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Association of abnormal explicit sense of
agency with cerebellar impairment
in myoclonus-dystonia
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Non-motor aspects in dystonia are now well recognized. The sense of agency, which refers to the experience of controlling one’s own ac-
tions, has been scarcely studied in dystonia, even though its disturbances can contribute to movement disorders. Among various brain
structures, the cerebral cortex, the cerebellum, and the basal ganglia are involved in shaping the sense of agency. In myoclonus dystonia,
resulting from a dysfunction of the motor network, an altered sense of agency may contribute to the clinical phenotype of the condition. In
this study, we compared the explicit and implicit sense of agency in patients with myoclonus dystonia caused by a pathogenic variant of
SGCE (DYT-SGCE) and control participants. We utilized behavioural tasks to assess the sense of agency and performed neuroimaging
analyses, including structural, resting-state functional connectivity, and dynamic causal modelling, to explore the relevant brain regions
involved in the sense of agency. Additionally, we examined the relationship between behavioural performance, symptom severity, and neu-
roimaging findings. We compared 19 patients with DYT-SGCE and 24 healthy volunteers. Our findings revealed that patients with myo-
clonus-dystonia exhibited a specific impairment in explicit sense of agency, particularly when implicit motor learning was involved.
However, their implicit sense of agency remained intact. These patients also displayed grey-matter abnormalities in the motor cerebellum,
as well as increased functional connectivity between the cerebellum and pre-supplementary motor area. Dynamic causal modelling analysis
further identified reduced inhibitory effects of the cerebellum on the pre-supplementary motor area, decreased excitatory effects of the pre-
supplementary motor area on the cerebellum, and increased self-inhibition within the pre-supplementary motor area. Importantly, both
cerebellar grey-matter alterations and functional connectivity abnormalities between the cerebellum and pre-supplementary motor area
were found to correlate with explicit sense of agency impairment. Increased self-inhibition within the pre-supplementary motor area
was associated with less severe myoclonus symptoms. These findings highlight the disruption of higher-level cognitive processes in patients
with myoclonus-dystonia, further expanding the spectrum of neurological and psychiatric dysfunction already identified in this disorder.
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Sense of agency in myoclonus dystonia

Introduction

Sense of agency (SoA) is a cognitive function related to ac-
tions and defined as the experience of controlling one’s own
actions and the events they produce in the external world.'
SoA plays a crucial role in adjusting movements and beha-
viours in response to environmental stimuli and optimizing
motor control.” Movement disorders can lead to a loss of
control during voluntary actions, and this loss of control
has been associated with disruptions in SoA in conditions
such as Parkinson’s disease, Tourette’s disorder and func-
tional neurological disorders.’® However, the exact rela-
tionship between alterations in SoA, movement disorders
and dysfunction in brain networks remains unclear.® For
example, the motor network has been implicated in both
explicit SoA (the subjective feeling of action causality)
and implicit SoA (objective psychometric measures reflect-
ing SoA).»” Studies of explicit SoA, using paradigms in-
volving sensorimotor incongruency, have linked the
pre-supplementary motor area (pre-SMA) and supplemen-
tary motor area (SMA proper) to sensorimotor mismatch
detection.””'® The putamen and motor cerebellum have
been identified as contributing to SoA by evaluating
action-outcome predictions.” Specifically, during self-
generated actions, the cerebellum and its forward model
are involved in predicting feedbacks,” while the basal gan-
glia are involved in predicting rewards."' Predictions con-
stitute a fundamental component in the construction of
the sense of agency.! In addition to the motor system, the
temporo-parietal junction [particularly the inferior parietal
lobule (IPL)] has been associated with detecting
action-outcome mismatches, while the insula and precu-
neus have been linked to detecting sensorimotor congru-
ency.” Studies investigating implicit SoA have shown that
the cingulate motor area and the pre-SMA are associated
with attentiveness to action onset and intention,”'*!
Dystonia is a movement disorder that involves several
brain regions implicated in the generation of SoA, including
the pre-SMA, IPL, cerebellum and basal ganglia.'*'®
Previous research has identified abnormal SoA in patients
with idiopathic adult-onset cervical dystonia.'” In this study,
we aim to explore the relationship between SoA and under-
lying dysfunction in brain networks in another form of dys-
tonia known as myoclonus-dystonia. Myoclonus-dystonia is
a neurodevelopmental disorder associated with variations in
the sarcoglycan epsilon (SGCE) gene (DYT-SGCE) and is
characterized by childhood-onset dystonia and sub-cortical
myoclonus predominantly affecting the upper body.'®!’
DYT-SGCE is also more frequently associated with psychi-
atric comorbidities compared to other forms of hereditary
dystonia.”®*! The clinical manifestations of DYT-SGCE
arise from a dysfunction of the motor network, encompass-
ing the cerebellum, basal ganglia and the motor cortex.**>°
DYT-SGCE dystonia differs significantly from idiopathic
adult-onset cervical dystonia in terms of clinical phenotype
and onset. It remains unclear whether abnormal SoA repre-
sents a common feature across various forms of dystonia.
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It remains unclear whether abnormal SoA represents a com-
mon feature across various forms of dystonia.

To further identify the spectrum of cognitive dysfunction
in DYT-SGCE, we hypothesize that patients exhibit altered
behavioural measures related to the SoA, which are asso-
ciated with structural and functional network deficits. To
test this hypothesis, we assessed SoA alterations using both
explicit and implicit measures of agency in behavioural
tasks.?! These tasks and various conditions were designed
to separately test the multiple components involved in con-
structing the sense of agency. The advantage of such an ap-
proach was to discuss brain networks dysfunction in
DYT-SGCE in relation to the distinct components of SoA al-
terations in various tasks and conditions. If the cerebellum
and basal ganglia, which play a key role in predicting action
outcomes and motor adaptation, were predominantly af-
fected, the sense of agency in these situations would be select-
ively altered in DYT-SGCE. Conversely, if the alterations
were more widespread, encompassing multimodal cortical
regions, the sense of agency would likely be altered on mul-
tiple levels in these patients and independent of
action-outcome adaptations. To assess the impact of these
changes, we conducted structural and resting-state function-
al MRI studies to investigate the morphology and functional
connectivity among relevant brain regions involved in SoA
construction. Furthermore, we examined the relationships
between task performance and neuroimaging findings.

Materials and methods

DYT-SGCE subjects were recruited through the French
Movement Disorders Clinics Network and clinically evalu-
ated at the Pitié-Salpétriere Hospital in Paris. Healthy volun-
teers were recruited through advertisement via a local
neuroscience research platform. Subjects’ consent was ob-
tained according to the Declaration of Helsinki, and Ethics
committee approval was obtained (CPP/AU-1360).

Patients’ inclusion criteria were: (i) aged between 15 and
60 years old (ii) clinical diagnosis of myoclonus-dystonia
with SGCE mutation, (iii) absence botulinum toxin injec-
tion for at least three months prior to study participation,
(iv) absence of pharmacological treatment modification
for at least 1 month prior to the study, (v) absence of
MRI contraindication including deep brain stimulation.
Healthy subjects were matched to DYT-SGCE for age,
sex, educational level, handedness and had no history of
chronic illness or habitual use of medication (except for
oral contraception for females).

Disease severity was assessed using the Burke-
Fahn-Marsden scale (BFM) for dystonia and the Unified
Myoclonus Rating Scale (UMRS) for myoclonus.***® All
subjects were screened for psychiatric comorbidities using
the Mini International Neuropsychiatric
(MINT).>*

Interview
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This task was adapted from that described in Metcalfe
et al.'%3>3% (Fig. 1A-C). Subjects were seated facing a com-
puter screen and used their dominant hand to move a mouse,
which moved a squared cursor along a horizontal line at the
bottom of the screen. In all trial conditions, targets (°X’) and
distractors (‘O’) appeared at the top of the screen and moved
downwards at a constant speed. Subjects were instructed to
move the cursor to intercept the targets as they arrived on the
horizontal line, whilst avoiding the distractors. Four study
conditions were used:>° (i) ‘Control’ condition, in which spa-
tial and temporal concordance existed between subjects’
mouse movements and cursor position; (ii) “Turbulence’ con-
dition, in which a random time interval was inserted between
subjects moving the mouse and the resulting movement
of the cursor on the screen; (iii) ‘Lag’ condition, in which a
fixed 500 ms time interval was introduced between mouse
movements and their effect on cursor position; (iv) ‘Magic’
condition, in which the size of the cursor field was increased
by 10 pixels when approaching targets, facilitating target
interception.

In the turbulence condition, the association between sub-
ject intention (mouse movement) and action outcome (cursor
movement) was random. This artificially impaired subjects’
task performance, leading to a decreased SoA. This effect is
relatively easy to detect, and the random delay prevents any
adaptation of the system. In the Lag condition the time inter-
val between action and outcome was constant, allowing
subjects to adapt to the delay and improve their sense of
control. The Lag condition, therefore, is expected to be less
challenging and to have a lower impact on SoA than the
Turbulence condition is the subjects can grasp the ‘rule’ re-
lated to the constant delay between the action and the actual
outcome. In the Magic condition, the participant’s perform-
ance is artificially inflated, creating a mismatch between the
action and the outcome, and a match between the intention
and the outcome. The Magic condition identifies individuals
who place greater emphasis on assessing agency through the
alignment of intention and outcome, as opposed to relying on
the congruence between action and outcome (i.e. monitoring
of the action). Subjects were not explicitly informed about the
different task conditions. At the end of each trial, subjects in-
dicated on a visual scale (i) their perceived control over the
cursor through their mouse movements [raw judgment of
agency (JoA)] and (ii) their perceived ability to reach targets
and avoid distractors [judgment of performance (JoP)].

These two responses were then converted to numeric vari-
ables scored 0-100, and a summary agency score (DeltaJo)
was calculated for each experimental condition using the fol-
lowing formula:*®

DeltaJo = (JoP. — JoAc) — (JoPg — JoAg),

where ‘E” and ‘C’ refer to the ‘Experimental’ condition and
the ‘Control’ condition respectively. Computation of this
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composite score allows both (i) limiting of scaling effects
by calculating experimental condition outcomes relative to
the control condition and (ii) assessment of perceived control
relative to perceived performance. This allows for the ex-
ploration of factors other than performance informing feel-
ings of control, including action monitoring. Hence, these
summary agency scores are more reliable than the JoA in
identifying individuals who accurately perceive their loss of
control over actions. These scores were considered as the pri-
mary explicit agency outcome in each experimental condi-
tion.’® Healthy subjects’ summary agency scores were
typically 0 in the control condition, and negative in the three
experimental conditions. This reflects participants’ recogni-
tion that their control was not solely based on their
performance.>®

As depicted in Fig. 1E, participants were seated in front of a
computer, with their dominant hand on the computer key-
board. On the screen, they were presented with a white clock
(diameter of 20 cm). On the peripheral part of this clock, a
red dot appeared and started rotating on a circular trajectory
parallel to the edge of the clock (the initial position of the dot
appearance was randomized across trials). In each trial, par-
ticipants had to press the keyboard space bar whenever they
wish, causing the stop of the dot, which then disappeared. A
marker then appeared at a random location on the clock
face, which the subject instructed to move using the right
and left arrow keys. There were two conditions divided
in two blocks: (i) In the ‘action block’ the subject had to
place the marker exactly where they thought the dot was
when they had pressed the space bar. (ii) In the ‘intention
block’, they had to place the marker where they thought
the dot was when they had made the decision to press the
space bar. In each trial, participants confirmed the marker’s
position by pressing the space bar, validating their responses.
Each block consisted of 40 consecutive trials. To avoid atten-
tional errors to instruction, the trials within each block be-
longed to the same condition and were not mixed. For
each trial, the participant’s estimated marker position was
compared to the real stop position of the red dot. These judg-
ment regarding the real position (expressed in milliseconds)
were labelled as ‘M’ for the action block and ‘W’ for the in-
tention block.

For each subject, values that were more than 3 SD from
the mean were excluded in each block as outliers. The me-
dian value of ‘M’ and ‘W’ judgments for each subject was
then calculated. We chose to compute the median value as
it considered to be less sensitive to extreme values.
Additionally, the overall judgment ‘“W-M’ was calculated
by subtracting ‘M’ from “W’. In summary, these three mea-
sures (‘“W°, ‘M’ and “W-M’) constituted the outcomes ana-
lysed in the task.>” An ability to appropriately identify as
the author of one’s action is necessary to accurately assess
the timing of the decision to initiate the action relative
to the moment of the action initiation. A difference in the
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Behavioural tasks

Tasks with difference
between groups

Task-related structural correlates

ROIs with difference
between groups

Functional connectivity analysis

ROIs with difference of connectivity
strength between groups

Effective connectivity analysis

(DCM - PEB)

Figure 2 Statistical analysis and data analysis plan. We first
analysed the behavioural data arising from the explicit and implicit
agency tasks. Behavioural outcome measures showing significant
differences between groups were considered for neuroimaging
analysis. We assessed associations between behavioural markers of
sense of agency and structural metrics in regions of interest (ROls),
which show alterations of grey matter and diffusion weighted
imaging measures in patients. We then characterized the functional
coupling (functional connectivity) between the ROIs which showed
a degree of structural impairment related to altered sense of
agency. Lastly using dynamic causal modelling (DCM) with
Parametric Empirical Bayes (PEB), we evaluated the direction of the
coupling (i.e. which area drives the activity of other ROIs).

sense of agency can thus be explored by comparing these
judgments (“W’, ‘M’ and “W-M’) between the groups.>®

All scans were acquired using a 3T MRI scanner (Siemens
Prisma, Germany) with a 64-channel head coil at the Paris
Brain Institut neuroimaging platform. 3D T1-weighted
MP2RAGE, a multi-shell diffusion tensor imaging and
resting state functional images were acquired using a

C. Tarrano et al.

multi-echo echo-planar imaging (parameters provided in
Supplementary materials).

We selected region of interests (ROIs) based on previous find-
ings obtained using similar experimental paradigms.”!%!> As
shown in Fig. 2, we focused on the neural correlates of tasks
which showed a significant difference in between-groups per-
formance after analysis of behavioural results.

ROIs were arranged in three functional modules, as identi-
fied in the SoA literature:” (i) a module associated with detec-
tion of action-outcome mismatch—pre-SMA, SMA proper
and IPL; (ii) a module associated with action-outcome match
detection—insula and precuneus and (iii) a sub-cortical mod-
ule focused on action-outcome prediction—cerebellum and
putamen; these regions have been previously associated with
explicit SoA."°

The masks used for the analysis were generated using the
Wake Forest University Pickatlas (http:/fmri.wfubmc.edu/
software/pickatlas). For the insula, the precuneus and the pu-
tamen we used masks derived from the automated anatomical
labelling atlas.>” Pre-SMA and SMA proper ROIs were cre-
ated based on the automated anatomical labelling SMA label
and by dividing it into pre-SMA and SMA proper by drawing
a vertical plane crossing the anterior commissure.* For the
cerebellum, we used the common mask for lobules IV, V
and VI (automated anatomical labelling atlas) due to their
connections with cortical motor areas.*"** To explore the
IPL, we built bilateral ROIs defined as spheres of 8 mm radius
on the Montreal Neurological Institute coordinates (left IPL:
=50, =50, 34; right IPL: 54, —50, 32), as previously per-
formed when utilizing our explicit agency behavioural task.'®

Pre-processing was performed using Statistical Parametric
Mapping software (SPM12; Wellcome Trust Center for
Neuroimaging, UCL, London, UK) running MATLAB and
Statistics Toolbox Release 2020a (The MathWorks, Inc.,
Natick, MA, USA).

We performed a voxel-based morphometry (VBM) ana-
lysis, as described in Statistical Parametric Mapping
(SPM) Manual (https:/www.fil.ion.ucl.ac.uk/~john/misc/
VBMclass15.pdf). Briefly, after segmentation of T1 images
into grey, white matter and cortico-cerebral fluid images
for each subject in native space, we used DARTEL to deter-
mine the non-linear deformations for wrapping inter-subject
grey and white matter images. We focused on the analysis of
grey matter images only. After spatial normalization of grey-
matter images to a standard Montreal Neurological Institute
space, smoothing (full width at half maximum [FWHM] =
10 mm) were applied. We extracted the total intracranial
volume and the overall weighted image quality (IQR) using
the Computational Anatomy Toolbox (CAT12, http:/dbm.
neuro.uni-jena.de/cat/) implemented in SPM12* according
to the toolbox manual (http:/dbm.neuro.uni-jena.de/cat12/
CAT12-Manual.pdf). Total intracranial volume and IQR
were used as co-variables of non-interest for imaging
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analysis. We extracted the average signal intensity across the
ROI for each subject using the Marsbar toolbox (http:/
marsbar.sourceforge.net).

Data pre-processing was performed using the Oxford
University Centre for Functional MRI of the Brain
(FMRIB) software library (FSL, https:/fsl.fmrib.ox.ac.uk/
fsl/fslwiki). After correction for motion and eddy currents,
tensor reconstruction, non-linear registration, alignment to
the Montreal Neurological Institute space, thresholding
data at 0.2 and smoothing (FWHM = 5 mm), we performed
the extraction of the average mean diffusivity (MD) across
the ROI for each subject using Marsbar toolbox (http:/
marsbar.sourceforge.net). The absolute motion of each sub-
ject was extracted and used as a covariable of non-interest
for imaging analysis.

Echo planar imaging (EPIs) was processed with the
TEDANA toolbox (v0.0.0a1, https:/tedana.readthedocs.io/
en/stable/). We used multi-echo imaging for resting state
functional MRI pre-processing acquisition—an advanced
method to efficiently perform movement corrections.**
The standard pre-processing steps were achieved using
AFNI  (v19.3.08 https:/afni.nimh.nih.gov/pub/dist/doc/
program_help/afni_proc.py.html), despiking, slice timing
correction and motion correction (see Supplementary
materials). The framewise displacement of each subject was
extracted and used as a covariable of non-interest for imaging
analysis. Then, TEDANA was used for realignment to the first
volume driven by the first echo and co-registration to the ana-
tomic volume. A single warp was applied to combine realign-
ment and co-registration. A principal component analysis was
applied to reduce the dimensionality of the dataset by remov-
ing thermal noise, and an independent component analysis de-
composition to separate blood-oxygen-level dependent from
non-blood-oxygen-level dependent components based on
the echo time dependence of the blood-oxygen-level depend-
ent component™® (non-blood-oxygen-level dependent compo-
nents were visually inspected for each individual). After the
independent component analysis, we obtained a dataset
where both thermal noise and physiological noise such as
movements, respiration artefacts and cardiac artefacts were
removed. The data were normalized to the Montreal
Neurological Institute template and smoothed (FWHM =
4 mm).

As presented in Fig. 2, we first analysed the behavioural data
of explicit and implicit agency tasks. Behavioural outcome
measures showing significant differences between groups
were considered for neuroimaging analyses. We assessed
the association between behavioural markers of SoA and
those structural metrics in ROIs which showed alterations
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of grey matter, and diffusion-weighted imaging (DWI) mea-
sures in patients. We then characterized the functional coup-
ling (functional connectivity) between the ROIs which
showed a degree of structural impairment related to altered
SoA. Lastly using dynamic causal modelling (DCM), we
evaluated the direction of the coupling (i.e. determining
which area drove the activity of other ROIs) to isolate areas
that functionally led to altered connectivity.

Statistical analysis was performed using the Statistical
Package for Science (SPSS) version 21 (SPSS Inc. Chicago,
IL, USA). We removed outliers from the behavioural tasks’
outcomes (Summary agency score -DeltaJo- for each condi-
tion for the explicit task, and judgment W-M for the implicit
task) given the rarity of the pathology and the sample size, jus-
tifying the need to limit data heterogeneity. A permissive 3 SD
cutoff was applied. Data from these two tasks were treated as
independent measures. Comparison of behavioural outcome
measures between the groups was performed using ANOVA
models. For the tasks outcomes significantly differing between
groups, Pearson correlations or partial correlations were per-
formed to assess the relationships between the task outcome
measures and clinical and imaging variables.

All imaging data analysis was performed with sex, age and
total intracranial volume. Quality parameters (IQR, abso-
lute motion and framewise displacement) were added as
co-variables of non-interest according to the imaging dataset
analysed. For all these analyses, P < 0.05 was assumed to be
statistically significant.

For VBM and DWI, the signal extracted from the ROI
was used to perform between-group comparisons using
ANCOVA. For each ROI, we first performed a multivariate
analysis including VBM and MD as variables in the same mod-
el. For ROIs which differed between groups in multivariate
analysis, we performed a complementary univariate analysis
to separately investigate specific VBM and MD differences be-
tween groups. The Bonferroni correction for multiple compar-
isons was applied within each functional module.

To explore functional connectivity, following the pre-
processing steps described above, functional connectivity ana-
lysis was performed using the DPABI toolbox*® within
MATLAB R2020a. We performed a ROI-to-ROI analysis
for any ROI displaying structural abnormalities. ANCOVA
was used to compare between groups the functional connect-
ivity correlation coefficients for both (i) ROIs within the same
functional module and (ii) ROIs belonging to other functional
modules. The Bonferroni correction for multiple comparisons
was performed where merited by the number of ROl in a tar-
get module. All corrected P-values are reported with the num-
ber of tests taken into account as a subscript, as follows:

pcorr(n = ‘number of tests’)+


http://marsbar.sourceforge.net
http://marsbar.sourceforge.net
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://marsbar.sourceforge.net
http://marsbar.sourceforge.net
https://tedana.readthedocs.io/en/stable/
https://tedana.readthedocs.io/en/stable/
https://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_proc.py.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_proc.py.html
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae105#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae105#supplementary-data
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Table | Demographic and clinical data
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DYT-SGCE (n= 19)

Age® (range) 30.37 +2.68 (19-60)

Years of education® 13.94+0.35
Laterality (R:L)® 16:3
Sex (F:M)° 11:8
BFM* 12.84 +2.63
UMRS? 34.16 +4.06
MDE/dysthymia® 3
Anxiety disorder® 15
ocp® 5
Addiction® I
Medication® 9

HV (n=24) F(P)

29.71 +2.15 (18-54) 0.04 (0.85)*
13.17 + 037 2.20 (0.16)*
19:5 1.00%*
14:10 1.00 **

0.08%*
<0.00%*
0.07
0.44%¢
<0.00**

© O —NO

*Reported as mean + Standard Error of the Mean.
PReported in effective.

“Zonisamide (n = 4), Benzodiazepine (n = 4) Trihexyphenidyl (n = 1), Selective serotonin reuptake inhibitors (n = 2), Tetrabenazine (n = |), Botulinic toxin injections (n = 2).

*ANOVA analysis.
**Fischer’s exact test.
Significant test results in bold.

DYT-SGCE, myoclonus dystonia; HV, healthy volunteers; R, righty; L, lefty; F, female; M, male; BFM, Burke-Marsden-Fahn scale; UMRS, Unified Myoclonus Rating scale; MDE, major

depressive episode; OCD, obsessive-compulsive disorder.

For any ROI displaying significant differences during
group comparisons using any imaging modality, partial cor-
relation analyses with behavioural and clinical variables
were then performed independently.

ROI which showed a between-groups difference in function-
al connectivity were included in DCM analysis utilizing a
Parametric Empirical Bayes (PEB) methodology.*”*** We uti-
lized a classical SPM approach to perform this analysis (see
https://en.wikibooks.org/wiki/SPM/Parametric_Empirical_

Bayes_(PEB)). A full model was constructed for each subject
and used in PEB. Briefly, PEB estimates the connection para-
meters at the group level, then incorporates these group-level
parameters into individual subjects’ DCMs as priors. These
DCMs are then updated with these ‘empirical priors’ derived
from the group to produce new posteriors. At the group le-
vel, we searched over nested PEB models to prune away
any connectivity parameters from the PEB which were not con-
tributive to the model. The connectivity parameters that
we considered were intrinsic connectivity (auto-correlation
within a ROI, with negative parameters being associated
with excitatory influence, and positive parameters being asso-
ciated with inhibitory influence) and extrinsic connectivity
(between-ROls causal correlation; with negative parameters
being associated with inhibitory influence, and positive
parameters being associated with excitatory influence). The
PEB then provides updated results in terms of posterior prob-
ability (pp). We established high thresholds for estimated para-
meters (i.e. pp > 0.99) based on free energy. Those estimated
parameters passing these thresholds were then considered to
describe (i) commonalities across the whole group of
participants and (ii) the differences between patients and HV
in effective connectivity. Individual connection parameters

updated from the PEB with group-level priors were used for
independent partial correlation analysis with behavioural
and clinical variables with sex, age, total intracranial
volume and framewise displacement as co-variables of
non-interest.

Results

Twenty-four patients (DYT-SGCE) and 25 healthy volun-
teers (HV) were included in the study. The results from one
HYV were outliers on the implicit agency task, and the subject
was removed from the analysis. Additionally, five patients
were excluded from the analysis due to insufficient imaging
data quality or incomplete scanning procedures. As shown
in Table 1, there were no statistically significant differences
in demographic data between groups. DYT-SCGE patients
showed more anxiety disorders compared to HV.

Before investigating the SoA, we first performed a between-
groups comparison for all measures in the ‘Control’ condi-
tion of this task. The main interest was to investigate the re-
lation between subjects’ judgment of performance and their
actual performance to ensure that the groups do not differ in
their perception of performance.’® The DYT-SGCE group
intercepted a smaller number of target stimuli in the
‘Control’ condition compared to HV (mean + Standard
Error of the Mean (SEM), DYT-SGCE: 15.34 +£0.55, HV:
17.88 £0.35, F(1,42) =16.23, P=0.0002) and had a lower
raw judgment of performance score (JoP.) [mean + SEM,
DYT-SGCE: 69.60+3.60, HV: 81.55+2.15, F(1,42)=
8.90, P=0.01]. There were no statistically significant differ-
ences in other measures (all P> 0.05) (Table 2). To assess


https://en.wikibooks.org/wiki/SPM/Parametric_Empirical_Bayes_(PEB
https://en.wikibooks.org/wiki/SPM/Parametric_Empirical_Bayes_(PEB
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Table 2 Explicit agency task results

DYT-SGCE HV
(n=19) (n=24) F (P)*

Control condition
TrialMov®  2560,26 + 180.82  2659.10 + 106.93 0.24 (0.63)
Targ_hit® 15.34 + 0.55 17.88 + 0.35 16.23 (0.0002)
JoA? 83.46 +3.05 87.45+2.40 1.09 (0.30)
JoP? 69.60 + 3.60 81.55+2.15 8.90 (0.01)
Turbulence condition
TrialMov®  2797.04 +238.75 3160.70 +205.39 1.34 (0.25)
Targ_hit* 7.54+0.30 8.08 +0.31 1.52 (0.23)
JoA? 27.98 +3.40 27.73 +3.40 0.003 (0.96)
JoP? 29.65 +2.87 3041 +3.67 0.03 (0.88)
deltajo® —15.53 +3.75 —-8.58+2.14 3.73 (0.11)
Lag condition
TrialMov® 415432 +461.94 517621 +526.59 2.01 (0.16)
Targ_hit* 5.57+0.26 549 +0.32 0.03 (0.86)
JoA? 20.45 +3.39 2322 +3.48 0.31 (0.58)
JoP? 22.64+3.43 23.62 +3.34 0.04 (0.84)
deltajo® —16.04 +4.01 —6.31 +2.05 26.04 (0.004)
Magic condition
TrialMov®  2481.18 + 124.96  2660.94 + 87.30 1.47 (0.23)
Targ_hit* 19.67 +0.35 20.29+0.23 243 (0.13)
JoA? 92.15 +2.04 91.33+1.86 0.09 (0.77)
JoP? 86.67 +2.59 89.81 +1.82 1.04 (0.31)
deltajo® -5.18+ 1.6l -3.40+0.93 0.22 (0.66)

?Reported as mean + Standard Error of the Mean.

*ANOVA analysis.

Significant test results in bold.

DYT-SGCE, myoclonus dystonia; HV, healthy volunteers; TrialMov, mean number of
mouse movements per trial in pixels; Targ_hit, mean number of targets hit per trial;
JoA, Mean judgment of agency per trial; JoP, mean judgment of performance per trial;
deltaJo, mean summary of agency score per trial.

subjects’ perception of their performance in this condition,
we divided the number of targets hit by JoP. and found no
statistical difference between groups [F(1,42)=0.36, P=
0.55].

Next, we compared the SoA between groups. We per-
formed an ANOVA to investigate between-groups differences
in summary agency scores. We found an effect of group in the
‘Lag’ condition [F(1,42)=26.04, P=0.004], with a lower
summary agency score (DeltaJor,,) in DYT-SGCE (mean +
SEM: -16.04 +4.01) compared to HV (mean+ SEM:
—6.31 £2.05) (Fig. 1D) identified through post hoc compari-
sons. There was no effect of group on other experimental con-
ditions (all P > 0.1). There was no Group X JoP, interaction in
the ‘Lag’ condition [F(1,42) =0.92, P =0.38]. To ensure this
significant finding could not be attributed to psychiatric path-
ology, we performed an additional ANCOVA with co-morbid
anxiety disorders, obsessive-compulsive disorder and major
depressive episodes as co-variables of non-interest. This did
not alter the group difference in DeltaJoy,, [F(1,42) = 8.60,
P =0.04]. Behavioural data are displayed in Table 2.

We explored the relationships between DeltaJo,, and
clinical measures of movement disorder, including myoclo-
nus severity (assessed using the UMRS scale) and dystonia
(assessed using the BFM scale) using a partial correlation,
in which JoP. was added as a covariable of non-interest.
No significant results were identified (P > 0.05).
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ANOVA was used to explore between-group differences in
judgements, and no significant results were identified: M (mean
+SEM: DYT-SGCE: —34.65+4.78; HV: —33.68 + 3.42;
F(1,42)=0.03, P=0.87), W (mean+SEM: DYT-SGCE:
—36 711 +92.03; HV: —297.57 + 74.36; F(1,42)=0.35, P=
0.56) and W-M (mean+SEM: DYT-SGCE: -332.46 +
90.37; HV: -263.89 +74.50; F(1,42)=0.35, P=0.56)
(Fig. 1F).

A multivariate ANCOVA identified a significant between-
group difference in morphometric measures for the motor
cerebellum bilaterally (left cerebellum IV-V-VI: F(2,35) =
5.23, Peorr(n = 2) = 0.02; right cerebellum IV-V-VI: F(2,35) =
4.33, Deorr(n = 2) = 0.04; Table 3). No effect of group was iden-
tified for any other ROI (Table 3).

Univariate analysis (Table 3; Fig. 3) revealed a higher T1
grey-matter signal bilaterally in the cerebellum (left cerebel-
lum IV-V-VI: F(1,37) = 10.76, Dcorr(n = 2) = 0.004; right cere-
bellum IV-V-VI: F(1,37) = 8.67, Peorr(n=2) = 0.01), as well as
lower MD in the left motor cerebellum (left cerebellum
IV-V-VI: F(1,37)=6.84, peorrne2 =0.03) in DYT-SCGE
compared with HV.

Correlation between summary agency score in the Lag con-
dition of the explicit agency task (DeltaJor,,) and those
structural measures differing between groups are presented
in Fig. 3. Importantly, we added JoP, as a covariable of non-
interest to this correlation as it differed significantly across
groups. In the DYT-SGCE group, DeltaJoy ,, was both nega-
tively correlated with T1 grey-matter signal in the bilateral
cerebellum (left cerebellum IV-V-VI: r=-0.76, P =0.002;
right cerebellum IV-V-VI: r=-0.72, P =0.004), and posi-
tively correlated with MD signal amplitude in the left cere-
bellum (r=10.61, P =0.02). Voxel-based morphometry and
MD signals in the motor cerebellum did not correlate with
clinical scores.

We explored functional connectivity through pair-wise cor-
relation of ROIs across time using ANCOVA. As presented
in Fig. 4A, this revealed significant functional connectivity
between the right motor cerebellum and the pre-SMA
[F(1,37) =6.90, Dcorr(n=3)=0.04]. Connectivity analysis
found no other significant associations between either the
left or right motor cerebellum and other ROL.

We further explored the abnormal functional connectivity
identified between the right motor cerebellum and the
pre-SMA using DCM (Fig. 5A and Supplementary Fig. 1).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae105#supplementary-data
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Table 3 Morphometric MRI data

C. Tarrano et al.

Multivariate

Univariate®

F (P)* DYT-SGCE (n=19) HV (n=24) F (P)**
Mismatch detection functional module
Pre-SMA Merged 1.53 (0.69) VBM? 0.33+0.01 0.31+0.0lI -
MD? 0.0006 + 0.00002 0.0007 + 0.00001 -
SMA proper Merged 2.49 (0.29) VBM?* 0.27 +0.01 0.25+0.01 -
MD? 0.0006 + 0.00001 0.0006 + 0.00001 -
IPL Left 2.30 (0.31) VBM? 0.30 +0.02 0.28+0.01 -
MD? 0.0003 + 0.000003 0.0003 + 0.000002 -
Right 0.85 (1.00) VBM?* 0.36 +0.02 0.34+0.01 -
MD?* 0.0004 + 0.000004 0.0004 + 0.000003 -
Match detection functional module
Insula Left 0.18 (1.00) VBM? 0.38+0.01 0.38+0.01 -
MD?* 0.0006 =+ 0.00001 0.0006 + 0.000004 -
Right 1.75 (0.38) VBM?* 0.42+0.01 0.40+0.01 -
MD? 0.0007 + 0. 00001 0.0007 + 0.000005 -
Precuneus Left 1.30 (0.57) VBM?* 0.31+0.01 0.29+0.01 -
MD? 0.0006 + 0.00001 0.0006 + 0.00001 -
Right 1.94 (0.32) VBM? 0.31+0.01 0.29+0.01 -
MD? 0.0006 + 0.00001 0.0006 + 0.00001 -
Action-outcome prediction functional module
Putamen Left 0.53 (1.00) VBM? 0.30+0.01 0.29+0.01 -
MD? 0.0005 + 0.00001 0.0005 + 0.000005 -
Right 1.44 (0.50) VBM?* 0.30+0.01 0.29+0.01 -
MD? 0.0005 + 0.00001 0.0005 + 0.000004 -
Cerebellum Left 5.23 (0.02) VBM? 0.49 +0.01 0.47 +0.01 10.76 (0.004)
MD? 0.0006 + 0.000005 0.0006 + 0.000004 6.84 (0.03)
Right 4.33 (0.04) VBM?* 0.51 +0.01 0.49 +0.01 8.67 (0.01)
MD?* 0.0006 =+ 0.00001 0.0006 + 0.000004 4.23 (0.09)

?Reported as mean + Standard Error of the Mean.
bTest provided only if difference in multivariate analysis.

*ANCOVA analysis (P corrected with Bonferroni correction for multiple comparisons) with age, sex, total intracranial volume, quality parameters (weighted overall image quality and

absolute motion) as co-variables of non-interest.

**ANCOVA analysis (P corrected with Bonferroni correction for multiple comparisons) with age, sex, total intracranial volume and quality parameters (weighted overall image quality

for voxel-based morphometry or absolute motion for MD) as co-variables of non-interest.

Significant test results in bold.

DYT-SGCE, myoclonus dystonia; HV, healthy volunteers; pre-SMA, pre-supplementary motor area; SMA, supplementary motor area; IPL, inferior parietal lobule; ROI, region of

interest; VBM, voxel-based morphometry; MD, mean diffusivity.

When exploring identified common findings across both par-
ticipant groups, we found an inhibitory connection from the
cerebellum to the pre-SMA, and an excitatory connection
from the pre-SMA to the cerebellum. Intrinsic connectivity
within cerebellum and pre-SMA acted as self-inhibition
and self-disinhibition, respectively. Reciprocal connections
(in both directions) between the pre-SMA and the cerebellum
differed between the patient and HV groups, as did the self-
disinhibition (intrinsic connectivity) within the pre-SMA. In
the DYT-SGCE group, there was both a decreased inhibitory
effect of the cerebellum on the pre-SMA, and a decreased ex-
citatory effect of the pre-SMA on the cerebellum. Finally,
those in the DYT-SGCE group showed reduced self-
excitation within pre-SMA.

We performed correlation analyses between summary
agency score in the explicit agency task in the Lag condition
(the DeltaJoy ., variable) and degree of functional connectiv-
ity. In the DYT-SGCE group, DeltaJor,, was negatively

correlated with the degree of functional connectivity be-
tween the right motor cerebellum and the pre-SMA (r=
—0.62, P =0.02) (Fig. 4B). Degree of functional connectivity
did not correlate with clinical scores. DCM parameters did
not correlate with task performance, but pre-SMA self-
inhibition strength negatively correlated with UMRS (r=
—0.53, P=0.04), as depicted in Fig. 5B.

Discussion

DYT-SGCE patients exhibited a specific impairment in an
explicit agency task when a constant time interval was im-
posed between their actions and outcomes. Neuroimaging
analysis revealed both grey-matter abnormalities in the mo-
tor cerebellum and increased connectivity between the motor
cerebellum and pre-SMA in patients compared to controls.
The rest of the network involved in the sense of agency re-
mained intact. The presence of these structural and function-
al abnormalities was also associated with a diminished sense
of control in the explicit agency task. Additionally,
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Figure 3 Structural neuroimaging results. (A) Results of region of interest voxel-based morphometry analysis of cerebellum IV, V and VI
grey matter. Groups were compared using ANCOVA adjusted for age, sex, total intracranial volume and weighted image quality (19 patients with
DYT-SGCE and 24 healthy volunteers). Groups differed for the left cerebellum IV-V-VI (F(1,37) = 10.76, pcorr = 0.004) and the right cerebellum
IV-V-VI: F(1,37) = 8.67, pcorr = 0.01). (B) Partial correlation accounting for the effect of age, sex, total intracranial volume, weighted image quality
and the judgment of performance in the ‘control’ condition during the explicit agency task in DYT-SGCE group of individual left (in purple, r=
—0.76, P=0.002) and right (in green, r=—0.72, P=0.004) cerebellum IV, V and VI voxel-based morphometry signals on y-axis (corrected for
covariable of non-interest) and the summary agency scores in the ‘Lag’ condition on x-axis. (C) Results of region of interest MD analysis of
cerebellum IV, V and VI grey matter. Groups were compared using ANCOVA adjusted for age, sex, total intracranial volume and absolute motion
(19 patients with DYT-SGCE and 24 healthy volunteers). Groups differed for the left motor cerebellum (F(1,37) = 6.84, p o = 0.03). (D) Partial
correlation accounting for the effect of age, sex, total intracranial volume, absolute motion, and the judgment of performance in the control
condition during the explicit agency task in DYT-SGCE group of individual left (in purple, r= —0.61, P = 0.02) cerebellum IV, V, and VI MD on y-axis
(corrected for covariable of non-interest) and the summary agency scores in the ‘Lag’ condition on x-axis. DYT-SGCE, myoclonus dystonia; HV,
healthy volunteers; VBM, voxel-based morphometry; MD, diffusion tensor imaging mean diffusivity. DeltaJo, ,, = summary agency score in the ‘Lag’
condition. *Significant results (P < 0.05). NS, non-significant.

DYT-SGCE patients displayed the following: (i) a decreased
inhibitory effect of the cerebellum on the pre-SMA; (ii) a re-
duced excitatory effect of the pre-SMA on the cerebellum;
and (iii) a decrease in self-disinhibition within the
pre-SMA, which correlated with the severity of myoclonus.
Consequently, our study expands the understanding of
neurological dysfunction in DYT-SGCE by identifying the
disruption of a high-level cognitive process.

This study had several limitations. Firstly, the correl-
ational design employed prevents us from establishing a
causal relationship between cerebellar dysfunction and al-
tered sense of agency or symptom severity. Moreover, our
neuroimaging results could be influenced by factors other
than the SoA. For instance, the high prevalence of psychi-
atric comorbidities among our patients may have affected
the behavioural or neuroimaging outcomes. Nevertheless,
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Figure 4 Functional connectivity results. (A) Results of the functional connectivity analysis group comparison based on correlation between
the signal extracted in regions of interest (ROIls). Groups were compared using ANCOVA adjusted for age, sex, total intracranial volume and
framewise displacement. ROls were categorized into three functional modules: (i) a module associated with action-outcome mismatch detection
comprising the pre-supplementary motor area, the supplementary motor area and the inferior parietal lobule, (ii) a module associated with
action-outcome match detection comprising the precuneus and the insula, (iii) a module associated with action-outcome prediction comprising
the putamen and the cerebellum IV,V,VI. Only connections from the right motor cerebellum (framed) were considered since it was the only ROls
which presented structural differences between groups. Stronger connections in patients than in healthy volunteers are displayed. P-value are
corrected for multiple comparison with Bonferroni method within each functional module. The connectivity between pre-supplementary motor
area and right motor cerebellum differed between groups (F(1,37) = 6.90, p.orr = 0.04). (B) Partial correlation accounting for the effect of age, sex,
total intracranial volume, framewise displacement and the judgment of performance in the ‘control’ condition during the explicit agency task in
DYT-SGCE group with 95% Confidence Interval (Cl) of functional connectivity strength between motor cerebellum and pre-supplementary motor
area on y-axis (corrected for covariable of non-interest) and the summary agency score in the ‘Lag’ condition in the explicit agency task on x-axis.

DYT-SGCE, myoclonus dystonia; HV, healthy volunteer; IPL, inferior parietal lobule; pre-SMA, pre-supplementary motor area; DeltaJoy ,g,

summary agency score in the ‘Lag’ condition.

given that up to two-thirds of patients with DYT-SGCE ex-
perience co-morbid psychiatric conditions, our findings re-
main relevant and representative of this patient group.”'
Furthermore, we attempted to account for potential bias-
ing effects by limiting the brain regions we investigated to
focus on those linked to the sense of agency and by control-
ling for spurious and nuisance covariates in the statistical
models.

Secondly, no association was found between behavioural
or neuroimaging measures and dystonia severity in
DYT-SGCE. Previous evidence suggests that cerebellar dys-
function contributes to both myoclonus and dystonia in this
disorder, as observed in mouse models where acute knock-
out of SGCE in the cerebellum resulted in both dystonia
and myoclonic jerks.*” However, dystonia in DYT-SGCE
is typically mild and focal, leading to a limited range of

dystonia severity scores when using existing scales.’® This
may have hindered the identification of any correlation be-
tween dystonia severity and neuroimaging or clinical
parameters.

In the control condition of the explicit agency task, the move-
ments of the cursor precisely matched the movements of the
mouse, enabling healthy participants to accurately intercept
targets and avoid distractions. In this condition, patients
were less performant than HV, likely due to their motor dis-
ability, and exhibited a lower JoPc consistent with their ac-
tual motor performance. In other words, they perceived
their actual performance with the same accuracy than HV.
This indicated the absence of a defect in the evaluation of
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Pre-SMA self-inhibition
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Excitatory connections Decreased excitation

Decreased inhibition

E Inhibitory connections

Figure 5 Dynamic causal model effective connectivity results. (A) The contribution of different parameters to model evidence across all
subjects (left) and between groups (right). Parametric Empirical Bayes (PEB) employs Bayesian statistics. Consequently, the outcomes do not rely
on P-values but are presented in terms of posterior probabilities (pp). The connections with a posterior probability (pp) > 0.99 are displayed in
colour whereas the non-relevant connections are displayed in white. For the contrast of the whole group of participants, the effect size of the
connectivity parameters are displayed. For between-region parameters (in Hz), positive numbers indicate excitation and negative numbers
indicate inhibition. For self-connection parameters (no units), positive numbers indicate self-inhibition and negative numbers indicate disinhibition.
These effects between regions and within regions are summarized by red arrows for excitatory connection and blue arrow for inhibitory
connections. For the between groups contrast, we displayed the connections that differentiate groups in colour. Since the contrast patients >
healthy volunteers indicate different outcomes depending on if parameters are positive or negative, we chose to summarize the results as follows:
the red dotted arrows represent decreased excitatory connections, and blue dotted arrows represent decreased inhibitory connections. (B)
Partial correlation accounting for the effect of age, sex, total intracranial volume, framewise displacement in DYT-SGCE group with 95% CI of
self-inhibition within pre-supplementary motor area on y-axis (corrected for covariable of non-interest) and Unified Myoclonus Rating Scale on
x-axis (r=—0.53, P=0.04). DYT-SGCE, myoclonus dystonia; pre-SMA, pre-supplementary motor area; UMRS, Unified Myoclonus Rating Scale.
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the performance per se.>® However, introducing a delay be-
tween the cursor and the mouse movements disrupted the
alignment between the participants’ actions and their out-
comes, resulting in a perceived loss of control. In the
Turbulence condition, this delay was randomly applied,
while in the Lag condition, the delay was constant.
Consequently, in the Lag condition, participants had the op-
portunity to capitalize on this implicit ‘rule’ to improve their
sense of control over the task.*® Patients with DYT-SGCE
felt less control in the Lag condition, while both groups ex-
perienced a similar loss of control during the Turbulence
condition. This difference likely arose from DYT-SGCE pa-
tients’ inability to recognize the constant delay in the Lag
condition and consequently, they were unable to take advan-
tage of it to enhance their sense of control.

The motor cerebellum (lobules IV, V, and V1) is part of the
cerebello-thalamo-pre-SMA-red nucleus loop.>" This loop is
known to play a role in the early phase of movement learn-
ing, contributing to the development of optimal motor com-
mands.’> The forward internal model proposes that the
cerebellum acts as a predictive controller, generating internal
models that anticipate the body’s movements and their

expected consequences. When the actual outcome of a move-
ment deviates from the cerebellum’s prediction, it sends a
feedback signal to the motor system to adjust the motor
command.***#°335 The cerebellum is particularly involved
in adjusting the temporal component of high-level predic-
tions.’® In the Lag condition of the task, it is plausible
that the cerebellum had an informative influence on the
pre-SMA, enabling adjustments to account for the temporal
delay between action and its outcome. This adjustment likely
contributed to an increase SoA in HV. On the other hand,
during the Turbulence condition, where the delay was ran-
dom, the cerebellum was unable to effectively adjust its pre-
diction of the action outcome. This mismatch between
predicted and actual outcomes resulted in a change in the per-
ception of agency, leading to a diminished feeling of control.
Moreover, the SoA was selectively impaired in the Lag condi-
tion when this adaptive process of action-outcome prediction
is required for motor adaptation. Patients with DYT-SGCE
showed no alteration in their SoA in the Magic condition, in-
dicating that they do not solely rely on the result of the action
to construct their SOA but rather use the monitoring of their
actions. However, no dynamic adaptation of the system is
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engaged in this condition. Similarly, in the implicit Libet task,
there is no discrepancy between action and its outcome, or
adaptive process involved. Awareness of action in cerebellar
patients may persist, but it could be altered when adjustments
are needed.’” This specific alteration of SoA in the Lag condi-
tion of the explicit task aligns with the theory that the cerebel-
lum and its forward internal model play a major role in the
abnormal SoA in DYT-SGCE.

DYT-SGCE patients were found to have grey-matter abnor-
malities in the motor cerebellum, which were associated with
reduced explicit SoA in Lag condition. On a microarchitectural
level, increased VBM signal might account for altered cerebel-
lar maturation leading to an increased volume of neuropil.
This finding is in line with recent observations describing an
increased number of branches and longer branch lengths in
dendrites in cortical cells in subjects with SGCE-mutation.>®
Indeed, greater microstructural complexity in the entangle-
ment of cytoplasmic protrusions from neurons (e.g. axons
and dendrites) and glial cells in the extracellular space may
constrain water diffusivity,’®°? consistent with the decreased
MD we observed in DYT-SGCE patients. Changes to neurite
morphology has been associated with diminished synaptic ef-
ficiency, might result from alteration of the neuronal homeo-
stasis and should be involved in multiple neurodevelopmental
disorders.®'"®* An alternative proposal may be that those cor-
tical neurons connected to the cerebellum are selectively af-
fected by neuronal dysfunction (diaschisis). This is assumed
in other developmental conditions, such as autism.®® This
has been suggested to result in decreased MD.®®¢” Future
work should explore this hypothesis through techniques al-
lowing better identification of the cerebellar neuropil micro-
architecture, such as NODDI imaging.®®

This work also investigated at rest the functional connec-
tions between the brain regions related to the SoA. In
DYT-SGCE, we have identified abnormal excitatory and in-
hibitory connections between the motor cerebellum and
pre-SMA, as well as showed a reduction in self-disinhibition
within the pre-SMA itself. Previous work has shown that, via
the cerebello-thalamo-cortical pathway, the cerebellum in-
fluences excitation and inhibition in the motor cortex.®” In
other forms of dystonia, such as DYT-TOR1A, structural
abnormalities in the cerebellar outflow pathway have been
associated with increased activity within the pre-SMA during
motor sequence learning, indicating the reduced inhibitory
influence of the cerebello-thalamo-cortical pathway.'*

Furthermore, our study revealed a decreased in self-
excitation within the pre-SMA during rest. Previous research
has found a lower membrane excitability of the corticocorti-
cal axons in individuals with SGCE mutation.?* We also ob-
served that patients with milder myoclonus symptoms
exhibited a greater decrease in self-excitation within the
pre-SMA, implying a potential compensatory mechanism.
However, the meaning of this finding remains to consider
with caution.

We suggest that an imbalance between cerebellar-related
excitatory and inhibitory signals might be a crucial factor
contributing to the abnormal sense of agency and motor

C. Tarrano et al.

symptoms observed in DYT-SGCE, acknowledging that
our study design is limited to infer any causal links.

Supplementary materials

Supplementary material is available at Brain Communications
online.
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