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Abstract 

Cervical dystonia is a neurological disorder characterized by sustained, involuntary 

movements of the head and neck. Most cases of cervical dystonia are primary, with 

no obvious cause, but other cases are secondary to focal brain lesions. These latter 

cases are valuable as they link symptoms to neuroanatomy in a causal way. However, 

lesions causing cervical dystonia have been reported in different brain locations, 

leaving localization unclear. Further, symptoms can come from remote regions 

connected to the lesion location rather than the lesion site itself. Here, we employ a 

recently validated technique termed ‘lesion network mapping’, to overcome these 

obstacles. First, we performed a systematic search for lesions causing cervical 

dystonia, identifying 25 lesions located throughout the cerebellum, brainstem, and 

basal ganglia. Second, voxels functionally connected to each lesion location were 

identified using a normative dataset of resting-state fMRI scans from 1000 healthy 

individuals. Individual lesion network maps were thresholded and overlaid to identify 

brain regions connected to all or most lesion locations. Third, we assessed specificity 

by comparing our results to lesions causing other neurological symptoms. Finally, we 

assessed the relevance of our lesion-based findings for patients with primary cervical 

dystonia by utilizing a resting state functional connectivity dataset from patients (N = 

23) versus controls (N = 22). Our results demonstrated that lesion locations causing 

cervical dystonia were part of a common brain network that had positive functional 

connectivity to the cerebellum and negative connectivity to sensorimotor cortex. This 

pattern of connectivity was highly specific to cervical dystonia lesions compared to 

lesions causing other neurological symptoms. Finally, our regions in the cerebellum 

and sensorimotor cortex, identified based on secondary dystonia cases, were highly 

abnormal in patients with primary cervical dystonia, with the magnitude of this 

abnormality correlating with the magnitude of patient’s symptoms. These results 

suggest that the cerebellum and sensorimotor cortex are critical nodes in a distributed 

brain network underlying both primary and secondary cervical dystonia. These brain 

regions are testable therapeutic targets for further research. 
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Introduction 

Cervical dystonia (CD) is a chronic neurological disorder characterized by sustained 

and involuntary contractions of the neck muscles, and is the most common form of 

focal dystonia (Xiao et al., 2012). CD has traditionally been ascribed to dysfunction 

of the basal ganglia (Galardi et al., 1996; Naumann et al., 1998), but abnormalities 

have been observed in many other brain regions including the cerebellum (Batla et al., 

2015), prefrontal cortex (Li et al., 2017), midbrain (Holmes et al., 2012), motor cortex 

(Richardson, 2015), and sensory cortex (Prudente et al., 2016). This has led to the 

suggestion that CD is a ‘network disorder’ resulting from dysfunction in multiple 

different brain regions (Jinnah & Hess, 2006). However, the key nodes of this 

network have yet to be identified.  Further, it remains unclear which brain regions are 

causing CD symptoms, as observed abnormalities could be compensating for 

symptoms or incidental correlates.  

 

Occasionally, a focal brain lesion can cause symptoms that are nearly identical to 

those seen in primary CD (LeDoux & Brady, 2003). Although these cases of 

secondary CD are less common than cases of primary CD, they are uniquely valuable 

because lesions allow for causal links between the lesioned brain region and resulting 

symptoms (Rorden et al., 2007). However, lesions causing CD can occur in numerous 

locations, spanning the cerebellum, pons, medulla, and basal ganglia (LeDoux & 

Brady, 2003). Further, symptoms can emerge not only from the lesion itself, but also 

from the effect of the lesion on remote but connected brain regions, a phenomenon 

referred to as diaschisis (von Monakow, 1914). These factors complicate the 

localization of brain regions causing CD symptoms based on focal brain lesions alone.   

 

Recently, we validated a novel technique termed ‘lesion network mapping’, which 

can link lesions in different locations to a common brain network, and identify 

connections common to lesions causing similar symptoms (Boes et al., 2015). Rather 

than focus on lesion location alone, this technique uses a database of normative 

resting state functional connectivity MRI scans to map the connectivity of lesions, and 

turn each lesion location into a network. This technique has already lent insight into 

localization of several neuropsychiatric symptoms, including hemichorea-

hemiballismus (Laganiere et al., 2016), freezing of gait (Fasano et al., 2016), 



delusional misidentifications (Darby, Laganiere, et al., 2017), and criminal behavior 

(Darby, Horn, et al., 2017). Here, we apply this technique towards lesions causing 

CD.     

 

Materials and methods 

Case selection 

Cases of lesions causing CD were identified from a systematic search of Pubmed in 

March 2017, using the combination of synonyms of the following terms: CD, lesion, 

magnetic resonance imaging, and computerized tomography. In addition, reference 

lists from each selected article were searched for cases missed in the initial search. 

Inclusion criteria were as follows: 1) neurological examination documenting CD that 

was assumed to be secondary to the intraparenchymal lesion(s) of the brain; 2) the 

lesion was displayed in enough clarity for it to be reliably traced onto a standard brain 

atlas. Exclusion criteria were: 1) lesions in children where the brain was not 

sufficiently developed to resemble the standard adult brain; 2) lesions of the central 

nervous system outside of the brain. As the emergence of dystonia may be delayed by 

months or even years following a brain insult (LeDoux & Brady, 2003; Scott & 

Jankovic, 1996), we did not apply a strict time limit for the onset of symptoms post-

lesion. 

 

Lesion network mapping 

Our group recently developed a technique termed ‘lesion network mapping’ that 

identifies brain regions functionally connected to lesion locations causing a given 

neurological symptom (Boes et al., 2015). Lesion network mapping can link 

heterogeneous lesion locations to specific sites known to be involved in symptom 

expression. Briefly, the technique proceeded in three steps: 1) the volume of each of 

the lesions was transferred to a standard brain; 2) voxels functionally connected to 

each lesion were computed using rs-fcMRI data derived from a normative dataset of 

1000 healthy, young adults (Yeo et al., 2011); 3) the resulting lesion network maps 

were thresholded and overlaid to identify common network sites across the lesions 

(Figure 1). The methodology has been presented in detail previously (Boes et al., 

2015). As some patients also had dystonia in other body regions, the analysis was 

verified with lesions from patients with only cervical dystonia (n=19). 



 

For step one, lesions were traced by hand onto a standardized brain atlas (2x2x2mm 

MNI 152 brain) using FSL software (version 5.0.9) (Jenkinson et al., 2012). For step 

two, resting state functional connectivity MRI (rs-fcMRI) maps were created for each 

lesion using a standard seed-based approach. The time course of the average blood 

oxygen level–dependent signal within the lesion volume was extracted for each 

participant in the normative cohort and correlated with all brain voxels to create a 

connectivity map for each lesion. For step three, each of the lesion network maps was 

thresholded at a t-value of ≥ 7 (both positive and negative correlations with the time 

course of the lesion location were included), in order to create a binarized map to 

calculate the lesion network overlap in each brain voxel. The image processing and 

analyses are described in detail previously (Darby, Horn, et al., 2017). 

 

< Figure 1 here (three step method) > 

 

Specificity 

To test if our results were specific to CD, we compared our lesion network to two 

other ‘control’ datasets. Firstly, we used a ‘non-specific’ dataset of lesions that were 

distributed throughout the brain without a common neuropsychiatric phenotype 

(n=135) (Corbetta et al., 2015). Second, we used a ‘movement disorders’ dataset of 73 

lesions causing movement disorders other than dystonia: asterixis (n=30) (Kim, 2001; 

Laganiere et al., 2016); hemichorea-hemiballismus (n=29) (Laganiere et al., 2016), 

and freezing of gait (n=14) (Fasano et al., 2016).  

 

We compared our results to these two control lesion datasets using two methods: 1) a 

Liebermeister test, using voxel-based lesion-symptom mapping (VLSM) (Rorden et 

al., 2007), and 2) a two-sample t-test, using Statistical Parametric Mapping (SPM12; 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) (Ashburner, 2012). Both statistical 

approaches identify voxels that are significantly more or less connected to CD lesion 

locations than control lesion locations. The difference between these approaches is 

that the Liebermeister test is used to analyze voxels in a binary fashion (functionally 

connected or not), and is more commonly used in lesion analyses, while the t-test 

takes into account the strength of the connection, and is more commonly used in 



functional neuroimaging (Fasano et al., 2016). Because the Liebermeister test is used 

for binary image analyses, the group comparisons were conducted separately for 

positive and negative connectivity maps.  

 

Correction for multiple comparisons was conducted using voxel-level family-wise 

error (FWE) for t-tests and false discovery rate (FDR) for Liebermeister tests across 

the whole brain. Corrected p-values less than 0.05 were considered significant. 

However, because the goal of these analyses was to assess specificity of our findings, 

this investigation was restricted to regions within the CD lesion network map (i.e. 

regions that were functionally connected to at least 23/25 lesions, as shown in Figure 

2). 

 

Relevance to primary cervical dystonia 

We then investigated whether regions identified through secondary CD cases were 

also abnormal in patients with primary CD. To define these ROIs, we performed a 

conjunction analysis to find brain regions that were both sensitive (functionally 

connected to >90% of cases) and specific (specific to CD lesion locations across all 4 

‘specificity’ analyses) to CD lesion locations. We then ran these ROIs as seed regions 

in an existing rs-fcMRI dataset from patients with primary CD (23 primary CD 

patients, and 22 controls) (Delnooz et al., 2013).  

– image processing using Hesheng’s new script -- .  

 

Voxelwise correlation coefficient maps from each seed ROI were z-transformed and 

smoothed using 8mm full-width-at-half-maximum (FWHM) Gaussian kernel to 

improve the signal-to-noise ratio. Finally, patients and controls were compared using 

two-sample t-test implemented in SPM12. Family-wise error corrected p-values less 

than 0.05 at cluster-level (height-threshold p<0.005, whole brain search volume) were 

considered significant. The z-transformed values were extracted from the clusters 

shown in Figure 4 to illustrate the direction of connectivity (positive or negative) and 

for correlation analyses with the symptom severity as measured with Toronto Western 

Spasmodic Torticollis Rating Scale (TWSTRS) in CD patients. As the TWSTRS 

score distribution was not normal, the correlation analyses were conducted using 



Spearman’s rank order correlation coefficient, with p-values <0.05 considered 

significant. 

 

Results 

Lesions causing cervical dystonia 

We identified 25 cases of lesion-induced CD (Table 1, Figure 2). Lesions occurred in 

a number of different brain locations including the cerebellum (11 lesions), brain stem 

(9), basal ganglia (8), thalamus (1), and occipital lobe (1). Note that the number of 

lesions is greater than 25 because some patients had multiple lesions.  

 

< Figure 2 here (drawn lesions) > 

 

< Table 1 here (cases) > 

 

Lesion network map 

Clusters of voxels positively functionally connected to at least > 90% causing CD 

were found within the thalamus, midbrain, and cerebellum (Figure 3A). Clusters 

within the cerebellum involved the bilateral cerebellar cortex, the dentate nucleus, and 

the vermis. Negatively functionally connected clusters were found within the sensory 

cortex extending into the primary motor cortex (termed sensorimotor cortex 

henceforth) (Figure 3A). Medial and lateral clusters were found within the 

sensorimotor cortex, agreeing with previous reports of both a medial and lateral 

representation for the neck within motor and sensory homunculi (Prudente et al., 

2015; Prudente et al., 2016). Brain regions with smaller clusters of (positive and 

negative) functionally connected voxels can be found in Supplementary Figures 1&2. 

Voxels with functional connectivity to all 25 lesion locations were found within the 

cerebellum, midbrain, sensory cortex, and lateral geniculate nucleus (Table 2). 

 

Specificity 

Multiple voxels showed significantly greater functional connectivity to lesion 

locations causing CD compared to control lesions, independent of the statistical 

approach and control dataset (Figure 3B, Supplementary Figure 4). Regions that 

survived all specificity tests (4/4) were located within the cerebellum (center of 



gravity in the largest cluster of 505 voxels at xyz MNI-coordinate 1 -54 -34 mm) and 

sensorimotor cortex (14 voxels at -8 -43 75 mm).  

 

Because this sensorimotor cluster was quite small (Supplementary Figure 4D), 

negatively connected voxels surviving 3 out 4 analyses were used to define an ROI 

for the subsequent analysis in primary CD patients (as opposed to 4/4 in the positively 

correlated seed) (largest cluster of 548 voxels with center of mass at 45 -24 60 mm in 

the left and 478 voxels at -45 -28 59 mm in the right hemisphere).  

 

To test whether positive connectivity to cerebellum and negative connectivity to 

sensorimotor cortex were independent or redundant predictors of lesion-induced CD, 

we included both factors in a linear model versus all control lesions. Cerebellum 

connectivity was a strong independent predictor of CD (p = 0.002), while 

sensorimotor connectivity fell just short of our threshold for significance (p = 0.051). 

 

 

< Figure 3 here (lesion network map) > 

 

 

Relevance to primary cervical dystonia 

CD patients (n=23) showed abnormal functional connectivity, compared to healthy 

volunteers (n=22), from our seed ROI in the cerebellum to a cluster of voxels within 

the sensorimotor cortex (peak MNI-coordinate 44 -6 3 mm; Tmax=5.70; cluster size 

1690 voxels; PFWE=0.001) (Figure 4A). Specifically, healthy volunteers had negative 

connectivity, which was inverted in patients (Figure 4A). From our seed ROI within 

the sensorimotor cortex, patients showed lower positive connectivity to a slightly 

anterior cluster, mainly within the primary motor cortex, and also lower negative 

connectivity to a cluster including the basal ganglia, thalamus, and anterior cingulate 

cortex. In both cases, loss of connectivity correlated with the patient symptom 

severity as measured using TWSTRS scores (Figure 4B).  

 

There was no significant difference in average frame-to-frame motion between 

patients and controls (p=0.08), and the motion did not correlate with any of the 



extracted cluster values in Figure 4: r= 0.24 p=0.28 (top panel, Figure 4), r= -0.01 

p=0.98 (middle panel) and r= 0.10 p=0.66 (bottom panel).  

 

 

< Figure 4 here – our seeds showing different connectivity between Delnooz patients 

and controls > 

 

 

Discussion 

There are several noteworthy findings. First, consistent with prior findings (LeDoux 

& Brady, 2003), we found that lesions in multiple different brain locations can cause 

CD. However, our findings also demonstrated that all lesion locations causing CD 

were part of a common brain network, with positive connectivity to the cerebellum 

and negative connectivity to sensorimotor cortex. This pattern of connectivity was 

highly specific to lesions causing CD compared to control lesions. Finally, we showed 

that these lesion-derived findings are also relevant in primary CD, with abnormal 

functionally connectivity in patients that correlated with symptom severity.  

 

Lesion network mapping in cervical dystonia 

Because lesions causing CD are rare and have occurred in a number of different areas 

of the brain, previous lesion mapping approaches have had trouble isolating specific 

brain regions causing CD symptoms (LeDoux & Brady, 2003). Due to this 

heterogeneity, it has been hypothesized that brain connectivity may play an important 

role (LeDoux & Brady, 2003; Prudente et al., 2014). Our recently validated technique, 

lesion network mapping, integrates brain connectivity into lesion analysis (Boes et al., 

2015). Previous studies have applied lesion network mapping to a variety of different 

neuropsychiatric symptoms, including other movement disorders (Fasano et al., 2016; 

Laganiere et al., 2016). For example, Laganiere et al. (2016) found that lesions 

causing hemichorea-hemiballismus were connected to the posterolateral putamen, and 

Fasano et al. (2016) found that lesions causing freezing of gait were connected to the 

cerebellar locomotor region. Using lesion network mapping in the present paper, we 

have identified the cerebellum and the sensorimotor cortex as being causally linked to 

CD.   



 

Our paper goes beyond prior lesion network mapping studies, as it is the first to 

confirm lesion-based findings in a dataset from patients with similar symptoms but 

without brain lesions. Specifically, we show that regions identified by lesion network 

mapping are also abnormal in patients with primary CD, suggesting a shared 

neuroanatomic substrate independent of symptom etiology.  

 

The cerebellum in cervical dystonia 

It has previously been suggested that CD may arise from dysfunction of the 

cerebellum or its functional connections (Jinnah & Hess, 2006; LeDoux & Brady, 

2003). The present study strengthens this hypothesis by showing that lesions causing 

CD, although occurring in many different locations, are specifically connected to the 

cerebellum, and in particular, the cerebellar cortex, the vermis, and the dentate 

nucleus. These findings are supported by fMRI studies showing abnormalities of the 

vermis and cerebellar cortex of CD patients (Li et al., 2017; Prudente et al., 2016), 

and post-mortem Purkinje cell loss from the cerebellar cortex in human primary CD 

patients (Prudente et al., 2013). In addition, pharmacological manipulation of the 

vermis (Pizoli et al., 2002) and cerebellar cortex (Calderon et al., 2011) of mice has 

been shown to cause dystonia. 

 

An important role of the cerebellum is to process and integrate descending and 

ascending inputs to coordinate and adjust bodily movement (Coffman et al., 2011; 

Huang et al., 2013). The cerebellum is thought to act as a ‘comparator’ of these inputs 

to provide rapid, involuntary adjustments in muscle activity without delays inherent to 

cortical processing (Ramnani, 2006). As proposed by LeDoux and Brady (2003), our 

findings suggest that disruption of these inputs may underlie CD. Specifically, in light 

of the three particular cerebellar regions included in our lesion network map, 

dysfunction of the vermis and the cerebellar cortex may result in misprocessing of 

proprioceptive information, and lead to inappropriate involuntary adjustments of 

head/neck muscles by the dentate nucleus. 

 

The sensorimotor cortex in cervical dystonia 



Our lesion network map also implicates the sensorimotor cortex in the 

pathophysiology of CD. These findings are backed up by fMRI and 

electrophysiological studies in patients with primary CD, which have shown increased 

activity in the sensorimotor cortex during isometric head rotation (Prudente et al., 

2016), and increased sensorimotor plasticity, respectively (Koch et al., 2014; Kojovic 

et al., 2013). In addition, Inoue et al. (2004) demonstrated decreased amplitudes of 

high-frequency oscillations in the sensory cortex in CD patients, reflecting decreased 

inhibition. Such observations had led researchers to suggest that dystonia patients 

may have a net increase in proprioceptive input to the sensory cortex, leading to 

‘motor overflow’, or co-contraction of muscles (Hallett, 2011; Kaňovský & Rosales, 

2011). Interestingly, lesion locations were negatively correlated to the sensorimotor 

cortex, which could result in hyperactivity to this region in patients (Boes et al., 2015; 

Darby, Laganiere, et al., 2017). Therefore, lesions could result in a loss of the normal 

suppressive input from these brain locations in secondary CD patients, leading to a 

net increase in sensorimotor cortex activity. 

 

The functional interpretation of negative correlations seen in rs-fcMRI remains a 

matter of debate (Fox et al., 2005; Murphy & Fox, 2016), however negative 

correlations appear to be critical for linking lesion locations to the brain regions 

generating the symptoms, with Boes et al. (2015) demonstrating that lesions resulting 

in visual or auditory hallucinations were negatively correlated to visual and auditory 

cortices respectively. The fact that lesions causing CD are negatively correlated to the 

sensory cortex raises the question as to whether CD may share similarities with 

sensory or proprioceptive hallucinations. Indeed, visual and auditory hallucinations 

can improve with visual and auditory input (Corlett et al., 2009; Teunisse et al., 

1996), possibly reminiscent of sensory tricks in CD. Sensory tricks may relieve 

symptoms by providing additional proprioceptive input, and have been shown to 

reduce sensorimotor cortex, and EMG, activity in CD patients (Naumann et al., 2000; 

Schramm et al., 2004). 

 

A two-hit model of cervical dystonia 

The involvement of two distinct brain regions differs from previous ‘lesion network 

mapping’ studies of movement disorders where lesion locations shared connectivity 



to just a single location (Fasano et al., 2016; Laganiere et al., 2016). However, results 

in CD are similar to lesion network mapping of complex hallucinations (Boes et al., 

2015), delusions (Darby, Laganiere, et al., 2017), and criminality (Darby, Horn, et al., 

2017), in which lesion locations were positively connected to one brain region and 

negatively connected to another. Connectivity of lesion locations to two different 

brain regions is consistent with two-hit models of symptom generation. For example, 

delusions are thought to require both a disruption in sensory processing and reality 

monitoring (Coltheart, 2010). A two-hit model has previously been proposed for 

dystonia, but these models usually suggest a network involving the cerebellum and 

basal ganglia (Jinnah & Hess, 2006; Neychev et al., 2008). Our results instead 

implicate the cerebellum and sensorimotor cortex, and suggest that CD symptoms 

may be caused by combined dysfunction of these two brain regions responsible for 

sensorimotor integration of head/neck position. 

 

Relevance to primary cervical dystonia  

Primary and secondary CD can be indistinguishable clinically; both primary and 

secondary CD patients use sensory tricks, and seem to have similar responsiveness to 

treatment (LeDoux and Brady (2003). Here, we have demonstrated that the 

cerebellum and sensorimotor cortex, which were functionally connected to lesions 

causing secondary CD, are also abnormal in patients with primary CD. This suggests 

that primary and secondary CD patients may share dysfunction of a common brain 

network. This increases the clinical relevance of our findings given that primary CD 

is far more prevalent than secondary CD (Nutt et al., 1988). 

 

Our results generate testable hypotheses for identifying and refining therapeutic 

targets in CD. For example, deep brain stimulation (DBS) to the globus pallidus 

interna is effective for many but not all patients with CD (Kiss et al., 2007). Given the 

present results, we hypothesize that patients whose DBS electrode locations are 

connected to the cerebellum and sensorimotor cortex will respond best, similar to 

recent work in Parkinson’s Disease (Horn et al., 2017). Similarly, transcranial 

magnetic stimulation to the lateral cerebellum has shown some promise in patients 

with CD (Koch et al., 2014), and this target could possibly be refined based on the 

current results. Finally, the present results highlight the sensory cortex as a potential 



therapeutic target easily amenable to noninvasive brain stimulation. Though this 

target has yet to be tried in CD, there is evidence that this target may provide benefit 

to patients with hand dystonia (Havrankova et al., 2010).  

 

Limitations 

A number of limitations should be acknowledged. First, although we conducted a 

systematic search to collect a representative sample of brain lesions causing CD, we 

cannot exclude a publication bias, as lesions in locations previously linked to CD may 

be more likely to be reported. Second, some lesions causing CD were located in the 

spinal cord (LeDoux & Brady, 2003), and thus, the functional connectivity from these 

lesion locations could not be evaluated. However, the spinal cord contains afferent 

and efferent connections with the sensorimotor cortex, and the cerebellum (LeDoux & 

Brady, 2003). Third, there are potential limitations regarding the lesion network 

mapping, such as using 2D instead of real 3D lesions and use of a normative 

connectome dataset, which have been addressed in detail previously (Boes et al., 

2015; Darby, Horn, et al., 2017).  

 

Conclusions 

Lesion locations causing CD share a unique pattern of brain connectivity to the 

cerebellum and the sensorimotor cortex. These regions, identified based on brain 

lesions, are also abnormal in patients with primary CD, and correlate with symptom 

severity. We suggest a shared substrate for primary and secondary CD, propose a two-

hit model of CD symptoms, and provide therapeutic targets and testable hypotheses 

for improving treatment.  

 

Acknowledgements 

 

Funding 

The present work was kindly supported by the Dorothy Feiss Dystonia Research 

Grant. DC was supported by a Victoria Fellowship awarded by the Veski Foundation.  

 

References 



Ashburner, J. SPM: a history. Neuroimage, 2012;62(2):791-800.  

Batla, A., Sanchez, M. C., Erro, R., Ganos, C., Stamelou, M., Balint, B., et al. The 

role of cerebellum in patients with late onset cervical/segmental dystonia?-Evidence 

from the clinic. Parkinsonism Relat Disord, 2015;21(11):1317-22.  

Boes, A. D., Prasad, S., Liu, H., Liu, Q., Pascual-Leone, A., Caviness, V. S., Jr., et al. 

Network localization of neurological symptoms from focal brain lesions. Brain, 

2015;138(10):3061-75.  

Calderon, D. P., Fremont, R., Kraenzlin, F., & Khodakhah, K. The neural substrates 

of rapid-onset Dystonia-Parkinsonism. Nature neuroscience, 2011;14(3):357-65.  

Chang, J. W., Choi, J. Y., Lee, B. W., Kang, U. J., & Chung, S. S. Unilateral globus 

pallidus internus stimulation improves delayed onset post-traumatic cervical dystonia 

with an ipsilateral focal basal ganglia lesion. Journal of neurology, neurosurgery, and 

psychiatry, 2002;73(5):588-90.  

Coffman, K. A., Dum, R. P., & Strick, P. L. Cerebellar vermis is a target of 

projections from the motor areas in the cerebral cortex. Proceedings of the National 

Academy of Sciences, 2011;108(38):16068-73.  

Coltheart, M. The neuropsychology of delusions. Annals of the New York Academy 

of Sciences, 2010;1191(1):16-26.  

Corbetta, M., Ramsey, L., Callejas, A., Baldassarre, A., Hacker, C. D., Siegel, J. S., et 

al. Common behavioral clusters and subcortical anatomy in stroke. Neuron, 

2015;85(5):927-41.  

Corlett, P., Frith, C. D., & Fletcher, P. From drugs to deprivation: a Bayesian 

framework for understanding models of psychosis. Psychopharmacology, 

2009;206(4):515-30.  

Darby, R. R., Horn, A., Cushman, F., & Fox, M. D. Lesion network localization of 

criminal behavior. Proceedings of the National Academy of Sciences, 

2017:201706587.  

Darby, R. R., Laganiere, S., Pascual-Leone, A., Prasad, S., & Fox, M. D. Finding the 

imposter: brain connectivity of lesions causing delusional misidentifications. Brain: a 

journal of neurology, 2017;140(Pt 2):497-507.  

Delnooz, C. C., Pasman, J. W., Beckmann, C. F., & van de Warrenburg, B. P. Task-

free functional MRI in cervical dystonia reveals multi-network changes that partially 

normalize with botulinum toxin. PloS one, 2013;8(5):e62877.  



Fasano, A., Laganiere, S. E., Lam, S., & Fox, M. D. Lesions causing freezing of gait 

localize to a cerebellar functional network. Annals of Neurology, 2016.  

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., & Raichle, 

M. E. The human brain is intrinsically organized into dynamic, anticorrelated 

functional networks. Proceedings of the National Academy of Sciences of the United 

States of America, 2005;102(27):9673-78.  

Galardi, G., Perani, D., Grassi, F., Bressi, S., Amadio, S., Antoni, M., et al. Basal 

ganglia and thalamo‐cortical hypermetabolism in patients with spasmodic torticollis. 

Acta neurologica Scandinavica, 1996;94(3):172-76.  

Hallett, M. Neurophysiology of dystonia: the role of inhibition. Neurobiology of 

disease, 2011;42(2):177-84.  

Havrankova, P., Jech, R., Walker, N. D., Operto, G., Tauchmanova, J., Vymazal, J., et 

al. Repetitive TMS of the somatosensory cortex improves writer’s cramp and 

enhances cortical activity. Neuroendocrinology Letters, 2010;31(1):73-86.  

Holmes, A. L., Forcelli, P. A., DesJardin, J. T., Decker, A. L., Teferra, M., West, E. 

A., et al. Superior colliculus mediates cervical dystonia evoked by inhibition of the 

substantia nigra pars reticulata. Journal of Neuroscience, 2012;32(38):13326-32.  

Horn, A., Reich, M., Vorwerk, J., Li, N., Wenzel, G., Fang, Q., et al. Connectivity 

predicts deep brain stimulation outcome in Parkinson's disease. Annals of Neurology, 

2017.  

Huang, C.-C., Sugino, K., Shima, Y., Guo, C., Bai, S., Mensh, B. D., et al. 

Convergence of pontine and proprioceptive streams onto multimodal cerebellar 

granule cells. Elife, 2013;2:e00400.  

Inoue, K., Hashimoto, I., Shirai, T., Kawakami, H., Miyachi, T., Mimori, Y., et al. 

Disinhibition of the somatosensory cortex in cervical dystonia—decreased amplitudes 

of high-frequency oscillations. Clinical neurophysiology, 2004;115(7):1624-30.  

Isaac, K., & Cohen, J. A. Post‐traumatic torticollis. Neurology, 1989;39(12):1642-

42.  

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., & Smith, S. M. 

Fsl. Neuroimage, 2012;62(2):782-90.  

Jinnah, H., & Hess, E. J. A new twist on the anatomy of dystonia The basal ganglia 

and the cerebellum? Neurology, 2006;67(10):1740-41.  



Kajimoto, Y., Miwa, H., Ueno, M., & Kondo, T. Sensorimotor hemiparesis with 

secondary cervical dystonia following lateral caudal medullary infarction without 

signs and symptoms of Wallenberg syndrome. J Neurol Sci, 2004;219(1-2):167-8.  

Kaňovský, P., & Rosales, R. L. Debunking the pathophysiological puzzle of 

dystonia–with special reference to botulinum toxin therapy. Parkinsonism & related 

disorders, 2011;17:S11-S14.  

Kim, J. S. Asterixis after unilateral stroke: lesion location of 30 patients. Neurology, 

2001;56(4):533-36.  

Kirton, C. A., & Riopelle, R. J. Meige syndrome secondary to basal ganglia injury: a 

potential cause of acute respiratory distress. The Canadian journal of neurological 

sciences. Le journal canadien des sciences neurologiques, 2001;28(2):167-73.  

Kiss, Z. H., Doig-Beyaert, K., Eliasziw, M., Tsui, J., Haffenden, A., & Suchowersky, 

O. The Canadian multicentre study of deep brain stimulation for cervical dystonia. 

Brain, 2007;130(Pt 11):2879-86.  

Koch, G., Porcacchia, P., Ponzo, V., Carrillo, F., Cáceres-Redondo, M. T., Brusa, L., 

et al. Effects of two weeks of cerebellar theta burst stimulation in cervical dystonia 

patients. Brain stimulation, 2014;7(4):564-72.  

Kojovic, M., Pareés, I., Kassavetis, P., Palomar, F. J., Mir, P., Teo, J. T., et al. 

Secondary and primary dystonia: pathophysiological differences. Brain, 

2013;136(7):2038-49.  

Laganiere, S., Boes, A. D., & Fox, M. D. Network localization of hemichorea-

hemiballismus. Neurology, 2016;86(23):2187-95.  

Lambrecq, V., Sibon, I., Loiseau, H., Jeannin, S., Dousset, V., Rotgé, J. Y., et al. 

Acute blepharospasm and torticollis associated with an ependymoma of the lateral 

ventricle. Movement Disorders, 2010;25(5):653-55.  

LeDoux, M., & Brady, K. Secondary cervical dystonia associated with structural 

lesions of the central nervous system. Movement Disorders, 2003;18(1):60-69.  

Li, Z., Prudente, C. N., Stilla, R., Sathian, K., Jinnah, H., & Hu, X. Alterations of 

resting-state fMRI measurements in individuals with cervical dystonia. Human Brain 

Mapping, 2017;38(8):4098–108.  

Loher, T. J., & Krauss, J. K. Dystonia associated with pontomesencephalic lesions. 

Movement disorders : official journal of the Movement Disorder Society, 

2009;24(2):157-67.  



Molho, E. S., & Factor, S. A. Basal ganglia infarction as a possible cause of cervical 

dystonia. Movement disorders, 1993;8(2):213-16.  

Murphy, K., & Fox, M. D. Towards a consensus regarding global signal regression 

for resting state functional connectivity MRI. Neuroimage, 2016.  

Naumann, M., Magyar‐Lehmann, S., Reiners, K., Erbguth, F., & Leenders, K. L. 

Sensory tricks in cervical dystonia: perceptual dysbalance of parietal cortex 

modulates frontal motor programming. Annals of neurology, 2000;47(3):322-28.  

Naumann, M., Pirker, W., Reiners, K., Lange, K. W., Becker, G., & Brücke, T. 

Imaging the pre‐and postsynaptic side of striatal dopaminergic synapses in 

idiopathic cervical dystonia: A SPECT STUDY Using [123I] epidepride and [123I] β

‐CIT. Movement Disorders, 1998;13(2):319-23.  

Neychev, V. K., Fan, X., Mitev, V., Hess, E. J., & Jinnah, H. The basal ganglia and 

cerebellum interact in the expression of dystonic movement. Brain, 

2008;131(9):2499-509.  

Nutt, J. G., Muenter, M. D., Aronson, A., Kurland, L. T., & Melton, L. J. 

Epidemiology of focal and generalized dystonia in Rochester, Minnesota. Movement 

disorders, 1988;3(3):188-94.  

O’Rourke, K., O’Riordan, S., Gallagher, J., & Hutchinson, M. Paroxysmal torticollis 

and blepharospasm following bilateral cerebellar infarction. Journal of neurology, 

2006;253(12):1644-45.  

Pizoli, C. E., Jinnah, H., Billingsley, M. L., & Hess, E. J. Abnormal cerebellar 

signaling induces dystonia in mice. Journal of Neuroscience, 2002;22(17):7825-33.  

Plant, G., Kermode, A., Du Boulay, E., & McDonald, W. Spasmodic torticollis due to 

a midbrain lesion in a case of multiple sclerosis. Movement disorders, 1989;4(4):359-

62.  

Prudente, C., Hess, E., & Jinnah, H. Dystonia as a network disorder: what is the role 

of the cerebellum? Neuroscience, 2014;260:23-35.  

Prudente, C., Pardo, C., Xiao, J., Hanfelt, J., Hess, E., LeDoux, M., et al. 

Neuropathology of cervical dystonia. Experimental neurology, 2013;241:95-104.  

Prudente, C., Stilla, R., Buetefisch, C. M., Singh, S., Hess, E. J., Hu, X., et al. Neural 

Substrates for Head Movements in Humans: A Functional Magnetic Resonance 

Imaging Study. The Journal of Neuroscience, 2015;35(24):9163-72.  



Prudente, C., Stilla, R., Singh, S., Buetefisch, C., Evatt, M., Factor, S. A., et al. A 

Functional Magnetic Resonance Imaging Study of Head Movements in Cervical 

Dystonia. Frontiers in neurology, 2016;7:201.  

Ramnani, N. The primate cortico-cerebellar system: anatomy and function. Nature 

Reviews Neuroscience, 2006;7(7):511-22.  

Richardson, S. P. Enhanced dorsal premotor–motor inhibition in cervical dystonia. 

Clinical Neurophysiology, 2015;126(7):1387-91.  

Rorden, C., Karnath, H.-O., & Bonilha, L. Improving lesion-symptom mapping. 

Journal of cognitive neuroscience, 2007;19(7):1081-88.  

Schramm, A., Reiners, K., & Naumann, M. Complex mechanisms of sensory tricks in 

cervical dystonia. Movement disorders, 2004;19(4):452-58.  

Schulze-Bonhage, A., & Ferbert, A. Cervical dystonia as an isolated sign of a basal 

ganglia tumour. Journal of Neurology, Neurosurgery & Psychiatry, 1995;58(1):108-

09.  

Schwartz, M., De Deyn, P., & Pickut, B. Cervical dystonia as a probable consequence 

of focal cerebral lesion. Movement disorders, 1995;10(6):797-98.  

Scott, B. L., & Jankovic, J. Delayed-onset progressive movement disorders after static 

brain lesions. Neurology, 1996;46(1):68-74.  

Teunisse, R. J., Zitman, F., Cruysberg, J., Hoefnagels, W., & Verbeek, A. Visual 

hallucinations in psychologically normal people: Charles Bonnet's syndrome. The 

Lancet, 1996;347(9004):794-97.  

Tranchant, C., Maquet, J., Eber, A. M., Franck, P., & Warte, J. M. Cerebellar 

cavernous cervical dystonia and cross cortical diaschisis. Rev. Neurol. (Paris), 

1991;147(8-9):599-602.  

Usmani, N., Bedi, G. S., Sengun, C., Pandey, A., & Singer, C. Late onset of cervical 

dystonia in a 39-year-old patient following cerebellar hemorrhage. J Neurol, 

2011;258(1):149-51.  

von Monakow, C. Die Lokalisation im Grosshirn und der Abbau der Funktion durch 

kortikale Herde, 1914; JF Bergmann. 

Xiao, J., Uitti, R. J., Zhao, Y., Vemula, S. R., Perlmutter, J. S., Wszolek, Z. K., et al. 

Mutations in CIZ1 cause adult onset primary cervical dystonia. Annals of neurology, 

2012;71(4):458-69.  



Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D., Hollinshead, 

M., et al. The organization of the human cerebral cortex estimated by intrinsic 

functional connectivity. Journal of neurophysiology, 2011;106(3):1125-65.  

Zadro, I., Brinar, V. V., Barun, B., Ozretic, D., & Habek, M. Cervical dystonia due to 

cerebellar stroke. Movement disorders : official journal of the Movement Disorder 

Society, 2008;23(6):919-20.  

               

           


