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Motor network organization in healthy
development and chronic tic disorders

®Theresa V. Heinen,'"? Julia Schmidgen,3 Theresa Paul,? Lukas Hensel,* Gereon R. Fink,**®
®Lukas ). Volz,4 Christian Greﬂ(es," Stephan Bender® and Kerstin Konrad'*?

Tic disorders (TD) are childhood-onset neurodevelopmental disorders characterized by sudden, repetitive motor and vocal tics, often
with partial or complete remission by the time young adulthood is reached. 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 condi-
tions, 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 typ-
ically 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 con-
nectivity 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 emphasize the intricate
interplay between motor control and neural plasticity in TD, highlighting how compensatory mechanisms may serve as adaptive re-
sponses 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.
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Introduction

Tic disorders (TD) are childhood-onset movement disorders
characterized by sudden, recurrent movements or vocalisa-
tions. 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.' TD are considered to encompass a spectrum
of interconnected conditions, including Tourette Syndrome
(TS) and chronic Motor Tic Disorder, with TS generally re-
garded as the more severe manifestation. However, both
are recognized as expressions of a unified disease entity.*’
While spontaneous remission of TD is common, the under-
lying mechanisms remain poorly understood.*®

Recent research highlights the cortico-striatal-thalamo-
cortical circuitry as a primary contributor to tic generation,
proposing that disorganized network connectivity may result

S| = Primary somatosensory cortex
IPS = Intraparietal sulcus

in disinhibition, leading to motor cortex hyperexcitability.”"?

Two competing hypotheses have been put forward to explain
tic discontinuation: (i) development of neuroplastic compensa-
tory mechanisms in frontal and motor networks that adaptive-
ly enhance motor control over time'*'® and (ii) delayed
neurodevelopmental normalization of cortico-striatal-thala-
mo-cortical circuits.'”'® Notably, these hypotheses imply dis-
tinct pathways and developmental trajectories for motor
network organization 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 re-
vealed deficits in reflex inhibition and motor set selection
or switching;'?2° (but see also references**° for divergent
findings). In contrast, research on paediatric patients typical-
ly found no significant deficits?’ > or even better motor per-
formance.'>*”3%  Further, neuroimaging studies stress
divergent findings between children and adults with TD
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about brain  structure, activation patterns, and

connectivity. 83741

Although voluntary motor performance of younger TD pa-
tients often resembles that of healthy controls (HC), 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 implications. While compensatory me-
chanisms may support motor development, dysfunctional
changes might perpetuate tics or impair broader motor con-
trol. Thus, clarifying these relationships is critical for under-
standing 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 inhibi-
tors, SSRIs, or anti-epileptic medications—that can influence
brain network development and organization, paediatric
drug-naive patients offer a unique opportunity to examine
‘natural’ neural network adaptation. In children, compensa-
tory processes appear to involve heightened activity in frontal
motor control regions, such as the prefrontal cortex (PFC) and
supplementary motor area (SMA), with additional recruit-
ment of ipsilateral motor areas.””'*31*2"%¢ These findings sug-
gest that motor performance in paediatric TD is supported by
active reorganization of motor networks. However, whether
these patterns reflect accelerated maturation or deviant devel-
opment remains unclear,'¢'#31:40:41:4751 ypderstanding how
brain motor networks (re-)organize during typical develop-
ment and comparing paediatric TD patients to age-matched
healthy controls could provide a developmental framework
essential for identifying TD-specific adaptations and clarifying
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 co-
hort of typically developing children to contextualize
TD-specific patterns within normative development. Using
functional MRI (fMRI) and dynamic causal modelling
(DCM), we examined neural activity and effective connectiv-
ity 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.

We hypothesized that (i) motor performance in drug-naive
TD patients resembles or surpasses that of healthy controls,
reflecting compensatory mechanisms; (ii) compensatory pro-
cesses manifest as increased activation in motor regions and
enhanced effective connectivity, particularly in frontal net-
works; and (iii) these neural patterns align with either nor-
mative developmental changes (accelerated maturation) or
deviant adaptations specific to TD. Further elucidating these
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mechanisms may provide the foundation for targeted thera-
peutic approaches that harness beneficial compensatory
changes and prevent maladaptive processes.

Materials and methods

The study involved 535 typically developing children and ado-
lescents aged 5-17 years (M,,e = 10.9, SD = 3.1, 46 % male)
and 21 never medicated patients aged 7-16 years (Mg =
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 pa-
tient group and matched control sample included in the com-
parative behavioural analysis. Behavioural analyses of
healthy subjects alone included sample sizes of N =352
(task condition ‘Internal’) and N =355 (task condition
‘External’), while fMRI analyses excluded some patients
(Nlnternal = 75 NExternal = 9) and controls (NInternal = 7;
Ngyernal = 12) due to excessive head motion. Further exclusions
for DCM analysis occurred due to insufficient voxel response in
ipsilateral regions of interest (Npaients =25 Neontrols=19).
Developmental samples retained broad age coverage despite
motion-related exclusions, which were more common in
younger participants. Detailed sample sizes for each para-
digm and analysis type are provided in Supplementary
Table 1; age distributions across developmental samples
are summarized in Supplementary Table 2. Group compar-
ability between patients and matched controls was ensured
for all analyses through statistical comparisons of demo-
graphic and psychometric variables across subsamples.
Exclusion criteria were (i) full-scale IQ < 70 (ii) history of
epilepsy or other CNS disorders, (iii) significant premature
birth (<31 weeks), (iv) non-correctable visual impairments,
(v) any contraindications to the MRI or (vi) current or previ-
ous use of psychoactive drugs [except for history of stimulant
medication (z=1)]. The Ethics Committee of the Medical
Faculty, University Hospital Cologne approved the study,
which adhered to the Declaration of Helsinki. Participants
and parents provided informed assent and consent, respect-
ively, and subjects received financial compensation.

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 neuro-
psychiatric 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 diag-
nostic category) for DSM-V-based psychiatric disorders.>*3
Full-scale IQ was assessed using the German adaptation of
the Wechsler Intelligence Scale for Children—Fifth Edition
(WISC-V), which shows excellent internal consistency
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Table | Demographic and psychometric characteristics of the patient and matched control sample

Sample characteristics Controls (N = 20)

Age (M £ SD, range) 9.8 (+2.3; 6-15)
Male sex [n (%)] 15 (75)

Right handedness [n (%)] 19 (95)

IQ (M+SD) 110.8 (x£13.5)
Working memory Index (M + SD) 11.9 (+2.6)
Processing speed Index (M + SD) 10.1 (x=1.9)

DIK] total symptom score (M + SD) 8.9 (+4.8)

YGTSS global severity score (M + SD)
Age at tic onset (M + SD)

Duration of tics [years (M + SD; range)]
Tourette syndrome [n (%)]

Comorbid ADHD [n (%)]

TD (N=21) Statistic P
10.2 (+2.3; 7-16) t (39) = 0.473 0.639
16 (76) 2 (1)=0.008 0.929
20 (95) ¥ (1)=0.001 0.972
108.1 (x14.9) t (39) = —0.598 0.553
1.7 (+3.2) t (37)=—0.185 0.854
10.0 (+3.0) t (36) = —0.070 0.944
8.2 (+5.5) t (37) = —0.481 0.633
32 (£14.0)
49 (£1.8)
5.0 (+2.5; 1-9)
19 (90)
5 (24)

Handedness as assessed by the Edinburgh Handedness Scale. General IQ based on Wechsler Intelligence Scale for Children—D5th 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). DIK] = revised
German version of Children’s Depression Inventory; 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.

(a=0.96) and high convergent validity with other standard
intelligence tests for children and adolescents (e.g.
WPPSI-III: » = 0.89; KABC-II: »=0.83). In addition to full-
scale 1Q, we extracted a Working Memory Index (Digit
Span) and a Processing Speed Index (Coding), the latter re-
flecting visuomotor coordination (VMC).’* 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.’’>°®
Depressive symptoms were measured using the revised
German version of the Children’s Depression Inventory
(DIK]).>” Handedness was assessed with the Edinburgh
Handedness Inventory.”®

We aimed to investigate network-level mechanisms of volun-
tary motor control using a reaction time paradigm previous-
ly employed to study movement preparation, selection and
initiation in  healthy adults and neuropsychiatric
conditions.’*®* To accommodate young children, the ori-
ginal blocked design was modified into an event-related for-
mat with two conditions presented separately (in
randomized order). In the ‘Internal’ condition (Fig. 1A), sub-
jects were instructed to press either of two buttons as soon as
possible following the appearance of a non-informative
target-stimulus (Sherriff). In this condition, subjects were
free about the lateralization of their movement (left or right)
but were restricted concerning response timing. In the
‘External’ condition (see Fig. 1B), participants were in-
structed to press the button on the side indicated by an arrow
as quickly as possible. Both conditions ended after the parti-
cipants completed 235 left- and right-handed button presses,
respectively. Task stimuli were generated using the software
package Presentation (Version 10.3, Neurobehavioral
Systems Inc., Albany, CA, USA), projected onto a screen at
the rear of the scanner bore, and viewed during image acqui-
sition via an individually adjusted mirror mounted on the

head coil.

We assessed inhibitory control via a blink-suppression task
consisting of six 36-s blocks (three ‘suppress’ and three ‘re-
lease’ 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 vi-
deo recorded and analysed for suppression efficacy using the
Behavioural Observation Research Interactive Software.®?
The number of blinks occurring during the task was counted
by two independent raters, with excellent interrater reliabil-

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

Reaction times (RTs) and task accuracy were analysed as be-
havioural 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 3 SD from individual averages
per condition were excluded.®® Blink suppression, derived
from the blink-suppression paradigm, was quantified as the
difference between blink counts in suppression and release
conditions, normalized 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 ana-
lyses, 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 (as-
sessed via Shapiro—Wilk tests and histogram inspection),
non-parametric Mann-Whitney U-tests. This approach
was chosen due to the matched between-group design with
relatively small group sizes, which limited the use of
covariate-adjusted regression models. For more details, see
supplementary material.
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Participants were trained in a mock-scanner before the
scanning session to minimize movement artefacts.
They received feedback on head motion while practising the
fMRI paradigms in a realistic setting. Additionally, partici-
pants’ 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 magnetization-prepared
rapid gradient echo (MP-RAGE) sequence (repetition time
[TrR]=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 =
0.9x 0.9x 0.9 mm). Whole-brain T2-weighted functional
images were obtained using an echoplanar imaging multiband
sequence, with blood oxygenation level-dependent (BOLD)
contrast (Tr =980 ms, T =30 ms, flip angle =70°, number
of slices=64, slice thickness=2.0 mm, interslice gap=
0.2 mm, FOV =207 mm, voxel size=2.2x 2.2x 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)] imple-
mented in MATLAB (The MathWorks, Natick, USA).
Pre-processing included motion correction, spatial normaliza-
tion, 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 displace-
ment 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.®*®’
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-stat-
istic images were submitted to second level group analyses.
Baseline task activations for these contrasts, obtained through
one-sample t-tests for patients and control subjects separately,
are provided in Supplementary Tables 3-10. In healthy sub-
jects, 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 #-test, we compared task-related activity
from these contrasts between TD patients and healthy con-
trols. Effects were considered significant if they exceeded a
voxel-level threshold (P <0.001, uncorrected), cluster-level
corrected at Ppywg < 0.05.

T. V. Heinen et al.

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 for the interhemispheric DCM model:
(i) left PEC, (ii) right PFC, (iii) left PMC, (iv) right PMC,
(v) SMA, (vi) lefc M1, (vii) right M1, (viii) left IPS, and
(ix) 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 lo-
cated 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 extrac-
tion of time series, we employed a threshold of P < 0.05 (un-
corrected). Following recommendations by Zeidman et al.®®
for handling cases where ROIs showed no significant voxel
response at this threshold, a stepwise lowering of the thresh-
old was conducted in steps of 0.05, until a peak was discern-
ible. Group-level mean ROI coordinates are also reported in
Supplementary Table 12.

We defined (i) the endogenous connectivity matrix
(DCM-A), representing connectivity independent of task-
dependent modulation; (ii) external inputs to the PFC and
IPS (DCM-C), assuming experimental inputs directly influ-
encing these regions; and (iii) nine models exploring alterna-
tive hypotheses about modulatory changes in interregional
connectivity driven by task demands (i.e. right-handed re-
sponses, DCM-B). Random-effects Bayesian model selection
was applied to determine winning models for the develop-
mental cohort and for the group of TD patients and age-
matched controls. Winning models were established based
on posterior evidence, ensuring an optimal balance between
model complexity and generalizability.

We examined the association between age (mean-centred)
and coupling estimates of the winning model using regres-
sion analyses with linear, quadratic and cubic models.
Following recommendations by Dash et al.,®” 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 it-
self. To investigate differences in neural coupling between
TD patients and healthy controls, CEs of the winning model
were compared using independent-samples #-test and non-
parametric Mann—-Whitney U-test. All analyses were con-
ducted separately for endogenous connections (DCM-A)
and task-specific connectivity (DCM-B).

Explorative correlation analyses tested associations of
brain network organization and motor control. To this
end, behavioural measures [RT, accuracy, working memory
(WM), visuomotor coordination (VMC)]—the latter two re-
flecting higher-order cognitive and sensorimotor processes
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relevant to task performance—were related to measures of
task activation (mean beta values) or CEs significantly asso-
ciated with age or TD (DCM-A and DCM-B). No alpha ad-
justment was applied due to the exploratory nature of this
analysis.

Results

Regression analysis showed that age was significantly asso-
ciated with accuracy in typically developing children and
adolescents for both internally and externally cued re-
sponses. For accuracy, age displayed a positive linear associ-
ation 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 ex-
ternally cued responses (R*=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 differ-
ences in accuracy for internal and external cues, with TD pa-
tients showing higher accuracy than age-matched controls in
both 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 =0.006, 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’: 2, patients = 0.255, P =0.114;
Ip controls = 0.059, P =0.720, and ‘Internal’: #, patients =—0.163,
P =0.341; #} controls = —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=
0.015,7=-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).

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 lin-
ear increase in task-related BOLD activation was found
alongside increasing age in a cluster within the left
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(contralateral) parietal lobe, which included the postcentral
gyrus (primary somatosensory cortex; Areas 3a, 3b, 1, 2),
the intraparietal sulcus (IPS; Areas hip1, hIP2, hIP3), the in-
ferior parietal lobule (Areas PF, PFt) and superior parietal
lobule (SPL; Area 7PC) (x, y, z=—44, =30, 40; kr_427;
t=4.57; PrwE-corr. = 0.005; see Fig. 1D). Moreover, task ac-
tivation in this cluster significantly positively correlated with
task accuracy (r=0.375, P=0.013) and VMC (r = 0.440,
P=0.005).

Between-group comparisons revealed no significant dif-
ferences in task activation related to internally cued re-
sponses. 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, 2=236, —24, 74; kyp_845; t=
5.20; PrwE-corr. < 0.001; see Fig. 2A and B). Additionally,
beta-values derived from the peak voxel of this cluster sig-
nificantly positively correlated with task accuracy (#, =
0.381, P =0.006; see Fig. 2C).

According to Bayesian model selection, out of all interhemi-
spheric 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 mod-
el. Supplementary Figs 2 and 3 provide a complete overview
of the tested model space and the corresponding evidence
supporting selection of the winning models.

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 #-tests. Notably, the left IPS in TD pa-
tients 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 correl-
ation was found between the coupling strengths of this connec-
tion and measures of task performance, WM or VMC.

For interhemispheric task-dependent connections, regres-
sion analyses revealed that in healthy subjects, the connec-
tion from the left IPS to the SMA showed a significant
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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 (Pewe-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, using
Kendall’s tau-b (t, = 0.381, P = 0.006). Each data point represents one participant. In panels B and C, participant groups are distinguished by colour:
healthy controls (HC) are shown in blue, and patients (TD) in yellow.

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 nega-
tively correlated with WM (¢, =—0.345, P=0.033) and
VMC (#, =-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 (R*=0.247,
B=0.010, P =0.014; see Fig. 3A). Spearman’s rank correl-
ation 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) 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=281.000, 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.

Discussion

This study investigated neural mechanisms underlying motor
control in paediatric drug-naive TD patients, within the frame-
work of typical motor development. TD patients outper-
formed healthy controls in task accuracy, suggesting
enhanced reactive motor control, but exhibited deficits in sus-
tained inhibitory control, as evidenced by impaired blink sup-
pression. 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 inter-
play between compensatory mechanisms that enhance reactive
motor control and persistent deficits in inhibitory control, of-
fering new insights into the pathophysiology of TD.

Our developmental sample showed age-related improve-
ments in motor performance, which were still evident in
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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*=10.285, 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-MI 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 panels, connectivity types are distinguished by colour: 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; M| = primary motor cortex.

Table 2 Task performance parameters in patients and matched controls

Performance parameters Controls TD Statistic P

Reaction time (Internal) [M; SD] 417.83; 105.58 395.52; 77.35 t (36) =—-0.752 0.457
Accuracy (Internal) [Mdn; IQR] 0.95; 0.06 1.0; 0.05 Z=2361 0.021
Reaction time (External) [Mdn; IQR] 482.0; 140.9 508.73; 182.1 Z=0.026 0.979
Accuracy (External) [Mdn; IQR] 0.80; 0.18 0.92; 0.15 Z=1.999 0.046

Blink reduction [Mdn; IQR] 79.00; 31.25

69.00; 36.50 Z=-2417 0.015

Bold values indicate statistically significant results (P < 0.05). M = mean; SD = standard deviation; Mdn = median; IQR = interquartile range.

the age range between 5 and 16 years, consistent with previ-
ous research.®®*”? In line with earlier studies in healthy
adults,®>°! our child- and adolescent participants displayed
longer RTs and reduced accuracy for directive cues com-
pared 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 10 (see Fig. 1B). Accuracy improved in a more
linear fashion, approaching adult-like performance by
mid-adolescence.®%>"*7” Comparisons with previous adult
samples (aged 21-35)°" 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 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 versus double-sided arrows).
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At the neural level, we observed an age-related linear in-
crease in activation within a left parietal cluster, encompass-
ing the inferior parietal lobule, IPS, SPL and postcentral
gyrus. Similar age-related increases in parietal activation
have previously been demonstrated in children and adoles-
cents across a variety of motor- and WM tasks associated
with attention, higher-order motor planning and response
selection.”®*! While the parietal cortex is widely recognized
for its involvement in visuospatial attention,®*®3 specific re-
gions are associated with distinct aspects of motor control,
such as the storage of action representations (inferior par-
ietal lobule),®* integration of visuospatial information into
motor plans (IPS),°*®° online sensorimotor integration
(SPL)®*® and motor learning through somatosensory feed-
back (postcentral gyrus).®”>* In our sample, increased par-
ietal activation was associated with enhanced task
accuracy and VMC. Conversely, reduced activation in the
left parietal and postcentral cortices has been linked to im-
paired motor performance in children with a developmental
coordination disorder, emphasizing these regions’ signifi-
cance in the development of integratory processes essential
for motor refinement and coordination.®’

Patients with TD outperformed healthy controls regarding
task accuracy, while maintaining comparable RTs. This find-
ing suggests that the ability to control cued volitional move-
ments may be enhanced in children and adolescents with TD
and aligns with a few studies showing improved motor per-
formance in young TD patients.'*"%373% These improve-
ments have been hypothesized to reflect compensatory
processes driven by frequent inhibitory training through tic
suppression.'>** 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 facili-
tated via training-induced increases in inhibition. Instead,
these findings point to task-specific adaptations that select-
ively support reactive motor control. This distinction empha-
sizes the complexity of motor control in TD, where
adaptations may be tailored to specific motor demands unre-
lated to tic suppression per se.

Improved motor performance in patients with TD was linked
to distinct changes in motor network activation patterns: for
right-handed movements, patients exhibited ipsilateral over-
activation of M1 and S1, which correlated positively with
task accuracy. These findings align with previous research
showing that children with TD recruit additional brain

T. V. Heinen et al.

networks during voluntary movements compared to healthy
controls.*>***?% While earlier studies proposed that recruit-
ment 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 re-
active motor control in young TD patients. Interestingly, this
compensatory pattern contrasts with earlier findings in adult
TD patients, where reduced task-related activation in pri-
mary and secondary motor cortices has been linked to poorer
performance, suggesting that such compensatory mechan-
isms may be impaired or insufficiently developed in adult
TD patients.**

Unlike dysfunctional overactivations seen in older adults
or patients with early-onset neurodegenerative diseases
(e.g. Huntington’s, Alzheimer’s and Parkinson’s), the ipsilat-
eral overactivations in our TD sample appeared highly effi-
cient, likely enhancing performance rather than merely
compensating for deficits.™”'” In children with TD, prior
studies have reported decreased activation in contralateral
motor regions during voluntary movements, paired with in-
creased frontal activations.****”° These reductions may re-
flect top-down inhibition of contralateral motor areas,
which have been demonstrated to be hyper-excitable at
rest’®”” and modulated before volitional move-
ments.”'* 182728 Our data did not indicate increased frontal
influence or reduced engagement of contralateral motor re-
gions. Instead, ipsilateral overactivation may represent an al-
ternative  compensatory  strategy, enhancing task
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 im-
paired blink suppression, suggest that this adaptation may
not generalize across different domains of motor control.
This raises two possibilities: first, that the compensatory me-
chanisms 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 emphasize
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'® reported that
while some children with TD may develop adaptive mechan-
isms to control their tics—leading to improved voluntary
control over eye movements—others exhibit reduced saccad-
ic inhibitory control.

Consistent with our task activation findings, effective PFC
connectivity to motor regions was not significantly altered.
Rather, we identified abnormal interhemispheric connectiv-
ity in patients with TD, which has previously been reported
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in both adult and paediatric TD and has mainly been asso-
ciated with reduced interhemispheric inhibition.*!>#%-101-103

In our sample, patients with TD displayed increased exci-
tatory task-based connectivity from left to right IPS. Given
the IPS’ prominent role in integrating spatial information
and coordinating attentional resources for movement plan-
ning,°>*> 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 in-
fluence was excitatory. This shift from inhibition to excita-
tion could contribute to the hyperexcitability of
contralateral motor regions commonly observed in TD pa-
tients.”®”? Alternatively, it may reflect stronger interactions
between perceptual and motor processes, as suggested by in-
creased perception-action binding previously documented in
TD patients.' %1% Despite these alterations, connectivity
changes did not significantly correlate with behavioural per-
formance, suggesting they represent broader network adap-
tations 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.

In healthy subjects, age-related increases in activation within
the left parietal lobe were accompanied by changes in effect-
ive connectivity linked to task accuracy, WM and VMC.
These changes prominently involved the SMA, a region crit-
ically involved in initiating and coordinating voluntary
movements. The SMA is known to play a dual role in facili-
tating intended actions while suppressing unintended ones,
positioning it as a central hub in motor planning and execu-
tion networks.'%”"1% Age-related connectivity changes in
SMA-associated pathways suggest that the SMA plays a crit-
ical role in supporting healthy motor development, integrat-
ing 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.”>"*
Specifically, our data showed a change in the SMA’s influ-
ence on ipsilateral M1, evolving from inhibitory in younger
children to excitatory in older children. This influence posi-
tively correlated with task accuracy, suggesting that excita-
tory SMA-M1 coupling supports more precise motor
execution throughout development. Connections from the
left IPS to the SMA also displayed age-related changes, fol-
lowing a reverse trajectory to the SMA-M1 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
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critical role in modulating SMA activity to balance motor
output with cognitive demands.

PFC connections to the SMA exhibited distinct develop-
mental patterns for endogenous and task-based connectivity,
which followed quadratic trajectories in opposite directions,
with connectivity patterns in the youngest and oldest sub-
jects appearing comparable. Notably, endogenous
PFC-SMA connectivity positively correlated with WM, high-
lighting the PFC’s role in supporting higher-order cognitive
processes during motor performance.””-8%113

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 en-
hanced reactive motor control and possibly indicating accel-
erated motor development.'*!>3” However, their deficits in
sustained voluntary motor control may point toward de-
layed motor development in this domain, which was previ-
ously suggested to improve steadily throughout middle
childhood and reach mature levels by early adolescence.''*

At the neural level, activation patterns in TD patients de-
viated 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 cor-
tex. 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.712

Similarly, task-related connectivity in patients with TD di-
verged from age-related changes in healthy controls.
Interestingly, intra-, and interhemispheric connectivity al-
terations in TD patients involved the left IPS, a region show-
ing age-related activation increases in typically developing
children and adolescents. While this indicates increased par-
ietal cortex engagement in TD patients, mirroring recruit-
ment patterns in older children, other findings, e.g.
increased excitatory endogenous connectivity from the IPS
to the PMC, may reflect pathological rather than compensa-
tory mechanisms. This altered connectivity could contribute
to hyperexcitability of motor regions or enhanced action-
perception  binding, both commonly reported in
TD.?8:2%:104106 Hgwever, the lack of significant correlations
between connectivity measures and behaviour renders a con-
clusive distinction of compensation and pathophysiological
processes highly challenging and modulatory approaches
are needed to further explore the mechanistic role of these
connectivity changes in the future.
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In conclusion, early deficits in TD may drive compensa-
tory changes that resemble typical or even accelerated devel-
opment on the behavioural level. Conversely, when
compensatory processes are insufficient, pathological neural
dynamics may lead to behavioural deficits comparable to de-
layed development. At the neural level, compensatory me-
chanisms produce developmental trajectories distinct from
typical patterns, reflecting a dynamic interplay between
adaptation and pathophysiological processes.***3

Limitations

While our current study advances the understanding of typical
motor development and compensatory mechanisms in TD,
several limitations must be addressed: (i) Small sample sizes ne-
cessitate caution in interpreting our findings, which require
replication in larger cohorts to enhance robustness and gener-
alisability. 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 ex-
cluding 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.
(i1) While our cross-sectional design allowed for contextualiza-
tion within a developmental framework, future longitudinal
studies are essential to capture the dynamic nature of develop-
mental trajectories in TD and further investigate compensatory
mechanisms, particularly about symptom remission versus
persistence in adulthood. (iii) 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.'"

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 ipsilat-
eral motor regions and altered interhemispheric connectivity,
likely reflecting efficient neural adaptations tailored to specific
task demands. However, deficits in sustained inhibition, such
as impaired blink suppression, suggest that these compensatory
mechanisms do not generalize 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 find-
ings provide insights into the typical developmental trajec-
tory of motor networks and the role of integrative brain
regions in motor control.

In contrast, TD patients exhibited patterns of neural acti-
vation and effective connectivity that diverged from typical
development, reflecting TD-specific adaptations rather than
delayed or accelerated maturation. These adaptations
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highlight the interplay between compensation and patho-
physiological processes in TD, where efficient reactive con-
trol 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 compensa-
tory mechanisms while mitigating pathological changes.

Supplementary material

Supplementary material is available at Brain Communications
online.
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