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ABSTRACT: Background: Cervical dystonia (CD) is a
form of isolated focal dystonia typically associated to
abnormal head, neck, and shoulder movements and pos-
tures. The complexity of the clinical presentation limits
the investigation of its pathophysiological mechanisms,
and the neural networks associated to specific motor
manifestations are still the object of debate.
Objectives: We investigated the morphometric properties
of white matter fibers in CD and explored the networks
associated with motor symptoms, while regressing out
nonmotor scores.
Methods: Nineteen patients affected by CD and 21 healthy
controls underwent diffusion-weighted magnetic reso-
nance imaging. We performed fixel-based analysis, a novel
method evaluating fiber orientation within specific fiber
bundles, and compared fiber morphometric properties
between groups. Moreover, we correlated fiber morphom-
etry with the severity of motor symptoms in patients.

Results: Compared to controls, patients exhibited
decreased white matter fibers in the right striatum. Motor
symptom severity negatively correlated with white matter
fibers passing through inferior parietal areas and the
head representation area of the motor cortex.
Conclusions: Abnormal white matter integrity at the
basal ganglia level may affect several functional net-
works involved, for instance, in motor preparation and
execution, visuomotor coordination, and multimodal
integration. This may result in progressive maladaptive
plasticity, culminating in overt symptoms of dystonia.
© 2023 The Authors. Movement Disorders published
by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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Cervical dystonia (CD) is a form of focal dystonia
characterized by patterned, directional, and often
sustained contractions of the neck muscles, which pro-
duce abnormal head posture or repetitive head move-
ments.1 Its pathogenesis involves maladaptive plasticity
and abnormal sensorimotor processing.2,3 The com-
plexity of its clinical presentation, as well as the large
variety of potential causative factors, limits the investi-
gation of its mechanism. Besides the classical “motor”
phenotype, nonmotor manifestations of CD, such as
anxiety, depression, sleep disorders, cognitive impair-
ment, and pain, have been observed in patients.4-7 A
clear dissociation between motor and nonmotor mani-
festations of CD has not been established yet.4,6

CD has been historically seen as a disorder resulting
from abnormal functioning of the cortico-basal ganglia-
cerebellar networks,8 but this view has been recently
challenged by several neuroimaging studies that have
shown widespread abnormalities in several other brain
regions.3,9-11 For instance, in CD patients compared to
healthy controls (HC), a reduction in activation of pari-
etal, premotor, and cingulate cortices has been found
during movement imagery,11 as well as increased activ-
ity in cerebellar and temporal regions and decreased
activity in somatosensory and parietal regions, in
response to a motor task.3 CD is now considered a
large-scale network disorder, affecting the connectivity
of multiple cortical and subcortical brain areas, beyond
the motor system.9,12 However, the questions on which
specific brain networks are impaired in CD and how
they affect motor behavior, independent of nonmotor
manifestations, are still open.
Interestingly, whereas the results of functional mag-

netic resonance imaging analyses have been consistent
across the literature, studies on structural connectivity
have reported conflicting findings.13 For instance, some
voxel-based analysis (VBA) studies have found an
increase in fractional anisotropy (FA) and mean diffu-
sivity (MD) in the prefrontal cortex, thalamus, and stri-
atum in CD patients,14,15 whereas others have reported
a decrease in FA and MD in the corpus callosum,
globus pallidus, and striatum14-16 (for a full review, see
Ramdhani and Simonyan13). VBA approaches present
some limitations. For instance, they are based on
T1-weighted images and thus are not able to (1) distin-
guish among multiple populations of fibers within the
same voxel and (2) account for fiber orientation span-
ning across several voxels.17 This information is crucial,
as up to 90% of white matter voxels contain two or
more fiber populations,18 each with its specific orienta-
tion. To overcome this limitation, a new method based
on diffusion-weighted imaging (DWI), called fixel-based
analysis (FBA), has been recently proposed to study
morphometric properties of fiber pathways.17,19 The
concept of fixel, referring to a specific population of
fibers within a single voxel, is used as a parallel of voxel

in standard VBA, and a novel statistical framework
called connectivity-based fixel enhancement (CFE) is
employed to perform statistical comparisons of the
white matter tracts.17 Important insights into the patho-
physiology of other neurological conditions, such as
Alzheimer’s disease20 or multiple sclerosis,21 have been
gained using this method, but no study on fiber path-
ways has been conducted in CD.
In this exploratory study, we examined abnormalities

in white matter fibers in CD patients and investigated
their potential link with the severity of dystonia, while
accounting for nonmotor manifestations as nuisance
covariates. We combined FBA and VBA approaches to
compare white matter properties between CD patients
and HC. Our working hypothesis was that CD patients
show differences in white matter tracts that encompass
widespread networks across the entire brain. Due to the
exploratory nature of this study, no hypothesis was
postulated on the directionality of these differences. We
then performed a correlation analysis to study the rela-
tion between white matter fiber abnormalities and clini-
cal manifestations of CD and explored the brain
networks associated to the severity of dystonia.

Patients and Methods
Subjects and General Procedure

We recruited 19 CD patients (7 men, mean
age = 49.3 � 5.6 years) and 21 sex- and age-matched
HCs (9 men, mean age = 45.3 � 10.6 years) through
the Pitié-Salpêtrière Hospital, Paris, France. Inclusion
criteria for patients were a diagnosis of isolated focal
CD according to Axis I and idiopathic CD according to
Axis II,22 no botulinum toxin injection within 3 months
before the examination, and stable pharmacological
treatment for at least 1 month before the experiment.
We excluded patients with severe tremor or essential
tremor to ensure good imaging quality. Symptom sever-
ity in CD was assessed during the inclusion using the
Toronto Western Spasmodic Torticollis Rating Scale
(TWSTRS), subscale for severity.23 All participants
were also screened for mood disturbances using the
Beck Depression Inventory (BDI),24 and general intelli-
gence quotient (IQ) was assessed using the Wechsler
Adult Intelligence Scale—Full Scale (WAIS-IV FSIQ).25

Between-group differences in age, WAIS, and BDI score
were assessed using independent-sample t tests, and dif-
ferences in the ratio between male and female partici-
pants were assessed using χ2 tests.
The study was carried out in accordance with the lat-

est version of the Declaration of Helsinki and approved
by the local ethics committee (approval number:
C17-04-AU 1360, ClinicalTrial.gov ID: NCT03351218).
All participants provided written informed consent
before inclusion.
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Neuroimaging Acquisition Parameters and
Preprocessing

Participants were asked to lie still in a 3-T MAG-
NETOM Prisma scanner (Siemens, Erlangen, Germany)
while fixating on a cross displayed on a screen during the
MR session. Eye-tracking was employed to monitor their
gaze. We acquired DWI data and one structural image in
one single session and a 64-channel head coil. The struc-
tural image was acquired using a T1-weighted MP2RAGE
sequence with repetition time (TR) = 5 seconds, echo time
(TE) = 2.96 ms, inversion time = 700/2500 ms, field of
view = 232 � 256 in plane �176 slices, 1 mm isotropic,
and Ipat acceleration factor = 3. DWI data (echo planar
imaging [EPI] 2D) were acquired using the following
parameters: spatial resolution = 1.75 � 1.75 � 1.75 mm,
dimensions = 118 � 118 � 81 mm, EPI factor = 128,
TR = 3.5 s, TE = 75 ms, flip angle = 90�, a multiband
factor of 3, and 6/8 partial Fourier transform. We acquired
three different shells, 60 directions at b = 2000, 32 direc-
tions at b = 1000, and 8 directions at b = 300. The gradi-
ent directions were interleaved with four non-diffusion-
weighted reference images (b-value = 0 s/mm2), including a
b0 image with opposite phase-encode blip to correct image
distortions based on individual susceptibilities.
Image preprocessing was performed as follows:

T1-weighted images were background denoised,26,27

segmented, and normalized to the Montreal Neurologi-
cal Institute space using the Computational Anatomy
Toolbox (CAT12—http://www.neuro.uni-jena.de/cat/)
extension for SPM12 (https://www.fil.ion.ucl.ac.uk/
spm/software/spm12/). We extracted total intracranial
volume (TIV) to be used in later analyses. DWI data
were first denoised, that is, eddy current correction
from FMRIB Software Library (FSL, Analysis Group,
FMRIB, Oxford, UK),28 and gibs artifact was removed
using Mrtrix3.29 The b = 0 volumes were then
extracted and combined with the opposition phase
direction volumes, and EPI distortion correction was
performed using “topup tool” from FSL.30 We then
corrected for motion and eddy current using “eddy
tool” from FSL. We then used the “noddi matlab tool-
box” to fit the NODDI model to the multi-shell
preprocessed diffusion data, as previously described.31

Analysis of Fixel-Based and Voxel-Based
Morphometry

We performed FBA19 and investigated white matter
fiber-specific differences between CD patients and HCs.
After image preprocessing, we computed for each single
subject a fiber orientation distribution (FOD) and used
this information to derive a study-specific, unbiased
template representing the population FOD. All single-
subject FODs were registered with the population tem-
plate, which was used as the reference image for the
main analyses. We then computed a white matter

template mask and segmented the fixels from the FOD
template. We used CFE to generate a whole-brain
tractogram from the FOD template and spherical
deconvolution-informed filtering of tractograms to
reduce tractography bias.32 Finally, we calculated fiber
density (FD), a measure of the within-voxel intra-
axonal volume of a fiber bundle, and fiber bundle
cross-section (FC), a measure of the macroscopic,
between-voxel intra-axonal volume of the fiber bun-
dle. A third measure combining FD and FC, that is,
FDC, was not included in the analysis, as it did not
provide additional information over the single FD and
FC. We performed connectivity-based smoothing and
statistical inference with CFE, using 2 million stream-
lines and default parameters (smoothing = 10-mm full
width at half maximum [FWHM], C = 0.5, E = 2,
and H = 3).17

To perform group comparisons, we defined regions
of interest (ROIs) based on the Brainnetome33 and the
Spatially Unbiased Infratentorial toolbox34 atlases and
sorted them into different families, based on functional
specialization of brain areas, namely sensorimotor
region, limbic region, frontal region, basal ganglia/
thalamic region, visual region, temporoparietal region,
cerebellum, and brainstem (Table S1). For each ROI
family, we then studied statistical differences between
CD patients and HCs in FD and FC, respectively, using
a general linear model (GLM). To account for small
intersubject differences between groups, we included
BDI score, TIV, age, and sex as nuisance regressors. We
did not include medication status among the regressors
due to the high heterogeneity in the drugs prescribed to
the patients, in comparison to our sample size. We
applied family-wise error (FWE) correction for multiple
comparisons using nonparametric permutation testing
with 5000 permutations.35 Significance threshold was
set at Pcorrected < 0.050.
We also performed a standard VBA to study changes

in white matter volume between CD patients and HCs.
After preprocessing, the normalized white matter vol-
umes obtained during the segmentation were smoothed
using an 8-mm FWHM kernel. We implemented a GLM
testing between-group differences in the ROIs presented
in Table S1. BDI score, TIV, age, and sex were included
as nuisance regressors. An uncorrected threshold of
P < 0.001 was selected at peak level, and an FWE
threshold of Pcorrected < 0.05 was applied at cluster level.
This analysis was performed using SPM12.

Correlation Analysis
To study the relation between motor manifestations

of CD and structural FBA metrics, we performed a cor-
relation analysis. We implemented a GLM in the ROI
families provided in Table S1 and tested clusters of FD
and FC showing a significant correlation with the
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TWSTRS in CD patients. BDI scores, TIV, age, and sex
were included as nuisance regressors. FWE threshold of
Pcorrected < 0.050, corrected using nonparametric per-
mutation testing with 5000 permutations,35 was
applied. All FBAs were performed using MRtrix3.29

Identification of the Affected White
Matter Tracts

To better appreciate all the fiber pathways that
were mainly affected, we reconstructed a whole-brain
connectome and highlighted the tracts passing

through the regions of local structural alterations
identified in the main FBA. In particular, we selected
the regions showing differences between CD patients
and HCs, as well as the regions correlating with
TWSTRS, as seed ROIs and the areas provided in
Table S1 as target ROIs (considered as bilateral ROIs
except for the brainstem). For each voxel of the seed
ROIs, we considered 5000 fiber streamlines with the
following tracking parameters: step size = 0.5 mm,
maximum trace length = 500 mm, and curvature
threshold = �80�. This yielded 5000 � n streamlines
from the seed ROIs, where n is the number of voxels

TABLE 1 Clinical and demographic information

Demographic and clinical parameters HC (N = 21) CD (N = 19) Statistics

Sex (male/female) 9/12 7/12 χ(1) = 0.15, P = 0.698

Age (y, mean � SD) 45.3 � 10.6 47.3 � 8.6 t(38) = 0.66, P = 0.512

WAIS-IV 116.3 � 4.8 116.3 � 5.6 t(38) = 0.02, P = 0.984

BDI 0.9 � 1.3 3.7 � 4.3 t(38) = 2.84, P = 0.007

TWSTRS – 18.0 � 4.3 –

Overall medication, N (% of CD) – 19 (100%) –

BoT, N (% of TD)a – 17 (89.5%) –

Others (tramadol, levothyroxine, diazepam,
escitalopram, alprazolam, tetrazepam,
fluoxetine, citalopram, clomipramine,
lamotrigine—[N, % of CD])

– 4 (21.0%) –

Note: Comparison of clinical and demographic scores between groups.
Abbreviations: HCs, healthy controls; CD, cervical dystonia; SD, standard deviation; WAIS, Wechsler Adult Intelligence Scale; BDI, Beck Depression Inventory; TWSTRS,
Toronto Western Spasmodic Torticollis Rating Scale; BoT, botulinum toxin injection.
aLast BoT administered at least 3 months before the experiment.

FIG. 1. Results of the comparison between CD patients and HCs. Decreased FD in CD patients in the right striatum. Clusters represent the P-values
corrected for multiple comparisons with FWE permutation testing. Zoomed-in image shows fixel orientation. Light-blue shade identifies the nucleus
caudate, and dark-blue shade identifies the putamen. CD, cervical dystonia; FD, fiber density; FWE, family-wise error; HCs, healthy controls. [Color fig-
ure can be viewed at wileyonlinelibrary.com]
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in each ROI.36 We then calculated the connectivity
probability between the seed ROI i and target ROI
j as the ratio between the number of fibers passing

through j and the total number of fibers from i.37

Similarly, we calculated the inverse probability, that
is, the probability from j to i, which is not equal to
that from i to j. We then computed the connectivity
probability between region i and region j as the aver-
age of the two probabilities.38,39 For each subject, we
estimated a k � 15 connectivity matrix, where k is
the number of seed ROIs and 15 is the target ROIs.
For each seed ROI, we finally considered the top
20% regions holding the highest probability of con-
nection40 and identified the corresponding tracts.
When a cluster belonged to one of the target ROIs,
for example, a cluster in the PrG and a target ROI in
the sensorimotor region, we additionally performed
an atlas-based tractography with specific seeds to
confirm that the tract crossed the cluster without
bias; that is, we excluded the specific fixels within the
cluster from the target ROI.

Results

No significant differences were found in age, IQ, and
sex ratio between male and female participants
(Table 1), therefore confirming the similarity between
the two groups with regard to overall intellectual func-
tioning. Mean BDI score in CD patients was 3.7 � 4.3,
which cannot be considered as indicative of clinical
depression,24 yet it was significantly higher compared
to HCs. Severity of motor symptoms in patients was
18.0 � 4.3, as assessed using the TWSTRS. A detailed
description of the clinical population is presented in
Table S2.

FIG. 2. Results of correlation analysis in CD patients. (A) Negative corre-
lation between TWSTRS and FD in the right inferior parietal lobule. (B)
Negative correlation between TWSTRS score and FD in the left
precentral gyrus. Clusters represent the P-values corrected for multiple
comparisons with FWE permutation testing. Zoomed-in image shows
fixel orientation. CD, cervical dystonia; FD, fiber density; FWE, family-
wise error; TWSTRS, Toronto Western Spasmodic Torticollis Rating
Scale. [Color figure can be viewed at wileyonlinelibrary.com]

FIG. 3. Affected connectivity pathways from the comparison between CD patients and HCs. The fibers passing through the significant fixels are shown.
Red squares are centered over the areas of significant fixels. The color of the fibers is representative of their direction (blue for inferior–superior tracts,
green for anterior–posterior tracts, and red for left–right tracts). CD, cervical dystonia; HCs, healthy controls. [Color figure can be viewed at
wileyonlinelibrary.com]
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Fixel-Based, Voxel-Based, and Correlation
Analyses

The results of FBA evidenced decreased FD in CD
patients, compared to HCs, in the right striatum, with
peak in the right putamen (Ppeak = 0.014; Fig. 1).
Standard VBA revealed no significant differences in

white matter volume between CD patients and HCs.
Moreover, CD patients showed a significant negative

correlation between TWSTRS and FD in the right
rostro-dorsal segment 40 of the inferior parietal lobule
(IPL, Ppeak = 0.005; Fig. 2A), as well as in the left PrG,
head and face representation area (Ppeak = 0.036;
Fig. 2B).

Identification of White Matter Tracts
The affected pathways were derived from the top

20% regions with the highest connectivity probability
and are shown in Figures 3 and 4 for the group com-
parison and the correlation analysis, respectively. The

full probability of connections is shown in Figure S1.
The tracts that showed differences between CD patients
and HCs were widespread over the whole brain and
mostly affected the striato-cortical connectivity and the
temporoparietal, frontal, and cerebellar connections, as
well as the sensory tract (Fig. 3). TWSTRS negatively
correlated with short-association fibers within the pos-
terior parietal cortex (PPC; Fig. 4A) and the
corticospinal tract (Fig. 4B).

Discussion

Our results highlighted morphometric abnormalities
in white matter fibers of patients with CD in wide-
spread brain regions.9,12 In line with existing literature
on other forms of dystonia, we propose a pathophysio-
logical model of CD where discrete functional and
structural abnormalities likely underlie the divergent
mechanisms in the development of distinct clinical
symptomatology.41 CD patients exhibited decreased FD

FIG. 4. Affected connectivity pathways from the correlation analysis. The fibers passing through the significant fixels are shown. Red squares are cen-
tered over the areas of significant fixels. The color of the fibers is representative of their direction (blue for inferior–superior tracts, green for anterior–
posterior tracts, and red for left–right tracts). (A) Short-association fibers within the posterior parietal cortex. (B) Corticospinal tract. [Color figure can be
viewed at wileyonlinelibrary.com]
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in the basal ganglia, more specifically in the right stria-
tum, which affected the connectivity of widespread
regions, including the right frontal and temporoparietal
connections. Interestingly, when accounting for non-
motor manifestations, areas in the PPC and the motor
areas correlated with motor severity in patients.
Our analytical method allowed us to investigate the

orientation of specific white matter anatomical features.
In particular, FD addresses changes in white matter vol-
ume within a given voxel, whereas FC addresses changes
that concern the number of voxels that the entire fiber
bundle occupies. FD may reflect axonal volume, whereas
FC may depict a scenario where, after axonal loss, the
extra-axonal space may be filled with extracellular
matrix.19 However, such inferences at axonal level are
speculative, as this method does not provide information
on single neurons, but on fiber pathways, and its results
should be rather interpreted as the ability of a fiber path-
way to relay information. In standard VBA, measures of
FA and MD are typically used to address axonal integ-
rity, myelination, axon diameter, and density.42 Yet,
when investigating white matter, a difference in these
parameters does not necessarily reflect a difference in the
fiber properties. For instance, if two groups differ locally
in volume along the length of a fiber, this does not imply
a difference in the number of axons. In contrast, if the
volume difference is perpendicular to the fiber orientation
(ie, a difference in FC), this does imply a difference in the
number of axons. It is therefore essential to account for
fiber orientation when investigating the morphology of
white matter.19 FBA shifts the focus from the morphome-
try of white matter areas to the morphometry of white
matter tracts and accounts for fiber orientation within a
specific fiber bundle. By following these directional esti-
mates, FBA makes it possible to accurately trace the path-
ways of underlying fiber bundles, therefore to study the
actual connectivity of distinct brain areas.43 However,
one limitation of both VBA and FBA is that they do not
allow us to disentangle causal, compensatory, and epi-
phenomenal relationships across the different networks,2

and we cannot infer whether the reduced FD and FC are
a consequence of the disorder or rather reflecting the
pathogenesis of CD. Of note, our b-value (2000 s/mm2)
is smaller than the recommendation for optimal charac-
terization of FD.44 However, clinical studies on FBA have
also acquired DWI data at b = 2000 s/mm2,45,46 and we
believe that the quality of our data is sufficient to infer
morphometric properties of white matter fibers.

Abnormal White Matter Fibers in Cervical
Dystonia

We previously demonstrated abnormal functional
connectivity of the PrG in CD patients, specific to the
affected body representation area.47 Here we expand
the knowledge of aberrant activity in specific functional

networks in CD by showing that such aberrations are
related to changes in white matter fibers across the
whole brain. There is converging evidence of a role of
the right striatum and primary motor cortex in dysto-
nia, as shown in a recent meta-analysis on structural
and functional abnormalities in CD.48 The decreased
connectivity of the striatum evidenced in our study sup-
ports a framework where aberrant white matter integ-
rity in the basal ganglia might induce a distortion of the
motor information reaching the cortex.49 This may
eventually lead to dysfunction in somatosensory
processing in focal dystonia50,51 and ultimately to
unwanted and excessive motor output. Interestingly,
our results showed alterations mostly affecting the right
hemisphere. The consistency of right-sided findings may
suggest that CD is associated to an underlying asym-
metric pathogenesis, possibly due to compensatory
responses across hemispheres.52,53 These results could
be due to a bias in the laterality of the head position, as
our sample comprised 12 patients with right- and
7 patients with left-sided head twist (Table S2). How-
ever, we suggest that this is unlikely. The head twist is
often associated with co-contraction of muscles from
both sides of the body. Interpreting our results in terms
of the laterality of cortical representation of neck mus-
cles associated with the symptoms is thus challenging.
The relationship between the laterality of the symptoms
and the laterality of the neuroimaging findings is diffi-
cult to investigate, pending a consensual and robust
definition of symptom laterality that could be applied
in any form of CD. Instead, the laterality of white mat-
ter tract abnormalities in CD could be considered in
terms of hemispheric dominance. Neuroimaging find-
ings have shown that right-hemispheric damage is asso-
ciated with deficits in motor and bodily awareness.54-56

Particularly, regardless of the laterality of the limb
involved in the task, the inferior parietal cortex is acti-
vated during proprioceptive (kinesthetic) processing of
muscle spindle afferent inputs, which generate somatic
sensation in a right-side dominant manner.57,58 The
right IPL is likely an important node in the brain net-
work associated with proprioceptive/motor awareness
of limb movement,59 a function that could be altered in
CD due to the persistence of their symptoms. One
potential limitation of the current analysis is that some
patients were treated with centrally acting drugs, which
might have influenced the results.

Correlation with Motor Manifestations of
Cervical Dystonia

Some abnormalities in the white matter fibers corre-
lated with motor symptoms in the corticospinal tract
and PPC, regardless of the degree of nonmotor manifes-
tations (BDI scores). This finding is novel and further
strengthens the hypothesis of CD as network disorder,
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where motor manifestations reflect abnormal connectiv-
ity of distinct brain regions beyond the sensorimotor
system. However, when accounting for potential con-
founds in our analysis, we included only measures of
mood, and we did not assess the specific effects of
comorbid sleep, fatigue, apathy, and anxiety, which can
be considered as part of the clinical presentation of
CD. This could have potentially limited the interpreta-
tion of our results.
The correlation between TWSTRS and parietal

regions might be related to cortico-cortical projections
arising from the IPL and terminating in the PPC
through short-association fibers. These fibers have been
previously isolated in healthy subjects.60 An alteration
in these fibers (lower FD) linked to symptom severity
(higher TWSTRS) suggests that the PPC of patients
with CD may undergo intrinsic loss of functionality
related to visuomotor processing. This may in turn
influence the output of the motor cortex, contributing
to dystonic manifestations.61 This hypothesis is
supported by previous studies showing decreased parie-
tal activation during reaching movements in CD11,61

and alterations in motor and parietal regions in task-
specific focal dystonia.62 It is then possible that parietal
dysfunctions may affect visuomotor integration, leading
to the inability to initiate movement promptly.63,64 Fur-
thermore, these white matter pathways are involved in
the integration of visual and proprioceptive feedback,65

further strengthening the hypothesis of impaired
visuomotor abilities in CD. The IPL is considered to
contain action representation or sensorimotor
schemes.66 Functionally, it is possible that abnormal
sensory processing in the superior parietal cortex is
associated with abnormal action representation in the
inferior parietal cortex, as already observed in other
forms of focal dystonia.67,68 Alternatively, these alter-
ations may be related to secondary disturbances of
visual processing, related to t abnormal head position
induced by dystonia.
Overall, our study showed widespread abnormalities

in several brain networks related to specific aspects of
CD, challenging the classical view of a purely cortico-
basal ganglia-cerebellar dysfunction.69 An impairment
of higher-order motor control from the basal ganglia
may propagate to several functional networks involved,
for instance, in motor preparation and execution, multi-
modal integration, and visuomotor coordination.
Malfunctioning of sensorimotor feedback, alongside an
abnormal excitability of motor circuits at different
levels, may thus result in a progressive maladaptive
plasticity in cortical and subcortical structures, culmi-
nating in overt symptoms of dystonia.2,9,70
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