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Abstract
Abstract

Maturation of motor control represents a key aspect of brain development, characterized by a
complex reorganization of cortical and subcortical networks that enable increasingly refined
motor abilities. Deviations from these maturational trajectories are closely linked to the onset
of various neurodevelopmental disorders. Within this framework, the present dissertation
investigates the neural dynamics underlying motor control in typical development and identifies
alterations of developmental patterns associated with Tourette syndrome (TS). Using a
multimodal approach, including electroencephalography (EEG) with high temporal resolution,
transcranial magnetic stimulation (TMS), and functional magnetic resonance imaging (fMRI)
with high spatial resolution, this work provides a comprehensive insight into the organization
and function of motor networks from early childhood through adolescence. To study processes
related to motor preparation, sensorimotor integration, and the coordination of voluntary

movement, participants performed cued motor tasks.

Healthy development was characterized by a progressive improvement in motor performance,
reflected in reduced reaction times and error rates. At the neural level, both EEG and fMRI
provided converging evidence for the ongoing maturation of motor networks throughout
childhood and adolescence. Motor preparation was associated with an age-related increase in
supplementary motor area (SMA) recruitment, paralleled by a shift in the influence of the SMA
on the ipsilateral primary motor cortex (M1) from inhibitory to excitatory. These results indicate
a transition toward more proactive motor control strategies. Additionally, the inhibitory
influence of the intraparietal sulcus (IPS) on SMA was associated with better motor
performance, suggesting that maturing frontoparietal interactions play a regulatory role in
refining motor output. Cortical activity related to preparatory motor control shifted from
stronger ipsilateral to increasing contralateral motor area excitation, aligning with more
efficient hemispheric specialization. Furthermore, fMRI revealed a linear increase in left
parietal activity, particularly within visuomotor integration regions. Finally, TMS-EEG
measurements demonstrated an age-related reduction in the N100 component, a marker of
GABABg-related cortical inhibition, indicating refinement of inhibitory processes as the motor

system matures.

Children and adolescents with TS revealed comparable or even enhanced motor performance

in cued tasks, despite showing deficits in blink suppression. Neurophysiological analyses
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Abstract

revealed reduced theta-band connectivity and decreased network efficiency following
informative cues, suggesting disrupted sensorimotor integration and perception-action binding.
This reduction may reflect a compensatory attempt to minimize premature or involuntary motor
output. During movement preparation and execution, data indicated a reorganization of motor
networks, including increased connectivity within SMA and premotor regions. These
adaptations occurred alongside overactivation of ipsilateral M1 and S1, with activation levels
positively correlated with task accuracy, suggesting recruitment of additional motor resources
to support performance. Further analysis revealed increased interhemispheric communication
between left and right IPS, and a shift from inhibitory to excitatory influence of the IPS on
premotor cortex (PMC). This may contribute to motor system hyperexcitability and atypical
perception-action binding observed in TS. Finally, TS was characterized by reduced
modulatory capacity of cortical inhibition during both motor preparation and execution,

suggesting diminished flexibility in motor network regulation.

These findings demonstrate that typical motor development is driven by increasing
specialization and integration of frontoparietal and sensorimotor networks, supporting more
efficient and lateralized motor function. In contrast, TS is marked by altered anticipatory
processes and reduced inhibitory flexibility, counterbalanced by compensatory recruitment of
alternative motor and sensory networks to maintain performance. This multimodal framework
provides valuable insights into developmental mechanisms and highlights the dynamic
interaction between dysfunction and adaptation in TS, offering direction for future therapeutic

strategies.

viii



Zusammenfassung
Zusammenfassung

Die Fahigkeit zur gezielten Steuerung von Bewegungen entwickelt sich im Laufe der Kindheit
und Jugend und spiegelt zentrale Reifungsprozesse des Gehirns wider. Neuronale Prozesse, die
der Entwicklung der motorischen Kontrolle zugrunde liegen, bieten wichtige Einblicke in
gesunde Entwicklungsverldufe sowie in die Mechanismen neuroentwicklungsbedingter
Storungen. Basierend auf diesen Grundlagen untersucht die vorliegende Dissertation die
funktionellen Entwicklung neuronaler Netzwerke im Laufe der Kindheit und Jugend und
vergleicht diese mit den Verdnderungen, die bei Kindern und Jugendlichen mit Tourette-
Syndrom (TS) auftreten. Mithilfe verschiedener multimodalen Messungen, einschlie8lich
hochauflosendem Elektroenzephalogramm (EEG), transkranieller Magnetstimulation (TMS)
sowie funktioneller Magnetresonanztomogratie (fMRI) wurden motorische Netzwerke im
Rahmen von Aufgaben zur motorischen Vorbereitung, sensomotorischen Integration und

Bewegungskoordination untersucht.

Bei gesunden Kindern und Jugendlichen zeigten sich mit zunehmendem Alter verbesserte
motorische Leistungen, die mit einer stirkeren Rekrutierung des supplementér-motorischen
Areals (SMA), begleitet von einer Verschiebung des Einflusses der SMA auf den ipsilateralen
Motorkortex (M1) von hemmend zu erregend, einherging. Diese Ergebnisse deuten auf ein
zunehmende Bedeutung der SMA fiir die Planung, Initiierung und Koordination komplexer
Bewegungsabldaufe im Rahmen der motorischen Entwicklung hin. Zudem zeigte sich eine
lineare Zunahme der Aktivitit im linken Parietallappen, insbesondere in Regionen der
visumotorischen Integration sowie eine Verschiebung von einer Inhibition der ipsilateralen
motorischen Areale hin zu einer verstarkten Aktivierung der kontralateralen Motorregionen.
Dies deutet auf effizientere Spezialisierung der Hemispéren hin. TMS-EEG-Daten zeigten eine
altersabhidngige Abnahme der N100-Komponente, die GABAg-vermittelte Inhbiton

wiedespieglt und auf eine Reifung inhibitorischer kortikaler Mechanismen hindeutet.

Kinder und Jugendliche mit TS zeigten, trotz intakter oder sogar verbesserter motorischer
Reaktion, eine Beeintrachtigung der motorischen Inhibition in der Blinzelunterdriickung.
Neuronal zeigten sich reduzierte Theta-Konnektivitdt und eingeschriankte Netzwerk-Effizienz
nach Warn-Stimuli, die Information iiber die Bewegungsseite gaben. Dies ldsst auf eine gestorte
sensomotorische Integration schlieBen, moglicherweise konnte es sich jedoch auch um einen

kompensatorischen Mechanismus zur Vermeidung verfrithter motorischer Reaktionen handeln.

X



Zusammenfassung

Wihrend der Bewegungsvorbereitung und -ausfithrung zeigten sich eine Reorganisation
motorischer Netzwerke und eine verstdrkte Aktivitit in ipsilateralen motorischen- und
somatosensorischen Arealen, die positiv mit der motorischen Performance korrelierte.
Zusammen mit einer verstirkte interhemisphérische Kommunikation zwischen linken und
rechten intraparietalen Sulci, ldsst sich auf die Nutzung zusitzlicher Hirnareale als
kompensatorischer Mechanismus zur Erhaltung der motorischen Kontrolle schlieBen. Die
Verschiebung des Einflusses von IPS auf den Priamotorkortex von hemmend zu erregend,
konnte auf eine Hyperexzitabilitit motorischer Netzwerke und eine verédnderte Wahrnehmungs-
Handlungs-Kopplung hinweisen. Zudem wiesen TS-Patienten eine verminderte
Modulationsfahigkeit der N100-Komponenete auf, was auf Defizite der dynamischen

inhibitorischen Kontolle hindeutet.

Diese Ergebnisse unterstreichen die Bedeutung der Netzwerkorganisation und Plastizitét fiir
die motorische Entwicklung und zeigen, dass bei TS kompensatorische Anpassungen helfen
konnen, Leistungsdefizite auszugleichen. Die Erkenntnisse bieten neue Ansatzpunkte fiir
gezielte Interventionen bei neuroentwicklungsbedingten Storungen wie dem Tourette-

Syndrom.
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Introduction
1 Introduction

1.1 General Background

Understanding the neural mechanisms underlying healthy brain development and
neurodevelopmental disorders is a central goal in neuroscience (van Duijvenvoorde et al.,
2022). During childhood and adolescence, the human brain undergoes complex structural and
functional changes that support the development of cognitive, emotional, and behavioral
abilities. These developmental processes are driven by dynamic changes in brain connectivity,
both at the functional and structural levels (Fornito & Harrison, 2012; Lim et al., 2020; Lopez-
Vicente et al., 2021; Pollmann et al., 2024). The refinement of motor control is a fundamental
aspect within these maturational trajectories. It allows children to interact effectively with the
environment, improving goal-directed behavior, enhancing flexibility in responses to external
stimuli, and the development of increasingly complex cognitive and social skills that are
essential for daily life (Hao et al., 2024; Munakata & Michaelson, 2021; Pfurtscheller et al.,
2003; Shi & Feng, 2022). As motor control matures, it supports the improvement of both gross
and fine motor abilities, the coordination of complex movement patterns, and the effective

integration of sensory feedback to optimize and refine motor performance.

These processes are driven by the progressive development of motor regions, including the
primary motor cortex (M1), premotor cortex (PMC), supplementary motor areas (SMA),
cerebellum, and basal ganglia, and their interactions with frontal, parietal, and sensorimotor
networks (see Figure 1; (Kandel et al., 2000)). The M1 plays a central role in voluntary motor
control by generating the corticospinal output that directly activates skeletal muscles
(Bhattacharjee et al., 2021; Rizzolatti et al., 1998). While it heavily relies on input from other
brain regions, M1 functions as a key component within complex sensorimotor networks that
integrate and coordinate motor commands (Hatsopoulos & Suminski, 2011; Knudsen et al.,
2025). The PMC and SMA are crucial for the involvement of higher-level aspects of movement
planning, selection, and sequencing, and interact extensively with M1, frontal, and parietal
areas to coordinate complex motor behaviors (de la Pefia et al., 2020; Goldberg, 1985; Nachev
et al., 2007; Ohbayashi, 2021). Integrating proprioceptive, vestibular, and visual inputs,
mediated by parietal and occipital regions, enables the brain to build internal models of body
position and movement. The parietal cortex combines multisensory information for spatial

awareness, visuo-motor integration, and movement planning, while occipital areas process
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Introduction

visual cues essential for guiding actions (lacoboni, 2006; Pennartz et al., 2023). The
development of frontal regions, especially the prefrontal cortex, plays a central role in higher-
order aspects of motor control. The prefrontal cortex is not only essential for the planning of
complex movements, but also for executive functions such as working memory, attention, error
prediction, and inhibitory control (Brass & Von Cramon, 2002; Ebbesen et al., 2018; Kramer
etal., 2013; Krigolson & Holroyd, 2007).

The cerebellum and basal ganglia represent key subcortical structures that are extensively
connected to multiple cortical areas (Bostan & Strick, 2010; Caligiore et al., 2017;
Groenewegen, 2003). The nuclei are crucial for the integration of widespread cortical activity
to enable coordinated motor and cognitive control. Disruptions within these circuits are
suggested to underlie the development of various neurological and neurodevelopmental
disorders (Caligiore et al., 2017; Hall et al., 2025; Middleton & Strick, 2000; Peters et al.,
2016).

S = \ Corollary discharge
/ \(Feed forward)

>

Drive to moV‘ eci
(Intention) Y

/
{

Sensory-propioceptive
information
(Perceptual feedback)

Prefrontal cortex
Supplementary motor area
Premotor cortex

Primary motor cortex
Posterior parietal cortex
Basal gangia

Thalamus

Cerebellar

Brainstem

--------- Cortical-striatal-thalamic-cortical circuit
= = = Cortical-cerebellar-thalamic-cortical circuit

e 00

Figure 1. Brain circuits of voluntary movements. Voluntary actions are initiated in the
prefrontal cortex and limbic areas, programmed by supplementary motor regions, and executed
via the motor cortex with modulation from the basal ganglia and cerebellum. (Figure
reproduced from Virameteekul and Bhidayasiri (2022), Frontiers in Neurology, CC BY 4.0).
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Introduction

1.2 Maturation of Motor Control

Given the extensive anatomical and functional interconnections between these regions, motor
control maturation depends on the precise integration and dynamic coordination of multiple
distributed functional brain networks. This complexity requires a highly coordinated
developmental network reorganization between cortical and subcortical structures. The
reorganization is characterized by a transition from widespread, diffuse connectivity toward
more functionally specialized and efficient neural networks. Mathematical models of neuronal
connectivity in the developing brain indicate that small-world network organization,
characterized by high clustering and short path lengths, becomes increasingly prevalent with
age. (Biane et al., 2015; Diedrichsen & Kornysheva, 2015; Hartwigsen & Volz, 2021). This
architecture enables efficient information transfer by increasing localized processing within a
sub-network as well as fast communication across distant brain regions. These restructuring
processes are driven by several key neurobiological mechanisms. (1) Myelination increases the
speed of signal transmission along axons, thereby enhancing the coordination between distant
brain regions. (2) Synaptic pruning eliminates redundant or weak synaptic connections,
improving neural circuits and signal-to-noise ratios. (3) Experience-dependent plasticity
further refines motor networks, as repeated practice and environmental interaction reinforce
the most efficient and task-relevant pathways (Bloom et al., 2022; Faust et al., 2021; Sowell et
al., 2004; Valizadeh & Madadi Asl, 2023).

Building on fundamental aspects of motor control development, higher-order motor areas
become increasingly specialized and integrated, supporting the progression from simple to
more complex motor behaviors. The SMA, in particular, emerges as a crucial area in this
process. Neuroimaging studies have shown age-related cortical thinning within regions
overlapping with the SMA, indicating maturation and increased functional specialization
(Sowell et al., 2004; Tamnes et al., 2010). In parallel, SMA activation has been shown to
increase with both age and task complexity (Mall et al., 2005; Turesky et al., 2018). This
developmental trajectory is further supported by electrophysiological findings, with increasing
SMA involvement reflected in the amplitude and distribution of slow cortical potentials, such
as the Bereitschaftspotential (BP) and contingent negative variation (CNV), which serve as
markers of motor preparation. The BP precedes voluntary movements, reflecting motor
preparation (Gehring & Coles, 1994; Schurger et al., 2021; Wen et al., 2018), whereas the CNV

emerges in response to warning cues during reaction-time tasks, reflecting anticipatory
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Introduction

attention and motor readiness. Both markers provide valuable insights into the maturation of
motor planning processes and were shown to exhibit immature cortical activation patterns in
young children. This immaturity was reflected by reduced SMA engagement as well as reduced
contralateral activation of motor areas (Bender et al., 2005; Bender et al., 2002; Pangelinan et

al., 2013; Wakim et al., 2023).

The development of motor control is not limited to motor regions but also relies on the
maturation of parietal, fronto-parietal, and prefrontal networks. The parietal cortex becomes
more specialized in integrating sensory information into motor commands and in supporting
error correction, contributing to the refinement of complex motor skills. Furthermore,
neuroimaging studies have shown that during maturation, the fronto-parietal network
undergoes an increasing integration and directed functional connectivity within this network,
supporting the development of more flexible and adaptive motor control (Li et al., 2019;
Wendelken et al., 2017). Besides more efficient information integration and refined motor
output, the development of motor control critically involves the growing capacity to inhibit
inappropriate or unwanted movements. This increasing inhibitory control is related to a linear
increase in activation in frontal, temporal, parietal, and occipital areas (Bunge et al., 2002;
Cope et al., 2020), supported by a progressive specialization of fronto-striato-thalamic and
fronto-cerebellar circuits (Rubia et al., 2007). The maturation of these neural pathways
enhances the efficiency of communication between cortical and subcortical regions, thereby

supporting the development of precise and complex motor control.

1.3 Tourette Syndrome

Given the complexity of brain maturation, deviations in developmental trajectories can lead to
the emergence of neurodevelopmental conditions, such as tic disorders or Tourette syndrome
(TS), caused by alterations in network organization. TS is a childhood-onset neuropsychiatric
disorder specified by multiple chronic motor and at least one vocal tic that lasts for more than
one year. Tics can appear simple or complex and typically occur in bouts of varying frequency
and intensity. Simple tics involve only a few muscle groups and can be described as brief,
repetitive movements or vocalizations, such as eye blinking, nose twitching, throat clearing, or
sniffing. In contrast, complex tics are defined by coordinated patterns of movements involving
multiple muscles, such as jumping, head shaking, shouting, imitating gestures, or repeating

words and phrases. The presence of tics typically fluctuates over time and can be highly
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Introduction

influenced by factors such as stress, excitement, concentration, and fatigue (Jafari et al., 2022;

Johnson et al., 2023).

The severity of TS follows a consistent time course. Tics typically emerge as simple motor tics
in early childhood during preschool or early school-age years. Tic frequency and intensity
usually increase throughout development, reaching peak severity between the ages of 10 and
12 years (Bloch & Leckman, 2009). For most TS patients, tic symptoms begin to decrease
during late adolescence and continue to diminish into young adulthood with a significant

reduction or complete remission of symptoms (Erenberg et al., 1987; Leckman et al., 1998).

Tics are typically preceded by a so-called premonitory urge, a distinct, uncomfortable sensation
that is temporarily relieved after ticcing. Notably, the awareness and reporting of premonitory
urges emerge around the ages of eight to ten years and increase with age (Woods et al., 2005).
Younger children often do not recognize or report sensations prior to their tics, suggesting that
the development of premonitory urges is linked to age and cognitive maturation. Most
individuals with TS are able to temporarily suppress their tics. However, prolonged suppression

of tics is typically associated with a subsequent increase in tic frequency and/or intensity.

Tics are associated with reduced self-esteem, increased psychosocial stress, and can
significantly impair quality of life (Ludolph et al., 2012). Furthermore, TS is highly associated
with comorbid disorders, such as attention-deficit-hyperactivity disorder (ADHD), obsessive-
compulsive disorder (OCD), and poor impulse control (Leckman et al., 2001; Robertson,
2000). These overlapping symptoms often complicate diagnosis and treatment, highlighting

the need for further research.

1.4 Pathophysiology of Tourette Syndrome

Many neuroimaging studies were conducted to determine the pathophysiological abnormalities
of TS. Although the precise neurobiological mechanisms underlying TS are not completely
understood, most studies have suggested disruptions within cortico-striato-thalamo-cortical
(CSTC) circuits. These dysregulated interactions between the cortex, the basal ganglia, and the
thalamus are thought to contribute to impaired inhibitory control and increased cortical

hyperexcitability (Franzkowiak et al., 2012; Jackson et al., 2015; Rae et al., 2022).
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Disruptions within the CSTC circuits are closely associated with neurotransmitter imbalances
in TS, particularly involving abnormal dopamine signaling, which has been strongly implicated
in the pathophysiology of the disorder (Buse et al., 2013; Maia & Conceicdo, 2018; Palminteri
et al., 2011; Singer et al., 1982). Hyperactivity of the dopaminergic system, especially within
the striatum, is believed to underlie the emergence of tics by disrupting the normal balance
between excitation and inhibition in motor pathways. Furthermore, alterations in the inhibitory
y-aminobutyric acid (GABA) transmission have also been observed in TS (Clarke et al., 2012;
Ramamoorthi & Lin, 2011). Reduced GABAergic signaling is thought to be a primary cause
of the disinhibition of motor pathways, potentially leading to the involuntary release of
movements observed in TS. In addition to dopaminergic and GABAergic dysfunction, recent
research has increasingly focused on glutamate dysregulation in TS pathophysiology,
reflecting a broader shift toward understanding the role of excitatory-inhibitory imbalances
(Kanaan et al., 2017; Mahone et al., 2018; Singer et al., 2010). However, neurotransmitter
dysfunction does not fully explain the complexity of TS. Besides these chemical alterations,
differences in structural and functional connectivity, atypical maturational trajectories of
sensorimotor networks, and compensatory neural mechanisms also play important roles in the

pathophysiology of TS.

Earlier neuroimaging studies largely focused on structural and functional alterations within the
CSTC network. Structural MRI studies, in particular, have consistently reported atypical
anatomical features of the basal ganglia in individuals with TS. Notably, several studies have
found reduced volumes of basal ganglia nuclei, most prominently in the caudate nucleus
(Peterson et al., 1993; Peterson et al., 2003; Singer et al., 1993). More recent studies and meta-
analyses indicated a more complex pattern involving the decrease as well as the increase in
grey matter volume in different brain regions (Greene et al., 2017; Yang et al., 2025). Sowell
et al. (2008) reported a reduced cortical thickness in the frontal and parietal lobes. Notably,
thinning in sensorimotor areas was associated with tic severity, indicating its significance for

mechanisms underlying TS.

Functional neuroimaging studies have revealed widespread tic-related alterations within
sensorimotor, default mode, and frontoparietal networks, as well as dynamic fluctuations in
network organization over time. Hyperactivation in subcortical regions is often accompanied
by deviant functional connectivity with cortical areas such as the SMA, M1, and anterior

cingulate cortex (ACC). Tic execution, in particular, has been primarily associated with M1
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hyperactivity, which is thought to result from increased functional interactions between M1
and the SMA (Franzkowiak et al., 2012; Tiibing et al., 2018). Given its pronounced
involvement in both tic generation and motor planning, the SMA has been considered a central
contributer to the pathophysiology of TS; (1) the SMA shows increased activity in the seconds
before tic onset (Bloch et al., 2006; Hampson et al., 2009), (2) it has been associated with the
experience of premonitory urges (Kwon et al., 2011; Le et al., 2013), and (3) SMA activity
levels have been positively correlated with tic frequency (Mantovani et al., 2007; Wu et al.,
2014). Supporting this, tics often occur without a preceding BP, further suggesting that tics
emerge from altered, potentially non-volitional motor pathways. While these findings
underscore the hyperactive role of the SMA in tic generation, more recent large-scale meta-
analyses assume a more complex involvement. A multimodal meta-analysis by Yang et al.
(2025) identified significant hypoactivation in the left SMA, alongside overactivation in the
right superior frontal and temporal gyri. These findings suggest that the TS-related functional
alterations may be more complex and context-dependent or may reflect differences across

study populations, methodologies, or study designs.

In line with this broader perspective, recent findings revealed altered sensorimotor integration
and increased perception-action binding to underlie tic generation (Friedrich et al., 2021;
Kleimaker et al., 2020; Petruo et al., 2019). In typical development, voluntary motor control is
highly regulated by sensory feedback, enabling flexible and accurate motor output. This
sensorimotor integration is suggested to be disrupted in TS, contributing to the involuntary
occurrence of tics. Differences in connectivity between sensory and motor regions, such as the
somatosensory cortices, SMA, and M1, may reduce the ability to integrate internal and external
information. This can lead to an increased binding between perception and action, thereby
raising the probability that a sensory input will trigger a motor output (Friedrich et al., 2021;
Petruo et al., 2019).

Over the past few years, our understanding of TS has developed from a disorder primarily
affecting motor regions and the CSTC circuit to a more extended network-level disorder,
characterized by widespread alterations across multiple connected neural systems. These
findings underscore the complexity of disrupted mechanisms underlying TS, suggesting that a
deeper understanding of tic generation and motor control deficits requires investigating the

dynamic relationships within these brain networks.
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1.5 Methodological Backgrounds

To investigate developmental trajectories of motor control and these complex network
alterations in TS, this work used advanced neurophysiological methods to capture both spatial
and temporal aspects of brain activity. The maturation of neuronal network dynamics and
deviations from typical developmental trajectories can be effectively assessed using a range of

neuroimaging and electrophysiological techniques.

1.5.1 Electroencephalographie

A major part of this dissertation relies on Electroencephalographie (EEG) based investigations,
using complementary techniques to capture different aspects of neural dynamics. EEG is a non-
invasive, widely used, and highly valuable method for investigating neuronal activity. It
measures intrinsic electrical activity through electrodes placed on the scalp. The recorded
neural signal represents postsynaptic potentials generated by pyramidal neurons in the
neocortex and allocortex, with their synchronous activity producing measurable scalp
potentials (Amzica & Lopes da Silva, 2017; Kirschstein & Kohling, 2009; Tudor et al., 2005).
EEG can measure brain activity changes on the millisecond scale. To ensure consistency across
studies, EEG electrodes are attached to an elastic cap and positioned over the scalp according
to the 10-20 System, a standardized protocol for electrode placement. EEG cap alignment relies
on the nasion (nasal bridge), inion (occipital protuberance), and preauricular points (anterior to
the ear tragus), used as anatomical landmarks. In this work, a variety of advanced analysis
techniques were applied to the EEG data to capture the complexity of brain dynamics

underlying motor control and its development.

1.5.2 EEG Analysis Techniques

Event-related potentials

One key advantage of EEG is its high temporal resolution, which enables the precise analysis
of rapid changes in brain activity. This property is particularly beneficial for studying event-
related potentials (ERPs), facilitating the detailed examination of neural responses to external
stimuli. These small, time-locked voltage changes reflect the sum of synchronized neuronal
firing induced by sensory, motor, or cognitive events (Sur & Sinha, 2009). The amplitude of

an EEG signal depends on the number of synchronously active neurons, where larger
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populations firing in synchrony generate stronger electrical fields detectable at the scalp

(Niedermeyer & da Silva, 2005).

The CNV is an established ERP component representing anticipatory attention and motor
preparation induced between a warning (S1) and a commonly behaviorally relevant imperative
stimulus (S2) (Kononowicz & Penney, 2016; Walter et al., 1964). This slow, cortical surface-
negative potential reflects primarily the recruitment of fronto-central neuronal populations,
however, multiple brain areas contribute to the global CNV signal. The CNV can be subdivided
into two main components: the early or initial CNV (iCNV) and the late CNV (ICNV) (Weerts
& Lang, 1973). Whereas the iCNV is modulated by stimulus properties (Rohrbaugh et al.,
1976), including modality, intensity, and interstimulus intervals (Van Rijn et al., 2011), the
ICNV precedes the imperative stimulus and serves as a neurophysiological marker of motor
planning and preparation for the upcoming response. Neuroimaging studies identified the SMA

as well as M1 as the main generators for the late phase (Gomez et al., 2003)

The CNV has been widely used in developmental neurophysiological research to investigate
age-related changes in motor preparation and cognitive control, as well as to identify deviations
in clinical populations (Bender et al., 2005; Jonkman, 2006; Nagai et al., 2004; Segalowitz et
al., 2010). In this work, the CNV paradigm was employed to assess distinct states and
mechanisms of movement preparation, offering a reliable electrophysiological marker to track

developmental trajectories and identify TS-related alterations.

Frequency Decomposition

Beyond ERPs, further insights into developmental and disorder-related brain dynamics can be
gained by examining the EEG signal in the frequency domain. EEG signals exhibit rhythmic
activity across different frequencies, commonly categorized into frequency bands ranging from
slow delta (0.5 - 4 Hz) to fast gamma (>30 Hz). Frequency decomposition allows the
breakdown of the electrical signal into the separated frequency bands, enabling the precise
investigation of neural dynamics associated with different cognitive and physiological states.
In this work, I focused the EEG analyses on the mu (8—13 Hz) and theta (4-8 Hz) frequency
bands. The mu rhythm is less commonly analyzed than the widely known alpha rhythm, which
typically ranges from 8 to 12 Hz. It is strongly related to motor functions, as its amplitude

decreases during motor planning and execution, as well as during the imagination or
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observation of movements (Hari & Salmelin, 1997; Mitiureva et al., 2023; Pineda, 2005; Volpe
et al., 2011). While alpha rhythm is most prominent over the occipital cortex during relaxed
wakefulness, the mu-rhythm is restricted to the sensorimotor cortex and requires active motor
engagement, typically induced by a motor task paradigm (Jenson et al., 2020; Pineda, 2005;
Urgen et al., 2013). Its amplitude decreases, known as event-related desynchronization (ERD),
indicates that sensorimotor regions are becoming actively engaged, with neuronal populations
transitioning from a resting, synchronized state to an active state that supports dynamic
processing of motor-related information (Pfurtscheller & Lopes da Silva, 1999). In addition to
the mu rhythm, the theta band was analyzed due to its established role in cognitive control,
sensorimotor integration, and preparatory motor processes (Bottcher et al., 2023; Cruikshank
et al., 2012; Tan et al., 2024). Particularly due to its crucial role in perception-action binding,

theta activity was especially useful for investigating atypical motor network dynamics in TS.

Source Localization (LORETA)

While EEG provides an excellent temporal resolution, it shows only poor spatial resolution.
The EEG signal is composed of a mixture of electrical activities from various neuronal
populations, making it challenging to accurately localize the sources of brain activity. This so-
called EEG inverse problem refers to the fact that different configurations of active intracranial
sources can generate the same electrical field distribution on the scalp (Baillet, 2022). To
address this problem, neuronal generators of the recorded activity can be estimated by
computational source localization techniques, such as low-resolution brain electromagnetic
tomography (LORETA), introduced in 1994 (Pascual-Marqui et al., 1994). LORETA uses a
standardized three-shell (scalp, skull, brain) spherical head model registered to the MNI brain
atlas (Talairach, 1988) with fixed grid points (voxel) for each source (Dattola et al., 2020). The
model assumes that neighboring neurons are more likely to fire synchronously, resulting in
spatially smooth electrical fields. The mathematical approach of LORETA minimizes the
Laplacian of the current density distribution, enforcing solutions where activity varies
gradually across adjacent brain regions. This approach addresses the inverse problem by
prioritizing source configurations that reflect realistic patterns of neural activation. However,
this increases the risk of oversimplifying the underlying source generators. The integration of
high-density EEG data and individual MRI-derived head models significantly refines spatial

details and enables a more accurate source estimation (Michel & Brunet, 2019; Song et al.,
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2015; Wang et al., 2011). The Standardized Shrinking LORETA-FOCUSS (SSLOFO) is an
improved mathematical algorithm that improves the model performance of source estimation.
It combines SLORETA, an advanced LORETA approach that integrates normalization by the
standard error, with FOCUSS (FOCal Underdetermined System Solver), an algorithm that
employs the re-weighted minimum norm to emphasize regions with high current density and
reduce noise (Liu et al., 2005). Overall, the use of SSLOFO increased the spatial interpretability
of the EEG findings, allowing for more precise insights into the cortical regions involved in

motor and cognitive processes.
Phase Locking Value and Graph Theory-Based Network Analysis

Besides analyzing local activation, phase-locking values (PLVs) were calculated to examine
functional connectivity within motor networks. PLV measures how consistently the phases of
oscillatory signals from different brain regions are aligned, ranging from 0 (no consistent phase
relationship) to 1 (complete phase synchronization) (Aydore et al., 2013; Schmidt et al., 2014).
This approach allows us to assess the coordination between different cortical areas and
networks at specific frequencies, providing insight into the organization of complex neural
processes. PLVs in the theta band were computed to assess TS-related disruptions in

sensorimotor integration, perception-action binding, and movement preparation.

Furthermore, we applied graph theory to characterize the organization and efficiency of these
functional networks. Graph theory provides a mathematical framework for modeling the brain
as a network of interconnected nodes (brain regions) and edges (structural or functional
connections) (Bassett & Sporns, 2017; Bullmore & Sporns, 2009; Rubinov & Sporns, 2010).
By applying graph-based metrics to EEG-derived connectivity data, it is possible to quantify
properties such as network efficiency, clustering, and integration, offering a systems-level
perspective on how brain regions interact during motor and cognitive tasks (Ismail &
Karwowski, 2020; Yan et al., 2024). We mainly focused on network efficiency to determine
whether potential deviations in connectivity reflect dysfunctional processing or compensatory

adaptations in TS motor networks.

1.5.3 Transcranial Magnetic Stimulation

To complement EEG-based measures of functional connectivity and preparatory activity, this

study also incorporates transcranial magnetic stimulation (TMS) combined with EEG. TMS is
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a non-invasive neuromodulatory technique that uses magnetic pulses to directly acts on the
cortical electrophysiological activity (Ilmoniemi & Kici¢, 2010). An electromagnetic coil
generates pulsed magnetic fields that penetrate the skull and induce small electric currents in
the brain. These currents are powerful enough to depolarize cell membranes in the targeted
area. Due to the depolarization, voltage-gated ion channels open and action potentials are
triggered (Hallett, 2007; Kobayashi & Pascual-Leone, 2003; Lefaucheur, 2019). TMS-induced
changes of neuronal activity can be directly displayed in the EEG recordings, known as TMS-

evoked potentials (TEPs).

In the EEG signal, the N100 component, a negative deflection occurring approximately 100
ms after stimulation, is one of the most robust TMS-evoked potentials (Bender et al., 2005; Du
et al., 2018; Kaarre et al., 2018). The N100 is thought to reflect GABAg-mediated inhibitory
neurotransmission and serves as a robust index of cortical inhibition in both health and disease
(Kaarre et al., 2018; Premoli et al., 2014). The N100 was shown to be highly sensitive to age
(Bender et al., 2005; Maitta et al., 2017; Noda et al., 2017; Oberman & Benussi, 2024) and
neurodevelopmental disorders (Bruckmann et al., 2012; Finisguerra et al., 2019; Jannati et al.,
2022). TMS can directly assess cortical excitability and inhibitory processes, providing
valuable insights into the neurophysiological mechanisms underlying motor control. This is
particularly valuable in TS, where altered inhibitory control is a crucial aspect, and the N100
may provide a sensitive neurophysiological marker for the identification of individual

differences in motor inhibition and network dysfunction.

1.5.4 Functional Magnetic Resonance Imaging

In addition to electrophysiological measures, functional magnetic resonance imaging (fMRI)
was analyzed to investigate the spatial organization of motor network activity and connectivity
patterns, providing complementary insights into the neural activity underlying motor control
and compensatory mechanisms in TS. While advanced source localization techniques like
SSLOFO refine EEG’s spatial precision, their accuracy remains constrained by the volume
conduction problem and limited anatomical specificity. Structural and functional MRI provide
high-resolution anatomy data using blood-oxygen-level-dependent (BOLD) signals that reflect
neuronal activity dynamics. fMRI measures haemodynamic changes after enhanced neural

activity (Ogawa et al., 1990; Smith, 2004). However, since these vascular responses evolve
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over several seconds, the resulting signal is inherently delayed and temporally blurred relative

to the underlying neural events, leading to poor temporal resolution.

While fMRI-based functional connectivity captures statistical correlations between brain
regions, it is limited in its ability to assess the causal mechanisms by which a neuronal system
directly influences another (Friston et al., 2003). A possible method to quantify this so-called
effective connectivity, which underlies functional connectivity, is dynamic causal modeling
(DCM) (Friston et al., 2003; Marreiros et al., 2010). The DCM framework models causal
interactions by considering the brain as a dynamic input-output system, allowing for the
estimation of directionality and strength of influence between brain regions over time. Unlike
functional connectivity, which is based on undirected correlations, DCM incorporates temporal
dependencies and generative models to infer how activity in one area drives changes in another,
thereby providing a more mechanistic understanding of neural integration and network
dynamics (Friston, 2011; Saetia et al., 2020). DCM was used to compare how causal
interactions between motor and cognitive control regions are reconstructed during healthy
development and how these connectivity patterns are altered in children and adolescents with

TS.

1.6 Hypothesis

I hypothesize that healthy neurodevelopment is characterized by a progressive, non-linear shift
in the control of complex motor functions, with the frontal cortex gaining an increasingly
dominant role in the planning, regulation, and inhibition of motor actions. This development is
revealed by brain networks becoming increasingly integrated, specialized, and efficient,

alongside increased hemispheric specialization that refines motor and cognitive functions.

In children and adolescents with TS, this typical maturation of motor control networks is
altered. Specifically, I expect to observe differences and delays in the development of motor-
related brain areas, with reduced or atypical engagement of frontal control regions. As a result,
patients may rely more heavily on compensatory strategies within motor circuits to regulate

motor output.

The aims of these studies are (1) to characterize the developmental trajectory of motor network
organization in healthy children and adolescents, (2) to identify TS specific network alterations

in brain dynamics that could serve as potential targets for clinical intervention, (3) to investigate
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how atypical patterns of neural activity and connectivity in TS are related to deficits in motor
control, perception-action binding, and inhibitory processes, distinguishing maladaptive
dysfunction from possible compensatory mechanisms, and (4) to evaluate the usability of EEG-
derived measures as sensitive biomarkers for both typical development and clinical deviations,

supporting their use in future intervention studies.

1.7 Significance of Manuscripts

The first publication establishes the normative framework for motor network maturation across
childhood and adolescence. Using high-density EEG and a directional contingent negative
variation (CNV) paradigm, this study systematically investigates age-related changes in
attention allocation, motor preparation, and movement evaluation in a sample of healthy
children and adolescents. By establishing key electrophysiological markers and developmental

trends, this work provides essential indicators for identifying deviations in clinical populations.

The second work builds directly on the healthy framework by investigating how developmental
processes are altered in TS. Through EEG-based network analyses in the theta band, it explores
potential differences in network connectivity and integration in children and adolescents with
TS, with a particular focus on sensorimotor integration and the processing of external stimuli.
This study is central for understanding how atypical development may manifest at the network

level and how these adaptations might help maintain motor performance.

The third article extends this approach by employing fMRI-based connectivity modeling to
investigate both healthy development and TS-related deviations, with an increased spatial
precision. This work specifically examines how the directionality and strength of interactions
between key brain regions evolve with age in typical development and how these patterns are
altered in TS. By comparing effective connectivity profiles between groups, the study aims to
identify both disruptions and compensatory adaptations within the motor system, providing a

mechanistic understanding of how atypical development manifests at the network level.

The forth publication used the strengths of combined TMS-EEG to directly asses motor
network excitability and inhibition in both healthy development and TS. By combining single-
pulse TMS over M1 with EEG recordings, the study analyses how inhibitory responses are

dynamically modulated during changes of external stimulation as well as during different
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movement states (preparation, execution). By integrating these approaches, the work provides

novel insights into the temporal dynamics and context-dependency of inhibitory deficits in TS.

By combining high-resolution EEG, advanced analytical methods, TMS/EEG, and fMRI
across both healthy development and TS-related alterations, this dissertation provides a
comprehensive view of motor network maturation as a dynamic and context-dependent
process. These insights not only increase our understanding of motor system development in
health and disease, but also provide a more comprehensive basis for future research that could

lead to more effective therapies for neurodevelopmental conditions such as TS.
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From preparation to post-processing: Insights into evoked and induced cortical activity

during pre-cued motor reactions in children and adolescents

Julia Schmidgen , Theresa Heinen, Kerstin Konrad , Stephan Bender
This article has been published in Neuroimage. 2024 Aug 15;297:120735.
doi: 10.1016/j.neuroimage.2024.120735.

This study advances our understanding of how motor networks mature during childhood and
adolescence by taking advantage of the high temporal resolution of EEG to capture the rapid
and dynamic changes in neural processes underlying motor control across development. The
key strengths of this work were the simultaneous analysis of event-related potentials (ERPs),
mu-rhythm (de)synchronization, and source localization that enabled a detailed analysis of
temporal dynamics across the different stages of movement planning, execution, and

evaluation.

The results reveal distinct developmental trajectories in both behavioral performance and
neural activation patterns, showing growing involvement of higher-order control regions,

increased hemispheric specialization, and the neural basis of proactive, efficient motor control.

The identification of robust electrophysiological markers and developmental trajectories

enables the identification of atypical patterns in motor network development

2.1 Contribution

I contributed to the design of the study and was responsible for the acquisition and
preprocessing of data, statistical analysis, and visualization of results. I interpreted the findings,
drafted the manuscript, prepared the figures and tables, and revised the work based on
feedback. I coordinated the research process and ensured the scientific integrity and clarity of

the paper.
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ARTICLEINFO ABSTRACT

Keywords: Introduction: The motor system undergoes significant development throughout childhood and adolescence. The
Brain development contingent negative variation (CNV), a brain response reflecting preparation for upcoming actions, offers

Motor preparation

Contingent negative variation
Event-related-potentials
Event-related desynchronization

valuable insights into these changes. However, previous CNV studies of motor preparation have primarily
focused on adults, leaving a gap in our understanding of how cortical activity related to motor planning and
execution matures in children and adolescents.

Methods: The study addresses this gap by investigating the maturation of motor preparation, pre-activation, and
post-processing in 46 healthy, right-handed children and adolescents aged 5-16 years. To overcome the reso-
lution limitations of previous studies, we combined 64-electrode high-density Electroencephalography (EEG) and
advanced analysis techniques, such as event-related potentials (ERPs), mu-rhythm desynchronization as well as
source localization approaches. The combined analyses provided an in-depth understanding of cortical activity
during motor control.

Results: Our data showed that children exhibited prolonged reaction times, increased errors, and a distinct
pattern of cortical activation compared to adolescents. The findings suggest that the supplementary motor area
(SMA) plays a progressively stronger role in motor planning and response evaluation as children age. Addi-
tionally, we observe a decrease in sensory processing and post-movement activity with development, potentially
reflecting increased efficiency. Interestingly, adolescent subjects, unlike young adults in previous studies, did not
yet show contralateral activation of motor areas during the motor preparation phase (late CNV).

Conclusion: The progressive increase in SMA activation and distinct cortical activation patterns in younger
participants suggest immature motor areas. These immature regions might be a primary cause underlying the
age-related increase in motor action control efficiency. Additionally, the study demonstrates a prolonged
maturation of cortical motor areas, extending well into early adulthood, challenging the assumption that metor
control is fully developed by late adolescence. This research, extending fundamental knowledge of motor control
development, offers valuable insights that lay the foundation for understanding and treating motor control
difficulties.
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(continued )
LORETA low-resolution brain electromagnetic tomography
LRP lateralized readiness potential
M1 primary motor cortex
MRP motor evoked potential
PINV post-imperative negative variation
SMA supplementary motor area
SSLOFO current standardized shrinking LORETA-FOCUSS

1. Introduction

Cortical development in childhood and adolescence underlies com-
plex restructuring processes characterized by extensive anatomical
(Huttenlocher, 1979; Shaw et al., 2008) as well as functional changes in
the cerebral cortex (Thatcher, 1992). Gaining proficient motor skills
stands as a key cornerstone in human development; however, there is
limited understanding regarding the relationship between brain devel-
opment and the acquisition of motor abilities.

The motor system engages in various processes when preparing for
movement. This includes the selection of the involved muscles, deter-
mining the required contraction force, and arranging the temporal
sequence of movements. Changes in brain activity prior to a movement
reflect neural processes associated with movement preparation and
execution (Deecke et al., 1969). Thereby, it was shown that the sup-
plementary motor area (SMA) plays a crucial role in planning and
coordinating voluntary movements (Roland et al., 1980; Tanji, 2001)
and that SMA activity has a modulatory effect on the output of the
primary motor cortex (M1) (Cote et al., 2020).

The maturation of functional activity related to motor network pre-
activation can be studied by analyzing age-dependent changes of event-
related potentials (ERPs) before the execution of a movement. The
negative potential arising between a warning stimulus (S1) and a
behaviorally relevant imperative stimulus (82) is described as contin-
gent negative variation (CNV) and is associated with processes of
movement preparation and attention allocation (Rockstroh, 1982
Walter et al., 1964). The imperative stimulus follows the warning
stimulus in fixed time intervals and requires a fast motor response. To
efficiently process the imperative stimulus, the neuronal network
responsible for initiating the chosen response movement must be
pre-activated. Since the CNV is based on a predictable, external cue, it
allows to temporally disentangle early response selection and prepara-
tion processes, i.e., the recruitment and selection processes of the spe-
cific neuronal networks required for a fast response (Gomez et al., 2003),

The CNV consists of an early low, negative component that typically
follows the warning stimulus with a latency of 550 to 750 ms and a more
pronounced negative late component that precedes the behaviorally
relevant imperative stimulus., The early CNV (abbreviated as iCNV;
initial CNV; “O-wave”) is suggested to reflect an orienting response
(Rockstroh, 1982) and to originate from the SMA and the anterior
cingulate cortex (ACC) (Cui et al., 2000; Gomez et al., 2001). The late
CNV (abbreviated as ICNV; E-wave) is associated with preparatory
processes and stimulus anticipation (Rohrbaugh et al., 1976) observed
as pre-activation of the contralateral motor areas. Furthermore, the CNV
contains a post-movement potential known as post-imperative negative
variation (PINV). This slow negative potential can be studied to evaluate
processes related to motor performance evaluation (Klein et al., 1996),
Previously, the PINV was interpreted as a potential measure of uncer-
tainty regarding the accuracy of motor performance (Werner et al.,
2011). While PINV has been extensively studied in various contexts,
including neurological and psychiatric conditions, there has been rela-
tively limited research specifically focused on PINV maturation in
healthy subjects.

The CNV has been extensively analyzed to study pathophysiological
differences between control subjects and subjects with various neuro-
logical and mental disorders. However, healthy maturation related to
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preparatory brain activity remains largely unexplored in terms of its
underlying developmental mechanisms. Electrophysiological studies
comparing late CNV potentials of children and adolescents showed
increasing negativity over pre- and primary motor areas (Bender et al.,
2005; 2002; Gomez et al., 2003). The results were interpreted as
immaturity of the frontal cortex. However, it remains unclear if absent
or low pre-movement negativity in young children directly reflects ac-
tivity states of the underlying cortical areas and to what extent the
supplementary motor area contributes to early response selection,
especially in young children.

EEG research of the early CNV component revealed more contra-
dictory results. It was shown that the early CNV exhibits modality-
specific characteristics. Specifically, it shows higher amplitudes in
response to auditory warning stimuli (S1) compared to visual warning
stimuli. Concerning the maturation of early CNV studies focusing on
auditory CNV paradigms have reported decreasing amplitudes over
frontal electrodes during childhood and adolescence (Bender et al.,
2005), whereas investigations involving visual CNV paradigms have
indicated rising frontal early CNV amplitudes within the same age range
(Jonkman et al., 2003). These findings suggest that S1 post-processing
exhibits a modality-specific contribution to the early CNV, showing
stimulus-dependent developmental differences. Simultaneously, an
S1-modality independent component results in increasing fronto-central
amplitudes during response selection processes (Jonkman, 2006; Jonk-
man et al., 2003).

Besides electrophysiological ERP data, changes in brain oscillatory
activity of different frequency bands can be analyzed to study task-
related power changes. Changes within the alpha band are typically
observed in motor-related brain areas during processes of motor plan-
ning (Pfurtscheller and Lopes da Silva, 1999). The analysis of alpha
power enables the modulation of more widespread cortical dynamics
and provides complementary information to the analysis of evoked po-
tentials (Claudio Babiloni et al., 1999). A relative increase of frequencies
related to the alpha rhythm, commonly assessed in a range of 8 to 12 Hz,
refers to alpha band event-related-synchronization (ERS) and is sug-
gested to reflect active processes of inhibition (Jensen and Mazaheri,
2010; 2007). Alpha band
event-related-desynchronization (ERD) is related to a decrease in
oscillatory activity and an increased activity of underlying brain areas
(Niedermeyer, 1997). Even though analysis of the alpha rhythm pro-
vides additional insights into maturational processes, CNV-induced
oscillatory changes have been studied rarely in the context of healthy
brain development.

While ERPs and power changes provide valuable information about
the timing and general location of brain activity, they lack the spatial
resolution to pinpoint the exact source of the electrical signals. To gain a
deeper understanding of how underlying neuronal networks contribute
to cortical activation, source localization can be applied (Eom, 2023). By
incorporating anatomical information about the brain with the EEG
recordings, source localization allows to estimate the activity of specific
brain regions underlying the recorded changes and to analyze devel-
opmental changes in recruited brain areas more precisely.

The primary aim of this study was to investigate maturational
changes in attention allocation, motor program pre-activation, and
performance evaluation. Each quantifier (CNV, PINV, alpha ERS/ERD)
offers unique insights into different aspects of motor control develop-
ment. While CNV reflects preparatory processes and attention alloca-
tion, PINV provides information on motor performance evaluation, and
alpha band oscillations offer insights into cortical inhibition and acti-
vation patterns in cortico-thalamic loops. Integrating these quantifiers
allows for a comprehensive understanding of the maturation of motor-
related brain activity during childhood and adolescence.

We hypothesize that both iCNV and ICNV amplitudes will increase
with age, reflecting enhanced neural efficiency and maturity of prepa-
ratory processes. It is assumed that the ICNV will exhibit stronger pre-
activation of contralateral motor areas with age, indicating pre-

Klimesch et al.,
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activation of cortical areas required for a fast response. We expect the
PINV to show an age-related reduction in its magnitude, indicating a
developmental tendency for children to exhibit greater uncertainty
about the correctness of their performance. Since inhibitory control was
shown to increase during childhood (Macdonald et al., 2014), we hy-
pothesize an increase in alpha power desynchronization, reflecting
improved (inhibitory) motor control and more efficient neural
communication during movement preparation.

These hypotheses will be tested through the analysis of high-density
EEG data and movement performances collected from children and
adolescents aged 5 to 16 years, using a CNV paradigm. To enhance
response selection processes in comparison to other developmental
studies, we chose a directional warning stimulus S1 (arrow pointing to
the right or left side) that indicated the movement side required for the
motor response to the imperative stimulus S2. To prevent overlaps with
the cortical activity of auditory post-processing, we used visual stimuli,
By employing a multimodal approach that integrates complementary
analyses of cortical activation patterns, oscillatory dynamics, and un-
derlying neural sources, we aim to achieve a deeper understanding of
the developmental processes that shape motor skill acquisition and
motor control in children and adolescents.

2. Material and methods
2.1. Subjects

A total of 46 typically developing subjects in the age range of 5- to
16-years were recruited. For details regarding demographic character-
istics, see Table 1. All participants had no history of motor impairments
or any neuropsychiatric condition. A diagnostic interview was used for
all subjects to assess and exclude neuropsychiatric disorders (Kinder-
DIPS; Adornetto et al. (2008)). The study included only right-handed
participants (Edinburgh Handedness Inventory, Oldfield (1971)) who
had an IQ score of at least 70 (WISC V; Wechsler, D. (2017)). Partici-
pants with an individual or a family history of epilepsy, severe or acute
psychiatric diseases, and neurological or non-correctable visual im-
pairments were excluded from the study. Subjects were not permitted to
take any psychoactive or antipsychotic drugs affecting the central ner-
vous system. Two participants had to be excluded from the analysis due
to high artifact levels.

The experiments were performed in accordance with the Declaration
of Helsinki. In an age-adjusted information letter as well as in a personal
briefing, participants and parents were informed about the procedure of
the measurements and the possibility of terminating participation at any
time without giving reasons. Before participation, participants and their
parents signed written informed consent.

2.2. Experimental procedure

The software package Presentation (Version 10.3, Neurobehavioral
Systems Inc., Albany, CA) was used to generate a task-related program
with alternating visual stimuli displayed on a monitor at a distance of 90
cm from subjects. To prevent any distractions, the light was dimmed,
and the noise level was reduced to the highest possible minimum. To
minimize distracting eye movements, a fixation cross was displayed in
between visual stimuli. Subjects sat in a comfortable position on a skid-
proof chair, reducing muscle activity as much as possible to prevent
interfering contractions.

Table 1
Sample characteristics.

Age Group (Years) N Mean age (+ SD)
5-8 12 (5m, 7 f) 7.27 (£ 1.14)
9-12 17 (7 m, 10 f) 10.68 (= 1.34)
13-16 15 (7 m, 8 f) 14.72 (+ 1.13)

Neurolmage 297 (2024) 120735

2.3. Behavioral CNV task paradigm

Subjects performed a visual CNV (Fig. 1) task with 50 trials,
respectively for each response side. The warning stimulus (S1) was
presented as a black arrow on a white background pointing to the left or
right side. The imperative stimulus (S2) was presented as a colored
sheriff on a white background. Both stimuli were displayed for 150 ms,
interstimulus intervals were set to 3.05 s, and pseudorandomized
intertrial intervals varied from 3 to 6 s. The warning stimulus indicated
the side of the required button press, whereby arrows were presented in
a pseudorandomized order. Subjects were instructed to respond to the
imperative stimulus S2 as fast as possible by pressing either the right or
left button on a German standard keyboard (ctrl for left button press,
enter on the numeric keypad for right button press) with the left or right
thumb.

2.4. Electroencephalography

EEG was recorded using a 64-channel BrainAmp system (Brain-
Products, Munich, Germany) and Brain Vision Recorder software
(BrainProducts). Elastic EEG caps with direct current sintered Ag/AgCl
disc electrodes (BrainProducts) were selected based on head sizes.
Electrodes were named based on their location on the scalp, consistent
with the international 10-20 system, electrode impedances were kept
below 5 k€. Additionally, EOG electrodes were positioned under the left
and right eye and on the nasion. The sampling rate was set to 5000 Hz,
electrode CZ was used as a recording reference.

2.5. Electromyography

Surface EMG (compound muscle action potential) was recorded
using self-adhesive silver-silver chloride electrodes in a belly tendon
montage respectively for the left and right hand. To record thumb
movement, active electrodes were placed on the adductor pollicis
muscle, reference electrodes were attached to the exterior proximal
phalanx of the thumb. The ground electrode was placed on the inner
forearm. The EMG was recorded using the bipolar BrainAmp ExG
amplifier (Brain Products, Munich, Germany), which was synchronized
with the EEG recordings.

2.6. Signal preprocessing

EEG and EMG data were processed using the BrainVision Analyzer2
software (BrainProducts, Munich, Germany). To reduce large file sizes,
data were downsampled to 500 Hz. For ERP analysis, EEG data were re-
referenced to an average reference. For the analysis of current source
density and alpha ERD, signals were transformed to reference-free data
(for details, see section 2.7.4 for CSD and 2.7.6 for alpha ERD). For the
analysis of the CNV characteristics, EEG data were segmented into
epochs of 7.5 s (from 800 ms before warning stimulus S1 to 3000 ms
after imperative stimulus $2), respectively for left and right button press
conditions. Only trials with a correct response within the time window
of 100 to 1500 ms following S2 were included in further analysis. Muscle
artifacts were rejected by visual inspection, and independent component
analysis (ICA) was used to remove artifacts evoked by eye movement
(Mennes et al., 2010). Baseline correction was set from 500 to 0 ms
preceding the warning stimulus (S1), and signals were filtered digitally
(50 Hz notch filter). To prevent slow drift effects from affecting EEG
data, a linear DC detrend was applied. Visual inspection before and after
DC detrending confirmed that there was no systematic effect on the EEG
data, preserving the overall shape and characteristics of the signal. Av-
erages were calculated, respectively for each experimental condition
and parameter.
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Fig. 1. Experimental design (A) Contingent negative variation (CNV) task paradigm with a directional warning stimulus S1 and a behaviourally relevant imperative
stimulus S2. (B) Electrode locations with regions of interest and specific electrodes used for data analysis marked in orange (SMA), green (M1 right), and blue (M1

left). Sensor locations were plotted by using MNE-Python (Gramfort et al., 2013).

2.7. Analysis of parameters

2.7.1, Behavioral data

Reaction times were calculated as the mean time between the pre-
sentation of S2 and the button press of correct response trials. Error rates
were calculated, based on the recorded 100 trails, as the sum of no or
false alarms (button press between S1 and S2) and incorrect button
presses in response to S2 (button press on wrong movement side).

2.7.2. Conceptual design: parameters, time windows, and scalp-locations

To gain a deep insight into the development of motor control,
changes of evoked potentials (ERPs) and alpha power changes (ERD)
were investigated. The analyses were performed separately for each
CNV component, after confirming the well-known interaction between
the CNV components and scalp areas, which indicates different topog-
raphies for the components. Moreover, to investigate generators of
cortical activity during early motor-preparation (iCNV) source locali-
zation approaches (CSD and SSLOFQ) were applied.

The following time windows were used for the analysis of the
different components, respectively for left and right response conditions:
iCNV was defined as the mean value of a 200 ms time window around
the maximum negative amplitude at mid-frontocentral electrodes (Fz,
FCz’, FC1', FC2) between 550 and 1400 ms following S1 (Bender et al.,
2002; Bocker et al., 1990; Kropp et al., 1999). Data inspection and iCNV
latency analysis revealed a pronounced, continuous latency shift of the
early component, especially in younger subjects (see Fig. 3A). Conse-
quently, the iCNV peak detection time window was extended from 550 -
750 to 550 - 1400 ms after S1 to prevent the shadowing of maturational
differences in iCNV amplitudes. The ICNV component was calculated as
the mean voltage of the interval of 200 ms preceding the imperative
stimulus $2 (Bocker et al., 1990). The PINV was defined as the mean
value of a 200 ms time window around the maximum negative ampli-
tude between 500 and 1500 ms following the imperative stimulus (S2).

Electrodes Cz, FCz, FC1/, FC2' were used to analyze midfronto-
central activity (Cui et al., 2000; Gerloff et al., 1998), electrodes C4,
CP4'CP6;, respectively C3, CP3, CP5' were used to analyze motor activity
over centro-parietal areas related to the right and left primary motor
cortex (Gerloff et al., 1998). Fig. 1B shows an overview of the sensor
distribution and electrodes used for data analysis.

2.7.3. Event-related potentials (ERP)

To investigate age-related CNV characteristics, ERPs were investi-
gated, respectively for each component. For the analysis of the evoked
cortical activity, topographical distribution, CNV waveforms, and

amplitudes were analyzed. To analyze potential differences in the timing
of motor preparation and post-processing, iCNV and PINV latencies of
the amplitudes were investigated.

2.7.4. Current source density (CSD) analysis

To enhance spatial resolution (Nunez et al., 1994) and identify lo-
cations of current sources involved in iCNV generation, we used CSD
analysis. This approach is particularly valuable because previous studies
investigating developmental differences in early motor preparation
using ERPs have yielded inconsistent findings. Given the potential for
modality-specific and modality-independent components to contribute
to iCNV activity observed in ERP analysis, CSD analysis offers a more
precise tool for identifying the true underlying neural sources.

For CSD estimation, EEG signals were transformed into reference-
free data, since it enables the estimation of current source generators
without relying on a specific reference electrode, thereby minimizing
potential biases and artifacts associated with reference choices (Tenke
and Kayser, 2005). CSD analysis relies on the relative differences in
voltage between neighboring electrodes. The spherical spline interpo-
lation method was applied before surface Laplacian based on the EEG
voltage distribution was used. CSD data is indicated as p\v’/mz. The
topographical distribution of cortical activity over mid-front areas (Cz,
FCz|, FC1/, FC2)), which is likely to originate from the SMA (Pfurtscheller
et al., 2003), was analyzed.

2.7.5. Current standardized shrinking loreta-focuss (SSLOFO)

In addition to CSD analysis, the inverse SSLOFO (standardized
shrinking LORETA-FOCUSS) algorithm was used to enhance the preci-
sion of cortical source reconstruction (Liu et al., 2005) during iCNV. The
algorithm combines multiple techniques to improve source localization
abilities. Initially, a low-resolution SLORETA image is calculated. To
improve spatial resolution, the re-weighted minimum norm of FOCUSS
is applied. “Standardization” technique is used to enhance the ability of
localization, as in SLORETA. Further insights into the specifics of the
SSLOFO algorithm, along with comprehensive performance compari-
sons against other prevalent algorithms, can be found in Liu et al.
(2005).

2.7.6. Alpha event-related desynchronization (alpha-ERD)

We analyzed alpha band desynchronization to study movement-
related changes of cortical oscillations in the frequency range of 8 to
12 Hz. EEG studies in infants have indicated that lower frequency ranges
(6-8 Hz, theta rhythm) can be considered comparable to the mu-rhythm
observed in adults (Cochin et al., 2001). However, there is no clear
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evidence that theta rhythm in infants and mu-rhythm in adults represent
equal processes. Furthermore, Berchicci et al. (2011) observed that a
shift of “central alpha” activity was most pronounced in the first years of
life and reached a frequency of 9 Hz at the age of 4 years. Since our
subject sample started at the age of 5 years and to ensure comparability
between young children and adolescent subjects, we analyzed common
alpha band ERD of 8 to 12 Hz.

Alpha ERD was calculated based on reference-free (current source
density) EEG data to minimize the impact of reference-related artifacts
on ERD calculations. Moreover, CSD estimation enhances the spatial
resolution of EEG data by estimating the underlying neural sources
directly, without relying on scalp electrodes. This can provide more
precise localization of alpha oscillatory activity and define brain regions
involved in power changes more precisely.

The same time windows, trials, and electrodes as in ERP analysis
were used for the analysis of alpha ERD, respectively for the iCNV, ICNV,
and PINV components. The signal was bandpass filtered in the frequency
range of 8 to 12 Hz, subsequently squared, and averaged across seg-
ments (Pfurtscheller and Da Silva, 1999). ERD output data was
normalized, i.e., baseline corrected and rescaled relative to the mean
value within the reference interval of 1000 ms before the onset of the
imperative stimulus S1. ERD magnitude at each electrode was expressed
as percentage changes of the instantaneous power.

2.7.6.1. Analysis of alpha ERD lateralization during ICNV. Data of alpha
ERD during late motor preparation (ICNV), suggested a robust pattern of
lateralization across age groups, albeit with shifts of the cortical activity.
The analysis of the lateralized portion of the alpha-ERD was included to
investigate the overall timing and strength of cortical changes during
motor preparation across the age groups, unbiased by the specific
cortical regions engaged.

The calculation is known from the double subtraction method of the
lateralized readiness potential (LRP, see de Jong et al. (1988)). The
method involves subtracting the average ERP/alpha ERD of ipsilateral
electrodes (e.g., left centro-parietal area for left response condition and
right centro-parietal area for right response condition) from the average
ERP of contralateral electrodes (e.g., right centro-parietal area for left
response condition and left centro-parietal area for right response con-
dition). Subsequently, the mean of the differences obtained was
calculated.

2.8. Statistical analysis

2.8.1. Analysis of age-groups

Statistical analysis was performed using IBM SPSS Statistics 28
software (IBM Corp.; Version 28). To examine maturational changes,
data were divided into age groups (5- to 8-year-olds (n = 12), 9- to 12-
year-olds (n = 17) and 13- to 16-year-olds (n = 15)). This approach
enhances the capabilities to investigate and illustrate interactions be-
tween age-dependent development and other factors, such as scalp area,
especially when data underlies non-linear maturational trajectories.
Repeated measurement analysis of variance (ANOVA) with these three
age groups was performed since it effectively captures interactions be-
tween variables, a capability that linear regression lacks. Dividing the
participants into equally sized age groups enables a systematic exami-
nation of development across various stages, allowing us to assess effects
that are not strictly linear. Expanding the age ranges for each group
would likely reduce the resolution of developmental effects, particularly
considering the significant differences observed between 5 and 8-year-
olds and older children. Meanwhile, increasing the number of age
groups would have resulted in smaller sample sizes per group,
compromising the statistical power of the analysis.

Repeated measurement analysis of variance (ANOVA) with the
within-subject factors movement side (right, left) and scalp area (mid-
frontocentral, right and left centro-parietal) and the between-subject
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factors age group (5- to 8-year-olds, 9- to 12-year-olds and 13- to 16-
year-olds) and gender (male, female) were applied to investigate ERP
latencies for iCNV and PINV as well as ERP and alpha-ERD amplitudes
for iCNV, ICNV and PINV. The between-subject factor gender exhibited
no significant effect or trend toward significance in the data and is
consequently not further discussed. This suggests that, overall, gender
might not be a major influencing factor. However, it's important to
acknowledge the limitations of the analysis due to the small sample size
for males in each age group. The possibility of interaction effects be-
tween gender and age group cannot be entirely ruled out, even though
the results remain consistent in our data when the gender factor is
excluded.

Pairwise comparisons of estimated marginal means, including Sidak
correction for multiple testing, were integrated into the linear mixed
model to test for significant differences across the different age groups
and scalp areas. For ANOVA testing and pairwise comparisons of the
estimated marginal mean, values of p < .05 were considered statistically
significant.

Multiple t-tests were used to identify areas with activity that signif-
icantly differed from the baseline. To address the issue of multiple
comparisons, an alpha correction (Bonferroni correction) related to the
tested scalp regions was applied. Due to variations in the number of
multiple comparisons across observed parameters, corresponding sta-
tistically significant p-values are reported directly with each parameter.

2.8.2. Regression analysis

To verify that the group cut-offs did not introduce artificial effects,
scatterplots, and regression analyses were examined for differences
across different age groups and scalp areas, identified by ANOVA.
Furthermore, regression analyses were used to investigate the relation-
ship between mid-frontocentral activity and task performance.

Due to developmental trajectories showing curvilinear age effects on
certain dependent variables (i.e., more pronounced changes in younger
children) (Fietzek et al., 2000; Klein, 2001), regression analysis was
performed either as linear regression using age as a predictor (y=a + b *
age; y = predicted original data; a = constant; b = regression coefficient)
or as non-linear regression using age-1 as predictor (regression equation
y=a+b* age_])‘ An exploratory analysis of the scatterplots was used
to determine if data showed a linear relationship between age and a
dependent variable, i.e., a constant development of the wvariable
throughout the examined age range of 5 to 16 years, or a non-linear
influence of the factor age on the dependent variables, i.e., more pro-
nounced development in younger (or older) subjects. The most suitable
regression model (predictors age or age ') was chosen based on data
examination respectively for each variable.

3. Results
3.1. Behavioural task performance (reaction time)

Behavioral task performance across age groups was investigated by
analyzing error rates and reaction times. The ANOVA analysis on the
dependent variable total response error rate, with the between-subject
factors of age group and gender revealed significant differences be-
tween the age groups (F(2, 38) = 5.75, p = .007). Post-hoc Tukey-HSD
comparisons indicated that the oldest age group of 13- to 16-year-olds
(3.93 + 3.33) performed significantly better than the youngest age
group of 5- to 8-year-olds (13.75 + 11.01, p = .009). The middle age
group of 9- to 12-year-olds (10.76 + 8.25, p = .056) exhibited only a
trend toward increased errors compared to the oldest age group and no
significant differences compared to the youngest age group. The most
frequent error observed was a button press during the intertrial interval,
occurring between the warning stimulus S1 and the imperative stimulus
S2. Only trials with a correct response to 52 were included in further
analysis.

Regarding reaction times, ANOVA analysis with age group and
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gender as between-subject factors showed a trend toward differences
among the age groups (F(2, 38) = 2.96, p = .064). Tukey-HSD posthoc
comparisons indicated that the youngest age group (443.02 + 117.42
ms) showed slower reactions compared to the middle (342.03 +112.91

ms, p = .046) and a trend compared to the oldest age group (369.83 +
114.12 ms, p = .05).

(A) ERP; right response side
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3.2. Early orienting response and motor preparation (initial contingent

negative variation)

3.2.1. Latency of iCNV component

The initial component of the CNV potentials was used to investigate
developmental changes during childhood and adolescence related to

early movement preparatory processes.

(B) ERP; left response side
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Fig. 2. Grand average CNV waveforms and topographic voltage maps, separately displayed for each age group to demonstrate maturational differences. (A) CNV
course of the right and (B) left response condition at FCz (right), respectively for 5- to 8-year-old subjects (green line), 9- to 13-year-old subjects (purple line), and 13-
to 16-year-old subjects (red line). The first vertical dashed line indicates the presentation of the wamning stimulus S1 (directional arrow), and the second vertical
dashed line indicates the presentation of the imperative stimulus $2. Time windows for iCNV, ICNV, and PINV are highlighted in light blue. Please note that voltage
scales are presented upside down with negative values going upward. See for more detailed amplitude values supplementary material, Table 1. (C) Voltage maps of
each CNV component for the right and (D) left response condition, displayed as the average of 5- to 8-year-old (top), 9- to 12-year-old (middle) and 13- to 16-year-old
subjects (bottom). Maps are scaled from —5 puV (blue) to +5 pV (red). Older subjects showed increasing negativity of mid-frontocentral areas in each component. Most
pronounced differences were observed between the age group of 5- to 8-year-old and 9-to 12-year-old subjects.
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The repeated measures ANOVA revealed a significant effect of the
factor age on iCNV latencies (F(2, 38) = 4.84, p = .013). The delayed
onset of early mid-frontocentral negativity in younger subjects is illus-
trated in Figs. 2A, 2B, and 3A. For mean latencies with standard de-
viations, see supplementary material, Table 2.

3.2.2. ERP amplitudes of iCNV component

The CNV topography of evoked cortical activity showed significant
age-related developmental changes, most pronounced between the age
range of 5- to 12-years. Fig. 2 illustrates the stimulus-locked ERP
waveforms for each group (for mean amplitudes with standard de-
viations see supplementary material, Table 1).

Comparing the evoked amplitudes of the early CNV component, the
repeated measures ANOVA showed a highly significant interaction be-
tween scalp areas and age group (F(4, 76) = 6.76, p < 0.001).

Pairwise comparisons of estimated marginal means indicated sig-
nificant differences in the activation of the mid-frontocentral area be-
tween the youngest age group of 5- to 8-year-olds (0.16 + 2.78 uV) and
the two older age groups of 9- to 12-year-olds (—3.66 + 3.09 pV; p <
0.001) and 13- to 16-year-olds (—2.78 £ 2.03 pV; p = 0.01). Mid-
frontocentral negativity of the youngest age group was shown not to
differ significantly from baseline (see supplementary material, Table 1),
In addition, no significant differences were observed when comparing
the two older age groups. Centro-parietal scalp areas were found to
exhibit no significant age effect during early movement planning.

To investigate the correlation between the early increasing mid-
frontocentral activity and improved task performance, regression ana-
lyses were performed. The data showed a trend towards a curvilinear
dependence between the mid-frontocentral activity and reaction time
(RT ': R? = 0.115, F (1, 42) = 5.48, p = .024), however there was no
significant correlation between mid-frontocentral activity and the per-
formed errors (error rate: R = 0.104, F (1, 42) = 4.88, p = .033; sig-
nificant at o0 < 0.0125).

3.2.3. Alpha-event-related desynchronization during the iCNV component

Analysis of the alpha band event-related desynchronization (ERD)
was conducted to investigate developmental differences of mu rhythm
attenuation related to motor behavior planning and whether children
aged 5- to 8 years showed early motor preparation, even when signifi-
cant frontal ERP activity was not observed. Repeated measurement
ANOVA revealed a main effect for the factor age group (F(2, 38) = 5.82,
p = 0.006).

Pairwise comparison of estimated marginal means demonstrated an
increase of alpha ERD with increasing age, as indicated by significant
amplitude differences, observed between the youngest age group of 5- to
8-year-olds (—19.41 + 4.4 pV) and the oldest age group of 13- to 16-
years-olds (- 38.35 =+ 3.89 pV; p =0.008) as well as between the middle
age group of 9- to 12-year-olds (- 24.72 + 3.81 uV) and the oldest age
group (p = .049).

In addition, there was a main effect of the scalp area (F(2, 76) =
45.87, p < 0.001) which was qualified by an interaction between the
movement side and scalp area (F(2, 76) = 25.84, p < 0.001). Alpha-ERD
over contra- and ipsilateral centro-parietal areas but not over mid-
frontocentral areas were shown to be highly significant for all age
groups, as well as to be more pronounced over the contralateral hemi-
sphere of the movement side (see Table 2). A pairwise comparison of
estimated marginal means indicated that centro-parietal areas (right: -
32.17 £ 2.77 uV; left: - 32.32 £ 2.48 pV) showed significantly more
desynchronization than the mid-frontocentral area (- 17.98 + 2.33 pV, p
< 0.001). Moreover, the movement side had a highly significant effect
on alpha ERD over centro-parietal areas of both hemispheres (right, p <
0.001, left: p < 0.001), showing distinct lateralization to the contralat-
eral movement side (see Fig. 4C to 4F and supplementary material,
Table 3). Thus, already 5- to 8-year-old children showed contralaterally
lateralized alpha-ERD during early CNV (i.e,, a selection of the required
response side).
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3.2.4. Current source density (CSD) of iCNV component

The qualitatively distinct pattern observed during iCNV in young
subjects could also be evoked by strong, overlapping P300 activity
masking the anticipated activity that was shown in older subjects. To
investigate activity over mid-frontocentral areas in younger subjects
more precisely and to reduce the influence of overlapping P300 activity,
we conducted a Current Source Density (CSD) analysis.

To assess age effects, we conducted a repeated measures ANOVA,
which indicated an interaction between scalp area and age group (F(4,
76) = 3.13, p = 0.019), suggesting age-related topographical matura-
tion. Pairwise comparison of estimated marginal means revealed age-
related activity differences over the centro-parietal scalp areas be-
tween the youngest (right: —29.48 + 9.12 uV; left: —23.72 + 9.96 uVv)
and the oldest age group (right: 4.09 & 8.06 pV, p = 0.026; left: 10.0+
8.8 uV, p = 0.045), showing decreasing negativity over left and right
centroparietal areas with age. However, CSD map topographies indi-
cated that the topographic maximum related to these current sinks was
over occipitotemporal areas, so we did not interpret this activation any
further concerning motor processes.

More importantly, the mid-frontocentral area exhibited no signifi-
cant differences between the age groups. Further examination of CSD
map topographies (Fig. 3C, 3D) revealed that even children in the age
range of 5- to 8 years exhibited a small current sink over mid-
frontocentral areas (—10.92 + 32.9 uV) which was however not signif-
icant (¢(11) = - 1.15, p = .27). Fig. 3B and 3C illustrate that in younger
subjects the positivity of the P3-complex and occipitotemporal nega-
tivity over visual cortical areas dominated the CSD maps. Conversely, in
older subjects, mid-frontocentral negativity became more prominent.

3.2.5. Source analysis (SSLOFO) of iCNV component

SSLOFO analysis, an inverse algorithm to precisely reconstruct un-
derlying sources, was applied to identify closely spaced cortical gener-
ators of the mid-frontocentral activity during iCNV of young subjects.
Consistent with the findings from CSD analysis (overlapping P3-
complex, occipitotemporal current sinks), SSLOFO analysis confirmed
the presence of a prominent posterior source in young subjects during
early movement planning. However, source analysis indicated that in
young subjects aged 5 years, the supplementary motor area is likely to
contribute, at least partly, to early negativity observed over mid-
frontocentral areas (Figs. 3D and 3E).

3.3. Late motor preparation (late contingent negative variation)

3.3.1. ERP amplitudes of ICNV component

To investigate maturational processes related to direct motor prep-
aration, we focused on the late component of the CNV paradigm. The
1ICNV topography showed pronounced differences between the age
groups (see Fig. 2C and 2D and supplementary material, Table 1).
Children aged 5 to 8 years displayed more widespread low ipsilateral
negativity, most pronounced over centroparietal areas. In contrast, older
subjects (9- to 16-year-olds) exhibited a more centrally localized nega-
tivity over mid-frontocentral and central areas, with decreasing activity
over ipsilateral centro-parietal areas with age.

The repeated measurement ANOVA revealed significant interactions
between scalp area and movement side (F(2, 76) = 3.59, p = 0.034) and
between scalp area and age group (F(4, 76) = 3.63, p = 0.009). A
pairwise comparison of estimated marginal means showed that the
movement side had a significant effect on the left centroparietal scalp
area (right-hand movements: - 0.36 + 0.32 pV; left-hand movements: -
1.48 + 0.3 uV, p = 0.017), with more pronounced ipsilateral negativity
observed for the left movement side. The right centroparietal scalp area
was observed not to be significantly influenced by the movement side.

Furthermore, significant amplitude differences over the mid-
frontocentral area were observed between the youngest age group of
5- to 8-year-olds (—0.74 + 0.73 pV) and the middle age group of 9- to
12-year-olds (—3.51 + 0.58 uV; p = .02). There was also a trend towards
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Fig. 3. Developmental characteristics of the early CNV (iCNV) component. (A) Scatterplots of iCNV mean peak latencies and (B) amplitudes. Data points represent
mean amplitudes for both response conditions and each subject over the mid-frontocentral area (Cz, FCz, FC1', FC2'). The grey lines show the corresponding fitting of
a curvilinear regression model (age '), since age-related differences were more pronounced in younger subjects. (C) Average current source density (CSD) maps of
the iCNV component for 5- to 8-year-old (left), 9- to 12-year-old (middle), and 13- to 16-year-old subjects (right), displayed for the right and (D) left response
condition. CSD maps are scaled from —40 p\f/t:m2 (blue) to +40 |.l\:’/<:m2 (red). (E) Image of current standardized shrinking LORETA-FOCUSS (SSLOFQ) algorithm,
calculated for right and (F) left response condition during iCNV. Images are displayed for 5- to 8-year-old subjects, to identify especially mid-frontocentral current
sources in young subjects. Images showed a pronounced posterior (left images) as well as a mid-frontocentral cortical source (right images), related to the sup-
plementary motor area. A: anterior side of the brain; P: posterior side of the brain; Sag: Sagittal plane.
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Table 2

Mean Alpha-ERD amplitude values [%] + standard deviation for each CNV
component. Significances (p < 0.017) or trends towards significance (p < .33)
are indicated for the respective values.

Alpha-ERD of CNV  Age Group  SMA [%] M1 right [%] M1 left [%]
Component
iCNV right 5-to 8- —6.27 £+ —16.24 = —2932+
response year-old 16.54 23.57 22.05
condition —-2.38); tH—-4.61)%; p
p=03 < .001
9-to12- -1251 + —-23.99 + —34.27 +
year-old 12.79 18.08 16.6
t(—4.03); p H-5.47); p t(—8.51) p
=< .001 < .001 = .001
13- to 16- ~33.06 + -35.79 = -51.99 +
year-old 21.39 25.53 19.55
t(-5.78); p {-5.25); p t(—9.95); p
< .001 < .001 < .001
iCNV left response 5-to 8- —13.48 + —34.59 = —22.21 +
condition year-old 18.88 14.83 16.84
H(-247);p= H-8.08);p (-457);p
.03 < .001 < .001
9-to12- -17.14 + =-37.33 = -28.02 +
year-old 12.39 15.8 15.27
t(-571); p H-9.74); p t(-7.57%p
< .001 < .001 < .001
13- to 16- —-29.34 + —46.64 — -32.74 +
year-old 195 22.08 21.71
H-5.63); p H-79;p < t(—5.64)%; p
< .001 .001 < .001
ICNV right 5- to 8- 922+ 12,94 + ~0.88=
response year-old 22.49 22.65 20.88
condition 11.98);p =
.05
9-to 12- 12.94 + 24.51 + 923 =
year-old 20.23 36.32 20.49
H2.64);p= H2.78),p= t{—1.860)p=
02 .01 .08
13- to 16- —4.44 L+ 11.21 & -17.94 +
year-old 22.27 33.57 23.53
t(~2.85);p=
.01
ICNV left response 5-to 8- 691 = —5.44 + 23.05+
condition year-old 20.56 15.65 22,12
t3.61); p =
.004
9-to12- 539 = 6.27 + 14.44 +
year-old 17.78 16.57 20.22
(2.04); p =
.06
13- to 16- -0.78 + -16.39 + 1.87 =
year-old 17.74 21.64 28.42
H{—2.84);p—
.01
PINV right 5-to 8- -14.18 + —-28.78 + -33.39 +
response vear-old 17.43 19.72 21.89
condition H-2.82)p= H-5.06);p t(—5.28); p
01 < .001 < .001
9-to 12- —24.46 + —35.88 = —42.68 £
year-old 16.12 19.22 20.93
t{-6.25); p H-7.7%p <= i(-84l)p
< .001 .001 < .001
13- to 16- —38.86 + —46.71 = —53.19 +
year-old 25.46 25.26 23.43
H(-5.71); p {—6.92); p {(~8.35); p
< ,001 < .001 < .001
PINV left response 5-t0 8- —18.07 + —37.56 = —23.38 &+
condition year-old 20.89 19.86 25.36
H-2.98)p= H-6.55);p (-3.19)p=
01 < .001 .009
9-tol2- —24.37 + —42.45 + —43.86 +
year-old 18.82 20.31 19.72
t(—5.34); p H-8.61); p t(—917) p
= .001 < .001 < .001
13- to 16- —39.88 + —54.66 = —48.49 +
year-old 22.26 24.5 27.31
H-6.7); p < H—8.35); p t{—6.64); p
.001 < .001 < .001
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more midfronto-central negativity for the oldest age group of 13- to 16-
year-olds (- 3.04 = 0.64 pV; p = .067) compared to 5- to 8-year-olds.
Centro-parietal areas of both the contralateral and ipsilateral hemi-
spheres did not show significant maturational changes.

3.3.2. Alpha-Event-related desynchronization of ICNV component

To investigate oscillatory modulation related to movement prepa-
ration and cortical pre-activation before a movement, we analyzed alpha
ERD during ICNV.

Repeated measurement ANOVA showed a significant interaction
between the movement side and scalp area (F(2, 76) = 25.59, p <
0.001). A pairwise comparison of the estimated marginal means
revealed that alpha ERD over centroparietal areas was highly influenced
by the movement side (p <0.001).

Despite pronounced maturational differences of alpha power
changes displayed in the related maps and data (Fig. 4A and 4B,
Table 2), ANOVA analysis showed a trend towards differences between
the age groups (F(2, 38) = 2.84, p = 0.071). To investigate the data in
more detail, we performed a regression analysis over centroparietal
motor areas. Regression analysis confirmed a strong trend towards a
developmental trajectory with decreasing alpha band synchronization
over ipsilateral motor areas and increasing desynchronization over
contralateral motor areas (Age; ipsilaterally decreasing synchronization:
R® = 0.109, F (1, 42) = 5.16, p = .028; contralaterally increasing
desynchronization: R%2=0.08,F(1,42) = 3.77,p = .059; significant for a
< 0.025) (for details see supplementary material, Fig. 1).

Interestingly, an analysis of the lateralization of alpha-ERD further
illustrated that a constant degree of lateralization was maintained dur-
ing development (Fig. 4C to 4D). Topographic distribution of the lat-
eralized alpha-ERD during ICNV (Fig. 4E and 4T), as well as lateralized
alpha-ERD amplitude analysis (F(2, 38) = 0.014, p =.99), confirmed no
significant lateralization differences between the analyzed age groups,
despite apparent differences in the contra- and ipsilateral induced alpha
power (see Fig. 4A, 4B for the time course and topography of lateralized
activation).

3.4. Response postprocessing and evaluation (post imperative negative
variation, PINV)

3.4.1. Latency of PINV component

To investigate maturational changes in response evaluation pro-
cesses, we analyzed cortical activity related to motor post-processing
(PINV) within a CNV paradigm. Repeated measurement ANOVA
showed a significant interaction between the movement side, the scalp
area, and the age group (F(3.86, 73.3) = 2.75, p = .036).

A pairwise comparison of estimated marginal means indicated that,
for the right movement side, negativity over the right ipsilateral hemi-
sphere arose with an increased latency in the oldest age group (1171.18
+ 59.59 ms), compared to the youngest (897.47 + 67.42 ms, p = 0.013)
and the middle age group (865.71 + 58.43 ms, p = 0.002). For the left-
hand movement, no significant latency differences were observed.

3.4.2. ERP amplitudes of PINV

PINV topography varied strongly between the age groups (see
Fig. 2). Younger subjects displayed maximum negativity over centro-
parietal areas, while in older subjects pronounced negativity was shif-
ted towards more mid-frontocentral areas. The repeated measurement
ANOVA indicated a statistically significant interaction between scalp
area and age group (F(4, 76) = 4.12, p = 0.004) and between the
movement side and scalp area (F(2, 76) = 8.9, p < 0.001).

A pairwise comparison of estimated marginal means showed that the
movement side had a significant effect on the right (p = 0.009) and left
centro-parietal scalp area (p = 0.001), with more pronounced negativity
observed over the contralateral hemisphere.

Maturational influences were found over the left centro-parietal
scalp area, with a trend towards amplitude differences between the
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Fig. 4. Developmental characteristics of the late CNV (ICNV) component. (A) Isopotential line maps of alpha event-related desynchronization (ERD) during ICNV,
shown for right and (B) left response conditions. Maps are displayed separately for the average alpha ERD of 5- to 8-year-old (left), 9- to 12-year-old (middle), and 13-
to 16-year-old subjects (right). A decrease in alpha power (ERD) is indicated in blue, increase in alpha power (event-related synchronization; ERS) is indicated in red.
Scaling ranges from —30 % to +30 % in relation to baseline values. Ipsilateral positivity over centro-parietal areas decreased with age, whereas contralateral
negativity increased. (C) Lateralization (LRP) waveforms for the right and (D) left response condition, presented as average for 5- to 8-year-old subjects (green line),
9- to 13-year-old subjects (purple line), and 13- to 16-year-old subjects (red line). (E) LRP voltage maps of the contralateral hemisphere for the right response
condition, (F) respectively for the ipsilateral hemisphere of the left response condition for 5- to 8-year-old (left), 9- to 12-year-old (middle) and 13- to 16-year-old
subjects (right). Alpha-ERD showed an age-constant strong lateralization to the contralateral movement side during ICNV.

youngest (- 3.56 £ 0.77 pV) and the oldest age group (- 1.03 + 0.68 uV; p
= .054), showing decreasing PINV amplitude over the left-centroparietal
area with age. Furthermore, negativity shifted from centro-parietal scalp
areas in young subjects to mid-frontocentral areas in older subjects (see
supplementary material, Table 1).

3.4.3. Alpha-Event-related desynchronization of PINV component
To study maturational changes of alpha band oscillation related to
response evaluation, we analyzed alpha-ERD during PINV.

Desynchronization of alpha power was present for all age groups over
mid-frontocentral as well as over centro-parietal areas, and most pro-
nounced in older subjects (Table 2).

ANOVA analysis showed an interaction between the movement side
and scalp area (F(2, 76) = 9.23, p < 0.001). A pairwise comparison of the
estimated marginal means indicated that alpha desynchronization was
more pronounced over contralateral centro-parietal scalp areas, espe-
cially for the right hemisphere (p < .001).

Furthermore, there was a main effect of age group (F(2, 38) =5,p =
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0.012) as well as a trend towards an interaction between the scalp area
and the age group (F(4, 76) = 2.23, p = 0.074). In total, alpha
desynchronization was less pronounced in younger subjects aged 5- to 8-
years (- 24.71 = 5.33 %) than in older subjects aged 13- to —16 years (-
46.61+ 4.72 %; p = .012). Regarding maturational differences of the
separated scalp areas, negativity over mid-frontocentral areas was more
pronounced in the oldest age group (- 39.0+ 4.6 %), compared to the
youngest (- 15.05+ 5.21 %; p = .004) and the middle age group (- 21.51
+ 4,51 %; p = .03).

4. Discussion

Brain maturational processes and underlying neuronal mechanisms
involved in the transition from an immature child brain to a fully
developed adult brain are complex and difficult to identify. Our data
provide evidence of pronounced cerebral maturation related to attention
allocation, motor preparation, and movement evaluation during child-
hood and adolescence. The study compared behavioral task perfor-
mance and cortical activation evoked and induced by a contingent
negative variation (CNV) paradigm with a directional warning cue. We
collected EEG data of subjects aged 5- to 16- years using a 64-equidistant
electrode array.

Our data showed that enhanced SMA activity plays a critical role in
increasing the efficiency of motor behavior during cortical maturation.
Besides poorer task performance, young subjects displayed qualitatively
different cortical activation patterns compared to older subjects. Previ-
ous CNV studies in children and adolescents have yielded inconsistent
findings, potentially due to limitations in methodology. By employing a
visual task paradigm and advanced analysis techniques, we were able to
investigate CNV components more precisely and reveal a maturational
increase in mid-frontocentral activity attributed to the SMA during
different stages of motor control.

Our findings suggest a developmental shift towards proactive motor
control. Alpha power exhibited a trend toward transitioning from ipsi-
lateral synchronization (inhibition; deactivation) to contralateral
desynchronization (disinhibition; pre-activation) within motor areas
during late motor preparation (ICNV). In contrast to other studies
(Bender et al., 2005; Flores et al., 2009), our findings demonstrate that
motor development extends beyond adolescence. Compared to adults,
adolescents still showed distinct cortical activation patterns, lacking the
expected contralateral motor area activation during preparation. This
suggests a more gradual maturation process.

Age-related reductions in PINV negativity over contralateral motor
areas, coupled with increased SMA negativity, suggest reduced move-
ment uncertainty with development (Thiemann, 2010; Bender et al.,
2006).

4.1. Behavioral performance

Reaction times as well as performed errors improved with age, as
typically observed in other studies (Bender et al., 2005; Bucsuhazy and
Semela, 2017; Kiselev et al., 2009). Motor improvement was charac-
terized by shorter reaction times and reduced false alarms or wrong
responses in older subjects. These results suggest that younger subjects
exhibited more premature response reactions compared to older sub-
jects. The observed developmental differences had an influence on the
processing speed as well as on the ability to restrain motor behavior.
Improved action control developed curvilinearly in the age range of 5 to
16 years, with the most pronounced maturation in the youngest age
group of 5- to 8-year-old children.

4.2. Maturation of orienting response (early contingent negative
variation)

The early or initial CNV component (iCNV) is associated with ori-
enting processes as a response to a warning stimulus in a CNV paradigm
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(Weerts and Lang, 1973). According to Birbaumer et al. (1990), the
iCNV reflects prefrontal activation that regulates the activation of more
posterior motor areas necessary for movement execution.

The early component was investigated to study the impact of cere-
bral maturation on the orienting response to an informative external
stimulus, including attentional processes and motor program selection.
ERP analysis revealed immature iCNV topographies until late childhood
and early adolescence. Electrophysiological data showed a pronounced
maturation characterized by increasing early mid-frontocentral nega-
tivity through the investigated age range (see Figs. 2 and 3B-3D). In
agreement with other studies using data from a reduced number of
electrodes, young children showed only minor frontal negativity during
orienting response (Jonkman et al., 2003; Segalowitz and Davies, 2004),
i.e., activation of cortical areas related to the supplementary motor area
(SMA) and anterior cingulate cortex (ACC) (Flores et al., 2009; Jonkman
et al., 2003). The early frontal negativity stabilized during post-pubertal
adolescence, reaching a strength of activation comparable to adult
subjects (Tian et al., 2019; Weisz et al., 2002). Furthermore, we
observed a consistent shift in iCNV latencies, with mid-frontocentral
areas being recruited earlier in older subjects, suggesting faster pro-
cessing of the warning stimulus (see Fig. 3A).

Besides small frontal negativity, young children showed enhanced
processing of the directional warning cue over posterior-temporal and
occipital areas related to visual cortices (Bender et al., 2010; Hecht et al.,
2016) that caused partial masking of small SMA activity in the ERP
analysis. Van Leeuwen et al. (1998) observed similar early topographies
and found posterior sources for this so-called CNV/P3 complex. It is
likely that other studies reporting contradictory decreasing
mid-frontocentral negativity during iCNV with age (Bender et al_, 2004),
as well as reduced iCNV latencies in younger children (Flores et al.,
2009), observed rather frontocentral negativity that was dependent on
extended stimulus processing related to a posterior source than true
frontal iCNV negativity associated with SMA activity. Enhanced activity
reflected in a more pronounced CNV/P3 complex could be explained by
an increased effort to process relevant task information. The orienting
reaction is thus dominated by sensory post-processing and resource
allocation in young children, while more frontal activation with
decreasing latencies becomes a dominant part in adolescent subjects.

Since young children reacted with more spontaneous motor re-
sponses and showed an increased error rate, posterior networks
recruited during movement preparation seem less efficient in attention
regulation and action control. Precipitated movements might be caused
by inefficient motor inhibition or by reduced efficiency of attention
allocation due to an increased effort in target selection processes. The
observed maturational shift is consistent with described strategy
changes from a posterior, stimulus-driven orienting network in young
children to an anterior, top-down attention network in adolescent sub-
jects (Padilla et al., 2014; Smith et al., 2011).

Cortical source analysis of iCNV data using sSLOFO confirmed that
the mid-frontocentral negativity is likely to originate from the supple-
mentary motor area (SMA; see Figs. 31 and 3F). It was suggested that the
SMA recruits and sustains networks activated during subsequent pre-
paratory processes related to the ICNV (Gomez et al., 2003). In other
studies, it was shown that the iCNV arises from the SMA and ACC and
that the cortical areas were simultaneously coactivated (Gomez et al.,
2003; Lee et al., 1999). Lee et al. (1999) observed that subregions of the
SMA were recruited with different temporal profiles and that early
stages of motor processing were associated with the activation of ante-
rior SMA parts related to the pre-SMA, The pre-SMA is characterized by
extensive pre-frontal connectivity (Luppino et al., 1993) and thought to
be involved, inter alia, in maintaining working memory (Pollmann and
Yves von Cramon, 2000) as well as motor program selection and
movement intention (Lau et al., 2004). Nachev et al. (2007) performed a
movement study on a patient with a rare lesion involving the pre-SMA
and reported increased reaction times as well as inhibitory deficits.
Other studies confirmed that the SMA mediates motor inhibition (Chen
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et al,, 2010; Toma et al., 1999). These results suggest that pre-SMA
exhibits a critical role in action control and indicate that pre-SMA
immaturity might be a primary cause for less efficient movement per-
formances in young children. However, it is not possible to exclude an
indirect correlation between task performance and SMA activation due
to parallel age effects. Therefore, the direct functional relevance of the
increased SMA activation in improving movement performance cannot
be investigated based on the observed data.

Brain oscillatory activity was analyzed to gain insight into matura-
tional changes of movement-related power modulation. Mu-rhythm
desynchronization is observed for cortical areas involved in processes
of movement preparation, planning, and execution (Leocani et al., 1997;
Pfurtscheller and Lopes da Silva, 1999). During cognitive processing or
attention allocation processes, alpha power is reduced and facilitates
resources to be allocated to task-relevant processing. Cortical regions
that are related to task-irrelevant and potentially disruptive processes
exhibit mu-rhythm synchronization, i.e. inhibition of underlying areas
(Klimesch et al., 2007). The results showed lateralized mu-rhythm
desynchronization over contralateral centro-parietal areas during
iCNV for all age groups (see Table 2). This suggests that contralateral
motor areas were activated during early processes of movement side
selection shortly after the presentation of the informative warning cue.
Given that the early motor preparation in young children was already
characterized by a lateralized activation of contralateral motor regions,
it suggests that also young children exhibit motor-related preparatory
processes. Moreover, the results confirm that motor program selection
corresponds to the early stages of motor preparation, as reflected by
contralateral motor area activation.

Compared to evoked cortical potentials, mu-rhythm desynchroniza-
tion reflects more general sensorimotor network pre-activation (C.
Babiloni et al., 1999; Defebvre et al., 1994). In contrast to evoked po-
tentials, differences in early mu rhythm desynchronization over
mid-frontocentral areas were most pronounced between the middle (9-
to 12-year-olds) and the oldest age group (13- to 16-year-olds), which
suggests a delayed development of preparatory alpha band power in
relation to evoked cortical activity.

4.3. Maturation of motor cortical pre-activation (late contingent negative
variation)

The late component of a CNV has been suggested to represent sen-
sory and motor pre-activation of resources needed for effective task-
specific performance (Gaillard, 1978). Midfronto-central negativity
increased with age during response preparation (ICNV; see Fig. 2).
Previous results confirm the continuous development of preparatory
movement networks and maturation of the motor system into young
adulthood (Bender et al., 2002; Jonkman, 2006; Killikelly and Szucs,
2013; Thillay et al, 2015), Significant ICNV activity indicates that
adolescent subjects used proactive control strategies to perform more
efficient task-related movements.

The late CNV component typically exhibits prominent negativity
over the contralateral hemispheres, as reported in various studies
(Dirnberger et al., 2003; van der Lubbe et al., 2000; Wauschkuhn et al.,
1997). However, our findings deviate from developmental research
using simpler CNV paradigms (Bender et al., 2005). In our study,
adolescent subjects showed only transient contralateral negativity dur-
ing early motor preparation, potentially reflecting early motor program
selection. Notably, the late contralateral activity over premotor and
primary motor areas, commonly observed in adolescents and young
adults (Bender et al., 2005; Flores et al., 2009), was absent in our
adolescent group. This qualitative difference in activation patterns be-
tween our adolescent subjects (up to 16 years old) and those typically
observed in adults (Gomez et al., 2003) suggests an ongoing develop-
mental process in cortical areas related to preparatory activity.

The characteristic and complexity of a CNV paradigm significantly
influences the resulting waveforms, topographies, and amplitudes. Our
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paradigm presented a warning cue specifying the required movement
side, unlike simpler paradigms that lack such informative cues or
varying movement sides. This additional complexity likely demanded
higher levels of executive motor control during preparatory processes.
Consequently, the development of sustained lateralized negativity over
contralateral central areas might be delayed compared to studies using
simpler paradigms. These findings suggest that effective motor prepa-
ration for complex movements and pronounced pre-activation of
effector-specific motor areas (Dirnberger et al., 2003) matures later,
potentially extending into late adolescence or young adulthood.

Consistent with previous research (Nagai et al., 2004), our topo-
graphic analysis in adolescents showed that the SMA is also involved in
late movement preparation. Notably, the data showed a shift in activa-
tion from frontal to more central negativity during preparatory CNV
stages, as shown in Fig. 2. This suggests a dynamic engagement of SMA
across different phases of motor preparation. Early pre-processing
(iCNV) might rely more on the pre-SMA, given its established role in
motor program planning (Lee et al.. 1999). Conversely, the observed
shift towards central negativity during late motor pre-activation (ICNV)
potentially reflects increased involvement of the more caudal SMA
(SMAc) and premotor areas, which have direct connections to the pri-
mary motor cortex (Luppino et al., 1993; Wang et al., 2005). This aligns
with the notion that SMAc is crucial for movement initiation and
execution (Lee et al., 1999).

Time-frequency analysis revealed that alpha-ERD (excitation) of the
contralateral hemisphere linearly increased with age during late
movement preparation and planning (ICNV), whereas alpha-ERS (inhi-
bition) of the ipsilateral side decreased (see Fig. 4A and 4B). However,
lateralization analysis of the alpha power band showed no differences in
lateralization strength between young children and adolescent subjects,
as shown in Fig. 4C to 4F. Since synchronized activity is related to
deactivation of corresponding brain areas (Lopes da Silva, 2006;
Pfurtscheller, 2001), the results suggest that processes related to alpha
band oscillation of motor networks were shifted from inhibition of
ipsilateral motor-related brain areas to pre-activation of contralateral
motor-related areas. These findings sustain the hypothesis of a matu-
rational shift from reactive to proactive motor control (Chevalier et al.,
2014). Furthermore, age-consistent alpha-band lateralization showed
that small SMA activity observed for young subjects was not evoked due
to low motor preparation or a lack of motivation but due to qualitatively
different preparatory processes.

4.4. Maturation of movement processing (post imperative negative
variation)

The PINV is associated with movement evaluation processes and is
suggested to represent uncertainty in task performance (Bender et al |
2006; Klein et al,, 1996), Reliance of the PINV on response execution
was confirmed due to its correlation with response execution timing
rather than the timing of external stimuli (Bender et al., 2004), EEG
studies showed enhanced PINV amplitudes in children and adult sub-
jects when they had to perform non-controllable tasks (Kathmann et al.,
1990; Yordanova et al., 1997).

ERP data showed a developmental shift from pronounced negativity
over contralateral central areas to negativity over more frontocentral
areas during performance evaluation (see Fig. 2). The PINV did not
depend on preparatory CNV components since topographical distribu-
tion differed significantly, as shown in previous studies (Bender et al.,
2004; 2005). Since the performance of younger subjects was associated
with a lack of control, high PINV amplitudes might reflect the control-
lability of task-related movements. Moreover, the results suggest that
young children were more likely to be uncertain about their response
performance, reflected in an increased compensatory effort and
enhanced evaluation processes, Future studies should address the
question of whether increased motor post-processing supports motor
learning in children.
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As observed for evoked potentials, alpha band desynchronization
increased with age over mid-frontocentral areas during response eval-
uation (see Table 2). These results indicate that mid-frontocentral areas
associated with SMA activity are increasingly recruited with age during
movement post-processing and motor maturation. ERP data, similar to
observations of preparatory mu rhythm desynchronization, reveal the
most prominent maturational shifts in PINV topographies for younger
and middle-aged groups, whereas alpha-ERD was characterized by
pronounced developmental differences between the middle and the
oldest age groups. This pattern strengthens the suggestion of a pro-
tracted maturation of alpha-band oscillations, extending into late
adolescence or early adulthood.

4.5. Limitations

Based on the presented results, it is not possible to identify physio-
logical mechanisms that underlie the observed changes in cortical ac-
tivity and alpha band oscillation. It is likely that the observed
maturation depends, inter alia, on developmental changes in functional
connectivity that induce altered network dynamics (Brookes et al,
2018). Future studies should include multi-modal comparisons (fMRI)
and connectivity analyses to investigate brain development more pre-
cisely. Moreover, studies of developmental changes should include an
analysis of longitudinal examinations and not be based exclusively on
cross-sectional data. The investigation of cortical maturation on an in-
dividual, intra-subject level allows the generation of more reliable and
accurate information.

5. Conclusion

Our data revealed pronounced maturational differences in cortical
movement preparation and post-processing between child and adoles-
cent subjects. Behavioral results indicated less efficient action pre-
processing and a lack of inhibitory control, likely attributed to incom-
plete frontal lobe maturity in children. Activation of mid-frontocentral
areas related to the supplementary motor area during movement prep-
aration and evaluation became increasingly prominent with age. Alpha
band power indicated developmental progress from inhibiting ipsilat-
eral motor areas in young children to enhanced pre-activation of
contralateral motor areas in adolescents. Based on our data, evoked
cortical activation is likely to develop earlier than alpha-band oscillatory
activity. The reported results support the hypothesis of a developmental
shift from a reactive to a proactive control and indicate immaturity in
supplementary-, pre-, and primary motor areas until late adolescence or
early adulthood.
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Altered Network Connectivity and Global Efficiency in Tourette Syndrome: Insights into
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This work is under review at Neurolmage: Clinical, available as a preprint article at SSRN:
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This study extends the previous chapter by examining alterations in network connectivity and
sensorimotor integration in children with Tourette syndrome (TS). While data were collected
as part of the same overarching project, this analysis focuses on a distinct group of drug-naive
TS patients not included previously. Employing high-density EEG and the same CNV task, we
assessed theta-band phase synchronization and global network efficiency in TS patients
compared to age-matched healthy controls, utilizing graph theory to capture the complexity of

neural networks.

Our findings reveal distinct changes in stimulus processing and network organization in TS,
particularly during sensory integration and early motor preparation, while mechanisms of
motor execution remain largely intact. By highlighting both impairments and potential
compensatory adaptations, this study advances the conceptualization of TS as a disorder of
network-level dysfunction. These results contribute to the broader aim of identifying

neurophysiological markers and potential intervention targets for TS.

3.1 Contribution

I contributed to the design of the study and was responsible for the acquisition and
preprocessing of data, statistical analysis, and visualization of results. I interpreted the findings,
drafted the manuscript, prepared figures and tables, and revised the work based on feedback. I

coordinated the research process and ensured the scientific integrity and clarity of the paper.

3.2 Abstract

This study investigates the role of theta connectivity in network mechanisms related to
perception-action-binding, sensorimotor integration, and motor preparation in children with

Tourette's Syndrome (TS). High-density EEG data were collected from 21 children with drug-
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naive TS and 21 age-matched healthy controls during a task combining an informative warning
stimulus (S1) with a behaviorally relevant imperative stimulus (S2). Event-related phase
synchronization and global efficiency were calculated to analyze stimulus processing and
identify neural networks responsible for integrating sensory information with motor
preparation processes. Results revealed widespread alterations in theta-band connectivity in
TS, with patients exhibiting reduced connectivity and impaired network efficiency during S1
processing, including diminished DLPFC involvement. S2 processing revealed subtler group
differences than S1, manifesting as shifts in network organization rather than overall loss in
connectivity strength. Remarkably, global efficiency during S2 processing remained intact in
the TS group. In both groups, higher global efficiency during S2 correlated with faster reaction
times, highlighting a direct link between network efficiency and motor response speed. This
suggests that, despite altered sensory processing during information integration of the warning
stimulus, motor execution mechanisms remain preserved in TS. The reduced connectivity
during S1 processing may represent a compensatory mechanism aimed at weakening
perception-action binding, potentially preventing premature motor output and aiding in tic
control. These findings support the view of TS as a network disorder extending beyond
traditional cortico-striato-thalamo-cortical circuits and suggest potential targets for

interventions to modulate network efficiency and compensatory mechanisms in TS.

3.3 Introduction

Motor control relies on a complex processing network including various brain structures and
neural pathways. Disruption of these highly organized, dynamic networks can lead to
movement disorders, such as Tic disorders or Tourette’s syndrome (TS). TS is a complex
neurodevelopmental childhood-onset disorder characterized by chronic motor and vocal tics.
Tics are nonrhythmic, repetitive, involuntary movements or vocalizations occurring in bouts
for a limited duration (Leckman et al., 2014). Tics can be simple or complex, ranging from
sudden movements or sounds involving a limited number of muscle groups to coordinated
action sequences. TS is diagnosed when multiple motor tics and at least one vocal tic have been
present for a minimum of one year. The severity, frequency, and severity of tics fluctuate over
time, often peaking in early adolescence and declining steadily for most individuals as they
progress through adolescence (Ricketts et al., 2022). TS often comes along with various

comorbidities such as attention deficit hyperactivity disorder (ADHD) and obsessive-
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compulsive disorder, significantly impacting quality of life (Cravedi et al., 2017; Eapen et al.,

2016; Kumar et al., 2016).

A key challenge in managing TS is the limited understanding of its pathophysiology, especially
considering the complexity of the underlying mechanisms and the involvement of multiple
brain regions (Albin, 2018; Yael et al., 2015). The pathophysiology of TS is thought to result
from a complex interplay among different neural systems. Motor control deficits underlying
tic generation have been closely linked to disruptions in the cortico-striato-thalamo-cortical
circuits. Recent research has focused on the role of sensorimotor integration in TS, with
emerging evidence indicating abnormalities in how sensory information is processed and
integrated with motor output (Houghton et al., 2014). Individuals with TS frequently report
premonitory urges and somatic hypersensitivity, suggesting potential impairments in
sensorimotor integration. Furthermore, the concept of perception-action binding has gained
increasing attention in TS research, with evidence suggesting that patients with TS exhibit an
enhanced coupling between sensory stimuli and motor responses (Friedrich et al., 2021;

Kleimaker et al., 2020).

Theta-band activity is strongly related to processes involving sensorimotor integration and
perception-action binding (Beste et al., 2023; Cruikshank et al., 2012; Tomassini et al., 2017;
Wendiggensen et al., 2023). Especially long-range theta connectivity is suggested to be a
crucial factor for effective cognitive processing and coordination of task-dependent activity
(Lisman & Jensen, 2013; Mizuhara et al., 2004; Von Stein & Sarnthein, 2000). Therefore, the
investigation of theta-band connectivity related to stimulus-evoked network changes is of
particular interest in the present study, as alterations in these networks may contribute to the

abnormal sensorimotor integration and perception-action binding observed in TS.

Efficient coordination of brain activity requires intricate interactions between anatomically
separated neural populations (Horwitz, 2003). Investigations of these interactions reveal
complex networks underlying brain functions. Synchronization of anatomically separated
neuronal populations is considered to play an important role in coordinating information and
indicating enhanced functional connectivity (Buehlmann & Deco, 2010). Phase locking values
(PLVs) provide a metric to quantify the degree of synchronization between neural oscillations
across different brain areas and to investigate dynamic network communication (Lachaux et

al., 1999). PLVs measure the consistency of phase differences between oscillatory signals
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recorded from different brain regions. High PL Vs (close to 1) suggest robust communication
between neuronal populations, while low PLVs (close to 0) indicate weak or no functional
interaction. To investigate task-related changes in network synchronization, relative PLVs
(rPLVs) can be calculated to assess changes in phase locking relative to baseline
synchronization. Only few studies examined theta connectivity in TS with preliminary findings
pointing to altered network dynamics that vary by context. Takacs et al. (2024), using resting-
state EEG, found that individuals with TS show increased adaptability in theta network
architecture, potentially reflecting hyper-learning of sensorimotor patterns. In contrast, Loo et
al. (2019) used a task-based EEG paradigm and observed reduced theta connectivity during
voluntary movements, suggesting impaired task-specific coordination. Wang et al. (2025)
described disrupted theta-related connectivity between the supplementary motor area (SMA)

and basal ganglia circuits, supporting its role as a therapeutic target via rTMS.

The present study aims to investigate the role of theta connectivity in network mechanisms
related to perception-action-binding, sensorimotor integration, and motor preparation. We
calculated phase synchronization from high-density EEG data of children with TS and age-
matched healthy controls. To achieve a more detailed analysis of stimulus processing, we
employed a CNV task paradigm that combined an informative warning stimulus (S1, indicated
by an arrow pointing to either the left or right) with a behaviorally relevant imperative stimulus
(S2). This informative cue allowed participants to prepare a specific motor response in advance,
thereby enabling the investigation of the neural networks responsible for integrating sensory

information with motor preparation processes.

We hypothesize that (i) theta-band connectivity networks will be altered in children with TS;
(i1) these alterations will be most pronounced during S1 stimulus processing, as this phase
primarily involves sensorimotor integration and perception-action binding; and (iii) the
strength of theta connectivity during the cue processing phase will predict subsequent task
performance in both groups, reflecting the role of theta-band activity in cognitive processing
and task-dependent coordination. Investigating the interactions among neural networks
involved in sensory integration not only deepens our understanding of tic pathophysiology but
also may guide the development of targeted therapeutic interventions and aid in identifying

neurophysiological biomarkers for TS.
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3.4 Material and Methods

3.4.1 Subjects

The study included 21 drug-naive TS patients and 21 healthy controls (CO) subjects aged 7 to
13 years. Tic patients were individually matched with healthy controls based on age and
gender. The maximum age difference between any matched pair of tic patients and control
subjects was 0.4 years. There were no gender differences between any matched pairs. This
matching procedure ensured that both age- and gender-related differences were minimized
between the two groups. One subject with TS had to be excluded from further analysis due to
poor data quality (for details, see 2.6). To preserve the integrity of the matched-pair design, the
corresponding CO subject was also removed from the analysis. Detailed sample characteristics
are provided in Table 1. All subjects were right-handed, assessed by the Edinburgh Handedness
Scale (Oldfield, 1971). To ensure diagnostic accuracy, we conducted the K-DIPS structured
clinical interview with all parents and with adolescents aged 12 and older. This process
confirmed the diagnoses in patients and verified the absence of neuropsychiatric conditions in
healthy controls. Participants with (i) a full-scale IQ below 70 as measured by WISC-V, (i)
individuals with a history of epilepsy or other central nervous system (CNS) disorders, (iii)
those born prematurely before 32 weeks gestation, (iv) individuals with uncorrectable visual
impairments, (v) and those with current or previous use of psychoactive drugs were excluded.
Furthermore, we did not include any tic patients with comorbid ADHD in our sample. This
allows for analysis of theta-band connectivity networks in drug-naive patients and controls and
their abnormalities specifically related to tics. All participants and their legal guardians
provided informed written consent/assent in accordance with the Declaration of Helsinki. The

local ethics committee reviewed and approved the study protocol.
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Table 1. Sample Demographics

Sample TS (N=20) Control (N = 28) Statistic D
Characteristics
Age M = SD; 10.6(=1.8;74— 10.8(=1.7;7.8— t(38) =-0.35 73
range]| 13.2) years 13.2)
Male gender [n 16 (80) 16 (80) X2(1)=.00 1.0
(o)l

YGTSS  total 33.65(x 13.21)
symptom score

[M £ SD]

Age at tic onset 5.03(£1.66)
(M <£SD) years

Duration of tics 5.41(£2.52)
[years (M £+ SD;

range)|

Comorbid 0
ADHD [n (%)]

Note. M = Mean; SD = Standard deviation, YGTSS = Yale Global Tic Severity Score, ADHD =
Attention deficit hyperactivity disorder

3.4.2 Experimental Procedure

The software package Presentation (Version 10.3, Neurobehavioral Systems Inc., Albany, CA)
was used to generate a task-related program with alternating visual stimuli displayed on a
monitor at a distance of 90 cm from subjects. To prevent any distractions, the light was
dimmed, and the noise level was reduced to the highest possible minimum. To minimize

distracting eye movements, a fixation cross was displayed in between visual stimuli. Subjects
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sat in a comfortable position on a skid-proof chair, reducing muscle activity as much as possible

to prevent interfering contractions.

3.4.3 Behavioral CNV Task Paradigm

Participants completed a visual CNV task (Fig. 1) consisting of 50 trials per response side. The
warning stimulus (S1) appeared as a black arrow on a white background, pointing either left or
right. The imperative stimulus (S2) was depicted as a colored sheriff on a black background.
Both stimuli were displayed for 150 ms, with a fixed interstimulus interval of 3.05 seconds.
Intertrial intervals varied pseudorandomly between 3 and 6 seconds. The warning stimulus
indicated the required response side, with arrows presented in a pseudorandomized order.
Participants were instructed to respond as quickly as possible to the imperative stimulus (S2)
by pressing the corresponding button - "Ctrl" for left and "Enter" on the numeric keypad for

right - using their left or right thumb on a German standard keyboard.

A) B)
Imperative
Stimulus I [3000 )
W« l W 000 mmg; @AF3 @AF4
Informative 82715
0 F5 [ 339
Warning s ® @ F1 [ )]
Stimulus I ®rc: @ a
SI {3200 ms] ®rcs /8 FCz . FC4
Si C3 Cz C4
[150 ms] Cs @CPl  @cp2 o
@CcP3 @cprz @CP4
®r1 ®r: or
or3 ®or4
@PO1 @Pro2
@®o1 2
@0z 02

Figure 1. Experimental design (A) Contingent negative variation (CNV) task paradigm with a
directional warning stimulus S1 and a behaviourally relevant imperative stimulus S2. (B)
Electrode locations with regions of interest and specific electrodes used for data analysis
marked in blue (DLPFC), orange (SMA/PMA), pink (M1), red (S1), green (PPC), and purple
(POC). Sensor locations were plotted by using MNE-Python (Gramfort et al., 2013).
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3.4.4 Electroencephalography

EEG was recorded using a 64-channel BrainAmp system (BrainProducts, Munich, Germany)
and Brain Vision Recorder software (BrainProducts). Elastic EEG caps with direct current
sintered Ag/AgCl disc electrodes (BrainProducts) were selected based on head sizes.
Electrodes were named based on their location on the scalp, consistent with the international
10-20 system, electrode impedances were kept below 5 kQ. Additionally, EOG electrodes were
positioned under the left and right eyes and on the nasion. The sampling rate was set to 5000

Hz, electrode Cz was used as the online recording reference.

3.4.5 Electromyography

Surface EMG (compound muscle action potential) was recorded using self-adhesive silver-
silver chloride electrodes in a belly tendon montage, respectively for the left and right hand.
To record thumb movement, active electrodes were placed on the adductor pollicis muscle and
reference electrodes were attached to the exterior proximal phalanx of the thumb. The ground
electrode was placed on the inner forearm. The EMG was recorded using the bipolar BrainAmp
ExG amplifier (Brain Products, Munich, Germany), which was synchronized with the EEG

recordings.

3.4.6 Signal Preprocessing

The raw EEG data were preprocessed using MNE-Python (v0.22) within Python (v3.8.8). To
reduce file size and computational load, data were downsampled to 200 Hz and digitally filtered
using an FIR 50 Hz notch filter. The Cz online reference channel was reconstructed via
spherical spline interpolation. EEG signals were then re-referenced to a common average
reference and epoched around the imperative stimulus (S2) for both left and right button press
conditions using MNE metadata. Epochs began 0.5 seconds before the warning stimulus (S1)
for baseline computation and extended until 3 seconds after S2, capturing post-processing
activity (total duration: 6.7 seconds, 1341 data points). Only trials in which participants
responded correctly within 1.5 seconds following S2 were included in further analyses. To
minimize the influence of slow drift effects on EEG data, a linear DC detrend was applied.
Visual inspection before and after detrending confirmed that the overall signal shape and
characteristics remained unaffected. For reproducibility, artifact rejection and trial exclusion
were performed automatically using ‘Autoreject’, implemented in Python (Jas et al., 2017).

This method employs cross-validation with a robust error metric to estimate rejection
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thresholds, detecting and correcting outlier data segments for each sensor. Independent
component analysis (ICA) was then conducted, and components associated with eye blinks,
muscle activity (e.g., jaw clenching, swallowing), or other artifacts were automatically
identified and removed using MNE-ICALabel. Finally, epoched and cleaned data were
baseline-corrected using a reference window from 500 to 0 ms before the warning stimulus

(S1).

After excluding trials with errors or strong artifacts (e.g., excessive movement), only
participants with at least 35 valid trials per hand were included in further analysis. Based on
these criteria, data from one participant with TS was removed. To preserve the matched-pair
design, the corresponding CO participant was also excluded. This ensured that the study
maintained its age- and gender-matched integrity throughout the analysis. Importantly, the
number of valid trials did not differ between groups (TS: M = 83.05, SD = 9.76; CO: M =
82.45,SD=11.18; t(19) = 0.86, p =.399,d = 0.19).

To minimize the effects of volume conduction, epoched data were transformed using current
source density (CSD). Given the low spatial resolution of EEG, electrical signals from a single
neural source can spread across multiple scalp electrodes (Nunez & Srinivasan, 2006). This
diffusion can create the illusion of widespread synchronous or phase-locked activity, even
when the signal originates from a single source. By applying Surface Laplacian spatial filtering,
CSD enhances the localization of brain activity, effectively reducing the influence of distant

sources (Tenke & Kayser, 2012).

3.4.7 Phase-Locking Connectivity Analysis

Epoched, cleaned, and reference-free data were transformed into the time-frequency domain
using the Morlet wavelet transform. The analysis focused on the theta frequency range (4—7
Hz; 1 Hz increments) to capture oscillatory activity linked to attentional control, sensorimotor
integration, and perception-action binding in children (Beste et al., 2023; Cruikshank et al.,
2012; Tomassini et al., 2017; Wendiggensen et al., 2023). For subsequent phase-locking
analysis, we used a modified version of the Dynamic Synchronization Toolbox (DST;(Rosjat
& Daun, 2022)) implemented in MATLAB (v.R2022b, MathWorks, Natick, MA, USA).To
ensure compatibility with the DST data structure, phase data arrays were reformatted. The final
dataset was structured with dimensions corresponding to channels, time, trials, and frequencies

and saved as a MATLAB matrix. The instantaneous Phase is defined as
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1 ze—i(wi(t,n)—fpj(t,n))

n=1

N
PLVl'j(t) =y

where ¢;(t,n) and @;(t,n) represent the instantaneous phases of signals i and j at time ¢ in
trial » with N for the total number of trials. Since our study focused on event-related phase-
locking changes, PLVs were normalized relative to mean PLV baseline values [-3700, -3200]

and denoted as “relative phase-locking values” (rPLV):

PLV;;(t) — PLV,
PLV,

Based on previous literature examining cue processing and perception-action binding, we
focused our analysis on two critical time windows: [-3200, -2700] ms relative to the imperative
stimulus for cue processing, and 500 ms following the imperative stimulus for initial motor
preparation and response execution. These time windows were chosen to specifically capture
stimulus-evoked sensorimotor, cognitive processing, and perception-action binding rather than
classical CNV dynamics, which typically focus on activity between S1 and S2. While CNV
studies often analyze early CNV (550—750 ms post-S1) or late CNV (response preparation just
before S2), our approach prioritizes the neural mechanisms underlying stimulus processing and
the initiation of motor responses. This distinction is crucial, as the study aims to investigate tic-
related alterations in phase synchronization during cue and imperative stimulus processing,
rather than sustained CNV activity (Morand-Beaulieu et al., 2015; Rothenberger &
Kemmerling, 1982; van Woerkom et al., 1994).

3.4.8 Network of Interest (ROIs)

To investigate potential deficits in TS related to sensorimotor integration, visual processing,
motor preparation, and control, we identified key brain regions for analysis. Given that
different neural regions contribute to various aspects of these processes, multiple regions of
interest (ROIs) were defined (Makeig et al., 2002). This approach enables a comprehensive
examination of hierarchical processing, functional specialization, and network interactions

during stimulus processing and sensorimotor integration. Table 2 provides an overview of the
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selected brain areas, their associated functions, and corresponding electrode positions (see also

Fig. 1B for graphical illustration).

Table 2. Regions of Interest

Brain areas

Dorsolateral
Prefrontal Cortex

(DLPFC)

SMA and Pre-motor
Areas (SMA/PMA)

Primary Motor

Cortex (M1)

Primary
Somatosensory

Cortex (S1)

Posterior Parietal

Cortex (PPC)

Parieto-Occipital

Cortex (POC)

Involvement
Cognitive control,
attentional processing,

motor preparation

Action inhibition,

motor control

Motor control of hand

movement

sensorimotor
integration and
processing of sensory

information

Sensorimotor
integration, attention
allocation
Visual processing,

integration of visual

information

Electrode position

F5, F1, AF3; AF4, F2,
F6

FC4, FC2, FCZ, FCl1,
FC3

C5,C1,Cz,C4,C6

CP3, CP1, CPz, CP2,
CP4

P3, P1, Pz, P2, P4

PO1, PO2, O1, Oz, 02

References

(Fitzgerald et al., 2009;
Kaneko et al., 2024)

(Ahangama et al.,
2023; Puzzo et al,

2010)

(Jessy, 2009; Puzzo et
al., 2010; Yuan et al.,
2010)

(Insausti-Delgado et
al., 2021; Kim et al.,
2021)

(Lin et 2015;
SanMiguel et al., 2010)

al.,

(Boutonnet et al.,
2013; Pouryazdian &

Erfanian, 2009)
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3.4.9 Euclidean Distance

We calculated the time-resolved Euclidean distance, denoted as d(?), to quantify differences
between the functional connectivity networks of the TS and CO groups. Functional
connectivity networks were constructed by averaging the within- and between-area
connections for each group. The Euclidean distance d(?) was then computed using the group-
averaged adjacency matrices, reshaped into vectors A;g(t) and Ao (t). The formula for d(?) is

as follows:

d(t) = [Ars(t) = Aco (D]l

This measure quantifies the dynamic differences in functional connectivity between groups

over time.

Furthermore, within-group variability was assessed by computing the variance of the Euclidean
distance between each individual's connectivity pattern and their respective group mean. This
analysis provides insight into the consistency of functional connectivity within each group and

highlights potential heterogeneity in network organization.

3.4.10 Principal Component Analysis

We performed PCA on the functional connectivity networks of the TS and CO groups.
Connectivity networks were constructed by averaging within- and between-region connections.
The group average adjacency matrices were reshaped into vectors Arg(t) and A (t) and
concatenated. Prior to PCA, the data was mean-centered and scaled to unit variance. The

resulting eigenvectors were extracted and reshaped to the adjacency matrix.

3.4.11 Classification — Linear Discriminant Analysis

To assess distinction between TS and CO conditions based on functional connectivity patterns,
we applied a machine learning classification approach. This analysis was not aimed at
identifying TS biomarkers, as the data quality and sample size were insufficient. Instead, we
explored whether group differences in connectivity were detectable and whether the data was
separable within a given time window. We classified TS and CO conditions based on the
functional connectivity networks within a given time window. Connectivity networks were

constructed by averaging within- and between-region connections followed by temporal
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averaging within the time windows of interest (500 ms post-S1 and S2, respectively). From the

resulting symmetric 6x6 adjacency matrix, we extracted 21 independent features.

For classification, we performed 100-fold cross-validation, selecting a random test set of two
subjects per fold. The remaining 38 subjects formed the training set, which was used for mean-
centering and scaling the data to unit variance (Z-score), selecting the 10 most discriminative
features based on the highest ANOVA F-values, and fitting the Linear Discriminant Analysis
(LDA) classifier. Classification accuracies from the test sets were averaged across folds and
reported. Due to the small dataset, we omitted a validation set and accepted data leakage while
exploring hyperparameters (test set size, feature selection, and classifier choice). Consequently,
reported accuracies are likely overestimated, and overfitting could not be controlled with a test

set of only two samples.

As a control, we repeated the procedure with a surrogate dataset in which group labels were

randomly shuffled in each fold, yielding chance-level performance (~50%).

3.4.12 Global Efficiency

Global efficiency (FEglob) Was computed to assess the overall integration of the functional brain
network using networkx library's built-in function nx.global efficiency(G) in Python. The
network was constructed based on rPLVs between electrode pairs. For each subject, functional
connectivity matrices were extracted for the predefined time windows [-3200, -2700] and [0,
500], following the same approach as the rPLV analysis (see Section 2.7 for details). Time
indices corresponding to each window were identified, and connectivity values were averaged

across time points to obtain a representative adjacency matrix.

The resulting adjacency matrix was used to construct an undirected, weighted graph G, where
nodes represented electrodes and edge weights reflected the functional connectivity strength

between them. Global efficiency was then calculated using the following formula:

N
1 1
Eguon = oy = 1)27
iz

where N is the total number of nodes, and L, is the shortest path length between nodes i and ;.

Higher values of Egiob indicate more efficient information transfer across the network.
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3.4.13 Statistical Analysis

Reaction times (RT) for left- and right-hand task conditions were averaged across trials for
each participant to compare behavioral performance between groups. Trials with RTs
exceeding 1500 ms after stimulus onset or occurring within 150 ms post-stimulus were
excluded to eliminate anticipatory and excessively delayed responses. This criterion ensured
that only valid, task-related reactions were included in the final analysis. Task accuracy was
calculated as the percentage of correct responses, with anticipatory responses defined as button
presses occurring between the warning stimulus (S1) and the imperative stimulus (S2). For
behavioral data analysis, we employed the non-parametric Mann-Whitney U test due to the

non-normal distribution of the data, as confirmed by Shapiro-Wilk tests (p < 0.05).

To identify regions with significant increases in phase locking within each group, we
performed pointwise t-tests. Differences in rPLV and global efficiency between TS and CO
subjects were assessed using non-parametric Mann-Whitney U tests, given the non-normal
distribution of the data. Statistical tests were performed at a significance level of p = .05 (FDR
corrected). For exploratory area-based analyses, we refrained from applying FDR correction
due to the prohibitive number of comparisons arising from the high dimensionality of the data.
This approach would have rendered significance thresholds overly conservative, obscuring
biologically plausible effects. To validate our findings, we employed complementary
multivariate approaches: PCA to identify dominant network configurations, Euclidean distance
metrics to quantify global group separations, classifier accuracy to assess discriminative power,
and global efficiency to evaluate network integration. These methods circumvented multiple-
testing limitations by focusing on system-level dynamics rather than individual connections,

providing converging evidence of robust group differences in network organization.

3.5 Results

3.5.1 Behavioral Task-Performance

Error rates and reaction times were analyzed to investigate behavioral task performance across
TS and CO subjects. Between-group comparison showed no significant differences in motor
performance regarding reaction times, anticipatory responses (errors in between stimuli), or

general task accuracy (see Table 1).
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Table 3. Task-performance parameters in TS and CO groups

Performance TS subjects CO subjects Statistics P
RT (left) [Mdn; 346.70; 97.57 326.10; 69.94 U=224.00,7Z= .53
IQR] 0.65,r=0.10
RT (right) [Mdn; 329.40; 129.11 334.75;67.44 U=195.00,Z=- .90
IQR] 0.14,r=10.02
Anticipatory 8.00; 9.50 7.00; 5.50 U=219.50,7Z = .61
response [Mdn; 0.53,r=0.08
IQR]

Accuracy [Mdn; 89.50;9.75 92.00; 4.5 U=166.50,7=- 37
IQR] 091, r=0.14

Note. RT = Reaction-time, Mdn = Median, IQR = Interquartile range.

3.5.2 Event-Related Strengthening of Phase-Based Connectivity

Prior to the analysis of group-related connectivity differences, rPLV data were examined for
statistically significant connectivity patterns within the areas of interest. This approach aims to
facilitate the definition of temporal windows exhibiting robust connectivity both within and

between areas of interest.

For both groups, theta band phase locking showed a significant event-related increase,
particularly in the time window of 0 to 500 ms following the warning and the imperative
stimulus. Figure 2 illustrates time points and areas with an increase in phase locking for theta
band frequency that were statistically significant for either left or right CN'V motor tasks. For
both groups, no significant connectivity was observed within the area of DLPFC. However, in
contrast to tic subjects, control subjects showed significant phase locking between DLLPFC and
other ROIs. In all other areas, significant phase synchronization was observed both within and

between regions in both groups. For posterior regions (PPC and POR), the increase in rPLV
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was statistically most robust, indicating a stronger and more reliable connectivity pattern in

these areas.
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Figure 2. Event-related changes in theta phase locking. (A) Colormap representing statistical
analysis of rPLV over time in CO and (B) TS subjects. Connectivity measures are cluster in
within-area (upper part) and between-area connectivity (bottom part) of defined ROIs. Vertical
dashed lines indicate stimulus presentation of warning and imperative stimulus. Connectivity
significance is represented as —logio(p), whereas higher values indicate more statistically
reliable connectivity across subjects. Note. DLPFC = Dorsolateral prefrontal cortex;
SMA/PMA = supplementary motor area/premotor area; M1 = primary motor cortex; S1 =
primary somatosensory cortex; PPC = posterior parietal cortex; POR = parieto-occipital region.
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Since event-related connectivity increase was most pronounced within 500 ms following
stimulus presentation of S1 (warning cue) and S2 (imperative cue, motor response), we focused
on those specific time windows to analyze group-related differences in stimulus processing,
movement preparation, and motor output. Area-based connectivity showed no pronounced
differences between left and right task conditions for both groups, therefore datasets were

aggregated and used for the following analysis.

3.5.3 Differences in Phase Locking between Groups

To provide an initial overview of rPLV differences between TS and CO, connectivity matrices
were plotted for the 0 - 500 ms time window following S1 and S2 (Figure 3A, B). These
matrices represent group-averaged functional connectivity across all subjects within each
group for all electrodes within ROIs. Visual inspection reveals distinct differences in overall
connectivity patterns between TS and CO, with notable variations in the strength and
distribution of functional connections, especially in the time window following S1. Average
phase synchronization across all electrodes showed significantly reduced connectivity in TS
subjects for S1 processing (Mdn =0.22, IQR =0.06; CO: Mdn=0.30, IQR =0.14; U =98.000,
7 =-2.76, p = 0.012, r = .44). Overall connectivity strengths within the time window of S2
processing did not show significant group differences (TS: Mdn = 0.31, IQR =0.15; CO: Mdn
=0.36, IQR=0.10; U = 165.000, Z =-0.95, p = .351, r = .15).

To validate differences in connectivity patterns, area-based analyses were conducted. Tic-
related deviations in phase synchronization were examined by subdividing ROIs into within-
and between-area connectivity. To capture dynamic changes, data were segmented into five
100-ms subintervals for S1 and S2 (Fig. 3C). Mann-Whitney U tests revealed significant
between-group differences in event-related connectivity (for detailed statistics see
Supplementary Material, Table 1). TS participants showed reduced phase synchronization
within and between most brain areas after S1, with the strongest and most robust reductions in
the POR area. While rPLV strengths in other regions also indicated tic-related reductions,
within-area connectivity loss was less statistically consistent than the more pronounced

between-area reductions across all ROlIs.

Processing of S2 elicited less pronounced differences in synchronization between groups.

Reductions in rPLV strength were mainly observed between the DLPFC and S1, as well as
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between S1 and POR. Notably, TS participants showed a more pronounced increase in phase
synchronization within the SMA/PMA (for detailed statistics see Supplementary Material,
Table 2).
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Figure 3. Average rPLV and differences between TS and CO across brain areas and time. (A)
rPLC matrices of CO (right) and TS (left) subjects averaged across time windows of S1
processing, and (B) of S2 processing (respectively 0 to 500 ms after stimulus presentation). (C)
Differences in event-related phase synchronization (rPLV) between TS and CO subjects. Data
were calculated for 100 ms time windows, resulting in five time windows respectively after
stimulus presentation of S1 (left) and S2 (right). rPLV connectivity was classified into
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connections within each brain area (upper part) and connections between the predefined brain
areas (lower part). Blue squares (negative values) indicate higher connectivity in CO, and red
squares show increased connectivity in TS subjects. Time intervals and areas showing
significant differences between TS and CO are framed in black. Please note, rPLV differences
were not FDR-corrected due to the large number of areas and tests, making correction
impractical. However, consistent patterns across multiple comparisons support the robustness
of the findings. Note. DLPFC = dorsolateral prefrontal cortex; SMA/PMA = supplementary
motor area/premotor area; M1 = primary motor cortex; S1 = primary somatosensory cortex;
PPC = posterior parietal cortex; POR = parieto-occipital region.

3.5.4 Assessing Network Differences with PCA, Euclidean Distance and Classification

Leveraging PCA and Euclidean distance measures, we quantified global network disparities
between groups, providing a dimensionality-reduced representation of connectivity changes

associated with stimulus processing.

In the PCA analysis, Principal Component 1 (PC1) accounted for 30% of the variance in the
dataset (Fig. 4A, B). The eigenvector matrix revealed that PC1 was associated with an increase
in connectivity, as reflected by higher rPL Vs in the original data. Notably, all other components
accounted individually for less than 3% of the variance, highlighting that PC1 played a
dominant role in explaining the patterns of connectivity in the datasets. Analysis of PC1 scores
revealed distinct temporal patterns between groups (Fig. 4A). Following the warning stimulus
(S1), CO subjects exhibited higher PC1 values compared to TS subjects, indicating a more
pronounced increase in overall connectivity during S1 processing. However, after the
imperative stimulus (S2), PC1 values converged between the groups, suggesting a reduction in

the disparity of connectivity strengths.

Complementing the PCA findings, Euclidean distance analysis quantified the overall
separation of neural states between groups. As expected, the most pronounced group
differences were observed within 500 ms following both stimuli, with the largest separation
occurring after S1 (for details see Fig 4C). This confirms that the critical divergences in
network configuration between TS and CO groups are most evident in the immediate post-
stimulus periods. While group separation strongly decreased during the inter-stimulus interval,
a clear distinction remained after S2, albeit less pronounced than post-S1. Variance analysis
revealed greater processing variance in the CO group after S1, while the TS group exhibited

higher processing variance after S2 (Figure 4D).
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Figure 4. Network differences. (A) Time course of PCI1 for TS (red) and CO (blue), with a
pronounced increase within 500ms time windows after stimulus presentation. TS shows
reduced PC1 values for the processing period of S1. (B) The connectivity pattern of PC1 shows
an overall increase in phase synchronization, most pronounced for parietal areas. (C) Euclidean
distance showed noticeable group separations after both S1 and S2, with the largest difference
occurring after S1. (D) Variance within the group for TS (red) and CO (blue), with higher
variance for CO after S1 and higher variance for TS after S2.

To assess the discriminative power of these network differences, we employed a classifier
analysis. The classifier achieved an accuracy of 76.5% in the time window following S1, and
72.5% after S2. These results exceeded chance levels, as demonstrated by shuffled accuracy
rates of 52.0% for S1 and 49.0% for S2. This classification performance further validates the
presence of distinct network patterns between TS and CO groups during stimulus processing

phases.
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3.5.5 Global Efficiency Across Motor Performance

To determine whether connectivity differences - particularly the reduced connectivity observed
in TS during S1 processing - affected network efficiency, we analyzed global efficiency
following both S1 and S2 (Fig. 5A). Group comparison reveald significantly reduced efficiency
during S1 processing in TS subjects (TS: Mdn = 0.46, IQR = 0.06; CO: Mdn = 0.56, IQR =
0.15; U = 77.000, Z = -3.33, p = .002, r = -.53). During processing of S2, groups showed
comparable network efficiency (TS: Mdn = 0.59, IQR = 0.14; CO: Mdn = 0.6, IQR=0.12; U
=168.000, Z =-0.87, p = .394, r =-.14).

Network efficiency following S2 correlated significantly with reaction time in both groups (TS:
R? =374, F(1, 18) = 10.77, p = .008; CO: R? = .467, F(1, 18) = 15.74, p = .003), indicating
that higher efficiency was linked to faster responses (Fig. 5B). In contrast, efficiency during
S1 processing showed no significant association with processing speed. Task accuracy and

anticipatory errors showed no relationship with network efficiency in either group or time

window.
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Figure 5. Global efficiency (A) Global Efficiency comparison between TS and CO for
Processing of S1 and S2. Data are visualized using violin plots, with overlaid swarm plots to
show individual subject data points. The statistical threshold (** p <.01) has been corrected
for multiple comparisons using FDR. (B) Relationship between motor performance and Global
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efficiency post S2. RT was significantly correlated with the Global efficiency of S2 processing
(TS: p=.008; CO: p=.004; FDR corrected).

3.6 Discussion

This study examined functional connectivity during sensorimotor integration, motor
preparation, and execution in children and adolescents with TS. Our findings revealed
widespread alterations in theta-band connectivity across frontal, central, parietal, and occipital
brain regions. The most pronounced differences emerged during the processing of the warning
stimulus (S1), marked by a tic-related reduction in theta-band network synchronization.
Distinct group differences were also observed during the processing of the imperative stimulus

(S2), characterized by reorganized network patterns rather than diminished connectivity.

Both groups displayed the strongest phase coupling immediately after stimulus presentation,
lasting for approximately 500 ms. The stimuli triggered a synchronized neural response across
multiple brain regions, consistent with previous studies on visual-attentional processing in
children (Santhana Gopalan et al., 2019; Zarka et al., 2021). During the first few hundred
milliseconds, several key cognitive processes are engaged, including sensory processing,
attentional allocation, information integration, motor preparation, resource distribution, and
top-down modulation (Madl et al., 2011; Tan et al., 2024). These rapid and interconnected
processes underscore the complex neural dynamics involved in stimulus processing and

response preparation.

Neuronal networks arose across all examined brain regions. However, while healthy subjects
exhibited modest connectivity between the DLPFC and other brain regions, subjects with TS
showed nearly no significant integration of the DLPFC, highlighting distinct differences in
network architecture between the groups. Previous studies showed an age-related increase of
DLPFC activation (Achterberg et al., 2020), alongside a developmental increase of functional
coupling to other brain regions involved in motor control (Steinbeis et al., 2014; Uddin et al.,
2011). In line with our data, studies focusing on tic pathophysiology in children reported a
reduced involvement of the frontal-parietal networks (Church et al., 2009; Fan et al., 2018).
Fair et al. (2009) observed widespread differences in functional connectivity between
frontoparietal control networks and suggested that reduced efficiency in TS is particularly

pronounced between distant brain regions, suggesting a tic-related functional immaturity.
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3.6.1 Processing of the Informative Warning Cue

Group differences in theta connectivity were most pronounced during the processing of the
informative warning cue of our pre-cued reaction time task. The data suggest an extensive
deviation in theta connectivity across all investigated brain regions. Besides a pronounced
reduction in overall phase synchronization, subjects with TS showed a reduced network
efficiency. This finding aligns with the growing understanding of TS as a network disorder
rather than a condition affecting isolated brain regions. The reduced connectivity and network
efficiency might reflect difficulties in efficiently allocating attentional resources during the
preparatory phase. Furthermore, our analysis revealed reduced variability in network
configurations (as measured by Euclidean distance) in TS subjects following S1. This
decreased variability, coupled with reduced connectivity and network efficiency, suggests
constrained neural flexibility during the preparatory phase. Notably, TS subjects achieved
normal response execution efficiency during S2 processing, despite initial preparatory
differences. They showed no impairment in motor performance regarding reaction times,
accuracy, and especially anticipatory response (premature button press after presentation of
warning stimulus). These findings are consistent with other studies reporting no tic-related
deficits in task performance (Marsh et al., 2007; Schmidgen et al., 2023; Wylie et al., 2016).
However, in contrast to our results, other research has demonstrated that individuals with TS
exhibit impairments and reduced performance in visual processing, particularly in tasks
requiring visuomotor integration (Brookshire et al., 1994; Schultz et al., 1998). The recruitment
of parietal and frontal brain areas is essential for the dynamic process of visual feature
integration (Castellano et al., 2014), involving top-down modulation from these regions. It
cannot be ruled out that the CNV task paradigm may not be sensitive enough to detect subtle

differences in performance that might be present in more complex or demanding tasks.

Adelhofer et al. (2021) found increased neural noise levels (1/f noise) during sensorimotor
processing in children and adults with Tourette Syndrome. Increased neural noise is associated
with reduced synchronization of neuronal activity (Voytek et al., 2015). Higher noise levels
during stimulus processing likely impair area synchronization and neuronal communication
(Gonzalez-Villar et al., 2017), suggesting TS-related alterations in neural dynamics. Sun et al.
(2020) reported a stronger reduction of somatosensory evoked potentials 15 minutes after a
rTMS protocol application (1Hz, 90% of the resting motor threshold) in TS patients. They

suggested the motor-sensory cortex circuit to be responsible for the suppression of the sensory
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system. This interpretation supports the view of TS as a sensorimotor disorder rather than solely
a motor dysfunction. In an fMRI study by Atkinson-Clement et al. (2020), adult TS patients
with intermittent explosive outbursts showed reduced connectivity within the sensory-motor
cortico-basal ganglia network that was related to difficulties in sensorimotor integration, action
selection, and decision-making. The findings align with our results, indicating reduced
connectivity and network efficiency, particularly following the presentation of the informative
S1 cue, which demanded greater sensory processing and motor preparation compared to S2

processing.

3.6.2 Perception-Action Binding

However, it is also plausible that these deviations represent a compensatory mechanism rather
than a deficit, especially given that tic patients did not exhibit impaired motor performance.
The reduced connectivity could reflect a compensatory reorganization aimed at weakening
perception-action binding to prevent premature motor output. Research further suggests a
compensatory downregulation in response to urges and heightened sensitivity to external

stimuli (Friedrich et al., 2021).

Children with TS showed enhanced perceptual-motor sequence learning, likely due to
strengthened connections between stimuli and motor responses (Shephard et al., 2019; Takacs
et al., 2018). This supports the idea that tic-related mechanisms may enhance habit formation
(Delorme et al., 2016; Singer, 2016), indicating an increased tendency to form links between
sensory cues and motor actions. The cognitive framework of the theory of event coding (TEC)
explains how perception (stimulus) and action (response) are integrated within the brain
(Hommel et al., 2001). The framework is based on the assumption that perception and action
share a common representational format and that the binding information is stored in a binding
“event file”. This mechanism allows stimuli with shared features to trigger similar actions more
efficiently, facilitating habit learning. Such associations influence subsequent stimulus
processing and may contribute to automatic action triggering in TS (Kleimaker et al., 2020;
Petruo et al., 2019). By weakening the perception-action binding, this neural adaptation may
help TS patients prevent premature motor output and exert better control over their tics. This
compensatory reorganization aligns with the observed enhanced perceptual-motor learning and
increased habit formation in TS, suggesting a complex interplay between altered neural

connectivity and behavioral adaptations in managing tic symptoms.
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3.6.3 Phase Coupling following Imperative Stimulus

In contrast to S1 processing, the neural networks engaged during imperative stimulus (S2)
processing showed more subtle group differences, characterized by shifts in network
organization rather than changes in overall connectivity strength. Notably, children with TS
demonstrated increased phase coupling both within and between several brain regions.
Although the increase in synchronization of individual areas was largely not statistically
significant, analyses of PCA and Euclidean distance revealed that global network dynamics
differed significantly between groups. These multivariate approaches captured subtle yet
consistent alterations in overall connectivity patterns, highlighting the importance of
considering network-level changes in Tourette Syndrome that may not be apparent when
examining individual connections in isolation. Interestingly, Euclidean distance analysis
revealed a striking contrast in network variability for TS subjects across task phases. Following
S1, variability was reduced, whereas after S2, TS subjects showed increased variability
compared to controls. This heightened variability after the imperative stimulus suggests a
potential "release" from the constrained neural states seen during the preparatory phase. Such
a shift may indicate a transition from rigid control during preparation to more flexible, yet
potentially less stable, network dynamics when responding rapidly. However, this
compensatory mechanism may come at the cost of reduced neural flexibility, potentially
limiting the ability to adapt to more complex or demanding tasks. Importantly, the processing
networks of both groups achieved comparable efficiency. These results align with the idea that
TS involves more complex alterations in preparatory and control processes rather than in basic

motor execution mechanisms (Beste & Miinchau, 2018; Mielke et al., 2021).

While the overall differences in imperative stimulus processing were less pronounced, a closer
examination of specific brain regions revealed interesting patterns. Phase synchronization data
suggest a significantly increased functional coupling within the SMA and premotor areas
during late motor preparation and execution (200 to 400 ms post S2). Many studies suggested
deviations within the SMA to be a crucial factor within tic-related pathophysiological
mechanisms. Especially, it was shown that the SMA is actively involved in tic generation
(Bloch et al., 2006; Hampson et al., 2009; Neuner et al., 2014). Applying 1 Hz inhibitory rTMS
to the SMA resulted in reduced tic frequency, implying that excessive SMA activity is directly
linked to tic manifestation (Le et al., 2013; Mantovani et al., 2007; Wu et al., 2014). Besides a

tic-related overactivation of the SMA, research has revealed enhanced connectivity within
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other areas related to SMA and premotor areas (Biswal et al., 1998; Fattapposta et al., 2005).
These findings are consistent with our phase coupling data, underscoring the critical role of
SMA hyperconnectivity in the pathophysiology of Tourette syndrome and its potential as a

target for therapeutic interventions.

3.6.4 Global Efficiency and Task Performance

The efficiency of neural networks involved in processing S1 did not correlate with reaction
times, suggesting that network efficiency during the preparatory phase may not directly
influence motor response speed. In contrast, network efficiency following S2 showed a
significant correlation with reaction times in both groups, indicating that greater global
efficiency during imperative stimulus processing and response execution is directly linked to
faster motor responses. These findings suggest that early preparatory processes may be less
critical for determining motor performance than the efficiency of later stages of stimulus
processing and action execution. Overall, the results underscore the importance of temporal

dynamics in neural processing for predicting behavioral performance.

Global efficiency of brain networks, particularly within the motor system, has been linked to
both motor performance and symptom severity in movement disorders, with higher efficiency
generally associated with better performance and reduced motor symptoms (Li et al., 2022;
Novaes et al., 2021; Xiao et al., 2016). The observed correlation between network efficiency
and reaction time in both groups suggests that this relationship represents a fundamental aspect
of motor control. This aligns with the notion that efficient information processing across brain
networks is essential for rapid and accurate motor responses. Moreover, the preserved
association between network efficiency and motor performance in TS subjects suggests that

core motor control processes remain intact despite the presence of tics.

3.6.5 Limitations

While our study provides valuable insights into neural network efficiency and motor
performance in Tourette Syndrome, several limitations should be considered when interpreting
the results. (1) Our study included a relatively small sample size, which may have reduced
statistical power, potentially obscuring subtle effects or relationships. (2) While EEG provides
excellent temporal resolution, its spatial resolution is limited. Complementary neuroimaging

techniques, such as fMRI, could provide additional spatial information about network
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dynamics. (3) Our cross-sectional design provides a developmental snapshot, but longitudinal
studies are essential to capture the dynamic changes in TS over time, particularly concerning
symptom persistence or remission in adulthood. This would allow for a deeper understanding

of developmental trajectories and compensatory mechanisms in TS.

3.7 Conclusion

TS patients exhibit reduced theta connectivity and network efficiency during the processing of
the informative warning cue (S1), indicating disruptions in sensorimotor integration. The
widespread deviations across all investigated brain regions suggest that network alterations in
TS extend beyond the traditional cortico-striato-thalamo-cortical circuits, reflecting a more
extensive reorganization of brain dynamics. Notably, the reduced connectivity during Sl
processing may represent a compensatory mechanism aimed at weakening perception-action
binding, potentially preventing premature motor output and aiding in tic control. During
imperative stimulus (S2) processing, TS patients showed increased functional coupling within
the SMA and premotor areas during late motor preparation and execution, aligning with prior
research identifying these regions as central to tic generation and control. Importantly, TS
patients demonstrated comparable network efficiency during S2 processing and preserved
motor performance, supporting the view that basic motor execution mechanisms remain largely
intact in TS. These findings underscore the complex neural network dysfunctions underlying
TS, particularly in task-related processing and sensorimotor integration. Altered theta
connectivity patterns may reflect compensatory adaptations or fundamental differences in how

individuals with TS process and integrate sensory information.

3.8 Data and Code Availability

The code used for data analysis is available at https://github.com/JuliSchmidgen/rPLV-
Connectivity-Analysis, to allow readers to review and revise the code. Due to ethical
considerations, the data supporting the findings of this study are available upon reasonable
request from the corresponding author. The data cannot be used with the code for reproduction
of results until they are made available, which will be subject to ethical guidelines. Any
requests for data access will be processed in accordance with the relevant procedures, including

formal data-sharing agreements or approval from the appropriate ethics committee.
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Building on the previous EEG-based findings, this study combines fMRI and DCM to examine
effective connectivity patterns underlying both typical maturation and compensatory
adaptations in TS. Using the advantage of high spatial resolution fMRI, this analysis directly
compares the organization of functional brain networks in healthy children and those with TS,
using data collected within the same overarching study to ensure methodological consistency.
To accommodate the strengths of fMRI and address the limitations of the CNV paradigm for
this modality, participants completed a simple reaction time task and an inhibition task,
enabling the assessment of spatial distribution and interaction among motor and sensorimotor

regions.

The results reveal that typically developing children exhibit progressive refinement of parietal
and premotor connectivity, whereas children with TS engage alternative, compensatory
pathways to maintain motor performance. By integrating hemodynamic measures with prior
electrophysiological insights, this study provides a comprehensive view of both the temporal
and spatial aspects of neural connectivity. This multimodal approach is crucial for capturing
the complexity of motor network development and increasing the systems-level understanding

of neurodevelopmental reorganization in TS.

4.1 Contribution

As the second author, I contributed to the design of the study, acquisition of data, interpretation

of the results, and the critical revision of the manuscript.

4.2 Abstract

Tic Disorders (TD) are childhood-onset neurodevelopmental disorders characterised by
sudden, repetitive motor and vocal tics, often with partial or complete remission by the time

young adulthood is reached.
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We here investigated motor control and compensatory neural processes in drug-naive children
and adolescents with chronic Motor Tic Disorder or Tourette Syndrome (TD) by examining
motor network activity and connectivity compared to healthy controls. Using a reaction time
(RT) task under varying cueing conditions, combined with functional magnetic resonance
imaging (fMRI) and Dynamic Causal Modelling (DCM), we explored how TD-related motor

networks adapt to support volitional movement control.

Participants with TD demonstrated enhanced task accuracy across internally and externally
cued conditions despite deficits in sustained motor inhibition (blink suppression). Relative to
controls, individuals with TD exhibited increased task-related activation in ipsilateral motor
regions, particularly in the primary motor cortex, and somatosensory cortex, and enhanced
interhemispheric connectivity between parietal sensory-motor hubs. Notably, while in typically
developing participants, age-related increases in parietal lobe activation and modulatory
connectivity between primary motor and premotor regions were linked to improved task
accuracy, working memory, and visuomotor coordination, TD patients deviated from this
normative developmental trajectory with distinct, atypical but neither delayed nor accelerated

neural activation and connectivity patterns.

Our data suggest that TD involves compensatory neuroplastic adaptations that leverage
additional sensorimotor resources to improve motor control but do not extend to motor
inhibition processes. Moreover, the findings emphasise the intricate interplay between motor
control and neural plasticity in TD, highlighting how compensatory mechanisms may serve as
adaptive responses to motor challenges. These findings open avenues for therapeutic strategies
that harness the brain's compensatory capacities to enhance motor control and facilitate TD

management.

4.3 Introduction

Tic Disorders (TD) are childhood-onset movement disorders characterised by sudden,
recurrent movements or vocalisations. These tics typically emerge during childhood, peaking
between 9 and 11 years, with many children experiencing partial or complete remission as they
approach early adulthood (Black et al., 2016; Cohen et al., 2013; Miiller-Vahl, 2015). TD are
considered to encompass a spectrum of interconnected conditions, including Tourette

Syndrome (TS) and chronic Motor Tic Disorder, with TS generally regarded as the more severe
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manifestation. However, both are recognised as expressions of a unified disease entity (Spencer
et al., 1995; Tourette Association of America, 2017). While spontaneous remission of TD is
common, the underlying mechanisms remain poorly understood (Cohen et al., 2013; Knight et

al., 2012).

Recent research highlights the cortico-striatal-thalamo-cortical (CSTC) circuitry as a primary
contributor to tic generation, proposing that disorganised network connectivity may result in
disinhibition, leading to motor cortex hyperexcitability (Debes et al., 2017; Franzkowiak et al.,
2012; Heise et al., 2010; Jackson et al., 2015; Mink, 2003; Rae & Critchley, 2022; Worbe et
al., 2015). Two competing hypotheses have been put forward to explain tic discontinuation: (1)
development of neuroplastic compensatory mechanisms in frontal and motor networks that
adaptively enhance motor control over time (Jackson et al., 2011; Mueller et al., 2006; Plessen
et al., 2009) and (2) delayed neurodevelopmental normalisation of CSTC circuits (Church et
al., 2009; Pépés et al., 2016). Notably, these hypotheses imply distinct pathways and
developmental trajectories for motor network organisation underlying motor control in TD,

which remain to be explored.

Previous research reported inconclusive findings regarding voluntary motor control in TD.
Studies in adults often revealed deficits in reflex inhibition and motor set selection or
switching; (Channon et al., 2009; Dursun et al., 2000; Fan et al., 2018; Ganos et al., 2014;
Georgiou et al., 1995; Rae et al., 2020; Rawji et al., 2020; Thomalla et al., 2014) (but see also
references (Fan et al., 2018; Ganos et al., 2014; Rae et al., 2020; Rawji et al., 2020) for
divergent findings). In contrast, research on paediatric patients typically found no significant
deficits (Draper et al., 2014; Jackson et al., 2013; Jung et al., 2013; Jurgiel et al., 2021; Marsh
et al., 2007; Openneer et al., 2021; Raz et al., 2009; Roessner et al., 2008; Schmidgen et al.,
2023; Serrien et al., 2005) or even better motor performance (Jackson et al., 2007; Jung et al.,
2015; Mueller et al., 2006). Further, neuroimaging studies stress divergent findings between
children and adults with TD about brain structure, activation patterns, and connectivity (Gerard

& Peterson, 2003; Nielsen et al., 2020; Pépés et al., 2016; Plessen et al., 2004).

Although voluntary motor performance of younger TD patients often resembles that of healthy
controls, it remains unclear whether comparable behaviour results from similar physiological
motor control or rather reflects successful neural adaptations in these TD patients. Notably, the

distinction between compensatory and dysfunctional adaptations has significant clinical
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implications. While compensatory mechanisms may support motor development,
dysfunctional changes might perpetuate tics or impair broader motor control. Thus, clarifying
these relationships is critical for understanding pathophysiological processes in TD and
tailoring novel therapeutic interventions. For example, compensatory mechanisms that
improve motor network development might be leveraged for therapeutic purposes, while
identifying maladaptive processes could inform strategies to prevent long-term deficits. Of
note, while adult TD patients often have a long-standing history of pharmacological treatments
- including anti-dopaminergic drugs, central adrenergic inhibitors, SSRIs, or anti-epileptic
medications - that can influence brain network development and organisation, paediatric drug-
naive patients offer a unique opportunity to examine ‘natural’ neural network adaptation. In
children, compensatory processes appear to involve heightened activity in frontal motor control
regions, such as the prefrontal cortex (PFC) and supplementary motor area (SMA), with
additional recruitment of ipsilateral motor areas (Baym et al., 2008; Debes et al., 2017; Eichele
& Plessen, 2013; Jackson et al., 2011; Marsh et al., 2007; Polyanska et al., 2017; Roessner et
al., 2013; Roessner et al., 2012). These findings suggest that motor performance in paediatric
TD is supported by active reorganisation of motor networks. However, whether these patterns
reflect accelerated maturation or deviant development remains unclear (Church et al., 2009;
Debes et al., 2015; Eichele et al., 2017; Greene et al., 2017; Makki et al., 2009; Marsh et al.,
2007; Neuner et al., 2010; Nielsen et al., 2020; Pépés et al., 2016; Plessen et al., 2009; Plessen
et al., 2004). Understanding how brain motor networks (re-)organise during typical
development and comparing paediatric TD patients to age-matched healthy controls could
provide a developmental framework essential for identifying TD-specific adaptations and

claritying the pathophysiological processes underlying TD.

The current study addresses the gaps mentioned above by investigating neural alterations in
paediatric drug-naive TD and their associations with motor control. We integrated findings
from age-matched healthy controls and a large cohort of typically developing children to
contextualise TD-specific patterns within normative development. Using functional MRI
(fMRI) and Dynamic Causal Modelling (DCM), we examined neural activity and effective
connectivity during reactive, goal-oriented movements assessed through a reaction time (RT)
task. Behavioural measures of inhibitory control, evaluated using a blink-suppression

paradigm, complemented the analyses.
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We hypothesised that (i) motor performance in drug-naive TD patients resembles or surpasses
that of healthy controls, reflecting compensatory mechanisms; (ii) compensatory processes
manifest as increased activation in motor regions and enhanced effective connectivity,
particularly in frontal networks; and (iii) these neural patterns align with either normative
developmental changes (accelerated maturation) or deviant adaptations specific to TD. Further
elucidating these mechanisms may provide the foundation for targeted therapeutic approaches

that harness beneficial compensatory changes and prevent maladaptive processes.

4.4 Materials and methods

4.4.1 Participants

The study involved 55 typically developing children and adolescents aged 5—17 years (Maee =
10.9, SD = 3.1, 46% male) and 21 never medicated patients aged 7—16 years (Mage = 10.2, SD
= 2.3, 76% male), meeting DSM-V criteria for chronic Motor Tic Disorder (CTD; N = 2) or
Tourette Syndrome (TS; N = 19). Table 1 provides an overview of the demographic and
psychometric characteristics of the patient group and matched control sample included in the
comparative behavioural analysis. Behavioural analyses of healthy subjects alone included
sample sizes of N =52 (task condition ‘Internal’) and N =55 (task condition ‘External’), while
fMRI analyses excluded some patients (Ninemal = 7; NExtemal = 9) and controls (Ninemal = 7;
NEexternat = 12) due to excessive head motion. Further exclusions for DCM analysis occurred due
to insufficient voxel response in ipsilateral regions of interest (Npatients = 2; Neontrols = 19).
Developmental samples retained broad age coverage despite motion-related exclusions, which
were more common in younger participants. Detailed sample sizes for each paradigm and
analysis type are provided in Supplementary Table 1; age distributions across developmental
samples are summarised in Supplementary Table 2. Group comparability between patients and
matched controls was ensured for all analyses through statistical comparisons of demographic
and psychometric variables across subsamples. Exclusion criteria were (i) full-scale IQ < 70
(i1) history of epilepsy or other central nervous system (CNS) disorders, (iii) significant
premature birth (< 31 weeks), (iv) non-correctable visual impairments, (v) any
contraindications to the MRI or (vi) current or previous use of psychoactive drugs (except for
history of stimulant medication (n=1)). The Ethics Committee of the Medical Faculty,
University Hospital Cologne approved the study, which adhered to the Declaration of Helsinki.
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Participants and parents provided informed assent and consent, respectively, and subjects

received financial compensation.

Table 1. Demographic and psychometric characteristics of the patient and matched control

sample

Sample Characteristics

Age (M * SD; range)

Male gender [n (%)]

Right handedness [n (%)]

1Q (M + SD)

Working memory Index (WMI)

(M % SD)

Processing speed Index (PSI)

(M % SD)

DIKJ total symptom score

(M £ SD)

YGTSS total symptom score (M =+

SD)

Age at tic onset (M + SD)

Duration of tics

|[years (M + SD; range)]

Tourette Syndrome [n (%)]

Comorbid ADHD [n (%)]

Controls (N =20)

9.8(x23;6-15)

15 (75)

19 (95)

110.8 (= 13.5)

11.9 (2.6)

10.1 (= 1.9)

8.9 ( 4.8)

TS (N =21)

10.2 (£2.3:7 - 16)

16 (76)

20 (95)

108.1 (= 14.9)

11.7 (£3.2)

10.0 (+ 3.0)

8.2 (£5.5)

32 (+ 14.0)

49 (£ 1.8)

5.0 (+2.5; 1-9)

19 (90)

5(24)

Statistic
t(39)=.473
x?(1)=.008
x2(1)=.001
t (39)=-.598
t(37)=-.185
t (36)=-.070
t(37)=-.481

.639

929

972

553

.854

944

.633
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Note. Handedness as assessed by the Edinburgh Handedness Scale. General 1Q based on Wechsler
Intelligence Scale for Children - 5" Edition (WISC-V). Working memory, as assessed by Digit Span
subtest (Scaled Scores/ or Raw scores). Processing speed (i.e., visuomotor coordination (VMC)), as
assessed by Coding subtest (Scaled Scores/ or Raw scores). DIKJ = revised German version of
Children’s Depression Inventory (CDI). YGTSS = Yale Global Tic Severity Scale. M = Mean; SD =
Standard deviation. Statistical comparisons of demographic and psychometric variables were conducted
across all subsamples. No significant differences were found between groups in any of these
characteristics.

4.4.2 Measures

A structured clinical interview (Kinder-DIPS) was conducted with all parents and adolescents
(aged > 12 years), ensuring diagnostic criteria in patients and the absence of any
neuropsychiatric symptoms in healthy controls. The interview is widely used in German-
speaking clinical research and shows high interrater reliability (k = 0.78-0.95, depending on
diagnostic category) for DSM-V-based psychiatric disorders (Margraf et al., 2017; Schneider
et al., 2018). Full-scale 1Q was assessed using the German adaptation of the Wechsler
Intelligence Scale for Children — Fifth Edition (WISC-V), which shows excellent internal
consistency (o = 0.96) and high convergent validity with other standard intelligence tests for
children and adolescents (e.g., WPPSI-III: r = 0.89; KABC-II: r = 0.83). In addition to full-
scale 1Q, we extracted a Working Memory Index (Digit Span) and a Processing Speed Index
(Coding), the latter reflecting visuomotor coordination (VMC) (Wechsler, 2017). Tic severity
was assessed using the Yale Global Tic Severity Scale (YGTSS), a clinician-rated instrument
evaluating motor and vocal tics and their associated impairment (Leckman et al., 1989; Storch
et al., 2005). Depressive symptoms were measured using the revised German version of the
Children’s Depression Inventory (DIKJ) (Stiensmeier-Pelster et al., 2014). Handedness was
assessed with the Edinburgh Handedness Inventory (Oldfield, 1971).

4.4.3 fMRI Paradigm

We aimed to investigate network-level mechanisms of voluntary motor control using a reaction
time paradigm previously employed to study movement preparation, selection, and initiation
in healthy adults and neuropsychiatric conditions (Hoffstaedter et al., 2013; Michely et al.,
2012; Michely et al., 2015; Michely et al., 2018). To accommodate young children, the original
blocked design was modified into an event-related format with two conditions presented
separately (in randomised order). In the ‘Internal’ condition (Fig. 1A), subjects were instructed

to press either of two buttons as soon as possible following the appearance of a non-informative
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target-stimulus (Sherriff). In this condition, subjects were free about the lateralisation of their
movement (left or right) but were restricted concerning response timing. In the ‘External’
condition (see Fig. 1B), participants were instructed to press the button on the side indicated
by an arrow as quickly as possible. Both conditions ended after the participants completed 25
left- and right-handed button presses respectively. Task stimuli were generated using the
software package Presentation (Version 10.3, Neurobehavioral Systems Inc., Albany, CA),
projected onto a screen at the rear of the scanner bore, and viewed during image acquisition

via an individually adjusted mirror mounted on the head coil.

4.4.4 Blink-Suppression Paradigm

We assessed inhibitory control via a blink-suppression task consisting of six 36-second blocks
(three “suppress™ and three “release” blocks). Participants suppressed eye-blinks or blinked
freely while viewing videoclips of blinking individuals, with task instructions cued by a traffic
light signal. Blinks were video recorded and analysed for suppression efficacy using the
Behavioural Observation Research Interactive Software (BORIS) (Friard & Gamba, 2016).
The number of blinks occurring during the task was counted by two independent raters, with

excellent interrater reliability (ICC = 0.93; 95% CI: 0.87-0.97; P <0.001).

4.4.5 Statistical Analysis of Behavioural Data

Reaction times (RTs) and task accuracy were analysed as behavioural measures derived from
the fMRI paradigm. RT was defined as the latency between stimulus onset and button press;
accuracy reflected the percentage of correct responses per condition. Across all trials, RTs
below 150 ms, exceeding 2000 ms and outliers beyond three standard deviations (SD) from
individual averages per condition were excluded (Michely et al., 2015). Blink suppression,
derived from the blink-suppression paradigm, was quantified as the difference between blink

counts in suppression and release conditions, normalised as a percentage reduction.

To study the development of motor network functions, we explored the relationship between
age (mean-centred) and fMRI task measures (RT, accuracy) using regression analyses,
including linear, quadratic, and cubic models within the healthy sample. Group differences
between TD patients and age-matched healthy controls were calculated using independent-
samples t-test or, in cases of non-normality (assessed via Shapiro-Wilk tests and histogram

inspection), non-parametric Mann-Whitney-U tests. This approach was chosen due to the
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matched between-group design with relatively small group sizes, which limited the use of

covariate-adjusted regression models. For more details, see supplementary material.

4.4.6 fMRI Data Acquisition and Analyses

Participants were trained in a mock-scanner before the scanning session to minimize movement
artifacts. They received feedback on head motion while practising the fMRI paradigms in a
realistic setting. Additionally, participants’ heads were fixated using foam pads surrounding

the head.

MRI scans were performed on a 3-Tesla Siemens MAGNETOM Prisma scanner (Siemens
Healthcare, Erlangen, Germany) at Research Centre Juelich. T1-weighted structural images
were acquired by a magnetisation-prepared rapid gradient echo (MP-RAGE) sequence
(repetition time [Tr] = 1790 ms, echo time [Tg] = 2.53 ms, flip angle = 8°, number of slices =
176, slice thickness = 0.9 mm, interslice gap = 0.45 mm, field of view [FOV] =256 mm, voxel
size = 0.9 x 0.9 x 0.9 mm). Whole-brain T2-weighted functional images were obtained using
an echoplanar imaging (EPI) multiband sequence, with blood oxygenation level-dependent
(BOLD) contrast (Tr = 980 ms, Tr = 30 ms, flip angle = 70°, number of slices = 64, slice
thickness = 2.0 mm, interslice gap = 0.2 mm, FOV = 207 mm, voxel size =2.2 x 2.2 x 2.0
mm). Image pre-processing was performed using Statistical Parametric Mapping (SPM12; The
Wellcome Centre for Human Neuroimaging, UCL Queen Square Institute of Neurology,
London, UK [www.fil.ion.ucl.ac.uk/spm]) implemented in MATLAB (The MathWorks,
Natick, USA). Pre-processing included motion correction, spatial normalisation, and
smoothing with an 8 mm Gaussian kernel. Detailed pre-processing steps are described in the
supplementary material. Head motion was assessed through visual inspection of motion plots
generated by SPM12. Datasets with displacement exceeding one voxel (2.2 mm) or abrupt
motion peaks greater than 1.1 mm were excluded, following thresholds commonly used in
developmental fMRI studies (Peelen et al., 2009; Walbrin et al., 2020). Following pre-

processing, all datasets were visually re-inspected to ensure pre-processing quality.

Task-related BOLD responses were modelled using the GLM framework, with contrasts
capturing left- and right-handed movements (from stimulus presentation until button presses)
relative to baseline. Contrast images were defined as follows: ‘right-handed movements >
baseline’ and ‘left-handed movements > baseline’. Model parameter estimates and t-statistic

images were submitted to second level group analyses. Baseline task activations for these
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contrasts, obtained through one-sample t-tests for patients and control subjects separately, are
provided in Supplementary Tables 3—10. In healthy subjects, we examined the association
between age and whole-brain activation from these contrasts using regression analysis, adding
mean-centred age, mean-centred age-squared and mean-centred age cubed as covariates.
Moreover, using an independent-samples t-test, we compared task-related activity from these
contrasts between TD patients and healthy controls. Effects were considered significant if they
exceeded a voxel-level threshold (P< 0.001, uncorrected), cluster-level corrected at Prwr <

0.05.

4.4.7 Dynamic Causal Modelling (DCM)

DCM was applied to explore interhemispheric motor-network connectivity, following Michely
et al., (Michely et al., 2018) who used the paradigm to examine age-related connectivity
changes in healthy adults. The same regions of interest were used to assess neural interactions
across developmental stages. We specified nine ROIs for the interhemispheric DCM model: 1.
left PFC, 2. right PFC, 3. left PMC, 4. right PMC, 5. SMA, 6. left M1, 7. right M1, 8. left IPS,
9. right IPS. Time series were extracted from subject-specific coordinates defined in the
‘External’ condition. Within an 8-mm-radius sphere around the group peak coordinates, which
were set as origin (see Supplementary Table 11), we located the nearest individual activation
peak coordinates from each subject’s first level GLM-analysis. We extracted the first
eigenvariate of the individual BOLD time series. For extraction of time series, we employed a
threshold of P < 0.05 (uncorrected). Following recommendations by Zeidman et al. (Zeidman
et al.,, 2019) for handling cases where ROIs showed no significant voxel response at this
threshold, a stepwise lowering of the threshold was conducted in steps of 0.05, until a peak was

discernible. Group-level mean ROI coordinates are also reported in Supplementary Table 12.

We defined (1) the endogenous connectivity matrix (DCM-A), representing connectivity
independent of task-dependent modulation; (2) external inputs to the PFC and IPS (DCM-C),
assuming experimental inputs directly influencing these regions; and (3) nine models exploring
alternative hypotheses about modulatory changes in interregional connectivity driven by task
demands (i.e., right-handed responses, DCM-B). Random-effects Bayesian model selection
(BMS) was applied to determine winning models for the developmental cohort and for the

group of TD patients and age-matched controls. Winning models were established based on
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posterior evidence, ensuring an optimal balance between model complexity and

generalizability.

We examined the association between age (mean-centred) and coupling estimates (CE) of the
winning model using regression analyses with linear, quadratic, and cubic models. Following
recommendations by Dash et al., (Dash et al., 2023) we identified outliers using the
interquartile range (IQR) and employed winsorising to reduce the impact of outliers in the
models. Values larger than Q3 + 1.5 * IQR or smaller than Q1 — 1.5 * IQR were considered
outliers. Any value above or below this cut-off was substituted with the value of that cut-off
itself. To investigate differences in neural coupling between TD patients and healthy controls,
CEs of the winning model were compared using independent-samples t-test and non-parametric
Mann-Whitney-U test. All analyses were conducted separately for endogenous connections

(DCM-A) and task-specific connectivity (DCM-B).

Explorative correlation analyses tested associations of brain network organisation and motor
control. To this end, behavioural measures (RT, accuracy, working memory (WM), visuomotor
coordination (VMC)) — the latter two reflecting higher-order cognitive and sensorimotor
processes relevant to task performance — were related to measures of task activation (mean beta
values) or CEs significantly associated with age or TD (DCM-A and DCM-B). No alpha

adjustment was applied due to the exploratory nature of this analysis.

4.5 Results

4.5.1 Behavioural Task Performance

Regression analysis showed that age was significantly associated with accuracy in typically
developing children and adolescents for both internally and externally cued responses. For
accuracy, age displayed a positive linear association with both conditions (‘External’: R? =
0.309, B = 0.021, P < 0.001; see Fig. 1C; ‘Internal’: R?=0.240, B = 1.401, P < 0.001; see
Supplementary Fig. 1). For RTs, there was a significant cubic association between age and
externally cued responses (R2= 0.251, B = -0.952, P < 0.001; see Fig. 1C) and a significant
quadratic association with age for internally cued responses (R?>= 0.359, B = 3.475, P <0.001;

see Supplementary Fig. 1), with RTs decreasing throughout development in both conditions.

Between-group comparisons revealed significant differences in accuracy for internal and

external cues, with TD patients showing higher accuracy than age-matched controls in both
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conditions. In contrast, RTs did not significantly differ between groups for either cue type.
Both groups exhibited significantly longer RTs (patients: Z = -4.015, P < 0.001, r = -0.88;
controls: Z =-3.385, P <0.001, r=-0.82) and reduced accuracy (patients: Z =2.739, P =0.000,
r=0.60; controls: Z = 3.480, P <0.001, r = 0.84) for externally cued responses than internally
cued responses. There were no significant correlations between accuracy and RT across cue
types (‘External’: ty patients = 0.255, P = 0.114; tb controts = 0.059, P = 0.720, and ‘Internal’: tp patients
=-0.163, P = 0.341: tb controts = -0.107, P = 0.560).

Between-group comparisons further revealed significant differences in blink reduction, with
healthy control subjects demonstrating greater ability to suppress blinks than TD patients
(patients: Mdn = 69.00, IQR = 36.50; controls: Mdn = 79.00, IQR = 31.25; U = 80.000, Z = -
2.417, P = 0.015, r = -0.41). No between-group differences were evident regarding WM
(patients: M = 11.71, SD = 3.23; controls: M = 11.89, SD = 2.56; t(37) = -0.185, P = 0.854,
Cohen’s d =-0.062) or VMC (patients: Mdn = 10.00, IQR = 4.00; controls: Mdn = 10.00, IQR
=3.50; U =167.000, Z =-0.344, P = 0.750, r =-0.056).

Table 2. Task-performance parameters in patients and matched controls

Performance parameter Controls TS Statistic p

RT (Intern) |M; SD] 417.83; 105.58 395.52;77.35 t(36) =-.752 457
Accuracy (Intern) [Mdn; IQR] .95; .06 1.0; .05 7.=2.361 .021
RT (Extern) [Mdn; IQR] 482.0; 140.9 508.73; 182.1 Z=.026 979
Accuracy (Extern) [Mdn; IQR] .80; .18 92; .15 Z.=1.999 .046
Blink reduction [Mdn; IQR] 79.00; 31.25 69.00; 36.50 Z=-2417 .015

Note. RT = Reaction time, M = Mean, SD = Standard deviation, Mdn = Median, IQR = Interquartile

range.
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Figure 1. Experimental paradigm and typical developmental trajectories. (A) fMRI task
condition ‘Internal’: Subjects were instructed to press either of two buttons as soon as possible
following the appearance of a non-informative target-stimulus (Sherriff). (B) tMRI task
condition ‘External’: Participants were instructed to press the button on the side indicated by
an arrow as quickly as possible. (C) Developmental trajectory of externally cued responses in
typically developing children and adolescents (N = 55). Regression analyses revealed linear
age-related improvements in accuracy (teal; R?> = 0.309, B = 0.021, P < 0.001) and a steep
decline in reaction times during early childhood (purple; R>= 0.251, B = -0.952, P < 0.001).
Reaction times are displayed in milliseconds (ms). Each data point represents one participant.
Teal triangles represent individual accuracy values; purple circles represent individual reaction
time values. Dashed lines indicate 95% confidence intervals for the fitted regression lines. (D)
Linear age-related increase in BOLD activation for externally cued right-handed movements
in typically developing children and adolescents (N = 43), observed in a left-sided
(contralateral) cluster including primary somatosensory cortex (S1), intraparietal sulcus (IPS),
inferior parietal lobule (IPL) and superior parietal lobule (SPL). Peak activation was located at
MNI coordinates x = -44, y = -30, z =40 (k = 427 voxels, t = 4.57). Activations are rendered
on a canonical brain (Prwg-corr. < 0.001). Colour bar indicates t-values.

4.5.2 Neural Activation Patterns

No significant association was observed between age and task-related neural activations for
internally cued responses in typically developing children and adolescents. In contrast, for
externally cued right-handed responses, a significant linear increase in task-related BOLD
activation was found alongside increasing age in a cluster within the left (contralateral) parietal
lobe, which included the postcentral gyrus (primary somatosensory cortex; Areas 3a, 3b, 1, 2),
the intraparietal sulcus (IPS; Areas hlp1, hIP2, hIP3), the inferior parietal lobule (IPL; Areas
PF, PFt) and superior parietal lobule (SPL; Area 7PC) (x,y, z=-44, -30, 40; kp=427;t=4.57,
Prwe-corr. = 0.005; see Fig. 1D). Moreover, task activation in this cluster significantly positively

correlated with task accuracy (r =0.375, P =0.013) and VMC (r = 0.440, P = 0.005).
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Between-group comparisons revealed no significant differences in task activation related to
internally cued responses. In contrast, during externally cued right-handed movements, TD
patients exhibited significantly enhanced activation in a right-sided (ipsilateral) cluster,
including the precentral gyrus (primary motor cortex; Areas 4a, 4p), postcentral gyrus (primary
somatosensory cortex; Areas 3a, 3b, 1, 2) and the supplementary motor area (SMA; Area 6d1)
(X, y, z=36, -24, 74; ki = 845; t = 5.20; Prwg-corr. < 0.001; see Fig. 2A and B). Additionally,
beta-values derived from the peak voxel of this cluster significantly positively correlated with

task accuracy (tp = 0.381, P = 0.006; see Fig. 2C).
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Figure 2. Neural overactivation in patients with TD. (A) Enhanced BOLD activation in TD
patients (N = 12) compared to matched healthy controls (N = 15) during externally cued right-
handed movements, observed in a right-sided (ipsilateral) cluster including the primary motor
cortex (M1), primary somatosensory cortex (S1), and supplementary motor area (SMA).
Activations are rendered on a canonical brain (Prwg-corr. < 0.001). Peak activation was located
at MNI coordinates x = 36, y = -24, z = 74 (k = 845 voxels, t = 5.20). Colour bar indicates t-
values. (B) Mean beta values derived from the peak voxel of this cluster. Between-group
comparison (independent-samples t-test) revealed significantly higher activation in patients (M
=2.25,SD = 1.51) than in controls (M =-0.54, SD = 1.44), t(25) = 4.894, *** P <(0.001, two-
tailed. Error bars represent the standard error of the mean. (C) Significant positive correlation
between task accuracy and mean beta values from this cluster (t, = 0.381, P = 0.006). Each data
point represents one participant. HC/blue = healthy controls, TD/yellow = patients.
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4.5.3 Connectivity Analyses
Bayesian Model Selection (BMS)

According to BMS, out of all interhemispheric models tested for the group of healthy controls,
Model 4 (without interhemispheric PMC-coupling; Fig. 3A) was most likely given our data.
Model selection across groups (patients and matched controls) revealed Model 5 (without
interhemispheric M1-coupling; Fig. 3B) as the winning model. Supplementary Figures 2 and
3 provide a complete overview of the tested model space and the corresponding evidence

supporting selection of the winning models.

Endogenous Connectivity (DCM-A)

In typically developing children and adolescents, regression analysis revealed that CEs
between the left PFC and the SMA followed a significant quadratic (inverted U-shaped)
trajectory with age (R®> = 0.285, B = -0.005, P = 0.007; see Fig. 3A) and were significantly
positively correlated with WM (r = 0.479, P = 0.028).

Significant deviations in endogenous connectivity were found in TD patients compared to age-
matched controls using independent-samples t-tests. Notably, the left IPS in TD patients
exerted an excitatory influence on the left PMC (M = 0.05, SD = 0.18), whereas this connection
was inhibitory in healthy controls (M =-0.11, SD =0.13, t(18) = 2.262, P = 0.036, Cohen’s d
= 1.012; see Fig. 3B). No significant correlation was found between the coupling strengths of

this connection and measures of task performance, WM, or VMC.

Task-dependent Connectivity (DCM-B)

For interhemispheric task-dependent connections, regression analyses revealed that in healthy
subjects, the connection from the left IPS to the SMA showed a significant cubic age-related
decrease, transitioning from excitatory to inhibitory influence (R?>= 0.226, B = -0.006, P =
0.019; see Fig. 3A). Furthermore, CEs from this connection negatively correlated with WM (tp
=-0.345, P = 0.033) and VMC (tp = -0.381, P = 0.017). Conversely, the connection from the
SMA to the right M1 followed a cubic age-related shift from inhibitory to excitatory influence
(R2=0.247, B=0.010, P = 0.014; see Fig. 3A). Spearman’s rank correlation further indicated
a positive correlation between CEs of this connection and task accuracy (r = 0.407, P = 0.049).

The excitatory influence from the left PFC to the SMA followed a quadratic (U-shaped)

94



Study 3: fMRI Connectivity in TS and Controls

developmental pattern (R?=0.209, B = 0.023, P = 0.025; see Fig. 3A) and was not significantly

correlated with any measure of task performance, WM, or VMC.

Non-parametric between-group comparisons (Mann-Whitney-U) revealed significant
differences in task-dependent connectivity between patients with TD and controls. Specifically,
the interhemispheric connection between the left and right IPS was excitatory in TD (Mdn =
0.59, IQR = 2.119) but inhibitory in controls (Mdn = 0.032, IQR = 0.554; U = 81.000, Z =
2.343, P =0.019, r = 0.52; see Fig. 3B). Again, no significant correlation was found between
CEs of this connection and measures of task performance, WM, or VMC. Supplementary
Tables 13—15 provide group-mean coupling strengths for all examined connections, including

both endogenous (DCM-A) and task-dependent (DCM-B) connectivity.
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Figure 3. Motor network connectivity in patients with TD and typically developing
controls. (A) Age-related changes in coupling strength in typically developing participants (N
= 24). Each scatterplot depicts individual coupling estimates (y-axis) plotted against age (x-
axis); dotted regression lines represent the best-fitting models. Regression analyses revealed a
quadratic trajectory for endogenous PFC-SMA coupling (R? = 0.285, P = 0.007), and for task-
based PFC-SMA coupling (R? = 0.209, P = 0.025), as well as cubic trajectories for IPS-SMA
coupling (R? = 0.226, P = 0.019) and SMA-MI1 coupling (R?> = 0.247, P = 0.014). Each data
point represents one participant. (B) Between-group differences in coupling estimates for
endogenous (top) and task-based (bottom) connections. Patients (N = 10) showed significantly
stronger excitatory connectivity from left IPS to left PMC (t(18) = 2.26, P = 0.036), and
significantly enhanced excitatory task-based interhemispheric IPS-IPS coupling compared to
controls (N =10; U =81.00, Z=2.34, P = 0.019). Error bars represent the standard error of the
mean. Asterisks denote statistically significant differences (P < 0.05, two-tailed). In both
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panels, endogenous connections (DCM-A) are shown in orange, task-based connections
(DCM-B) in blue, and external driving input (DCM-C) in black. Bold arrows highlight
connections with significant effects. L = left; R = right; HC = healthy controls; TD = patients;
IPS = intraparietal sulcus; PMC = premotor cortex; PFC = prefrontal cortex; SMA =
supplementary motor area; M1 = primary motor cortex.

4.6 Discussion

This study investigated neural mechanisms underlying motor control in paediatric drug-naive
TD patients, within the framework of typical motor development. TD patients outperformed
healthy controls in task accuracy, suggesting enhanced reactive motor control, but exhibited
deficits in sustained inhibitory control, as evidenced by impaired blink suppression. At the
neural level, ipsilateral motor overactivation and altered interhemispheric connectivity patterns
reflected TD-specific adaptations rather than delayed or accelerated normative trajectories.
These results highlight a complex interplay between compensatory mechanisms that enhance
reactive motor control and persistent deficits in inhibitory control, offering new insights into

the pathophysiology of TD.

4.6.1 Age-related Motor Development

Our developmental sample showed age-related improvements in motor performance, which
were still evident in the age range between 5 and 16 years, consistent with previous research
(Bucsuhazy & Semela, 2017; Denckla, 1974; Hale, 1990; Haywood & Getchell, 2009; Rueda
et al., 2004; Schmidgen et al., 2024). In line with earlier studies in healthy adults,(Michely et
al., 2015; Michely et al., 2018) our child- and adolescent participants displayed longer RTs and
reduced accuracy for directive cues compared to non-informative cues. This difference likely
reflects the higher load in motor control required when participants not only had to ensure
adequate timing but also choose the correct hand. In our sample, RTs declined steeply during
early childhood and continued to improve more gradually into adolescence, showing a relative
flattening of the curve after age ten (see Fig. 1B). Accuracy improved in a more linear fashion,
approaching adult-like performance by mid-adolescence (Chevalier et al., 2014; Denckla,
1973, 1974; Largo et al., 2003; Michely et al., 2018; Niechwiej-Szwedo et al., 2020).
Comparisons with previous adult samples (aged 21-35)(Michely et al., 2018) suggest that
adolescents in our study (aged 13—16) still exhibited greater RT variability and overall slower

average RTs. Furthermore, in the ‘Internal’ condition, slower RTs observed in our adolescent
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sample — relative to previously reported young adult data —may be attributed to the increased
complexity of the task stimuli used in our study (i.e., pictures of a Sherriff vs. double-sided

arrows).

At the neural level, we observed an age-related linear increase in activation within a left parietal
cluster, encompassing the IPL, IPS, SPL and postcentral gyrus. Similar age-related increases
in parietal activation have previously been demonstrated in children and adolescents across a
variety of motor- and WM tasks associated with attention, higher-order motor planning and
response selection (Adleman et al., 2002; Klingberg, 2006; Klingberg et al., 2002; Neufang et
al., 2008). While the parietal cortex is widely recognised for its involvement in visuospatial
attention, (Gillebert et al., 2009; Numssen et al., 2021) specific regions are associated with
distinct aspects of motor control, such as the storage of action representations (IPL),(Fogassi
& Luppino, 2005) integration of visuospatial information into motor plans (IPS), (Grefkes et
al., 2004; Hoffstaedter et al., 2013) online sensorimotor integration (SPL) (Friedrich et al.,
2020) and motor learning through somatosensory feedback (postcentral gyrus) (Borich et al.,
2015; Vidoni et al., 2010). In our sample, increased parietal activation was associated with
enhanced task accuracy and VMC. Conversely, reduced activation in the left parietal and
postcentral cortices has been linked to impaired motor performance in children with a
developmental coordination disorder, emphasising these regions’ significance in the
development of integratory processes essential for motor refinement and coordination

(Kashiwagi et al., 2009).

4.6.2 Motor Adaptations in TD

Patients with TD outperformed healthy controls regarding task accuracy, while maintaining
comparable RTs. This finding suggests that the ability to control cued volitional movements
may be enhanced in children and adolescents with TD and aligns with a few studies showing
improved motor performance in young TD patients (Jackson et al., 2007; Jackson et al., 2011;
Jung et al., 2015; Mueller et al., 2006). These improvements have been hypothesised to reflect
compensatory processes driven by frequent inhibitory training through tic suppression (Eichele
& Plessen, 2013; Mueller et al., 2006). However, despite enhanced performance in the RT task,
patients in our sample displayed deficits in sustained inhibitory motor control, as evidenced by
impaired blink suppression (see Table 2). These findings challenge the assumption that

compensatory mechanisms in TD are facilitated via training-induced increases in inhibition.
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Instead, these findings point to task-specific adaptations that selectively support reactive motor
control. This distinction emphasises the complexity of motor control in TD, where adaptations

may be tailored to specific motor demands unrelated to tic suppression per se.

4.6.3 Neural Overactivation as a Compensatory Mechanism?

Improved motor performance in patients with TD was linked to distinct changes in motor
network activation patterns: for right-handed movements, patients exhibited ipsilateral
overactivation of M1 and S1, which correlated positively with task accuracy. These findings
align with previous research showing that children with TD recruit additional brain networks
during voluntary movements compared to healthy controls (Roessner et al., 2013; Roessner et
al., 2012; Zapparoli et al., 2016). While earlier studies proposed that recruitment of additional
motor resources may reflect compensatory mechanisms, they lacked performance measures to
relate neural activity to behaviour. Conversely, our current findings directly link altered motor
network activity and enhanced reactive motor control in young TD patients. Interestingly, this
compensatory pattern contrasts with earlier findings in adult TD patients, where reduced task-
related activation in primary and secondary motor cortices has been linked to poorer
performance, suggesting that such compensatory mechanisms may be impaired or

insufficiently developed in adult TD patients (Thomalla et al., 2014).

Unlike dysfunctional overactivations seen in older adults or patients with early-onset
neurodegenerative diseases (e.g., Huntington’s, Alzheimer’s, and PD), the ipsilateral
overactivations in our TD sample appeared highly efficient, likely enhancing performance
rather than merely compensating for deficits (Elman et al., 2014; Gregory et al., 2018; Loibl et
al., 2011; Mattay et al., 2002; Michely et al., 2018; Riecker et al., 2006; Scheller et al., 2014;
Wolf et al., 2014). In children with TD, prior studies have reported decreased activation in
contralateral motor regions during voluntary movements, paired with increased frontal
activations (Roessner et al., 2013; Roessner et al., 2012; Zapparoli et al., 2016). These
reductions may reflect top-down inhibition of contralateral motor areas, which have been
demonstrated to be hyper-excitable at rest (Orth et al., 2008; Ziemann et al., 1997) and
modulated before volitional movements (Draper et al., 2014; Heise et al., 2010; Jackson et al.,
2011; Jackson et al., 2013; Pépés et al., 2016). Our data did not indicate increased frontal
influence or reduced engagement of contralateral motor regions. Instead, ipsilateral

overactivation may represent an alternative compensatory strategy, enhancing task
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performance by recruiting additional resources. Although these compensatory adaptations
appear highly efficient, they seem specifically beneficial for reactive motor control. The
observed deficits in sustained inhibition, such as impaired blink suppression, suggest that this
adaptation may not generalise across different domains of motor control. This raises two
possibilities: first, that the compensatory mechanisms enhancing reactive control may be task-
specific and operate independently of inhibitory ability, or second, that these adaptations
cannot efficiently counteract deficits in sustained inhibitory control. These findings emphasise
the complexity of compensatory processes and highlight the importance of considering task-
specific demands when evaluating TD motor adaptations. Notably, prior research suggests
substantial heterogeneity within the TD population. For instance, Tajik-Parvinchi and Sandor
(Tajik-Parvinchi & Sandor, 2013) reported that while some children with TD may develop
adaptive mechanisms to control their tics — leading to improved voluntary control over eye

movements — others exhibit reduced saccadic inhibitory control.

4.6.4 Interhemispheric Connectivity and Motor Networks in TD

Consistent with our task activation findings, effective PFC connectivity to motor regions was
not significantly altered. Rather, we identified abnormal interhemispheric connectivity in
patients with TD, which has previously been reported in both adult and paediatric TD and has
mainly been associated with reduced interhemispheric inhibition (Baumer et al., 2010; Bruce

etal., 2021; Liao et al., 2017; Neuner et al., 2010; Plessen et al., 2004).

In our sample, patients with TD displayed increased excitatory task-based connectivity from
left to right IPS. Given the IPS’ prominent role in integrating spatial information and
coordinating attentional resources for movement planning, (Gretkes et al., 2004; Hoffstaedter
et al., 2013) this may reflect altered functional integration of somatosensory information across

hemispheres, which may help maintain control over motor outputs.

Within the left hemisphere, we observed significant between-group differences in endogenous
connectivity from the IPS to the PMC. In healthy controls, the IPS exerted an inhibitory
influence on PMC, while in TD patients, this influence was excitatory. This shift from
inhibition to excitation could contribute to the hyperexcitability of contralateral motor regions
commonly observed in TD patients (Orth et al., 2008; Ziemann et al., 1997). Alternatively, it
may reflect stronger interactions between perceptual and motor processes, as suggested by

increased perception-action binding previously documented in TD patients (Beste et al., 2016;
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Kleimaker et al., 2020; Petruo et al., 2019). Despite these alterations, connectivity changes did
not significantly correlate with behavioural performance, suggesting they represent broader
network adaptations rather than direct compensatory mechanisms. Future research should
investigate whether these patterns reflect pathological adaptive processes and their relationship

to symptom severity and disease chronicity.

4.6.5 Typical Motor Development: effective connectivity changes with age

In healthy subjects, age-related increases in activation within the left parietal lobe were
accompanied by changes in effective connectivity linked to task accuracy, WM and VMC.
These changes prominently involved the SMA, a region critically involved in initiating and
coordinating voluntary movements. The SMA is known to play a dual role in facilitating
intended actions while suppressing unintended ones, positioning it as a central hub in motor
planning and execution networks (Chen et al., 2010; Cote et al., 2020; Cunnington et al., 1996;
Kasess et al., 2008; Nachev et al., 2008; Sumner et al., 2007). Age-related connectivity changes
in SMA-associated pathways suggest that the SMA plays a critical role in supporting healthy
motor development, integrating signals from other brain regions to enhance motor control over
time. Age-related shifts in SMA connectivity suggest a developmental transition from reactive
to proactive motor control, aligning with previous findings (Chevalier et al., 2014; Schmidgen
et al., 2024). Specifically, our data showed a change in the SMA’s influence on ipsilateral M1,
evolving from inhibitory in younger children to excitatory in older children. This influence
positively correlated with task accuracy, suggesting that excitatory SMA-M1 coupling supports
more precise motor execution throughout development. Connections from the left IPS to the
SMA also displayed age-related changes, following a reverse trajectory to the SMA-MI
connection. This connectivity shift, in turn, was associated with measures of WM and VMC,
where inhibitory input from IPS to SMA was linked to higher performance on both Digit Span
and Coding subtests. These findings suggest that the IPS plays a critical role in modulating

SMA activity to balance motor output with cognitive demands.

PFC connections to the SMA exhibited distinct developmental patterns for endogenous and
task-based connectivity, which followed quadratic trajectories in opposite directions, with
connectivity patterns in the youngest and oldest subjects appearing comparable. Notably,

endogenous PFC-SMA connectivity positively correlated with WM, highlighting the PFC’s
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role in supporting higher-order cognitive processes during motor performance (Klingberg,

2006; Klingberg et al., 2002; Tanji & Hoshi, 2008).

4.6.6 Developmental Trajectories in TD: deviant, delayed or accelerated?

Our findings offer a nuanced picture of developmental trajectories in TD. Behaviourally,
patients outperformed age-matched controls in task accuracy while exhibiting comparable RTs,
consistent with previous reports of enhanced reactive motor control and possibly indicating
accelerated motor development (Jackson et al., 2007; Jackson et al., 2011; Mueller et al., 2006).
However, their deficits in sustained voluntary motor control may point toward delayed motor
development in this domain, which was previously suggested to improve steadily throughout

middle childhood and reach mature levels by early adolescence (Fiske & Holmboe, 2019).

At the neural level, activation patterns in TD patients deviated from the age-related changes
seen in healthy controls. While accuracy improvements in controls were associated with
increased task-related activation in the contralateral parietal cortex, enhanced accuracy in
patients was linked to pronounced activation in ipsilateral M1 and S1. Notably, ipsilateral
overactivation partially mirrored the contralateral activations observed in typically developing
children, as both involved the primary somatosensory cortex. This observation implies that
ipsilateral overactivation serves as a compensatory mechanism, deviating from typical
developmental trajectories yet enhancing reactive motor control and potentially mitigating
deficits associated with TD (Debes et al., 2017; Franzkowiak et al., 2012; Heise et al., 2010;
Jackson et al., 2015; Rae & Critchley, 2022; Worbe et al., 2015).

Similarly, task-related connectivity in patients with TD diverged from age-related changes in
healthy controls. Interestingly, intra-, and interhemispheric connectivity alterations in TD
patients involved the left IPS, a region showing age-related activation increases in typically
developing children and adolescents. While this indicates increased parietal cortex engagement
in TD patients, mirroring recruitment patterns in older children, other findings, e.g., increased
excitatory endogenous connectivity from the IPS to the PMC, may reflect pathological rather
than compensatory mechanisms. This altered connectivity could contribute to hyperexcitability
of motor regions or enhanced action-perception binding, both commonly reported in TD (Beste
etal., 2016; Kleimaker et al., 2020; Orth et al., 2008; Petruo et al., 2019; Ziemann et al., 1997).
However, the lack of significant correlations between connectivity measures and behaviour

renders a conclusive distinction of compensation and pathophysiological processes highly
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challenging and modulatory approaches are needed to further explore the mechanistic role of

these connectivity changes in the future.

In conclusion, early deficits in TD may drive compensatory changes that resemble typical or
even accelerated development on the behavioural level. Conversely, when compensatory
processes are insufficient, pathological neural dynamics may lead to behavioural deficits
comparable to delayed development. At the neural level, compensatory mechanisms produce
developmental trajectories distinct from typical patterns, reflecting a dynamic interplay
between adaptation and pathophysiological processes (Eichele & Plessen, 2013; Nielsen et al.,
2020).

4.7 Limitations

While our current study advances the understanding of typical motor development and
compensatory mechanisms in TD, several limitations must be addressed: (1) Small sample
sizes necessitate caution in interpreting our findings, which require replication in larger cohorts
to enhance robustness and generalisability. Significant age- and TD-related activation patterns
were identified, but only when using a more lenient voxel-level threshold. Our focus on right-
handed responses required excluding participants with insufficient ipsilateral task activation
from DCM analysis. This reduced sample size but allowed for integrating behavioural,
activation and connectivity analyses, revealing significant group- and age-related effects on
both endogenous and task-based motor-network connectivity. (2) While our cross-sectional
design allowed for contextualisation within a developmental framework, future longitudinal
studies are essential to capture the dynamic nature of developmental trajectories in TD and
further investigate compensatory mechanisms, particularly about symptom remission versus
persistence in adulthood. (3) Including patients with comorbid ADHD limits the attribution of
findings exclusively to TD but enhances ecological validity by reflecting the clinical reality of

high comorbidity rates in paediatric TD (El Malhany et al., 2015).

4.8 Conclusion

Our study highlights the dual nature of motor adaptations in children and adolescents with TD,
combining a developmental and clinical approach. Enhanced accuracy in reactive motor tasks
was supported by compensatory overactivation of ipsilateral motor regions and altered

interhemispheric connectivity, likely reflecting efficient neural adaptations tailored to specific
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task demands. However, deficits in sustained inhibition, such as impaired blink suppression,

suggest that these compensatory mechanisms do not generalise across all motor domains.

In typically developing children, age-related increases in parietal activation and SMA
connectivity were associated with improved motor precision, WM and VMC. These findings
provide insights into the typical developmental trajectory of motor networks and the role of

integrative brain regions in motor control.

In contrast, TD patients exhibited patterns of neural activation and effective connectivity that
diverged from typical development, reflecting TD-specific adaptations rather than delayed or
accelerated maturation. These adaptations highlight the interplay between compensation and
pathophysiological processes in TD, where efficient reactive control coexists with persistent

deficits in inhibitory control.

Future research should explore how these adaptations evolve with age and whether they
contribute to long-term symptom management or persistence. Understanding the balance
between adaptive and maladaptive processes in TD could inform targeted interventions to

enhance compensatory mechanisms while mitigating pathological changes.

4.9 Data availability

The data and project-specific code supporting the findings of this study are archived in the
CRC1451 data registry at https://www.crc1451.uni-koeln.de/. This includes batch scripts for
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interface in SPM12 (Wellcome Centre for Human Neuroimaging, UCL Queen Square Institute
of Neurology, London, UK [www.fil.ion.ucl.ac.uk/spm]), as well as an adapted batch script for
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https://www.fil.ion.ucl.ac.uk/spm/data/attention/. Access can be granted upon reasonable

request via the CRC1451 registry.
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The external evocation and movement-related modulation of motor cortex inhibition in

children and adolescents with Tourette syndrome - a TMS/EEG study
Julia Schmidgen , Theresa Heinen, Kerstin Konrad , Stephan Bender

This article has been published in Front Neurosci. 2023 Oct 19;17:1209801.
doi: 10.3389/fnins.2023.1209801.

This study builds on the preceding multimodal findings by employing a combined transcranial
magnetic stimulation and electroencephalography (TMS-EEG) approach to directly probe
cortical excitability and inhibition in children and adolescents with and without TS. Unlike the
other studies in this dissertation, the data for this work were collected in an earlier, independent
study with a distinct participant sample and protocol. Nevertheless, careful participant selection
and experimental design ensure the comparability and relevance of these findings within the

broader context of motor network development.

While both groups showed age-related maturation of inhibitory processing, characterized by
progressive refinement of GABAergic mechanisms, children with TS exhibit alterations in the
modulatory capacity of cortical inhibition. Integrating these TMS-EEG findings with the
broader multimodal dataset advances our understanding of the neurophysiological basis of
inhibitory control, providing mechanistic insights that complement the spatial and temporal
perspectives offered by EEG and fMRI. The direct assessment of cortical inhibition provides
critical insights into the neural mechanisms that contribute to the inhibitory control deficits

observed in TS.

5.1 Contribution

I contributed substantially to the main data analysis, including reanalyzing key aspects of the
dataset and conducting the statistical evaluation of the results. I was actively involved in
interpreting the findings to current literature and the study’s research questions. Although an
initial draft existed, I extensively revised and rewrote the manuscript, integrated feedback from

co-authors, and ensured the overall coherence and clarity of the final version.
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Objective: This study tested the reactivity of motor cortex inhibition to different
intensities of external stimulation by transcranial magnetic stimulation (TMS) and
its internal modulation during different motor states in children and adolescents
with Tourette syndrome.

Methods: TMS-evoked N100 served as an indirect measure of GABAg receptor
function which is related to cortical inhibition. Combined TMS/EEG was used
to analyze the TMS-evoked N100 component evoked by different stimulation
intensities as well as during resting condition, movement preparation (contingent
negative variation task) and movement execution. The study included 18 early
adolescents with Tourette syndrome and 15 typically developing control subjects.

Results: TMS-evoked N100 showed a less steep increase with increasing TMS
intensity in Tourette syndrome together with less modulation (disinhibition) over
the primary motor cortex during the motor states movement preparation and
movement execution. Children with Tourette syndrome showed equally high
N100 amplitudes at 110% resting motor threshold (RMT) intensity during resting
condition and a parallel decline of RMT and N100 amplitude with increasing age
as control subjects.

Conclusion: Our study yields preliminary evidence that modulation of motor
cortical inhibitory circuits, during external direct stimulation by different TMS
intensities and during volitional movement preparation and execution is different
in children and adolescents with Tourette syndrome compared to controls.
These results suggest that a reduced resting motor cortical inhibitory “reserve”
could contribute to the production of unwanted movements. Our findings are
compatible with increased regulation of motor cortex excitability by perception-
action binding in Tourette syndrome instead of top-down / motor regulation and
need to be replicated in further studies.

KEYWORDS

Tourette syndrome, inhibition, TMS, EEG, N100, MEP
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1. Introduction

Tourette syndrome (TS) is a complex neurodevelopmental
childhood-onset condition characterized by the co-occurrence of
multiple motor and at least one vocal tic over the period of minimum
1year. Although the underlying mechanism of TS is currently poorly
understood, evidence suggests functional impairments within the
basal ganglia and several parallel cortico-striato-thalamocortical
circuits. However, it remains unclear, which components within the
pathways contribute to tics, which may be regarded as a surplus of
actions. Some studies indicate that multiple sources within the circuits
lead to a divergent input to the primary motor cortex. Motor cortical
areas might be hyperexcited due to a reduced inhibitory input to the
motor cortex, as shown by transcranial magnetic stimulation (TMS)
studies. However, various studies showed contradictory findings
regarding tic-related pathophysiological mechanisms.

Especially animal model data and magnetic resonance
spectroscopy studies have indicated a major role of differences in the
glutamate (excitatory) and y-aminobutyric (GABA)
neurotransmitter system (inhibitory) in tic pathophysiology. GABA-
ergic neurotransmission plays a crucial role in the regulation of
neuronal activity during various states of motor activation. During the
resting state it ensures a constant level of neuronal activity and
prevents uncontrolled generation and spreading of excitatory signals.
During movement preparation and execution, regulation of
GABAergic inhibition (Nowak et al., 2017) modulates the excitability
of motor circuits to ensure an efficient and controllable movement
execution (Dupont-Hadwen et al., 2019). Preparatory excitation of
motor networks prior to a movement enables the fast transmission of
neuronal signals, effective muscle activation and enhanced precision
due to suppression of competing motor areas. However, excessive
excitability during motor facilitation, execution, or resting state, could

acid

cause uncontrolled, premature, or inefficient movements. Regarding
TS, post-mortem investigations showed a reduced number and altered
distribution of inhibitory GABAergic interneurons within the
sensorimotor areas of the striatum (Kalanithi et al., 2005; Kataoka
etal., 2010). Multiple paired-pulse TMS studies consistently reported
diminished GABA ,-mediated intracortical inhibition within the TS
motor cortex (Gilbert et al., 2004; Orth et al., 2008; Orth and Rothwell,
2009; Heise et al., 2010). Reduced GABA-mediated motor cortical
inhibition has frequently been interpreted as a core pathophysiological
mechanism contributing to the generation of tics (Jackson et al., 2015).

TS usually reaches its maximum severity in early adolescence.
Afterwards most TS patients experience a considerable improvement
of the symptoms, characterized by a diminution of intensity and
frequency of tics in late adolescence or early adulthood. Compensatory
mechanisms are thought to contribute to an increased control over the
motor output and concomitant over tics due to an elevated tonic

Abbreviations: ADHD, Attention deficit hyperactivity disorder; AEP, Auditory evoked
potential; CNV, Contingent negative variation; CSTC, Cortico-striato-
thalamocortical; EEG, Electroencephalogram; EHI, Edinburgh Handedness
Inventory; GABA, y-aminobutyric acid; LICI, Long-interval intracortical inhibition;
MEP, Motor evoked potential; MSO , Maximum stimulator output; RMT, Resting
motor threshold; SMA, Supplementary motor area; TS, Tourette syndrome; TEP,
TMS evoked potential; TMS, Transcranial magnetic stimulation; YGTSS, Yale Global

Tic Severity Scale.
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inhibition. TMS-based findings have been interpreted as reduced gain
within motor cortical circuits, which could represent a secondary
consequence of or adaptation to TS. In this sense, deficits in inhibitory
circuits in children and adolescents with TS might be compensated by
reducing the gain in corticospinal excitability. Consequently, this
would lead to decreased sensitivity to changes in input from other
brain areas or external stimuli (Schilke et al., 2022).

Besides deficits in GABA-mediated inhibitory circuits, GABA;-
mediated circuits might also be deficient within the TS motor cortex.
According to this notion, evidence from human TMS (Sanger et al.,
2001), human pharmaco-TMS (McDonnell et al., 2006), and animal
studies (Pitler and Alger, 1994; Deisz, 1999) suggest that activation of
presynaptic GABA; receptors may halt release of GABA. Even though
GABA ,-mediated motor cortical inhibition is evidently deficient in
TS, the influence of GABAz-mediated intracortical inhibition has
been studied rarely. Previous studies have reported inconsistent results
and focused mainly on long interval intracortical inhibition (LICI) as
a measure of GABA-mediated inhibition at rest (Ziemann et al., 1997;
Gilbert et al., 2004; Orth et al., 2008).

Combined TMS/EEG studies have highlighted the possibility of
directly assessing primarily GABAj-mediated motor cortical
inhibition (Ilmoniemi and Ki¢i¢, 2010; Daskalakis et al., 2012). This
has been verified by Premoli et al. (2014) in a pharmaco-TMS-EEG
study. Their study showed that baclofen, a GABA;, receptor agonist,
specifically increased the TMS-evoked N100 amplitude, whereas
Alprozam and Zolpidem, GABA, receptor positive agonists, exerted
a diminishing of the component or no effect. There is a body of
evidence showing a strong relation between the TMS-evoked N100
and LICI as a measure of GABAg-mediated cortical inhibition in
humans (Rogasch et al., 2013). Therefore, as in recent TMS/EEG
research (Farzan et al., 2013; Rogasch et al., 2013; Premoli et al., 2014),
it has been suggested that the TMS-evoked N100 is the most effective
TMS measure of GABA-mediated motor cortical inhibition (Rogasch
etal, 2013). Since TMS evoked N100 component amplitudes were
shown to be reduced during movement execution (Nikulin et al,,
2003) and preparation (Bender et al., 2005; D’Agati et al,, 2014),
several findings further imply that the TMS-evoked N100 is also a
functional marker of motor cortical inhibition.

To our knowledge, TMS/EEG has never been used to assess
cortical inhibition through the analysis of TMS-evoked N100
component in TS. More importantly, the dependence of motor cortical
deficits on specific motor cortical activity states (motor states) in early
adolescent TS has not yet been investigated. The present study
examined how motor cortex inhibition depends on top down-
modulation by other cortical and subcortical areas during distinct
motor states. In addition, we examined the responsiveness and
modulatory capacities of cortical inhibition to different intensities of
external direct stimulation by TMS. This way, two types of modulation
of motor cortex inhibition could be examined, which are both
independent from modulation by sensory input similar to an “urge,”
though movement execution includes reafferent sensory feedback. In
18 early adolescent TS patients and 15 control subjects, we investigated
motor cortical inhibitory processes associated with GABA;-mediated
inhibition by the analysis of the TMS-evoked N100 component using
combined TMS/EEG. Participants performed three different tasks,
each aimed to examine a specific motor state, i.e., rest, movement
preparation (forewarned reaction time task), and movement
execution. Less reactivity to external stimulation together with less

frontiersin.org

116



Study 4: Assessing Motor Inhibition with TMS-EEG

Schmidgen et al.

movement-related modulation of motor cortex inhibition could point
towards lower inhibitory capacities and differences in the modulation
of motor cortical excitability in TS, so that unwanted activity in “tic
generator” circuits would pass the threshold to involuntary
movements more easily (Heise et al., 2010).

2. Methods
2.1. Subjects

Eighteen adolescent subjects with a current diagnosis of TS were
included from the outpatient TS clinic of the Department of Child and
Adolescent Psychiatry, Dresden. Patients fulfilled DSM 5 criteria for
TS. The control group included 15 typically developing adolescents
(control subjects). All subjects were right-handed (Oldfields
Edinburgh Handedness Inventory, 1971) and of normal intelligence.
Intelligence levels were assessed using a validated short version of the
fourth edition of the Wechsler intelligence test (Waldmann, 2008).
Groups did not differ with respect to age [t(31)=0.79; p=0.43],
handedness [#(31)=0.03; p=0.98], IQ [#(31)=—1.28; p=0.21], or
gender distribution [#(31) =1.09; p=0.28; cf. Table 1].

Both groups were screened for psychiatric disorders using the
German version of the M.LN.I KID (Sheehan et al., 2010). Comorbid
disorders, except for attention deficit hyperactivity disorder (ADHD),
were excluded from the study. Comorbid ADHD, present in six
subjects with TS, was assessed using a validated German ADHD
questionnaire (Briihl et al,, 2000), that has shown reliability as well as
factorial and convergent/discriminant validity comparable to the
Conners’ scale (Erhart et al., 2008).

Current tic severity was assessed using the Yale global tic severity
score interview (YGTSS) on the day of the testing (Leckman et al.,
1989; Storch et al., 2005). Most subjects with TS were treatment naive,
yet two subjects received tiapride and one subject received
aripiprazole. All participants as well as their first-degree family
members had no history of epilepsy or any kind of seizures. For
sample characteristics, see Table 1. Informed written consent was
obtained by all participants and their legal guardians in accordance

TABLE 1 Demographic, clinical, and TMS sample measures.

Controls TS

Sample size N=15 N=18

Age (years; mean +SD;

12.2(2.3;82-15.8) 12.8 (2.0; 10.7-17.6)

range)

Gender (male, female) 9m,6f 14m,4f
EHI (mean +SD) 77.6 (19.1) 77.8 (15.1)
1Q (mean+SD) 116.5 (8.9) 111.6 (12.6)
YGTSS total s tom

score (mean ::It;l; 230182)
Comorbid ADHD 6 (18)

Resting motor threshold

72.9 (9.3) % MSO
(mean +SD)

74.5 (12.6) % MSO

TS =Tourette syndrome; EHI = Edinburgh Handedness Inventory; YGTSS = Yale global tic
severity score; ADHD = Attention deficit hyperactivity disorder, MSO = maximum stimulator
output.
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with the declaration of Helsinki. The study was approved by the local
ethics committee.

2.2. Transcranial magnetic stimulation

Biphasic single pulse TMS (PowerMAG research 100; MAG &
More GmbH, DE) was applied using a standard figure-of-eight coil
(196 mm x 100 mm x 13.5mm). Resting motor threshold (RMT) of the
left primary motor cortex was assessed and determined using a
conventional protocol (Conforto et al., 2004; Wu et al., 2012). First,
participants were familiarized with the TMS sensation at low
stimulation intensity of 40%. The intensity was then increased in steps
of 10% of the device’s maximum stimulator output (MSO) until the
first motor evoked potential (MEP) was identified. MEPs were
recorded from the right first dorsal interosseous (FDI) muscle.

Next, optimal target location and coil orientation was adjusted to
elicit a well-formed, peak-to peak measured and reliable MEP. The left
primary motor cortex was determined functionally at the site where
the largest MEP was elicited. To ensure accuracy of targeting and
orientation we employed navigated TMS. Neuronavigation served to
control for coil displacement throughout the measurement including
coil angle (to maintain stimulation constant on the functionally
determined hot spot). Thus, individual head landmarks were matched
with a dummy head model using Brainvoyager QX software (Version
2.3, Brain Innovation BV, NL). The optimal individual stimulation
target point was then pinpointed on the standard head model. Hence,
optimal coil orientation and placement was live monitored and
adjusted when necessary.

Finally, the RMT was assessed by sequential 2% increments in
intensity starting at intensity 20% below hot-spot determination until
five out of 10 MEPs (peak-to-peak) of at least 50 uV were registered.
Suprathreshold single pulse TMS was applied at 110% of participants
RMT. In addition to RMT-adjusted stimulation, due to only limited
correlations of TMS-evoked potentials and MEP amplitudes, an
RMT-independent stimulus-intensity slope was measured by
stimulation at 40, 60, and 80% MSO for all subjects. Note that this
differs from the RMT-standardization in most studies. It has the
advantage to avoid a masking of TEP recruitment by RMT
(EMG-related) effects, as TEPs and MEPs are qualitatively
different measures.

2.3. Electroencephalographic recordings

EEG activity was continuously recorded at 5kHz sampling rate
using 64 channel TMS-compatible EEG equipment (Brainamp DC,
BrainProducts). The high sampling served to minimize the
TMS-artifact duration. Online filtering was set at DC and 1kHz high-
cutoff. Equidistant electrode caps (Easycap GmbH) were fixed
carrying 64 sintered silver/silver chloride electrodes. The size of the
electrode caps was adjusted to head circumference. Recording
reference was electrode “Fpz”” Electrode impedance level was kept
below 5kQ. Vertical electro-oculogram was recorded from electrodes
FP1 and one electrode attached 2 cm below the left eye. Two electrodes
each 1cm lateral to the outer canthi recorded the horizontal electro-
oculogram. NBS Presentation software (Version 15.0, Neurobehavioral
Systems Inc.) was used to send triggers to both the EEG recording
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system and the TMS device. Recorded EEG data were first processed
offline using Brain Vision Analyzer (BrainProducts). As this study
focused on late TEPs >50 ms latency, TMS artifacts were eliminated
by means of linear interpolation of the interval 5 to 40 ms with respect
to the TMS trigger (Fuggetta et al., 2006; Taylor et al., 2010). Due to
long-lasting sine wave artifacts (the anti-aliasing filter turns amplifier
saturation into sine wave artifacts) because of high stimulation
intensities in children with higher resting motor thresholds, the
interpolated period was longer than usual (Taylor et al., 2008).
We assured, that later time intervals were not affected by TMS-artifacts
(Bonato et al., 2006), comparing ICA-based correction to interpolated
data in single subject averages. Next, data were down-sampled to
500Hz and filtered (48 dB/Oct) using a 50 Hz notch filter, a time
constant of 1s and a high-cutoff filter of 25Hz. Then, data were
average referenced. Segments comprised 1s duration, —500 to 500 ms
with respect to the TMS pulse. A 100 ms interval, —130 to —30ms, was
used for baseline correction. Visual inspection revealed no time-
locked activity between —30 and —5ms, however, we wanted to
exclude any possible effects of the filtering near the interpolation
interval on the baseline. Next, ocular artifact correction (Gratton et al.,
1983) was applied as implemented in Brain Vision Analyzer
(BrainProducts) followed by an automatic artifact removal of the
segmented data (max allowed voltage step=>50 pV/ms; max allowed
differences of values in intervals=300pV). The results of this
automatic procedure were controlled for by visual inspection by a
research assistant blind to the study hypotheses. Corrected and
remaining segments were averaged by subject and condition. The TEP
at a latency of approximately 100 ms, i.e., the TMS evoked N100, was
registered at electrode C3 since previous studies have shown N100 to
peak over the stimulated primary motor cortex (Nikulin et al., 2003;
Bender et al., 2005; Bruckmann et al., 2012). The TMS-evoked N100
was quantified as the area under the curve in the time interval
70-150 ms (mean amplitude * 80 ms), in order to equalize any latency
differences and to consider not only the peak amplitude but also the
duration of the N100 component.

2.4. Electromyographic recordings

Electromyographic activity was recorded (Brainamp ExG,
BrainProducts) by electrodes placed in a belly-tendon montage at the
contralateral first dorsal interosseous muscle (FDI) using silver/silver-
chloride self-adhesive surface electrodes (Neuroline 700, Ambu).
EMG was sampled at 5kHz with a time constant of 10s and a high
cutoff of 1kHz. Offline, data were downsampled to 500 Hz and high
pass filtered at 20Hz (48dB/Oct). Segmentation and baseline
correction were carried out identical to the EEG processing (see
section EEG above). Next, data were averaged across subjects and
conditions. MEPs were quantified as the peak-to-peak amplitude
within 18-40ms after the TMS pulse.

2.5. Experimental procedure

Participants were seated in a sound attenuated, dimly lit room,
facing a 22-inch computer screen (Fujitsu B22W-7 LED, 1680 x 1050
resolution). The sequence of the three experimental tasks was
counterbalanced to obtain 18 individual sequences. Each sequence
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was randomly assigned to one participant of each group. The
counterbalancing was imperfect due to the size of our sample. This
however did not exert a significant confounding influence when
we tested for order effects statistically. Experimental paradigms were
implemented using NBS Presentation software (Version 15.0,
Neurobehavioral Systems Inc.). Subjects were seated at 0.7 m distance
to the PC screen. The default computer screen showed a vertically and
horizontally centered white fixation cross (font size=36) on a dark
grey background and served to minimize eye movement. To reduce
head movements and the risk of neck strain due to the TMS coil
weight, subjects placed their heads on a cushioned, custom-made chin
rest. To minimize TMS related acoustic evoked potentials participants
wore earplugs. Every task started with an instruction presented in
white font on the default background, followed by five rehearsal trials
to ensure task comprehension. No acoustic masking by white noise
was employed (Jarczok et al., 2021; Roos et al., 2021) as this masking
procedure is not well tolerated in children and TMS-evoked N100
differs largely in frequency (duration), lateralization and amplitude
from an auditory N1 in the examined age range. In contrast to the
analyzed TMS-evoked N100 component, developmental AEP data
showed that frontocentral N1b increases in children and adolescents
and that the evoked peak is less broad and shows lower amplitudes
(Bender et al., 2006). We applied 20 TMS pulses for each motor state
condition. Due to larger TEP amplitudes in children (Bender et al.,
2005) and adolescents, fewer trials are sufficient than in adults (D’Agati
etal,, 2014; Jarczok et al., 2016), especially because children do not
tolerate long recording times with larger numbers of trials.

2.6. Experimental conditions — 3 motor
states: rest, preparation, movement
execution, and reactivity to external
stimulation at different intensities at rest

2.6.1. At rest (motor state 1)

Participants were instructed to rest, look at the fixation cross and
neglect the occasional TMS sensation. Twenty single TMS pulses at
110% RMT were applied at an inter-trial-interval that randomly
varied between 6 and 10s. The inter-trial-interval was within the same
range for all tasks (motor states 1 to 3).

2.6.2. Motor preparation (motor state 2)

The task consisted of 20 trials of a contingent negative variation
(CNV) paradigm, starting with a visual warning stimulus S1 (white
exclamation mark, size=34 x 27 mm) presented for a duration of
150ms. An imperative stimulus S2 (white outline of a right hand,
size=34 x 27 mm) was presented for 150 ms, 3.3 s following S1 onset.
Participants were instructed to prepare, at occurrence of S1, and to
respond as quick as possible by clicking the left mouse button with the
index finger of their right hand upon presentation of S2. Trials were
terminated by the button press and followed by the inter-trial-interval.
The 20 TMS pulses at 110% RMT occurred 2.8s after S1 onset, to
probe advanced motor preparation.

2.6.3. Motor execution (motor state 3)

Participants were asked to trigger 20 TMS pulses with an intensity
of 110% RMT in a self-paced manner by clicking the left mouse button
with the index finger of their right hands. During task execution, i.e.,
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20 mouse clicks, participants were instructed to look at the fixation
cross of the default screen and to produce self-paced clicks without
any rhythm, rapid sequences or response pattern.

2.6.4. Reactivity to external stimulation at
different intensities

At rest, 20 TMS pulses were applied for 40, 60, and 80% maximum
stimulator output (equal conditions as motor state 1).

2.7. Statistical analysis

All statistical analysis were performed using Statistica.
Statistical significance level was determined as alpha=0.05.
Age-dependent development of RMT and N100 amplitude were
compared between the two diagnostic groups in linear models.
General linear models with the intersubject factor diagnostic group
(TS versus control subjects), gender (male, female) as well as the
repeated measurement factors modulation TYPE (internal
modulation by motor state vs. external stimulation/intensity slope),
each at two different INTENSITIES (internal: difference rest —
motor preparation, difference rest - motor execution; external
stimulation: difference 40-60% and 60-80% MSO) were calculated
for N100 amplitude modulation between the conditions (N100
amplitude differences) with the linear predictors age and N100
amplitude at rest (110% MSO). The classification into “small” and
“large” intensities refers to the amount of modulation, i.e., the size
of the difference of TMS-evoked N100 amplitude in this condition
compared to the resting condition. Raffin et al. (2020) showed that
an increase in small stimulation intensities (40 to 60% RMT) had a
lower effect on TEP amplitudes than the same increase in larger
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Scatterplot illustrating the age-related decrease of the TMS evoked
N100 component, respectively, for control group (red) and for
adolescents with tourette disorder (green). TEP-N100 amplitudes
were recorded at CP6" with a stimulation intensity of 110% resting
motor threshold (RMT). Note that TEP-N100 component is
represented as area under the curve (AUC) due to broad N100
potentials and high variability of N100 latency shown in children and
adolescents
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stimulation intensities, closer to the resting motor threshold (60 to
80% RMT). In the same line, it was shown that TMS-evoked
neuronal activity increases in a sigmoid-shaped stimulus-intensity
curve with a stronger modulatory effect for higher stimulation
intensities around the RMT (Komssi et al., 2004). With regard to
movement states, previous studies showed that the effect size of
movement preparation on the TMS-evoked N100 (Bender et al.,
2005) is lower than the effect size of movement execution (Nikulin
etal, 2003). Though in these studies a RMT-standardization of the
TMS-intensities has been performed, we believe that this fact does
not qualitatively change the sigmoid recruitment curves. In order
to analyze motor cortical inhibition modulation in general and to
avoid multiple testing, the modulation types were included in one
model. A main or interaction effect involving modulation TYPE
would point towards specific effects of external and top-down
modulation. Levene’s test did not detect any violation of the
assumption of variance homogeneity. Note that due to the
non-linear slope of the input-output curve (steeper slope around
the RMT 60 vs. 80% MSO than for the subthreshold intensities 40
vs. 60% MSO), the difference 60 vs. 80% MSO was larger than 40
vs. 60% MSO, though the TMS-evoked N100 rises already at lower
intensities than the MEP (cortical response before EMG response).
MEP and N100 amplitudes at 110% RMT were compared between
the two diagnostic groups, correcting for age and gender.

3. Results

3.1. Behavioral performance during motor
state 2 (motor preparation)

Adolescents with TS showed comparable task performance to
control subjects regarding reaction times in the motor preparation
(motor state 2) task paradigm (Controls: 161+ 36 ms; T'S: 150 £33 ms).
Due to the small number of TS subjects, comorbid ADHD did not
show any covariate effects on performance.

3.2. Cortical inhibition

TMS-evoked N100 amplitude at 110% RMT stimulation intensity
during the resting condition did not differ between the groups
[F(1;29)=0.16; p=0.69]. TMS-evoked N100 amplitudes showed an
age-dependent maturational decrease with increasing age through late
childhood and adolescence [F(1;29)=13.4; p=0.001], as shown in
Figure 1. Although on a descriptive level, this decrease was more
pronounced for control subjects, there were no significant differences
between the two groups [interaction age x diagnosis F(1;29) =0.45;
p=051].

Moreover, we tested the internal modulation of N100 amplitude
by movement preparation and movement execution (Table 2).
Figure 2 shows the EEG response to TMS at electrode C3 averaged
across control subjects and children with TS, respectively, for motor
preparation as well as motor execution condition. Both conditions led
to a significant reduction of TMS-evoked N100 amplitude compared
to stimulation at rest [movement preparation F(1;29)=6.9; p=0.01;
movement execution F(1;29) =16.9; p=0.0003], taking age and gender
into consideration as covariates (main effects).
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When the external and internal modulation of cortical inhibition
(dependent variable TMS-evoked N100 amplitude difference) was
examined (general linear model with the categorical predictors
DIAGNOSIS (TS, CO), GENDER (female, male); the linear predictors
AGE (months) and TMS-evoked N100 AREA UNDER THE CURVE
(AUC) AT REST (110% RMT); the repeated measurement variables
MODULATION TYPE (external stimulation versus internal
modulation) and INTENSITY (small: stimulation difference 40 vs.
60% MSO, motor preparation, large: stimulation difference 60 vs. 80%

TABLE 2 Responsivity of inhibitory systems to different TMS intensities
and internal modulation by movement state.

Controls

At rest (110%
RMT)
[pV#ms]

—2632.7£2046.5

Motor
preparation
[pV*ms]

—1921.0+1810.9

40% MSO 60% MSO 80% MSO
[pV#ms] [pV#ms] [pV*ms]
Controls —84.0+£73.5 =307,9+311.5 —2577.6+2148.8
TS —230.7+320.1 —377,1£520.8 —1908.3+1454.3

Movement
execution
[pV*ms]

—1158.1+1380.3

TS

—2211.9£2399.1

—1827.4+1911.2

—1267.7+1750.1

Please note that the mean of the individual differences between rest and motor states
movement preparation and execution is NOT equal to the difference of the group means for
these movement states, when comparing this table to Figure 2. TS = Tourette syndrome;
MSO =maximum stimulator output.

10.3389/fnins.2023.1209801

MSO, motor execution)), subjects with TS showed less modulation
than the control subjects [F(1;28) =4.34; p=0.047; Figure 3].

Controlling for age-dependent maturation (covariate age), this
effect was similar for both types of modulation (different external
stimulation intensities, internally prepared movement states) as there
was no main effect of stimulation type [F(1;28) =1.1; p=0.30].

There was a strong effect of N100 amplitude at rest [F(1;28) =15.4;
p=0.0005], which was stronger than simple age effects, justifying the
inclusion of this covariate. There was no significant effect of comorbid
ADHD [6/18 TS subjects; F(1;27) =0.65; p=0.43] or medication [3/18
subjects; F(1;27) =0.12; p=0.73], when included into the model, so
these predictors did not enter the final model. In order to exclude
artificial effects produced by covariates, we verified that there was still
a strong trend towards the effect of diagnosis without suprathreshold
TMS-evoked N100 amplitude at rest as a covariate [F(1;29)=3.8;
p=0.06], with age now showing significant effects [F(1;29)=7.4;
p=0.01].

3.3. Cortico-spinal-excitability

Resting motor thresholds did not differ between the two groups
[F(1;29) =0.49; p=0.49], considering covariates age and gender. There
was a trend towards a decrease of RMT with increasing age in both
groups [F(1;29)=2.9; p=0.10].
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FIGURE 2

On the left-hand side, motor states are indicated as follows: BL = baseline, MP = motor preparation, ME = motor execution. (A) Shows the N100-TEP
assessed at electrode C3. Note that voltage values at the y-axis are presented upside down. The vertical dashed line at time point zero indicates TMS,
applied to the right motor cortex. The average N100-TEP amplitude latency by condition is highlighted in grey. (B) Shows voltage distribution around
the TMS evoked N100 peak. The topographic time range selected represent the 95% confidence intervals of N100-TEP amplitudes across groups and
conditions. Controls = typically developing subjects, TS = Tourette syndrome.
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Effects of varying external stimulation intensity (increase from 40 to 60% maximum stimulator output, MSO, versus increase from 60 to 80% MSO) and
internal modulation by motor state (difference resting state versus movement preparation and difference resting state versus movement execution) on
the TMS-evoked N100 area under the curve (AUC) for subjects with Tourette syndrome and control subjects. Please note that all values illustrate
adjusted means (after controlling for the effect of age and gender). Since the corrections for the covariates are taken into account, there are small

deviations from the values in Table 2.

When MEP amplitude at 110% was tested for group differences
with the covariates age and gender, there was no significant difference
between the groups [F(1;29)=2.27; p=0.14], despite descriptively
lower amplitudes in children with TS (CO 389+95uV vs. TS
210£55pV).

4. Discussion

This study investigated potential differences in motor cortical
inhibition (TMS-evoked N100 amplitude) in early adolescents with
TS using combined TMS/EEG. We examined the modulation of
inhibitory control in different activation states of the motor cortex.
TMS/EEG studies of neurodevelopmental disorders are still rare. To
our knowledge, this is the first study to report TMS evoked brain
potentials (TMS-evoked N100, presumably related to GABAg-
mediated cortical inhibition) in adolescent subjects with TS.

Our main findings are as follows: (1) TMS-evoked N100
amplitudes (cortical inhibition) at 110% RMT were comparable in
early adolescent control subjects and subjects with TS; they showed
no differences with respect to their cross-sectional maturational
trajectory. (2) Compared to controls subjects, TS subjects showed
reduced modulation of the GABA,-mediated TMS-evoked N100
when stimulated at varying fixed (non RMT-adjusted) intensities at
rest and during top-down modulation by different motor states
(movement preparation and movement execution). In sum, inhibitory
systems in primary motor cortex were less responsive in TS. Reduced
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disinhibition of primary motor cortex from resting state to movement
execution and reduced recruitment of GABA;-related inhibition in
primary motor cortex to increasing intensities of external transcranial
magnetic stimulation could point towards a reduced “inhibitory
reserve” in the primary motor cortex (Heise et al., 2010). While the
study of Heise et al. (2010) referred to a sample of 11 adult subjects
with TS and short-interval intracortical inhibition (based on
EMG-responses, GABA,-related), our study examined an early
adolescent sample and used a cortical readout (TMS-evoked N100,
GABAj-related). There was no main effect or interaction involving
modulation TYPE. Thus, we obtained no hint in our data towards
specific deficits in the two modulation TYPEs, however, we cannot
exclude that such specific effect could be found in future studies in
larger samples. Our conclusions refer to the capacity of modulation of
motor cortex inhibition in general and not to either modulation type
separately. Note that this concept of reduced modulation of inhibition
in the motor cortex is different from higher cognitive control-related
processes and inhibition of responses in a Go/NoGo task (such as
reflected by a frontal N2 event-related potential component).

4.1. Motor cortical inhibition in subjects
with TS

Impaired or altered inhibitory control has been proposed in many
studies as a major cause of TS (Stern et al., 2008). However, there are
also studies that did not find a deficient inhibitory performance
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(Ganos et al., 2014) or even an increased inhibitory control (Jackson
etal, 2011).

Consistent with previous studies, we replicated the maturation
related decline in GABA-mediated TMS-evoked N100 amplitudes
with increasing age (Bender et al.,, 2005; Bruckmann et al,, 2012;
D’Agati et al., 2014; Méittd et al,, 2019). Moreover, our data showed
that TMS-evoked N100 amplitudes decreases during motor
preparation and execution, providing further evidence that
TMS-evoked N100 represents motor cortical inhibitory processes. It
has been shown that the TMS evoked N100 component as well as the
TMS based long-interval intracortical inhibition (LICI) represent
GABAj-receptor mediated neurotransmission (Farzan et al., 2013;
Rogasch et al., 2013; Premoli et al., 2014). Therefore, the TMS-evoked
N100 has been proposed to represent cortical mechanisms associated
with GABAj-mediated motor cortical inhibition (Rogasch et al.,
2013). Singer et al. (2001) showed that baclofen, a GABAp-agonist, did
not lead to a reduction of tic symptoms in TS subjects. Our finding of
normal TMS-evoked N100 amplitudes at 110% RMT could contribute
to the notion that GABA;-mediated cortical inhibition in early
adolescent TS might not be generally altered in TS motor cortex.

Compared to control subjects, TS subjects showed no significantly
different resting motor thresholds as shown in other studies (Ziemann
etal.,, 1997; Moll et al., 1999, 2001; Orth et al., 2005; Heise et al., 2010).
However, when TMS was applied at progressive suprathreshold
intensities, MEP recruitment curves were shallower in subjects with
TS (Orth et al, 2008). The reported descriptively lower MEP
amplitude at 110% would be in line with a shallower I/O curve. For
most subjects, 40 and 60% MSO were subthreshold stimulation
intensities, so no MEP changes corresponding to the TMS-evoked
N100 could be obtained. Furthermore, motor cortex excitability was
shown to be reduced in TS when examined at suprathreshold intensity
during movement preparation (Heise et al., 2010; Draper et al., 2015)
as well as movement execution (Jackson et al., 2013).

Concise, our data showed a reduced modulational effects of motor
cortical inhibition in early adolescent subjects with TS for both motor
states (movement execution more strongly than movement
preparation) and increasing external stimulation, leading to a
shallower stimulus-intensity slope of the TMS-evoked N100
component. These findings corroborate to the notion that the
responsivity and recruitment of synaptic inhibition is deficient to both
top-down modulation and external stimulation in early adolescent TS
whereas axonal excitability is normal (Orth et al., 2005). Differences
of control subjects and TS subjects may arise due to differences in
balancing between motor cortical excitatory and inhibitory processes.
Orth et al. (2005) found a reduced inhibitory interaction between
sensory input and motor output in TS. They assumed that sensory
input could lead to a reduction of motor cortical output in order to
prevent involuntary movements. Therefore, a reduced disinhibition
during distinct motor states and in response to external stimulation
could represent a mechanism to reduce the triggering of tic
movements. Differences of cortical inhibition might arise due to a
divergent input from multiple sites within the cortico-basal ganglia-
thalamocortical circuit to the primary motor cortex. A recent
hypothesis classifies tics rather as a surplus of action due to an
abnormally strong perception-action binding (Beste and Miinchau,
2018). Our finding that modulation of motor cortex inhibition by
top-down control and by external stimulation was reduced in TS,
would be well compatible with increased perception-action binding,
i.e., a control of motor cortex excitability by other sources than within
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the motor system. A reduced top-down modulation of motor cortex
excitability could be seen as contributing to this strong perception-
action binding due to relatively stronger bottom-up than top-down
control. However, the similar effect of varying movement related brain
states and stimulation intensity rather points towards a reduced motor
inhibitory reserve to any kind of modulation within the motor system.
In any case, our findings are well compatible with increased
perception-action binding and point towards a specific contribution
of the developing motor system.

So far, mechanisms underlying altered top-down modulation of
motor cortical inhibition in TS have not been well understood, likely
because both, short- and long-range cortical patterns of cortical
connectivity may be involved. Various motor cortical excitability
measures in TS lead to the assumption that all motor cortical circuits
may show a reduced gain (for reviews, see Orth, 2009; Orth and
Miinchau, 2013). Many recent studies have focused specifically on the
role of the supplementary motor area (SMA) with regard to TS
pathophysiology and showed the following: First, the SMA shows
increased activity immediately before the onset of a tic (Bohlhalter
etal,, 2006). Second, functional connectivity between SMA and motor
cortex is increased in TS subjects compared to control subjects
(Franzkowiak et al,, 2012). Third, inhibitory repetitive TMS applied to
the SMA caused a decrease in tic frequency (Mantovani et al., 2006;
Kwon et al., 2011; Le et al,, 2013). Fourth, using magnetic resonance
spectroscopy, Draper et al. (2014) recently showed that GABA
concentration related to SMA was increased in TS subjects compared
to controls. Moreover, GABA concentration within the SMA was
inversely associated with motor cortex excitability. The altered
modulation of the TMS evoked N100 component during internal
modulation by movement states could be caused by “upstream
modifications in the SMA. However, we also observed an altered
modulation of the TMS-evoked N100 when the primary motor cortex
was stimulated at rest with different intensities. This suggests either a
deficit directly within the primary motor cortex or a tonic effect of
SMA inputs or other circuits (e.g., including the basal ganglia) on the
primary motor cortex at rest. From our data, we cannot infer which
other cortical or subcortical areas may be involved in reduced
efficiency of motor cortical inhibition in TS or which subcortical or
cortical areas may act as “tic generators,” creating unintended motor
system excitation and triggering of tic movements.

Even though our TS sample did not exhibit a uniform
operationalization of motor states regarding movement preparation
and initiation in comparison to previous studies, the most striking
distinction appears to be the lower age range of the investigated TS
sample. Many TS subjects gain control over their tics during
adolescence and experience symptom relief reaching adulthood. It is
presumed, that compensatory changes in brain structure and function
of adolescent TS subjects lead to an elevated tonic inhibition which in
turn improve the control over motor output (Plessen et al., 2004;
Serrien et al., 2005; Mueller et al., 2006; Jackson et al., 2011; Jung et al.,
2013). However, in our study, we investigated a reduced responsiveness
of the motor cortex rather than a generally increased cortical
inhibition. The age of the investigated TS sample could play a major
role regarding reported differences in TS related mechanisms. Since
TS shows an age-related development reaching the maximum severity
of symptoms in early adolescence (Bloch and Leckman, 2009),
compensatory mechanisms may adapt to developmental changes of
underlying deficits. It is conceivable that a reduced motor cortical
output as a response to external input is no longer sufficient to control
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involuntary movements effectively and may need to be replaced or
extended by an overall elevated tonic inhibition.

4.2. Limitations

It should be noted that some confounding influences may not
be completely ruled out regarding the TMS-evoked N100 component,
such as the sound produced upon TMS pulse emission. Although all
participants wore earplugs to minimize sensory confounds, it has been
shown that auditory evoked potentials (AEP) are nonetheless at least
partially superimposed upon the TMS-evoked N100 amplitude (Ter
Braack et al., 2015). Besides AEPs, also SSEPs can have an influence on
TEPs. However, previous studies investigated that early SSEP
components occur with a latency of around 20 ms following the pulse
(Verroust et al., 1990). Pokorny et al. (2022) showed, that late SSEP
components are most prominent over contralateral somatosensory areas,
in contrast to the analyzed N100 potential (ipsilaterally to the
stimulation). In this context, it has to be considered that most patients
with TS experience sensory hypersensitivity to internal and external
stimuli, due to altered central processing of perceptual information,
including auditory stimuli (Kleimalker et al,, 2020). Therefore, it cannot
be ruled out, that AEPs and SSEPs had a divergent influence on the TMS
evoked N100 component of the analyzed groups. However, the analysis
of broad TMS-evoked N100 areas under the curve should have
minimized possible AEP and SSEP influences. Moreover, children show
areduced auditory N100 component projecting from the auditory cortex
to central areas (Bender et al, 2005). No ICA components with
characteristic AEP topography could be detected, confounding our data.
AEPs show a lower amplitude, less duration and less lateralized potentials
than the TMS-evoked N100 component reported here.

5. Conclusion

Single-pulse TMS was used to assess alterations in motor cortical
excitability during resting condition, movement preparation and
movement execution in young adolescents with TS, OQur data showed
areduced cortical responsiveness of TS subjects to external stimulation
by TMS and a reduced modulational effects of movement related brain
states on motor cortical inhibition, compared to control subjects.
These results provide preliminary evidence of altered modulation of
motor cortical inhibition related to GABA;-mediated inhibitory
processes and show evidence for a reduced efficiency of the primary
motor cortical inhibition (reduced “inhibitory reserve”) in TS.
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6 Discussion

The main aim of this work was to investigate the neural mechanisms of motor control
underlying healthy brain development and to reveal deviations observed in TS. To provide a
comprehensive perspective on maturational trajectories, this dissertation integrates four
manuscripts, each examining different aspects of motor control. The combination of behavioral
data with multimodal neuroimaging (EEG and fMRI), as well as the integration of TMS-EEG,
enables a detailed understanding of developmental restructuring processes. The following
discussion integrates the key findings from these studies to identify overarching patterns,

address methodological strengths and limitations, and outline directions for future research.

6.1 Summary of Main Findings across Manuscripts

The first publication focused on healthy motor network maturation. The study provides detailed
evidence of developmental changes in attention allocation, motor preparation, and movement
evaluation in healthy children aged 5 to 16, using high-density EEG and a directional CNV task
paradigm. Behaviorally, younger children showed higher error rates and slower reaction times.
The most pronounced changes in motor control were observed in children aged 5 to 8 years,
following a curvilinear pattern. At the neural level, this developmental progress was reflected
in increasingly more efficient recruitment of the SMA during processes related to attention
allocation and movement preparation. Younger children showed increased engagement in
posterior visual areas, suggesting a stimulus-driven orienting strategy, while older participants
exhibited a shift toward anterior top-down attention networks. These changes support a
developmental transition from reactive to proactive motor control. Additionally, mu-rhythm
activity indicated a transition from ipsilateral inhibition in younger children to contralateral

motor preactivation in adolescents, reflecting the maturation of hemispheric specialization.

Building on the EEG analysis of typical development, the second study investigated functional
connectivity patterns in children with TS compared to age and gender-matched controls.
Despite comparable behavioral performance between groups, the EEG analyses revealed
pronounced deviations in TS at the network level. Following the informative S1 warning-cue
of the CNV paradigm, children with TS showed widespread reductions in theta-band
connectivity strength and significantly decreased network efficiency across all investigated

brain regions (frontal, central, parietal, and occipital regions). These deviations may indicate
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difficulties in sensorimotor integration and attentional resource allocation, but could although
reflect compensatory mechanisms to prevent premature motor output. During the processing of
the imperative cue S2, connectivity patterns remained altered in TS, with increased coupling
observed in SMA and premotor areas. However, connectivity strength was no longer reduced,
and network efficiency did not differ significantly from controls, indicating a compensatory
network reorganization during late motor preparation and execution. This pattern may account
for the intact motor performance observed in TS, despite preceding disruptions in connectivity

during early preparatory phases.

The third study extended the analysis with fMRI-based DCM to probe effective connectivity
patterns in both healthy children and adolescents and those with TS. In healthy development,
improved accuracy and faster reaction times were accompanied by stronger SMA-M1 coupling
and increased inhibitory influence from the intraparietal sulcus (IPS) to SMA, suggesting a
developmentally refined top-down control over motor output. In contrast, children with TS
exhibited, besides normal or even enhanced motor task performance, increased task-related
activation in ipsilateral M1 and S1, and abnormal interhemispheric connectivity, such as
increased excitatory influence from left to right IPS. These findings point to an altered
integration of sensory and spatial information across hemispheres, potentially compensating for
deficits in inhibitory control. A shift from an inhibitory to an excitatory influence of the IPS on
the PMC in TS, as opposed to healthy motor control, may contribute to hyperexcitability in
contralateral motor regions. Results indicated that TS patients may achieve normal motor

performance by recruiting additional, reactive control mechanisms.

The fourth study combines TMS and EEG to directly compare dynamic motor cortex inhibition
in healthy development and TS-related deviations. In both groups, developmental changes were
characterized by a significant age-related reduction in N100 amplitudes during rest, reflecting
the typical maturation of cortical inhibitory circuits and improved inhibitory control. Moreover,
the study provides evidence for altered modulation of motor cortical inhibition in children and
adolescents with TS, rather than a general reduction in inhibitory capacity. While baseline N100
amplitudes at rest were comparable between groups, individuals with TS showed a reduced
modulation of N100 amplitudes in response to both rising TMS intensity and varying motor
states (movement preparation and execution). These results indicate that TS involves not a

global deficit in inhibition, but a reduced capacity to dynamically regulate cortical inhibition.
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6.2 Integration and Interpretation

6.2.1 Healthy Development of Motor Control

Across all studies, behavioral improvements, characterized by reduced reaction times and
improved accuracy, were accompanied by increasingly refined motor-related brain activation
and connectivity patterns. The findings reinforce and extend previous work showing that motor
performance and underlying neural activation mature well into adolescence (Constantinidis &
Luna, 2019; Schulte et al., 2020). Both neuroimaging studies highlighted the crucial
involvement of the SMA in maturational processes. While EEG data indicated an increased and
earlier regulatory influence of the SMA on preparatory processes of motor control, fMRI data
revealed pronounced connectivity changes, specifically a shift in SMA influence on ipsilateral
M1 from inhibitory to excitatory, reflecting maturation of top-down motor regulation. Notably,
this shift in SMA-M1 connectivity correlated with task accuracy, directly linking these neural
changes to improvements in motor control. Furthermore, an increased inhibitory influence of
the IPS on the SMA was also associated with higher task accuracy, reflecting the integration of

cognitive and motor demands (Chen et al., 2010; Nachev et al., 2008; P. Nachev et al., 2007).

Maturational changes in SMA integration were accompanied by a shift toward increased
contralateral motor excitation and reduced ipsilateral recruitment. While fMRI revealed an age-
related increase in left parietal activity (IPL, IPS, SPL, postcentral gyrus), regions central to
attention, sensorimotor integration, and motor planning (Adleman et al., 2002; Grefkes et al.,
2004; Hoffstaedter et al., 2013), EEG data showed a reduction in posterior-temporal and
occipital activity during processes related to early orienting responses. These results seem to be
contradictory, however likely reflect differences in task-specific demands and motor control
processes. The fMRI task involved direct sensorimotor integration, requiring participants to
respond immediately to arrow cues. This task engages parietal regions critical for visuomotor
transformation (Andersen & Buneo, 2002; Culham & Valyear, 2006; Gogtay et al., 2004), and
the observed increase in left parietal activity with age suggests enhanced efficiency and
maturation of these sensorimotor pathways (Casey et al., 2005; Scherf et al., 2006). In contrast,
the EEG task emphasized anticipatory processes, with participants preparing for an upcoming
response following a warning stimulus in a CNV paradigm. Importantly, the analyzed iCNV
time window primarily captures preparatory attentional and cognitive control mechanisms,

rather than processes of sensorimotor integration (Bender et al., 2004; Nagai et al., 2004;
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Rohricht et al., 2018). The observed reduction in posterior activity with age likely indicates a
developmental refinement of attentional allocation, as older participants may rely less on visual
and associative regions during the preparatory phase (Casey et al., 2005; Konrad & Eickhoft,
2010; Turoman et al., 2021). Thus, these findings highlight that developmental changes in
neural activity are closely modulated by the distinct cognitive and motor demands of each

context.

TMS-EEG data provided additional insight into the maturation of intracortical inhibitory
mechanisms. Specifically, when TMS was applied over M1, I observed an age-related decrease
in the amplitude of the TMS-evoked N100 component. The N100 is widely considered a marker
of GABAg-mediated inhibitory processes in the cortex (X. Du et al., 2018; Harrington &
Hammond-Tooke, 2015; Premoli et al., 2014). This developmental reduction in N100
amplitude suggests a refinement of inhibitory and excitatory circuits within M1 as children
mature into adolescence. Such changes likely reflect increased neural efficiency and a shift
toward more precise, context-dependent modulation of motor cortical excitability, supporting

the observed improvements in motor control and coordination.

The analyses showed that basic sensorimotor networks are present in early childhood, however,
their organization evolves from local, random connectivity toward more globally efficient and
integrated patterns through adolescence (Berchicci et al., 2015; Fair et al., 2007; Supekar et al.,
2009). Recent studies extended the developmental framework by integrating the role of motor
skill training and cognitive development during critical periods (Chen et al., 2024; Veldman et
al., 2019). These findings expand our results by suggesting that both natural maturation and
extended motor experiences contribute to the refinement of neural circuits supporting motor
control. Motor network development is not a linear process, but a dynamic reorganization of
neural systems driven by both intrinsic maturation and experience-dependent plasticity. This
reorganization is accompanied by a fundamental age-related shift from predominantly reactive
motor control in early childhood to increasingly proactive, anticipatory control in older
subjects, reflecting the increasing integration of cognitive and motor processes (Chevalier et
al., 2014; Killikelly & Szucs, 2013). Together, these multimodal findings provide a
comprehensive framework for understanding how the maturation of both large-scale networks
and local inhibitory mechanisms supports the development of efficient, flexible motor control

throughout childhood and adolescence.
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6.2.2 TS-related Deviations in Motor Control

When comparing these healthy developmental trajectories with TS-related findings, the data
provide pronounced evidence that widespread and multi-level deviations in motor network
organization and function characterize the disorder. The analyses revealed that children and
adolescents with TS show alterations that extend the classical cortico-striatal-thalamo-cortical
(CSTC) loop, involving broader sensorimotor and associative networks. Behaviorally, children
and adolescents with TS showed comparable or even improved performance in motor reaction
tasks, but exhibited deficits in blink suppression, highlighting specific deficits in inhibitory

control.

At the neural level, EEG analyses revealed reduced theta-band connectivity and decreased
network efficiency following informative warning cues. The findings indicated impaired
sensorimotor integration and constrained flexibility in neural networks. This reduced variability
in network function was paralleled by findings from TMS/EEG studies, which revealed reduced
modulatory capacity of M1 inhibition during motor preparation and execution. Notably, as
children with TS did not exhibit an increased error rate due to premature button presses
following the warning cue, the observed reduction in theta connectivity may reflect a
compensatory mechanism aimed at weakening perception-action binding, thereby preventing
involuntary motor outputs. Recent studies have identified increased perception-action binding
(“hyper-binding”) to play a crucial role in TS (Friedrich et al., 2021; M. Kleimaker et al., 2020;
Petruo et al., 2019). This increased binding of stimulus and response-related features results in
a reduced ability to modulate motor output, especially in situations requiring behavioral
flexibility. fMRI data further support this interpretation, revealing a shift from inhibitory to
excitatory influence of the IPS on the PMC. This pattern contrasts with the typical inhibitory
influence from IPS to premotor areas observed in healthy children and may reflect a hyperactive

sensorimotor system that causes the described increased binding of perception and action.

Following the imperative stimulus (S2), when motor execution was necessary, EEG data
revealed a reorganization of network coupling, particularly increased connectivity in SMA and
premotor areas. Despite these changes, network efficiency and motor performance remained
intact, possibly reflecting effective compensatory adaptations. fMRI-based effective
connectivity findings added important spatial and directional context to the EEG results. The

data showed an altered interhemispheric connectivity, particularly increased excitatory
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influence from the left to the right IPS. Furthermore, subjects with TS revealed overactivation
of M1 and S1, which correlated with task accuracy, suggesting recruitment of additional brain
networks to support motor performance. The recruitment of additional brain regions during
voluntary movements has been previously reported in other studies (Roessner et al., 2013;
Roessner et al., 2012; Zapparoli et al., 2016), however, the results directly link ipsilateral M1/S1
overactivation to improved reactive motor performance. These adaptations appeared specific to
reactive control mechanisms and did not reflect broader inhibitory deficits. Moreover, the
finding that network efficiency improves during late stages of motor preparation and execution
suggests that temporal specificity is crucial: deficits may be more prominent during anticipatory
processes and stimulus processing, while reactive mechanisms may be intact or even enhanced
in TS. Although these compensatory adaptations may support preserved motor performance in
simple tasks, they could also contribute to motor network hyperexcitability, impaired
sensorimotor integration, and abnormal perception-action binding (Beste et al., 2016; A.

Kleimaker et al., 2020; Petruo et al., 2019).

While our findings, as well as other studies (Jackson et al., 2015; Jung et al., 2013; Mueller et
al., 2006) demonstrate that children and adolescents with TS can maintain or even enhance task
accuracy in voluntary motor control through compensatory recruitment of additional
sensorimotor resources; this compensation has clear limits. Specifically, TS participants
continued to show deficits in sustained motor inhibition (Yaniv et al., 2017), as evidenced in
the third study by poorer performance in blink suppression tasks. This suggests that while
compensatory mechanisms can support certain aspects of motor function, they do not fully
extend to all inhibitory processes. The reduced flexibility in dynamically regulating inhibition,
as revealed by TMS/EEG, may therefore particularly impact tasks that require sustained or

proactive inhibitory control.

Taken the results together, tic-related deviations seem to underly disrupted or delayed
maturation of long-range, top-down control networks that impair the ability to proactively
prepare and inhibit motor responses. However, as a compensatory mechanism, the motor
system adapts by recruiting additional or alternative neural resources during movement
preparation and execution, which leads to normal or even improved motor performance. In
summary, the multimodal findings highlight that network immaturity and compensatory
reorganization are key characteristics of tic-related neural deviations. By integrating data across

multiple modalities, I was able to differentiate between reduced adaptive regulatory
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mechanisms, such as inflexible inhibitory control, and compensatory adaptations, including the
recruitment of alternative neural pathways. TS is not a simple disorder of delayed development,
but a dynamic, complex, and context-dependent network reorganization. Compensatory
adaptations can enhance performance in specific domains but may coexist with persistent
deficits and broader network alterations. This integrated perspective provides a framework for
understanding the heterogeneity of motor control in TS and highlights potential targets for

individualized intervention.

Although EEG and fMRI-derived measures, such as CNV components, oscillatory dynamics,
TEPs, or connectivity patterns, were able to precisely identify developmental and disorder-
related differences, the potential usability as clinical biomarkers remains limited. Given the
complex and dynamic pathophysiology of TS, these measures should be interpreted cautiously,
require further validation before clinical application, and might be better considered as a
complementary tool rather than a stand-alone diagnostic marker. However, these data may
contribute to a broader multimodal biomarker framework when integrated with other clinical
and neurobiological measures (Saha et al., 2025; Woo et al., 2017). To move toward clinical
applicability, future research will require larger, longitudinal datasets, replication across
cohorts, and enhanced integration with behavioral data to capture the complex characteristics
of TS and other disorders (Cortese et al., 2023; Ewen et al., 2019; Uddin et al., 2017). With
further validation, multimodal data could help to identify clinical subtypes, predict individual

developmental trajectories, and estimate intervention outcomes.

6.3 Methodological Strengths

This cumulative dissertation combines several methodological strengths that enhance the
robustness and interpretability of the discussed findings. Except for TMS/EEG findings,
analyses were based on a shared, well-characterized cohort of children and adolescents,
including both typically developing individuals and participants with TS. This consistency

across studies increased the comparability of the reported results.

A key strength lies in the multimodal approach (Barch & Carter, 2016), integrating high-
temporal-resolution EEG, TMS-evoked EEG measures, and high-spatial-resolution fMRI. This
combination enabled complementary insights: EEG allowed for the precise temporal tracking

of motor preparation and cognitive control processes (e.g., CNV, oscillatory activity, and
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connectivity dynamics), while TMS-EEG enabled the direct assessment of cortical excitability
and inhibitory function. In parallel, fMRI provided spatially detailed insights into motor
network connectivity and its developmental changes. By integrating these methods, I enabled
a more comprehensive understanding of the neurophysiological mechanisms underlying motor
control than any single modality alone could provide. The use of advanced connectivity
analyses, such as sensor-space graph theoretical measures in EEG and effective connectivity
modeling in fMRI (DCM), reflects a further methodological strength (Bassett & Sporns, 2017;
Friston et al., 2003; Rubinov & Sporns, 2010; Stam & Reijneveld, 2007). These analyses moved
beyond traditional activation-based approaches and allowed for an investigation of network-
level dynamics and directional interactions between brain regions. This was particularly
important for understanding sensorimotor integration and the mechanisms of compensation in

TS.

In addition, the age range and inclusion of young children starting at age five allowed the
investigation of childhood developmental changes, a period often underrepresented in
neuroimaging studies, due to methodological and practical challenges (Gilmore et al., 2018).
This enabled the identification of non-linear developmental patterns (Casey et al., 2005;
Johnson, 2011). Moreover, including younger children enhances the sensitivity to detect critical
periods of increased neuroplasticity, when interventions or environmental factors may have the

highest impact on brain reorganization processes.

6.4 Limitations and Methodological Considerations

While each study in this work addressed its specific methodological limitations, it is important
to consider general and shared constraints to place the findings in a broader context and to guide

future research.

One major limitation across the studies is the cross-sectional design, which restricts the ability
to draw conclusions about individual developmental trajectories or to capture intra-individual
changes over time. A longitudinal approach would have been particularly valuable for
examining how motor control and brain connectivity evolve within the same individuals and
how these changes relate to symptom persistence or remission in children with TS. A
longitudinal design offers several advantages: (1) reduces the influence of inter-individual

variability and between-subject noise, (2) enables precise analysis of individual developmental
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trajectories, (3) links neural changes to behavioral or symptomatic progression, (4) enables the
identification of neural predictors of future behavioral outcomes or symptom development and

a more reliable identification of biomarkers.

Another primary limitation involves the sample size, particularly for the analysis of TS-related
neural and behavioral deviations. Small sample sizes limit statistical power and the
generalizability of the findings. Power failure can lead to a reduced probability that a
statistically significant finding corresponds to true neuronal effects and significantly reduce
reproducibility (Button et al., 2013). The analysis of TS-specific deviations was constrained by
(1) the exclusion of subjects with comorbid ADHD to isolate disorder-specific effects in the
second study and (b) fMRI-DCM requirements for right-handed responses and ipsilateral
activation, which led to the exclusion of several participants in the third study. While this step
improved the interpretability of the connectivity modeling, it reduced the final sample available

for advanced analyses.

From a methodological perspective, EEG provided high temporal resolution, making it well-
suited for investigating fast neural processes. However, its limited spatial resolution remains an
important limitation. While the application of source reconstruction methods in the EEG studies
enhanced spatio-temporal resolution (Burle et al., 2015), integrating individual MRI-based
source models could have refined spatial precision even further (Michel et al., 2004). However,
I chose not to implement this approach, as not all participants were able to complete fMRI

sessions, which would have further reduced the sample size.

Finally, the inclusion of participants with comorbid ADHD in the TS group in the TMS-EEG
and MRI-based analyses introduces potential confounding effects, as it is not possible to
precisely break down the specific contributions of each condition to the observed neural and
behavioral patterns. Nevertheless, this approach reflects the clinical characteristics of TS, which
frequently show multiple comorbidities (Hirschtritt et al., 2015). While the integration of
comorbid ADHD introduces additional variability in the data, it significantly increases the

clinical relevance of the findings.

In sum, while these limitations do not undermine the main findings of this work, they highlight
important areas for improvement in future studies, particularly the integration of longitudinal

study designs, recruitment of larger samples, and control for confounding variables.
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6.5 Future Directions

Building on the presented findings, future studies should address the methodological
constraints: (1) a longitudinal study design to disentangle whether observed neural patterns
reflect transient, developmental delays, persistent alterations, or compensatory adaptations,
particularly concerning symptom persistence or remission, (2) integrating individual structural
MRI data into EEG analysis for more accurate source localization and spatial precisicion, (3)

include larger samples to improve statistical power.

Importantly, some of the methodological challenges outlined above are already being addressed
in ongoing analyses using the same dataset. I am currently combining EEG with individual
MRI-based source localization in the resting state, allowing for more spatially precise
investigation of functional connectivity in both TS and typically developing children. These
analyses include phase synchronization and EEG microstate analysis, offering deeper insights

into temporal dynamics and functional organization of neuronal networks.

Building on this work, a new follow-up study has been initiated for the next funding period,
with several conceptual and methodological advancements. (1) A third clinical group with
ADHD has been included to allow for a more precise differentiation between TS- and ADHD-
specific effects. (2) We also integrated fNIRS with EEG recordings to improve spatial
resolution while preserving temporal accuracy. (3) Lastly, we introduced a hyperscanning
paradigm in which children and their parents perform cooperation and competition tasks

simultaneously, allowing us to investigate the effects of social interactions.

While the ongoing projects already address key limitations of the current work, further
conceptual improvement could increase clinical relevance. A shift towards individual-level
predictions rather than group comparisons could be highly beneficial. Machine learning
algorithms, such as classifiers or regression models, could identify subject-specific
neurodevelopmental characteristics that predict behavioral outcomes or treatment response. In
addition, upcoming research should increase the focus on processes besides motor control.
Given that TS often co-occurs with attentional and emotional regulation difficulties, it is
essential to examine interactions between motor, cognitive, and affective networks across
development. Further research into compensatory mechanisms may clarify whether these

adaptations represent long-term benefits or impairments.
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Finally, these findings can support the development of targeted interventions. Behavioral
training and non-invasive neuromodulation techniques (e.g., neurofeedback, TMS) could be
applied during crucial developmental phases, identified as sensitive to network reorganization.
Such approaches may not only refine our understanding of developmental neuroplasticity but
also offer possibilities for individualized, mechanism-based treatment strategies and outcome

predictions.
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Supplementary material

10.1 Study 1: From preparation to post-processing: Insights into evoked and induced

cortical activity during pre-cued motor reactions in children and adolescents

Table 1. Mean ERP amplitude values [pV]+ standard deviation for each CNV component.

Significances (p < 0.17) or trends towards significance (p <.33) are indicated for the respective values.

Evoked activity
of CNV Age Group SMA [uV] M1 right [uV] MI lefi [uV]
Component
5- to 8-year-old 0.28 +£2.33 -0.44+29 -0.11+2.37
. . -3.87+2.89 -1.73+2.44
ICNV right 9- to 12-year-old -0.66 + 2.08
response #(-5.52); p <.001 1(-2.93); p = .01
condition
-2.98 £2.32
13- to 16-year-old 04=+1.11 -0.42 +1.86
#(-4.99); p < .001
-1.15+1.38
5- to 8-year-old 0.04+3.24 -0.8 +£3.05
#(-2.88); p = .02
ICNV left -3.45+3.29
response 9-to 12-year-old 0.02+2.34 -1.11+2.77
condition 1(-4.33); p < .001
-2.58+1.75
13- to 16-year-old -0.21+1.5 0.06 +2.11
#(-5.73); p < .001
5- to 8-year-old -0.4+£3.21 -0.6 £2.83 -0.59 £ 1.59
. -3.66 £ 2.66 -2.49+£2.07
[CNV right 9- to 12-year-old -0.17 £2.08
response 1(-5.67); p <.001 | #(-4.96); p <.001
condition
-3.3£2.13 -1.23+£1.37
13- to 16-year-old -0.31+2.16
#(-6); p <.001 #(-3.48); p = .004
-1.7+1.87
5- to 8-year-old -1.32+£3.61 -0.4+£4.35
#(-3.15); p = .009
[CNV left -3.52+3.62 -1.05 + 1.52 131+ 191
response 9- to 12-year-old
condition #(-4.02); p<.001 | #-2.84); p=.01 | #(-2.84); p=.01
-2.74 £ 1.53 -1.74 £ 1.49 -1.66+1.87
13- to 16-year-old
#(-6.96); p <.001 | #(-4.54); p<.001 | #(-3.43); p=.004
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-4.13 +£3.01
5- to 8-year-old -0.25+2.94 -1.32+4.29
1(-4.75); p <.001
PINV right -2.73+3.04 -1.57+3.16 -2.53 +£3.23
response 9- to 12-year-old
condition 1(-3.7); p=.002 | #(-2.05); p=.057 | #(-3.23); p =.005
-3+2.18 -1.49+ 1.1
13- to 16-year-old 0.15+1.97
#(-5.35); p <.001 #(-5.26); p <.001
-2.79+£4.32 -3.02 £2.95
5- to 8-year-old -1.48 £3.14
#(-2.23); p = .05 | #(-3.54); p = .005
PINV left -3.15 + 3.66 -2.7£2.08
response 9-to 12-year-old -1.21 +3.66
condition #(-3.55); p=.003 | #(-5.35); p <.001
-2.49 + 1.65 -1.24 +1.86
13- to 16-year-old -0.56 = 1.81
#(-5.86); p <.001 | #(-2.58); p=.02

Table 2 Mean ERP latency values [ms] + standard deviation for each CNV component.

Latencies of

evoked activity .
of CNV Age Group SMA [ms] M1 right [ms] M1 left [ms]
Component
5- to 8-year-old 1116+ 115 951 £155 1010 + 230
iCNV right
response 9-to 12-year-old 1057+ 177 965 £223 1160 + 192
condition
13- to 16-year-old 982 £ 161 1075 + 183 1112+ 163
5- to 8-year-old 1136 £ 73 1091 £ 263 1108 £ 137
iCNV left
response 9-to 12-year-old 1132+ 182 1155+215 1064 + 149
condition
13- to 16-year-old 941 + 294 1072 £ 205 998 + 171
5- to 8-year-old 1102 £ 203 918 +276 1023 £ 112
PINV right
response 9-to 12-year-old 990 + 265 868 + 252 1103 + 185
condition
13- to 16-year-old 942 £ 189 1169 + 159 1097 + 174
5- to 8-year-old 1040 £ 161 1019 + 193 1020 + 195
PINV left
response 9-to 12-year-old 898 £ 210 957 +£209 1029 + 138
condition
13- to 16-year-old 912 £ 246 1054 + 242 1094 +219
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Table 3 Mean LRP amplitude values [puV]+ standard deviation of alpha-ERD for each CNV

component. Significances (p < 0.5) are indicated for the respective values.

Alpha-ERD |~
LRP of CNV | 8¢ | Mllefi/ Miright [uV]
Group
Component
5-t08-|.12.73 + 14
year-
old #(-3.14); p = .009
9- to
iICNV right | 12- -9.79 + 10.64
response | year- | y(.3.8): p=.002
condition old
13- to
16- -5.83 + 8.67
year- | 4.3.77); p=.002
old
5-t08- | .24.43+27.97
year-
old #(-3.82); p=.003
9- to
response year- (3.4, p= 004
condition old
13- to
16- -23.25£20.22
year- | 4(.4.45); p<.001
old
5-t08-| .94+ 12.19
year-
old 1(-6.67); p = .02
9- to
PINV right | 12- 2604975
response year- : :
condition old
13- to
16- -5.83 + 8.67
year-— 1 #(-2.6); p=.02
old
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Figure 1. Scatterplot of alpha power changes over centro-parietal scalp areas. Data points represent

mean values of alpha ERD (%) for both response conditions and each subject, respectively for the

ipsilateral (blue dots) and contralateral hemisphere (red dots). The associated colored lines show the

fitting of a linear regression with an age-related decrease of ERS over ipsilateral motor areas and an age-

related increase of ERD over contralateral motor areas.
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10.2 Study 2: Altered Network Connectivity and Global Efficiency in Tourette

Syndrome: Insights into Sensorimotor Integration

Table 1 Significant connectivity differences between groups during S1 processing. Please note that
rPLV differences were not FDR-corrected due to the large number of regions and tests, making

correction impractical.

Typ Area Time Mdn Mdn 0] p-value |r
window [IQR] TS | [IQR] CO
Within Ml -2900 to 0.128 0.238 124 .041 31
Area 2800 [0.189] [0.159]
POR -3000 to 0.144 0.438 112 .018 28
2900 [0.318] [0.372]
POR -2900 to 0.182 0.510 81 .001 2
2800 [0.299] [0.302]
POR -2800 to 0.030 0.159 92 .004 23
2700 [0.129] [0.154]
Between DLPFC - |-3100 to 0.081 0.162 117 .026 29
Area SMA/PMA | 3000 [0.123] [0.169]
DLPFC - |-3000 to 0.126 0.251 124 .041 31
SMA/PMA | 2900 [0.147] [0.101]
DLPFC - |-3200 to 0.046 0.070 127 .049 32
Ml 3100 [0.032] [0.073]
DLPFC - |-3100 to 0.102 0.218 101 .008 25
M1 3000 [0.147] [0.160]
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DLPFC  —|-3000 to -|0.133 0.242 110 016 28

Ml 2900 [0.180] | [0.214]

DLPFC  —|-2900 to -|0.153 0.257 109 015 27

Ml 2800 [0.190] | [0.207]

DLPFC—S1 | -3200 to - | 0.002 0.072 115 022 29
3100 [0.110] | [0.128]

DLPFC-S1 | -3100 to - | 0.040 0.167 100 007 25
3000 [0.179] | [0.149]

DLPFC—-S1 | -2900 to - | 0.139 0.234 126 047 32
2800 [0.201] | [0.207]

DLPFC—-S1 | -2800 to - | 0.151 0.346 78 001 2
2700 [0.155] | [0.194]

DLPFC  —|-3000 to - | 0.349 0.467 123 039 31

POR 2900 [0.285] | [0.220]

DLPFC - |-2900 to -|0.237 0.392 99 007 25

POR 2800 [0.230] | [0.303]

DLPFC - |-2800 to -|0.154 0.289 117 026 29

POR 2700 [0.117] | [0.305]

SMA/PMA | -2900 to - |0.137 0.302 101 .008 25

—S1 2800 [0.230] | [0.198]

SMA/PMA | -3000 to - |0.300 0.388 108 013 27

- PPC 2900 [0.203] | [0.178]

SMA/PMA | -2900 to - |0.183 0.301 114 02 29

- PPC 2800 [0.219] | [0.181]
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SMA/PMA | -2800 to - |0.305 0.369 109 014 28

- PPC 2700 [0.212] | [0.180]

SMA/PMA | -3000 to - |0.335 0.637 117 027 29

- POR 2900 [0.333] | [0.438]

SMA/PMA | -2900 to - |0.301 0.510 101 008 25

- POR 2800 [0.282] | [0.241]

SMA/PMA | -2800 to - |0.220 0.319 126 047 32

- POR 2700 [0.153] | [0.180]

MI-PPC |-3000 to -|0.333 0.481 121 034 3
2900 [0.237] | [0.260]

MI—PPC | -2800 to -|0.181 0.296 115 022 29
2700 [0.127] | [0.166]

MI—POR |-3000 to -|0.347 0.632 86 002 22
2900 [0.174] | [0.300]

MI—POR |-2900 to -|0.376 0.492 114 021 29
2800 [0.220] | [0.292]

MI-POR |-2800 to - |0.209 0.316 92 003 23
2700 [0.137] | [0.182]

SI-POR |-3100 to - |0.462 0.768 125 044 31
3000 [0.279] | [0.587]

SI—-POR | -3000 to -|0.274 0.571 118 028 3
2900 [0.300] | [0.390]

SI—-POR |-2800 to -|0.274 0.437 121 034 31
2700 [0.347] | [0.343]
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PPC-POR | -3000 to - |0.294 0.660 118 028 29
2900 [0317] | [0.406]

Note. DLPFC = dorsolateral prefrontal cortex; SMA/PMA = supplementary motor area/premotor area;
M1 = primary motor cortex; S1 = primary somatosensory cortex; PPC = posterior parietal cortex; POR

= parieto-occipital region.

Table 2 Significant connectivity differences between groups during S2 processing. Please note that
rPLV differences were not FDR-corrected due to the large number of regions and tests, making

correction impractical.

Typ Area Time window | Mdn Mdn 0] p-value |r
[IQR] [IQR] CO
TS

Within DLPFC 400 to 500 0.078 0.183 117 .026 29

[0.171] | [0.164]

SMA/PMA | 200 to 300 0.165 | 0.099 123 041 31
[0.220] | [0.173]

SMA/PMA | 300 to 400 0275 | 0.186 125 044 31
[0.186] | [0.224]

POR 200 to 300 0374 | 0.618 125 044 31
[0.316] | [0.583]

Between | DLPFC  — | 400 to 500 0253 [ 0.341 118 028 3
Ml [0.165] | [0.144]
DLPFC—-S1 | 0to 100 0.080 | 0.139 125 044 31

[0.095] | [0.165]

DLPFC—S1 | 300 to 400 0.166 | 0.331 111 017 28
[0.194] | [0.201]
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DLPFC—S1 | 400 to 500 0.161 | 0.398 97 006 24
[0.226] | [0.293]

DLPFC - | 400 to 500 0.184 | 0.378 108 013 27
PPC [0.164] |[0.219]

SMA/PMA | 400 to 500 0203 |0.351 119 029 3
-PPC [0.203] | [0.194]

SI-POR | 200 to 300 0.483 | 0.706 115 022 29

[0.390] | [0.523]

Note. DLPFC = dorsolateral prefrontal cortex; SMA/PMA = supplementary motor area/premotor area;
M1 = primary motor cortex; S1 = primary somatosensory cortex; PPC = posterior parietal cortex; POR

= parieto-occipital region.
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10.3 Study 3: Motor Network Organisation in Healthy Development and Chronic Tic

Disorders

Table 1. Sample sizes per paradigm and analysis type

Sample size  Healthy control subjects (HC) | Patients and matched controls (TD; HC)
Internal External Internal External

Behavioural N =52 N=55 N=21;17 N=21;20

fMRI N =45 N =43 N=14; 15 N=12; 15

DCM - N=24 - N=10; 10

Table 2. Age distribution of healthy control subjects across analysis samples (External condition)

Age group (Years) Behavioural (N =55) fMRI (N = 43) DCM (N =24)
5-8 N=13 N=6 N=4
9-11 N=19 N=15 N=8
12-14 N=14 N=13 N=6
15-17 N=9 N=9 N=6

Statistical analysis of behavioural data

Across all trials, RTs below 150 ms, exceeding 2000 ms and outliers beyond three standard deviations
(SD) from individual averages per condition were excluded.! Per condition, we determined participants’
average individual RTs to evaluate psychomotor speed. We calculated the percentage of correct
responses (i.e., the proportion of correct responses relative to the total number of stimuli presented) to
indicate task accuracy. For non-informative cues, error responses were defined as misses or false alarms.
For the ‘External’ condition, misses, false alarms, and inaccurate responses (button presses on the side
opposite to the one indicated by the arrow) were defined as error responses. When subjects pressed more

than one button following the stimulus presentation, only the initial response was considered. To
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quantify blink reduction, we calculated the mean number of blinks across suppression and release
blocks. Difference scores were derived by subtracting the mean number of blinks over the suppression
blocks from the mean number of blinks over the release blocks. The absolute percentage of blink
reduction across blocks was calculated by dividing the difference score by the mean number of blinks
across the release blocks. To study the development of motor network functions, we explored the
relationship between age (mean-centred) and task measures (RT, accuracy) using regression analyses,
including linear, quadratic, and cubic models within the healthy sample. For clinical comparisons, group
differences between TD patients and age-matched healthy controls were calculated using independent-

samples t-test or non-parametric Mann-Whitney-U tests depending on data distribution.

Figure 1. Developmental trajectories of behavioural performance in the ‘Internal’ task-condition
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Developmental trajectory of internally cued responses in typically developing children and adolescents (N = 52).
Regression analyses revealed linear age-related improvements in accuracy (teal; R>=0.240, B=1.401, P <0.001)
and a steep decline in reaction times during early childhood (purple; R>= 0.359, B = 3.475, P < 0.001). Reaction
times are displayed in milliseconds (ms). Each data point represents one participant. Teal triangles represent
individual accuracy values; purple circles represent individual reaction time values. Dashed lines indicate 95%

confidence intervals for the fitted regression lines.
fMRI data acquisition and analyses

To minimize movement artifacts, participants were trained in a mock-scanner before the scanning

session, receiving feedback on head-motion while practicing the fMRI paradigms in a realistic setting.
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Additionally, participants’ heads were fixated using foam pads surrounding the head. MRI scans were
performed on a 3 Tesla Siemens MAGNETOM Prisma scanner (Siemens Healthcare, Erlangen,
Germany). T1-weighted structural images were acquired by a magnetization-prepared rapid gradient
echo (MP-RAGE) sequence (repetition time [Tr] = 1790 ms, echo time [Tg] = 2.53 ms, flip angle = 8°,
number of slices = 176, slice thickness = 0.9 mm, interslice gap = 0.45 mm, field of view [FOV] =256
mm, voxel size = 0.9 x 0.9 x 0.9 mm). Whole-brain T2-weighted functional images were obtained using
an echoplanar imaging (EPI) multiband sequence, with blood oxygenation level-dependent (BOLD)
contrast (Tr = 980 ms, Tt = 30 ms, flip angle = 70°, number of slices = 64, slice thickness = 2.0 mm,
interslice gap = 0.2 mm, FOV = 207 mm, voxel size = 2.2 x 2.2 x 2.0 mm). Slices were acquired in
transversal orientation in an interleaved order. Image pre-processing was performed using Statistical
Parametric Mapping (SPM12; The Wellcome Centre for Human Neuroimaging, UCL Queen Square
Institute of Neurology, London, UK [www.fil.ion.ucl.ac.uk/spm]) implemented in MATLAB (The
MathWorks, Natick, USA). Pre-processing included slice timing about the middle slice, SPM12
standard realignment and unwarping to account for motion, co-registration to the mean EPI image,
normalization to Montreal Neurological Institute (MNI) stereotactic space using unified segmentation
based on the SPM tissue probability map for six tissue classes, and spatial smoothing with 8§ mm full
width at half-maximum isotropic Gaussian kernel, to reduce noise. Task-related blood oxygen level-
dependent (BOLD) responses were modelled using the GLM framework, with contrasts capturing left-
and right-handed movements (from the time of stimulus presentation until button presses) relative to
baseline. Contrast images were produced as follows: ‘right-handed movements > resting baseline” and
‘left-handed movements > resting baseline’. Model parameter estimates and t-statistic images were
submitted to group-level analysis. Separate one-sample t-tests were conducted for healthy control
subjects and TD patients to explore whole-brain task-related activations for these contrasts. For the
healthy control group, effects were considered significant at a family-wise error (FWE) corrected voxel-
level threshold of cluster-level Prwe < 0.05. For the TD patient group, effects were considered significant
at an uncorrected voxel-level threshold of P < 0.001, with a cluster-level Prwe < 0.05. Furthermore, in
healthy subjects, we examined the association between age and whole-brain activation from this contrast
using regression analysis, adding mean-centred age, mean-centred age-squared and mean-centred age
cubed as covariates. Additionally, we used independent-samples t-test to compare task-related activity
from these contrasts between TD patients and healthy controls. For these analyses, effects were
considered significant if they exceeded an uncorrected (P < 0.001) voxel-level threshold of cluster-level
Prwe < 0.05. Cluster and local maxima labels were derived from the updated version of the AAL atlas 3
(AAL 3) 2 and further explored using the SPM Anatomy Toolbox, which assigns activations to the most

likely cytoarchitectonic area by means of a maximum probability map.*>¢

165



Supplementary material

Table 3. Task activations healthy control subjects ‘Internal’: Left > Baseline

(P < 0.05 FWE)

Local Maxima (Side) X y z Voxel T-value Prwe-corr.

Fusiform gyrus (L)
Cerebellum_6 (L) -36 -68 -18 11356 10.28 <0.001
Cerebellum_Crus (L)

Postcentral gyrus (R)
Precentral gyrus (R) 48 -18 58 7158 9.76 <0.001
Middle frontal gyrus (R)

Cuneus (R)

Superior occipital gyrus (R) 16 -104 10 517 8.87 <0.001

Calcarine sulcus (R)

Rolandic  operculum (L)
Insula (L) 44 0 10 792 8.70 <0.001

Frontal inferior operculum (L)

Cerbellum_8§ (R)
Cerbellum_7b (R) 30 -58 -48 218 6.28 <0.001

Cerebellum_Crusl

Heschl’s gyrus @)
Insula L)y -36 20 8 24 6.03 0.007

Rolandic operculum (L)

Precuneus (L)

Mid cingulate cortex (L) 8 46 60 20 587 0.008

Paracentral lobule (L)
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Precentral gyrus (R)

Frontal inferior operculum (R) 60 10 30 18 5.64 0.009
Inferior frontal gyrus (R)

Superior occipital gyrus (L)

Cuneus L) -6 -100 20 6 5.63 0.018
Calcarine sulcus (L)

Superior parietal gyrus (R)

Postcentral gyrus (R) 16 -54 74 16 5.57 0.011
Precuneus (R)

Insula (R)

Putamen (R) 36 -18 6 22 5.48 0.007
Heschl’s gyrus (R)

Precentral gyrus L)

Postcentral gyrus (L) -40 -10 62 18 5.46 0.009
Superior frontal gyrus (L)

Precuneus (R)

Superior parietal gyrus (R) 8 -76 52 25 5.45 0.006
Precuneus (L)

Precuneus (L)

Superior occipital gyrus (L) -12 -66 36 16 5.44 0.011
Superior parietal gyrus (L)

Calcarine sulcus (L)

Lingual gyrus @ -8 -9 -14 6 5.26 0.022

Cerebellum_Crusl (L)

Per cluster, the table shows 3 local maxima > 8.0 mm apart
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Table 4. Task activations healthy controls ‘Internal’: Right > Baseline

(P <0.05 FWE)

Local Maxima (Side)

Voxel

Supplementary material

T-value Prwe-corr.

Precentral gyrus L)
gyrus (L)

Superior frontal gyrus (L)

Postcentral

19106

12.08

<0.001

Supplementary motor area (L)

Mid cingulate gyrus (L)

Supplementary motor area (R)

1165

8.20

<0.001

Supramarginal gyrus (R)

Superior temporal gyrus (R)

Rolandic operculum (R)

64

458

7.28

<0.001

Insula (R)
Frontal inferior operculum (R)

Rolandic operculum (R)

44

12 -2

276

7.16

<0.001

Middle temporal gyrus (R)
Superior temporal gyrus (R)
Hippocampus (R)

48

26 -8

15

5.73

0.009

Middle occipital gyrus (L)
Calcarine sulcus (L)

Superior occipital gyrus (L)

-10

-104 0

8

6.03

0.018

Frontal inferior operculum (R)

Inferior frontal gyrus (R)

Precentral gyrus (R)

42

5.58

0.020
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Rolandic  operculum (R) 54 10 12 5 5.46 0.022
Precentral gyrus (R)

Cerebellum_Crus2 (L)

Cerebellum_7b (L) -34 -68 -44 5 5.40 0.022

Cerebellum_8 (L)

Per cluster, the table shows 3 local maxima > 8.0 mm apart

Table 5. Task activations healthy controls ‘External’: Left > Baseline (P < 0.05 FWE)

Local Maxima (Side) X y z Voxel T-value Prwe-corr.
Precentral gyrus (R)

Postcentral — gyrus  (R) 48 -18 62 34156 10.38 <0.001
Middle frontal gyrus (R)

Insula (L)

Rolandic  operculum (L) -38 -4 18 885 9.37 <0.001
Precentral gyrus (L)

Cerebellum_8 (R)

Cerebellum_9 (R) 28 -50 -46 73 7.11 <0.001
Cerbellum_10 (R)

Thalamus_PuM(R)

Thalamus_PuL (R) 20 -28 12 22 6.78 0.004

Hippocampus (R)

Middle temporal gyrus (L)

Superior temporal gyrus (L) -64 -48 12 84 6.32 <0.001

Inferior temporal gyrus (L)
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Superior frontal gyrus (L)
Middle frontal gyrus (L) -30 48 40 19 6.13 0.005
Inferior frontal gyrus (L)

Mid cingulate gyrus (R)

Posterior cingulate gyrus (R) 8 38 32 9 6.04 0012

Posterior cingulate gyrus (L)

Precentral gyrus @)
Superior frontal gyrus (L) -38 -6 64 36 6.03 0.001
Middle frontal gyrus (L)

Paracentral  lobule  (R)
Precuneus (R) 18 -42 50 7 5.67 0.015
Mid cingulate cortex (R)

Paracentral  lobule  (R)
Precuneus (R) 8 -38 58 14 5.65 0.008
Postcentral gyrus (R)

Per cluster, the table shows 3 local maxima > 8.0 mm apart

Table 6. Task activations healthy controls ‘External’: Right > Baseline

(P <0.05 FWE)

Local Maxima (Side) X y z Voxel T-value Prwe-corr.

Precentral gyrus @)
Postcentral gyrus (L) -38 -30 70 32183 12.30 <0.001
Superior parietal gyrus (L)
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Inferior frontal gyrus (R)
Precentral gyrus (R)
Inferior frontal gyrus (R)

64

12 22

1419

8.87

Supplementary material

<0.001

Cerebellum_8 (L)

Cerebellum_7b (L)
Cerbellum_Crus2 (L)

83

7.03

<0.001

Superior parietal gyrus (L)
Precuneus (R)

Postcentral gyrus (R)

14

263

6.98

0.004

Middle frontal gyrus (R)
Superior frontal gyrus (R)
Inferior frontal gyrus (R)

36

50 36

189

6.74

<0.001

Cerebellum_Crus2 (L)
Cerebellum_7b (L)
Cerebellum_8 (L)

-14

43

6.35

0.001

Middle frontal gyrus (L)
Superior frontal gyrus (L)

Inferior frontal gyrus (L)

48 38

48

6.02

0.001

Supplementary motor area (R)
Superior frontal gyrus (R)

Supplementary motor area (L)

12

5.85

0.016

Precuneus (L)
Superior parietal gyrus (L)

Precuneus (R)

-66 48

33

5.85

0.001
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Insula (L)

Inferior frontal gyrus (L) -28 32 10 5 5.69 0.019
Middle frontal gyrus (L)

Supramarginal gyrus  (R)

Inferior parietal gyrus (R) 32 -42 44 9 5.67 0.012

Postcentral gyrus (R)

Per cluster, the table shows 3 local maxima > 8.0 mm apart

Table 7. Task activations patients ‘Internal’: Left > Baseline (P < 0.001 unc.)

Local Maxima (Side) X Yy z Voxel T-value Prwg-corr.
Precentral gyrus (R)
Postcentral gyrus (R) 34 -20 58 664 5.85 0.004

Superior frontal gyrus (L)

Per cluster, the table shows 3 local maxima > 8.0 mm apart

Table 8. Task activations patients ‘Internal’: Right > Baseline (P <0.001 unc.)

Local Maxima (Side) X y z Voxel T-value Prwg-corr.
Inferior occipital gyrus (R)

Middle occipital gyrus (R) 46 -84 -8 5989 14.78 <0.001
Inferior temporal gyrus (R)

Precentral  gyrus (L)

Superior frontal gyrus (L) -40 -12 70 8915 12.13 <0.001
Postcentral gyrus (L)

Middle frontal gyrus (L) 36 50 20 932 8.34 <0.001
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Superior frontal gyrus (L)
Inferior frontal gyrus (L)

Cuneus R)
Superior occipital gyrus (R) 12 -94 24 401 7.48 0.005
Cuneus (L)

Postcentral — gyrus  (R)
Supramarginal gyrus (R) 64 -18 50 946 7.21 <0.001
Precentral gyrus (R)

Postcentral — gyrus  (R)
Superior parietal gyrus (R) 34 -42 62 328 6.20 0.012
Inferior parietal gyrus (R)

Supramarginal gyrus (R)
Postcentral gyrus (R) 46 22 28 350 535  0.009
Rolandic operculum (R)

Per cluster, the table shows 3 local maxima > 8.0 mm apart

Table 9. Task activations patients ‘External’: Left > Baseline (P <0.001 unc.)

Local Maxima (Side) x y z Voxel T-value Prwg-corr.
Vermis_6
Vermis_4 5 -2 -58 -24 226 7.04 0.036
Vermis_8

Cerebellum_9 L)
Cerebellum_8 (L) -10 -60 -44 227 6.71 0.035

Vermis_9

Per cluster, the table shows 3 local maxima > 8.0 mm apart.
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Table 10. Task activations patients ‘External’: Right > Baseline (P < 0.001 unc.)

Local Maxima (Side) X y z Voxel T-value Prwe-corr.
Precuneus (L)

Precuneus (R) -6 -62 58 27637 11.40 <0.001
Superior parietal gyrus (L)

Postcentral gyrus (R)

Supramarginal gyrus (R) 42 -28 38 1843 9.21 <0.001
Precentral gyrus (R)

Medial orbitofrontal cortex (R)

Medial orbitofrontal cortex (L) 4 60 -12 183 791 0.041
Rectus (R)

Anterior cingulate cortex (L)

Anterior cingulate cortex (L) -8 38 18 244 6.80 0.012
Superior frontal gyrus (L)

Rolandic  operculum  (R)

Heschl’s gyrus (R) 68 0 8§ 298 6.71 0.005

Superior temporal gyrus (R)

Per cluster, the table shows 3 local maxima > 8.0 mm apart.

Dynamic Causal Modelling (DCM)

DCM is a Bayesian framework incorporated into SPM12, designed to deduce hidden neuronal states

based on measurements of brain activation. It can be applied to identify connectivity strengths among

neuronal groups, to investigate how these connections change over time and how they are modulated

depending on the context.”

DCM was applied to explore interhemispheric motor-network connectivity, following Michely et al.,?

who used the paradigm to examine age-related connectivity changes in healthy adults. The same regions

of interest were used to assess neural interactions across developmental stages. We specified nine ROIs
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for the interhemispheric DCM model: 1. left PFC, 2. right PFC, 3. left PMC, 4. right PMC, 5. SMA, 6.
left M1, 7. right M1, 8. left IPS, 9. right IPS (see Fig. 2). Time series were extracted from subject-
specific coordinates defined in the ‘External’ condition. Within an 8-mm-radius sphere around the group
peak coordinates, which were set as origin (see Table 10), we located the nearest individual activation
peak coordinates from each subject’s first level GLM-analysis (see Table 11 and Table 12 for group
mean coordinates). We extracted the first eigenvariate of the individual BOLD time series. For
extraction of time series, we employed a threshold of P < 0.05 (uncorrected). Following
recommendations by Zeidman et al.,” for handling cases where ROIs showed no significant voxel
response at this threshold, a stepwise lowering of the threshold was conducted in steps of 0.05, until a

peak was discernible.

Figure 2. Model space for the Bayesian model selection procedure
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M1-coupling interhemispheric coupling coupling coupling coupling

Each panel illustrates a distinct model tested using Bayesian model selection (BMS). The endogenous connectivity
matrix is displayed in orange (top-left, DCM-A), while task-based connectivity matrices (DCM-B) are shown in
blue across Models 1-9. Each model is labelled according to the connections excluded (e.g., Model 2: without
interhemispheric PFC-PFC coupling). Arrows indicate directional connections between predefined regions of
interest. PFC = prefrontal cortex; IPS = intraparietal sulcus; PMC = premotor cortex; M1 = primary motor cortex;

SMA = supplementary motor area.
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Figure 3. Model evidence for the selection of winning models
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Left: Winning model for the group of healthy control subjects (N = 24) identified via Bayesian model selection
(Model 4; without interhemispheric PMC coupling). Right: Winning model for TD patients and matched control
subjects (N = 20; Model 5; without interhemispheric M1 coupling). Exceedance probabilities are shown as bar

graphs. RFX = random-effects analysis; PMC = premotor cortex; M1 = primary motor cortex.

Table 11. Group peak coordinates used as origin for ROI extraction

Region  x-coordinate y-coordinate z-coordinate

PFC (L) -32 48 38
PFC (R) 36 54 32
SMA -4 -4 72
PMC (L) -32 -18 72
PMC (R) 12 4 74
MI(L) -36 28 60
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IPS (L)

IPS (R)

38

-36

54

-32
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54
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L = left; R = right; PFC = prefrontal cortex; SMA = supplementary motor area; PMC = premotor cortex; M1 =

primary motor cortex; IPS = intraparietal sulcus.

Table 12. ROI coordinates (group mean)

Region Healthy control subjects Patients and matched controls
x- coordinate y-coordinate  z-coordinate | x-coordinate  y-coordinate  z-coordinate

PFC(L) -319(+3.1) 47.5(£3.0) 38.0 (+3.3) -32.6 (£2.6) 47.7(x2.8) 383 (+3.2)
PFC(R)  35.0(£2.0) 53.5(+2.8) 322 (+£2.3) 36.4(£23) 53.6(x£3.1) 31.7 (£2.1)
SMA 3.7 (* 1.8) -4.3 (£2.2) 582 (+2.5) 42=1.8) -41=13) 58.9 (+2.6)
PMC (L) -32.1(x1.6) -18.3 (£ 0.7) 71.6 (= 1.4) -322(*14) -18.0(+1.3) 71.6 (= 1.3)
PMC (R) 11.3(£3.2) 3.6 (£2.8) 73.0 (3.4) 11.4(x£3.0) 3.8(x2.8) 72.5 (£2.8)
M1 (L) -36.4 (= 1.2) -27.9(*1.9) 60.8 (£ 1.8) -36.5(*14) -282(1.7) 60.2 (£ 1.6)
M1 (R) 32.5(*3.1) -23.8 (=3.9) 70.9 (+2.3) 37.7(£24) -235(£3.5) 70.9 (+2.4)
IPS (L) -35.6 (£2.0) -45.2 (£3.6) 54.8 (£2.5) -354(*24) -458(+3.0) 54.9 (£2.5)
IPS (R) 542 (£2.4) -31.7 (£3.4) 43.7 (£ 3.0) 541 (+2.8) -30.8(+24) 43.5 (£2.3)

Standard deviation in parentheses; L = left; R = right; PFC = prefrontal cortex; SMA = supplementary motor area;

PMC = premotor cortex; M1 = primary motor cortex; IPS = intraparietal sulcus.
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Table 13. Coupling strengths of healthy control subjects (group mean)

Coupling

Parameters Endogenous connections (DCM-A) | Task-based connections (DCM-B)
Mean SEM Mean SEM

PFC (L)-PFC (R) 0.199  0.041 0.143  0.249

PFC (L)-PMC (L) -0.438 0.019 0.428 1.282

PFC (L)-SMA -0.006  0.020 0.165 0.104

PFC (R) - PFC (L) 0.072  0.020 0315 0.204

PFC (R) - PMC (R) 0.095  0.037 0315 0.204

PFC (R) - SMA 0.033  0.021 0.083  0.095

PMC (L)-PMC (R)  0.079  0.034

PMC (L) - M1(L) 0.022  0.022 0.502  0.083

PMC (R)-PMC (L)  0.125  0.041

PMC (R) - MI (R) 0.061  0.026 0.132 0253
SMA - Ml (L) 0.038  0.021 0.308  0.209
SMA — M1 (R) 0.112  0.045 0206 0.287
MI (L) - Ml (R) 0273 0.029 0356 0215
MI (R) - MI (L) 0.106  0.035 0.816 0.240
IPS(L)-PMC (L)  -0.078  0.044 0425 0.374
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IPS (L) - SMA 0.009  0.025 0353 0.187
IPS (L) IPS (R) -0.017  0.055 0334 0.347
IPS (R) - PMC (R) 0.038  0.046 0.070  0.239
IPS (R) - SMA 0.061  0.035 0282  0.159
IPS (R) - IPS (L) -0.057  0.075 -0.051  0.350

SEM = Standard error of the mean L = left; R = right; PFC = prefrontal cortex; SMA = supplementary motor area;

PMC = premotor cortex; M1 = primary motor cortex; IPS = intraparietal sulcus.

Table 14. Coupling  strengths of  patients and  matched  control  subjects
(group mean endogenous connections)

Coupling Parameters TD Patients Matched control subjects

Mean SEM | Mean SEM

PFC (L) - PFC (R) 0.015 0.052| 0.002 0.043
PFC (L)-PMC (L)  -0.015 0.041 | -0.049 0.033
PFC (L) - SMA 0.001 0.015 | -0.002 0.033
PFC (R) — PFC (L) 0.050 0.057 | 0.020 0.107

PFC (R) — PMC (R) 0.008 0.039 | -0.002 0.055

PFC (R) - SMA 0.001 0.021|-0.043 0.067

PMC (L)-PMC (R)  0.032 0.045| 0.019 0.076

PMC (L) - M1(L) 0.070 0.067 | 0.001 0.045
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PMC (R)—PMC (L)  0.089 0.085 | -0.006 0.035
PMC (R) - M1 (R) 0.025 0.068 | 0.102 0.056
SMA - MI (L) 0.053 0.056 | 0.051 0.052
SMA - M1 (R) 0.179 0.083 | 0.122 0.047
MI (L) - Ml (R) 0.070 0.034 | 0.042 0.128
MI (R) - MI (L) 0.170 0.089 | 0.060 0.025
IPS (L) - PMC (L) -0.106  0.042 | 0.053 0.056
IPS (L) - SMA -0.040 0.063 | 0.070  0.066
IPS (L) IPS (R) -0.098 0.146 | 0.160 0.096
IPS (R) — PMC (R) 0.041 0.072 | -0.024 0.662
IPS (R) — SMA 0.034 0.058 | -0.071 0.567
IPS (R) —IPS (L) -0.114 0.085| 0.084 0.084

SEM = Standard error of the mean; L = left; R = right; PFC = prefrontal cortex; SMA = supplementary motor area;

PMC = premotor cortex; M1 = primary motor cortex; IPS = intraparietal sulcus.

Table 15. Coupling  strengths of  patients and  matched control  subjects
(group mean task-based connections)

Coupling Parameters TD Patients Matched control subjects

Mean SEM | Mean SEM

PFC (L) - PFC (R) -0.239 0.428| 0.585 0.585
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PFC (L) - PMC (L)

PFC (L) - SMA

PFC (R) — PFC (L)

PFC (R) — PMC (R)

PFC (R) - SMA

PMC (L) - PMC (R)

PMC (L) - M1(L)

PMC (R) - PMC (L)

PMC (R) - M1 (R)

SMA - MI (L)

SMA — M1 (R)

MI (L)-MI (R)

MI (R)—MI (L)

IPS (L) — PMC (L)

IPS (L) - SMA

IPS (L) IPS (R)

IPS (R) — PMC (R)

IPS (R) - SMA

0.022

0.066

0.320

0.297

0.433

-0.195

0.574

-0.186

0.529

0.143

0.154

0.218

0.160

- 0.537

0.127

0.448

0.119

0.138

0.172

0.238

0.320

0.401

0.309

0.415

0.271

0.335

0.361

0.320

0.238

0.647

0.337

0.375

0.199

0.570

0.330

0.167

0.290

0.925

0.990

- 0.047

0.124

0.517

0.128

0.419

0.209

1.538

0.019

0.777

0.235

0.285

0.282

0.231

0.173

0.594

0.512

0.988

0.268

0.162

0312

0.450

0.184

0.763

0.513

0.424
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IPS (R) - IPS (L) -0.363 0.404 | 0450 0.672

SEM = Standard error of the mean; L = left; R = right; PFC = prefrontal cortex; SMA = supplementary motor area;

PMC = premotor cortex; M1 = primary motor cortex; IPS = intraparietal sulcus.
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