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Abstract

Background: Task-specific focal dystonias selectively affect movements during the production
of highly learned and complex motor behaviors. Manifestation of some task-specific focal
dystonias, such as musician’s dystonia, has been associated with excessive practice and overuse,
whereas the etiology of others remains largely unknown.

Objectives: In this study, we aimed to examine the neural correlates of task-specific dystonias in
order to determine their disorder-specific pathophysiological traits.

Methods: Using multimodal neuroimaging analyses of resting-state functional connectivity,
voxel-based morphometry and tract-based spatial statistics, we examined functional and structural
abnormalities that are both common to and distinct between four different forms of task-specific
focal dystonias.

Results: Compared to the normal state, all task-specific focal dystonias were characterized by
abnormal recruitment of parietal and premotor cortices that are necessary for both modality-
specific and heteromodal control of the sensorimotor network. Contrasting the laryngeal and hand
forms of focal dystonia revealed distinct patterns of sensorimotor integration and planning, again
involving parietal cortex in addition to inferior frontal gyrus and anterior insula. On the other
hand, musician’s dystonia compared to nonmusician’s dystonia was shaped by alterations in
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primary and secondary sensorimotor cortices together with middle frontal gyrus, pointing to
impairments of sensorimotor guidance and executive control.

Conclusion: Collectively, this study outlines a specialized footprint of functional and structural
alterations in different forms of task-specific focal dystonia, all of which also share a common
pathophysiological framework involving premotor-parietal aberrations.

Keywords

functional connectivity; gray matter volume; musician’s focal hand dystonia; singer’s laryngeal
dystonia; spasmodic dysphonia; white matter integrity; writer’s cramp

Dystonia is a neurological disorder causing abnormal recurrent movements and fixed
postures in affected individuals. One of the forms of dystonia, isolated task-specific focal
dystonia (TSFD), selectively impairs the fine control of skilled and goal-oriented motor
behaviors, such as writing and speaking. As in the case with other focal dystonias,
symptomatology of TSFD is well described, but its exact causes and pathophysiological
mechanisms remain less clear.

Recent neuroimaging studies have shown that, compared to other focal dystonias (e.g.,
blepharospasm and cervical dystonia), TSFD patients present not only with abnormalities in
the basal ganglia, cerebellum, and primary sensorimotor cortex, but also in higher-order
motor and associative cortical regions.:2 Overall greater involvement of cortical alterations
in TSFD is thought to reflect impairments of highly learned, complex sequences of
voluntary motor actions, whereas other dystonias are characterized by loss of control of
more stereotyped movements (e.g., eye blinking, neck posture).

Previous studies have also suggested that manifestation of dystonic symptoms in the specific
body region might be influenced by distinct brain alterations. For example, patients with
focal hand dystonia, writer’s cramp (WC), were found to exhibit decreased connectivity of
the hand region of primary sensorimotor cortex accompanied by decreased dorsal premotor
and superior parietal connectivity and increased putaminal connectivity.3-> In a separate
study, patients with spasmodic dysphonia (SD) were characterized by decreased connectivity
of the laryngeal region of primary sensorimotor cortex, again along with decreased premotor
and putaminal connectivity but increased inferior parietal connectivity.%:” Further analysis of
large-scale neural networks identified TSFD-specific pathophysiological traits in global
brain organization, including altered information transfer through a group of highly

influential sensorimotor brain regions, hubs, that form an abnormal dystonic network kernel.
8

In this study, we aimed to investigate functional and structural abnormalities across different
TSFD forms compared to age- and sex-matched healthy controls as well as between TSFD
patients within the same experimental setting in order to detail the contribution of the
affected body region and affected skilled motor behavior to the disorder pathophysiology.
We utilized multivariate probabilistic independent component analysis (ICA)® of resting-
state functional MRI (fMRI) to zoom into the regional alterations of the arguably most
impaired sensorimotor network in dystonia as well as voxel-based morphometry (VBM) and
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tract-based spatial statistics (TBSS) to identify associated alterations of gray matter volume
and white matter tract integrity, respectively, depending on the affected body region (i.e.,
hand or larynx) or affected motor behavior (writing/speaking or playing a musical
instrument/singing). We hypothesized that different forms of TSFD will share common
structural alterations in those cortical regions that control the fundamental aspects of
sensorimotor processing and integration, fitting an overall characteristic feature of common
dystonia pathophysiology. We further hypothesized that differences in symptom
manifestation would be related to an increased propensity of network components for
sensorimotor processing and motor control, whereas differences between affected behaviors
would be linked to abnormal functional specializations of sensorimotor planning and
executive processes.

Patients and Methods

Subjects

A total of 63 subjects participates in the study, including 47 TSFD patients and 16 healthy
controls (see detailed demographics in Table 1). All participants, including patients and
healthy controls, were right-handed as determined by the Edinburgh Handedness Inventory
and had no past or present history of neurological (other than isolated TSFD in patients),
psychiatric, or laryngeal problems. This was established based on the history and physical
examination as well as neurological and laryngeal evaluations. WC and musician’s focal
hand dystonia (MFHD) were focal to the right hand and task specific to writing and playing
a musical instrument, respectively; SD patients had the focal adductor type, which was task
specific to speaking, and singer’s laryngeal dystonia (SLD) was specific to singing. All
patients with MFHD and SLD were professional musicians (Table 1). Healthy musicians
were healthy professionally trained individuals; healthy nonmusicians had no formal musical
training. There were no statistically significant differences in age (P = 0.45), gender (P=
0.71), years of musical practice (P> 0.17), dystonia duration (P> 0.46), or age at the onset
of dystonia (P= 0.40), as applicable, between the examined groups. Thus, all comparisons
were tightly matched by age, sex, level of musical training, instrument, handedness, genetic
and cognitive status, language, and duration and onset of dystonia, whenever applicable. A
neuroradiological examination confirmed normal gross brain anatomy in all participants.
Patients receiving botulinum toxin injections for symptom management participated in the
study at least 3 months after they received their last injection to ensure that they were fully
symptomatic at the time of participation.

The subjects were assigned to five experimental groups to perform three pair-wise
comparisons:

1. To characterize shared neural alterations across different forms of TSFD, we
compared a group of 16 TSFD (composed of 4 patients per each TSFD form
with WC, MFHD, SD, and SLD; 45.3 + 10.8 years old; 8 females/8 males) to a
group of 16 age- and sex-matched healthy subjects (composed of 8 nonmusicians
and 8 professional musicians, 43.9 + 11.9 years old; 7 females/9 males).
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2. To assess functional and structural alterations depending on the TSFD-affected
body region (i.e., hand or larynx), we compared 16 patients with focal hand
dystonia (composed of 8 MFHD and 8 WC; 53.3 + 10.3 years old; 8 females/8
males) to 16 patients with focal laryngeal dystonia (composed of 8 SD and 8
SLD;54.4 + 9.9 years old; 8 females/8 males).

3. To examine brain abnormalities associated with the affected motor behavior, we
contrasted 16 patients with musician’s dystonia (composed of 8 MFHD and 8
SLD; 52.2 + 9.8 years old; 4 females/12 males) to 16 patients with
nonmusician’s dystonia (composed of 8 WC and 8 SD; 54.8 + 9.8 years old; 5
females/11 males).

Written informed consent was obtained from all subjects before study participation, which
was approved by the Institutional Review Board of the Massachusetts Eye and Ear, Harvard
Medical School.

Data Acquisition

Brain images were acquired on a 3 T Siemens Skyra scanner (Siemens, Erlangen, Germany)
equipped with a 32-channel head coil. During resting-state fMRI, subjects were instructed to
rest with their eyes closed without specific thoughts in an environment with dimmed lights.
To minimize head motion, the subject’s head was cushioned within the coil, and all were
continuously monitored for movements while scanning. No subject reported falling asleep in
the scanner. A total of 300 resting-state volumes were acquired using a gradient-weighted
echo-planar-imaging pulse sequence (repetition time [TR] = 1 s, echo time [TE] = 30 ms,
flip angle = 90 degrees, field of view [FOV] = 240 mm, voxel size = 2.2 mm3, 70 slices).

Diffusion-weighted images (DWIs) were acquired with anterior-posterior and posterior-
anterior phase encoding directions, each with 64 noncollinear directions and six
nondiffusion images (bp; TR = 3880 ms, TE = 90 ms, flip angle = 80 degrees, FOV = 240
mm, voxel size =2.0 mm3, b = 1000 s/mm?, 69 slices).

High-resolution Tq-weighted images were collected using a three-dimensional
magnetization prepared rapid acquisition gradient echo sequence with an inversion recovery
(3D-MP2RAGE: TR = 4000 ms, TE = 1.9 ms, TI{/Tl, = 633/1860 ms, flip angle = 4
degrees, FOV = 186 x 162 mm, 224 slices, voxel size = 1.0 mm3, number of averages = 2).

Resting-State fMRI and Probabilistic Independent Component Analysis

Preprocessing of resting-state fMRI data was performed using FSL10 and AFNI! software
following a standard pipeline, as described earlier.6:12.13 Each time-series was first truncated
by removing the first four volumes to account for potential T, stabilization effects, slice-
time corrected, and high-pass filtered at 0.01 Hz. An affine preregistration to the
corresponding anatomical image was performed using a single-band reference image as a
template for motion correction. The images were normalized to the Montreal Neurological
Institute (MNI) space, and the final registration was performed using a non-linear elastic
cost function. All time-series were inspected for motion artifacts and corrected for potential
motion or physiological noise effects using a linear regression based on white matter (WM)
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and cerebrospinal fluid (CSF) mean signals and six motion parameters. WM and CSF
covariates were calculated by segmenting the high-resolution T1-weighted image using SPM
12 softwarel4, which were applied to each time series at 90% of tissue probability. Nuisance
regressors were extracted by masking and then averaging all voxels across time-series. All
images were smoothed using a 5-mm full width at half maximum Gaussian kernel and mean
intensity normalized for the subsequent group analysis.

Multivariate probabilistic ICA was performed using the temporal concatenation approach in
the FSL’s MELODIC (Multivariate Exploratory Linear Optimized Decomposition into
Independent Components) toolbox.5° Preprocessed four-dimensional time-series across all
subjects were concatenated and decomposed to determine the common group-averaged
spatially independent components (ICs). The ICs were visual inspected for their spatial
distribution in order to extract the sensorimotor components®15 as a network most
significantly implied in dystonia pathophysiology.3:6:8:16-18 The group-averaged
sensorimotor ICs were concatenated and used in a dual regression to generate subject-
specific spatial maps and associated time-series.8:19:20 For each group comparison,
independent two-tailed t-tests were performed on the individual Z~score maps derived from
dual regression to determine between-group differences at a family-wise error (FWE)-
corrected P< 0.01 with a voxel-wise £< 0.001 using spatial autocorrelation function.

VBM

VBM analysis was performed using the CAT12 toolbox of SPM12 software. T1-weighted
images were normalized and segmented into gray and white matter tissues using standard
SPM tissue probability maps. Gray matter probability maps were registered to the SPM
standard template in the MNI space using a diffeomorphic nonlinear registration (DARTEL).
Image quality was performed by visual inspection and using the quality check modules of
the CAT12 toolbox. The resultant images were smoothed using a 6-mm Gaussian kernel. For
each comparison, voxel-wise group-level statistics were conducted using two-sample #tests
with subject’s age, sex, and total intracranial volume as nuisance covariates. Statistical maps
were corrected at a cluster-wise £< 0.01 with a voxel-wise threshold of £< 0.001.

TBSS

DWI data were preprocessed using the FSL DTI toolbox to correct the motion and eddy
current distortions. Fractional anisotropy (FA) maps were created and registered through
linear and nonlinear transformations to the MNI space in AFNI software.2! Following the
FSL TBSS pipeline,22 a white matter skeleton was created for each image with an FA
threshold of 0.2. For each group comparison, voxel-wise group-level statistics were
conducted using a two-sample #test with subject’s age and sex as nuisance covariates. The
statistical maps were corrected at a cluster-wise £< 0.01 with a voxelwise threshold of P<
0.001.
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Results

Functional and Structural Alterations in TSFD Versus Healthy Controls

As hypothesized, both common and distinct alterations of functional and structural integrity
were found across different forms of TSFD. Compared to healthy controls, all TSFD
patients showed increased functional connectivity in the right inferior parietal lobule (areas
PGa/hIP2/hIP3; Fig. 1-1A; Table 2). Common increases in gray matter volume were found in
the right premotor cortex (area 6) and left inferior parietal lobule (areas PGa/hIP3; Fig. 1-1B;
Table 2). In addition, all TSFD patients showed decreased fractional anisotropy in white
matter underlying the right precuneus (Fig. 1-IC; Table 2). These findings suggest that the
overall dystonic brain organization across different TSFD forms may be shaped by abnormal
functional and structural consolidation of the network’s cortical components, which are
primarily involved in sensorimotor processing and integration.

Differences in Functional and Structural Organization Between Different TSFD Form Based
on the Affected Body Region

A comparison of patients with focal hand dystonia (including WC and MFHD) to patients
with focal laryngeal dystonia (including SD and SLD) found distinct regions of abnormal
right inferior parietal (area PFt) functional connectivity, with each region of alterations
characterizing each TSFD group (Fig. 1-11A; Table 2). Gray matter volumetric differences
depending on the affected body region (larynx > hand) were found in the right inferior
frontal gyrus (area 45) and adjoining anterior insula, as well as in the left superior parietal
lobule (areas 7A/7P; Fig. 1-11B; Table 2). In addition, white matter integrity was distinctly
affected in the left middle temporal gyrus in patients with focal laryngeal dystonia compared
to focal hand dystonia (Fig. 1-11C; Table 2).

Differences in Functional and Structural Organization Between Different TSFD Form Based
on the Affected Behavior

When comparing patients with musician’s dystonia (including MFHD and SLD) to patients
with nonmusician’s dystonia (including WC and SD), we found that the former group
exhibited significantly reduced functional connectivity in the right primary somatosensory
cortex (area 2), parietal operculum (area OP1), inferior parietal lobule (areas PFt/PFop),
superior parietal lobule (area 5 L), and supplementary motor area (area 6; Fig. 1-111A; Table
2). Structurally, gray matter volumetric increases in musician’s dystonia were found in the
right middle frontal gyrus (area 10; Fig. 1-111B; Table 2). Decreases in white matter integrity
in musician’s dystonia encompassed the right superior longitudinal fasciculus as well as the
right corticospinal/corticobulbar tract, underlying the laryngeal representation within the
ventral region of precentral gyrus, and the left corticospinal tract, underlying the hand
representation within the precentral gyrus (Fig. 1-111C; Table 2). Collectively, these findings
point to significantly weaker embedding of motor guidance and planning loops in patients
with musician’s dystonia.
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Discussion

The performance of complex learned sequences for the fulfillment of motor behaviors
typically requires the coordination between primary sensorimotor and heteromodal
association areas in frontal, parietal, and temporal regions. It is therefore not surprising that
greater alterations of cortical than subcortical structures highlighted the common
pathophysiology of different TSFD forms (Fig. 2).

Most prominently, TSFDs, compared to the normal state, were characterized by abnormal
integration of inferior/superior parietal cortex, which was found to exhibit both functional
and structural alterations across all patient groups. The parietal cortex is a critical relay
station, which provides a sensorimotor interface for the control of higher-order, multimodal
integration processes that are necessary to inform and guide movement execution.23-26 The
right inferior parietal cortex, in particular, has been associated with supramodal spatial
processing and perception of sound movements.2”:28 The emergence of specialized
abnormalities in these parietal areas, along with volumetric changes in the premotor cortex,
across all examined TSFD forms points to a potential pathological breakdown of the
mechanisms underlying hierarchical processing and sensorimotor integration leading to
dystonic movement execution. Stratifying patients on the basis of the affected body region
further showed that the pathophysiological complexity of each TSFD phenotype may be
accounted for by different, albeit spatially neighboring, functional and structural aberrations
of the parietal cortex. These areas have been previously shown to be altered in focal
dystonias,>8:29-32 Jinked to their polygenic risk,20 and considered as one of the objective
diagnostic biomarkers of this disorder.33

An additional involvement of volumetric increases in the inferior frontal cortex and anterior
insula and decreases in white matter integrity underlying middle temporal gyrus in patients
with different laryngeal forms of TSFD pointed to their shared pathophysiology that is also
distinct when compared to the focal hand forms of TSFD. These structures are known to
contribute to the important aspects of speech comprehension, motor planning and
coordination, articulatory modulations, and pitch and tone control during singing.12:34-41
Functional and structural alterations in the inferior frontal gyrus and anterior insula are in
line with previous neuroimaging studies in SD, which identified abnormal relationships
between inferior frontal volume and activity during symptomatic task production as well as
between insular volume and the disorder severity.#2:43 Furthermore, a spatial disorganization
of anterior insular structural connectivity with the inferior frontal gyrus was recently
demonstrated in SD patients compared to healthy individuals.? Given that the neural
circuits responsible for the control of speaking and singing potentially overlap,38 our
findings suggest that these regional alterations, too, reflect a commonly affected voice-
specialized modality across different forms of laryngeal dystonia. Clinically, these findings
support evidence showing that the phenomenology of laryngeal TSFDs is often interlocked:
the majority of SD patients report their singing being affected similar to speaking, whereas
SLD patients gradually develop SD symptoms.4445

Looking into the TSFD pathophysiology from another angle, certain aspects of dystonia-
associated brain alterations may also be contingent upon the affected motor behavior, such
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as in musician’s versus nonmusician’s dystonia. Musical training requires enhanced
integration across sensorimotor and auditory processing systems, leading to substantial
cortical reorganization and plasticity of brain regions (within the normal ranges) that support
the acquisition and performance of complex motor skills.#6-50 Attention processes may also
be important, particularly for sight reading, a skill that all musicians need to fully master in
order to perform at a professional level.?9 In focal dystonias, extensive training has been
associated with maladaptive plasticity and underpinning disorganization of motor and
somatosensory representations, abnormal coupling between sensory input and motor output
regions, and altered integration of sensory feedback and executive control.2:8:51-58 |n |ine
with this, musician TSFDs exhibited deficits of functional connectivity in the primary
somatosensory cortex, parietal operculum, and supplementary motor area, the regions
needed to process sensorimotor information for orchestrated execution of skilled
movements. In addition, significant gray matter volumetric increases in musician’s dystonia
compared to nonmusician’s dystonia were observed in the middle frontal gyrus, which
points to TSFD form-specific alterations of the executive control over the capacity to learn,
remember, and coordinate the correct sequences of complex motor tasks. On the other hand,
white matter changes were localized to the corticospinal and corticobulbar tracts that
underlie the motocortical representations of the hand and larynx, respectively, suggesting
particular vulnerability of these white matter pathways to extensive and strenuous motor
training in musician’s dystonia.

Dystonia has been traditionally considered a basal ganglia disorder with prominent
cerebellar involvement.59:60 Accordingly, numerous previous neuroimaging studies,
including ours, have demonstrated a range of functional and structural changes in these
structures across different forms of dystonia.81-63 This is, however, in contrast to the present
study, which found no significant differences in the basal ganglia and cerebellum. This
might be attributed to some methodological issues, such as patient selection and grouping as
well as higher statistical thresholding of the resultant data compared to the other studies
using similar methodological approaches.53 An alternative possibility is a somatotopically
distinct distribution of alterations in the basal ganglia and cerebellum that are not being
captured in the group assessment across different forms of TSFD.

Another sticking feature of TSFD alterations was their predominant right-hemispheric
distribution. This is an interesting finding because of a known left-hemispheric dominance
for manual tasks and speech production in right-handed individuals. That said, the role of the
right hemisphere has been emerging in the literature. Recent neuroimaging studies in focal
dystonias have reported alterations in right frontoparietal regions and a characteristic loss of
hemispheric asymmetry in the distribution of large-scale neural communities.32:33.61,64
Together with the present findings, right-hemispheric involvement points to abnormal
interhemispheric integration and may represent an endophenotypic trait specific to TSFDs.

In summary, analysis of functional and structural brain organization showed that TSFD
patients, in contrast to healthy individuals, were characterized by abnormal participation of
parietal and premotor cortices that are necessary for both modality-specific and heteromodal
control of the sensorimotor network. Contrasting the laryngeal and hand forms of TSFD
revealed differences in sensorimotor integration and planning, again involving the parietal

Mov Disord. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 9

rtex along with the inferior frontal gyrus and anterior insula. On the other hand,

musician’s dystonia was characterized by impairments of sensorimotor guidance and
executive control compared to nonmusician’s dystonia. Taken together, these findings
suggest that different TSFD forms are likely shaped by a specialized footprint of functional

d structural alterations, while sharing a common pathophysiological framework.
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I. Task-Specific Focal Dystonias vs. Healthy Controls

A. Resting-state functional connectivity B. Gray matter volume C. White matter integrity
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II. TSFD by Affected Body Region: Focal Laryngeal Dystonia vs. Focal Hand Dystonia
A. Resting-state functional connectivity B. Gray matter volume C. White matter integrity

FLD>FHD FLD>FHD
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11l. TSFD by Affected Behavior: Musician’s Dystonia vs. Non-Musician’s Dystonia
A. Resting-state functional connectivity B. Gray matter volume C. White matter integrity
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FIG. 1.
Common and distinct functional and structural neural abnormalities in TSFD. Resting-state

functional connectivity (A), gray matter volume (B), and white matter integrity (C) are
depicted across all examined forms of task-specific focal dystonia compared to healthy
controls (1); between task-specific focal dystonias contingent upon the affected body region
in focal laryngeal dystonia compared to focal hand dystonia (I1); and between task-specific
focal dystonias based on the affected motor behavior in musician’s dystonia compared to
nonmusician’s dystonia (I11). The colors bar indicates the #statistics; the corresponding
cluster peaks and Pvalues are provided in Table 2. HC, healthy controls; FLD, focal
laryngeal dystonia; FHD, focal hand dystonia; MD, musician’s dystonia; NMD,
nonmusician’s dystonia; IPL, inferior parietal lobule; PreCG, precentral gyrus; PreCu,
precuneus; IFG, inferior frontal gyrus; alns, anterior insula; MGH, middle temporal gyrus;
SMA, supplementary motor area; SPL, superior parietal lobule; S1, primary somatosensory
cortex; OP, parietal operculum; MFG, middle frontal gyrus; CST, corticospinal tract; CBT,
corticobulbar tract; SLF, superior longitudinal fasciculus.
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V

Schematic representation of main findings and their interpretation. Diagram depicts a visual
summary of functional and structural abnormalities in TSFDs.
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