE), which was introduced by Palus et al.,?® reanalyzed by Lobier and colleagues?® and
adjusted by our group (for details see).>* The PTE was normalized to a scale between 0
and 1, since the PTE does not have a meaningful upper bound.® The resulting directed
PTE (dPTE) indicates whether information flow is mainly ‘incoming’ (0 < dPTE < 0.5) or
‘outgoing’ (0.5 < dPTE < 1) for a ROl in relation to another ROI. In case of no preferential
direction of information flow: dPTE = 0.5.

Statistical analysis

Participant characteristics

Both continuous variables (age and CAMCOG) passed Kolmogorov-Smirnov tests of
normality, and group differences between PD patients (N = 34) and healthy controls
(N = 12) were evaluated using two-sided t-tests. Evaluation of categorical variables (sex
distribution and ISCED) was performed by means of chi-square tests.

Information flow

For each subject and frequency band separately, dPTE matrices (90x90) were averaged
over 20 epochs. Mean dPTE-values per RO/, meaning the average preferential information
flow from one region to all other regions, were compared between groups using
permutation tests (in-house software, developed for Matlab). Permutation tests do not
require an assumption of normality about the reference distribution as this distribution
can be derived from any test statistic of the data.*’*8 In this study, group differences were
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expressed as t-values and permutation tests were performed separately for each of the
90 ROIs in each frequency band (N = 50000; p < .05). Furthermore, permutation tests can
accountforthe multiple comparisons problem by using the maximum statistic.#’>° Instead
of the maximum statistic the ‘false discovery rate’ (FDR) can also be used to control for
false positives.®' For this explorative study we used the FDR-controlling procedure (each
restricted to the individual frequency bands; g-value 0.05), as it results in higher power
as compared to using the maximum statistic, at the cost of a weaker control of the false
positive rate.>"52

Subsequently, group differences in dPTE-values for individual connections between
ROIls, meaning the preferential flow of information from one region to another region,
were compared by performing permutation tests (N = 50000; p < .05) on all individual
connections of those ROIs for which the mean dPTE values per ROl were significantly
different between PD patients and controls in the first analysis. The number of
comparisons was therefore: 32*31/2 + 32*58 = 2352. An FDR correction for multiple
comparisons took place for these post-hoc analyses.

Relationship between information flow and clinical measures
of disease severity

Within the group of PD patients (N = 34) the relations between mean dPTE values for
a group of selected ROIs (see below) and clinical measures of disease severity (UPDRS-
Il and CAMCOG) were analyzed using linear regression models. The use of parametric
regression models was justified by normality of the standardized residuals of the
dependent variables (measures of disease severity) and linearity of the dPTE values with
the dependent variables. In order to reduce the number of possible regressions, we
selected anatomically adjacent ROIs (see Results section for details). Mean dPTE values
for these combined regions were averaged for each subject. The obtained dPTE values
were used as independent variables in separate linear regression models, in which either
UPDRS-IIl (measure of motor disease severity) or CAMCOG (measure of global cognitive
function) were treated as dependent variables. Sex, age and LEDD (dichotomized) were
added as covariates in all analyses, as was level of education (ISCED) in the CAMCOG
regression models.>354%5

Statistics on participant characteristics and linear regression analyses were performed at
a significance level of 5% (two-tailed) using the IBM SPSS Statistics 20.0 software package
(IBM Corporation, New York, U.S.A.).
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Table 1 Participant characteristics

Healthy controls (n=12) PD Patients (n=34) Statistic P-value

Sex (M/F) 8/4 19/15 X2(1,46) = 0.425 514
Age (years) 66.8 (9.39) 68.6 (6.15) t(44) =-.736 465
ISCED (1-2/ 3-4/ 5-6) 1/2/9 12/12/10 X2(2,46)=7.76 .019
CAMCOG 99.0 (2.9) 91.4(13.9) t(44)=4.24 <.001
UPDRS-III “ON” n/a 33.8(9.02) n/a n/a

Disease duration n/a 11.85(3.8) n/a n/a

Hoehn and Yahr-score “ON” n/a 0/0/13/10/10/1/0 n/a n/a

(0/1/2/25/3/4/5)

LEDD total dose (mg) n/a 1108 (549) n/a n/a

Values are expressed as mean (SD), unless otherwise specified.

PD, Parkinson’s disease; M/F, male/female; ISCED, International Standard Classification of Education; CAMCOG,
CAMbridge COGnitive examination; UPDRS-Ill, Unified Parkinson’s Disease Rating Scale motor ratings; LEDD,
Levodopa Equivalent Daily Dose; n/a, non-applicable

Results
Participant characteristics

Participant characteristics are summarized in Table 1. There were no significant
differences in age or sex distribution. Mean disease duration was 11.85 years and mean
Hoehn and Yahr-stage in the ‘ON’-medication state was 2.5 for the PD group. PD patients
had a significantly lower level of education and scored significantly lower on the CAMCOG
than controls. Six PD patients fulfilled clinical diagnostic criteria for PDD.>”

0.494 0.496 0.98 0.5 0.502 0.504 0.506 0.508

Figure 1 Distribution of beta band mean dPTE values

dPTE values for each region of interest (ROI) are displayed as a color-coded map on a parcellated template brain
viewed from, in clockwise order, the left, top, right, right-midline and left-midline.

Panel a depicts the healthy control (HC) group and panel b depicts the Parkinson’s Disease (PD) group. Hot and cold
colors indicate preferential information outflow and inflow, respectively. For visualization purposes, preferential
information flow for only the 78 cortical brain regions is shown.

Note the pattern of preferential information outflow from posterior brain regions in the controls, whereas in PD
the pattern of preferential information flow is dominated by outflow from pre- and postcentral gyri.
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Information flow

Before any statistics had been performed, convincing differences between PD patients and
healthy subjects in beta band information outflow were already manifest. Fig. 1 displays
the mean dPTE values for each cortical ROl in the beta band. In controls, a global pattern
of preferential information outflow from posterior brain regions was seen, whereas in PD
patients this pattern was absent. Instead, the pattern of preferential cortical information
flow in PD patients was dominated by outflow from pre- and postcentral gyri.

To assess group differences in preferential information outflow per ROI, permutation
tests with false discovery rate (FDR) correction were performed for the 90 ROIs in six
frequency bands. Significant differences were found in the beta band for 32 ROIs, as
listed in Supplementary Table 1 and visualized in Fig. 2: As compared to controls, in PD
patients preferential information outflow was significantly higher for 16 frontotemporal
and subcortical ROIs and preferential information outflow was significantly lower for 16
parieto-occipital ROIs. The latter differences seemed to be most conspicuous in the right
hemisphere. However, the observed asymmetry was not associated with a lateralization
in the degree of motor symptoms (Supplementary Table 2). In the PD patients, 17 of the
32 ROIs that displayed significant group differences in the beta band changed roles and
‘flipped’ from being a relative ‘sender’ to being a relative ‘receiver’ of information and
vice versa (Supplementary Table 1). The 16 ROIs in which we found significantly lower
preferential information outflow in PD patients included the right precuneus and the
right posterior cingulate gyrus, both considered as functional hubs in the default mode
network (DMN). No significant group differences in mean dPTE values were found in the
delta, theta, alpha1, alpha2 or gamma band. Therefore, further analyses were performed
in the beta band only.

In order to determine which individual connections contributed most to the differences
in preferential beta band information flow, a post-hoc analysis with FDR-correction was
performed on the dPTE values of all individual connections of those ROIs that had shown
significantly different mean dPTE values between the groups. Of the significantly different
individual connections (p < .05; t > 1.99, after correction for multiple comparisons t >
2.60) only those with the most significant differences (t > 4.17) are depicted in Fig. 2. The
latter threshold was set for visualization purposes, as a lower threshold would lead to
an unclear figure. All of the connections that reached this latter threshold were between
the 32 ROIs that had shown significantly different mean dPTE values (except for a single
connection linked to the (non-significant) right middle temporal gyrus), and seemed to be
particularly prevalent in the right parieto-occipital regions.
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Figure 2 Significant differences in information flow between Parkinson's disease (PD) patients and healthy controls (HC)
Nodes represent brain regions, where the colors indicate significantly higher (red), significantly lower (blue) or no
significant difference (green) in preferential information flow (mean dPTE) in patients relative to the control group.
Left lateral (left panel), top (middle panel) and right lateral (right panel) views of a template brain are shown °°.
Names of the relevant brain regions are displayed in Supplementary Figure 1.

Note that compared to the healthy controls, in PD the frontotemporal and subcortical regions consistently display
a significantly higher preferential information outflow, while the parieto-occipital regions show a significantly lower
preferential information outflow. The latter is most pronounced for the right hemisphere.

Significantly different individual connections between ROIs are displayed in yellow
(threshold: ¢t = 2.60). For visualization purposes, only links with an absolute t-value
larger than 4.17 are shown. Note that all but one connection are between ROIs that
had shown significantly different mean dPTE values between the groups in the first
analysis. Furthermore, the parieto-occipital regions displayed a right-sided dominance in
differences in individual connections.

Relationship between information flow and clinical measures
of disease severity

To evaluate the relationship between beta band directed connectivity and clinical
measures of disease severity, we created four linear regression models in the PD group.
Dependent variables were CAMCOG (measure of global cognitive function) and UPDRS-III
scores (measure of motor function). Independent variables were the mean dPTE-values
for two groups of anatomically adjacent ROIs. The first group included a selection of
the ROIs that had shown significantly higher preferential information outflow in PD and
consisted of the bilateral basal ganglia (caudate nucleus, putamen and globus pallidus).
The second group comprised a selection of ROIs that had shown significantly lower
preferential information outflow in PD and consisted of the bilateral occipital ROIs, i.e.
the superior/middle/inferior occipital gyrus, calcarine area, cuneus, lingual gyrus and
fusiform gyrus.

The results of the linear regression analyses are summarized in Table 2. We observed a
significant correlation between low mean occipital dPTE values and decreased CAMCOG
scores. No significant correlation was found between mean bilateral basal ganglia dPTE
values and CAMCOG, nor between UPDRS-IIl scores and mean dPTE values for occipital
cortical ROIs or the bilateral basal ganglia.
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Table 2 Correlations between clinical measures of disease severity and beta band dPTE values

Brain regions Clinical measures of disease severity

CAMCOG UPDRS-III
Occipital* B=.429, t(29) = 2.31, p=.029 B=-.230, t(30) = -1.216 p= 234
Basal ganglia** B=.139t(29) =.731, p= .471 B=.019, t(30) =.102, p=.919

CAMCOG, Cambridge Cognitive Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale motor ratings
* Superior/middle/inferior occipital gyrus, calcarine area, cuneus, lingual gyrus and fusiform gyrus (all bilateral)
** Caudate nucleus, putamen, globus pallidus (bilateral)

Beta coefficients are standardized to facilitate the interpretation

Discussion

In the present resting-state MEG study, we found robust changes in the preferential
direction of beta band information flow in PD patients relative to healthy controls. In the
patientgroup, preferential information outflow was significantly higher for basal gangliaand
frontotemporal regions and significantly lower for parieto-occipital regions. In addition, the
individual connections with the most prominent group differences were the connections
between these same basal ganglia-frontotemporal and parieto-occipital brain regions.
This underlines that an actual reversal in the physiological back-to-front information flow
pattern may be present. Moreover, in patients low preferential information outflow from
occipital cortical regions correlated with poor global cognitive performance.

Previous analyses of MEG data in PD, both in the current'®'” and in another cohort,'®'
focused on the strength of cortico-cortical functional connectivity. In the present study
we assessed directionality of connectivity, or rather, preferential information flow. In
addition, extension of beamforming to subcortical brain regions enabled us to also study
cortico-subcortical interactions. Theoretical, simulation and experimental studies have
demonstrated the beamformer’s ability to project sensor-space data to deeper brain
structures,?*>7>% in spite of the reduction in signal-to-noise ratio (SNR) with depth.® Prior
application of the dPTE in healthy subjects by our research group revealed a dominant
posterior-to-anterior cortico-cortical flow of information in, among others, the beta
band.*® In the present study, we reproduced these observations in a different group of
healthy controls and, more importantly, for the first time demonstrated a strong tendency
towards anterior-to-posterior and basal ganglia-to-posterior patterns of preferential
beta band information flow in PD patients. Moreover, 17 of the 32 ROIs that displayed
significant group differences in the beta band changed roles from being a relative ‘sender’
to being a relative ‘receiver’ of information or vice versa.

The observed lower preferential information outflow from parieto-occipital brain
regions is in accordance with electrophysiological, fMRI- and PET-studies that have
revealed decreases in alpha rhythm peak frequency,® beta band power,?”¢' functional
connectivity® and metabolic activity®® in posterior cortical brain regions of PD patients,
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predicting conversion to PDD. These results are paralleled by longitudinal clinical studies
involving neuropsychological assessments, in which progression to PDD could be
predicted by cognitive deficits that are assumed to have a posterior cortical basis.*¢
From these studies, conversion to PDD would appear to be related to the addition of
‘posterior cortical type’ cognitive deficits on top of initial dopamine-related frontostriatal
executive impairments.?’” Based on our observation that lower preferential beta band
information outflow from the occipital cortex correlates with lower global cognitive scores,
it is tempting to suggest that a reduction in occipital beta band information outflow may
underlie this posterior cortical syndrome.®® Analysis of longitudinal data is necessary to
further substantiate the hypothesized role of changes in directed information flow in the
conversion of PD to PDD and dementia risk profiling.

At present, our knowledge of the specific function of beta band oscillations in the posterior
cortex is limited.®” One proposed function is the organization of top-down (endogenously
generated) attention. Therefore, preserved cognitive function has been linked to the
integrity of top-down attention in the beta band.?? Previous studies have consistently
demonstrated beta-band interactions between posterior and frontal cortical regions
during top-down attention. However, some studies indicate that posteriorly located brain
regions ‘drive’ anteriorly located brain regions in top-down attention,®® whereas other
studies suggest the opposite pattern.®°

At a network level, posterior-to-anterior information flow in the higher frequency bands
might result from important functional hubs being located in the posterior parts of the
brain, of which the posterior DMN is a well-known example.” A recent study in the mouse
brain has revealed that hub regions have more distributional rather than integrational
connections,”” thereby providing a network basis for the long-range back-to-front pattern
of information flow.2° We observed a strong preferential beta band information outflow
from important posterior hubs in healthy controls, which disappeared in PD patients
in DMN hubs: the right precuneus and the right posterior cingulate gyrus (see Results
section). This is in line with the theory that hub nodes are particularly vulnerable to
damage in multiple (neurodegenerative) brain diseases, referred to as the ‘hub overload’
theory.?> Therefore, one could speculate that the lower preferential information outflow
from posteriorly located hubs in PD leads to a loss of top-down attention and thus might
be a mechanism underlying cognitive decline in PD.

In our study, as the normalized measure dPTE represents the relative flow of information,
we cannot determine with certainty whether the lower parieto-occipital information
outflow in PD patients is a primary change or the direct consequence of increased
inflow from the basal ganglia and frontotemporal regions. However, bearing in mind
the PD-related posterior cortical changes that have been reported previously in other
studies, we consider the lower information outflow from the parieto-occipital regions
to be the most likely primary change. An open question remains whether the higher
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preferential fronto-temporal- and basal ganglia information outflow plays any additional
role in the pathophysiology of cognitive decline in PD or merely represents a secondary
phenomenon, induced by the reduction in parieto-occipital information outflow. The
surprising finding that preferential basal ganglia outflow did not correlate with motor
disease severity could be taken as an argument supporting the assumption that the
higher preferential basal ganglia outflow we observed is a secondary phenomenon.
Future analysis of longitudinal data, including early disease stages, is necessary to
reveal the primary changes in directed information flow in PD. In addition, the interplay
between the basal ganglia and the posterior cortex could be further explored by studying
interactions between multiple layers of functional networks, organized as multiplex
networks.” This type of approach can be used to study cross-frequency relationships,
i.e. the information flow across different frequency bands, which in the case of PD could
reveal the relationship between subcortical dominant beta rhythms and the cortically
dominant alpha rhythm.2873

Interestingly, the decrease in parieto-occipital information outflow was asymmetrical and
more conspicuous in the right hemisphere. Although we have not found an explanation
for this observation (Supplementary Table 2), the observation is in line with the results of
metabolic imaging studies in which the right-hemisphere circuitry was more affected in
PD, for example in patients suffering from freezing of gait.’#7>

In parallel with the lower parieto-occipital preferential information outflow, we confirmed
the presence of significantly lower parieto-occipital beta band power in PD patients
(Supplementary Fig. 2 and reported previously).”” Since lower band power may lead
to changes in SNR, we cannot fully rule out a role for SNR variations in the observed
differences in information flow. However, since the higher relative theta band power
we observed in PD patients (Supplementary Fig. 2) was not accompanied by significantly
higher dPTE values in the theta band, it is unlikely that SNR differences constitute the
sole explanation for our results. Moreover, dPTE is a phase-based measure and should
therefore be relatively insensitive to band power differences.?8:3076

A number of potential limitations of our study deserve consideration. First, seven
patients (10% of the initial cohort) withdrew from the study because increasing disease-
related impairments prevented them from further participation. However, as they were
clinically more severely affected their drop-out can only have led to an underestimation
of true disease effects. Second, despite matching at baseline, the controls in our study
scored higher on ‘level of education’. Therefore, we corrected for the difference in ‘level
of education’ by adding this as a covariate to the linear regression models involving the
CAMCOG scores. Third, the PD patients in our study were on dopaminergic medication and
had their MEG registrations and clinical assessments in the ON state. Electrophysiological
studies indicate that levodopa administration can have effects on functional connectivity
measures,”” although effects on the preferential direction of information flow have not
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been studied so far. Either way, since we added LEDD as a covariate in all linear regression
models we expect that the influence of dopaminergic medication on the correlation
between preferential information outflow and clinical measures of disease severity can
only have been minimal. Fourth, no correction for multiple testing was performed for
the four linear regression models on the relationship between preferential information
flow and clinical parameters of disease severity, since the low number of observations in
our regression models (n = 34) provided us with a low statistical power. Therefore, any
significant correlation we found in our regression models must be based on an inherently
strong correlation. A correction for multiple testing would make the occurrence of false-
negatives in this situation very likely. In addition, the wide range of CAMCOG values (range
61-103) we have observed in the PD group of our study stresses the clinical relevance of
the significant correlation between information flow from posterior brain regions and
CAMCOG scores.

Major strengths of our study are the use of a novel measure of phase transfer entropy
to assess differences in the preferential direction of information flow in the PD brain, as
well as incorporating cortico-subcortical electrophysiological interactions, in addition to
cortico-cortical interactions.

In conclusion, we found robust changes in the preferential direction of beta band
information flow in PD patients, involving both cortical and subcortical regions.
Compared to healthy subjects, preferential beta band information outflow was higher
in frontotemporal and subcortical brain regions, whilst it was lower in parieto-occipital
brain regions. Moreover, reduced preferential information outflow from occipital
cortical regions correlated with poor global cognitive performance in PD patients. Our
observations suggest that cognitive decline in PD is characterized by a primary posterior
cortical dysfunction that has secondary effects on preferential fronto-temporal- and
basal ganglia information outflow.
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Supplementary materials

For details of sections ‘Data acquisition’, ‘Beamforming’ and ‘Phase transfer entropy’, we refer the
reader to DOLI: 10.1016/j.clinph.2017.04.024 or the original article by Hillebrand et al. [2016].

Supplementary Table 1 Significant differences in beta band dPTE values per region of interest
a. dPTE of PD patients > dPTE of healthy controls
Regions with an * “flipped’ from being a relative 'receiver- to being a relative ‘sender’ of information
The sixth column represents the (raw) p-values obtained using permutation tests based on 50000
reassignments. The last column represents the FDR-corrected p-values, in which the p-values are corrected
for 90 comparisons.
L, left; R, right; AAL, Automated Anatomical Labelling; PD, Parkinson's disease; HC, healthy control

b. dPTE of healthy controls > dPTE of PD patients
Regions with an * ‘flipped’ from being a relative ‘sender’- to being a relative ‘receiver’ of information

a) L/R AAL atlas dPTE dPTE P-value FDR corrected
Anatomical region abbreviations (PD) (HC) p-value
Middle frontal gyrus, orbital part L ORBmid.L 0.498 0.494 0.0136 0.0408
Inferior frontal gyrus, orbital part L ORBinf.L 0.499 0495 0.0118 0.0366
Inferior frontal gyrus, opercular part* L IFGoperc.L 0.503 0.499 0.0114 0.0365
Inferior frontal gyrus, triangular part* L IFGtriang.L 0.501 0.496  0.0013 0.0178
Postcentral gyrus L PoCG.L 0.505 0.501 0.0013 0.0178
Heschl's gyrus L HES.L 0.503 0.500 0.0048 0.0276
Superior temporal gyrus* L STG.L 0.502 0.499 0.0111 0.0365
Insula L INS.L 0.503 0.500  0.0053 0.0277
Inferior frontal gyrus, orbital part R ORBInf.R 0.499 0.497 0.0147 0.0420
Inferior frontal gyrus, triangular part* R IFGtriang.R 0.5017 0.498  0.0020 0.0180
Amygdala* R AMYG.R 0.501 0.498  0.0035 0.0241
Caudate nucleus R CAU.R 0.502 0.500  0.0069 0.0311
Lenticular nucleus, putamen* L PUT.L 0.503 0.499 7.2e-4 0.0166
Lenticular nucleus, putamen R PUT.R 0.504 0.500 0.0019 0.0180
Lenticular nucleus, pallidum L PAL.L 0.503 0.500  0.0049 0.0276
Lenticular nucleus, pallidum* R PAL.R 0.504 0499  2.0e-5 0.0018
b) L/R AAL atlas dPTE dPTE P-value FDR corrected
Anatomical region abbreviations (HC) (PD) p-value
Superior occipital gyrus* L SOG.L 0.503 0.499 0.0055 0.0277
Inferior occipital gyrus* L 10G.L 0.503 0.498 0.0107 0.0365
Calcarine fissure and surrounding cortex L CAL.L 0.507 0.500 0.0038 0.0242
Cuneus* L CUN.L 0.503 0.498 0.0035 0.0241
Lingual gyrus L LING.L 0.506 0.501  0.0097 0.0365
Superior parietal gyrus* R SPG.R 0.502 0.498 0.0149 0.0420
Inferior parietal gyrus R IPL.R 0.503 0.500 0.0101 0.0365
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b) L/R AAL atlas dPTE dPTE P-value FDR corrected
Anatomical region abbreviations (HC) (PD) p-value
Precuneus* R PCUN.R 0.503 0.499 5.0e-4 0.0166
Superior occipital gyrus* R SOG.R 0.503 0.498 0.0014 0.0178
Middle occipital gyrus* R MOG.R 0.503 0.499 0.0112 0.0365
Inferior occipital gyrus* R I0G.R 0.504 0.497  9.2e-4 0.0166
Calcarine fissure and surrounding cortex R CAL.R 0.507 0.501 8.0e-4 0.0166
Cuneus* R CUN.R 0.503 0.499 0.0064 0.0301
Lingual gyrus R LING.R 0.508 0.501  0.0026 0.0213
Fusiform gyrus* R FFG.R 0.503 0.499 0.0079 0.0339
Posterior cingulate cortex R PCG.R 0.505 0.502 0.0109 0.0365

Supplementary Table 2 Differences in left- versus right dominant Parkinson’s disease
CAMCOG, Cambridge Cognitive Examination; UPDRS-III, Unified Parkinson’s Disease Rating Scale motor ratings;
n/a, non-applicable; n/s, non-significant.

Left dominant  Right dominant t-value p-value
(n=16) (n=18)
Disease duration (years) 13.44 (3.79) 10.53(3.19) 2.47 .019*%
dPTE significant right parietal 0.497 0.498 n/a n/s**
regions** 0.500 0.502 n/s
0.503 0.504 n/s
0.508 0.508 n/s
CAMCOG 93.1 (7.56) 89.9(10.6) 0.979 .335*
UPDRS-III 34.0(10.0) 33.6(8.35) 0.124 .902*

*Independent-samples t-test;

**Regions of interest (ROI) with a significant group difference in mean dPTE values: inferior/superior parietal
gyrus, precuneus, posterior cingulate gyrus (all right side). dPTE values per ROl were expressed as mean. Statistical
analysis was performed using permutation testing (N = 5000; p <.05) with FDR correction for multiple comparisons.
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Supplementary Figure 1 Significant differences in dPTE values per region of interest between Parkinson’s disease
(PD) patients and healthy controls (HC)

Nodes represent brain regions, where the colors indicate significantly higher (red), significantly lower (blue) or no
significant difference (green) in preferential information flow (mean dPTE) between the groups. Left lateral (left
panel), top (middle panel) and right lateral (right panel) views of a template brain are shown °¢. Abbreviations of
the names of relevant brain regions are displayed. A list of abbreviations is provided in Supplementary Table 1.

Supplementary Figure 2 Regional distribution of significant differences in band power in the Parkinson’s disease
(PD) group versus healthy controls (HC).

Significant differences are displayed as a color-coded map on a parcellated template brain viewed from, in
clockwise order, the left, top, right, right-midline and left-midline.

Group differences were expressed as t-values and permutation tests (N = 5000; p < .05) were performed separately
for each region of interest (ROI). We accounted for multiple comparisons by using the maximum statistic across ROls.
Panel A and B depict significant theta and beta band relative power differences, respectively. Red and blue indicate
increases and decreases in PD (compared to HC), respectively. Note that significant decreases in beta band power
are accompanied by significant increases in theta band power in the posterior ROIs.
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Abstract

Background Deficits in cognitive functioning are a common yet poorly understood
symptom in Parkinson’s disease (PD). Recent studies have highlighted the importance
of (dynamic) interactions between resting-state networks for cognition, which remains
understudied in PD. We investigated how altered (dynamic) functional interactions
between brain networks relate to cognitive dysfunction in PD patients.

Methods In this fMRI study, 50 PD patients (mean age 65.5 years +6.27) on dopaminergic
medication were studied cross-sectionally, and of this cohort 31 PD patients were studied
longitudinally. MRI imaging and neuropsychological testing was performed at two time
points, with a follow-up duration of approximately three years. Functional connectivity
within and between seven resting-state networks was calculated (both statically and
dynamically) and correlated with four neuropsychological test scores; a combined score
of (four) executive tasks, a motor perseveration, memory, and category fluency task.
Cognitive dysfunction was determined based on a longitudinal sample of age-matched
healthy controls (n=13).

Results PD patients showed dysfunction onsix out of seven cognitive taskswhencompared
to healthy controls. Severity of executive dysfunction was correlated with higher static
and lower dynamic functional connectivity between deep gray matter regions and the
frontoparietal network (DGM-FPN). Over time, declining executive function was related to
increasing static DGM-FPN connectivity, together with changes of connectivity involving
the dorsal attention network (amongst others with the ventral attention network). Static
functional connectivity between the ventral and dorsal attention network correlated with
motor perseveration.

Conclusions Our findings demonstrate thatin PD patients, dysfunctional communication
between (i) subcortical, fronto-parietal and attention networks mostly underlies worsening
of executive functioning, (ii) attention networks are involved in motor perseveration.
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Introduction

Cognitive impairment is a common non-motor symptom of Parkinson’s disease (PD)
that negatively impacts daily functioning and quality of life.! Cognitive impairment
in non-demented PD patients is typically dominated by attentional, visuospatial and
executive deficits, with strong heterogeneity between patients.! An executive syndrome
in PD (deficits in cognitive flexibility, planning, working memory, and learning) is possibly
related to suboptimal dopamine levels: both excesses and deficits of dopamine in the
frontostriatal pathways have been associated with impairments in task performance,? as
was demonstrated by pharmacological,® pharmacogenomics,* and neuroimaging research.

Importantly, executive deficits can occur at any stage of the disease and can be
progressive, but are not predictive of the development of PD dementia.® Progressive
executive and general cognitive decline in PD may reflect complex brain pathology and
involvement of other non-dopaminergic neurotransmitter systems,’” indicating global
network disruptions, which remain understudied.

Previous research in PD indicated disturbances of connectivity patterns of the default
mode network (DMN) in relation to global cognitive dysfunction.® Domain-specific
cognitive dysfunction in PD has been related to other networks, such as the attention
networks (dorsal attention network, DAN; ventral attention network, VAN) and the
bilateral frontoparietal networks (FPN).>'° In addition, recent technological advances
have allowed for the evaluation of time-varying fluctuations in functional connectivity, the
so-called dynamic connectivity, for instance showing that the reconfiguration between
frontoparietal and frontotemporal brain networks is related to executive functioning.".

As such, there are strong indications that PD features extensive cortical network
dysfunction in addition to the classical dopaminergic systems, possibly driven by a loss
of dynamic interplay between networks. In this study, we longitudinally investigated
cognitive dysfunction, in particular executive dysfunction, and functional connectivity (FC)
within and between RSNs. We hypothesized that more dispersed network interactions,
in addition to connections between the deep gray matter and fronto-parietal network,
would be involved in the development of executive deficits as well as other cognitive
domains in PD.

Methods
Participants

In this retrospective study, data of idiopathic PD patients and healthy controls was
used, obtained in the context of a longitudinal study cohort. Exclusion criteria for PD
patients were stereotactic surgery in the past and extensive white matter lesions or
other abnormalities at MRI (see also Stoffers et al. (2007)'? for details on recruitment
and inclusion). At initial inclusion, the patients did not receive fMRI scans; all fMRI and
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neuro(psycho)logical data used in this manuscript was acquired at 4 (“first timepoint”)
and 7 year (“second timepoint”) follow-up visits (between 2008 and 2012) in the outpatient
clinic of the Amsterdam UMC, locatie VUmc. For an overview of the timeline of the data
acquisition, see Figure 1. All examinations were performed in the dopamine “ON” state”.
All patients and healthy controls have been reported in previous analyses on this dataset
in which functional connectivity differences were linked to global cognitive decline and
visual hallucinations,’>' but these studies did not specifically assess (dynamic) RSN
connectivity in relation to domain-specific cognitive dysfunction.

Unified PD Rating Scale motor ratings were obtained by a trained physician. Global
cognitive functioning was assessed using the Cambridge Cognitive Examination scale.
The total dose of dopaminomimetics was converted to a so-called levodopa equivalent
daily dose (LEDD) using a previously described conversion rate, see Olde Dubbelink et al.
(2013)'> for other definitions.

All participant gave written informed consent to the research protocol, which was
approved by the local medical ethical committee conform the Helsinki declaration.

z-score Cross-
First time Clinical reference group: | ____Caiculation Neuropsychological data i Imaging data
point 15 healthy controls 50 PD patients (z-scores) 50 PD patients
Longitudinal

correlation

Z-Score

Second time Clinical reference group: | ____Celculstion Neuropsychological data
point 13 healthy controls 31 PD patients (z-scores)

Figure 1 Overview of data analysis

At the first time point, a cross-sectional correlation was performed between (dynamic) functional connectivity
of resting-state networks and neuropsychological data for the Parkinson’s disease (PD) group (n=50). The
neuropsychological data of the PD patients were converted to z-scores, based on the scores of healthy controls.
Next, for the 31 PD patients who had undergone a second study visit, longitudinal correlations were made between
the change in functional (dynamic) connectivity and the change in neuropsychological performance (expressed as
z-scores).

Imaging data
31 PD patients

Neuropsychological evaluation

Neuropsychological function was assessed using the Cambridge Neuropsychological
Test Automated Battery (Eclipse 2.0, Cambridge, England). Executive tests included
spatial working memory (outcome measure: strategy), stockings of Cambridge, spatial
span length (partly a working memory test, hence executive function), and intra- extra
dimensional set-shifting (outcome measure: number of stages completed). Memory was
tested using the pattern recognition memory test, motor perseveration using the Vienna
perseveration task, and verbal fluency using the one-minute category verbal fluency
test (animals) from the CAMCOG. Cognitive scores were converted to z-scores based on
the scores of the healthy controls at each time point as (Dutch) norm scores were not
available for all tests, and in order to account for learning effects.'®'” Negative z-scores
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represent poorer performance on that particular neuropsychological test. The z-scores
were used as clinical input for the relationship with (dynamic) functional connectivity.
Subjects with a z-value <-1.5 were considered to be impaired.

MRI data acquisition

3T-MR scans (GE Signa HDXT, V15M) included a sagittal three-dimensional T1-weighted fast
spoiled gradient-echo sequence (repetition time 7.8ms, echo time 3.0ms, inversion time
450ms, flip angle 12, 1.0 x 0.9 x 0.9mm voxel size, 170 slices in sagittal plane). Functional MRI
included 202 volumes of axial echo-planar images, of which the first two were discarded
(repetition time 1800ms, echo time 35ms, flip angle 90, 3.3mm isotropic voxel size, 33 slices
in axial plane). Both in the structural and functional recordings, full-brain coverage was
reached. Recordings took place in an eyes-closed, resting-state condition.

Image processing

Resting-state fMRI images were pre-processed by MMS, DH, and LIB (neuroscientist and
medical doctors with respectively 10, 5 and 4 years of experience) using standard FSL-5
software (FMRIB Software Library, Oxford, England; http://www.fmrib.ox.ac.uk.fsl) and
custom built scripts in bash and Matlab, version 2012a (Mathworks, Natick, MA, USA).
We used an independent component analysis-based strategy for Automatic Removal
of Motion Artifacts (ICA-AROMA, v0.4-beta 2017, Nijmegen, the Netherlands).'® Cortical
regions of interest (ROIs) were derived from the Brainnetome atlas and deep gray
matter (DGM) ROIs were derived from FIRST (part of FSL). All cortical ROIs were non-
linearly registered to 3D-T1 space with inverted FNIRT parameters and multiplied with
grey matter segmentation maps of SIENAX, while using FIRST ROIs for DGM areas.

Subsequently, all ROIs were combined into one atlas (225 ROIs) and this combined atlas
was registered to fMRI using inverted boundary-based registration parameters and
masked with a custom-made fMRI mask to remove any residual nonbrain tissue and
to reduce the effect of echo planar imaging disortions. After this masking, not all atlas-
based brain regions had sufficient numbers of voxels in order to be representative. We
therefore included only those regions with at least 30% voxels remaining in at least 90%
of the subjects.?’ On the basis of these criteria, 29 regions were excluded (bilateral orbital
gyrus, nucleus accumbens, parahippocampal gyrus, and inferior temporal gyrus). The
final atlas therefore segmented the fMRI sequence into 196 regions for which mean time
series were obtained.

To define resting-state networks, fMRI scans were registered to standard space using
aforementioned parameters, where an independent component analysis was run using
the MELODIC pipeline (part of FSL). The concatenated fMRI dataset was decomposed into
30 components, which led to seven visually identified RSNs: DAN, DMN, bilateral FPN,
sensorimotor network (SMN), DGM, VAN, and visual network) (Figure 2; Supplementary
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Table 1; see Supplementary Table 2 for the location of the peak coordinates of each
component). RSNs identified were visually inspected (by MMS, LIB) to match with previous
literature.?' Each brain region was assigned to one network only, based on maximum
overlap. The localization of RSNs was based on an independent component analysis of
50 PD patients (based only on the first time point of the study).

Dorsal attention

Default mode

Frontoparietal left

Frontoparietal right

Sensorimotor

Deep gray matter

Ventral attention

Figure 2 Brain regions involved in the
resting-state networks (RSNs) of interest
Sagittal, coronal and transverse views
are shown. The allocation of regions of
interest to RSNs can also be found in
Supplementary Table 1.
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FC analysis

For each participant, Pearson correlation coefficients were calculated between time series
of all 196 brain regions to construct connectivity matrices. Negative correlations were
converted to absolute values. Next, we calculated the average connectivity of each of the
seven RSNs with the rest of the brain, as well as within- and between-RSN connectivity.

Dynamic FC analysis

In addition to static analyses, Pearson correlation coefficients were calculated per
window per subject, with a window length of 48.6 seconds (27x repetition time), resulting
in 34 sliding windows, using a shift of 10 seconds. The choice of the window length and
# windows was based on an earlier study.?? The standard deviation over time for each
functional connection was calculated and normalized for the average FC across time of
that connection, which resulted in the calculation of the coefficients of variation of each
connection. Subsequently, within- and between-RSN dynamic FC was calculated.

Dynamic FC interactions that were significantly correlated with neuropsychological test
performance were compared with null-models to assess whether the effects were due to
random noise. These models were created using phase-randomization of our (Fourier-
transformed) data.?® Next, we averaged dynamic FC over 50 randomization runs and
compared empirical- with randomized dynamic FC values.

Statistical analysis

Statistical analyses were performed in IBM SPSS version 22 (Chicago, IL, USA), p<0.05
was considered significant. Clinical characteristics of participants were compared using
independent samples t-tests. Normality of all variables was assessed with Kolmogorov-
Smirnov tests and histogram inspection. As static FC did not meet this criterion, it was
transformed using an inversion transformation (1/x), resulting in normality (the sign of
resulting beta values was flipped because of this transformation). Longitudinal changes
in neuropsychological performance and functional connectivity were assessed using
paried t-tests. To test the association between (dynamic) FC and cognition, a hierarchical
linear regression using a backward elimination method was performed per cognitive
outcome measure (in which averaged executive performance was treated as one outcome
measure). Note that multiple functional connections were tested within the same
regression model. Covariates in the regression models included age, sex, education level
(dichotomized at level 3), disease duration and LEDD. Residuals were normally distributed
for all regression analyses, justifying the use of parametric regression models.

To limit the number of networks analyzed, FC between one RSN and the rest of the brain
was used as input for the first (cross-sectional) regression model and only those RSNs
showing a main effect with the rest of the brain were explored further.
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In the longitudinal regression models, longitudinal cognitive change was related to
change in FC. Longitudinal FC scores were normalized by the individual mean overall FC,
to exclude the possibility that global connectivity changes over time (e.g. a physiological
and/or technical explanation) affected the results.

Dynamic FC values were compared to null models using paired t-tests.

Results
Study participants

A total of 59 patients were included at the first time point, who all had undergone
imaging and neuropsychological assessments. 15 Healthy controls were included with
neuropsychological assessments. Four patients had severe motion artifacts during
fMRI registration and for 5 patients neuropsychological data was not available (due to
incomplete cognitive evaluations), leading to an analysis of 50 patients (as opposed
to 55 PD patients in previous studies on this cohort).">' For the second time point (~3
years later), imaging data was available for 37 patients. The reason for not partcipating
in the follow-up evaluation varied and included deep brain stimulation placement, death,
strong clinical worsening and refusal to undergo an MRI scan. Of the 37 patients, six were
excluded due to motion artefacts or the absence of neuropsychological data, leaving
31 PD patients with longitudinal data. In addition, 13 healthy controls had longitudinal
neuropsychological measurements. Table 1 summarizes the clinical characteristics of all
participants. At the first time point, PD patients did not differ from the healthy controls on
age (t(63)=0.403; p=0.688) and sex (X*(1, 65)= 0.093; p=0.761). Furthermore, PD patients
showed lower global cognitive performance than healthy controls (t(63)= 2.62; p=0.011).
The groups studied cross-sectionally and longitudinally (both in case of the controls
and PD patients) did not differ significantly with respect to age, sex, disease duration,
LEDD, global cognitive function, and neuropsychological function (all seven tests were
compared separately; statistics not shown).

PD patients scored significantly lower than healthy controls on all but one of the specific
neuropsychological tests (Stockings of Cambridge, an executive test, which was retained
in the average executive z-score) (Table 1 and Figure 3A).

Longitudinal assessment of clinical parameters in PD patients showed a decrease in
global cognitive performance (¢(30)=2.25; p=0.034) and in motor performance ({(30)=5.31;
p<0.001), and an increase in LEDD (t(30)=7.28; p<0.001). PD patients longitudinally
declined on three neuropsychological tests; spatial working memory (between errors;
t(30)=5.43; p<0.001), spatial span length ({(30)=2.95; p=0.006) and pattern recognition
memory test (correct responses; t(30)=2.47; p=0.020) (Table 1 and Figure 3B). The raw
scores of neuropsychological performance can be found in Supplementary Table 3.
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A) Cross-sectional analysis B) Longitudinal analysis
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Figure 3 Z-scores of individual neuropsychological tests of Parkinson’s disease patients.
Negative z-scores represent poorer performance on a particular cognitive test.

A) Cross-sectional analysis of neuropsychological performance of 50 Parkinson'’s disease (PD) patients, compared
with a reference group of healthy controls (n=15). PD patients scored significantly lower on six out of seven
neuropsychological tests (*; p<0,05).

Longitudinal analysis of neuropsychological performance of 31 PD patients. Z-scores were based on cross-
sectional comparisons between PD patients and a group of healthy controls (first time point, n=15; second
time point, n=13). Over time, performance of the PD-group significantly worsened for three out of seven tests
(*; p<0,05).

Working memory, Spatial Working Memory (between errors); Spatial planning, Stockings of Cambridge; Set
shifting, Intra- Extra Dimensional Set-shifting; Memory, Pattern Recognition Memory (correct responses); Motor
perseveration, Vienna perseveration task redundancy; Fluency, Semantic Fluency (no. of words).
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Static functional connectivity

Global functional connectivity did not significantly change between baseline and
follow-up (Figure 4A; 0.270 at baseline, 0.281 at FU1 (t(30)= -0.734; p=0.469)). However,
longitudinal changes in (normalized) functional connectivity between RSNs did show
significant changes, as summarized in Figure 4B. Over time, functional connectivity with
the rest of the brain significantly increased for the DMN, DGM and VAN, and significantly
decreased for the visual network. No changes were observed for DAN, FPN and SMN.

Executive cognition and static FC

The cross-sectional regression analysis with executive tests (average of four executive
function tests) as dependent variable identified FC of DGM with the rest of the brain as
important, as well as DAN with the rest of the brain. The subsequent regional analysis
revealed a negative correlation between executive functioning at baseline and DGM-FPN
FC, indicating higher FC in patients with dysfunction (see Table 2A for statistical values).
However, patients with impaired executive functioning (z-value<-1.5) did not show
significantly higher FC than non-impaired patients (z-value>-1.5; Figure 5). The DAN did
not show additional cross-network correlations with executive functioning.
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Figure 4 Longitudinal changes in functional connectivity
A) Global functional connectivity over time between the first and second time point (n=31 Parkinson's disease
(PD) patients), which was not significantly different.
B) Functional connectivity (normalized) between resting-state networks and the rest of the brain. DAN-rest
t(30)=1.12 p=0.272; DMN-rest t(30)=2.93 p=0.006; FPN-rest t(30)=0.826 p=0.415; SMN-rest (30)=-1.37 p=0.180;
DGM-rest t(30)=2.33 p=0.027; VAN-rest (30)=3.013 p=0.005; Visual-rest t(30)=-2.693 p=0.011. (*; p<0,05).

DAN, dorsal attention network; DMN, default-mode network; FPN, frontoparietal network; SMN, sensorimotor
network; DGM, deep gray matter; VAN, ventral attention network.

179



180

Chapter 5

Table 2A Cross-sectional correlations between cognitive functioning and RSN functional connectivity in PD

Cognitive tests R? RSNs RSN Unstandardized Standardized p-value
involved interactions Beta Beta
involved
Executive tests * 0.247
DAN-rest 0.859 0.374 0.050
DGM-rest -1.035 -0.596 0.006*
0.325
DAN-Visual 0.290 0.239 0.076
DGM-FPN -0.561 -0.402 0.004*
Visuospatial - - - - - -

Motor perseveration 0.155
DAN-rest 1.307 0.394 0.003*

0.175
DAN-VAN 1.294 0.419 0.001*

Semantic Fluency - - - - - -

Linear hierarchical regression analyses were performed with a backward elimination method per cognitive outcome
measure, corrected for age, sex, education, disease duration, and LEDD. First, global functional connectivity
between all individual RSNs and the rest of the brain was correlated with cognitive function (second column).
Next, interactions between individual RSNs were assessed (based on the significant correlations on whole-brain
interactions) and correlated with cognitive function (third column). Note that multiple functional connections were
tested within the same regression model. R? values are displayed in the second column as a single value for each
separate regression model.

RSN, resting-state network; DGM, Deep Gray Matter; DAN, Dorsal Attention Network; FPN, Frontoparietal Network;
PRM, Pattern Recognition Memory; VPT, Vienna Perseveration Test; VAN, Ventral Attention Network.

* Average of Spatial Working Memory, Spatial Span, Stockings of Cambridge and Intra- Extra Dimensional Set-
shifting. * significant correlation (p<0.05).

Next, longitudinal changes in cognitive function were correlated with longitudinal RSN
FC measurements. Over time, change in executive functioning correlated positively with
DGM-DMN connectivity changes, whereas it correlated negatively with DGM-FPN and
DGM-DGM connectivity changes (Table 2B). In addition, executive cognitive decline was
negatively correlated with DAN-SMN FC, while it was positively correlated with DAN-VAN
connectivity changes (Table 2B).



Functional connectivity between resting-state networks reflects decline in executive function in

Parkinson's disease

Table 2B Longitudinal correlations between cognitive functioning and functional connectivity between RSNs in PD

Cognitive tests R? RSN Unstandardized Standardized p-value
interactions Beta Beta
involved
Executive tests 0.620
DAN-SMN -12.825 -1.312 0.002*
DAN-VAN 6.545 0.793 0.015*
DAN-Visual 2,612 0.474 0.072
DGM-DMN 6.171 0.871 0.007*
DGM-FPN -3.100 -0.591 0.035*
DGM-DGM -5.742 -0.647 0.020*
DGM-Visual -1.537 -0.354 0.098

Motor perseveration

Linear hierarchical regression analyses were performed with a backward elimination method per cognitive
outcome measure, corrected for age, sex, education, disease duration, and LEDD. Selection of functional
connectivity interactions between RSNs was based on RSNs deemed to be important based on Table 2A. Note
that multiple functional connections were tested within the same regression model. R? values are displayed in the
second column as a single value for each separate regression model.

Executive cognition and dynamic FC

Only connections showing effects of static connectivity were also explored using dynamic
connectivity, thus only RSN interactions concerning the DGM and the DAN. A regression
analysis with executive tests as dependent variable showed a positive correlation with
DGM-FPN dynamic FC and a negative correlation with DAN-VAN dynamic FC. Both
interactions showed significantly higher dynamic connectivity than the null models
(DGM-FPN: real data 0.616+0.032, surrogate data 0.609+0.036; t(48)=3.17; p=0.003, DAN-
VAN: real data 0.593+0.032, surrogate data 0.585+0.033; t(48)=2.67; p=0.010).

No significant longitudinal correlation with dynamic RSN interactions was found.

Other cognitive domains and FC

Using a similar approach, visuospatial function, verbal fluency, and motor perseveration
were investigated. In the cross-sectional analysis, visuospatial function and semantic
fluency did not correlate with FC of any of the RSNs and these neuropsychological tests
were excluded for further analysis. Dysfunctional motor perseveration correlated with
lower FC between the DAN and the rest of the brain. In the subsequent regression
analysis, dysfunctional motor perseveration correlated with lower DAN-VAN FC only
(Table 2A). In accordance, DAN-VAN FC was significantly different between patients with
motor perseveration (z-value <-1.5, hence impaired) and non-impaired patients (z-value
>-1.5; Figure 5).
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Figure 5 Plots show mean functional connectivity (FC; non-transformed; with standard error of the mean depicted
as error bars). As depicted on the left, FC between the deep gray matter (DGM) and the frontoparietal networks
(FPN) was non-significantly higher for PD patients impaired (z-value <-1.5) on executive tests ((t(48)=1.651; p=0.106).
As depicted on the right, FC between the dorsal attention network (DAN) and ventral attention network (VAN) was
significantly lower for PD patients impaired (z-value <-1.5) on motor perseveration (t(48)=2.582; p=0.013).

No longitudinal correlations were observed for motor perseveration (Table 2B).

Again, only connections showing effects of static connectivity were also explored using
dynamic connectivity, thus only RSN interactions concerning the DAN were correlated
with motor perseveration. Dysfunctional motor perseveration correlated with higher
DAN-SMN dynamic FC (Table 2C). DAN-SMN showed significantly higher dynamic
connectivity than the null model (real data 0.555+0.053, surrogate data 0.545+0.051;
t(48)=2.76; p=0.008). No longitudinal correlation was found between motor perseveration
and dynamic RSN interactions.

Table 2C Cross-sectional correlations between cognitive functioning and dynamic functional connectivity between
RSNs in PD

Cognitive tests R? RSN interactions Unstandardized Beta Standardized p-value
involved Beta

Executive tests 0.323
DAN-VAN -18.815 -0.471 0.007*
DGM-DMN 10.399 0.294 0.098
DGM-FPN 14.185 0.383 0.049%*

Motor perseveration 0.140

DAN-FPN -19.57 -0.401 0.053
DAN-SMN -11.93 -0.294 0.030*
DAN-DGM 17.80 0.358 0.080

Linear hierarchical regression analyses were performed with a backward elimination method per cognitive
outcome measure, corrected for age, sex, education, disease duration, and LEDD. Selection of functional
connectivity interactions between RSNs was based on RSNs deemed to be important based on Table 2A. Note
that multiple functional connections were tested within the same regression model. R? values are displayed in the
second column as a single value for each separate regression model.
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Discussion

Our results showed that PD patients displayed deficits in almost all cognitive domains,
which worsened over time. Furthermore, we found relative increases in functional
connectivity with the rest of the brain for the DGM, DMN and VAN and decreases for the
visual network.

Next, we observed a cross-sectional correlation between executive dysfunction and
increased static, but decreased dynamic DGM-FPN FC. Longitudinally, only static FC
changes were related to decline in executive function, and this included RSN-interactions
in addition to DGM-FPN, especially highlighting the role of the DAN. The DAN was also
related to cross-sectional deficits in motor perseveration.

We found that higher static connectivity between DGM and the FPN was related to
poorer executive functioning, possibly reflecting frontostriatal dysfunction with a
dopaminergic basis. However, executive dysfunction did not correlate with the LEDD
(B=-0.179; p=0.179), and DGM-FPN connectivity did not correlate with motor dysfunction
(3=0.049; p=0.688), nor with the LEDD (3=-0.059; p=0.666). In spite of the lack of these
correlations, and the fact that we added LEDD as covariate in our analyses, in line with
previous studies, we hypothesize that dopaminergic therapy could still have impacted
the correlations observed, by lowering frontostriatal FC* and simultaneously having
beneficial effects on executive functioning.? Since individual patients may have different
baseline levels of dopamine they may exhibit a differential sensitivity to the positive
and negative effects of dopaminergic medication, which may interfere with LEDD
correlations.* Interestingly, increases in FC within the basal ganglia?® and sensorimotor2®
network have been observed upon a dopaminergic challenge in PD patients. Hence, it
remains to be determined whether a hyperdopaminergic state, in line with the so-called
‘dopamine-overdose hypothesis',* or a hypodopaminergic state explains the correlations
observed. This knowledge would be a prerequisite for better clinical management of
executive dysfunction.

Our longitudinal regression models suggest that not only FC of the DGM or FPN, but
also FC of the DAN is involved in executive dysfunction. Over time, performance on
executive tests correlated with FC changes not restricted to the DGM-FPN, involving a
negative correlation with DAN-SMN connectivity and a positive correlation with DAN-
VAN connectivity. The DAN and VAN are attention networks, involved in reorienting
attention towards salient stimuli in the healthy brain.?” Previous work has shown that as
PD progresses, such networks may become involved to maintain optimal performance
on executive tests,” as also suggested by studies on (healthy) aging.?® A recent study has
confirmed that reduced FC between the DAN and insular brain regions (the latter being
part of the VAN) is associated with worse performance on attention/executive tasks.!
Furthermore, in another study cognitively impaired PD patients had reduced insular
dopaminergic D2 receptors, which was associated with worse executive functioning.®
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Apart from executive dysfunction, our study investigated several additional cognitive
testss, of which only motor perseveration showed relations with FC of brain networks.
Motor perseveration (when one is instructed to demonstrate random motor behavior)
has been demonstrated to occur in early stages of PD* and was related to lower DAN FC,
especially DAN-VAN connectivity. The generation of random motor behavior is considered
to involve retention of information, suppression of habitual responses, and switching of
production strategies,*® all of which are attention demanding processes. Therefore, lower
connectivity between the attention networks may play a role in perseverative tendencies
such as motor perseveration. The primary cause of attentional network dysfunction
remains unclear hower, but is thought to revolve around cholinergic deficits.>’

In addition to static FC, we have added dynamic FC, which has recently been shown to
be important for cognitive functioning in PD.?%32 Accumulating evidence indicates that
functional connectivity between brain regions is nonstationary and alternates between
periods of low and high functional coupling over time.® In our study, dynamic FC was
expressed as the variability (coefficient of variation) of functional connectivity over a
number of time windows, in which more variability/fluctuation represents higher dynamic
FC. The results of our dynamic FC analysis did not simply mirror static FC results, as
demonstrated by correlations involving DAN-VAN (executive dysfunction) and DAN-SMN
(Vienna perseveration task) dynamic FC. At the same time, the role of DGM-FPN dynamic
FC in executive dysfunction was confirmed, although in this case higher DGM-FPN
dynamics seems to be beneficial rather than disadvantageous for cognitive functioning.
Together, these results support the notion that the balance of excitation and inhibition, a
fundamental feature of brain network activity,** may be disturbed in PD, thereby leading
to dynamic FC changes. Our longitudinal analysis adds to the recent (cross-sectional)
dynamic functional connectivity work in PD showing that PD patients with dementia dwell
longer in segregated between-network states,*> and dynamic functional connectivity of
the DMN correlated with visuospatial memory disturbances.?

This study has several limitations. First, several subjects were lost to follow-up, leading to
the possibility that only PD patients with a relatively mild disease course were included in
thelongitudinalanalysis. However, there were nosignificantdifferences betweenthe group
studied cross-sectionally and the group studied longitudinally (sex, age, ISCED, disease
duration, UPDRS-III, LEDD total dose, and CAMCOG were tested; statistics not shown).
Moreover, clinically relevant correlations were still identified in the longitudinal analysis.
Second, the patients were in the dopamine “ON”" state during the MRI acquisition, which
at the time was decided to minimize head motion and thus motion-related artefacts. This
may have influenced resting-state functional connectivity, but the clinical assessments
were also in the dopamine “ON” state. Therefore, our conclusions only apply to PD
patients in the dopamine “ON” state. Third, we chose to study only those RSNs showing
a main effect with the rest of the brain in the first cross-sectional analysis (DGM and
DAN). We are aware that using this approach, we may have missed relevant interactions
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between RSNs. However, we think this study did not have sufficient statistical power to
study the multitude of all RSN interactions. Future studies with larger sample sizes may be
able to identify additional connections relevant for cognitive decline in PD. Importantly,
the method we have used allowed us to find an a-priori hypothesized result (link between
executive functioning and DGM-FPN FC). Fourth, as dynamic FC has only recently been
introduced, its biological correlate remains to be established. Therefore, assessing
whether observed time-varying fluctuations in FC are due to statistical uncertainty/noise
or reflect true changes in FC is important.® Therefore, in our study we have confirmed
that the observed fluctuations in FC (of relevant interactions) significantly deviated from
surrogate data/null models. Fifth, spatial span length is sometimes considered to be a
visuospatial rather than a working memory test. In our study, by reasoning from the
latter, working memory was included as part of the executive functioning spectrum that
we aimed to measure. Future research is necessary to make well-grounded choices for
the allocation of neuropsychological tests into specific domains.

In summary, we demonstrated that worse executive functioning in PD on dopaminergic
medication is associated with higher static, but lower dynamic, FC between deep gray
matter areas and the FPN. Over time, worsening executive function was associated with
further connectivity changes between RSNs not restricted to the DGM-FPN, centered
around attention networks. In addition, attentional network changes were also implicated
in motor perseveration. These findings suggest that the pathophysiological mechanisms
of executive dysfunction are not merely driven by dopaminergic mechanisms, but also
by attention network effects.
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Supplemental materials

Supplementary Table 1 Allocation of regions of interest to resting-state networks

Resting-state network

Brain region

Sub-region

Dorsal attention network

Superior Frontal Gyrus

Middle Frontal Gyrus

Inferior Frontal Gyrus

Precentral Gyrus

Inferior Temporal gyrus
Fusiform Gyrus

Superior Parietal Lobule

Inferior Parietal Lobule

Postcentral Gyrus

Cingulate Gyrus

Lateral Occipital Cortex

Left dorsolateral area 6

Right ventral area 9/46

Left ventrolateral area 6

Left dorsal area 44

Right dorsal area 44

Left inferior frontal sulcus

Right inferior frontal sulcus
Right rostral area 45

Right ventral area 44

Left caudal dorsolateral area 6
Right caudal dorsolateral area 6
Left area 4(upper limb region)
Right area 4(upper limb region)
Right caudal ventrolateral area 6
Left extreme lateroventral area 37
Left lateroventral area 37

Left caudal area 7

Right caudal area 7

Left lateral area 5

Right lateral area 5

Left intraparietal area 7

Right intraparietal area 7

Left rostrodorsal area 39

Left rostrodorsal area 40
Right_A40rd, rostrodorsal area 40
Left area 2

Right area 2

Left area1/2/3 (trunk region)
Left caudodorsal area 24

Right caudodorsal area 24

Left lateral superior occipital gyrus

Right lateral superior occipital gyrus

Default Mode Network

Superior Frontal Gyrus

Middle Frontal Gyrus

Left dorsolateral area 8
Left dorsal area 9/46

Left ventrolateral area 8
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Resting-state network

Brain region

Sub-region

Orbital Gyrus

Superior Temporal Gyrus
Fusiform Gyrus

Parahippocampal Gyrus

Inferior Parietal Lobule

Precuneus

Insular Gyrus

Cingulate Gyrus

Left lateral area 10

Right lateral area 10

Left medial area 14

Right medial area 14

Right orbital area 12/47

Left lateral area 11

Right medial area 38

Right rostroventral area 20

Left lateral posterior parahippocampal gyrus
Right lateral posterior parahippocampal gyrus
Left caudal area 39

Right caudal area 39

Left rostroventral area 39

Left dorsomedial parieto-occipital sulcus
Right dorsomedial parieto-occipital sulcus
Left area 31

Right area 31

Right ventral agranular insula

Left dorsal area 23

Right dorsal area 23

Left ventral area 23

Right ventral area 23

Left subgenual area 32

Frontoparietal Network (Left)

Superior Frontal Gyrus

Middle Frontal Gyrus

Inferior Frontal Gyrus

Orbital Gyrus

Left medial area 8
Right medial area 8
Left lateral area 9

Left medial area 6
Left medial area 9
Left medial area 10
Right medial area 10
Left inferior frontal junction
Left area 46

Left caudal area 45
Left rostral area 45
Left opercular area 44
Left ventral area 44
Left orbital area 12/47
Left lateral area 12/47
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Resting-state network

Brain region

Sub-region

Middle Temporal Gyrus

Inferior Temporal Gyrus

Posterior Superior
Temporal Sulcus

Cingulate Gyrus

Left rostral area 21

Left dorsolateral area 37

Left anterior superior temporal sulcus
Right rostral area 20

Left rostroposterior superior temporal sulcus

Left caudoposterior superior temporal sulcus

Left pregenual area 32

Frontoparietal Network (Right)

Superior Frontal Gyrus

Middle Frontal Gyrus

Inferior Frontal Gyrus

Middle Temporal Gyrus

Inferior Parietal Lobule

Cingulate Gyrus

Right dorsolateral area 8
Right lateral area 9

Right medial area 9

Right dorsal area 9/46
Right inferior frontal junction
Right ventrolateral area 8
Right ventrolateral area 6
Right caudal area 45

Right rostral area 21

Right dorsolateral area37
Right rostrodorsal area 39
Right caudal area 40

Right rostroventral area 39

Right pregenual area 32

Sensorimotor network

Superior Frontal Gyrus

Precentral Gyrus

Paracentral Lobule

Precuneus

Postcentral Gyrus

Right dorsolateral area 6

Right medial area 6

Left area 4 (head and face region)

Right area 4 (head and face region)

Left area 4 (trunk region)

Right area 4 (trunk region)

Left area 4 (tongue and larynx region)

Right area 4 (tongue and larynx region)

Left caudal ventrolateral area 6

Left area 1/2/3 (lower limb region)

Right area 1/2/3 (lower limb region)

Left area 4 (lower limb region)

Right area 4 (lower limb region)

Left medial area 5

Right medial area 5

Left area 1/2/3 (upper limb, head and face region)
Right area 1/2/3 (upper limb, head and face region)
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Resting-state network Brain region

Sub-region

Insula

Cingulate gyrus

Left area 1/2/3 (tongue and larynx region)
Right area 1/2/3 (tongue and larynx region)
Right area1/2/3 (trunk region)

Left hypergranular insula

Right hypergranular insula

Left dorsal granular insula

Right dorsal granular insula

Left caudal area 23

Right caudal area 23

Subcortical Network Subcortical brain regions

Left thalamus

Left caudate nucleus
Left putamen

Left pallidum

Left hippocampus
Left amygdala

Right thalamus

Right caudate nucleus
Right putamen

Right pallidum

Right Hippocampus
Right amygdala

Ventral Attention Network Middle Frontal Gyrus
Inferior Frontal Gyrus
Orbital Gyrus

Superior Temporal Gyrus

Middle Temporal Gyrus

Inferior Temporal Gyrus

Right area 46

Left ventral area 9/46
Right opercular area 44
Right lateral area 12/47
Left medial area 38
Left area 41/42

Right area 41/42

Left TE1.0 and TE1.2
Right TE1.0 and TE1.2
Left caudal area 22
Right caudal area 22
Left lateral area 38
Right lateral area 38
Left rostral area 22
Right rostral area 22
Right anterior superior temporal sulcus

Left ventrolateral area 37
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Resting-state network

Brain region

Sub-region

Parahippocampal Gyrus

Posterior Superior
Temporal Sulcus

Superior Parietal Lobule

Inferior Parietal Lobule

Precuneus

Insula

Cingulate Gyrus

Left medial PPHC
Right medial PPHC

Right rostroposterior superior temporal sulcus

Right caudoposterior superior temporal sulcus
Left rostral area 7

Right rostral area 7

Left postcentral area 7

Right postcentral area 7

Left caudal area 40

Left rostroventral area 40

Right rostroventral area 40

Left medial area 7

Right medial area 7

Left ventral agranular insula

Left dorsal agranular insula

Right dorsal agranular insula

Left ventral dysgranular and granular insula
Right ventral dysgranular and granular insula
Left dorsal dysgranular insula

Right dorsal dysgranular insula

Left rostroventral area 24

Right rostroventral area 24

Right subgenual area 32

Visual Network

Inferior Temporal Gyrus

Fusiform Gyrus

Medioventral Occipital
Cortex

Right ventrolateral area 37
Left medioventral area37

Right medioventral area37
Right lateroventral area37

Left caudal lingual gyrus

Right caudal lingual gyrus

Left rostral cuneus gyrus

Right rostral cuneus gyrus

Left caudal cuneus gyrus

Right caudal cuneus gyrus

Left rostral lingual gyrus

Right rostral lingual gyrus

Left ventromedial parieto-occipital sulcus

Right ventromedial parieto-occipital sulcus
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Resting-state network

Brain region

Sub-region

Lateral Occipital Cortex

Left middle occipital gyrus

Right middle occipital gyrus

Left area V5/MT+

Right area V5/MT+

Left occipital polar cortex

Right occipital polar cortex

Left inferior occipital gyrus

Right inferior occipital gyrus

Left medial superior occipital gyrus

Right medial superior occipital gyrus
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Supplementary Table 2 Location of components of resting-state networks

Allocation of each of the 30 components obtained by the independent component analysis to resting-state
networks and the location of its peak voxels. Note that components 2, 3, 8, 12, 14, 18, 20, 21, 23, 24, 25, 26, 27, 28,
29 and 30 were considered to be noise.

Network Component Number Coordinates Atlas region peak voxel
number of voxels peak voxel (xy z)
Visual 1 1915 201520 Intracalcarine cortex (right)
4 1991 141022 Lateral occipital cortex (right)
22 1522 26718 Occipital pole (left)
Default-mode 5 726 251721 Precuneus (left)
481 331526 Lateral occipital cortex (left)
285 101525 Lateral occipital cortex (right)
253 283729 Superior frontal gyrus (left)
225 234618 Frontal pole (left)
6 1923 203917 Anterior cingulate gyrus (right)
7 1333 2017 26 Precuneus (right)
Dorsal attention 9 1749 141829 Superior parietal lobule (right)
436 343327 Middle frontal gyrus (left)
297 103428 Middle frontal gyrus (right)
196 293332 Superior frontal gyrus (left)
140 341617 Lateral occipital cortex (left)
115 91916 Middle temporal gyrus (right)
15 1188 322130 Superior parietal lobule (left)
707 112330 Supramarginal gyrus (right)
Frontoparietal left 10 2182 343816 Frontal orbital cortex (left)
655 2438 33 Superior frontal gyrus (left)
140 102318 Superior temporal gyrus (right)
100 103412 Temporal pole (right)
Frontoparietal right 11 842 101729 Lateral occipital cortex
737 113530 Middle frontal gyrus (right)
163 331730 Angular cortex (left)
Ventral attention 13 1436 372226 Supramarginal gyrus, anterior
division (left)
385 82427 Supramarginal gyrus (right)
98 373320 Precentral gyrus (left)
73 324326 Frontal pole (left)
17 980 333317 Insular cortex (left)
856 113118 Insular cortex (right)
215 214119 Cingular gyrus (right)
Sensorimotor 16 954 373024 Postcentral gyrus (left)
673 93026 Precentral gyrus (right)
19 1441 202331 Postcentral gyrus (right)
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Supplementary Table 3 Raw scores of neuropsychological performance

Cross-sectional Controls Longitudinal analysis
analysis (n=13) PD (n=31)

Specific Controls PD (n=50) Time point2 Time point1 Time point 2
neuropsychological (n=15)
evaluation
Executive tests
Working memory (errors) 23.3(14.1)  37.9(20.9) 18.3(11.4) 37.0(18.6) 40.5(23.2)
Spatial span 5.6 (1.1) 4.7(1.2) 5.7 (0.95) 4.9(0.89) 4.59 (1.09)
Spatial planning 8.0 (1.5) 7.3(2.1) 8.2(1.9) 7.2(1.7) 7.83(2.6)
Set shifting 8.8 (0.62) 7.3(2.7) 8.4 (0.97) 7.8 (2.0) 6.9 (2.9)
Other domains
Memory 22.5(1.7) 20.9(2.7) 22.7(1.12) 21.4(2.0) 21.0(2.9)
Motor perseveration 19.5(4.7)  25.6(10.2) 14.2 (8.3) 25.5(10.5) 24.7 (13.3)
Fluency 23.9(4.8) 19.8 (6.8) 24.8(7.2) 21.3(6.9) 20.2 (6.9)

Values are expressed as mean (SD). In case of working memory and motor perseveration, higher scores represented
worse performance; worse performance was converted to negative z-scores.

Note that the scores of healthy controls in the cross-sectional analysis were used as time point 1 scores in the
longitudinal analysis.

PD, Parkinson'’s disease
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Abstract

Background Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an
established symptomatic treatment in Parkinson’s disease, yet its mechanism of action is
not fully understood. Locally in the STN, stimulation lowers beta band power, in parallel
with symptom relief. Therefore, beta band oscillations are sometimes referred to as “anti-
kinetic”. However, in recent studies functional interactions have been observed beyond
the STN, which we hypothesized to reflect clinical effects of DBS.

Methods Resting-state, whole-brain magnetoencephalography (MEG) recordings and
assessments on motor function were obtained in 18 Parkinson’s disease patients with
bilateral STN-DBS, on and off stimulation. For each brain region, we estimated source-
space spectral power and functional connectivity with the rest of the brain.

Results Stimulation led to an increase in average peak frequency and a suppression of
absolute band power (delta to low-beta band) in the sensorimotor cortices. Significant
changes(decreases andincreases)in low-beta band functional connectivity were observed
upon stimulation. Improvement in bradykinesia/rigidity was significantly related to
increases in alpha2 and low-beta band functional connectivity (of sensorimotor regions,
the cortex as a whole, and subcortical regions). By contrast, tremor improvement did not
correlate with changes in functional connectivity.

Conclusions Our results highlight the distributed effects of DBS on the resting-state
brain and suggest that DBS-related improvements in rigidity and bradykinesia, but not
tremor, may be mediated by an increase in alpha2 and low-beta functional connectivity.
Beyond the local effects of DBS in and around the STN, functional connectivity changes in
these frequency bands might therefore be considered as “pro-kinetic”.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an established
and effective symptomatic treatment for the disabling medication-related response
fluctuations in the motor symptoms of Parkinson’s disease.™? Tremor relief most likely
involves different neuronal mechanisms than the reductions in bradykinesia and
rigidity.>* Local field potential (LFP) studies have demonstrated that excessive beta
band synchronized oscillatory activity in the basal ganglia is a hallmark of Parkinson’s
disease and that DBS-induced suppression of these oscillations in the STN goes hand
in hand with improvement of both bradykinesia and rigidity.>” Beta band oscillations
have therefore been labelled as “anti-kinetic”® (see also McGregor and Nelson (2019) for
a recent discussion on this topic).°

Recent observations suggest that DBS-related neurophysiological effects extend beyond
the major components of the classical motor system'-® (for reviews on this topic
see)."”'® A better understanding of these effects is not only necessary to explain the
neurophysiological mechanisms of DBS but might also aid in the development of an in-
vivo biomarker for short and long-term therapeutic effects.

At the cortical level, STN-DBS can modulate oscillatory brain activity in several frequency
bands. In two recent studies, STN-DBS lowered theta, alpha and low-beta band power
in (source-space)' and over (sensor-space)' the sensorimotor cortex, but without a
correlation with motor improvement.’'* Other studies demonstrated that an alpha and
beta power suppression over right temporal brain regions correlated positively with
DBS-related global motor improvement,” whereas the average frequency of cortical
oscillations seemed to increase upon stimulation.'?

Neural circuits involved in Parkinson's disease symptoms can be subdivided into
different parallel circuits that generally concern cortico-subcortical interactions.>'® STN-
DBS might have opposing functional effects on these circuits as well as their elements.
In an fMRI study, dynamic causal modelling revealed a reduction in effective connectivity
of the hyperdirect pathway, whereas effective connectivity of the direct, cortico-striatal
and thalamo-cortical pathways was increased upon stimulation.'® Oswal and co-workers
confirmed that stimulation of the STN suppressed upper-beta band coherence between
the STN and cortical motor areas, possibly reflecting the hyperdirect pathway. However,
these changes did not correlate with clinical improvement, whereas suppression of low-
beta band power in the STN did.™

Using magnetoencephalography (MEG), Parkinson's disease related oscillatory activity
can be studied with an excellent spatial and temporal resolution.’™* MEG data can even
be recorded successfully during DBS, in spite of the contamination of recordings by
hardware and stimulation artefacts.?* To date, no studies have reported on the influence
of DBS on whole-brain functional connectivity including cortico-subcortical connections.
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Here we investigated this influence using MEG in order to study the alleged anti-kinetic
nature of beta band oscillations and to elucidate the neurophysiological correlates of
DBS motor-effects.

We used the Amplitude Envelope Correlation (AEC; the correlation between the
temporal evolution of spectral power in different regions) as a measure of functional
connectivity 2. The AEC is dissociated from local oscillatory processes, and therefore
complementary to band power analysis.?* In addition, the AEC has shown similarities
with fMRI connectivity,?® thereby allowing a direct comparison with fMRI data. Spurious
correlations can be accounted for by using an orthogonalisation method.?*2¢

In line with previous whole-brain studies,'*'21¢27 we expected the DBS-effects to extend
beyond the ‘classical’ motor system. In addition, since DBS has been shown to influence
oscillations in the alpha and low-beta band™'™ and functional connectivity in the low
and high-beta band,' we hypothesized that alpha and beta band functional connectivity
changes would reflect symptom relief upon DBS in Parkinson’s disease. We therefore
performed resting-state MEG recordings with and without STN-DBS stimulation, at least
six months after DBS electrode placement. In addition, we assessed whether functional
connectivity changes correlated with improvement in motor function, measured using
the motor part of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS-III).

Materials and methods
Patients

Parkinson's disease patients who had undergone bilateral implantation of STN DBS
electrodes between 2016 and 2018 at Amsterdam UMC, location AMC, were included
in this study. Eligibility for STN DBS placement has been described previously.? In the
context of standard clinical care, the active contacts, voltage, pulse width and frequency
of stimulation were individually determined for optimal therapeutic efficacy. Inclusion
criteria for the study were: bilateral Boston Scientific Vercise Directed (Valencia, CA, USA)
stimulation system (as pilot results demonstrated that this stimulation system was most
compatible with our MEG system with respect to the head position estimation; when
using a Medtronic Activa PC system (Minneapolis, Minnesota, USA) the noise introduced
by the stimulator was such that the head position indicator coils could not be localised
by the MEG system), DBS placement at least six months before the MEG recordings, and
monopolar stimulation. Exclusion criteria were treatment with levodopa continuous
intestinal gel or subcutaneous apomorphine, and permanent post-operative structural
damage following DBS electrode placement that could affect the MEG results (apart from
the DBS-placement itself).

Disease duration was calculated on the basis of the patients’ estimation of the onset
of the classical Parkinson's disease motor symptoms. The total dose of dopamine
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replacement therapy was converted to the levodopa equivalent daily dose (LEDD), as
described previously.?® The research protocol was approved by the medical ethical
committee of the Amsterdam UMC, location VUmc. Ethics review criteria conformed to
the Helsinki declaration. After careful explanation of the procedures, all patients gave
written informed consent.

Data acquisition

MEG data were recorded using a 306-channel whole-head system (Elekta Neuromag Oy,
Helsinki, Finland) in an eyes-closed resting-state condition, with a sample rate of 1250 Hz,
and online anti-aliasing (410 Hz) and high-pass (0.1 Hz) filters. Anatomical T1-weighted
images of the head were obtained using a 3T MRI scanner (Philips Ingenia, Best, the
Netherlands)in the context of standard clinical care before DBS placement. The study visit
took place after an overnight withdrawal of dopaminergic medication (practically defined
OFF state). The head position relative to the MEG sensors was recorded continuously
using the signals from five head position indicator (HPI) coils. The HPI positions were
digitized before each recording, as well as the outline of the patient’s scalp (~500 points),
using a 3D digitizer (Fastrak, Polhemus, Colchester, VT, USA). For each patient total MEG
recording time was 55 minutes, consisting of 11 trials of 5 minutes each in which different
stimulation settings were explored. At the beginning of each individual trial, localization
of the HPI coils was performed in the DBS OFF condition, following which one of the
researchers, who monitored the patient inside the magnetically shielded room, changed
the DBS-settings and recordings were started. During the recordings, the programming
device was kept (offline) in the magnetically shielded room on a stable underground, at
approximately 2.5 meters distance from the MEG helmet. The experimental setup can be
appreciated from Figure 1.

Randomized order

. . —~— . —— Figure1Experimental setup

Overview of the different DBS settings during the MEG recordings. The
bilateral electrodes, each having four contact points are depicted (the
two middle contact points consisted of triplets of segments, together
used as one contact point). During the first MEG recording (1) both
electrodes were stimulated in the optimal settings of the patient.
The second to tenth MEG recordings took place in a randomized
order, during which each of the eight individual contact points were
® ® stimulated once (2 &6, dorsal; 3 & 7, dorsomedial; 4 & 8, ventromedial;
5 & 9 ventral; outside the scope of this study), and one recording
took place during DBS OFF (10). During the last MEG recording, both
electrodes were, again, stimulated in the optimal settings of the
NUANY U patient (11).
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The first recording was during stimulation with the standard (optimal) DBS settings of
the individual patient (DBS ON). Then, nine recordings took place in randomized order,
eight of which were during unilateral stimulation of one of the eight individual contact
points (data not shown), and one recording during DBS OFF. The last recording was,
again, during stimulation with the standard DBS settings of each individual patient (DBS
ONZ2; data analyzed as supplementary analysis). The time between recordings, including
change of DBS settings and localization of the HPI coils, was at least 2 minutes.

MDS-UPDRS-III scores were measured during DBS ON and OFF on a separate day by
trained nurses, approximately six months after DBS-placement. In accordance with the
MEG-recordings, these scores were obtained in the dopamine OFF-state.

Data pre-processing

MEG channels that were malfunctioning, for example due to excessive noise, were removed
after visual inspection of the data. Thereafter, the temporal extension of Signal Space
Separation (tSSS)**3' in MaxFilter software (Elekta Neuromag Oy, version 2.2.15) was applied
with a sliding window of 10s, origin (0,0,40), and harmonic expansions of 8 respectively 3 for
the internal and external signals (all default settings), as well as subspace correlation-limit of
0.8 to suppress the strong magnetic artefacts, which has previously been demonstrated to
result in satisfactory data quality without suppression of brain signals.33>3* An example of
the effect of tSSS on MEG data recorded in our study is depicted in Supplementary Figure
1. Patient's MEG data were co-registered to their structural MRIs using a surface-matching
procedure, with an estimated resulting accuracy of 4 mm.* A single sphere was fitted to the
outline of the scalp as obtained from the co-registered MRI, which was used as a volume
conductor model for the beamformer approach described below.

The automated anatomical labelling (AAL) atlas was used to label the voxels in 78 cortical
and 12 subcortical regions of interest (ROIs).2%3” We used each ROI's most central voxel
(centroid) as the representative for that ROI.*® Subsequently, an atlas-based beamformer
approach was used to project broad-band (0.5-48 Hz) filtered sensor signals to these
centroid voxels,® resulting in broad-band time-series for each centroid of the 90 ROls.
MEG data were visually inspected (by LIB) for tremor-, motion- and stimulation-related
artefacts and drowsiness. In addition, for each recording, the 50% epochs with the slowest
peak frequency were discarded in order to make the occurrence of drowsiness in the
selected data even more unlikely. Epochs contained 4096 samples (3.28 s), and for each
condition, 20 epochs with the best quality recordings were selected for further analysis.
Spectral and functional connectivity analyses were performed using in-house software
(BrainWave, version 0.9.152.12.26; CJS, available from https://home.kpn.nl/stam7883/
brainwave.html). For frequency band specific analyses, epochs were filtered in six
frequency bands (delta (0.5-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz; as the
distinction between alphal and alpha2 oscillations does have functional significance),*
low-beta (13-22 Hz) and high-beta (22-30 Hz), using a fast Fourier Transform.
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2.4 Data analysis

We estimated the overall absolute spectral power (0.5-48 Hz) averaged over all ROIs
and normalised based on the maximum power peak (Figure 2), as well as the absolute
spectral power for each frequency band and ROl separately (Figure 3). Peak frequency
values were estimated within the 4-13 Hz frequency range.

For each epoch, frequency-band specific functional connectivity was estimated using the
corrected cAEC, an implementation of the AEC® corrected for volume conduction/field
spread, using a symmetric orthogonalisation procedure.?®?* The cAEC was calculated
for all possible pairs of ROIs, leading to a 90 x 90 adjacency matrix that contained the
functional connectivity values between all ROI pairs.

Statistical analysis

For each patient, stimulation condition and frequency band separately, absolute power and
CAEC matrices were averaged over 20 epochs. Both mean absolute power and mean cAEC
per ROI, hence, functional connectivity of one ROI with the rest of the brain, were compared
between the ON and OFF stimulation condition using permutation tests (N = 10000; p <
0.05).4142 Correction for false positives was performed using the ‘false discovery rate’ (FDR),
separately for each frequency band, with a p-value for each of the 90 ROlIs as input.*?

The correlations between DBS-related improvement in motor function and changes in
functional connectivity were estimated using Spearman tests (without correction for
multiple comparisons due to the exploratory nature of the analysis), where percentage
improvement in total MDS-UPDRS-III, bradykinesia/rigidity (items 3-7) and tremor (items
15-18) scores were used as measures of motor improvement. Functional connectivity
changes were obtained for all six frequency bands averaged over ROIs in i) the
sensorimotor cortices (bilateral pre and post-central gyri), i) all cortical regions, and iii)
all subcortical regions. Only patients who had tremor during DBS OFF were selected for
correlation analyses on tremor improvement.

Results
Patients

Twenty-one Parkinson’s disease patients participated in this study and underwent MEG record-
ings at Amsterdam UMC, location VUmc, at least 6 months after DBS placement (range 6-15
months). Three patients were excluded from further analysis since their MEG data had too
many dysfunctional channels during stimulation (>~13 channels, caused by excessive noise),
which prevented the use of tSSS. This led to a final group of 18 Parkinson's disease patients
treated with DBS (mean age 58.4 y, SD 8.3), whose characteristics are summarized in Table
1. Thirteen patients suffered from tremor and were used for correlations between functional
connectivity changes and tremor effects of DBS. The mean number of excluded MEG channels
was 9 for DBS ON recordings (range: 5-13) and 6 for DBS OFF recordings (range: 2-12).
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Spectral power

Figure 2 shows global stimulation-related normalized spectral power for all Parkinson’s
disease patients. The peak frequency was significantly (and, for all but one patient,
consistently) higher during stimulation ON compared to stimulation OFF (DBS ON 8.79
Hz + 0.69; DBS OFF 8.54 + 0.64 Hz; t(17)=5.16; p <0.001). Two stimulation-related spectral
peaks were not removed by tSSS and beamforming. For all patients, these peaks were
present around 27 Hz and 35 Hz. Figure 3 displays significant differences in absolute
power per frequency band between DBS ON and DBS OFF. During DBS ON, a decrease
in (mostly occipital) power was observed in the delta and theta band, and an increase
in band power was observed in the alpha2, low-beta and high-beta band. This suggests
a spectral shift towards the higher frequencies. The sensorimotor cortices were hardly
involved in this shift, and even showed a right-sided suppression of band power in the
frequency range between 0.5 and 22 Hz.
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Figure 2 Overall power spectrum

Average of normalised frequency spectra for all patients (n = 18) and all regions of interest (n = 90), shaded areas
indicate standard error of the means. Despite tSSS filtering and the beamforming approach, stimulation artefact
peaks remained present at 27 Hz and 35 Hz during DBS ON (red).

DBS, deep brain stimulation; tSSS, spatiotemporal Signal Space Separation.



High-Beta

Figure 3 Regional band power changes

Distribution of significant differences (p <0.05, FDR corrected) in absolute band power between DBS ON and DBS
OFF. Significant increases (decreases) are displayed in red (blue) on a parcellated template brain viewed from, in
clockwise order, the left, top, right, left-midline and right-midline. For visualisation purposes, only cortical brain
regions are displayed. During DBS ON, a decrease in (mostly occipital) power was observed in the delta and theta
band, and an increase in band power was observed in the alpha2, low-beta and high-beta band, suggesting a
spectral shift towards the higher frequencies during DBS ON. Note that the sensorimotor regions were hardly
involved in this shift and, instead, showed a decrease in absolute band power for the delta, theta, alpha1, alpha2
and low-beta band.

Functional connectivity

To assess differences in average functional connectivity per RO/ between DBS ON and
DBS OFF, permutation tests were performed for all 90 ROIs in the six frequency bands.
Significant differences in cAEC were found for the low-beta band (ten ROIs) and also for
the alpha2 band (one ROI) and are listed in Table 2 (as well as visualized in Supplementary
Figure 2). The regions that showed the largest increases in functional connectivity
following stimulation were mainly located in bilateral frontobasal brain regions, whereas
regions that showed significant decreases followed a more dispersed pattern (frontal,
parietal and temporal lobes, bilaterally).
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Table 2 Significant differences in average cAEC values per region of interest

Frequency Anatomical region L/R cAEC cAEC tor] P-value
band (DBS ON) (DBS OFF) (FDR-corrected)
Alpha2 Middle temporal gyrus L 0.504 0.499 I 0.0090
Gyrus rectus L 0.514 0.511 1 0.0210
Olfactory cortex L 0.515 0.512 T 0.0210
Superior frontal gyrus, L 0.513 0.510 I 0.0210
orbital part
Inferior frontal gyrus, L 0.511 0.515 l 0.0210
triangular part
Superior frontal gyrus L 0.510 0.514 l 0.0090
Low-beta Superior parietal gyrus L 0.509 0.513 ! 0.0090
Anterior cingulate gyrus L 0.511 0.514 l 0.0461
Gyrus rectus R 0.512 0.510 i 0.0475
Superior frontal gyrus, R 0.511 0.509 T 0.0399
orbital part
Superior temporal pole R 0.510 0.512 l 0.0475
Thalamus L 0.518 0.512 i 0.0475

Comparison between the DBS ON state and the DBS OFF state. Significance threshold p<0.05
L, Left; R, Right; cAEC, corrected Amplitude Envelope Correlation; DBS, Deep Brain Stimulation; FDR, False Discovery
Rate.

Relationship between clinical motor improvement and
functional connectivity changes

A significant positive correlation was found between total DBS-related motor improvement
(MDS-UPDRS-IIl) and low-beta cAEC change in the sensorimotor cortices (-, (16)= 0.58, p =
0.011), the whole cortex (-, (16)= 0.50, p = 0.035), and all subcortical regions (r-.. (16)=0.62,
p =0.006) (Figure 4). When only the MDS-UPDRS-III subscores for bradykinesia and rigidity
were considered, the correlations with low-beta band cAEC change were even stronger
(respectively: r-.,, (16)= 0.61, p = 0.007; r-,,. (16)= 0.70, p = 0.001; r-,. (16)= 0.76, p < 0.001)
(Figure 4). In addition, a significant positive correlation was found between bradykinesia/
rigidity subscores and alpha2 band cAEC changes (-, (16)= 0.57, p = 0.014; r-,. (16)= 0.72,
p=0.001;r,.(16)=0.68, p = 0.002) (Supplementary Table 1). cAEC changes did not correlate
significantly with tremor improvement (Figure 4; Supplementary Table 1).
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Figure 4 Correlation of functional connectivity changes with improvement in motor scores

Scatter plots of clinical improvement values and low-beta functional connectivity changes (averaged for respectively
the sensorimotor cortices, whole cortex and subcortical regions). Left: Significant correlations between MDS-
UPDRS-IIl improvement (% comparing ON versus OFF-DBS) and cAEC changes (absolute difference ON versus OFF-
DBS). Sensorimotor cortices (r-y, (16)= 0.58, p = 0.011), whole cortex (r-,. (16)= 0.50, p = 0.035), and all subcortical
regions (r . (16)= 0.62, p = 0.006). Middle: Significant correlations between bradykinesia/rigidity improvement
and cAEC changes (r-,, (16)= 0.61, p = 0.007; r-,(16)= 0.70, p = 0.001; r . (16)= 0.76, p < 0.001). Right: Tremor
improvement (n= 13 patients) and cAEC change, no significant correlation. All correlations tested can be found in
Supplementary Table 1.

cAEC, corrected Amplitude Envelope Correlation; MDS-UPDRS-III, Movement Disorders Society Unified Parkinson’s
Disease Rating Scale motor ratings.

Discussion

In this study, we investigated stimulation effects of STN DBS on whole-brain functional
connectivityin 18 Parkinson’s disease patients. We found thatincreasesin alpha2 and low-beta
band functional connectivity were correlated with DBS-related improvements in bradykinesia
and rigidity, but not with tremor relief. This suggests that the alleged anti-kinetic role of beta
band oscillations®*+4 does not apply when large-scale cortico-cortical and cortico-subcortical
functional interactions are taken into account. In addition, and in accordance with previous
studies,’>'* we found a suppression of sensorimotor cortical oscillatory activity (ranging from
delta to low-beta band) against a background of widespread stimulation-related increases in
oscillatory brain activity involving the higher frequencies.

Band power

Our present observations confirm previous results on band power changes associated
with DBS. Firstly, during DBS ON, throughout the cerebral cortex, higher absolute band
powerswere observed for the higher frequencies (10-30 Hz), whereas lower absolute band
powers were found for the lower frequencies (0.5-8 Hz), which could be interpreted as an
overall acceleration of oscillatory brain activity. Furthermore, during DBS ON the alpha
peak frequency was significantly higher than during DBS OFF. However, since the DBS
ON recording was always the first recording of the day, we cannot exclude the possibility
that the order of recordings (for example due to increased drowsiness in subsequent
recordings) added to the observed spectral shift. Therefore, we additionally studied
spectral power in the ON2 recording, which always took place as the last recording. In
Supplementary Figure 3 we illustrate the band power differences between ON2 and
DBS OFF (n = 17, data for one patient was excluded due to excessive noise of the ON2
recording): Again, stimulation led to an increase in band power for the higher frequencies
(8-30 Hz), and a higher frequency of the alpha peak (DBS ON2 8.64, SD 0.69 vs DBS OFF

209



210

Chapter 6.1

8.55,SD 0.65; t(16)= 2.06, p = 0.056). Hence, we conclude that the observed acceleration of
oscillatory brain activity is stimulation related, which is in line with the results of an earlier
study '?). This effect has previously been attributed to a non-specific increase in intrinsic
alertness, independent of motor function.*’#® Alternatively, it may reflect a stimulation-
related “release” of the thalamus, which affects cortical brain rhythms.* However, we
cannot exclude the possibility that noise from the stimulator changes the aperiodic
“background” 1/f component of the neural power spectrum, thereby causing a peak
frequency shift towards the faster frequencies.*® Secondly, we confirmed alpha and beta
band suppression in the sensorimotor regions which was previously observed after DBS
in Parkinson’s disease patients''# and following transcranial direct current stimulation
over the sensorimotor cortex in healthy controls,>" although this effect was less distinct
in our study. Perhaps the fact that our recordings took place in an eyes-closed condition,
during which the posterior dominant alpha rhythm is stronger than during an eyes-open
condition, may have “blurred” these specific effects.

Functional connectivity

The presently observed correlation between increases in functional connectivity and
improvements in bradykinesia and rigidity scores is in contradiction with the observations
reported by Silberstein and co-workers, who were the first (and up to now the only) to study
the effect of DBS on whole-brain functional connectivity.* They used coherence analysis
of (scalp-recorded) EEG data, obtained in DBS-patients with and without stimulation
and found reductions in 10-35 Hz coherence between EEG channels that correlated
with overall MDS-UPDRS-IIl improvement. A potential explanation for the discrepancy
with our results is the sensitivity of coherence analysis to volume conduction and band
power changes (and thereby signal-to-noise ratio (SNR) changes).>>>3 Indeed, the authors
observed positive correlations between therapy-induced power and coherence changes.
Hence, taking into account the reduction of (mostly alpha and beta band) power around
the sensorimotor cortex due to DBS '*'4, the correlations between reduced coherence and
improvement of motor function reported by Silberstein et al. may have been influenced
by band power changes. In addition, although unlikely to be the sole explanation for the
discrepancy between the two studies, MEG and EEG measure different components of
the electromagnetic fields generated by neuronal activity, resulting in different sensitivity
profiles.>*%> Importantly, although cortico-subcortical functional connections do seem
to matter (Supplementary Figure 4C), the correlations we observed between increases
in functional connectivity and clinical improvement cannot fully be explained by the
inclusion of subcortical brain regions in our study, since this correlation remained after
excluding cortico-subcortical interactions from our analyses (results not shown).

So far, two MEG-studies have assessed the influence of an acute dopaminergic challenge
on whole-brain functional connectivity. Stoffers et al. demonstrated, upon levodopa
administration, increases in both short-distance functional connectivity (averaging
connectivity values for all possible sensor pairs overlying a lobe; 4-30 Hz) and long-
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range functional connectivity (averaging values for all possible sensor pairs between
two lobes; 13-30 Hz), assessed using the synchronization likelihood (SL). In patients
with a strong dopamine-related improvement in motor scores, motor improvement
was associated with decreases in local beta band SL.*¢ Although we have confirmed the
range of effects of DBS on functional connectivity in this study, i.e. both decreases and
increases, strongest bradykinesia and rigidity improvement were related to increases in
functional connectivity in our study. Again, volume conduction might have played a role
in this partial discrepancy, since SL is sensitive to volume conduction/field spread and the
functional connectivity analysis was performed in sensor space. Volume conduction/field
spread leads to multiple recording sites picking up signals from a single source, which
may resultin erroneous estimates of functional connectivity.> The fact that only /ocal beta
band SL showed the discrepancy described supports the notion that volume conduction/
field spread might have affected the relationship that was found. In accordance with
this line of reasoning, using a functional connectivity measure that is insensitive to the
effects of volume conduction/field spread (phase lag index; PLI) others have also found a
positive correlation between functional connectivity changes in the left parietal area and
improvement in motor function after a dopamine challenge.>’

In contrast with the aforementioned studies, our main results are not based on an acute DBS
stimulation challenge, but rather compares DBS ON with DBS OFF. We did however record
acute stimulation data in the optimal settings of the patient at the end of each experiment,
namely during condition DBS ON2. Although this recording started immediately after
switching on the DBS and stimulation effects may not have been maximally present yet,
we again found a significant correlation between functional connectivity increases in the
subcortical regions and bradykinesia/rigidity improvement (r . (15)= 0.57, p = 0.017), as well
as positive trends for the sensorimotor regions (-, (15)= 0.43, p = 0.088) and the cortex
as awhole (r-,,. (15)= 0.36, p = 0.152). Therefore, we conclude that the order of stimulation
(first DBS ON recording and then the DBS OFF recording, or the other way around) has not
influenced the observed direction of correlations found.

In the present study, a differential effect of DBS on alpha2 and low-beta functional
connectivity was found. As shown in Supplementary Figure 4, in Parkinson's disease
patients who had a modest clinical response to DBS we observed a decrease in whole-
brain functional connectivity, whereas in Parkinson's disease patients who had a good
clinical response we observed an increase, involving cortico-subcortical connections
(Supplementary Figure 4C). We propose the possibility of a technical as well as a
physiological explanation for the observed effect.

The technical explanation involves the potential effect of stimulation artefacts in the
DBS ON condition, and thereby the addition of ‘noise’, onto the reconstructed neuronal
signals. The effect of the resulting changes in SNR on source level functional connectivity
is complex, but stimulation-related noise may have had a lowering effect on functional
connectivity (see Schoffelen et al.>® for further reading). Along this line of reasoning,
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stimulation could have led to a lowering in global functional connectivity for all DBS-
patients, on top of which small increases in functional connectivity co-occurred with
slight clinical improvement (but were covered by noise-related functional connectivity
decreases) and large increases in functional connectivity co-occurred with strong
clinical improvement (which became apparent as functional connectivity increases). In
Supplementary Figure 5 we show that the addition of spatially correlated white noise
onto brain signals of two of our DBS-patients during DBS OFF indeed leads to a global
decrease in estimated low-beta cAEC. This illustrates that the extra noise introduced by
deep brain stimulation (simulated here as spatially correlated white noise) could have
led to a reduction in estimated functional connectivity values. However, the addition of
spatially correlated white noise hardly affected theta cAEC values in one patient. Hence,
this effect seems frequency-dependent, and is perhaps related to the more prominent
presence of amplitude envelope correlations in the alpha and beta band.*

An alternative, physiological, explanation for the observed differential effect may lie in
the complex balance between the different cortico-subcortical functional circuits that
converge in the STN. Stimulation in and around the STN can affect cortical brain regions
antidromically via axonal stimulation, and can also have downstream effects on the
cortico-striato-thalamic loop. We hypothesize that a shift in balance from antidromic
axonal towards downstream effects might play a role in the link between better clinical
effects and increases in functional connectivity. An overview of the hypothesis can be
found in Figure 5 and reads as follows:

Antidromic stimulation effects of axons (en route to other structures, or of axons that
terminate in the STN) can affect the motor cortex via the hyperdirect pathway, but
can also affect a wide variety of other cortical brain regions.>®>° Stimulation effects
downstream from the stimulated STN affect the cortico-striato-thalamic loop. The net
effect on functional connectivity might not be the same for antidromic axonal and
downstream stimulation effects. A dynamic causal modelling study demonstrated that
upon DBS, the effective functional connectivity strength of the hyperdirect and indirect
(striato-STN and STN-thalamus) pathway decreased, whereas the strength of the direct
cortico-striato-pallido-thalamic pathway increased,' the latter being suggested by an
empirical fMRI study,®® as well as by our own additional visualizations in patients with a
good clinical response, who had increases in cortico-subcortical functional connectivity
(Supplementary Figure 4C; although we lack the spatial resolution to draw conclusions
on the functional connectivity profiles of individual subcortical brain regions). Via
downstream effects, effective modulation of the STN could reduce the indirect inhibitory
drive from the subthalamic nucleus to the thalamus, which would “release” the thalamus
to communicate with cortical brain regions.’* Furthermore, beneficial effects of
stimulation on the resting motor system were better explained by strengthening the
coupling along the direct pathway, and not by reducing coupling along the hyperdirect
pathway.'®" This observation was supported by an MEG study by Oswal et al., who found
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that a stimulation-related decrease in functional connectivity of the hyperdirect pathway
was not related to clinical improvement.’™

Cell body
Axon terminal (inhibition)
Axon terminal (excitation)

Stimulation of
contact point

...

x Cortex o0

Hyperdirect
cortico-STN
fibers

STN

Thalamus§| ;‘: Gpi/SNr :

Efferent
fibers to GPi
and SNr

Figure 5 Model of antidromic and downstream effects in STN-DBS

Stimulation effects in the antidromic direction take place upon stimulation of axons of the hyperdirect pathway.
These stimulation effects may cause a suppression of band power in frontal cortical brain regions, as well as
a lowering of functional connectivity between the frontal cortex and the STN (see also '>'%). At the same time,
stimulation can have downstream effects through the indirect cortico-striato-pallido-thalamic pathway.
Downstream stimulation effects may lead to an increase in cortical functional connectivity via disinhibition of the
thalamus. '€

Gpi, internal globus pallidus; SNr, substantia nigra pars reticulate; STN, subthalamic nucleus; DBS, deep brain
stimulation.

We expect the individual anatomy of white matter tracts, as well as the exact stimulation
site in and around the STN (illustrated in Supplementary Figure 6 and Supplementary
Table 2), to play a crucial role in the balance between antidromic axonal and downstream
effects. Clearly, our hypothesis will have to be substantiated in future studies that combine
local stimulation effects with whole-brain effects, such as LFP recordings combined with
MEG recordings. In addition, the MEG data recorded in our study during stimulation of
each individual contact point (data not shown), will be analyzed in future studies and may
shed further light on this matter.
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Methodological issues

Several methodological issues deserve consideration. i) In our study, DBS was off for
several minutes before we started the 5 minutes recording. We expect that stronger DBS-
related effects could have been observed if the period between turning off the DBS and
the start of the MEG-recording had been longer. During epoch selection, we prioritized
epochs from later parts of the recordings. However, considering that at least 50% of the
total clinical change seems to occur within 5 minutes after the DBS is turned off,*" and
since we did observe significant changes in brain activity in parallel with a clinical correlate,
we believe that our experimental setup was effective. ii) The MDS-UPDRS-IIl assessments
were always performed 6 months after DBS-placement, whereas the MEG recordings
took place between six and fifteen months after surgery. The six months' time period
made sure that the patients were measured in a clinically stable state. In one patient the
stimulation was switched to a more dorsal contact point in the period between clinical
assessments and the MEG recordings, due to non-motor side effects (patient 4). In all
other patients, clinical assessments and MEG recordings took place during stimulation
of the same contact points and with approximately the same stimulation strength (mean
difference left-sided contact points 0.12 mA SD 0.25; right-sided contact points 0.05 mA
SD 0.21). Although this separation in time may have affected our results, the correlation
between clinical improvement and functional connectivity changes would probably have
been even stronger if the MEG recordings and clinical assessments had taken place on
the same day. iii) The use of the temporal extension of tSSS3°3! allowed us to study brain
signals during DBS. Despite the ability of tSSS and beamforming to effectively suppress
artefacts® (see also Supplementary Figure 7 for the effect of tSSS on magnetometers
and gradiometers separately), two sharp stimulation-related peaks were seen in the
power spectrum (Fig. 1), in line with previous research.'? We are aware that monopolar
stimulation is associated with stronger artefacts than bipolar stimulation, but we chose
to stimulate in the monopolar setting in our study as this represented the clinical setting
of our patients. The peaks appeared not to affect the frequency range below 22 Hz,
which encouraged us to separately consider the low-beta band and the high-beta band,
and to refrain from analysing the gamma band. The observed relationship between
alpha2 and low-beta functional connectivity changes and clinical improvement seem to
confirm the validity of our recording and analysis approach. Obviously, the high-beta
band results should be interpreted with caution and the stimulation-related increase in
high-beta band power (Fig. 3) may be related to a stimulation artefact; In addition, the
lack of a clinical correlate with high-beta band functional connectivity could also mean
that stimulation artefacts affected the reconstruction of the brain signals too much in
this band or, alternatively, that high-beta band functional connectivity does not reflect
DBS-related clinical improvement. iv) Methodological advances in beamforming®¢4
allow MEG signals to be projected onto an atlas-based source space encompassing both
cortical and subcortical brain regions.®>® In the present study, this approach enabled
us to study large scale cortico-subcortical interactions six months after surgery when
‘stun effects’ of the DBS placement have disappeared, instead of directly after surgery
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using LFP analysis with externalised DBS leads. Previous LFP studies have analyzed fine-
grained interactions between the STN and the cortex (e.g. '>¢77%), whereas our study
lacks this spatial resolution. We were therefore not able to draw conclusions regarding
individual subcortical regions, yet our coarser approach is complementary to the existing
literature. v) The lack of a correlation between functional connectivity changes and tremor
improvement may reflect a difference in pathophysiological mechanisms underlying
bradykinesia/rigidity on the one hand and tremor on the other hand. However, we cannot
exclude the possibility of a false-negative finding, since the number of patients suffering
from tremor was lower than the number of patients suffering from bradykinesia/rigidity
(n=13 versus n=18, respectively). In addition, the lack of correlation may be driven by the
patients with 100% tremor improvement, who demonstrated an unexpected lowering of
functional connectivity upon stimulation (considering the results for patients with less
improvement). However, we do not have a plausible explanation for this observation.
vi) Lastly, the correlations between clinical improvement and functional connectivity
changes might have been affected by the stimulation strength or the dopaminergic
state of the patients. However, we did not correct for this, since these parameters did
not correlate with clinical improvement (correlation LEDD and bradykinesia/rigidity
improvement r(16)=0.340, p=0.168; correlation stimulation strength and bradykinesia/
rigidity improvement r(16)=0.012, p=0.961).

Conclusion

In conclusion, we found a DBS-related suppression of sensorimotor cortical oscillatory
activity against a background of widespread stimulation-related increases in oscillatory
brain activity involving the higher frequencies. Increases in alpha2 and low-beta
functional connectivity were correlated with bradykinesia/rigidity improvement, but not
with tremor improvement. Our results provide new insights in the mechanism of action
of DBS as they complement the alleged “anti-kinetic” effect of beta band oscillations,
and suggest a “pro-kinetic” effect when large-scale cortico-cortical and cortico-subcortical
functional interactions are taken into consideration.
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Supplementary Figure 1 Raw MEG data of a representative PD patient with STN-DBS, before tSSS, after tSSS,
and after tSSS and broadband filtering (0.5-48 Hz). A selection of right parietal gradiometers are depicted, both
during DBS ON- and OFF. The amplitude of the raw data at DBS ON is higher than the data after tSSS, indicating
that artefacts from electrical stimulation are discarded by the tSSS algorithm. 10 seconds of recording is depicted.

MEG, magnetoencephalography; PD, Parkinson’s disease; STN-DBS, subthalamic deep brain stimulation; tSSS,
temporal Signal Space Separation; fT, femtoTesla
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Supplementary Table 1 Correlation of functional connectivity changes with improvement in motor scores

Spearman’s rho

UPDRS-III total

UPDRS-III
Bradykinesia and
Rigidity

UPDRS-III
Tremor

Theta

Alpha1

Alpha2

Low-beta

High-beta

Sensorimotor cortex
Whole cortex
Subcortical regions
Sensorimotor cortex
Whole cortex
Subcortical regions
Sensorimotor cortex
Whole cortex
Subcortical regions
Sensorimotor cortex
Whole cortex
Subcortical regions
Sensorimotor cortex
Whole cortex

Subcortical regions

0.08 (p = 0.741)
-0.25 (p =0.319)
-0.22 (p = 0.375)
-0.23 (p = 0.353)
-0.16 (p = 0.514)
-0.12 (p = 0.623)
0.29 (p = 0.293)
0.43 (p = 0.072)
0.42 (p = 0.080)
0.58 (p = 0.011)
0.50 (p = 0.035)
0.62 (p = 0.006)
0.02 (p = 0.951)
0.00 (p = 0.997)
0.21 (p = 0.403)

0.41 (p = 0.090)
0.07 (p = 0.785)
0.09 (p=0.717)
-0.11 (p = 0.657)
-0.34 (p = 0.893)
0.02 (p = 0.945)
0.57 (p = 0.014)
0.72 (p = 0.001)
0.68 (p = 0.002)
0.61 (p = 0.007)
0.70 (p = 0.001)
0.76 (p < 0.001)
-0.04 (p = 0.861)
-0.04 (p = 0.880)
0.15 (p = 0.559)

-0.18 (p = 0.572)
-0.38 (p = 0.221)
-0.32 (p = 0.303)
-0.19 (p = 0.549)
-0.15 (p = 0.642)
-0.35 (p = 0.271)
-0.24 (p = 0.455)
-0.42 (p = 0.169)
-0.47 (p = 0.126)
-0.03 (p = 0.921)
-0.02 (p = 0.956)
0.13 (p = 0.638)
0.24 (p = 0.448)
-0.32 (p = 0.309)
-0.51 (p = 0.090)

Spearman correlations between the change in clinical scores (UPDRS-III total, bradykinesia/rigidity sub score, and
tremor sub score) and the change in cAEC upon stimulation. The correlations with a p-value lower than 0.05 are
marked in bold.

cAEC, corrected Amplitude Envelope Correlation; UPDRS-III, Unified Parkinson’s Disease Rating Scale motor ratings.
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Supplementary Figure 2 Stimulation-related significant differences in functional connectivity (low-beta band)
between DBS-ON and DBS-OFF

Nodes represent brain regions, where the colors indicate significantly higher (red), or significantly lower (blue)
functional connectivity of that node with the rest of the brain. Left lateral (left panel), top (middle panel) and right
lateral (right panel) views of a template brain are shown.” Names of the relevant brain regions can be appreciated
from Table 2.



Supplementary Figure 3 Distribution of significant differences in absolute band power between the second DBS-
ON recording (ON2) and DBS-OFF. Significant increases (decreases) are displayed in red (blue) on a parcellated
template brain viewed from, in clockwise order, the left, top, right, left-midline and right-midline. An absolute
power increase of the faster frequencies (alpha1, alpha2, low-beta, high-beta) was found during DBS-ON2, similar
as for the comparison between DBS-ON and DBS-OFF (see Figure 3).
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Supplementary Figure 4 Group-specific functional connectivity changes

Plots showing the effect of stimulation on low-beta band cAEC (DBS ON versus DBS OFF) for modest responders
(<40% bradykinesia/rigidity improvement, n = 8) and for good responders (>40% bradykinesia/rigidity
improvement, n = 10). A) Overall average (and standard error) of cAEC values for DBS OFF and DBS ON for both
groups. Although no significant group differences were found (DBS OFF t(16), p = 0.744; DBS ON t(16), p = 0.404),
during DBS ON average cAEC values diverged. B) Distribution of cAEC differences (DBS ON versus DBS OFF) for
each region for both groups, displayed as a color-coded map on a parcellated template brain viewed from, in
clockwise order, the left, top, right, left-midline, and right-midline. Hot and cold colors indicate cAEC increases and
decreases, respectively. For visualisation purposes, only cortical brain regions are displayed. C) Distribution of
cAEC differences (DBS ON versus DBS OFF) for each individual connection for both groups. Nodes represent brain
regions, red (blue) connections represent a stimulation-related increase (decrease) in functional connectivity. Left
lateral (connections within left hemisphere), top, and right panel (connections within right hemisphere) views of
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a template brain are shown.”" For visualization purposes, only links with an absolute t-value larger than 3.17 are
shown (arbitrary threshold, thicker lines represent larger t-values). Note that for the good responders, stimulation-
related increases in functional connectivity can be seen, involving cortico-subcortical connections including
connections with the sensorimotor cortex (left and right lateral views).
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Supplementary Figure 5 Effect of noise addition on functional connectivity estimation

Effect of addition of spatially correlated white noise (WN) to DBS-OFF data on A) MEG data, and B) Functional
connectivity estimation.

Zero-mean WN was spatially correlated between individual regions of interest (ROIs), that is, the white noise from
one region of interest (ROI) was added to that of another ROI, scaled by the distance between the ROIs (smaller
distance led to a higher correlation). In one situation, a small amount of WN was added (o=1) and in another
situation, a large amount of WN was added to the data (o=5).

After noise addition to the DBS-OFF data, average functional connectivity was again estimated for each ROI. Theta
band functional connectivity (upper panel) was hardly affected by WN addition in patient 1, whereas low-beta FC
was lowered by the addition of noise in both patients (in green). This illustrates that the extra noise introduced by
deep brain stimulation (simulated here as spatially correlated white noise) could lead to a reduction in estimated
functional connectivity values, although this effect may be frequency-dependent.
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Supplementary Figure 6

Patient-specific localization of active contact points in MNI-space (viewed from respectively dorsolateral left,
posterior, and dorsolateral right). The subthalamic nucleus is shown in blue, the red nucleus (added for reference
purposes) in red. Good responders (bradykinesia/rigidity-improvement >40%) are depicted in green, modest
responders (bradykinesia/rigidity-improvement <=40%) in red. Coregistration of the pre-operative MRI-scan and
post-operative CT-scan took place using LEAD-DBS’? and implemented as described by Prent and colleagues.”
MNI, Montreal Neurological Institute; R, right; L, left.

Supplementary Table 2

Patient Right active contact point Left active contact point

X Y Y4 X Y Y4
1 -12.2 -11.7 7.1 13.4 -10.2 7.3
2 -10.6 -10.9 -5.6 10.6 -11.8 -6.1
3 -11.8 -11.0 6.5 13.4 1.4 -4.9
4 -14.8 -12.4 1.7 13.9 -12.4 -1.8
5 -11.3 -12.1 6.3 12.8 -11.0 -4.9
6 9.7 -11.8 6.3 12.1 -13.2 -5.1
7 -13.9 -11.4 -12.5 12.8 9.3 -11.7
8 -12.2 -14.0 -5.9 13.5 -12.9 -5.0
9 -11.9 -12.8 5.7 12.2 -11.0 6.2
10 -12.1 -13.7 -6.6 11.9 -11.9 5.6
11 -11.4 -10.9 -6.6 13.4 -11.7 5.6
12 -12.6 -14.6 6.2 13.6 -12.4 -4.5
13 -12.9 -12.0 7.2 13.8 -12.5 6.2
14 -12.4 -13.4 6.6 12.2 -12.5 7.2
15 1.4 -12.4 6.9 10.2 -13.5 -8.3
16 -12.3 -13.1 -6.1 11.6 -13.2 7.2
17 -12.8 -12.0 -4.7 11.5 -13.4 5.4
18 -14.3 -12.4 5.2 10.5 -10.4 9.7

Patient-specific MNI-coordinates for each active contact point. Coregistration of pre operative MRI-scan and post-
operative CT-scan took place using LEAD-DBS,”? and implemented as described by Prent and colleagues (see also
Supplementary Figure 5).73
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Supplementary Figure 7 Influence of the temporal extension of Signal Space Separation (tSSS) on average
sensor-space power spectra (2 to 45 Hz). Magnetometers (A) and gradiometers (B) are depicted separately
during stimulation OFF (left figures) and stimulation ON (right figures). Data for one illustrative patient (patient
1; 4096 samples) was used. For each of the four figures, power spectra were jointly normalized to 1, based on
the maximum peak in the figure. In case of the insets (magnetometers - A), spectra within the same figure were
normalized individually, for visualization purposes.

As shown in the figure, removal of noise with tSSS reveals the alpha peak in magnetometer data. Moreover, tSSS
drastically lowers the amplitude of environmental noise, as well as stimulation artefacts.
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Abstract

Background Notwithstanding the large improvement in motor function in Parkinson's
disease (PD) patients treated with deep brain stimulation (DBS), apathy may increase.
Postoperative apathy cannot always be related to a dose reduction of dopaminergic
medication and stimulation itself may play a role.

Objective We studied whether apathy in DBS-treated PD patients could be a stimulation
effect.

Methods In 26 PD patients we acquired apathy scores before and >6 months after
DBS of the subthalamic nucleus (STN). Magnetoencephalography recordings (ON and
OFF stimulation) were performed >6 months after DBS placement. Change in apathy
severity was correlated with (i) improvement in motor function and dose reduction of
dopaminergic medication, (ii) stimulation location (merged MRI and CT-scans) and (iii)
stimulation-related changes in functional connectivity of brain regions that have an
alleged role in apathy.

Results Average apathy severity significantly increased after DBS (p<0.001) and the
number of patients considered apathetic increased from two to nine. Change in apathy
severity did not correlate with improvement in motor function or dose reduction of
dopaminergic medication. For the right hemisphere, increase in apathy was associated
with a more dorsolateral stimulation location (p=0.010). The increase in apathy severity
correlated with a decrease in alpha? functional connectivity of the dorsolateral prefrontal
cortex (p=0.006), but not with changes of the medial orbitofrontal or the anterior cingulate
cortex.

Conclusions The present observations suggest that apathy after STN-DBS is not
necessarily related to dose reductions of dopaminergic medication, but may be an effect
of the stimulation itself. This highlights the importance of determining optimal DBS
settings based on both motor and non-motor symptoms.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective treatment
for Parkinson’s disease (PD) patients with disabling fluctuations in motor symptoms.'?
Despite excellent effects on motor symptoms, emotional, behavioural and cognitive
disturbances associated with STN-DBS have been reported.*” Apathy is a frequently
observed symptom after STN-DBS in PD (prevalence ~25%) and is associated with a
decrease in the quality of life.®"

Apathy can be defined by a lack of motivation, diminished goal-directed behaviour and
decreased emotional involvement.'? Apathy after DBS has been attributed to mesolimbic
denervation'™ and dose reductions in dopaminergic medication,' although a consistent
correlation with the latter has not been found.'®'*'> The results of a recent animal study
suggest that impaired motivation may be an effect of the brain stimulation itself.'®
Moreover, in DBS-treated PD patients apathy scores correlated with the position of active
DBS contacts,*'”'® as well as with DBS-related changes in cortical glucose metabolism.'
However, a study in which the functional effects of deep brain stimulation (DBS-ON
versus DBS-OFF) are related to apathy scores is currently lacking.

In the current study, we selected three bilateral brain regions that have an alleged role
in apathy: the dorsolateral prefrontal cortex (dIPFC), the anterior cingulate cortex (antCC)
and the medial orbitofrontal cortex (medORB). Functional changes in the antCC and
the medORB appear to be related to emotional-affective apathy,'®' whereas functional
changes in the dIPFC are associated with cognitive apathy (mostly via executive cognitive
dysfunction).20!

In a previous magnetoencephalography (MEG) study, we demonstrated that DBS has
widespread effects on oscillatory brain activity and functional connectivity and that
changes in the latter correlate with DBS-related improvement in motor scores.?? Based
on this observed correlation between functional connectivity changes and motor effects,
we decided to study apathy-related functional connectivity changes. Specifically, in this
MEG study using a DBS ON-OFF setup, we aimed to determine whether change in pre-to-
post-DBS apathy score correlated with (i) the dose reduction of dopaminergic medication,
(ii) the stimulation location and (iii) changes in functional connectivity of the three pre-
selected bilateral cortical brain regions. In line with a previous case-report from our
group,* we hypothesized that postoperative apathy can be an effect of stimulation of the
ventral (limbic) STN, affecting brain regions involved in emotional-affective processing.
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Materials and methods

Patients

A total of 33 PD patients who had undergone bilateral STN-DBS implantation between
2016 and 2018 at Amsterdam UMC, location AMC, participated in this study (after
consecutively approaching eligible patients) and underwent MEG recordings at least 6
months after DBS electrode placement (range 6-17 months; median 7 months). Inclusion
and exclusion criteria were previously described.? In the context of standard clinical
care, the stimulation parameters were individually determined for optimal therapeutic
efficacy (regarding motor effects) and monopolar stimulation was applied. All patients
were implanted with a Boston Scientific Vercise directional stimulation system (Valencia,
CA, USA). Of the 33 PD patients included in this study, five patients were excluded from
further analysis due to excessive noise in more than ~13 MEG channels during the ON-
stimulation recording, which prevented the use of the temporal extension of Signal Space
Separation (tSSS; see MEG data preprocessing). One patient was excluded because of
missing clinical data (pre-DBS apathy score) and one patientas a consequence of excessive
tremor during the OFF-stimulation recording. This led to a final study sample of 26
patients. The research protocol describing the MEG, psychiatric and neuropsychological
data collection was approved by the medical ethical committee of Amsterdam UMC,
location VUmc. Ethics review criteria conformed to the Helsinki declaration. All patients
gave written informed consent before participation.

Data acquisition

Study visits took place after an overnight withdrawal of dopaminergic medication
(practically defined off-state). MEG data were recorded using a 306-channel whole-head
system (Elekta Neuromag Oy, Helsinki, Finland) in an eyes-closed resting-state condition,
with a sample rate of 1250 Hz and online anti-aliasing (410 Hz) and high-pass (0.1 Hz)
filters. The head position relative to the MEG sensors was recorded continuously using
the signals from five head position indicator (HPI) coils. For each subject, the total MEG
recording time was 55 minutes, consisting of 11 trials of 5 minutes. In each trial different
DBS stimulation settings were used. The first recording was during bilateral stimulation
with the standard DBS-settings of the individual patient (DBS-ON). Subsequently, nine
recordings took place in randomized order, eight of which consisted of unilateral
stimulation using a single electrode contact (data not presented) and one recording during
DBS-OFF. The eleventh and last recording was, again, performed during stimulation
using the standard DBS-settings of the individual patient (DBS-ONZ2; data not presented).
Further details on the MEG acquisition can be found in Boon et al..??

Anatomical images of the head were obtained in the context of standard pre-operative
imaging up to 6 months before surgery using a 3T magnetic resonance imaging (MRI)
scanner (Philips Ingenia, Best, the Netherlands) and a 16-channel receiver coil. We
acquired post-gadolinium volumetric T1-weighted scans (TR 8.8-9.1ms; TE 4.0-4.2ms;
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flip angle (FA) 8°; field of view (FOV) 256x256mm; slice thickness 1.0mm; 1.0x1.0mm; 169
slices) and T2-weighted scans using a slab covering the brain from the superior cerebellar
peduncle to the top of the lateral ventricles (TR 4000.0-5233.2ms; TE 80.0-87.7ms; FA
90°; FOV 432x432/560x560mm; slice thickness 2mm; 0.5x0.5mm; 46-80 slices). For 21
patients, on the postoperative day, a multidetector CT-scan of the head was acquired
(Philips Medical System, Best, The Netherlands; slice thickness 1-2mm; FOV 512x512mm;
56-169 slices). For the five remaining participants, an intra-operative CT-scan was
acquired using a Medtronic O-arm 02 (high definition mode; 20 cm FOV; 192 slices; 120
kV; 150 mAs; Medtronic Inc., Minneapolis, MN, USA).

Apathy scores reflecting the last 4 weeks? were obtained from the patient (helped by
the patient’s relative or caregiver, if possible) using the patient-based version of the
Starkstein apathy scale,? both at baseline (several days before DBS placement) and after
DBS placement (several days before the study visit) with patients on medication and ON
stimulation in the standard settings of the individual patient. This validated apathy scale
ranges from 0 to 42 and patients with an apathy score >14 were considered apathetic.?*
Hamilton Depression Scores and Hamilton Anxiety Scores® were also obtained at
baseline and during the study visit. Neuropsychological tests of executive functioning
(Trail Making Test A and B; Stroop Test 1-3) were performed before DBS placement and
after six months of DBS therapy by a licensed clinical neuropsychologist on medication
and ON stimulation. Motor function was scored by trained nurses using the motor part of
the Movement Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS-
1) both at baseline and, approximately six months after DBS placement, during DBS-ON
and DBS-OFF, off medication.

Data processing
MEG data

MEG channels that were malfunctioning or noisy were ignored after visual inspection
of the data. Thereafter, the temporal extension of Signal Space Separation (tSSS)*?7 in
MaxFilter software (Elekta Neuromag Oy, version 2.2.15) was applied with a subspace
correlation-limit of 0.8 to suppress the strong magnetic artefacts.?? MEG data of each
patient were co-registered to their T1 MRIs using a surface-matching procedure, with
an estimated accuracy of 4mm.? A single sphere was fitted to the outline of the scalp as
obtained from the co-registered MRI, which was used as a volume conductor model for
the beamformer approach described below.

The automated anatomical labelling (AAL) atlas was used to label the voxels in 78
cortical and 12 subcortical regions of interest (ROIs).2>3® We used each ROI's centroid as
representative for that ROI.3' Subsequently, an atlas-based beamforming approach was
used to project broad-band (0.5-48 Hz) filtered sensor signals to these centroid voxels,
resulting in broad-band time series for each of the 90 ROIs (see Hillebrand et al.>® for
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details). The source-reconstructed MEG data were visually inspected (by LIB) for tremor-,
motion- and stimulation-related artefacts and drowsiness. The MEG data were cut into ~22
epochs per (5 minute) recording. Epochs were then downsampled from 1250 Hz to 313
Hz (4x) and contained 4096 samples (13.12 s). For each recording, the 50% epochs with
the lowest peak frequency (estimated within the 4-13 Hz frequency range using automatic
quantification) were discarded in order to minimize the risk of including episodes with
drowsiness. For each condition, 10 epochs with the best quality (visual selection based on
the absence of artefacts and drowsiness) were selected for further analysis. Spectral and
functional connectivity analyses were performed using BrainWave (version 0.9.152.12.26;
CJS, available from https://home.kpn.nl/stam7883/brainwave.html). For frequency band-
specific analyses, epochs were filtered in five frequency bands (delta (0.5-4 Hz), theta (4-8
Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz) and beta (13-30 Hz), using a Fast Fourier Transform.
The gamma band was not analyzed as we had observed stimulation-related artefact peaks
in this band in a previous study.?? For each epoch, frequency band-specific functional
connectivity was estimated using the corrected Amplitude Envelope Correlation (cAEC),
an implementation of the AEC3* corrected for volume conduction/field spread, using
a symmetric (pairwise) orthogonalisation procedure.?*3> The cAEC was calculated for all
possible pairs of ROIs, leading to a 90x90 adjacency matrix.

Imaging data

To determine the stimulation locations after placement of the DBS system, the electrode
trajectories were reconstructed using Lead-DBS (Lead-DBS, version 2.2; http://www.lead-
dbs.org).*® To this end, the post- or intra-operative CT-scan was co-registered to the pre-
operative MR image using a two-stage (rigid and affine) registration as implemented in
Advanced Normalization Tools (ANT).>” In three cases in which only an intra-operative CT-
scan was available, the co-registration failed using ANT. In these cases, co-registration was
successfully performed using FSL FLIRT. Co-registration was followed by a semiautomatic
localization of the electrode positions on the CT data in patient space.

The electrode stimulation positions were then transformed from patient space to
Montreal Neurological Institute space (MNI ICBM 2009b NLIN ASYM space) to facilitate
group-level analyses. The DISTAL Minimal atlas® was used as outline of the STN. Next,
the midpoints of stimulation positions were projected on a vector running through the
longitudinal axis of the STN (from ventromedial to dorsolateral), leading to one scalar
value to indicate each stimulation position, where negative values indicated more
ventromedial stimulation positions.

Statistical analysis

We tested the differences in proportion of apathetic patients (pre- versus post-DBS)
using a chi-square test, change in apathy score, MDS-UPDRS-III score, and levodopa
equivalent daily dose (LEDD)-score using paired t-tests (all pre-DBS versus post-DBS).
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Correlations between the change in apathy score and change in LEDD, change in MDS-
UPDRS-III score, stimulation positions, change in depression score, change in anxiety
score, and change in executive functioning (difference in T-scores (mean of 50£10),
normed by age and education) were estimated using Pearson correlations. Next, in order
to explore the possibility of confounding variables explaining change in apathy scores,
the abovementioned variables were combined into a single hierarchical linear regression
model using a backward elimination method (in which change in apathy score functioned
as dependent variable).

For each patient, stimulation condition and frequency band separately, functional
connectivity matrices were averaged over 10 epochs. Next, we obtained the average
functional connectivity between one ROl and the rest of the brain by averaging functional
connectivity values over each column of the matrix. We then calculated the change in
functional connectivity (DBS-ON versus DBS-OFF) for three pre-selected cortical brain
regions, the dIPFC (AAL-region: middle frontal gyrus, as previously used by Pretus and
co-workers),*® antCC and medORB, and correlated these values with the change in pre-to-
post-DBS apathy score. As the functional connectivity data was not normally distributed
(despite attempts to transform the data) this was done using Spearman correlations.

All analyses were performed using the SPSS Statistics 20.0 software package (IBM
Corporation, New York, USA), using a significance level of 0.05 (two-tailed). Bonferroni
correction was applied for the number of seed regions in the Spearman correlations
between change in apathy score and change in functional connectivity. Due to the
exploratory nature of the study, we did not correct for the number of frequency bands
used for the functional connectivity estimates.

Results
Patients

26 DBS-treated PD patients, whose characteristics are summarized in Table 1, were
included in this study. DBS significantly improved off-dopamine motor function with a
mean change of 51.2% in MDS-UPDRS-III score (t(25)=9.21; p<0.001) and the LEDD was
significantly lowered after DBS placement (t(25)=8.01; p<0.001; see Table 1). The mean
number of excluded MEG channels before running tSSS was 9 for DBS-ON recordings
(range: 4-13) and 6 for DBS-OFF recordings (range: 2-12).
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Apathy

In 24 of the 26 PD patients apathy severity increased after DBS and the number of
apathetic patients increased from 2 pre-DBS to 9 post-DBS (X? (1,26)=4.093, p=0.043).
Apathy severity scores were significantly higher during follow-up than at baseline (pre-
DBS versus post-DBS; t(25)=6.47, p<0.001). Increase in apathy severity did not correlate
with decrease in LEDD, neither taking all dopaminergic medication into account (p=0.157;
Supplementary Figure A.1), nor dopamine agonists alone (p=0.503; Supplementary
Figure A.2). Change in apathy severity did not correlate with improvement in motor
function (MDS-UPDRS-III; p=0.518; Supplementary Figure A.3). Change in apathy severity
did also not correlate with change in depression severity (p=0.443; Supplementary Figure
B.1), change in anxiety severity (p=0.710; Supplementary Figure B.2), nor with change
in executive functioning (p=0.693; Supplementary Figure B.3). Lastly, as a recent paper
shows that motor asymmetry can predict emotional outcome of STN-DBS [40], we
compared the change in apathy score for patients with left- and right-sided onset of
motor symptoms, but there was not difference (¢(25)=0.68, p=0.501).

Apathy and DBS localization

In Figure 1A, the midpoints of the stimulation positions of all active contact points are
depicted in standard MNI space relative to an atlas representation of the STN. Increases
in apathy scores are color-coded, ranging from no increase (green/yellow) to a strong
increase (dark red) in apathy severity. There was a significant correlation between a more
dorsolateral stimulation position (along a vector) and increase in apathy severity post-
DBS for the right side (p = 0.010), but not for the left side (p = 0.491; Fig.1B). In contrast,
there was no relationship between stimulation position (along the same vector) and the
degree of improvement in total motor score (UPDRS-III; Supplementary Fig E).

Next, we performed a hierarchical linear regression model using a backward elimination
method to study the relationship between stimulation location and change in apathy
score, including the following covariates: pre-to post-operative change in executive
functioning, depression score, anxiety score, LEDD total, LEDD of dopamine agonist,
and motor function. For the right side this resulted in the following model: R2 = 0.465;
change in depression score, b(standardized) = 0.587, p = 0.039; stimulation position,
b(standardized) = 0.727, p = 0.015. For the left side no statistically significant model could
be fitted.
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Figure 1 Stimulation locations of contact points in relation to change in apathy severity

A) Stimulation locations in MNI-space (viewed from respectively dorsolateral left, posterior and dorsolateral right).
The subthalamic nucleus (blue) and red nucleus (red) were added for reference purposes. Increases in apathy
severity are color-coded, ranging from no increase (green/yellow) to strong increase (dark red).

MNI, Montreal Neurological Institute; L, left; R, right.

B) Stimulation locations were projected on a vector through the longitudinal axis of the STN, where negative
values indicated more ventromedial stimulation positions. There was a significant correlation between stimulation
position and increase in apathy severity for the right side (r(24) = 0.498, p = 0.010), but not for the left side (r(24)
=0.141, p=0.491).

Apathy and functional connectivity

The three a priori selected cortical brain regions are depicted in Figure 2A. The centroid
voxel was taken as representative for each individual brain region, and its time-series
was used for the estimation of functional connectivity. A significant negative correlation
was found between the pre-to-post-DBS change in apathy score and the stimulation-
related change in functional connectivity of the bilateral dIPFC with the rest of the brain
(alpha1, p=0.006; alpha level was adjusted to 0.05/3 to correct for multiple comparisons
as three seed regions were studied; Figure 2B). A reduction in stimulation-related
functional connectivity was related to an increase in post-operative apathy. In contrast,
no significant correlations were found for the medORB (alphal, p=0.298), as well as
for the antCC (alphat, p=0.163). Correlations with functional connectivity in the other
frequency bands can be found in Table 2.
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Figure 2 Correlations between regional changes in functional connectivity (alpha1) and change in apathy severity
A) Distribution of the bilateral cortical brain regions studied, the dIPFC (red), medORB (blue) and antCC (green)
displayed on a parcellated template brain viewed from, in clockwise order, the left, top, right, left midline and
right midline.
B) Scatter plots of pre-to-post-DBS change in apathy severity and alpha1 functional connectivity change (DBS-ON
- DBS-OFF), averaged for each of the three regions of interest. Statistics can be found in Table 2.
dIPFC, dorsolateral prefrontral cortex; medORB, medial orbitofrontal cortex; antCC, anterior cingulate cortex.
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Table 2 Correlations of functional connectivity changes with change in apathy severity

Region Frequency band Spearman’s rho
Dorsolateral prefrontal cortex Delta 0.231 (p=0.256)
Theta -0.261 (p=0.290)
Alpha1 -0.520 (p= 0.006)
Alpha2 -0.393 (p=0.047)
Beta -0.241 (p=0.235)
Medial orbitofrontal cortex Delta 0.044 (p=0.829)
Theta -0.151 (p=0.461)
Alpha1 -0.212 (p=0.298)
Alpha2 -0.124 (p=0.545)
Beta -0.247 (p=0.224)
Anterior cingulate cortex Delta -0.105 (p=0.609)
Theta -0.110 (p=0.593)
Alpha1 -0.282 (p=0.163)
Alpha2 -0.108 (p=0.599)
Beta -0.243 (p=0.231)

Correlations between the changes in cAEC upon stimulation and increase in apathy severity (Starkstein apathy
scale) between baseline (pre-DBS) and follow-up (post-DBS). The correlations are expressed as a Spearman’s rho.
To account for the fact that three seed regions were compared, alpha levels were adjusted such that p-values
smaller than 0.05/3 (using Bonferroni correction) were considered to be statistically significant, marked in bold.
cAEC, corrected Amplitude Envelope Correlation; DBS, deep brain stimulation.

As a post-hoc visualization, both for patients with weaker (<5) and patients with stronger
(>5) increase in apathy severity (based on a median split of the data) we showed the
distribution of stimulation-related changes in alpha1 functional connectivity of individual
connections linked to the dIPFC (Figure 3). In line with the correlation previously shown,
we observed a stimulation-related lowering in functional connectivity in patients with
a stronger increase in apathy severity. Furthermore, stimulation-related functional
connectivity changes in both groups mostly involved connections with frontal brain
regions. Functional connectivity matrices and functional connectivity of the three seed
regions (alphal; both DBS-OFF and DBS-ON) averaged over all subjects are provided in
Supplementary Figure C and D.
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Figure 3 Functional connectivity
changes induced by DBS for individual
connections for patients with weaker
(<5; panel A) and with stronger (>5;
panel B) increase in apathy severity.
Distribution of alpha1 cAEC differences
induced by DBS stimulation for each
individual connection linked to the
dorsolateral prefrontal cortex (yellow
nodes) for patients with weaker
(<5; panel A) and with stronger (>5;
panel B) increase in apathy severity.
Green nodes represent brain regions,
red (blue) connections represent
a stimulation-related increase
(decrease) in functional connectivity.
Top and bottom views of a template
brain are shown[41]. For visualization
purposes, only links with an absolute
t-value larger than 1.00 are shown
(arbitrary threshold for visualization
purposes).

Discussion

In this study, we investigated apathy after STN-DBS treatment in patients with PD,
in particular the relationship between DBS-related increase in apathy severity and
stimulation location, as well as the association between DBS-related increase in apathy
severity and stimulation-induced changes in functional connectivity. Our results confirm
the notionthatapathy severity increases after STN-DBS in PD and that the stimulation itself
may play a role in this increase.'>'”'® The pre-to-post-DBS increase in apathy severity was
associated with a more dorsolateral position of the stimulation for the right hemisphere,
as well as a stimulation-related reduction in alpha1 band functional connectivity of the
bilateral dIPFC with the rest of the brain. The latter could be interpreted as a stimulation-
related loss in connectedness (functional communication) of this brain region with the
rest of the brain in patients who became apathetic.

We found no significant correlation between the increase in pre-to-post-DBS apathy
score and the degree of reduction of dopaminergic medication in the present study.
Reintroduction of dopaminergic medication has previously been shown to improve post-
operative apathy' suggesting a causal role for dopamine withdrawal in the occurrence
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of apathy. However, a recent animal study has demonstrated that impaired motivation
caused by deep brain stimulation itself can also be reversed by a dopamine agonist.’® We
acknowledge that post-operative apathy is a complex and multifactorial phenomenon
in which adjustments of dosages of dopaminergic medication, degeneration of
dopaminergic neurons,*? as well as the stimulation itself may have a role.

The STN occupies a central role in several functionally different basal ganglia circuits and
comprises specific motor (dorsolateral), associative (central) and limbic (ventromedial)
regions.®*#* The influence of the stimulation location in or around the STN on the
occurrence of post-DBS apathy is as yet unclear. Two case-studies have described the
induction of apathy by stimulation of the zona incerta,'*** located dorsally from the STN,
whereas another case study demonstrated that apathy resolved by switching from a
ventrally located contact point to a more dorsal contact point.# By contrast, in one study
cohort (analyzed in two publications),’'® apathy scores (non-significantly) decreased in
PD patients after STN-DBS placement. Above-average decreases in apathy scores were
related to stimulation around the ventral border and the sensorimotor subregion of the
STN and below-average decreases were related to stimulation dorsal to the STN."”'8 A
potential explanation for the fact that decreases rather than increases in apathy severity
were found in the latter study is that subscores related to apathy derived from the Non
Motor Symptom Scale were used as a measure of apathy, which is not recommended for
the assessment of apathy in PD.%

We found a significant increase in apathy severity after STN-DBS. We observed a
significant correlation between increase in pre-to-post DBS apathy score and a more
dorsolateral stimulation location relative to the STN for the right hemisphere, but not
for the left hemisphere. As the occurrence of apathy has previously not been related
to laterality of DBS,*4 we refrain from drawing any conclusions from this left-right
difference. Despite the fact that dorsolateral stimulation positions in the motor part of
the STN are considered as the optimal STN target resulting in the best clinical motor
effects (and hence a stronger reduction in dopaminergic medication dose),**4 increased
apathy severity was not associated with a stronger improvement of motor symptoms.
In addition, we did not find a relation between stimulation position and the degree of
improvement in motor score (Supplementary Figure E), contrasting with the results of
the study by Bot and coworkers.*° Our study differed in several aspects though, including
the method of localizing the electrodes (patient versus standard space), method of
quantifying the stimulation location (vector through the longitudinal axis of the STN
versus Euclidian distance to the medial STN border), and the motor scores used (overall
UPDRS-IIl versus unilateral motor score).

When combining our observations with those of previous studies,'>'”84>we conclude that,
in contradiction with the previously proposed mechanism (and our own hypothesis),*>°
stimulation in the ventral part of the STN (the limbic regions) does not necessarily induce
apathy. Our findings even suggest that apathy may worsen by a stimulation location in
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proximity to the motor region of the STN. Moreover, the fact that increase in apathy
severity did not correlate with improvement in motor symptoms leads us to conclude
that finding an optimal stimulation location, striking a balance between the least apathy
and the best motor response, seems feasible. Future longitudinal studies using a within-
subject design in which the stimulation in case of post-DBS apathy is switched to an
alternative (more ventral) contact point may shed further light on this matter. In addition,
studies that take into account individual differences in the division of subregions using
structural connectivity profiles of the STN (using high-resolution MRI techniques) could
guide the search for an optimal stimulation position.

The fact that we found stimulation-related changes in functional connectivity of the
dIPFC to be associated with the pre-to-post-DBS increase in apathy severity, suggests
an (executive) cognitive substrate, rather than an emotional-affective type of apathy
(which is more related to the antCC and medORB). Moreover, in our study increases in
apathy severity were not associated with changes in executive functioning, whereas in
the multiple regression model there was a relation between improvement in depression
scores and better apathy scores after surgery (in the context of right-sided stimulation).
It remains to be determined whether the occurrence of apathy after DBS has a cognitive
or emotional-affective basis.

Our results on stimulation-related changes in functional connectivity were most
outspoken for the alphal band (8-10 Hz). A direct functional loop of resting-state alpha
band coherence has previously been observed between the STN and the ipsilateral
temporal cortex,”3 but not the dIPFC. This could suggest that the dIPFC is indirectly
influenced by DBS via downstream effects on the thalamus, although there may also
be direct antidromic stimulation effects via the hyperdirect pathway (albeit the latter
mechanism would be more likely for the medial prefrontal cortex than for the dIPFC).>4%>
The complex balance between downstream (via the thalamus) and antidromic stimulation
effects (hyperdirect pathway) may also explain the differential effects of stimulation; an
increase in FC in some patients and a decrease in FC in others.

The present study has some limitations that need to be addressed. (i) We correlated
change in apathy severity over a time interval of >6 months with differences in
functional connectivity between ON-DBS and OFF-DBS conditions recorded on the
same day. Nevertheless, we believe that studying DBS effects (ON versus OFF) on the
same day offers the advantage of a better insight into the effect of brain stimulation
itself (in which we interpret the DBS-ON setting, and not turning off, the stimulation
as the intervention), without any bias of disease progression or change in the dose of
(dopaminergic) medication over time. The occurrence of apathy is generally assessed
over a period of four weeks and can therefore not be tested in a DBS-ON versus DBS-OFF
setup.?2* However, since we lacked an ON-OFF paradigm in the apathy scores, we must
be cautious in drawing conclusions on causality beyond the observed correlation. (ii) We
correlated the change in apathy scores obtained on medication with MEG recordings
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recorded off medication. The off-medication state of the subjects may have influenced
the MEG signals. However, as the subjects served as their own controls in this DBS ON-
OFF setup, we expect the influence of the off-medication state on our results to have
been minimal. (iii) The correlation between the position of stimulation and the change in
apathy severity was based on the position of the stimulation sites along a vector running
through the longitudinal axis of the STN, from the ventromedial tip in a dorsolateral
direction. Although this correlation analysis does not provide information on the optimal
position of stimulation in 3D, it does give an intuitive idea of the different stimulation
positions throughout the functional subdivision of the STN. (iv) Previously, we described
the potential effects of monopolar DBS on MEG signals.?? Despite the ability of tSSS and
beamforming to effectively suppress artefacts,**>” two sharp peaks remained in the
power spectrum during stimulation, at ~27 Hz and ~35 Hz. As the peaks did not appear to
affect the alphal band, we consider the influence of stimulation artefacts on our results
to be limited. Furthermore, the estimation of (changes in) functional connectivity may be
influenced by modulation of the signal to noise ratio in the seed regions.>® It is unlikely that
our results can be explained by such modulations, since there was no relation between
change in absolute alphal band power and change in functional connectivity in the three
seed regions (Supplementary Figure D). (v) Instead of focusing on the functional effects
of stimulation in all brain regions, we chose to select only three (literature-based) brain
regions, which prevented us from testing an abundance of other possible correlations.
In addition, our MEG analysis lacked the spatial resolution to study subcortical brain
regions such as the nucleus accumbens, which has previously been associated with
apathy in PD.*® As a consequence, we may have missed brain regions that may be
associated with the occurrence of apathy. However, we assume that, in accordance with
a previous PET-study in DBS-patients with apathy'® the stimulation-related change in the
dIPFC specifically reflects the increased apathy severity and does not represent a global
phenomenon such as stimulation-related vigilance affecting background alpha-activity.
To verify this in a negative control brain region, we tested whether stimulation-related
changes in functional connectivity of the bilateral inferior occipital lobe correlated with
the change in apathy severity and this was not the case (alpha1, Spearman’s p(24)=-0.227;
p=0.265).

Important strengths of this study include the DBS ON-OFF setup taking place on the same
day. Second, the use of MEG (instead of EEG) in source-space, in combination with a
leakage-corrected connectivity measure (cAEC), offers good spatial resolution, enabling
interpretation of the findings in an anatomical context. Last, the Starkstein apathy scale
used in our study has very high intra- and interrater reliability.?* Regarding the scores
on post-DBS apathy, we consider our study sample as representative for the STN-DBS
population, as the average apathy scores were comparable to those in a large longitudinal
cohort.'"€0

245



246

Chapter 6.2

In conclusion, we found that increase in apathy severity after STN-DBS might well be
an effect of the stimulation itself. Increased apathy severity scores correlated with a
more dorsolateral stimulation location (right hemisphere) and with reduced functional
connectivity of the dIPFC, not with decreases in dopaminergic medication dose. Hence,
the occurrence of apathy after DBS might not necessarily be linked to stimulation of
the limbic STN, whereas the correlation with dIPFC connectivity suggests that it may
even have a cognitive substrate. To further validate this hypothesis, future prospective
(within-subject) studies are necessary to determine whether switching stimulation to
an alternative, more ventromedially located, contact point can resolve DBS-induced
apathy, preferably without losing clinical effectiveness on motor symptoms, along with a
normalization of functional connectivity of the dIPFC.
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Supplementary Figure A Correlation of change in apathy score with (1) change in dopaminergic medication, (2)
change in dopamine agonists, and (3) improvement in MDS-UPDRS-III scores

(1 + 2) Scatter plots of change in apathy score (pre-DBS versus post-DBS) with change in dopaminergic medication
(% change of Levodopa Equivalent Daily Dose; LEDD; pre-DBS versus post-DBS). There were no significant
correlations between increase in apathy score and decrease in dopaminergic medication (1) r(24)= 0.286, p=0.157;
(2) (14)=0.181, p= 0.503.

(3) Scatter plots of change in apathy score (pre-DBS versus post-DBS) with improvement in MDS-UPDRS-III scores
(% change of improvement pre-DBS versus post-DBS, ON stimulation, dopamine OFF). There was no significant
correlation r(24)= 0.133, p=0.518.

MDS-UPDRS-IIl, Movement Disorders Society Unified Parkinson’s Disease Rating Scale motor ratings
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Supplementary Figure B Correlation of change in apathy score with changes in (1) depression score, (2) anxiety
score, and (3) executive functioning

Scatter plots of change in apathy score (pre-DBS versus post-DBS) with (1) change in Hamilton Depression Scores
(HDS; pre-DBS versus post-DBS), (2) change in Hamilton Anxiety Scores (HAS; pre-DBS versus post-DBS) and (3)
average change of T-values of executive functioning (Trail Making Test A and B; Stroop Test 1-3; in which higher
scores represent worse functioning). There were no significant correlations between increase in apathy score
and change in (1) depression scores r(24)= 0.160, p= 0.443; (2) anxiety scores r(24)= 0.077, p= 0.710 (3) T-values of
executive functioning r(24)= -0.083; p= 0.693.
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Supplementary Figure C Functional connectivity matrices (alphal band)

Functional connectivity matrices were averaged over all subjects. 1-39 represent left-cortical brain regions, 40-78
represent right-cortical brain regions and 79-90 represent subcortical brain regions. A more detailed explanation
of the AAL regions can be found in Supplementary Table 1.
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Supplementary Figure D

Local (absolute) band power (left panel) and functional connectivity (right panel) in the alphal band for the
three seed regions, both in the DBS-OFF and DBS-ON state. Values are presented as mean (+ SD). Statistics was
performed on the relationship between change in local alpha1 absolute band power (surrogate marker for change
in signal to noise ratio) and change in alphal functional connectivity using spearman correlations. None of the
relationships reached statistical significance. (dIPFC, Spearman’s p = 0.317, p = 0.107 ; medORB, Spearman’s p =
-0.057, p =0.776; antCC, Spearman’s p = 0.284, p = 0.151)

dIPFC, dorsolateral prefrontal cortex; medORB, medial orbitofrontal cortex; antCC, anterior cingulate cortex
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Supplementary Fig. E Stimulation locations of contact points in relation to improvement in motor score
Stimulation locations in MNI-space (viewed from respectively dorsolateral left, posterior and dorsolateral right).
The subthalamic nucleus (blue) and red nucleus (red) were added for reference purposes. Improvements in motor
score (% UPDRS-IIl, contrasting pre- versus post-DBS scores) are color-coded, ranging from no improvement
(green/yellow) to strong improvement (dark red).

Next, stimulation locations were projected on a vector through the longitudinal axis of the STN, where negative
values indicated more ventromedial stimulation positions. There were no significant correlations between
stimulation position and improvement in motor performance; left side (r(24)= 0.055, p= 0.788); right side (r(24)=
-0.197, p=0.335).

MNI, Montreal Neurological Institute; L, left; R, right; UPDRS-III, Unified Parkinson’s disease Rating Scale, motor part
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Supplementary Table 1 Regions of the AAL atlas
This table can be found in the supplementary materials of Chapter 3.2
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Abstract

Background Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an
effective treatment for disabling fluctuations in motor symptoms in Parkinson’s disease
(PD) patients. However, iterative exploration of all individual contact points (four in each
STN) by the clinician for optimal clinical effects may take months.

Objective In this proof of concept study we explored whether magnetoencephalography
(MEG) may be used to noninvasively measure the effects of changing the active contact
point of STN-DBS on spectral power and functional connectivity in PD patients, with the
ultimate aim to aid in the process of selecting the optimal contact point, and perhaps
reduce the time to achieve optimal stimulation settings.

Methods The study included 30 PD patients who had undergone bilateral DBS of the STN.
MEG was recorded during stimulation of each of the eight contact points separately (four
on each side). Each stimulation position was projected on a vector running through the
longitudinal axis of the STN, leading to one scalar value indicating a more dorsolateral or
ventromedial contact point position. Using linear mixed models, the stimulation positions
were correlated with band-specific absolute spectral power and functional connectivity
of i) the motor cortex ipsilateral tot the stimulated side, ii) the whole brain.

Results At group level, more dorsolateral stimulation was associated with lower low-
beta absolute band power in the ipsilateral motor cortex (p =.019). More ventromedial
stimulation was associated with higher whole-brain absolute delta (p =.001) and theta (p
=.005) power, as well as higher whole-brain theta band functional connectivity (p =.040).
At the level of the individual patient, switching the active contact point caused significant
changes in spectral power, but the results were highly variable.

Conclusions We demonstrate for the first time that stimulation of the dorsolateral
(motor) STN in PD patients is associated with lower low-beta power values in the motor
cortex. Furthermore, our group-level data show that the location of the active contact
point correlates with whole-brain brain activity and connectivity. The results in individual
patients were too variable to draw conclusions regarding the potential use of MEG in the
selection of the optimal DBS contact point.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective treatment
in case of disabling fluctuations in motor symptoms of Parkinson's disease (PD)
patients.™ In addition to the excellent effects on motor symptoms, DBS may positively or
negatively affect non-motor symptoms, such as neuropsychological and neuropsychiatric
functioning.*® DBS electrodes are implanted bilaterally and each DBS electrode generally
contains multiple contact points. After DBS placement, the stimulation settings have to be
iteratively explored by the clinician during a rather long period, often spanning months,
to find the optimal stimulation settings. Optimal contact point selection is important,
because motor and non-motor outcomes seem to depend on the location of the active
contact point in the STN and its surrounding white matter.”®

STN target identification is based on T2 magnetic resonance imaging (MRI) coordinates.®
Post-operative refinements of stimulation parameters are mainly based on the clinical
effects of the stimulation. In theory, the expected clinical effects of stimulation could
be based on the anatomical position of contact points in relation to their surrounding
structural networks, obtained using coregistered pre- and post-operative images."
However, this does not offer insight into the effects on functional brain networks, which
have gained increasing attention over the years. A better understanding of the effects of
DBS on functional brain networks may provide insight in the underlying mechanisms and
can help to optimize treatment effects.'?

Magnetoencephalography (MEG) has been used for the in-vivo assessment of the
modulatory effect of stimulation of the STN on neural networks involving both the
cerebral cortex and subcortical brain regions. To date, this has only been studied in a
DBS ON versus OFF design in which only one contact point (with clinically optimal effect)
per hemisphere was stimulated'®. In our own studies, we have found that DBS, using
the optimal contact point, led to a whole-brain acceleration of neuronal oscillations and
to a suppression of absolute band power (delta to low-beta power) in the sensorimotor
cortices.' Furthermore, changes in functional connectivity correlated with improvement
in motor function' and with the occurrence of the non-motor side effect apathy’®. Two
studies from other research groups found a lowering effect of STN-DBS on alpha and
low-beta band power in the sensorimotor cortices.'"

In this proof of concept study, we tested for the first time the functional effects of
stimulating different DBS contact points in the STN within individual patients using MEG.
If differential effects would prove to be observable, MEG recordings could potentially
aid in the process of selecting the optimal contact point, and perhaps reduce the time
to achieve optimal stimulation settings. We first analyzed the effect of stimulation on
the ipsilateral motor cortex. Based on previous studies,’'> we expected that stimulation
in the dorsolateral STN would lead to a suppression of absolute alpha2 and low-beta
band power and functional connectivity. This suppression may occur via stimulation
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of the hyperdirect pathway that structurally connects the dorsolateral STN with the
motor cortex, which may lead to desynchronization of cortical neurons.’®?® Next, we
analyzed the effect of stimulating different contact points on whole-brain spectral power
and functional connectivity. The ventral STN has recently been demonstrated to have
functional loops with the cerebral cortex via theta and alpha oscillations,?? so we
expected ventral stimulation to affect these oscillations. Finally, we set out to analyse
whether an acute change in stimulation position would lead to consistent changes in
brain activity and connectivity in individual patients.

Materials and methods

Patients

A total of 30 PD patients participated in this study after we consecutively approached
eligible PD patients who had undergone bilateral DBS implantation between 2016 and
2018 at Amsterdam UMC, location AMC. All patients were implanted with a bilateral
Boston Scientific Vercise directional stimulation system (Valencia, CA, USA). Inclusion and
exclusion criteria were previously described.' In all patients, monopolar stimulation in
so-called ring mode at one of four available depths was used, with the implantable pulse
generator set positive and (deepest) contact point 1, contact points 2-4, contact points
5-7 or (upper) contact point 8 set negative (Supplementary Figure 1).

The study protocol was approved by the medical ethical committee of the Amsterdam
UMC, location VUmc. All patients gave written informed consent before participation.

Data acquisition

Patients underwent MEG recordings at least 6 months after DBS placement (range 6-17
months; median 7 months), after an overnight withdrawal of dopaminergic medication
(practically defined OFF-medication state). MEG data were recorded using a 306-channel
whole-head system (Elekta Neuromag Oy, Helsinki, Finland) in an eyes-closed resting-state
condition, with a sample rate of 1250 Hz and online anti-aliasing (410 Hz) and high-pass
(0.1 Hz) filters. The head position relative to the MEG sensors was recorded continuously
using the signals from five head position indicator (HPI) coils. The HPI positions were
digitized before each recording, as well as the outline of the patient’s scalp (~500 points),
using a 3D digitizer (Fastrak, Polhemus, Colchester, VT, USA).

For each patient, the total MEG recording time was 55 minutes, consisting of 11 trials of 5
minutes. A different DBS stimulation setting was used for each trial with a ‘wash-out’ period
of approximately one minute. The firstand eleventh (last) recording were performed during
bilateral stimulation using the standard DBS-settings of the individual patient (DBS-ON;
results presented previously).'*'® In between, nine recordings took place in randomized
order, eight of which consisted of unilateral stimulation using a single contact point, and



Magnetoencephalography to measure the effect of contact point-specific deep brain stimulation in

Parkinson's disease

one recording during DBS OFF (results previously presented).'*'® For each individual
participant, unilateral stimulation was performed within the limits of the results of the
initial threshold screening for effects and adverse effects of stimulating each contact point.
This threshold screening was obtained in the context of standard care, two to four weeks
after DBS placement, and indicated the maximally tolerable stimulation strength for each
contact point. In the first 13 patients of the study, stimulation strength differed between
recordings, but in patients that were recorded later in the project we aimed to keep the
stimulation strength more equal between contact points. The stimulation frequency and
pulse width we used were the same as during bilateral stimulation (standard settings).
After each individual recording, we asked whether patients experienced discomfort. If so,
then we limited the number of recordings. Further details on the experimental set-up can
be found in our previous publications on this study cohort.'31®

Anatomical images of the head were obtained in the context of standard pre-operative
imaging up to 6 months before surgery using a 3T MRI scanner (Philips Ingenia, Best,
the Netherlands) and a 16-channel receiver coil. Further details on the MRI parameters
have been described previously'>'®. Up to 1 day after surgery, a CT scan of the head
was acquired (slice thickness 1-2mm; FOV 512x512 mm; number of slices 56-169).
For 25 patients, on the postoperative day, a multidetector CT-scan of the head was
acquired (Philips Medical System, Best, The Netherlands; slice thickness 1-2 mm; FOV
512x512mm; 56-169 slices). For the five remaining participants, an intra-operative CT-
scan was acquired (O-arm 02, Medtronic Inc., Minneapolis, MN, USA) with a 20 cm FOV
(high definition mode; 192 slices; 120 kV; 150 mAs).

Data processing
MEG data

MEG channels that were malfunctioning or noisy were ignored after visual inspection
of the data. Thereafter, the temporal extension of Signal Space Separation (tS5S)3% in
MaxFilter software (Elekta Neuromag Oy, version 2.2.15) was applied with a subspace
correlation-limit of 0.8 to suppress the strong magnetic artefacts; see also' for an
example of the effect of tSSS on MEG data recorded during DBS). MEG data of each
patient were co-registered to their structural MRI using a surface-matching procedure,
with an estimated accuracy of 4 mm.® A single sphere was fitted to the outline of the
scalp as obtained from the co-registered MRI, which was used as a volume conductor
model for the beamformer approach described below.

The automated anatomical labelling (AAL) atlas was used to label the voxels in 78
cortical and 12 subcortical regions of interest (ROIs).?%?” We used each ROIl's centroid
as representative for that ROI%. Subsequently, an atlas-based beamforming approach®
was used to project broad-band (0.5-48 Hz) filtered sensor signals to these centroid
voxels, resulting in broad-band time-series for each of the 90 ROIs (see? for details). The
source-reconstructed MEG data were downsampled from 1250 Hz to 312.5 Hz (4x) and
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cut into epochs containing 4096 samples (13.11 s). The epochs were visually inspected
(by LIB) for tremor-, motion- and stimulation-related artefacts and drowsiness. In
addition, for each recording, the 50% epochs with the lowest peak frequency (frequency
with maximum power within the 4-13 Hz frequency range) were discarded in order to
make the occurrence of drowsiness in the selected data even more unlikely. Finally,
the 10 epochs with the best quality were selected for further analysis. Spectral and
functional connectivity analyses were performed using in-house software (BrainWave,
version 0.9.152.12.26; CJS, available from https://home.kpn.nl/stam7883/brainwave.
html). For frequency band-specific analyses, epochs were filtered in five frequency
bands (delta (0.5-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz), and low-beta
(13-22 Hz), using a Fast Fourier Transform. The high-beta and gamma bands were not
analyzed as we observed stimulation-related artefact peaks in this frequency range
(22-48 Hz) in our previous study.' For each epoch, frequency band-specific functional
connectivity was estimated using the corrected Amplitude Envelope Correlation (AEC-c),
an implementation of the AEC3°3! corrected for volume conduction/field spread, using a
symmetric (pairwise) orthogonalisation procedure applied to each epoch.?°32 To adjust
for any negative correlations, 1 was added to the raw AEC values and this sum was
subsequently divided by 2, leading to values between 0 and 1, with 0.5 indicating absence
of functional connectivity. The AEC-c was calculated for all possible pairs of ROIs, leading
to a 90x90 adjacency matrix for each frequency band. We obtained region-specific
functional connectivity of one ROl with the rest of the brain by taking the average of each
of the 90 columns of the matrix.

Imaging data

To determine the stimulation locations after placement of the DBS system, the electrode
trajectories were reconstructed. To this end, the post-operative CT-scan was co-
registered to the pre-operative MR image using a two-stage (rigid and affine) registration
as implemented in Advanced Normalization Tools (ANT).>® For the five patients of whom
only anintra-operative CT-scan was available, the co-registration failed using ANT. In these
cases, co-registration was successfully performed using FSL FLIRT. The co-registration
was followed by a semiautomatic localization of the electrode positions in the CT data in
patient space (Lead-DBS, version 2.2; http://www.lead-dbs.org).3*

The electrode stimulation positions were then transformed from patient space to
Montreal Neurological Institute space (MNI ICBM 2009b NLIN ASYM space) to facilitate
group-level analyses. We used the DISTAL Minimal atlas®* as an outline of the STN.
Next, in line with our previous analysis on stimulation positions in this study cohort,®
stimulation positions were projected on a vector running through the longitudinal axis of
the STN (from ventromedial to dorsolateral), leading to one scalar value to indicate each
stimulation position, where negative values indicated more ventromedial stimulation
positions (see Figure 1A for a schematic display, in which the 25% most dorsolateral and
25% most ventrolateral contact points have been indicated).
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Statistical analysis

Group analyses

For each stimulation condition and frequency band separately, neurophysiological results
were averaged over 10 epochs. Next, we obtained i) alpha2 and low-beta band absolute
band power and functional connectivity of the motor cortex ipsilateral to the stimulated
hemisphere and ii) absolute band power and functional connectivity per frequency band,
averaged for the brain as a whole (all 90 AAL regions).

We used linear mixed models to evaluate the association between the (scalarized)
stimulation locations and neurophysiological measures. Linear mixed models can
account for the dependency of the observations within the patient (by adding a random
intercept) and the fact that not all patients had complete data. The neurophysiological
measures were used as dependent variables and stimulation locations as independent
variables. The side of stimulation, age, gender, post-operative use of dopaminergic
medication (expressed as levodopa equivalent dose; LEDD),*® disease duration, and
stimulation strength (mA) were included in the model as covariates. In the models that
focused on the motor cortex, we added the Unified Parkinson’s disease Rating Scale
(UPDRS-III) motor score (during DBS and levodopa OFF) as additional covariate.

All analyses were performed using the SPSS Statistics 20.0 software package (IBM
Corporation, New York, USA), and a significance level of 0.05 (two-tailed). Results of linear
mixed models are expressed as standardized effect sizes.

Post-hoc visualizations of group analysis

We visualized the distribution of the neurophysiological measures that were significantly
associated with stimulation location in the linear mixed model analyses and compared
dorsolateral with ventromedial stimulation. For this, we compared the results of
stimulation of the 25% most dorsolateral contact points with stimulation of the 25%
most ventrolateral contact points of each hemisphere. We also compared the results of
these ‘extreme’ contact point locations (25% most dorsolateral and ventromedial) with
the results of the DBS OFF condition using analysis of variance (ANOVA) to study the
direction of change that caused the observed associations.

Individual subjects

Next, we analyzed whether a change in stimulation position within individual patients
would lead to consistent changes in brain activity, again for the neurophysiological
measures that had a significant relationship with stimulation positions in the linear mixed
model analyses. Therefore, for each individual patient, we calculated the correlation
coefficient between the (scalarized) stimulation locations and the neurophysiological
measures, without taking covariates into account.
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We also explored within one randomly selected patient how the measures of absolute
spectral power evolved during the recording session, with the aim to observe distinct
changes in neurophysiological patterns upon change of the stimulation position.

Table 1 Patient characteristics

Patient Age Sex Disease Range of Pulse width LEDD #datasets
duration  stimulation and frequency post-DBS available/
(years) strengths (mA) of stimulation (mg/day) #recordings

1 38 M 8 L;25-35R; 1.5-3.5 60 ps; 179 Hz 996 8/8
2 70 F 25 L;1.5-3.5R; 2.0 60 ps; 130 Hz 567 8/8
3 66 M 10 L;2.5-35R; 1.53.0 60 ps; 149 Hz 575 8/8
4 55 M 8 L;2.0-25R; 2.0-3.0 60 ps; 130 Hz 775 7/8
5 57 M 1 L;3.0R; 1.0-2.0 60 pis; 130 Hz 606 8/8
6 61 M 7 L;1.5-3.5R; 1.53.0 60 ps; 130 Hz 375 8/8
7 60 F 10 L;25R; 3.0 60 ps; 179 Hz 350 6/7
8 60 M 14 L;1.5-3.0R; 1.0-2.0 60 ps; 130 Hz 425 5/8
9 63 F 5 L;2.0R; 2.0 60 pis; 130 Hz 567 8/8
10 65 F 27 L; 2.5-3.0R; 2.0-2.5 60 ps; 130 Hz 400 8/8
1 49 F 10 L;1.52.0R; 1.52.0 60 ps; 130 Hz 536 4/5
12 57 M 12 L; 2.5R; 2.0-2.5 60 ps; 130 Hz 720 5/5
13 69 M 12 L;2.0R; 1.0-1.5 60 pis; 130 Hz 150 7/8
14 61 M 8 L;20R; 1.5 60 ps; 130 Hz 946 6/8
15 60 M 8 L15R 1.5 60 ps; 179 Hz 300 7/8
16 56 M 12 L; 2.5R; 2.5 60 ps; 130 Hz 1245 7/8
17 56 M 14 L;2.5R; 2.5 60 ps; 130 Hz 783 3/3
18 53 M 1 L; 2.0R; 2.0 60 ps; 130 Hz 1043 6/7
19 66 F 8 L;2.0-25R; 2.5 60 ps; 130 Hz 753 7/8
20 45 M 5 L; 2.5R; 2.5 60 ps; 130 Hz 283 7/8
21 58 M 16 L;3.0R; 3.0 60 ps; 130 Hz 613 6/6
22 55 F 20 L;2.0R; 1.3 60 ps; 130 Hz 558 8/8
23 57 M 12 L;3.5R; 3.5 60 ps; 130 Hz 533 4/4
24 65 F 18 L15R 15 60 ps; 130 Hz 500 8/8
25 57 F 14 L;2.5R; 2.5 60 pis; 130 Hz 660 8/8
26 63 F 1 L;2.0R; 2.0 60 ps; 130 Hz 887 6/8
27 53 F 5 L;-R; 3.0 60 ps; 130 Hz 883 3/4
28 55 M 12 L15R 1.5 60 ps; 130 Hz 679 8/8
29 64 M 22 L;3.0R; 3.0 60 pis; 130 Hz 780 7/8
30 48 M 6 L;1.0-1.5R; 1.52.0 60 ps; 130 Hz 110 7/8
Mean 58.1 M,n=19; 12.0(5.6) 620 (260)

(SD) (6.9 F n=11

mA, milliampeére; ps, microseconds; LEDD, Levodopa equivalent daily dose; mg, milligrams, M/F, male/female, L/R
left/right; SD, standard deviation; Hz, Hertz
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Results
Patients

30 DBS-treated PD patients, whose characteristics are summarized in Table 1, were
included in this study. The median number of MEG-recordings performed for each
subject was 8 (range 3-8) out of 8 possible recordings. 9% of these recordings could not
be used for further analysis due to insufficient quality, leading to a median number of 7
recordings per patient (range 3-8) and a total of 199 recordings (27.1% (deepest) contact
point 1, 23.6% contact points 2-4, 25.1% contact points 5-7, 24.1% (upper) contact point
8)). Of the data that had sufficient quality, the median number of excluded MEG channels
before running tSSS was 9 (range 3-12).

Associations between stimulation location and
neurophysiological measures

The stimulation positions are depicted in Figure 1A, in standard MNI space relative to
an atlas representing the STN. Using linear mixed models, we analyzed the associations
between the (scalarized) stimulation locations and absolute spectral power as well as
functional connectivity values. An overview of the results can be found in Table 2.

The analysis of the motor cortex ipsilateral to the stimulated STN demonstrated a
significant association between more dorsolateral stimulation and lower (absolute) low-
beta band power (standardized effect size -0.112; p = .019). There were no significant
associations for absolute alpha2 power or alpha2 and low-beta functional connectivity.

The whole-brain analysis showed a significant association between more ventromedial
stimulation and higher (absolute) delta and theta power (standardized effect sizes -0.154;
p=.001 and -0.059; p =.005 respectively). In addition, more ventromedial stimulation was
associated with higher whole-brain theta functional connectivity (standardized effect size
-0.125; p = .040). Scatter plots of the neurophysiological measures that had a significant
association with stimulation positions are shown in Supplementary Figure 2.
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Table 2 Associations between location of stimulated contact point and brain activity/connectivity

Absolute power Standardized effect size 95% CI (standardized) p value
Motor cortex

Alpha2 -0.045 -0.146 to 0.057 421
Low-beta -0.112 -0.206 to -0.018 .019
Whole brain

Delta -0.154 -0.247 to -0.061 .001
Theta -0.059 -0.100 to -0.018 .005
Alpha1 0.015 -0.043 t0 0.072 614
Alpha2 -0.01275 -0.054 to 0.028 .540
Low-beta -0.014 -0.061 to 0.032 .548
Functional connectivity = Standardized effect size 95% Cl (standardized) p value
Motor cortex

Alpha2 -0.0432 -0.155 to 0.068 483
Low-beta -0.0139 -0.126 to 0.099 .870
Whole brain

Delta -0.101 -0.234t0 0.033 .140
Theta -0.125 -0.243 to -0.006 .040
Alpha1 -0.011 -0.109 to 0.087 .820
Alpha2 -0.019 -0.106 to 0.068 .669
Low-beta -0.054 -0.147 t0 0.038 .249

The location of the stimulated contact point was obtained by projecting the stimulation position on a vector
following the longitudinal axis of the STN, leading to one scalar value for each stimulation position. The following
variables were included in the model as covariates: Side of stimulation, age, gender, levodopa equivalent daily
dose (LEDD), disease duration, and stimulation strength (mA). In the models regarding the motor cortex, we added
the Unified Parkinson'’s disease Rating Scale (UPDRS-II) motor score (during DBS and levodopa OFF) as additional

covariate.

Significant associations are indicated in bold.

Cl, 95% confidence interval
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Figure 1 Visualization of ventromedial versus dorsolateral stimulation and their effects on neurophysiological
parameters

A Stimulation locations in MNI-space, viewed from lateral left, ventral-posterior and lateral right, and projected on
a standard subthalamic nucleus. Parallel to the left STN (middle panel), the longitudinal axis containing scalarized
values is indicated. The 25% most dorsolateral contact points (positive values) are depicted in red, the 25% most
ventromedial contact points are depicted in blue (negative values). The black dots indicate the remaining 50% of
the contact points.

MNI, Montreal Neurological Institute; R, right

B Topographic distribution of absolute spectral power and functional connectivity values for; Left panel, the 25%
most ventromedial contact points; Middle panel, the 25% most dorsolateral contact points; Right panel, difference
between both conditions. We present neurophysiological measures that had a significant association on a whole-
brain scale. Logarithmic absolute power/difference values are visualized as a color-coded map on a parcellated
template brain viewed from, in clockwise order, the left, top, right, right-midline and left-midline.
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Post-hoc visualizations

We selected the data obtained by stimulation of the 25% most dorsolateral and 25% most
ventromedial contact points. We visualized the distribution of absolute delta power, theta
power and theta band functional connectivity (as these measures showed a significant
association with contact point position in the linear mixed model analyses), for both
selections separately. Furthermore, we visualized the difference between both selections
(Figure 1B). As can be appreciated from Figure 1B, when comparing ventromedial
stimulation positions with dorsolateral stimulation positions, higher absolute delta
power values were mainly present in frontal brain regions, higher absolute theta power
values in occipitotemporal brain regions and higher theta band functional connectivity in
frontotemporal brain regions.

Next, we compared the values obtained by stimulating the 25% most dorsolateral
and ventromedial contact points with the values in the DBS OFF condition, to assess
the direction of change of the neurophysiological measures following stimulation. The
absolute low-beta band power in the motor cortex was higher compared to the DBS
OFF condition with a (log) low-beta power in the ipsilateral motor cortices of 4.19 for
dorsolateral stimulation and 4.20 for ventromedial stimulation versus 4.15 in the
bilateral motor cortices for DBS OFF (p =.472). Average whole-brain absolute delta power
was comparable for the three conditions ((log) delta power ~4.22; p = .858). For absolute
whole-brain theta power, values during DBS OFF were in between those obtained during
the 25% most dorsolateral and ventromedial stimulation (dorsolateral whole-brain
absolute (log) theta power 4.09; DBS OFF 4.12; ventromedial 4.19; p = .036). This was also
the case for whole-brain theta band functional connectivity (dorsolateral whole-brain
theta band functional connectivity 0.513; DBS OFF 0.516; ventromedial 0.524; p =.001).

Acute switch in individual patients

The range of correlation coefficients between contact point positions and absolute (log)
low-beta band power in the motor cortex of individual patients was -0.878 to 0.997 with
a median of -0.003; for whole-brain absolute (log) delta power -0.988 to 0.614, median
-0.421; for whole-brain absolute (log) theta power -0.997 to 0.634, median -0.331; for
whole-brain theta band functional connectivity -0.895 to 0.740, median -0.070. All ranges
of correlations were normally distributed. From this, we concluded that there was no
consistent direction of correlations at the level of individual patients.

We visualized the evolution of absolute spectral power over epochs and conditions (in
chronological order) within a single randomly selected patient. Although significant
changes in absolute spectral power were present between different stimulation
conditions (DBS-OFF condition was not included in the statistical analyses), we could not
distinguish a clear pattern in the evolution of neurophysiological measures during the
recording session (Supplementary Figure 3).
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Discussion

In this proof of concept MEG study in 30 PD patients with DBS of the STN we explored
whether MEG recordings might aid in the selection of the optimal contact point for
stimulation, by analysing the effects of stimulating different DBS contact points on
neurophysiological brain activity within the same patient. In our group analysis, we
confirmed the hypothesis that more dorsolateral STN stimulation is associated with
lower absolute low-beta band power in the ipsilateral motor cortex compared to more
ventromedial stimulation. In addition, more ventromedial stimulation was associated
with higher whole-brain absolute delta and theta power, as well as higher whole-brain
functional connectivity in the theta band. At the level of the individual patient, we
observed significant changes in absolute spectral power when we switched the active
contact point, but the results were too variable to draw conclusions on.

We found an association between more dorsolateral stimulation positions and lower
absolute low-beta band power in the motor cortex ipsilateral to stimulation. Our previous
study™ as well as other MEG studies'' demonstrated a suppressing effect of DBS on
alpha2 and beta power in the motor cortex and we hypothesized that stimulation of the
motor part of the STN (in comparison to other parts of the STN) would lead to stronger
suppression of beta band power in the motor cortex via the hyperdirect pathway. We could
partly confirm this hypothesis, but in the post-hoc analysis we found stimulation of the
(25%) most ventromedial and dorsolateral contact points to both lead to higher absolute
low-beta band power values in the motor cortex compared to DBS OFF. The observation
that band power in higher frequency bands, including low-beta power, increased in general
upon stimulation therefore suggests that the net result of dorsolateral stimulation was not
so much a ‘suppression’, but rather ‘less activation’ of the motor cortex. As discussed in
our previous work,'3 the general increase in high-frequency band power could be an effect
of a stimulation-related “release” of the thalamus,® increased intrinsic alertness upon
stimulation,?® and/or an increase in background noise from the stimulator. This general
increase may have been superimposed by a local suppression of absolute low-beta band
power in the motor cortex. The clinical implication of this local suppression of low-beta
band power is yet unknown, as a lowering effect of stimulation on low-beta band power
was not associated with clinical motor improvement in previous studies.’*'

More ventromedial stimulation was associated with higher whole-brain absolute delta
and theta band power, as well as higher theta band functional connectivity. As we learned
from the comparison with DBS-OFF (see paragraph “post-hoc visualizations” including
figure 1B), this was partly accompanied by a lowering effect of dorsolateral stimulation on
these measures. Nonetheless, in case of absolute theta power and theta band functional
connectivity, the most pronounced effect of stimulation was an increase in spectral power/
functional connectivity for ventromedial stimulation. In case of absolute delta power, the
effect of ventromedial and dorsolateral stimulation did not differ from DBS OFF in the post-
hoc analysis, therefore we cannot be sure of the direction of this effect.
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Increases in absolute theta power upon ventromedial stimulation would be in line with
the literature, as theta/alpha band interactions between the STN and cortex are more
frequently located ventrally in the STN than beta band interaction, which is located in
the dorsolateral STN.?22 The function of theta/alpha band interactions with the STN is
not well understood, but these interactions may be involved in emotional and cognitive
processes.?? Another possible explanation for the increases in absolute delta and theta
power is a reduced effect on intrinsic alertness when stimulating ventromedial versus
a stronger level of arousal when stimulating in dorsolateral STN regions.>® To exclude
another optional explanation, we have tested whether the observed relationship between
stimulation position and whole-brain absolute theta power may have been influenced by
an adequate (in case of dorsolateral stimulation) or inadequate (in case of ventromedial
stimulation) suppression of tremor. When we added tremor severity during DBS OFF as
a covariate in the mixed model, the model still led to significant associations between
stimulation location and whole-brain neurophysiological measures (absolute delta
power p =.001; standardized effect size -0.149; absolute theta power p =.005 (-0.059);
theta functional connectivity p =.033 (-0.135)). Therefore, a confounding effect of tremor
is highly unlikely.

Although we found statistically significant changes in brain activity and connectivity in our
group-level analyses, in individual patients we were unable to find any consistent pattern
of change resulting from an acute switch of stimulation location. We assumed a linear
relationship between stimulation location and functional effects of stimulation in our
analyses. However, the implantation trajectory of a DBS electrode usually does not follow
the dorsolateral to ventromedial axis of the STN. Ideally, the dorsolateral sensorimotor part
of the STN is targeted, resulting in two (middle) contact points within, the upper contact just
above and the deepest contact just below the dorsolateral STN. In less ideally implanted
electrodes, all contact points end up more medially or even ventromedially in/around the
STN. Switching of the active contact points may then have no effect or a different (non-
linear) effect for each individual, which may be a factor contributing to the inconsistent
effects in individuals. In the group level analysis using linear mixed models, the sum of
these individual effect still led to significant observations. We expect that the within-subject
analysis can be improved by including individual (high-resolution) anatomical information,
which was lost in the group analysis that we performed in MNI space.

In an exemplary case (Supplementary Figure 3), we did observe significant differences
in absolute spectral power upon switching stimulation locations, but the amount of
variation within conditions was rather high and we could not observe a consistent pattern
of stimulation effects in this case either. Possibly, the significant differences in spectral
power in this single case were caused by other factors unrelated to the stimulation,
such as variations in intrinsic alertness or natural fluctuation of brain signals over time.
As factors unrelated to the stimulation may obscure subtle effects of stimulation in
individual patients, analysing stimulation effects at group level may ‘average-out’ these
variations and significant patterns may appear.
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We believe that the data acquisition protocol can be further optimized to reveal the full
potential of MEG for the assessment of the effects of changes in stimulation location
in individual DBS-patients. I) We used a ‘wash-out’ period for stimulation effects of
approximately one minute, which is rather short. The wash-out period for motor effects
is highly variable between patients,* but five minutes on average.*' Furthermore,
stimulation effects on brain networks may take time to stabilize. By mainly selecting
data from the last part of the recordings, we think we have partly accounted for this,
but longer wash-out periods and longer recordings may be necessary to both obtain
stronger group-level results and to be able to draw conclusions regarding the effects of
stimulation in individual patients. 1l) Optimization of artefact rejection and/or artefact
correction may improve the signal-to-noise ratio and hence the study results.'®

There are several other methodological factors that deserve attention. Firstly, in the initial
13 patients the stimulation strength differed between contact points, as we stimulated at
the maximally tolerable strength based on the threshold screening. In patients we included
later in the study, the stimulation strength used was more comparable between contact
points, in order to reduce the possibility of bias, given that stimulation strength itself may
influence the neurophysiological results. However, there were no significant differences in
stimulation strength between contact points (contact point 1 (deepest) average 2.22 mA,
contact points 2-4 2.28 mA, contact points 5-7 2.32 mA, contact point 8 (upper) 2.25 mA;
ANOVA; p =.850). Moreover, we added stimulation strength as a covariate in our analyses.
Secondly, ideally we would have correlated the brain activity and connectivity resulting
from stimulating different contact points with clinical measures of motor and/or non-motor
functioning. Unfortunately it was not possible to obtain data on the clinical effect for each
stimulated contact point during the MEG recordings, nor was the data of the threshold
screening (two to four weeks after DBS placement) sufficient to perfom analyses with, but
we have previously demonstrated the capability of MEG to capture clinically meaningful
DBS-effects.’>'8 Thirdly, we did not perform a correction for multiple comparisons in this
explorative study. We aimed to reduce the number of statistical tests by preselecting
frequency bands (alpha2 and beta band analyses involving the motor cortex) and analysing
global spectral power and functional connectivity (whole-brain analyses). However, we
cannot exclude the possibility of false positive findings in our analyses.

In conclusion, in this proof of concept study, we explored whether MEG could be used
to measure the effects of DBS on brain activity and connectivity in PD patients, which
could be a stepping-stone towards the use of MEG recordings in the process of selecting
the optimal contact point for stimulation. The group-level data showed that a change
in stimulation location produces measurable changes in brain activity and connectivity.
More dorsolateral stimulation led to lower absolute low-beta band power in the ipsilateral
motor cortex, whereas ventromedial stimulation led to higher whole-brain absolute delta
and theta band power, as well as higher whole-brain theta band functional connectivity.
The clinical implications of these findings are currently unknown, but our results suggest
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that functional mapping of the STN using MEG is feasible at a group level. However, as
we did not find consistent intra-individual patterns, MEG is currently not useful in the
selection of the optimal DBS contact point. Optimizations in the acquisition (both MRI
and MEG) and analysis protocols may improve the potential of this approach in individual
patients.
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Supplementary materials

Supplementary Figure 1 Schematic representation of the implanted eight-segment DBS electrode (Cartesia,
Boston Scientific, Marlborough, Massachusetts, USA).
Adapted from Ten Brinke et al. (2020)* with permission from the authors
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Supplementary Figure 2 Stimulation location plotted against the neurophysiological measures
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Scatter plots of four neurophysiological measures plotted against the stimulation location of the active contact
point they were significantly associated with. As the analysis was performed using linear mixed models, the
intercept is influenced by covariates in the model. Therefore, we did not draw a line indicating the direction of
association.

FC, functional connectivity; AEC-c, corrected amplitude envelope correlation

277



278

Chapter 6.3

Supplementary Figure 3 Evolution of absolute spectral power in an individual patient

Visualization of the evolution of absolute spectral power over all epochs in a recording session of a single patient.
Absolute band power is depicted as logarithmic on the y-axis and each individual epoch (ten selected epochs per
condition, in chronological order) on the x-axis. The condition labels are indicated; Red vertical lines indicate a
change in stimulation condition. Contact point 1 represents the deepest (most ventral) contact point, contact point
8 the upper (most dorsal) contact point (see Supplementary Figure 1).

It is clear that the amount of variation within the same stimulation condition is high and we cannot distinguish
a general pattern over time. We have analyzed whether there were significant differences in spectral power
between conditions using repeated-measure ANOVA's (excluding the OFF condition). For all frequency bands, these
analyses were statistically significant, indicating a significant difference between at least two of the conditions;
Alpha2 motor cortex, p =.001; Low-beta power motor cortex, p <.001; Whole brain: Delta power, p <.001; Theta,
p =.029; Alpha1 power, p <.001; Alpha2 power, p =.002; Low-beta power, p <.001.
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The main objectives of this thesis were to gain more insight into the functional brain
mechanisms related to motor and non-motor symptoms in PD, as well as its progression
over the course of the disease, both from a cortical and subcortical perspective. In addition,
we studied the neurophysiological effects of DBS on the PD brain in relation to motor and
non-motor functioning. We aimed to answer the question whether MEG can be used to
measure DBS effects on brain activity and connectivity. In this chapter, we will summarize
the main conclusions of the chapters in this thesis and discuss these in four parts.

Reviews of the EEG and MEG literature in PD

In chapter 2.1 we reviewed the EEG literature in PD to determine whether quantitative
EEG measures reflect clinical measures of disease severity and progression in PD.
Based on the available evidence, slowing of the power spectrum correlates with clinical
disease progression, mainly cognitive decline, and appears to be a robust non-invasive
biomarker of the disease process. In addition, we concluded that functional connectivity
and network analyses may have utility as additional biomarkers of the disease process,
but have to be further explored in future studies.

In chapter 2.2 we reviewed the MEG literature in PD, which can roughly be subdivided into
whole-brain studies, mainly focused on cortical brain regions, and motor-network studies,
mainly focused on the motor cortex, in some studies combined with deep brain stimulation
and/or micro-electrode recordings of the STN. Based upon our review of the literature, we
concluded that i) whole-brain disease processes, such as slowing of oscillatory activity or
loss of functional connectivity, may affect local motor network findings and should therefore
be taken into account in the interpretation of the results of motor network studies, and ii)
changes in cortical brain activity may find their origin in subcortical brain regions. Hence,
treatments that target subcortical brain structures such as dopaminergic medication or
deep brain stimulation can have diffuse effects on the brain as a whole.

Changes in neurophysiological measures over the course of PD

In the study described in chapter 3.1 we addressed the question whether it is feasible to
perform a longitudinal analysis of MEG data recorded using two different MEG systems.
We performed this analysis on MEG data obtained in eight healthy controls who had
undergone recordings at three time points over a period of seven years. We hypothesized
that neurophysiological measures of brain activity, i.e. spectral power and functional
connectivity, in healthy controls would remain stable over time. In our analysis, we did
not observe significant changes in spectral power or functional connectivity over the
seven-year period. This observation opened up the possibility of a longitudinal analysis
in our cohort of PD patients in whom we had performed MEG recordings on two different
MEG systems as well. The results of this longitudinal study are described in chapter
3.2. We assessed MEG-derived measures of spectral power and functional connectivity
for cortical and subcortical brain regions. At baseline, we included 61 non-demented
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PD patients, including 17 early-stage PD patients who were not yet on dopaminergic
medication. At the second time point, after four years, we could include 39 of the PD
patients who had previously been recorded, and at the third time point, after seven
years, 35 PD patients. The early-stage, unmedicated PD patients already showed spectral
slowing in both subcortical and cortical brain regions at baseline, most pronounced
for the cortical brain regions. Spectral slowing entailed a decrease in peak frequency,
(relative) power increases for ‘slower frequencies’, mainly theta power, and (relative)
power decreases for ‘higher’ frequencies such as alpha2 and beta power. Thanks to the
multiple longitudinal design of the study, in which PD patients with a variety of disease
durations were included at baseline, we were able to establish that over a period of
20 years disease duration, spectral slowing progresses in both subcortical and cortical
brain regions and is strongly (positively) associated with clinical deterioration (cognitive
and motor). In contrast, we were unable to detect significant changes in band-specific
functional connectivity over time. This may have been a result of methodological choices
(such as the connectivity measure use, a whole-brain analysis) or imply that functional
connectivity changes were hardly present in our study cohort. This is further discussed
in the methodology section of this final chapter. The results of our study confirm and
extend previous observations that spectral slowing of cortical brain activity in PD is a
robust indicator of disease progression and cognitive decline throughout the course of
the disease."? In addition, we were able to demonstrate that subcortical brain regions are
involved in this process from the earliest clinical motor stage of the disease.

Discussion of results in chapter 2 and 3

Against our expectation, spectral slowing in subcortical brain regions did not precede
slowing in cortical brain regions in our study cohort. Perhaps, subcortical spectral slowing
precedes cortical slowing only at the premotor stage, as dopaminergic deficits (and hence
subcortical functional changes) are already present at the premotor stage.? Furthermore,
we cannot exclude the possibility that some of the early subcortical changes were too
local to be picked up by MEG, as the spatial resolution for deeply located brain regions is
not as good as the resolution at the cortical level.*>

The origin of spectral slowing in subcortical and cortical brain regions in early-stage PD
patients remains to be determined and seems to involve multiple mechanisms. Slowing of
cortical brain activity has also been observed in other diseases that lead to mild cognitive
impairment and dementia, such as Alzheimer's disease®” and Lewy Body dementia
(DLB).2?In all three diseases, spectral slowing has been attributed to cholinergic deficits.”
Spectral slowing is most pronounced in patients with DLB, which may not be surprising
considering the more severe cholinergic deficits in this disease.®'" Acetylcholine has an
excitatory effect on the rhythmic firing of the thalamus and several cortical layers. Loss of
cholinergic input may induce a change in the balance between excitation and inhibition
that leads to a slowing of the background rhythm.'>'3 In line with these observations,
oscillatory slowing in PD can partly be reversed by cholinergic medication in parallel
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with an improvement in cognitive functioning.'* However, dysfunction of the cholinergic
system is not the only possible explanation for the observed relationship between
cognitive decline and spectral slowing. First, cholinergic blocking in healthy subjects does
not lead to cognitive symptoms.’> Second, slowing of cortical and subcortical brain activity
in relation to cognitive decline has also been demonstrated in other brain diseases that
do not involve the cholinergic system, such as multiple sclerosis.’®'”

As an alternative to the cholinergic hypothesis, spectral slowing may represent a ‘final
common pathway’ resulting from a range of pathophysiological changes, ultimately
leading to a slowing of background rhythms. Contributing factors may include i) changes
in corticothalamic connectivity due to local neuropathological changes in subcortical
structures, so-called ‘corticothalamic dysrhythmia’,’® ii) impaired synaptic plasticity or
synaptic dysfunction at a cortical level due to local neuropathological changes, as previously
observed in Alzheimer's disease in relation to amyloid- and Tau pathology, iii) selective
degeneration of highly connected brain regions, so-called ‘hubs’, e.g. the thalamus,
precuneus and posterior cingulate gyrus; these hubs are important in maintaining
the background rhythm, but are also vulnerable to an overload of brain activity and
consequential damage.?*?' It is unlikely that dopaminergic deficits play a major role in the
correlation between cognitive decline and spectral slowing, as in our study the recordings
were performed in the normal medicated state of the patients. Moreover, dopaminergic
medication appears to be unable to reverse cortical oscillatory slowing.?

Rather unexpectedly, subcortical slowing and changes in beta band power in the sensorimotor
cortex were only weakly associated with motor dysfunction, whereas widespread cortical
slowing was associated strongly with motor dysfunction. The latter has only incidentally been
reported previously? and could not be confirmed in other studies.?*?> The lack of a strong
association between changes in subcortical brain activity and motor impairment might be
explained by the fact that the MEG recordings took place in a medicated (dopaminergic
treatment) state. The dopaminergic treatment may have normalized both motor function and
beta oscillations in the subcortical brain regions. Another option we discussed in our MEG-
review (chapter 2.2) is that neuronal oscillations may only correlate with motor impairment
when recorded during a motor task, but not during the resting-state. Thus, spectral power
data derived from resting-state recordings may reflect the disease process rather than pose
a mechanistic explanation for motor symptoms.

A closer look at the role of cortico-subcortical interactions in
PD-related cognitive decline

In chapter 4 we studied the involvement of subcortical brain regions in global cognitive
functioning in 34 late-stage PD patients (mean disease duration 12 years) and 12 healthy
controls at the third time point of our longitudinal study cohort, seven years from
baseline. Using the connectivity measure directed phase transfer entropy (dPTE), we
observed that in PD patients compared to healthy controls, the balance in information



Summary and general discussion

flow was changed from a preferential posterior-to-anterior flow of information in the
beta band to a more anterior-to-posterior information flow; i.e. from the subcortical and
frontal brain regions towards the posterior brain regions. In addition, lower outflow from
the posterior cortical brain regions correlated with a global measure of cognitive decline,
which suggests that dysfunction of the posterior cortical brain regions rather than the
subcortical brain regions underlies the observed shift in the balance of information flow.

In chapter 5 we described a study in which we focused on domain-specific cognitive
functioning in relation to longitudinally studied resting-state networks derived from fMRI
scans that were performed at the second and third time points of our longitudinal study
cohort. The study included 50 PD patients at time of the first fMRI scan (four years after
inclusion at baseline) and 31 PD patients at time of the second fMRI scan (seven years
after inclusion at baseline). At both study visits and in all PD patients and healthy controls,
an array of seven cognitive tests was administered, which focused on the following
cognitive domains: executive functioning (four tests), memory, motor perseveration,
and verbal fluency. At time of the first fMRI scan, patients showed dysfunction on six
out of seven tests compared to a sample of 15 healthy controls. Executive dysfunction
correlated with stronger static functional connectivity and weaker dynamic functional
connectivity between the subnetworks ‘subcortical brain regions’ and the frontoparietal
network. Over a three-year period, further decline in executive function correlated
with a further increase in static functional connectivity between these subnetworks.
Furthermore, a decline in functional connectivity within the subcortical brain regions and
a decline in functional connectivity between the dorsal attention network and the rest of
the brain correlated with further deterioration in executive dysfunction. We concluded
that dysfunctional communication between the subcortical, frontoparietal and dorsal
attention networks is related to impaired executive functioning in PD.

Discussion of results in chapter 4 and 5

In the studies described in chapter 4 and 5, we have explored the interaction between
the basal ganglia and cortical brain regions in relation to cognitive dysfunction in PD
patients. We were able to capture the two phenomena that fit into the so-called ‘dual
syndrome’ hypothesis of cognitive decline in PD. This states that dopaminergic deficits in
fronto-striatal circuits underlie executive dysfunction, whereas cholinergic denervation
or local cortical spreading of alpha-synuclein pathology causes ‘posterior cortical’ deficits,
such as visuospatial and memory deficits.?° Patients with the latter clinical profile are
considered to be at a higher risk for future development of PD dementia than patients
exhibiting a frontal-executive dysfunction.?’ The neurophysiological changes involving
the posterior cortex in our study on global cognitive decline (chapter 4) signal a higher
risk for the development of PD dementia. This notion is strengthened by the fact that
lower beta band power in posterior cortical brain regions is predictive for the subsequent
development of PD dementia.?® Moreover, a loss of beta band power is also a feature of
Alzheimer's disease* and may therefore suggest the involvement of a cholinergic deficit.
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The results of our study in chapter 5 suggest that subcortical brain regions, as well as
their interactions with the frontoparietal network, are involved in executive dysfunction.
The application of dynamic functional connectivity is relatively new in the field of
neuroscience and several analytical pitfalls should be taken into consideration.?® Our
finding of lower dynamic functional connectivity between the basal ganglia and the
frontoparietal network may reflect impaired flexibility due to hypersynchronization,
restricting the ‘functional repertoire’, an idea put forward in a recent MEG-study.*® The
influence of dopaminergic medication on frontostriatal functional interactions and
executive dysfunction is complex. On average, dopaminergic medication appears to
lower frontostriatal functional connectivity and thus relieve hypersynchronization® and
improve executive dysfunction.®? However, as individual patients have different baseline
levels of dopamine in individual subcortical structures, these structures may exhibit a
differential sensitivity to the positive and negative effects of dopaminergic medication,
the so-called ‘overdose theory’;*® i.e. within a given patient, one subcortical structure
involved in a certain cognitive task can be dysfunctional due to a lack of dopamine in
the unmedicated state, but will start to function properly upon the administration of
dopaminergic medication. Within the same patient, another subcortical structure
involved in another cognitive task may function properly in an unmedicated state as
there is sufficient dopamine present, but will dysfunction when dopaminergic medication
is administered (‘overdose’).

The effects of deep brain stimulation on the PD brain

In chapter 6.1 we studied the effect of DBS on brain activity and connectivity in PD
patients as well as its relationship with improvement in motor function. We performed
MEG recordings ON and OFF stimulation in eighteen PD patients who had undergone
DBS placements at least six months earlier. Scores of motor function (Unified Parkinson’s
Disease Rating Scale, UPDRS-IIl) were obtained before and six months after surgery.
We found that DBS led to a global acceleration of neuronal oscillations, combined with
a suppression of absolute band power (0.5-22 Hz) in the sensorimotor cortical brain
regions. Improvement of bradykinesia and rigidity was significantly related to increases
in alpha2 and low-beta band (10-13 and 13-22 Hz) functional connectivity. This was the
case for the brain as a whole, for subcortical and cortical brain regions separately, and
when we focused on the sensorimotor cortices. Tremor improvement did not correlate
with changes in functional connectivity. We concluded that we are able to record clinically
relevant neurophysiological phenomena when combining MEG and DBS.

In chapter 6.2 we aimed to answer the question whether apathy, which is often observed
after DBS, could be a stimulation effect, superimposed upon the effect of disease
progression and/or the dose reduction of dopaminergic medication that often takes
place after surgery. We performed MEG recordings in 26 PD patients, at least six months
after surgery, ON and OFF stimulation. In addition, we obtained apathy scores (Starkstein
apathy scale)** before surgery as well as on the day of the MEG recordings. We correlated
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the DBS-related changes in functional connectivity of three preselected cortical brain
regions (known from the literature to be involved in apathy) with the change in apathy
scores. We observed a large increase in overall apathy scores after surgery (assessed
during stimulation). Moreover, the number of patients that fulfilled clinical criteria for
a diagnosis of apathy increased from two to nine after DBS. Change in apathy score did
not correlate with improvement in motor function or dose reduction of dopaminergic
medication. For the right hemisphere, an increased apathy score was associated with
a more dorsolateral stimulation location. Furthermore, the increase in apathy severity
correlated with a decrease in alpha? functional connectivity of the dorsolateral prefrontal
cortex. We concluded that, both from a structural (stimulation location) and functional
perspective, increased apathy in PD patients with DBS can at least partly be related to
the stimulation itself.

In chapter 6.3 we used MEG recordings in 30 PD patients with DBS (population
overlapping with chapter 6.1 and 6.2) to determine whether an acute switch of the active
contact point would lead to measurable changes in brain activity and connectivity. We
observed that, at a group-level, more dorsolateral stimulation was associated with lower
whole-brain delta and theta power, as well as lower whole-brain theta band functional
connectivity. In addition, more dorsolateral stimulation correlated with lower low-beta
power (13-22 Hz) in the motor cortex ipsilateral to the stimulated STN. Within-subject
findings were too variable to draw conclusions at the individual level. We concluded that
the group-level data show that in PD patients on DBS a change in stimulation location
produces measurable changes in brain activity and connectivity.

Discussion of results in chapter 6

Our observations demonstrate that DBS in PD patients has whole-brain effects, mainly
an acceleration of neuronal oscillations upon stimulation. Three possible mechanisms
may have contributed to these findings. First, the acceleration of brain activity may
reflect an increase in intrinsic alertness or arousal, as suggested previously.3>3* Second,
an overactive STN in PD patients in the context of local hypersynchrony in the beta band
range may put a ‘brake’ on the thalamus. Stimulation of the STN may then lead to a
‘release’ of the thalamus, which results in an acceleration of cortical brain rhythms (Figure
1).3738 Third, although we did not observe stimulation artefacts in the power spectrum for
the frequencies we studied, we cannot exclude the possibility that noise originating from
the stimulator changed the composition of the ‘aperiodic’ background rhythms, thereby
causing an apparent shift in frequency towards faster frequencies.?®* We do not expect
the latter to be the sole explanation, as we found i) functional connectivity changes to
correlate with changes in clinical functioning (motor and apathy), ii) the stimulation
location to correlate with spectral measures (whole brain delta and theta band power),
which suggests that we recorded brain activity instead of noise.
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Figure 1 Model of antidromic and downstream effects in STN-DBS

Stimulation effects in the antidromic/backward direction affect the axons involved in the hyperdirect pathway,
connecting the STN with the motor cortex. Orthodromic/downstream effects on the STN may ultimately lead to a
‘release’ of the thalamus and thereby increase large scale cortico-cortical connectivity.

Gpi, internal globus pallidus; SNr, substantia nigra pars reticulate; STN, subthalamic nucleus

Figure adapted from chapter 6.1

Since we described a global spectral slowing in relation to cognitive decline in the first
part of the thesis, an obvious question would be: could DBS have positive cognitive effects
through reversal of the slowing of brain activity? Among several factors contributing to
cortical slowing, cortico-thalamic dysrhythmia is the factor most likely to respond to
DBS, whereas local cortical Lewy pathology and cholinergic denervation are less likely
to be reversed by DBS. Cognitive function generally declines rather than improves after
chronic DBS, which not necessarily implies an effect of DBS, but may also reflect natural
disease progression.*® As there is generally no improvement in cognitive function after
DBS, it is most likely that the whole-brain acceleration of neuronal oscillations related
to DBS is an epiphenomenon independent from clinical effects: DBS can have localized
effects on the basal ganglia system or on specific cortical brain regions, whilst at the
same time, by increasing arousal, lead to whole-brain changes in spectral power. On
the other hand, in our study in chapter 6.1, DBS-related motor improvements strongly
correlated with widespread increases in alpha2 and low-beta functional connectivity (10-
13 and 13-22 Hz), which makes it less likely that the observed functional connectivity
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changes represent an epiphenomenon. As long as it remains unclear whether the whole-
brain changes in brain activity and connectivity are a physiological effect or represent a
non-specific epiphenomenon, DBS-studies should not only focus on the ‘classical’ motor
network, but include whole-brain analyses to avoid missing relevant changes in brain
activity and connectivity at a distance.

Many studies suggest that beta oscillations play an ‘anti-kinetic’ role, at least within
the network involving the STN and the motor cortex, two brain areas that are directly
connected via a white matter tract, the ‘hyperdirect pathway' (Figure 1). Higher beta
band power within the STN correlates with bradykinesia and rigidity in PD*' and can be
reduced by dopaminergic medication,*? as well as stimulation of the STN.* Moreover,
beta-band cortico-cortical functional connectivity over the motor cortices is reduced
by stimulation of the STN, although due to the nature of the connectivity measure that
was used it cannot be excluded that these observed changes are a reflection of power
differences.* Lastly, non-invasive transcranial alternating stimulation (tACS) of the motor
cortex with a frequency of around 25 Hz (beta band) worsened bradykinesia in PD
patients.* Our findings of correlations between increased large-scale cortico-cortical and
cortico-subcortical alpha2 and low-beta band functional connectivity and improvements
in motor function may seem to be at odds with the results of the aforementioned
studies, as they imply that beta band interactions can be ‘pro-kinetic’ in some situations,
dependent on the network that is studied. We believe that such different expressions of
beta band oscillations may be caused by the complex interactions that subcortical brain
structures have with one another, through inhibition and excitation (Figure 1). The net
result of stimulation of the STN on cortical beta band interactions may differ depending
on the direction of its effects on the STN. DBS may exert its influence in an antidromic
way, i.e. inhibiting the motor cortex through backward propagation from the STN via
the hyperdirect pathway, or in an orthodromic way, from the STN to the internal globus
pallidus, thereby ‘releasing the brake’ on thalamocortical projections and increasing
large-scale cortico-cortical interactions. The differential effects of DBS on measures of
brain function are reminiscent of the effects of dopamine, which can reduce beta band
functional connectivity both locally within the STN as well as between the STN and the
cortex through the hyperdirect pathway, but also evoke an increase in cortico-cortical
functional connectivity.*®

The results of the study described in chapter 6.2 suggest that post-operative apathy could
at least partly be a side effect of the stimulation itself. The fact that the depression scores of
the patients correlated positively with the increase in apathy scores suggests an emotional-
affective basis of apathy. In addition, dorsolateral stimulation may lead to inclusion of the
zona incerta in the stimulated area, which may lead to mood disturbances that relate
to apathy.”’ In contrast, leakage of stimulation into the associative (ventrolateral) areas
of the STN may also lead to apathy, in that case related to executive dysfunction®® (see
Figure 2 for an overview of the different subregions of the STN). In previous case series,
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stimulation-related apathy developed upon stimulating ventral to the STN and improved
upon switching to a more dorsal contact point.“*° We conclude that STN-targeted DBS
that is either too ventral or too dorsal can induce apathy by leakage of current into regions
involved in mood and executive function, respectively. According to the literature, the
dorsolateral STN is considered to be the optimal target to improve PD-related motor
symptoms.>! In our study, increased apathy severity did not correlate with a better effect
on motor symptoms. The latter observation indicates that it should be possible to find a
stimulation location that strikes a balance between avoiding apathy whilst retaining a large
effect on motor symptomes. Since the occurrence of apathy as well as other non-motor side
effects can be very unpredictable due to differences in individual anatomy, a non-invasive
biomarker predictive of side-effects would be very relevant.

In the same study described in chapter 6.2, we found an association between an increase
in post-operative apathy and a stimulation-related decrease in functional connectivity of
the dorsolateral prefrontal cortex. The dorsolateral prefrontal cortex is a brain region
known for its involvement in executive functioning®? and its connections with associative
STN regions.> However, increases in apathy did not correlate with executive dysfunction
in our study, and the analysis relating contact point positions with post-operative apathy
did not support an executive/cognitive type of apathy either. Hence, our results regarding
the stimulation location and functional connectivity point at a different (cognitive and
emotional-affective) type of apathy. Nonetheless, we conclude that in the search for
a non-invasive biomarker of the optimal stimulation position and parameters, our
neurophysiological results obtained using MEG were encouraging. In future studies, the
dorsolateral prefrontal cortex could be a region to focus on. Another candidate would
be the medial orbitofrontal cortex, due to its involvement in emotional-affective apathy,
although functional changes in this brain region were not associated with post-operative
apathy in our study.

The final question addressed in chapter 6 was whether MEG-related neurophysiological
measures would be sensitive to the acute effects of changing the stimulation location
during DBS. The next experiment, described in chapter 6.3, therefore involved an
analysis of the effects of stimulation of different sites within the same patient. We found
neurophysiological changes resulting from stimulation around the dorsolateral and
ventromedial borders of the STN. More dorsolateral stimulation led to lower low-beta
power in the motor cortex than was the case for ventromedial stimulation. This so-called
suppression is in line with our own findings in the motor study (chapter 6.1), as well
as other MEG studies®* and could be an expression of stimulation of the hyperdirect
pathway, which is connected to the dorsolateral STN. More ventromedial stimulation led
to higher global delta (mainly frontal cortical regions) and theta power (mainly parieto-
occipital brain regions). This is in line with the available literature, since theta/alpha band
interactions between the STN and the cortex appear to emanate from the ventral STN
and beta band interactions from the dorsolateral STN.*” Another explanation for the
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increase in delta and theta power may be the effect of stimulation on arousal. Potentially,
in contrast to dorsolateral stimulation, stimulation of the ventromedial STN may have
a lower effect on arousal® and give room for phenomena related to drowsiness such
as delta oscillations. Our results suggest that functional mapping of the STN using MEG
is possible. However, we were unable to draw conclusions on the acute DBS-effects in
individual patients, as intra-individual variation was too large. Optimization of the MEG
acquisition protocols may improve the potential of our approach in individual patients
(see also methodological considerations).
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Lateral — Medial Medial — Lateral
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. Motor
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Figure 2 Frontal view of the STN
Dorsolateral and ventromedial regions are considered to represent motor and limbic regions, respectively

Methodological considerations

In the MEG-analyses described in chapter 3.2, functional connectivity measures
(unexpectedly) remained unchanged over time, in spite of clinical progression of the
patients. A previous analysis in the same study cohort, using a different functional
connectivity measure, the phase lag index (PLI), revealed decreases in functional
connectivity for several pre-selected regions over a time period of four years.>® In
addition, a recent high-density EEG study with a longitudinal design demonstrated
a progressive loss of functional connectivity (using the phase locking value; PLV) in
correlation with global cognitive decline and lateralization of motor symptoms.® In our
present longitudinal analysis over a longer period of time (seven years), including three
time points and two different MEG systems, we observed almost no changes in functional
connectivity over time. The most obvious reason for this discrepancy is that we used a
whole-brain approach (including subcortical brain regions) for the connectivity of each
brain region, and may therefore have missed changes restricted to certain subsystems.
Alternatively, the corrected amplitude envelop correlation (AEC-c) may not have been
sensitive or stable enough to pick up subtle changes in functional communication
between brain regions, since it is an amplitude-based measure in contrast to the
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phase-based measures PLI and PLV. We chose the AEC-c as functional connectivity
estimator as it handles volume conduction well and has previously been demonstrated
to be a robust metric with a good within-subject reproducibility in the alpha band.¢'62
Furthermore, compared to other functional connectivity measures, alpha and beta band
AEC-c are best able to distinguish Alzheimer’s disease patients from cognitively healthy
controls.®3%4 Lastly, the change of MEG system between the second and third time point
may have confounded the analysis, which is in contradiction with our study in chapter
3.1 demonstrating the feasibility of performing a longitudinal analysis using two different
MEG systems. The only significant change we observed in our analysis in PD patients
was an increase in beta band functional connectivity between the second and third time
point. However, since the same change was also present in our healthy control group
(although non-significantly; chapter 3.1), it may have been related to the change from
one MEG system to another.

In our DBS-study, stimulation-induced changes in alpha2 and low-beta band AEC-c
correlated better with motor improvement than changes in band power. In view of the
considerations in the previous paragraph this may seem rather unexpected. Perhaps
the fact that i) envelope coupling measures are relatively robust against brain state
changes during a long recording session (thereby being a better reflection of the effect
of the stimulation itself),® and ii) that AEC-c is considered superior to other connectivity
measures when analyzing data with a substantial amount of noise,*®® makes it useful in
studies involving DBS patients.

In contrast, phase-based functional connectivity measures may be more useful when
studying longitudinal (long-term) changes as we did in chapter 3.2, as its more ‘volatile
character’ may better reflect subtle changes in brain state.>*¢”

In chapter 4 we used the directed phase transfer entropy (dPTE), with the aim to
demonstrate changes in the direction of information flow. Although the dPTE is a phase-
based measure,® it may yet have been affected by band power differences. In our study,
it was striking that a lower beta band ‘outflow’ from the parieto-occipital brain regions in
PD versus healthy controls was accompanied by lower beta band power in these brain
regions. Power differences could have influenced the estimation of the dPTE either
by inducing differences in signal-to-noise ratio or by the fact that some brain regions
become ‘lagging’ instead of ‘leading’ due to local cortical slowing. However, for the theta
band there was no relationship between band power differences and dPTE values.
Also, a recent study that used dPTE for the estimation of information flow between the
hippocampus and prefrontal cortex found directed functional connectivity differences
without significant power differences.®® Therefore, we conclude that band power
differences cannot be the sole explanation for our beta band findings.

fMRI is an excellent technique to study subcortical brain regions in PD patients due to its
high spatial resolution and would therefore have been a good addition to our analysis
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of the earliest functional changes in untreated PD patients. In previous fMRI studies, a
loss of functional connectivity within the basal ganglia circuit in early-stage PD has been
observed’®”" and this was paralleled by whole-brain changes in activity.”? We were unable
to investigate this, since fMRI was not performed at baseline in our study cohort.

Although we aimed to integrate fMRI and MEG results at later time points, the data
are generally difficult to compare. MEG has the advantage of having higher temporal
resolution; interactions between brain regions take place at a millisecond scale, which
is a temporal scale that cannot be picked up by fMRI. Furthermore, MEG offers a more
direct measure of neuronal activity than the hemodynamic response used in fMRI.”? Yet,
the AEC-c that we have applied in most of our MEG-studies has shown similarities with
fMRI-derived measures of functional connectivity.”* Nonetheless, a direct comparison
of resting-state networks obtained using fMRI with the result of the MEG studies is
challenging, although possible for the posterior ‘hubs’ of the brain,”>’® and we consider
these techniques to be complimentary to each other.

The use of fMRI in PD patients treated with DBS may also offer information that
complements MEG-results. The use of fMRI in combination with DBS was previously
considered to be hazardous because of the risk of displacing or heating the DBS system,
due to the magnetic activity of the MRI-scanner in combination with metal parts of the
DBS system, and hence lead to brain damage. However, studies have now confirmed
the safety of fMRI during DBS under certain conditions””’® and it is now increasingly
being used.””® The use of fMRI instead of MEG in our DBS-studies could potentially
have improved our ability to draw conclusions on the location of DBS-related functional
changes. On the other hand, fMRI lacks the temporal resolution of MEG to record
neurophysiological signals in the higher frequency ranges, such as the beta band (13-30
Hz), that are related to movement.

The within-subject MEG-recordings in chapter 6.3 were too variable to find a consistent
pattern of changes in brain activity upon changing stimulation locations within individual
patients. This could partly be explained by the MEG-metrics being noisy when applied
within a single individual. In our study, we used a ‘wash-out’ period for stimulation effects
of several minutes, which is rather short. The wash-out period for motor effects is highly
variable between patients,®' but five minutes on average.®? Stimulation effects on brain
networks may take time to stabilize. By mainly selecting data from the last part of the
recordings, we think we have partly compensated for this, yet longer wash-out periods
and longer recordings may be necessary to be able to draw conclusions on the effects
of changing contact points in individual patients. Considering that the total duration
of the MEG recordings in our study was already quite long, we chose not to further
increase the recording time in order to avoid discomfort for the patient. Wearable MEG
technology holds the potential of recording for longer time periods in a more natural and
comfortable environment.®
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In addition, the variable results at the level of a single individual may have resulted from
the fact that we analyzed the contact point positions in a ‘standardized’ MNI space. As
the actual anatomical positions of the STN differs between patients, this may have led
to a variable and non-linear effect of changing the active contact point. At a group level,
differences in the exact anatomical positions of the STN may level out and therefore
allow significant observations. High-resolution 7 Tesla MRI scanners can be used to more
precisely delineate the brain structures affected by the stimulation field, in particular
including the white matter tracts surrounding the STN. We expect that a better knowledge
of the inter-individual anatomical variation in and around the STN, in combination with
detailed knowledge of its anatomical connections may improve the tracking of functional
effects of DBS using MEG.

Future perspectives

As demonstrated in this thesis, neurophysiological measures that reflect spectral
slowing of brain activity in PD may represent non-invasive markers of the ongoing
disease process, read-out markers for future disease-modifying drugs and help in the
identification of patients at a high risk for conversion to PD dementia (with respect to
advanced care planning). For the application in clinical practice, EEG recordings seem
better suitable than MEG recordings, as spectral slowing is a global phenomenon in
cortical brain regions and EEG is a low-cost and readily available tool. Considering that
many EEG-studies have already shown promising results,?% the next step would be to
design a study to establish cut-off values for spectral slowing as a predictive tool for PD
dementia. Spectral slowing could be expressed as a so-called spectral ratio (theta power/
(alphat+alpha2+beta power)). PD patients visiting an outpatient clinic could be included
in a longitudinal study cohort and undergo a baseline EEG. After a follow-up period of at
least five years, we could identify which of the patients has developed PD dementia. Next,
we could test the sensitivity and specificity of the baseline spectral ratio to predict the
future development of PD dementia, as well as obtain cut-off values.

MEG-recordings remain vital for research questions thatdemand a more exact localization
of changes in cortical brain activity and connectivity as well as for the study of subcortical
brain regions. As demonstrated in chapter 4 and 5, using MEG and fMRI we were able to
study the role of subcortical brain regions in (domain-specific) cognitive decline in PD.

Furthermore, MEG is useful for studying the effects of targeted therapies, so-called
manipulation studies such as the DBS study in this thesis, with the aim to better
understand disease mechanisms (e.g. how whole-brain phenomena may find their origin
in a subcortical brain region as small as the STN), but also to improve patient outcome,
as described in chapter 6.1-6.3. Furthermore, MEG-recordings could aid in finding targets
for symptomatic treatments of specific PD symptoms. Non-invasive electrical modulation
of brain networks is an emerging technique in PD that could be used in this approach.?’
Brain regions that display abnormal brain activity and connectivity in association with
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specific PD symptoms could be selected as targets for such stimulation studies. We have
already come to learn that transcranial alternating current stimulation (tACS) of the motor
cortex in the gamma frequency range may relieve bradykinesia,*> whereas stimulation of
the dorsolateral prefrontal cortex may improve cognitive functioning in PD patients with
mild cognitive impairment.8®

In the studies in this thesis, we estimated oscillatory power and functional connectivity
as measures of brain activity and communication. However, emerging evidence has
suggested that the aperiodic (non-oscillatory) component of the neuronal signal
contains valuable additional information® and may provide insight in, for example, the
balance between cortical inhibition and excitation.®® In a recent study in PD patients,
characteristics of the aperiodic background significantly changed after a dopamine
challenge.®® The analysis of aperiodic background signals would also be an interesting
addition to our DBS-studies, although it would be a challenge to distinguish between
‘stimulation-related noise’ and physiological changes in brain activity leading to changes
in the aperiodic background signals.

We have demonstrated the feasibility of performing MEG-recordings in PD patients
treated with STN-DBS, which means that recordings during directional steering of DBS®"
should also be possible. This would allow a further exploration of the neurophysiological
footprint of the STN by expanding the potential number of stimulation locations within
a single subject. Furthermore, MEG recordings during stimulation of other targets, such
as the nucleus basalis of Meynert, in PD dementia patients are an interesting option.*?
The same holds for MEG recordings during DBS of targets for other indications such
as obsessive compulsive disorders,” depression,® and disorders of consciousness.®
Although DBS is increasingly used for these indications, the underlying mechanisms
of its effect are only poorly understood. MEG recordings could be used to characterize
the brain networks targeted by DBS. This may be combined with local field potential
recordings of the target that is being stimulated to characterize the functional loops that
are influenced by the stimulation.

The purpose of monitoring DBS-effects on brain activity and connectivity in individual
patients was not met in our studies. Taking into account the methodological
considerations that were mentioned in the previous section, this purpose may yet be
realized. Instead of in-vivo monitoring, in silico computer-based network modelling may
be an option to better predict the occurrence of side effects in individual patients and
optimize stimulation settings. Such network models may involve oscillating models of the
basal ganglia in combination with the cerebral cortex,®® but can also make use of the
patient’s functional data recorded during or after surgery.®
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Conclusions

In this thesis, we have studied brain activity and connectivity in PD from the earliest
until the more advanced disease stages. We have focused our analyses on the activity of
subcortical brain regions, their interactions with cortical brain regions, and on the effects of
stimulation of a subcortical brain region, the STN, on brain activity and connectivity. Taken
together, the studies in this thesis contribute to a better understanding of the changes in
brain activity and connectivity that occur in PD and during treatment using DBS.

From the earliest stages of PD, the disease is characterized by a progressive slowing of
both subcortical and cortical brain activity. These measurable changes in brain activity
are associated with disease-related cognitive decline and increasing motor impairments.
Hence, spectral power may serve as a non-invasive marker of the ongoing disease
process in PD, a read-out marker for future disease-modifying drugs and as a means to
identify patients at a high risk for conversion to PD dementia.

Changes in cortico-subcortical interactions, measured using MEG and fMRI in our
studies, contribute to specific cognitive deficits, such as executive dysfunction, as well
as global cognitive decline. The functional changes we observed in our studies represent
dysfunction in two different neuropsychological profiles, frontostriatal and posterior
cortical dysfunction. The distinction between these profiles is relevant, as changes in
frontostriatal interactions may be sensitive to changes in dopaminergic medication,
whereas posterior cortical dysfunction may be predictive for the subsequentdevelopment
of PD dementia.

DBS of the STN has both local and generalized effects on brain activity and connectivity,
that can be captured using MEG and are associated with clinically relevant phenomena.
At a group level, we were able to measure changes in brain activity and connectivity upon
varying the DBS stimulation locations, although the clinical relevance and applicability
in individual patients remains to be established in future studies. Our results may be
a stepping-stone towards the use of MEG in the selection of the optimal stimulation
location in DBS in individual patients, with the ultimate aim to strike an optimal balance
between the beneficial effects on motor function and the occurrence of non-motor side
effects, such as apathy.
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De diepte in: hersenenfuncties bij de ziekte van Parkinson in
beeld

De ziekte van Parkinson is een progressieve hersenziekte die gepaard gaat met zowel
motorische als niet-motorische symptomen. De typische motorische symptomen zijn
beven, traagheid, stijfheid en balansproblemen. Niet-motorische symptomen zijn onder
andere verlies van reukvermogen, autonome stoornissen, apathie, angstklachten,
depressie, slaapproblemen, cognitieve achteruitgang en dementie.

Het doel van de onderzoeken die beschreven staan in dit proefschrift was om met
functionele beeldvormende technieken (Magneto-EncefaloGrafie (MEG), functionele
Magnetic Resonance Imaging (fMRI)) meer inzicht te verschaffen in de veranderingen in
hersenfunctie die aan de motorische en niet-motorische symptomen, met name de
cognitieve achteruitgang, ten grondslag liggen. Een beter begrip van deze functionele
veranderingenisbelangrijkvoori)deontwikkelingvanbeterebehandelingsmogelijkheden,
ii) betere voorspelling van het beloop van de ziekte voor een individuele patiént, iii) het
monitoren van het effect van toekomstige ziekte modulerende therapieén.

Uit pathologisch onderzoek is gebleken dat de eerste veranderingen bij de ziekte van
Parkinson plaatsvinden in de hersenstam en diep gelegen hersengebieden. Deze
veranderingen leiden via het afsterven van dopaminerge cellen tot de kenmerkende
motorische symptomen van de ziekte. Veel voorgaand onderzoek naar functionele
veranderingen in de hersenen bij mensen met de ziekte van Parkinson heeft zich echter
gericht op de corticale hersengebieden. Door het gebruik van MEG en fMRI was het
mogelijk in onze studie ook de dieper gelegen hersengebieden te onderzoeken. In dit
proefschrift ligt de nadruk op de rol van de diepgelegen hersengebieden, die wij van de
vroegste tot meer gevorderde ziektestadia onderzocht hebben.

Diepe hersenstimulatie is een effectieve chirurgische behandeling om de motorische
symptomen in met name latere stadia van de ziekte van Parkinson tegen te gaan. Er
wordt beiderzijds diep in de hersenen, in de nucleus subthalamicus (STN), een elektrode
geplaatst, met elk vier contactpunten, waarvan er per kant één gestimuleerd wordt.
Naast de uitstekende effecten op de motoriek, kan diepe hersenstimulatie helaas in tot
wel 25% van de patiénten niet-motorische bijwerken geven. Daarom hebben wij middels
MEG het effect van diepe hersenstimulatie van de STN op de functie van de hersenen
onderzocht. Wij hebben hierbij het verband met het optreden van motorische verbetering
en niet-motorische bijwerkingen van deze behandeling onderzocht. Tot slot hebben we
onderzocht of MEG zou kunnen functioneren als uitleesmaat (ook wel biomarker) voor de
effecten van diepe hersenstimulatie, om zo de positieve en negatieve effecten hiervan
beter te kunnen voorspellen.
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De studies die wij beschreven hebben in dit proefschrift zijn uitgevoerd in twee cohorten
van patiénten met de ziekte van Parkinson. Het eerste cohort bestond op het eerste
tijdspunt uit 61 niet-demente Parkinson patiénten en 21 gezonde controles en werd
gedurende een periode van zeven jaar gevolgd. De patiénten en controles ondergingen
herhaalde metingen van het motorisch en cognitief functioneren, MEG registraties en
structurele MRI scans aan het begin van de studie, na vier jaar en na zeven jaar. fMRI
scans werden alleen op de laatste twee tijdspunten verricht.

Het tweede cohort bestond uit een groep van 30 Parkinson patiénten die behandeld
werden met diepe hersenstimulatie. De patiénten zijn zowel voorafgaand aan- als zes
maanden na de operatie klinisch beoordeeld (motorisch, psychiatrisch, cognitief).
Minimaal zes maanden na de operatie ondergingen ze een MEG-meting tijdens stimulatie
van beide elektrodes in hun (klinisch bepaalde) standaard instellingen, zonder stimulatie
en tijdens stimulatie van elk van de individuele contactpunten afzonderlijk (vier aan elke
kant; in totaal tien condities).

In hoofdstuk 1 van het proefschrift wordt achtergrondinformatie over de ziekte
van Parkinson gegeven. De motorische en niet-motorische symptomen en de
neuropathologische bevindingen die hier verband mee houden worden beschreven.
Vervolgens bespreken wij het grote probleem dat cognitieve achteruitgang bij de ziekte
van Parkinson vormt met specifieke aandacht voor executieve dysfunctie en apathie.
We beschrijven drie technieken die gebruikt worden om de functie van de hersenen
te meten, namelijk elektro-encefalografie (EEG), MEG, en fMRI. MEG en fMRI hebben
wij zelf toegepast in onze studies. Ook introduceren wij de verschillende maten van
hersenfunctie, die grofweg ingedeeld kunnen worden in lokale activiteit (de sterkte van
de hersenactiviteit; ook wel power) en communicatie tussen hersengebieden (functionele
connectiviteit). Tot slot formuleren wij de onderzoeksvragen die de basis gevormd
hebben voor de studies beschreven in dit proefschrift.

Overzicht van de EEG en MEG literatuur over de ziekte van
Parkinson

Hoofdstuk 2.1 is een overzicht van de bestaande EEG literatuur, waarbij de hoofdvraag
was of gekwantificeerde EEG waardes als maat van ernst en progressie van de ziekte van
Parkinson kunnen functioneren. Gebaseerd op het beschikbare bewijs concludeerden we
dat vertraging van hersenactiviteit correleert met ziekteprogressie, met name cognitieve
achteruitgang. Dit lijkt dus een robuuste, niet-invasieve biomarker van het ziekteproces
zelf te zijn. Ook maten voor de functionele interacties tussen hersengebieden en
de organisatie van hersennetwerken zijn potentieel geschikt als biomarker van het
ziekteproces, maar moeten nog verder onderzocht worden.

Hoofdstuk 2.2 is een overzicht van de bestaande MEG literatuur. Deze kan grofweg
ingedeeld kan worden in studies gericht op de gehele hersenen, vooral de corticale
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hersengebieden, en studies gericht op het motorische netwerk, vooral de motorische
cortex, in sommige studies in combinatie met diepe hersenstimulatie en/of
dieptemetingen in de STN. Gebaseerd op het beschikbare bewijs concludeerden we
dat: i) ziekteprocessen die de hersenen als geheel treffen en leiden tot vertraging van
hersenactiviteit of verlies van functionele interacties tussen hersengebieden, invioed
hebben op bevindingen die lokaal in bijvoorbeeld de motorische cortex gedaan worden.
Dit moet daarom bij de interpretatie van studieresultaten meegenomen worden. ii)
veranderingen in corticale hersenactiviteit voort kunnen komen uit veranderingen in
subcorticale hersengebieden. Derhalve kunnen behandelingen gericht op de subcorticale
hersengebieden, zoals dopaminerge medicatie of diepe hersenstimulatie, invioed
hebben op de gehele hersenen.

Neurofysiologische veranderingen tijdens het beloop van de
ziekte van Parkinson

In hoofdstuk 3.1 worden de resultaten beschreven van een studie waarin we onderzocht
hebben of het mogelijk is een longitudinale analyse uit te voeren met MEG data gemeten
op twee verschillende MEG apparaten. We hebben deze analyse verricht op MEG data
verkregen bijacht gezonde controles die metingen op drie tijdspunten hebben ondergaan,
over een periode van zeven jaar. We gingen er van uit dat neurofysiologische maten,
namelijk de frequentie-specifieke relatieve power, piekfrequentie (frequentie waarbij de
power maximaal is tussen 4 en 13 Hz) en de functionele connectiviteit, stabiel zouden
blijven in deze groep. We vonden in onze analyse geen significante veranderingen in de
tijd qua frequentie-specifieke relatieve power en functionele connectiviteit. Dit bevestigde
de mogelijkheid een longitudinale analyse uit te voeren met gegevens verkregen bij
patiénten met de ziekte van Parkinson door middel van metingen op twee verschillende
MEG apparaten. De resultaten hiervan zijn te lezen in hoofdstuk 3.2. Ook in deze studie
hebben wij de frequentie-specifieke relatieve power en functionele connectiviteit van
de MEG data bepaald, voor zowel de corticale als subcorticale hersengebieden. Aan het
begin van de studie zijn 61 niet-demente Parkinson patiénten geincludeerd, waarvan
17 patiénten vroeg in de ziekte waren en nog geen dopaminerge medicatie gebruikten.
Op het tweede tijdspunt, na vier jaar, vervolgden we 39 patiénten en op het derde
tijdspunt, na zeven jaar, 35 patiénten. Bij de patiénten in de vroege fase van de ziekte van
Parkinson, die nog geen dopaminerge medicatie gebruikten, vonden we al een vertraging
van de hersenactiviteit, met name corticaal maar ook subcorticaal. De vertraging van
hersenactiviteit bestond uit een daling van de piekfrequentie, een stijging van (relatieve)
power van de langzame frequenties, vooral van de theta frequentie, en een daling van
(relatieve) power van hogere frequenties zoals de alpha2 en beta frequenties. Dankzij de
zogenaamde multipel longitudinale opzet van de studie, waarin we patiénten met een
verschillende ziekteduur bij de start van de studie vervolgd hebben, konden we vaststellen
dat over een ziekteperiode van ongeveer 20 jaar de vertraging van hersenactiviteit van
zowel de corticale als subcorticale hersengebieden sterk (positief) gecorreleerd is met
klinische verslechtering, zowel wat betreft cognitie als motoriek. Daarentegen konden we
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geen significante veranderingen in (frequentieband-specifieke) functionele connectiviteit
vinden. Dit kan een gevolg zijn van methodologische keuzes die we gemaakt hebben (de
connectiviteitsmaat, een analyse met name gericht op de hersenen als geheel) of van
het feit dat er in ons studiecohort daadwerkelijk nauwelijks veranderingen in functionele
connectiviteit waren. De resultaten van onze studie bevestigen voorgaand onderzoek
waarin vertraging van hersenactiviteit in het gehele beloop van de ziekte een robuuste
maat voor ziekteprogressie en cognitieve achteruitgang is gebleken. Ons onderzoek voegt
hier aan toe dat subcorticale hersengebieden al vanaf de eerste klinische (motorische)
verschijnselen van de ziekte betrokken zijn bij deze algehele vertraging.

De rol van cortico-subcorticale interacties bij cognitieve
achteruitgang gerelateerd aan de ziekte van Parkinson

In hoofdstuk 4 onderzochten we de betrokkenheid van de subcorticale gebieden bij
globale cognitieve achteruitgang bij 34 patiénten met gevorderde ziekte van Parkinson
(gemiddelde ziekteduur 12 jaar) en 12 gezonde controles, gemeten op het derde
tijdspunt van ons longitudinale studie cohort, zeven jaar na inclusie. We maakten hierbij
gebruik van de directionele connectiviteitsmaat directed phase transfer entropy (dPTE). We
hebben gevonden dat bij de Parkinson patiénten in vergelijking met gezonde controles
de balans tussen de informatiestromen was veranderd. In plaats van een stroom van
‘achter naar voren’ voor de beta band was er een meer ‘van voor naar achteren’ patroon;
dat wil zeggen, van de subcorticale en frontale hersengebieden naar de posterieure
hersengebieden. Daarnaast was een lagere informatiestroom vanuit de posterieure
hersengebieden gecorreleerd met een maat voor globale cognitieve achteruitgang,
wat suggereert dat dysfunctie van de posterieure corticale hersengebieden, en niet de
subcorticale hersengebieden, verantwoordelijk is voor de verandering van de balans in
de informatiestroom.

Hoofdstuk 5 beschrijft de resultaten van een studie waarin we ons richtten op het
functioneren op specifieke domeinen van cognitie, in relatie tot resting-state netwerken
die wij middels fMRI scans longitudinaal bestudeerd hebben. De studie omvatte 50
patiénten met de ziekte van Parkinson tijdens de eerste meting; 31 patiénten hebben
ook een tweede fMRI scan ondergaan. Een reeks van zeven cognitieve tests werd verricht
gericht op de volgende cognitieve domeinen: executief functioneren (vier testen),
geheugen, motorische perseveratie, en verbale vloeiendheid. Bij de eerste meting
scoorden de patiénten op zes van de zeven testen slechter dan een groep van 15 gezonde
controles. Executieve dysfunctie correleerde met een sterkere (statische) functionele
connectiviteit en een zwakkere dynamische functionele connectiviteit tussen de
subnetwerken ‘subcorticale hersengebieden’ en het frontoparietale netwerk. Een verdere
verslechtering van executief functioneren over een periode van drie jaar correleerde met
een toegenomen (statische) functionele connectiviteit tussen deze subnetwerken. Verder
waren een daling van functionele connectiviteit binnen de subcorticale hersengebieden
en een daling van functionele connectiviteit tussen het dorsale aandachtsnetwerk en
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de rest van de hersenen gecorreleerd met een verdere verslechtering van executief
functioneren. We concludeerden dat dysfunctionele communicatie tussen het
subcorticale, frontoparietale en dorsale aandachtsnetwerk gerelateerd is aan slechter
executief functioneren bij patiénten met de ziekte van Parkinson.

De effecten van diepe hersenstimulatie bij patiénten met de
ziekte van Parkinson

In de studie beschreven in hoofdstuk 6.1 bestudeerden we het effect van diepe
hersenstimulatie op de hersenactiviteit van patiénten met de ziekte van Parkinson in
relatie tot de verbetering van het motorisch functioneren. We voerden MEG metingen
uit met de stimulator aan en uit bij achttien patiénten bij wie minimaal zes maanden
daarvoor een diepe hersenstimulator geplaatst was. Scores op een schaal voor het
motorisch functioneren (Unified Parkinson’s Disease Rating Scale, UPDRS-IIl) waren zowel
voor de operatie als zes maanden na de operatie bepaald. We hebben gevonden dat
diepe hersenstimulatie leidt tot een globale versnelling van hersenactiviteit, in combinatie
met een onderdrukking van de activiteit (0.5-22 Hz) in de sensomotorische cortex.
Verbetering van de motorische symptomen bradykinesie en rigiditeit was significant
gecorreleerd met een toename van de functionele connectiviteit in de alpha2 en de lage
beta band (10-22 Hz). Dit was het geval voor de hersenen als geheel, voor subcorticale
en corticale hersengebieden afzonderlijk, en ook wanneer we ons concentreerden op
de sensomotorische cortex. Verbetering van tremor was niet gecorreleerd met een
verandering van functionele connectiviteit. Wij concludeerden dat het mogelijk is klinisch
relevante veranderingen in hersenactiviteit te meten wanneer MEG wordt uitgevoerd
tijdens diepe hersenstimulatie.

In hoofdstuk 6.2 wordt het onderzoek beschreven waarmee we trachtten de vraag
te beantwoorden of de apathie, die vaak wordt gezien na diepe hersenstimulatie voor
de ziekte van Parkinson, een effect van de stimulatie kan zijn, bovenop het effect van
ziekteprogressie en/of postoperatieve verlaging van dopaminerge medicatie. We hebben
MEG metingen verricht bij 26 patiénten, minimaal zes maanden na de operatie, met de
stimulator aan en uit. Daarnaast hebben we apathie scores verkregen (Starkstein apathie
schaal), zowel vé6r de operatie als op de dag van de MEG metingen. We hebben voor
drie hersengebieden die wij van tevoren hadden geselecteerd (en die volgens de literatuur
betrokken zijn bij apathie) de stimulatie-geinduceerde veranderingen in functionele
connectiviteit gecorreleerd met veranderingen in de apathie scores. We zagen een grote
toename van apathie scores in ons studie cohort. Bovendien steeg het aantal patiénten
dat voldeed aan de klinische criteria voor apathie na de operatie van twee naar negen.
De toename van apathie scores correleerde niet met de verbetering van het motorisch
functioneren of de verlaging van de dosis van de dopaminerge medicatie. De toename
van de apathie scores was wel geassocieerd met een meer dorsolaterale locatie van het
gebruikte contactpunt, alleen voor de rechter kant. Verder correleerde een toename van de
ernst van de apathie met een afname van functionele connectiviteit van de dorsolaterale
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prefrontale cortex (dIPFC) in de alphal band. Wij concludeerden derhalve dat, zowel vanuit
een structureel (stimulatie locatie) als vanuit een functioneel oogpunt, een toename van
apathie bij patiénten met de ziekte van Parkinson die diepe hersenstimulatie ondergaan
hebben ten minste deels gerelateerd is aan de stimulatie zelf.

In het onderzoek beschreven in hoofdstuk 6.3 voerden we MEG metingen uit bij
30 patiénten met de ziekte van Parkinson met diepe hersenstimulatie (in een studie
populatie die deels overlapte met die van hoofdstuk 6.1 en 6.2). Het doel was vaststellen
of een acute verandering van het gestimuleerde contact punt zou leiden tot meetbare
veranderingen van hersenactiviteit en connectiviteit. Op groepsniveau bleek een meer
ventromediale positie van het gebruikte contactpunt geassocieerd te zijn met hogere delta
en theta power over de gehele hersenen, en met een hogere functionele connectiviteit
in de theta band frequentie in de gehele hersenen. Daarnaast correleerde een meer
dorsolaterale stimulatie positie met lagere lage-beta power (13-22 Hz) in de motorische
cortex ipsilateraal van de gestimuleerde STN. De bevindingen bij individuele patiénten
waren onderling te sterk variabel om conclusies te kunnen trekken over de effecten
binnen een individu. We concludeerden dat bij patiénten met de ziekte van Parkinson
met diepe hersenstimulatie op groepsniveau een verandering van stimulatie locatie leidt
tot een meetbare verandering van hersenactiviteit en connectiviteit.

In het laatste hoofdstuk (hoofdstuk 7) worden de belangrijkste bevindingen van dit
proefschrift samengevat, geintegreerd en bediscussieerd. Methodologische kwesties
worden besproken en suggesties voor vervolgonderzoek worden gedaan.

Conclusies

Op basis van de EEG en MEG reviews (hoofdstuk 2.1 en 2.2) en de longitudinale MEG
studies (hoofdstuk 3.1 en 3.2) concluderen wij dat een vertraging van hersenactiviteit
vanaf de eerste fase van de ziekte van Parkinson aanwezig is, zowel in corticale als
in subcorticale hersengebieden. Deze vertraging hangt samen met zowel ziekte-
gerelateerde cognitieve als motorische symptomen. De vertraging van hersenactiviteit
lijkt dan ook een goede weerspiegeling van het ziekteproces te zijn, die in de toekomst
ingezet kan worden om het effect van ziekte remmende therapieén te monitoren of
die gebruikt kan worden bij het voorspellen van het risico op het ontwikkelen van een
Parkinson dementie. Aangezien de vertraging van hersenactiviteit een robuuste maat is,
lijkt EEG het meest geschikt voor toepassing in de klinische praktijk, mede gezien de lage
kosten en beschikbaarheid van EEG.

Voor vraagstellingen waarbij het lokaliseren van veranderingen in hersenactiviteit
en connectiviteit van belang is, zijn juist MEG en fMRI uitermate geschikt. Zo passen
de resultaten die wij in hoofdstuk 4 en 5 beschrijven bij twee verschillende cognitieve
profielen met verschillende onderliggende oorzaken: De resultaten van hoofdstuk 4
illustreren de posterieure corticale dysfunctie in relatie tot globale achteruitgang in het
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cognitief functioneren, terwijl de resultaten van hoofdstuk 5 duidelijk maken dat fronto-
striatale dysfunctie gerelateerd is aan executieve stoornissen.

Blijkens de onderzoeksresultaten beschreven in hoofdstuk 6 heeft diepe hersenstimulatie
van de STN zowel lokale als gegeneraliseerde effecten op de functie van de hersenen.
Sommige effecten waren gecorreleerd met klinische effecten of bijwerkingen van
de behandeling, maar andere effecten, zoals het versnellen van hersenactiviteit na
stimulatie, leken minder specifiek te zijn. Een wisseling van het gebruikte contactpunt
hing op groepsniveau samen met acute veranderingen in enkele neurofysiologische
maten. De stimulatie-gerelateerde veranderingen van hersenactiviteit verschilden
sterk tussen individuen, zodat de bruikbaarheid van deze maten voor het aflezen van
stimulatie-effecten bij individuele patiénten nog verder onderzocht moet worden. Wij
hebben suggesties gedaan voor verder onderzoek om de variabiliteit van hersenactiviteit
gemeten met MEG binnen een individu te verkleinen en zo de klinische toepasbaarheid
te vergroten.
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Dankwoord

Dankwoord

Tijdens mijn promotietraject heb ik tussen beide locaties van Amsterdam UMC gependeld
en met veel mensen van allerlei vakgebieden mogen samenwerken. Het samenbrengen
van verschillende expertises heb ik als een ontzettend leerzaam ervaren. Ik wil iedereen
die aan de totstandkoming van dit proefschrift heeft bijgedragen bedanken.

Om te beginnen de patiénten met de ziekte van Parkinson die hebben deelgenomen
aan de MEG-DBS studie. Alleen al het bestaan van een werkgroep patiént onderzoekers
van de Parkinson vereniging is een uitstekend voorbeeld van de betrokkenheid van deze
patiénten bij wetenschappelijk onderzoek.

Mijn promotieteam, bestaande uit mijn promotoren Henk Berendse en Kees Stam, en
copromotoren Arjan Hillebrand en Fleur van Rootselaar.

Henk, vanaf het eerste mailtje dat ik in 2015 stuurde op zoek naar een stage heb ik van
jou vertrouwen gevoeld, tijdens mijn promotietraject, en nu ook tijdens de opleiding
tot neuroloog. Jouw rol in dit eindresultaat is enorm geweest. Je hebt mijn eigen
denkprocessen alle ruimte gegeven, maar kon mij door je analytisch vermogen altijd
verder helpen of net even de juiste richting op sturen. Zowel in het onderzoek als in de
kliniek had ik mij geen betere begeleider kunnen wensen!

Kees, dank voor je uitstekende en altijd laagdrempelige begeleiding. Wanneer ik op
vrijdagmiddageen manuscriptrondstuurde (inde hoop eenrustigweekendtegemoettegaan),
kreeg ik ‘m soms binnen een uur voorzien van commentaar terug. Je creatief denkvermogen
en kennis die verder gaat dan de klinische neurofysiologie zijn indrukwekkend. Dank ook
voor je pragmatisme wanneer er knopen doorgehakt moesten worden.

Arjan, je technische expertise was natuurlijk onmisbaar, maar je kritische blik heeft
ook elk onderzoeksproject beter gemaakt. Je bent daarnaast een verbinder voor de
onderzoeksgroep en zorgt met je droge humor voor een uitstekende sfeer.

Fleur, jij hebt alle voorwaarden gecreéerd voor een succesvolle samenwerking tussen
(toen nog) twee verschillende ziekenhuizen. Dank voor je frisse kijk op de MEG resultaten
waarbij je altijd de klinische relevantie op de radar hield. En tot slot bedankt dat je mij ooit
op de onderzoekerskamer bij collega Sharifi hebt gezet ;).

De leden van de lees- en promotiecommissie, prof.dr. Ysbrand van der Werf, dr. Rick
Helmich, prof.dr. Yolande Pijnenburg, prof.dr. Ben Schmand, prof.dr. Yasin Temel, dr.
Bernadette van Wijk: Bedankt voor de tijd en moeite voor het lezen van het proefschrift
en zitting te nemen in de promotiecommissie.
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Dank aan alle co-auteurs voor de leerzame samenwerking en waardevolle input op
de onderzoeksprojecten. Rob de Bie, Maarten Bot, Pepijn van den Munckhof, Rick
Schuurman, Gert Geurtsen, Thomas Zoon, Fiorella Contarino, Martijn Tannemaat, Victor
Geraedts, Jos Twisk, Linda Douw, Odile van den Heuvel, Menno Schoonheim en Wouter
Potters. Menno, bedankt voor je altijd enthousiaste begeleiding, ik maakte altijd met veel
plezier de ‘tocht' naar het 02 gebouw! Wouter, samen hebben we hard aan het MEG-DBS
project gewerkt en met toffe resultaten! Je Matlab-skills zijn ongeévenaard, je codeert
sneller dan je schaduw. Dank ook voor alle uren die je bij de MEG-metingen bent geweest,
het had misschien ook wel iets meditatiefs in jouw drukke bestaan!

Ook veel dank aan de wetenschapsstage studenten voor jullie enorme inzet en
waardevolle bijdrages, 0.a. Naomi, Laura, Barbara, Pelle en Noelle.

‘Oude garde’ KNF onderzoekers Ida, Matteo, Pierpaolo, Meichen, Marjolein, Willem en
Alida, en ‘nieuwe garde’ onderzoekers Deborah, Elliz, llse, Shanna, Janne, Anne en Ana.
Bedankt voor alle brainstorm sessies, we zorgden er met elkaar voor dat het wiel niet
steeds opnieuw uitgevonden moest worden. Bedankt ook voor alle gezelligheid (lunch stipt
om 12u, heel belangrijk), zo'n internationaal gezelschap gaf altijd een leuke dynamiek!

KNF laboranten, in het bijzonder Nico, Marieke en Karin die met de arbeidsintensieve
MEG metingen MEG hebben meegeholpen. Bedankt voor jullie hulp, gezelligheid en de
vele cappuccino’s.

Parkinson onderzoekers aan VUmc zijde op D2-135 Tom, Karin, Dagmar, en het langst met
Dareia en Merijn: Bedankt voor de uitstekende sfeer en goede gesprekken. Bovendien
hield ik door jullie en de wekelijkse bewegingsstoornissen MDO's altijd een voet in de
kliniek! Aan AMC zijde: Timo, bedankt!

Bedankt aan alle (oud) collega’s van de afdeling Neurologie, aan beide kanten van de
Amstel, door jullie ga ik elke dag met veel plezier naar mijn werk!
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