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Index of abbreviations

DBS deep brain stimulation

fMRI functional magnetic resonance imaging
GPe external globus pallidus

GPi internal globus pallidus

M1 primary motor cortex

PD Parkinson’s disease

SNc substantia nigra pars compacta

SNr substantia nigra pars reticulata

STN subthalamic nucleus

STN-DBS  deep brain stimulation of the subthalamic nucleus

Abstract - English

Deep brain stimulation (DBS) of the subthalamic nucleus is an effective and adjustable
treatment for Parkinson’s disease patients with (early) motor complications and has been
shown to elicit changes in motor and non-motor cortico-basal ganglia circuits through
modulation of distributed neural networks. Recent findings on subcortical basal ganglia -
cerebellar anatomy have revealed projections from the subthalamic nucleus to cerebellar
hemispheres, which might be modulated by subthalamic DBS. Both the basal ganglia and
the cerebellum are known to be involved in motor learning and Parkinson’s disease.

This study aimed at investigating the effect of subthalamic DBS on motor learning in
Parkinson’s disease (PD) and characterizing underlying neural networks. To this end, 20
Parkinson’s disease patients undergoing subthalamic DBS and 20 age-matched healthy
controls performed a visuomotor task. Motor learning was assessed as reduction in
movement times from beginning to end of task for each group. DBS electrodes were
localized and projected to a publicly available normative connectome (1000 healthy
subjects) and a connectivity map for DBS induced improvement in motor learning was
calculated. Region of interest analysis was performed to assess the role of connectivity
to motor cortex (M1) and cerebellar hemispheres in DBS induced learning. Permutation
tests and multiple regressions were conducted for the main statistical analyses; for
significant regression models and correlations leave one out cross validation (LOOCV)

was performed.



Motor learning was impaired in Parkinson’s disease patients off DBS comparing with
healthy controls (PD off DBS: 12.2+5.4% from 1311£160ms to 1089+118ms; mean %
standard error of mean; healthy controls: 33.48+3.6% from 729+63ms to 473+42ms; off
DBS vs. healthy controls P=0.002). STN-DBS led to a statistically significant improvement
in motor learning (PD on DBS: 27.7+6.1% from 940+120ms to 615+84ms; on vs. off DBS
P=0.01). There was no statistically significant difference between patients on DBS and
healthy controls (P=0.4). DBS induced improvement in motor learning was not correlated
with improvement in motor deficits (R=-0.02, P=0.5). A specific connectivity profile
including the right cerebellar hemisphere was associated with improved motor learning
through DBS (R?*=0.33, P=0.01; LOOCV: R=0.43, P=0.028). Region of interest analysis
revealed the ipsilateral cerebellum to be the best predictor of DBS induced motor learning
(R2=0.34, P=0.008; LOOCV: R=0.045, P=0.02). Here, connectivity to the STN was higher
than to M1, suggesting a putative role of the recently discovered basal ganglia - cerebellar
circuit bypassing the cortex.

This study extends current knowledge on motor learning in Parkinson’s disease and
highlights the notion of network modulation in DBS.

Zusammenfassung - Deutsch

Die Tiefe Hirnstimulation (THS) des Nucleus subthalamicus ist eine effektive
Therapiealternative fur Patienten mit idiopathischem Parkinson Syndrom (IPS) und
(fruhen) motorischen Komplikationen, welche zu verschiedenen motorischen und nicht-
motorischen Effekten in der Kortex-Basalganglienschleife fuhrt. Es ist lange bekannt,
dass die Basalganglien und das Kleinhirn sowohl beim IPS als auch beim motorischen
Lernen eine Rolle spielen. Neue anatomische Studien zeigten eine disynaptische
subkortikale  Verbindung zwischen den Nucleus subthalamicus und den
Kleinhirnhemispharen mit bisher unklarer funktioneller Bedeutung.

Die vorliegende Studie untersucht den Effekt subthalamischer THS auf motorisches
Lernen beim idiopathischen Parkinson Syndrom mit dem Ziel, zugrundeliegende
neuronale Netzwerke zu charakterisieren. Hierfur fuhrten 20 Patienten mit IPS unter THS
und 20 altersgepaarte gesunde Probanden eine visuomotorische Reaktionszeitaufgabe
durch. Motorisches Lernen wurde als Verbesserung der Bewegungszeiten durch
Wiederholung der Aufgabe definiert. THS Elektroden wurden lokalisiert und auf ein

offentlich verfugbares normatives funktionelles MRT Konnektom projiziert (1000 gesunde



Probanden). Das optimale Konnektivitatsprofil fur THS induziertes motorisches Lernen
wurde berechnet. Zusatzlich wurde eine Konnektivitatsanalyse durchgefuhrt, um die
Rolle der Verbindung von aktiven THS Kontakten zum motorischen Kortex und zu den
Kleinhirnhemispharen fur THS induziertes Lernen zu untersuchen. Die statistische
Auswertung der Hauptergebnisse erfolgte durch Monte Carlo Permutation und multiple
Regressionen; statistisch signifikante Regressionsmodelle und Korrelationen wurden
mittels der ,Leave one out” Methode kreuzvalidiert.

Patienten mit IPS und ausgeschalteter THS zeigten ein signifikant beeintrachtigtes
motorisches Lernen im Vergleich zu gesunden Kontrollen (IPS mit THS OFF: 12.2+5.4%,
von 1311£160ms auf 1089+118ms; gesunde Kontrollen: 33.48+3.6%, von 729+63ms auf
4731+42ms; P=0.002). Die subthalamische THS fuhrte zu einer statistisch signifikanten
Verbesserung des motorischen Lernens in Patienten mit IPS (IPS mit THS ON:
27.746.1%, von 940+120ms auf 615+84ms; P=0.01). Es ergab sich kein signifikanter
Unterschied zwischen Patienten mit eingeschalteter THS und gesunden Kontrollen
(P=0.4). THS induziertes motorisches Lernen korrelierte nicht mit Linderung motorischer
Symptome (R=-0.02, P=0.5). Es konnte ein spezifisches fMRT Konnektivitatsprofil von
den aktiven THS Kontakten definiert werden, welches pradiktiv fur den Effekt der THS
auf motorisches Lernen war (R?=0.33, P=0.01; LOOCV: R=0.43, P=0.028). Eine
weiterfUhrende  Analyse ergab einen gesonderten Einfluss der rechten
Kleinhirnhemisphare als bester Pradiktor fur THS induziertes motorisches Lernen
(R2=0.34, P=0.008; LOOCV: R=0.045, P=0.02). In diesen Voxels war funktionelle
Konnektivitat zum Nucleus subthalamicus hoher als zum motorischen Kortex, hinweisend
auf eine relevante Rolle der beschriebenen direkten Verbindung vom Nucleus
subthalamicus zu den Kleinhirnhemispharen.

Diese Studie liefert neue Erkenntnisse Uber den Zusammenhang von motorischem
Lernen und der Neuromodulation motorischer Netzwerke beim idiopathischen Parkinson
Syndrom und erweitert das Konzept der Netzwerkmodulation als mechanistisches Modell
zur Wirksamkeit der THS.



Synopsis

1. Current state of research

1.1 Parkinson’s disease: epidemiology, clinical features and standard treatment
Parkinson’s disease (PD) is a motor circuit disorder affecting primarily the basal ganglia
(DeLong and Wichmann, 2007). It is the second most prevalent neurodegenerative
disorder after Alzheimer’s disease and affects 2-3% of the population aged 65 years or
older (Poewe et al., 2017). The cardinal clinical signs of Parkinson’s disease are
bradykinesia combined with either resting tremor, rigidity or both (Postuma et al., 2015).
A myriad of other motor (e.g. freezing of gait, postural instability) and non-motor features
(depression, dementia, autonomic disorders or sleeping disturbances) can appear in
course of disease (Lang and Lozano, 1998). Parkinson’s disease usually begins
unilaterally and evolves asymmetrically. Depending on the predominant motor symptom
observed, it can be divided into akinetic-rigid, tremor-dominant and equivalent subtypes.
The diagnosis is made clinically through physical examination showing the classical
motor signs, presence of supportive evidence such as good response to dopaminergic
treatment or other typical non-motor signs and after exclusion of potential differential
diagnoses.

Oral levodopa and dopamine agonists represent the first line treatment for Parkinson’s
disease and are effective in reducing motor symptoms (Lang and Lozano, 1998; Poewe
et al., 2017). However, treatment can be associated with disabling side effects such as
nausea, orthostatic hypotension, day-sleepiness or impulse control disorders and long-
term complications such as motor fluctuations, levodopa-induced dyskinesia, wearing off
and loss of efficacy (Lang and Lozano, 1998). Derived from ablative surgery, deep brain
stimulation (DBS) is an adjustable and reversible surgical treatment that has proven
highly effective in treatment of Parkinson’s disease with (early) motor complications
(Deuschl et al., 2006; Schuepbach et al., 2013). The subthalamic nucleus is nowadays
the most used DBS target in Parkinson’s disease. Clinical trials showed an average
reduction in motor signs over 40% as measured through the third part of the Unified
Parkinson’s Disease Rating Scale (UPDRS-IIl) and a relevant improvement in patient
reported quality of life after subthalamic deep brain stimulation (Deuschl et al., 2006;
Schuepbach et al.,, 2013). Furthermore, studies reported on an average reduction of
levodopa equivalent daily dose up to 50% (Deuschl et al., 2006). These improvements
were significantly greater than under best medical therapy (Deuschl et al., 2006;
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Schuepbach et al., 2013). While the positive outcomes regarding motor symptoms and
quality of life have been reproduced consistently (Weaver et al., 2012), non-motor effects
of subthalamic DBS are often more heterogeneous (Volkmann et al., 2010) and might
depend on electrode location (Accolla et al., 2016). Hypomania, impulsivity and cognitive
impairment have been reported after subthalamic DBS (Volkmann et al., 2010). Even
though its mechanism of action is still unknown, recent evidence suggests that DBS
evokes specific circuit and network alterations beyond the stimulated target location
(Kahan et al., 2014; Neumann et al., 2018).

1.2 Basal ganglia circuits and pathophysiology of Parkinson’s disease

The degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNc)
and the intracellular accumulation of alpha-synuclein inclusion bodies (“‘Lewy bodies”) are
pathological hallmarks of Parkinson’s disease (Ehringer and Hornykiewicz, 1960; Forno,
1996). Dopaminergic depletion in Parkinson’s disease is associated with pathological
firing patterns and imbalance in basal ganglia circuits (Albin et al., 1989; DelLong, 1990;
Bergman et al., 1994; Fig. 1). The basal ganglia have traditionally been described as
functionally organised in two main pathways: the direct and the indirect pathway
(Alexander et al., 1986; Albin et al., 1989; DelLong, 1990). The first has been
hypothesized to promote movement (initiation): the striatum projects GABAergic neurons
directly to the output nuclei (internal globus pallidus and substantia nigra pars reticulata)
and, in turn, their inhibitory effect upon the thalamus is suppressed, which results in an
activation of the cortex through glutamatergic projections from the thalamus. The indirect
pathway has been proposed to mediate movement inhibition through the external globus
pallidus and the subthalamic nucleus (STN) and is thought to be more active in
Parkinson’s disease (Albin et al., 1989; DelLong, 1990; DeLong and Wichmann, 2007).
The hyperdirect pathway represents a more recently described monosynaptic projection
from the cortex to the STN (Nambu et al., 2002). Furthermore, there is increasing
evidence of cerebellar involvement in Parkinson’s disease (Wu and Hallett, 2013).
Recently, a disynaptic anatomical connection between the subthalamic nucleus and
cerebellar hemispheres through pontine nuclei has been discovered (Bostan et al., 2010).
Its functional significance is still not clear, but it may mediate cerebellar contributions to
Parkinson’s disease (Bostan and Strick, 2018).
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Figure 1: Simplified scheme of the main basal ganglia circuits. The direct pathway is
thought to facilitate movement, whereas the indirect pathway has been hypothesized to
mediate movement inhibition. In Parkinson’s disease, dopaminergic depletion might lead
to predominance of the indirect pathway, reflecting in slowness of movement (Alexander
et al., 1986; Albin et al., 1989; DeLong and Wichmann, 2007). Glutamatergic, GABAergic
and dopaminergic projections are in blue, red and green, respectively.

Abbreviations: SNc = Substantia nigra pars compacta; GPi = Internal globus pallidus; SNr
= Substantia nigra pars reticulata; GPe = External globus pallidus; STN = Subthalamic

nucleus

1.3 DBS as a research platform to investigate disease and behaviour

Deep brain stimulation allows studying poorly accessible deep brain structures in human
patients in context of disease and behaviour. For instance, recording of local field
potentials from the subthalamic nucleus through DBS electrodes has demonstrated
increased oscillatory activity in the beta band as a potential pathophysiological correlate
of Parkinson’s disease that can be suppressed by active stimulation (Kuhn et al., 2008).
Contributions of DBS research to neural correlates of motor control and decision making
would be an analogue example regarding behaviour: Evidence mainly from
electrophysiological recordings in animal studies suggests that the STN mediates
inhibitory control, integrating information from the cortex through the hyperdirect pathway
(Nambu et al., 2002). In human studies with parkinsonian patients, STN-DBS has been
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shown to reduce the ability to slow down responses before high-conflict decisions, leading
to shorter reaction times and more erroneous responses in decision making tasks (Frank
et al., 2007; Green et al., 2013). The STN has been hypothesized to adapt motor output
by setting decision thresholds (Herz et al., 2016). A recent study has demonstrated that
STN-DBS adjusts decision thresholds through modulation of oscillatory activity in
Parkinson’s disease (Herz et al., 2018). Non-motor effects of subthalamic DBS may also
depend on electrode location, as the subthalamic nucleus is functionally subdivided into
motor, limbic and associative territories, which, in turn, are structurally connected to
distinct cortical areas (Accolla et al., 2016). For example, stimulation of the limbic STN
has been associated with hypomanic behaviour (Volkmann et al., 2010; Accolla et al.,
2016).

In a previous study combining clinical and behavioural measures, imaging data and
computational modelling, we have extended these findings (Neumann et al., 2018). We
demonstrated impaired motor control in Parkinson’s disease patients undergoing STN-
DBS when facing increased cognitive demand (Neumann et al., 2018). Furthermore, we
provided evidence that this effect is associated with stimulation of fibres of the hyperdirect
pathway. Simulating a lesion of the indirect pathway could predict improvement in
movement kinematics, whereas simulating a lesion of the hyperdirect pathway
successfully predicted reaction time changes during DBS (Neumann et al., 2018). Figures
2 and 3 show representative behavioural results from the previous study (Neumann et
al., 2018).
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Figure 2: STN-DBS impairs ability to adapt to increased cognitive demand in
Parkinson’s disease. In a previous study (Neumann et al., 2018), subthalamic DBS led
to a statistically significant reduction in reaction times (A) (permutation tests, on DBS vs.
off DBS P=0.0022; on DBS vs. healthy controls P=0.21; off DBS vs. healthy controls

P=0.005) across all averaged trials. However, in trials of higher cognitive demand



(“controlled condition” with inverted pen to cursor mapping in a visuomotor task), STN-
DBS impaired the ability to slow down responses in order to adapt motor execution (B)
(A Reaction time = RTcontrolled-R Tautomatic; 0N DBS vs. off DBS P=0.004; on DBS vs. healthy
controls P<0.018; off DBS vs. healthy controls P=0.99). Figure adapted from Neumann
etal., 2018.

The STN represents a point of convergence to the indirect and the hyperdirect pathways
and modulation of each of these circuits through subthalamic DBS can lead to different
motor and non-motor effects (Neumann et al., 2018; Fig. 3). The abovementioned
disynaptic projection from the STN to the cerebellum adds complexity to the basal ganglia
circuits (Bostan et al., 2010) and is often neglected in favour of simplification in DBS
studies. Aberrant cerebellar activity in Parkinson’s disease and its modulation under STN-
DBS has been shown in previous studies (Payoux et al., 2004; Asanuma et al., 2006; Wu
and Hallett, 2013). To which extent the “short-cut” STN-cerebellar connection contributes

to these findings remains to be elucidated.
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Motor cortex —-Perdirect pathway ' > Inhibitory control
Indirect pathwa
GPe P y STN ' » Slowness of movement
Cerebellar ?2?2? ‘

> ing ?
hemispheres »  Motor learning

Figure 3: Schematic illustration on the segregation of basal ganglia pathways
modulated by subthalamic DBS. A DBS electrode with four contacts (the second from
bottom is active - in red) is placed in the STN (in blue). Input from different pathways to
the STN is represented on the left side, behavioural output under subthalamic stimulation
on the right side. Improvement in motor performance might be achieved through
stimulation of the indirect pathway (Neumann et al., 2018), whereas stimulation of the
hyperdirect pathway in Parkinson’s disease has been proposed to modulate more
cognitive aspects of movement control (Nambu et al., 2002; Frank et al., 2007; Neumann
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et al., 2018). The role of the projection from cerebellar hemispheres to the STN has not

been cleared yet (Bostan and Strick, 2018).

All'in all, deep brain stimulation represents a window to deep brain structures such as the
basal ganglia and gives insight into (patho-)physiological processes that can be studied
through behavioural tasks on and off stimulation and complemented by neuroimaging,
computational modelling and other tools.

1.4 Motor Learning and Parkinson’s disease

Motor learning is a broad term that describes changes or improvements in motor
performance induced by practice as assessed through a defined parameter of interest
(Shmuelof and Krakauer, 2011). It encompasses learning a complex skill such as lacing
shoes, or learning to tip a simple number sequence as in a PIN code - motor skill learning
- as well as learning how to adapt movement to a changing environment - motor
adaptation.

Until now, motor skill learning has mostly been assessed through serial reaction time
tasks as motor sequence learning. Impairment in motor sequence learning performance
in primates after reversible striatal pharmacological inactivation (Miyachi et al., 1997) and
in humans after pallidal lesioning (Brown et al., 2003) as well as basal ganglia activation
in functional neuroimaging studies (Lehericy et al., 2005) indicate an important role of the
basal ganglia in motor skill learning. Motor adaptation has been studied mostly by
assessing error rates in paradigms where an external disturbance is introduced such as
a force field or a visuomotor rotation. Motor adaptation requires compensation for sensory
prediction errors and is impaired in cerebellar disease (Weiner et al., 1983; Bastian,
2006).

In an fMRI study on healthy subjects, early phases of short-term visuomotor skill learning
were associated with increased activation of prefrontal, sensorimotor and parietal
cortices, as well as caudate nucleus and ipsilateral cerebellum (Floyer-Lea and
Matthews, 2004). Activation in these areas decreased in later phases of learning, giving
place to increased activity in subcortical motor regions such as the dentate nucleus, the
thalamus and putamen (Floyer-Lea and Matthews, 2004). Within the basal ganglia, a shift
in activation from ventral associative striato-pallidal regions in early learning phases to
more dorsal sensorimotor regions during later phases of learning was associated with

automaticity in a motor sequence task (Lehericy et al., 2005). This transition not only
11



globally from a cortical to a subcortical level but also within the basal ganglia from
anterior/associative to posterior/sensorimotor regions may reflect the need for conscious
processes while acquiring a motor skill, contrasting with the less attention needed in
phases of automaticity/consolidation of motor learning. The orchestration of different
brain regions during different modalities and stages of learning adds complexity to the
analysis and interpretation of motor learning paradigms.

In Parkinson’s disease, impaired ability to learn has been demonstrated for early phases
of motor sequence learning and tasks that involve explicit attentional processes (Marinelli
et al., 2017). Imaging studies suggest that patients with Parkinson’s disease rely on
similar neuroanatomical substrates for learning as healthy subjects, however, activation
is stronger and further adjacent territories might be activated as shown in PET-studies
(Catalan et al., 1999; Nakamura et al., 2001; Wu et al., 2010). It is important to bear in
mind that evidence on motor learning in Parkinson’s disease is heterogeneous as it
depends on specific factors such as disease stage, cognitive status and dopaminergic-
treatment. Differential effects of dopamine replacement therapy in motor learning in
Parkinson’s disease might be explained by “overdosing” of not (yet) affected brain areas
involved in motor learning (Gotham et al., 1988).

One study has shown subthalamic DBS induced improvement in motor sequence
learning in parkinsonian patients, but not after levodopa infusion (Mure et al., 2012). Here,
the DBS effect was associated with increase in a learning-specific network activity,
involving the right lateral cerebellum, the parahippocampal gyrus, left dorsal premotor
and inferior parietal regions (Mure ef al., 2012).

Thus, in contrary to decision making and inhibitory control, there is little evidence on motor
learning in Parkinson’s disease and studies on the role of subthalamic DBS are even
scarcer. More than that, the relevance of modulating subcortical basal ganglia cerebellar
interactions through DBS for motor learning remains to be explored.
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2. Aim of this study

The present study aimed at elucidating the effect of subthalamic DBS on motor learning
in Parkinson’s disease and investigating the underlying neural networks. Here, 20
Parkinson’s disease patients undergoing STN-DBS and 20 age-matched healthy controls
were instructed to perform reaching movements in a visuomotor task and short-term
improvement in movement execution was analysed as a reflection of motor learning.
Furthermore, functional connectivity patterns from DBS active contacts to a resting state
functional network were assessed and associated with DBS induced changes in motor
learning.

The following hypotheses were tested:

1) Motor learning in Parkinson’s disease patients off DBS is impaired comparing to age-
matched healthy controls.

2) Activation of subthalamic deep brain stimulation restores impaired motor learning in
Parkinson’s disease patients.

3) Specific connectivity profiles from active contact location to the rest of the brain explain
DBS induced changes in motor learning.

In the following sections, the methods applied for testing these hypotheses will be
described in detail as well as the most important new results. Relevant clinical aspects
and scientific issues derived from this study will be discussed.
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3. Methods

3.1 Participants and visuomotor task

A detailed description of clinical characteristics of all participants and visuomotor task set
up has been provided in Neumann et al., 2018 and de Almeida Marcelino et al., 2019 as
both studies analysed the same cohort and behavioural paradigm (see Table 1 of de
Almeida Marcelino et al., 2019). Patients were recruited from the movement disorders
department of the “Campus Virchow Klinikum” at Charité — University Medicine Berlin
throughout the year of 2015. All patients were under stable and individually prescribed
medication and had individually adjusted stimulation parameters for best clinical motor
effect (Neumann et al., 2018). All Parkinson’s disease patients were clinically examined
on and off DBS using the third part of the Unified Parkinson’s Disease Rating Scale
(UPDRS-III) to 1) confirm the efficacy of DBS on motor sign alleviation and 2) allow
comparison between behavioural results and motor sign alleviation. A summary of
participants’ characteristics can be found in Table 1. Parkinsonian patients of tremor-
dominant subtype were not included in this study as to avoid interference of tremulous
movement execution with behavioural results (Neumann et al., 2018). All patients
participated with informed consent. The study was approved by the local ethics committee
and carried out in accordance with the Declaration of Helsinki and abided by the rules of
‘good scientific practice” (“Gute wissenschaftliche Praxis”) of the Charité University
Medicine Berlin.

Table 1: Summarized participants’ characteristics. UPDRS-IIl = third part of the
Unified Parkinson’s Rating scale, LEDD = levodopa equivalent daily dose; mean %

standard error of mean given when appropriate.

PD patients with STN-DBS | Healthy controls
Participants 20 (2f) 20 (3f)
Age 62.6+1.5 years 63.2+1.7 years
Disease duration 1411 years -
UPDRS-IIl ON/OFF 11.241.2/ 28.942.5 pts. -
LEDD 612.6+113.6 mg -

Participants were instructed to operate a cursor on a computer display to reach a target
circle by moving a digitizer pen on a tablet (Intuos pro, Wacom Europe GmbH Krefeld,
14



Germany). A schematic illustration of one complete trial is depicted in Figure 4.
Participants were asked to perform as fast and accurate as possible. Only the first 30
trials in this condition were analysed. Trials with inverted pen to cursor mapping as
described in Neumann et al. 2018 were not included in this study.

. / /

/ (1) ' /j ./ ./

+ + 2 + +

) D R |

500 ms Movement time 500 ms

Figure 4: Example of one trial in the visuomotor task. After three seconds on the
fixation cross, a yellow warning cue would appear. After the cursor was kept for 500 ms
on the yellow circle, the warning cue would vanish and the target would appear in one of
eight possible circular arranged positions on the screen (1). The movement time
described the time between movement onset (2) and reaching the target. After 500ms on
the target it vanished and the participant had to return to the fixation cross for the next

trial.

3.2 Statistical analysis of behavioural task

The details of employed statistical tests have been presented in the original publication
(de Almeida Marcelino et al., 2019). Motor learning was assessed as improvement in
movement times throughout the trials and calculated as follows:

Average movement time in first 10% of trials (N = 3) 100
*

Motorl ing =
otor tearming Average movement time in last 10% of trials (N = 3)

The very first and last trials were excluded to avoid begin/end of task distraction. Task
improvement was compared between groups (healthy controls, PD patients on DBS and
PD patients off DBS) using permutation tests. Here, the null hypothesis was tested that
percentage task improvement from the tested individuals was interchangeable by
comparing 5000 replications of the test statistic with randomly rearranged distribution of
task improvement results between the tested groups. This procedure avoids any
assumptions regarding the distribution of the measured parameters and is robust against
small sample size (Neumann et al., 2014).
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To further assess changes in motor performance through practice, a power law
regression function was fitted to averaged movement time throughout trials for all groups.
y=1+a-x° y is trial averaged movement time
x is the trial index
Motor sign alleviation was assessed as relative improvement in UPDRS-III total scores:

, o UPDRS 111 OFF DBS — UPDRS 111 ON DBS
Motor sign alleviation = * 100
UPDRS 11l OFF DBS

DBS induced improvement in motor learning was calculated as difference between

percentage task improvement on DBS and off DBS and used for learning specific
connectivity analysis. Improvement in bradykinesia and rigidity subscores (UPDRS-III
items 22-25) for the right upper extremity was assessed to test for the confounder that
improvement in motor learning might be induced by improved agility of the right arm (as
all patients were right-handed). In additional analyses not included in the original
publication, the association between DBS induced task improvement and levodopa
equivalent daily dose (LEDD), symptom laterality and stimulation parameters (double
monopolar vs. single monopolar) was assessed through correlation or permutation tests
(the latter for binary measures). MATLAB software (The MathWorks, Inc., Natick,
Massachusetts, United States) was used for programming the task and computing all
statistical analyses.

3.3 Electrode localization and functional MRI analysis

To analyse functional networks associated with DBS induced improvement in motor
learning, electrode localization was performed using the latest version of Lead-DBS v2
(Horn et al., 2019) for all patients but one, who had been operated elsewhere and for
whom preoperative imaging was not available (Fig. 5). In the remaining cohort, pre-
operative MRI and post-operative CT scans were co-registered and normalized to MNI
(Montreal Neurological Institute) space. Active contacts were then represented as
spherical regions of interest (ROI's) with a radius of 1 mm roughly reflecting the cylindrical
DBS contacts (1.27mm diameter, 1.5mm length) as seed regions projected to an openly
available group connectome derived from resting state functional connectivity MRI (rs-

fcMRI) images of 1000 healthy volunteers (www.lead-dbs.org; Buckner et al., 2011).
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Figure 5: Placement of DBS electrodes in the subthalamic nucleus. Electrode
localisation was performed with Lead-DBS (www.lead-dbs.org) for all Parkinson’s

disease patients included in the connectivity analysis (N=19).

The connectivity analysis builds on the hypothesis that DBS acts on a network level and
modulates brain regions beyond the immediate proximity of the active contact. It was
performed according to established methodology described previously (Boes et al., 2015;
Horn et al., 2017; Joutsa et al., 2018). In a first step, time series were sampled from active
DBS contact location for each patient and correlated with time series of every other voxel
in the brain, creating one connectivity profile for each patient (R x Nvoxeis X Npatients, Where
R = correlation coefficient and N = number). Then, functional connectivity from active
contact was correlated with DBS induced changes in motor learning for each brain voxel
(R x Nvoxeis). This was depicted as an “R-map” of DBS induced motor learning (Figure 2B
of de Almeida Marcelino et al., 2019). Third, spatial correlation between the individual
connectivity and the “optimal” R-Map was calculated for each patient (R x Npatients). Lastly,
the predictive potential of spatial correlation was assessed by correlating learning
improvement for individual patients with spatial correlation to the “optimal” R-map (7 x R;
Figure 2C of de Almeida Marcelino et al., 2019).

Linear regression analysis was additionally performed to test for predictive value on a
priori defined region of interest (ROI) from M1 and bilateral cerebellum. Leave one out
cross-validation (LOOCV) was performed in all significant regression models and
correlations, including the whole brain connectivity analysis. Following potential
confounders were added as regressors to the multivariate analyses: relative improvement
in UPDRS-III total scores, bradykinesia/rigidity hemibody scores (items 22-25 of UPDRS-
[11), symptom laterality, levodopa equivalent daily doses, monopolar vs. double monopolar
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seed regions. False discovery rate (FDR) was used for control of multiple comparisons.
To refute the possibility that a basal ganglia - thalamo - cortico loop could underlie the
connectivity results between basal ganglia and cerebellum, cerebellar functional
connectivity maps seeded from bilateral STN were subtracted from the cerebellar
connectivity maps seeded from bilateral M1 and visualised as a colour map (Figure 3D in
de Almeida Marcelino et al., 2019).
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4. Results

A detailed report on the most important results from this study can be found in the original
publication (de Almeida Marcelino et al., 2019). Here, the main findings will be

summarized and some detail about supportive analyses will be given.

4.1 Subthalamic DBS improves short-term motor learning in Parkinson’s disease
First, motor learning as assessed through improvement between first and last 10% of
trials was compared between the three groups: Parkinson’s disease patients off DBS
showed statistically significant reduced improvement in motor learning (PD off DBS:
individual relative improvement: 12.2+5.4% from 1311+£160ms to 1089+118ms movement
time; mean £ S.E.M; P=0.01) when compared to on DBS (PD on DBS: 27.7+6.1% from
940+120ms to 615+84ms; PD off vs. on DBS; P=0.01) and healthy controls (healthy
controls: 33.481£3.6% from 729+63ms to 473+42ms; healthy controls vs. PD off DBS;
P=0.002). Subthalamic DBS improved motor learning to the level of healthy controls
(healthy controls vs. PD on DBS, P=0.4). Trial by trial improvement in movement times
followed a power law function for healthy controls (R?=0.91, P<0.001) and Parkinson’s
disease patients on DBS (PD on DBS, R?>=0.81, P<0.001), differing mainly due to a higher
offset of the latter defined as the intercept. Regressing trial by trial movement times for
patients off stimulation did not lead to a statistically significant fit (R*>=0.05, P=0.47).
Figure 6 is an adaptation of Figure 1 from de Almeida Marcelino et al., 2019, representing
these results.
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Figure 6: Motor learning is impaired in Parkinson’s disease patients off DBS and
improved under active subthalamic DBS. (A) Improvement in motor learning was
reduced in Parkinson’s disease patients off DBS comparing with healthy controls (PD off
DBS vs. healthy controls, P=0.002) and with patients on DBS (PD off DBS vs. on DBS,
P=0.01). Subthalamic DBS improved motor learning in Parkinson’s disease patients to
the level of healthy controls (PD on DBS vs. healthy controls, P=0.4). (B) A power law
function was used to fit trial by trial improvement in motor execution. Parkinson’s disease
patients on DBS revealed a similar curve as healthy controls, only with a higher offset
(see text for R values). The groups are represented by the same colours in both graphs
(red = PD patients off DBS; yellow = PD patients on DBS; green = healthy controls).

Figure adapted from original publication (de Almeida Marcelino et al., 2019).

Even though subthalamic deep brain stimulation led to a statistical significant motor sign
alleviation (off DBS: 28.9 £ 2.5; on DBS: 11.2 + 1.2 points, P<0.001; Fig. 5), there was no
significant correlation between task improvement and improvement in total UPDRS-III
(R=-0.02, P=0.5; Fig. 6A) or bradykinesia/rigidity hemibody scores (R=0.06, P=0.4; Fig.
6B). More than that, daily levodopa equivalent dose did not correlate with DBS induced
improvement in motor learning (R=-0.28, P=0.12; Fig. 7A). Improvement in motor learning
was higher for right side dominant Parkinson’s disease patients (ipsilateral to used hand),
however this difference was not statistically significant (Right side dominant: N=10,
23.518.2%; Left side dominant: N=10, 7.52+8.8%; paired permutation test P=0.14; Fig.
7B).
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Figure 5: Subthalamic DBS leads to a significant motor sign alleviation. Subthalamic
DBS successfully improved motor signs as reflected in reduction of total UPDRS-III

scores (P<0.001); adapted from Neumann et al., 2018.
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Figure 6: Motor sign alleviation does not correlate with DBS induced motor learning.
Neither DBS induced change in total UPDRS-IIl score (A) (R=-0.02, P=0.5) nor in right
upper extremity bradykinesia subscores (B) (R=0.06, P=0.4) correlated with DBS induced
task improvement. Figure 6A was adapted from de Almeida Marcelino et al. 2019 (Figure
2A in de Almeida Marcelino et al., 2019).
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Figure 7: Levodopa intake and motor sign laterality are not associated with DBS
induced motor learning. Levodopa equivalent dose did not correlate with DBS induced
task improvement (A) (R=-0.28, P=0.12). Furthermore, there was no significant difference
between improvement in motor learning for right and left dominant side (B) (paired
permutation test P=0.14).

Seven of the 20 patients had double monopolar settings (cases 3, 6, 8, 11, 12, 15 and
19). No significant difference was found between the double monopolar stimulated
patients and the remaining cohort with respect to DBS induced change in motor learning
(P=0.5).
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4.2 Motor learning correlates with resting state functional connectivity profiles of
active DBS contacts

To assess the predictive value of DBS neural circuit profiles for improvement in motor
learning, fMRI connectivity maps were derived from connectomic resting-state fMRI data
(N=1000 healthy subjects; Horn et al., 2017). This method has been proven powerful in
the identification of underlying network implications of stimulation and focal lesions in
psychiatric and neurological diseases (Boes ef al., 2015; Horn et al., 2017; Joutsa et al.,
2018). The optimal fMRI connectivity profile from active DBS contacts for DBS induced
motor learning was visualised as a whole-brain R-map (see Figure 2B of de Almeida
Marcelino et al., 2019). Spatial correlation between individual connectivity profiles and
the “optimal” R-map could significantly explain variance in task improvement under DBS
(N=19; R?=0.33, P=0.01; LOOCV: R=0.43, P=0.028).

Furthermore, functional connectivity from the active contact to bilateral M1 and
cerebellum could explain 58% of the variance in DBS induced task improvement in an
additional region of interest analysis (Figure 3A of de Almeida Marcelino et al., 2019;
multivariable linear regression; R?>=0.58, P=0.01 and R=0.5, P=0.004 for LOOCV). More
than that, functional connectivity from active DBS contacts to right cerebellar hemisphere
was the strongest predictor for DBS induced motor learning (R?>=0.34, P=0.008; LOOCV:
R=0.045, P=0.02) with peak predictive voxels locating to Crus Il of Lobule VIl (R=0.71;
P<0.001; Fig. 8). Here, connectivity to STN was greater than connectivity to M1 (Fig. 3D
in de Almeida Marcelino et al., 2019).
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Figure 8: Functional connectivity from active DBS contacts to the right cerebellar
hemisphere is associated with DBS induced motor learning. On the left hand side, a
flattened cerebellum is depicted that shows in red to yellow tones increasing correlation
values between connectivity from active DBS contact and DBS induced motor learning
(Part of Figure 3C of de Almeida Marcelino et al., 2019). On the right hand side,
correlation between connectivity from DBS contacts to the different cerebellar lobules is
depicted as bar charts. Peak predictive voxels corresponded to Crus |l of Lobule VII
(R=0.71; P<0.001), overlapping with the injection site of the anatomical study that
described for the first time the disynaptic pathway between cerebellar hemispheres and

the subthalamic nucleus (Bostan et al., 2010).

Adding active contact seed region (monopolar vs. double monopolar) and symptom
laterality as binary predictors into the multivariate analysis did not yield significant
predictive performance. Relative improvement in UPDRS-III total scores and
bradykinesia/rigidity hemibody scores (items 22-25 of UPDRS-III), symptom laterality,
levodopa equivalent daily doses and active contact seed region were rejected in the
stepwise model selection. Thus, a systematic effect of these potential confounders in the

correlation and regression analysis can be excluded.
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5. Discussion

Four conclusions can be drawn from this study: first, short-term motor learning is impaired
in Parkinson’s disease patients off DBS and can - at least partially - be restored through
activation of subthalamic stimulation. Second, DBS induced improvement in motor
learning is associated with functional connectivity to a specific brain network comprising
the ipsilateral cerebellum. Third, functional connectivity from the active DBS contacts to
the latter was shown to be the highest predictor for improvement in motor learning under
STN-DBS. Lastly, the cerebellar areas most associated with DBS induced motor learning
overlap with the source of direct subthalamic-cerebellar projections demonstrated in
previous anatomy studies (Bostan et al., 2010) and show higher connectivity to bilateral
STN than to the motor cortex in our study.

5.1 Clinical aspects and limitations: dopamine replacement, disease laterality and
stimulation parameters

Parkinsonian patients off DBS revealed reduced task improvement comparing with the
on DBS condition and healthy controls. The poor performance of Parkinson’s disease
patients off DBS in spite of being on their usual medication might seem surprising.
Dopaminergic medication was very heterogeneous across patients as stimulation
parameters were set for best possible effect and the levodopa dose aimed to compensate
for the remaining debilitations. Thus, there were patients that could refrain from any oral
levodopa as the DBS effect was satisfying. Our results show no significant association
between learning rates and levodopa dose (including analysis for off DBS condition only;
P>0.1). A previous study on motor learning in Parkinson’s disease investigating on vs. off
levodopa “a priori” did not find levodopa induced improvement in performance (Mure et
al., 2012). Moreover, a recent study in healthy controls comparing the effect of levodopa
and dopaminergic antagonists did also not find any relevant improvement or detriment in
memory based motor adaptation (Quattrocchi et al., 2018). One explanation could be that
DBS may indeed have a more specific effect on the basal ganglia cerebellar route, which
will be discussed later in this chapter. Furthermore, ambiguous results in literature
regarding the role of dopamine in learning might be attributed to the highly selective loss
of dopaminergic cells in Parkinson’s disease (Ehringer and Hornykiewicz, 1960). Since
iatrogenic dopamine replacement reaches all dopamine receptors in the brain, supplying
structures affected early in course of disease with dopamine might have a positive impact
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on patients’ performance, whereas dopamine replacement in other not yet affected areas
might lead to an “overdose effect” and herewith compromise the normal functioning of the
networks involved - the so-called “dopamine-overdose hypothesis” (Gotham et al., 1988).
Even though imaging results were lateralized to the right cerebellar hemisphere, right and
left motor symptom predominant sides did not present a statistically significant difference
in motor learning. A previous imaging study on motor learning in Parkinson’s disease had
also shown an increased activation of the right cerebellar hemisphere (Mure et al., 2012).
These studies further share the fact that outcome measures were derived from right hand
movements in only right-handed subjects. To further investigate whether this
lateralization reflects anatomical asymmetry or is a consequence of the used hand the
same study should include a set of trials including the contralateral hand and patient
specific imaging would be more appropriate as well as a subgroup of left-handed patients.
In this study, stimulation parameters were set for optimal motor symptom alleviation and
differed between patients. More than that, parameters were left unchanged during
performance of task. It would be interesting to alter stimulation in an additional control
condition as to maximize stimulation of areas functionally connected to the cerebellum.
Lastly, our results rule out a potential systematic bias of larger seed regions in double
monopolar settings.

These considerations point out the complexity of investigating behaviour in Parkinson’s
disease: disease stage and severity, motor symptom laterality, dopaminergic treatment,
stimulation parameters are all factors that can influence performance and beg for a

cautious interpretation of results.

5.3 Neural circuits underlying motor learning

Motor learning is essential for survival across different species and therefore depends on
phylogenetically well preserved brain structures such as the basal ganglia and the
cerebellum (Shmuelof and Krakauer, 2011). A recent viral tracing study on macaques has
suggested that the STN sends efferent projections to the cerebellar hemispheres via a
pontine synapse (Bostan et al., 2010), defying the traditional view that basal ganglia and
cerebellum only exchange information at a cortical level (Caligiore et al., 2017). These
findings add yet another circuit that can be modulated by subthalamic DBS. In the present
study, DBS leads to an improvement in motor learning that is independent of DBS induced
motor sign alleviation. Hence, we hypothesize that there are different, specific network
changes underlying this effect and argue that modulation of basal ganglia - cerebellar
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interactions might play a decisive role. We demonstrate that connectivity of DBS active
contact location to the cerebellar hemispheres was associated with a greater
improvement in learning through DBS. More than that, the voxels with highest predictive
value within the cerebellum corresponded to the injection site of the abovementioned
anatomical study (Bostan et al., 2010), Crus |l of Lobule VII. Also, that same location in
the cerebellar hemispheres showed greater connectivity to the STN than to the motor
cortex (M1) when assessing the normative group connectome (1000 healthy subjects).

While the present findings suggest that modulation of the subthalamic cerebellar pathway
might enhance DBS induced motor learning, the circuit mechanisms behind this effect
remain to be elucidated. The concept of deep brain stimulation was derived from the
antiparkinsonian effect of ablative basal ganglia surgery (Bergman et al., 1990). Even
though its mechanism of action is still not fully understood, DBS is thought to modulate
local neural activity by suppressing pathologically exaggerated synchronicity (DeLong
and Wichmann, 2007). This has been replicated in Parkinson’s disease patients through
recording of local field potentials of the STN, where increased activity in the beta band
was attenuated under subthalamic DBS (Kuhn et al., 2008). Failure to suppress beta
activity has been associated with impaired motor learning in Parkinson’s disease (Herrojo
Ruiz et al., 2014). Previous neuroimaging studies have reported aberrant activity in
cerebellar hemispheres of Parkinson’s disease patients in the resting state that can be
modulated by DBS (Payoux et al., 2004; Asanuma et al., 2006; Wu and Hallett, 2013).
More than that, increased activity in cerebellar output nuclei under subthalamic DBS has
been shown in wildtype and 6-OHDA lesioned parkinsonian rats (Sutton et al., 2015;
Bostan and Strick, 2018). One could argue that aberrant subthalamic output to cerebellar
hemispheres in Parkinson’s disease is modulated through subthalamic deep brain
stimulation, leading to disinhibition in downstream cerebellar activity (Bostan and Strick,
2018; de Almeida Marcelino et al., 2019). Facilitation of motor learning could occur by
allowing basal ganglia driven signals to update cerebellar forward models with short-
latency, and the cerebellar output nuclei could, in turn, convey the striatum with
information for “real-time” adaptation of basal ganglia output (Caligiore et al., 2017).
Currently, this hypothesis remains speculative and must be assessed in further studies.

All'in all, the contributions of basal ganglia cerebellar connections to Parkinson’s disease
represent complex processes that are still beginning to be clarified. Motor learning might
be one of the functional applications of these connections. In order to understand to what
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extentitis influenced by deep brain stimulation and investigate other possible applications

further studies are necessary.

5.3 Outlook

In the following, the main resulting scientific issues and clinical applications will be
addressed. First, one can conclude that more studies assessing the role of dopamine and
deep brain stimulation on motor learning in Parkinson’s disease are needed as there is a
gap in literature for this topic. Therapeutic implications could arise from future work in this
field: for example, in a cross-over design one could investigate the role of DBS in retention
of motor learning, which would be relevant for enhancing rehabilitative processes to
improve activities of daily living. Second, this study highlights the utility of connectomics
to understand function of targeted networks and mechanisms of DBS. This methodology
has been gaining relevance in the past years, as it is not invasive and increasingly
accessible. Future studies should investigate the role of network modulation of individual
connectivity profiles through DBS and associated changes in movement kinematics and
cognitive aspects of movement execution in Parkinson’s disease. To this end,
Parkinson’s disease patients could perform the visuomotor task as described in Neumann
et al., 2018 and undergo fMRI scans on and off DBS. Third, investigating the functionality
of neural circuits and networks is highly relevant to optimise targeted treatments such as
deep brain stimulation. With increasing quality of clinically available MRI scans, DBS
targets may be chosen based on connectivity measures relating to circuit connections.
Furthermore, the long-term goal would be to adapt stimulation to “real-time” necessities
in a closed loop fashion either by becoming active only when needed or even by switching
active contacts depending on the required circuit modulation. To transfer these concepts

to current practice, more research is required.

5.4 Conclusion

To conclude with, the present study integrates behavioural data and connectivity
analyses to investigate the interactions between the basal ganglia, the cerebellum, motor
learning and Parkinson’s disease. Motor learning is impaired in Parkinson’s disease
patients off stimulation and subthalamic DBS may restore this ability through modulation
of specific basal ganglia cerebellar communication pathways. These findings point out
the utility of DBS in investigating behaviour in disease and emphasize that network
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modulation might be a mechanism of DBS. The presented evidence is relevant for
developing intelligent adaptive neuromodulation technologies supporting patients to
tackle the challenges of everyday life with Parkinson’s disease.
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