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Somatotopy of Cervical Dystonia in motor-cerebellar networks: evidence from resting state functional connectivity Running title: Resting state fMRI in Cervical Dystonia
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Background

Cervical dystonia is the most frequent form of isolated focal dystonia. It is often associated with a dysfunction in brain networks, mostly affecting the basal ganglia, the cerebellum, and the somatosensory cortex. However, it is unclear if such a dysfunction is somato-specific to the brain areas containing the representation of the affected body part, and may thereby account for the focal expression of cervical dystonia.

In this study, we investigated resting state functional connectivity in the areas within the motor cortex and the cerebellum containing affected and non-affected body representation in cervical dystonia patients.

Methods

Eighteen patients affected by cervical dystonia and 21 healthy controls had resting state fMRI. The functional connectivity between the motor cortex and the cerebellum, as well as their corresponding measures of gray matter volume and cortical thickness, were compared between groups. We performed seed-based analyses, selecting the different body representation areas in the precentral gyrus as seed regions, and all cerebellar areas as target regions.

Results

Compared to controls, patients exhibited increased functional connectivity between the bilateral trunk representation area of the motor cortex and the cerebellar vermis 6 and 7b, respectively. These functional abnormalities did not correlate with structural changes or symptom severity.

Conclusions

Our findings indicate that the abnormal function of the motor network is somato-specific to the areas encompassing the neck representation. Functional abnormalities in discrete relevant areas of the motor network could thus contribute to the focal expression of CD.

Introduction

Cervical dystonia (CD) is the most common form of isolated focal dystonia, characterized by involuntary muscle contractions in the neck, which results in abnormal head posture and movements. [START_REF] Geyer | The diagnosis of dystonia[END_REF] It has been associated with various brain dysfunctions, such as maladaptive neuroplasticity, abnormal sensorimotor processing and integration, [START_REF] Quartarone | Emerging concepts in the physiological basis of dystonia[END_REF] and its pathophysiological mechanisms are still unclear. [START_REF] Burciu | Functional activity of the sensorimotor cortex and cerebellum relates to cervical dystonia symptoms[END_REF] CD is considered a network disorder arising from abnormal communication among different brain areas. [START_REF] Quartarone | Emerging concepts in the physiological basis of dystonia[END_REF] Neuroimaging studies have evidenced functional and structural abnormalities in the basal ganglia, [START_REF] Quartarone | Emerging concepts in the physiological basis of dystonia[END_REF][START_REF] Prudente | Dystonia as a network disorder: what is the role of the cerebellum?[END_REF] the sensorimotor and frontoparietal regions, the insula, the cerebellum, and the brainstem. 5- 7 Animal and human research indicate that both the cerebello-thalamo-cortical network and basal ganglia-thalamo-cortical network project into the motor cortex, where the motor output is generated, [START_REF] Bostan | The cerebellum and basal ganglia are interconnected[END_REF] and may contribute to the abnormal movements. [START_REF] Filip | Disruption in cerebellar and basal ganglia networks during a visuospatial task in cervical dystonia[END_REF] Other studies focusing on the cerebellum have reported loss of Purkinje cells, areas of focal gliosis, [START_REF] Prudente | Neuropathology of cervical dystonia[END_REF] as well as increased gray matter (GM) volume of cerebellar flocculus, in CD patients compared to healthy controls (HC). [START_REF] Draganski | Motor circuit" gray matter changes in idiopathic cervical dystonia[END_REF] Altogether, these findings point to the motor cortex and the cerebellum as critical structures for the pathogenesis of CD.

It is mostly unknown whether these network abnormalities represent a general marker of the pathogenesis of dystonia, irrespectively of the affected body part, or if the pathogenesis of different types of dystonia affects relevant discrete areas within the motor areas and cerebellum. Distinct patterns of altered microstructures within regions of basal ganglia and cerebellar circuits have been associated with different phenotypes of focal dystonia, [START_REF] Berman | Isolated focal dystonia phenotypes are associated with distinct patterns of altered microstructure[END_REF] and regional patterns of functional connectivity within the striatum and a sensorimotor-parietal network, as opposed to global network dysfunction, may contribute to focal dystonia. [START_REF] Teive | Isolated focal dystonia: The mysterious pathophysiology is being unraveled[END_REF][START_REF] Norris | Regional, not global, functional connectivity contributes to isolated focal dystonia[END_REF] So far, there is no detailed study of the cerebellar somatotopy in CD, since a highdefinition functional cerebellar atlas has been developed only recently. [START_REF] Boillat | Whole-body somatotopic maps in the cerebellum revealed with 7T fMRI[END_REF] Such an investigation is not trivial, as it has been shown that the representations of multiple body parts are organized in an orderly manner in the cerebellar lobes, mirroring the functional specialization of the motor cortex. [START_REF] Boillat | Whole-body somatotopic maps in the cerebellum revealed with 7T fMRI[END_REF][START_REF] Mottolese | Mapping motor representations in the human cerebellum[END_REF] In this study, we investigated the specificity of motor-cerebellar networks in CD using resting state functional connectivity (RS-FC). RS-FC is a widely used non-invasive technique, based on functional magnetic resonance imaging (fMRI), where the time courses of predefined regions of interest (ROIs) are extracted from the brain at rest, and correlated with each other, under the assumption that functionally connected areas show high correlation. [START_REF] Friston | Functional connectivity: the principal-component analysis of large (PET) data sets[END_REF] We compared patterns of RS-FC in the different body representation areas of the motor cortex and the cerebellum between patients affected by CD and HC, and performed a morphometric analysis on the same areas to study differences in GM volumes and cortical thickness (CT) between groups. We tested the hypothesis that network dysfunctions in CD are somato-specific, i.e., CD patients exhibit abnormal RS-FC and structural differences only in the head and neck representation areas, in both the motor cortex and the cerebellum.

Materials and Methods

Subjects and general procedure

We recruited 18 CD patients (7 male, mean age=46.9±8.7 years) and 21 sex-and age-matched HC (9 male, mean age=45.3±10.6 years). Patients were recruited at the Pitié-Salpêtrière Hospital, Paris, FR.

Inclusion criteria for patients were: a diagnosis of CD, no botulin toxic injection within 3 months prior to the examination, and stable pharmacological treatment in the month preceding inclusion. Exclusion criteria common to both HC and CD patients were: i) any other neurological sign, and ii) incompatibility with MR acquisition. Severity of CD was assessed at the time of inclusion with the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS), subscale for severity. [START_REF] Consky | The Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS): assessment of validity and inter-rater reliability[END_REF] Between-group differences in age were assessed with independent-sample t-tests, whereas differences in the ratio between male and female participants were assessed with χ 2 tests.

The study was carried out in accordance with the latest 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 gave written informed consent prior to the study.

Neuroimaging acquisition parameters and pre-processing

During the MR session, participants lied in the scanner while fixating a cross displayed on a screen.

Their gaze was monitored with eye-tracking. Neuroimaging data were acquired using a 3T Magnetom Prisma (Siemens, DE) with a 64-channel head coil. Resting state fMRI and structural images were acquired in one session. Structural images were acquired with a T1-weighted MP2RAGE sequence with Repetition Time (TR)=5 s, Inversion Time (TI)=700/2500 ms, field of view (FOV)=232×256 in plane ×176 slices, 1 mm isotropic, Ipat acceleration factor=3. FMRI data were acquired with an echo-planar imaging (EPI) sequence performed with a multi-slice, multi-echo acquisition, TR=1.9 s, Echo Time (TE)=17.2/36.62/56.04 ms, Ipat acceleration factor=2, Multi-band=2, isotropic voxel size=3 mm, dimensions=66×66 in plane ×46 slices, 350 volumes, duration=11 min. The first 10 time points were not recorded to ensure magnetization equilibrium.

Image preprocessing was done as follows: structural images were background denoised [START_REF] O'brien | Robust T1-weighted structural brain imaging and morphometry at 7T using MP2RAGE[END_REF][START_REF] Marques | A Computational Anatomy Toolbox for SPM[END_REF] in order to improve the quality of the subsequent steps, segmented and normalized to the Montreal Neurological Institute (MNI) space using the Computational Anatomy Toolbox (CAT12) 21 extension for SPM12. 22 Functional images were pre-processed according to standard pipelines (despiking, slice timing correction and realignment to the volume with the minimum outlier fraction driven by the first echo) using AFNI. 23 A brain mask was computed on the realigned shortest echo temporal mean using FSL BET [START_REF] Jenkinson | Fsl[END_REF] in order to increase the robustness against signal bias intensity. Afterwards, the TEDANA toolbox [START_REF] Kundu | Multi-echo fMRI: a review of applications in fMRI denoising and analysis of BOLD signals[END_REF] version 0.0.7 was used to optimally combine the realigned echoes, to apply principal component analysis and reduce the dimensionality of the data, and to perform an independent component analysis (ICA) decomposition to separate BOLD and non-BOLD components. [START_REF] Kundu | Differentiating BOLD and non-BOLD signals in fMRI time series using multi-echo EPI[END_REF] This step ensured robust artefact removal of non-BOLD signals, such as movement, respiration or heartbeat, and has already shown to be superior over standard denoising techniques in regressing out motion. [START_REF] Kundu | Multi-echo fMRI: a review of applications in fMRI denoising and analysis of BOLD signals[END_REF] Framewise displacement (FD) was further computed according to standard methods, [START_REF] Power | Methods to detect, characterize, and remove motion artifact in resting state fMRI[END_REF] and compared between CD patients and HC. The quality of the signal was verified as head movement amplitude was minimal, and the FD did not statistically differ between CD patients (0.018±0.016 mm) and HC (0.016±0.008 mm) [t(37)=0.49, p=0.629]. Finally, using SPM12, functional images were co-registered to the T1-weighted image, normalized to MNI space, and smoothed with a Gaussian kernel with full width at half maximum of 4x4x4 mm, as previously suggested. [START_REF] Fan | The human brainnetome atlas: a new brain atlas based on connectional architecture[END_REF] After pre-processing, the CONN toolbox [START_REF] Whitfield-Gabrieli | Conn: a functional connectivity toolbox for correlated and anticorrelated brain networks[END_REF] implemented in Matlab r2018a (The MathWorks Inc. USA) was used to parcellate the brain images into 274 functional regions, based on the Brainnetome Atlas, [START_REF] Fan | The human brainnetome atlas: a new brain atlas based on connectional architecture[END_REF] and to extract the region-averaged time series. Motion parameters obtained during the realignment, as well as the average signal of white matter and cerebrospinal fluid obtained during the segmentation, were regressed out with aCompCor. [START_REF] Behzadi | A component based noise correction method (CompCor) for BOLD and perfusion based fMRI[END_REF] This step reduced spatial correlations resulting from physiological noise. Time series were finally band-pass filtered at 0.01<f<0.1 Hz, according to previous research. [START_REF] Fan | The human brainnetome atlas: a new brain atlas based on connectional architecture[END_REF] 

Analysis of resting state functional connectivity

We entered all the time series extracted from the 274 functional regions into a first level general linear model (GLM), where we performed a ROI-based analysis, for each participant, to determine significant resting state connections at individual level: In particular, we used bivariate correlation coefficients between all pairs of ROIs as indicators of their functional connectivity. Next, we converted the correlation coefficients to z-scores using Fisher-Z transformation, in order to normalize them to a Gaussian distribution. We then implemented a second level GLM testing seed-based ROI-to-ROI differences between CD and HC. For the latter, as we were only interested in the connectivity between the motor cortex and the cerebellum, we isolated the regions of the Brainnetome Atlas that were associated with the body representation areas within the precentral gyrus (PrG) and paracentral lobule (PCL), as well as all cerebellar regions without a priori, i.e. irrespective of body representation (Table 1). We then selected the bilateral motor areas as seed ROIs and the cerebellar ROIs as target regions.

False positive control for multiple comparisons was implemented using false discovery rate (FDR)corrected p-values with a threshold of pFDR<0.050.

A correlation analysis was performed by computing Pearson correlation's coefficients between the severity of dystonia (TWSTRS scores) and the connectivity values between the motor cortex and the cerebellum. A FDR-corrected threshold of pFDR<0.050 was applied. 

Analysis of structural data

We performed a morphometric analysis to study differences in GM volume between CD patients and HC. After preprocessing, the normalized GM volumes obtained during the segmentation were smoothed using a 4 mm full breadth at half maximum kernel, in line with our functional analysis. Volumes from the ROIs in the motor cortex were extracted with CAT12 21 using the "ROI tool" option, whereas volumes in the cerebellar ROIs were extracted with the Spatially Unbiased Infratentorial toolbox (SUIT). [START_REF] Diedrichsen | A spatially unbiased atlas template of the human cerebellum[END_REF] For the latter, we first isolated the infratentorial structures using suit_isolate_seg, we then performed an affine alignment to the specific SUIT template and applied a normalisation using suit_normalize_dartel, and finally we extracted the GM volumes using suit_reslice_dartel.

We also studied differences in CT between patients and controls, by extracting CT in the investigated ROIs with DL+DiReCT. [START_REF] Rebsamen | Direct cortical thickness estimation using deep learning-based anatomy segmentation and cortex parcellation[END_REF] This method already showed high accuracy compared to standard instruments. [START_REF] Rebsamen | Direct cortical thickness estimation using deep learning-based anatomy segmentation and cortex parcellation[END_REF] Due to the lack of available tools to reliably measure CT in the cerebellum, this analysis was performed only for the somatotopic regions of the motor cortex.

The extracted GM volumes and CTs were compared between groups with independent-sample t-tests implemented in SPSS 25 (IBM Inc., USA). A threshold of p<0.050 was selected.

Results

No significant differences were found in age and sex ratio between male and female participants (Table 2). CD patients showed symptom severity of 18.3 ± 4.4, as assessed with the TWSTRS. 

Resting state functional connectivity and structural analysis

The analysis of RS-FC revealed increased functional connectivity, in CD patients compared to HC, of the bilateral trunk representation area 4 (PrG) with the cerebellar Vermis 6 [F(2,36)=10.78, pFDR=0.039] and Vermis 7b [F(2,36)=10.33, pFDR=0.039], respectively (Figure 1). Detailed values of RS-FC in the two groups are displayed in Figure 2. No significant differences in the connectivity between the other seed ROIs and the cerebellum (Table 1) were found across groups (pFDR>0.050 -Supplementary Figure 1). No correlation was found between any of the investigated connections and symptoms' severity in CD (pFDR>0.050). Neither differences in GM volume, nor in CT, were found between the studied groups, in any of the investigated ROIs (p>0.050).

Discussion

Compared to HC, patients with CD showed increased RS-FC between the neck and trunk representation in area 4 of the precentral gyrus (PrG) and the cerebellar Vermis 6 and 7b. This pattern was neither associated with differences in GM volumes or CT between groups, nor with symptoms' severity in CD. Our findings indicate that the abnormal function of the motor network is somato-specific to the areas encompassing the neck and trunk representation. Functional abnormalities in discrete relevant areas of the motor network could thus contribute to the focal expression of CD.

The use of resting state fMRI was a strength of this study, as it allowed us to investigate task-free patterns of functional connectivity, hence, to avoid a potential bias due to adaptive/compensatory processes associated with task execution. This is relevant, as dystonic symptoms tend to worsen during voluntary motor activity, and compensatory mechanisms are more likely to occur during task execution than rest. [START_REF] Li | Alterations of resting-state fMRI measurements in individuals with cervical dystonia[END_REF] However, neuroimaging analyses can hardly distinguish causes from effects, therefore the causal mechanisms here discussed are speculative.

The cerebellum is of particular importance for the pathophysiology of CD, as the topographical expression of dystonia depends on the extent of cerebellar dysfunction in a dedicated mouse model. [START_REF] Raike | Limited regional cerebellar dysfunction induces focal dystonia in mice[END_REF] In this model, a dysfunction of the entire cerebellum induces a phenotype similar to generalized dystonia, whereas dysfunctions in limited cerebellar regions restrict abnormal movements to isolated body parts, like in focal dystonia. Hence, the extent, but not the location of the cerebellar dysfunction, seems to be linked to the severity of dystonia. Altered connectivity between the cerebellum and the sensorimotor areas has also been associated with the pathogenesis of CD. [START_REF] Burciu | Functional activity of the sensorimotor cortex and cerebellum relates to cervical dystonia symptoms[END_REF][START_REF] Lehéricy | The anatomical basis of dystonia: current view using neuroimaging[END_REF][START_REF] Sarasso | Sensory trick phenomenon in cervical dystonia: a functional MRI study[END_REF] However, reported changes were not limited to the somatotopic representation of the affected body parts, [START_REF] Burciu | Functional activity of the sensorimotor cortex and cerebellum relates to cervical dystonia symptoms[END_REF][START_REF] Meunier | Human brain mapping in dystonia reveals both endophenotypic traits and adaptive reorganization[END_REF][START_REF] Ramdhani | What's special about task in dystonia? A voxel-based morphometry and diffusion weighted imaging study[END_REF] and the potential link between critical areas within these regions and the location of dystonic manifestations is still poorly understood. Our results challenge this view, and provide evidence of well-defined regions in both the precentral gyrus (PrG) and the cerebellum specifically relevant to the clinical expression of CD, namely the trunk representation area 4 of the PrG and the cerebellar Vermis 6 and 7b. No other areas within the PrG and the cerebellum showed any group differences in RS-FC between patients and HC, thereby reinforcing the hypothesis of a selective area, with a critical role in motor control of head and neck, responsible for the pathogenesis of CD. More specifically, the trunk representation area 4 of the PrG contains neuronal populations responsible for the sternocleidomastoid muscle, [START_REF] Thompson | Corticomotor representation of the sternocleidomastoid muscle[END_REF][START_REF] Prudente | Neural substrates for head movements in humans: a functional magnetic resonance imaging study[END_REF] typically affected in CD. Likewise, the cerebellar Vermis 6 has been related to saccadic eye movements in healthy subjects, [START_REF] Voogd | Visuomotor cerebellum in human and nonhuman primates[END_REF][START_REF] Park | Roles of the Declive, Folium, and Tuber Cerebellar Vermian Lobules in Sportspeople[END_REF] and clinical studies have confirmed a link between abnormal cerebellar output and an impairment in saccadic adaptation, [START_REF] Mahajan | Impaired Saccade Adaptation in Tremor-Dominant Cervical Dystonia-Evidence for Maladaptive Cerebellum[END_REF] vestibule-ocular reflex, [START_REF] Stell | Vestibulo-ocular abnormalities in spasmodic torticollis before and after botulinum toxin injections[END_REF] and eye-hand coordination [START_REF] Maurer | Adaptive changes of saccadic eye-head coordination resulting from altered head posture in torticollis spasmodicus[END_REF] in CD. This may reflect cerebellar-related maladaptive plasticity associated with an attempt to compensate the abnormal head posture with a modulation of eye movements. [START_REF] Bradnam | Visual compensation in cervical dystonia[END_REF][START_REF] Hirsig | Oculomotor functions in focal dystonias: A systematic review[END_REF] Abnormal connectivity of brain networks linking the cerebellum and the motor cortex has been largely investigated for its role in the pathogenesis of dystonia. [START_REF] Prudente | Dystonia as a network disorder: what is the role of the cerebellum?[END_REF] In non-human primates [START_REF] Wilson | Animal models for dystonia[END_REF] and mice, [START_REF] Raike | Limited regional cerebellar dysfunction induces focal dystonia in mice[END_REF] dystonic movements can be provoked by manipulations of the cerebellum, abnormal firing of the Purkinje cells has been found in DYT1 torsin1-knock-in mice, [START_REF] Liu | The abnormal firing of Purkinje cells in the knockin mouse model of DYT1 dystonia[END_REF] and acute knock-down of Sgce in the cerebellum produces motor symptoms close to myoclonus dystonia in mice. [START_REF] Washburn | Acute cerebellar knockdown of Sgce reproduces salient features of myoclonus-dystonia (DYT11) in mice[END_REF] In humans, abnormal anatomical cerebello-thalamo-cortical connectivity can play a role in the clinical expression of dystonia, [START_REF] Argyelan | Cerebellothalamocortical connectivity regulates penetrance in dystonia[END_REF] as well as in the loss of cerebellar control over sensorimotor plasticity. [START_REF] Hubsch | Defective cerebellar control of cortical plasticity in writer's cramp[END_REF] CD patients with a sensory trick show a differential ability to modulate the connectivity of the sensorimotor network, likely through a cerebellar mediation, [START_REF] Sarasso | Sensory trick phenomenon in cervical dystonia: a functional MRI study[END_REF] and modulation of the cerebello-cortical connectivity has been associated with the clinical improvement following botulinum toxin injections in these patients. [START_REF] Hok | Botulinum toxin injection changes resting state cerebellar connectivity in cervical dystonia[END_REF] We hypothesize that the abnormal connectivity between the motor cortex and the cerebellum found in our study reflects a cerebellar dysfunction mediating sensorimotor integration and maladaptive plasticity. This interpretation is consistent with the head neural integrator model, [START_REF] Klier | Midbrain control of three-dimensional head orientation[END_REF][START_REF] Sedov | Implications of asymmetric neural activity patterns in the basal ganglia outflow in the integrative neural network model for cervical dystonia[END_REF] by which changes in any of the inputs of the integrator affect the communication between the cerebellum and cortical areas, and potentially lead to the manifestation of CD. [START_REF] Sedov | Physiology of midbrain head movement neurons in cervical dystonia[END_REF][START_REF] Shaikh | Cervical dystonia: a neural integrator disorder[END_REF] In healthy subjects, proprioceptive input from the neck can substantially change the way cerebellar output influences plasticity at the level of the motor cortex, [START_REF] Popa | Abnormal cerebellar processing of the neck proprioceptive information drives dysfunctions in cervical dystonia[END_REF] and in CD, an abnormal integration of the neck proprioceptive information could drive an atypical functioning of the integrator, [START_REF] Popa | Abnormal cerebellar processing of the neck proprioceptive information drives dysfunctions in cervical dystonia[END_REF] which may generate head twists. The specific involvement of Vermis 6 and 7b found in our study provides further insights into the role of cerebellar areas associated with saccadic eye movements in the integrator dysfunction of CD. [START_REF] Draganski | Motor circuit" gray matter changes in idiopathic cervical dystonia[END_REF][START_REF] Bradnam | Visual compensation in cervical dystonia[END_REF] The investigated differences in functional connectivity were not associated with structural changes in CD, as evidenced by our analysis of GM volume and CT, and this supports the vision that CD mainly affects brain functions. Research on this topic has shown controversial results, and while the classic assumption is that CD is not associated with structural changes in the brain, [START_REF] Gracien | Multimodal quantitative MRI reveals no evidence for tissue pathology in idiopathic cervical dystonia[END_REF] some studies have reported altered GM concentration in CD patients in the cerebellar flocculus, as well as in the basal ganglia, the thalamus and the motor cortex. [START_REF] Draganski | Motor circuit" gray matter changes in idiopathic cervical dystonia[END_REF][START_REF] Obermann | Morphometric changes of sensorimotor structures in focal dystonia[END_REF] Such differences from our findings may be explained by different methodological approaches: While the previously used whole-brain approaches have identified differences in various structures, regardless of their functional roles, we focused on areas associated with specific functions relevant for CD, such as neck movements, and therefore opted for a ROI approach, which grouped together voxels belonging to the same functional areas. Even though our choice may have been more conservative than other approaches, it suggests that CD-related brain dysfunctions are not linked to structural changes. Future research should further investigate this topic, for instance by applying multimodal imaging techniques or ultra-high field MR, which could reveal subtle structural changes undetectable with conventional MRI.

In conclusion, our results point to an impairment in the communication of somato-specific cerebellocortical networks related to head position and saccadic eye movements. [START_REF] Prudente | Dystonia as a network disorder: what is the role of the cerebellum?[END_REF] This impairment might be the consequence of abnormal processing of proprioceptive input from the neck, which affects the functioning of the head neural integrator, and in turn generates abnormal head posture, as well as related compensatory eye movements. 
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