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Kristina Simonyan? and Christy L. Ludlow*>

'Departments of Neurology and Otolaryngology, Mount Sinai School of Medicine, New York, NY 10029, USA, *Laryngeal and Speech
Section, Medical Neurology Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda,
MD 20892, USA and 3Department of Communication Sciences and Disorders, James Madison University, Harrisonburg, VA 22807,

USA

Address correspondence to Dr Kristina Simonyan, Department of Neurology, Mount Sinai School of Medicine, One Gustave L. Levy Place, Box 1137,

New York, NY 10029, USA. Email: kristina.simonyan(@mssm.edu.

Spasmodic dysphonia (SD) is a primary focal dystonia characterized
by involuntary spasms in the laryngeal muscles during speech
production. Although recent studies have found abnormal brain
function and white matter organization in SD, the extent of gray
matter alterations, their structure-function relationships, and
correlations with symptoms remain unknown. We compared gray
matter volume (GMV) and cortical thickness (CT) in 40 SD patients
and 40 controls using voxel-based morphometry and cortical
distance estimates. These measures were examined for relation-
ships with blood oxygen level-dependent signal change during
symptomatic syllable production in 15 of the same patients. SD
patients had increased GMV, CT, and brain activation in key
structures of the speech control system, including the laryngeal
sensorimotor cortex, inferior frontal gyrus (IFG), superior/middle
temporal and supramarginal gyri, and in a structure commonly
abnormal in other primary dystonias, the cerebellum. Among these
regions, GMV, CT and activation of the IFG and cerebellum showed
positive relationships with SD severity, while CT of the IFG
correlated with SD duration. The left anterior insula was the only
region with decreased CT, which also correlated with SD symptom
severity. These findings provide evidence for coupling between
structural and functional abnormalities at different levels within the
speech production system in SD.

Keywords: cortical thickness, fMRI, laryngeal dystonia, VBM, voice
production

Introduction

Spasmodic dysphonia (SD) is the third most prevalent form of
primary focal dystonia (Ludlow et al. 2008). SD is a task-specific
disorder, characterized by involuntary spasms in the laryngeal
muscles during speech production but not during emotional
vocal expressions, such as laughter and cry. The 2 most
common forms of SD are adductor SD (ADSD), characterized by
involuntary vocal fold closure, producing breaks during vowel
production, and abductor SD (ABSD), characterized by pro-
longed vocal fold opening, leading to breathy breaks during
production of voiceless consonants.

Although the exact pathophysiology of SD and other forms
of primary focal dystonia has not been fully elucidated, recent
studies have identified several functional abnormalities in the
sensorimotor cortical and subcortical regions that may
contribute to the pathophysiology of this disorder. Using
functional magnetic resonance imaging (fMRI), abnormal brain
activity in SD patients was found in the primary laryngeal/
orofacial sensorimotor cortex, basal ganglia, ventral thalamus,
and cerebellum during symptomatic voice production
(Haslinger et al. 2005; Ali et al. 2006; Simonyan and Ludlow
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2010) with activation of the primary somatosensory cortex
remaining abnormally increased also during production of
asymptomatic laryngeal tasks (Simonyan and Ludlow 2010).
The presence of functional abnormalities during both symp-
tomatic and asymptomatic tasks suggests that the underlying
brain structure may be altered in SD. In line with this
assumption, a recent diffusion tensor imaging study in SD has
shown white matter (WM) abnormalities within the laryngeal
motor cortical circuits, such as decreased WM integrity and
coherence in the genu of the internal capsule and increased
water diffusivity along the corticobulbar/corticospinal tract,
basal ganglia, ventral thalamus, and cerebellum (Simonyan et al.
2008). Furthermore, postmortem tissue examination in one SD
patient has revealed focal axonal degeneration and demyelin-
ation in the genu of the internal capsule and mineral
accumulations in the basal ganglia, thalamus, and cerebellum
(Simonyan et al. 2008) as well as clusters of microglial
activation in the brainstem nuclei associated with the laryngeal
control in 2 SD patients (Simonyan et al. 2010). However,
despite this recent progress in identifying brain abnormalities
in SD, several questions about its pathophysiological character-
istics remain open. Specifically, it is unknown what gray matter
(GM) abnormalities are present in SD, how they relate to the
functional brain activation changes, and whether these
abnormalities relate to the severity of SD symptom expression.
This missing information is critical for a complete character-
ization of the extent of brain abnormalities in SD.

In the present study, we combined high-resolution MRI with
fMRI to determine the relationship between brain structure
and function in the same cohort of SD patients. We
hypothesized that SD patients compared with healthy subjects
will exhibit GM structural abnormalities within the laryngeal
sensorimotor circuits, which may relate to the altered
functional activation in these regions, and that the brain
regions exhibiting abnormal structure-function relationships
may correlate with SD symptom production. To examine GM
organization, we used 2 complimentary methods: voxel-based
morphometry (VBM) and cortical thickness (CT) analyses. VBM
measures the quantity of tissue within a voxel and, hence, is
dependent on local CT and/or cortical surface area (Hutton
et al. 2009). In contrast, CT measurements are based on
determination of the inner and outer cortical boundaries or
surfaces (Fischl and Dale 2000) and have been reported to have
a higher sensitivity in detecting cortical changes compared
with VBM measures (Hutton et al. 2009). While the VBM
provides information about the volumetric organization of the
entire brain, including subcortical structures and cerebellum,
the CT measurements are more limited to the cortical ribbon.
Thus, the choice to conduct both VBM and CT analyses was



made to yield the most informative result about the GM
organization in SD. To investigate the relationship between the
structural and functional brain organization in SD, we further
correlated VBM and CT measurements with our previously
reported findings of functional brain activation abnormalities
during symptomatic syllable production (Simonyan and Ludlow
2010) in the same SD patients, who also participated in the
present VBM-CT study. Finally, the obtained measurements
were used to assess the relationships between GM abnormal-
ities and symptom severity and duration in these patients.

Subjects and Methods

Subjects

Forty patients with SD (mean age 569 * 10.6 years; 15 males/25
females; 25 ADSD/15 ABSD) and 40 healthy subjects (52.5 £ 10.5 years;
23 males/17 females) underwent high-resolution MRI for VBM and CT
analyses. To determine the GM structure-function relationship in SD,
the functional activation differences during symptomatic syllable
production were examined in the fMRI datasets of 15 SD patients
(mean age 54.1 £ 10.1 years; 7 males/8 females; 9 ADSD/6 ABSD) and 15
healthy controls (mean age 49.5 * 13.3 years; 7 males/8 females) from
the same cohort. Univariate analysis of the fMRI data in 14 patients and
11 controls was reported earlier (Simonyan and Ludlow 2010). Neither
VBM and CT analyses nor correlations between the structural and
functional brain organization in SD patients were previously performed
or reported.

All patients and controls underwent history and physical examination
and fiber-optic nasolaryngoscopy to confirm normal laryngeal anatomy
and function in healthy subjects and the diagnosis of SD in patients. All
subjects were right-handed (except one ADSD patient) and mono-
lingual native English speakers. No participant had a history of
neurological (other than SD in the patient group), psychiatric, voice,
swallowing, or respiratory problems. All patients had isolated SD, that is,
they did not show dystonic features in other body segments (e.g., face,
neck, and limbs). Mean duration of SD was 14.4 years, ranging from 1.5
to 45 years. The SD patients were neither actively enrolled in voice and
speech therapy at the time of participation and/or in the recent past
nor reported receiving benefits from voice and speech therapy as is
usually the case in SD (Ludlow et al. 2008). All patients (except one
ABSD and 2 ADSD) received regular botulinum toxin injections into
their laryngeal muscles to manage SD symptoms. All patients were fully
symptomatic at the time of scanning; those, who received botulinum
toxin treatment, had at least a 3-month interval between their last
injection and study participation. All patients provided written
informed consent before participation in both the MRI and fMRI
studies, which were approved by the Institutional Review Board of the
National Institute of Neurological Disorders and Stroke, National
Institutes of Health.

Data Acquisition and Analysis

Two high-resolution anatomical MRI volumes were collected per
subject. VBM analysis was conducted using the first of 2 volumes, while
CT analysis required the average of 2 volumes for enhancement of
signal-to-noise ratio.

Voxel-Based Morphometry

Whole-brain high-resolution 7;-weighted images (3D-magnetization
prepared rapid gradient echo: time to inversion = 450 ms, time echo
[TE] = 3 ms, time repetition [TR] = 7.4 s, flip angle [FA| = 10 degrees,
slice thickness = 1.3 mm without gap, matrix 256 x 256 mm, field of
view [FOV] = 240 mm) were acquired in 40 SD patients and 40 controls
(3.0-T GE Excite scanner, 8-channel head coil). Data were analyzed
using VBMS toolbox in the SPM8 software (Wellcome Department of
Imaging Neuroscience Group, London, UK) running on MATLAB
version 7.4 (Mathworks, MA). Raw images were bias corrected for
MRI inhomogeneities and noise; tissue classified into GM, WM, and
cerebrospinal fluid (CSF), and registered using linear and nonlinear
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transformations within a unified model (Ashburner and Friston 2005).
Spatial normalization was performed using a diffeomorphic nonlinear
registration tool (diffeomorphic anatomical registration using expo-
nentiated lie algebra [DARTEL]) to improve intersubject registration
(Ashburner 2007). This was followed by modulation of GM volume
(GMV) through multiplication with nonlinear components derived
from the normalization matrix to preserve tissue volume after warping.
The resulting images were smoothed with a 10-mm full-width at half-
maximum isotropic Gaussian kernel (final smoothness values: x=9.7; y
= 10.3; z = 9.6). Voxelwise statistical differences in GMV between
patients and controls were examined using an independent /test with
age, gender, and total intracranial volume (TIV) as nuisance effects. The
TIV was not significantly different between the patient and control
groups (mean * standard deviation [SD] in patients vs. controls: 1377
76.6vs. 1386 £ 116.2, P=0.67). SD clinical characteristics (e.g., number
of breaks) were not included as covariates because these measures
were not available in all SD patients. To avoid possible edge effects
between different tissue types, the absolute threshold masking was
used to exclude voxels with GM values of less than 0.1. The cluster-
level significance was assessed using a nonstationary cluster extent
correction (Hayasaka et al. 2004) at P < 0.01 to correct for multiple
comparisons.

CcrT

The same high-resolution raw 7;-weighted images were submitted to CT
analysis. Automated surface reconstruction and CT determination in
each subject were performed following the standard procedures using
FreeSurfer software (Fischl and Dale 2000). After motion correction and
averaging of 2 structural volumes in each subject, a single high signal-to-
noise averaged volume was processed for the removal of nonbrain tissue
using a hybrid watershed/surface deformation procedure (Segonne et al.
2004); automated Talairach-Tournoux transformation; segmentation into
GM, WM, and CSF, tessellation of the GM boundary; automated topology
correction followed by visual inspection of each individual subject’s
dataset, and surface deformation. The deformable procedures included
surface inflation, registration to a spherical atlas of optimally aligned gyral
patterns to match cortical geometry across subjects, and parcellation of
the cortex into units based on gyral and sulcal structure. The resultant
images were smoothed using a 10-mm full-width at half-maximum
Gaussian kernel (final smoothness values: x = 9.7; y = 10.7; z= 9.8). CT
measurements were obtained based on the shortest distance from the
GM/WM boundary to the GM/CSF boundary at each vertex on the
tessellated surface (Fischl and Dale 2000). To account for variations in
CT dependent on age and gender (Sowell et al. 2007), statistical
differences between the SD and control groups were assessed using
a general linear model at each vertex with age and gender as nuisance
effects. Statistical significance was set at P < 0.01 after correction for
multiple comparisons using the Monte Carlo cluster-wise simulation
implemented in FreeSurfer.

Functional Magnetic Resonance Imaging
For identification of brain structure-function relationships in SD, we
reanalyzed the fMRI data in 15 SD patients during symptomatic syllables
(i.e.,/i-i/in adductor SD and/ihi/in abductor SD) compared with 15
healthy controls. The details on data acquisition and processing can be
found in our previous paper (Simonyan and Ludlow 2010). Briefly, an
event-related sparse sampling design was used with a gradient-
weighted echo planar imaging pulse sequence (TE = 30 ms; TR = TA
+delay = 2 s + 8.6 s; FA = 90°; FOV = 240 x 240 mm; matrix 64 x 64 mm;
in-plane resolution 3.75 mm; 35 sagittal slices; slice thickness 4 mm, no
gap) and blood oxygen level-dependent (BOLD) contrast on the 3.0-T
GE scanner. An additional high-resolution 7;-weighted image was
collected within each subject’s fMRI session for anatomical reference.
Functional image analysis was performed using the AFNI software
package (Cox 1996). After initial preprocessing and smoothing of
images at 10-mm full-width at half-maximum Gaussian kernel (final
smoothness values: x = 10.2; y = 9.8; z = 9.7), the task-related
responses were analyzed using multiple linear regression with a task
regressor convolved with a canonical hemodynamic response
function. The resultant images were converted to the standard
Talairach-Tournoux space. To reduce the variance of the beta values



due to potentially increased tissue volume in some brain regions in
SD patients and to clarify whether the increased activation in certain
brain regions is a functional increase or simply proportional to
increased tissue volume, we used the GMV of these subjects as
a covariate in voxelwise independent #test between control and
patient groups. The GMV measures in 15 SD patients and 15 controls
were obtained through the separate high-dimensional DARTEL
normalization and segmentation of each individual's 7;-weighted
images collected during the fMRI scanning session using VBMS8
toolbox in the SPM8 software. The GMV was not significantly
different between the patient and control groups (mean * SD in
patients vs. controls: 6204 * 60.1 vs. 588.0 * 85.1, P = 0.24).
Statistical significance of between-group analysis was set at P < 0.01,
corrected for multiple comparisons using Monte Carlo simulations
implemented in AFNI’s AlphaSim program (minimal cluster volume
of 283 mm? at a voxelwise threshold of P < 0.001).

Correlation Analyses between Brain Structural and Functional
Measures in SD

Similar to the procedure described earlier (Casanova et al. 2007),
voxelwise whole-brain correlation analyses between VBM and fMRI
datasets and between CT and fMRI datasets were conducted using
AFNI software to examine the relationships between structural and
functional abnormalities in the same 15 SD patients, who underwent
both fMRI and VBM/CT studies. Before correlation analyses, each
patient’s VBM dataset (i.e., a smoothed modulated for the nonlinear
components DARTEL warped segmented GM image) was transformed
from the Montreal Neurological Institute standard space into the
Talairach-Tournoux standard space using AFNI software to match the
space transformation of the fMRI and CT datasets. Although the CT
datasets (i.e., surface values of cortical ribbon resampled to a volume)
were already normalized into the Talairach-Tournoux space, 3dAlli-
neate program and visual inspection of the results were used to
confirm the proper alignment of all volumes (VBM, CT, and fMRI) in
each patient. To create a single 3D + subjects volume for each of the
VBM, CT, and fMRI datasets, the respective images were concatenated
across all subjects. The resultant single volumes of VBM and CT
datasets were resampled to match the same grid spacing (2 x 2 x 2
mm) and orientation (RAL: right anterior inferior) of the fMRI dataset.
Pearson’s correlation coefficients were computed between the
corresponding voxels of each VBM-fMRI and CT-fMRI dataset pairs
using AFNI's 3dTcorrelate program. The resultant maps were
thresholded at P < 0.025, corrected for multiple comparisons using
Monte-Carlo simulations (AlphaSim program, minimal cluster volume
of 50 mm?®).

Correlation Analyses between Brain Abnormalities and SD
Characteristics

Separate multiple regression and Pearson’s correlation analyses were
conducted to assess the relationships of structural and functional
abnormalities (i.e., VBM, CT, fMRI) with SD duration and symptom
severity at a corrected P < 0.025 using minimal cluster volumes of
252 mm? for functional (AFNI software) and 80 mm? for structural
correlations (SPM8 and FreeSurfer software), respectively. Informa-
tion about SD duration was collected in all 40 patients. SD symptom
severity was measured based on the voice and speech recordings in
37 patients; the recordings were not made in the remaining 3
patients due to technical problems. The recordings contained
production of 2 sets of sentences: 20 sentences with a high number
of glottal stops preceding vowels to elicit symptoms of ADSD, and 20
sentences with a high number of voiceless consonants, such as/f/s/
h/p/t/k/, to elicit symptoms of ABSD. Recordings were made before
the scanning session using microphone positioned at 2-inch distance
from the corner of the mouth. The identifying information on the
recorded samples was removed, and the samples were randomized
before voice and speech analyses made by the an experienced
speech-language pathologist. The presence of SD-characteristic
voice breaks was measured by counting the number of ADSD and
ABSD breaks in the recorded sentences (Bielamowicz and Ludlow
2000; Barkmeier et al. 2001).

Results

Structural and Functional Abnormalities in SD

Routine neuroradiological evaluation of high-resolution MRI
did not identify any gross abnormalities in either controls or SD
patients.

Voxel-Based Morphometry

Compared with healthy subjects, SD patients showed increased
cortical GMV in the left primary sensorimotor cortex, including
the larynx area, supramarginal gyrus (SMG) and right inferior
frontal gyrus (IFG). Subcortical GMV increases in SD were
found in the left dorsal putamen as well as in the bilateral
cerebellum (Crus 2) (Fig. 14, Table 1). No GMV decreases were
found in SD patients compared with controls (corrected P <
0.01).

cT

SD patients exhibited increased CT in the bilateral primary
sensorimotor cortex, including the larynx area, premotor
cortex, middle temporal gyrus (MTG), SMG, left IFG, and the
right inferior parietal cortex. The only CT decrease was
observed in the left anterior insula (corrected P < 0.01) (Fig.
1B, Table 2).

Functional Magnetic Resonance Imaging

Increased brain activation during symptomatic syllable pro-
duction in SD patients compared with controls was similar to
previously reported (Simonyan and Ludlow 2010) and was
found in the bilateral primary sensorimotor cortex, including
the larynx and trunk areas, IFG, MTG, cerebellum, left STG,
anterior insula, and parietal operculum. Activation in the
midbrain, including periaqueductal gray, was decreased in SD
patients compared with controls (corrected P < 0.01) (Fig. 1C,
Table 3).

Relationship between Structural and Functional
Abnormalities in SD

Positive significant correlations (all P < 0.025) between GMV
and brain activation abnormalities in SD patients were found in
the left IFG (7= 0.75), STG (7= 0.67), and bilateral cerebellum
(Crus 2 and vermis, » > 0.64) (Fig. 24-C, Table 4). Positive
correlations between CT and brain activation abnormalities (all
P < 0.025) were observed in the bilateral STG (r > 0.69), left
laryngeal primary somatosensory cortex, including the larynx
area (r = 0.70), IFG (r = 0.71), SMG (r = 0.75), and MTG (r =
0.72) (Fig. 2D-F, Table 4).

Relationship between Brain Abnormalities and SD
Characteristics

Symptom severity and duration of SD were unrelated (7= 0.18,
P = 0.29). The SD severity, measured by the number of voice
breaks, showed positive significant relationships (all P < 0.025)
with the GMV in the left parietal operculum (7 = 0.58), the
right IFG (7= 0.54), and left cerebellum (Crus 2) (= 0.57) (Fig.
3A,B, Table 5).

A positive relationship between the functional activation
during symptomatic syllable production and SD symptoms was
observed in the left anterior insula (7 = 0.73), while negative
correlations were found in the right primary laryngeal
sensorimotor cortex, extending to the parietal operculum
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Figure 1. Regions of abnormal GMV (4), CT (B), and brain activation during symptomatic syllable production (C) in SD patients compared with healthy subjects are presented on
the inflated cortical surfaces; differences between the groups in the subcortical regions and cerebellum are shown on the series of axial and coronal brain images. The color bars
represent £ values (A), P value (B), and t-values (C) and reflect the significance of abnormalities of GMV, CT, and activation extent, respectively. LA, larynx area; TR, trunk area;
PM, premotor cortex; STG, superior temporal gyrus; Put, putamen; PAG, periaqueductal gray; M1, primary motor cortex; S1, primary somatosensory cortex; alns, anterior insula;

IPL, inferior parietal lobule.

Table 1
VBM-derived GMVs in SD patients compared with healthy controls
Anatomical region

Cluster peak Cluster peak levels

Table 2
CT-derived GM thickness in SD patients compared with healthy controls
Anatomical regions

Cluster peak Cluster peak

coordinates (x, 7 7 coordinates (x, level, t
y.2) y. 2)

L primary sensorimotor cortex -39, —18, 46 8.9 44 L primary motor/premotor cortex —41, —10, 34 2.3
R IFG 51,17, 28 8.7 43 R primary motor/premotor cortex 51, =10, 36 29
L SMG —60, —39, 24 8.2 42 L primary somatosensory cortex —57, =17, 34 28
L putamen —18,3, —12 10.3 47 R primary somatosensory cortex 31, =30, 55 3.3
L cerebellum (Crus 2) —34, —42, —60 14.4 5.6 L premotor cortex —35,9, 55 2.1
L IFG —49, 33,1 32

Note: Coordinates are given in the Montreal Neurological Institute standard space. Statistical L MTG —58, —43, -4 3.1
significance is set at a corrected P =< 0.01. R, right; L, left. R MTG. ) 43, 43,6 39
L anterior insula —34, -10, -8 29

and IFG (r > -0.81), as well as in the bilateral cerebellum L SMG :gg' :3'3’ ?1?1 3'8
(Crus 2) (r=-0.60) (all P < 0.025) (Fig. 3C,D, Table 5). R SMG 50, —38, 23 3.0
SD symptoms were positively correlated with CT measures R inferior parietal cortex 48, —43, 24 25

in the left anterior insula (7= 0.58), inferior parietal lobule, and
the right IFG (r = 0.49) (P < 0.025) (Fig. 4A4,B, Table 5).
Furthermore, SD duration showed significant positive relation-
ship with CT in the left IFG and STG (P =< 0.025) (Fig. 4C,D,
Table 5). No significant relationship of disorder duration was
observed with either GMV or functional activation.

Discussion

Brain regions commonly showing both functional and struc-
tural GM increases in SD patients compared with healthy
subjects included the laryngeal primary sensorimotor cortex,
IFG, STG/MTG, and cerebellum (Fig. 1). All these regions are
critical components of the speech control system (Hickok and
Poeppel 2007; Simonyan et al. 2009) and may play a role in the
pathophysiology of SD. While brain abnormalities in the
laryngeal sensorimotor cortex, IFG, and STG/MTG have not
been reported in other forms of primary focal dystonia
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Note: Coordinates are given in the Talairach-Tournoux standard space. Statistical significance is
set at a corrected P = 0.01. L, left; R, right.

(Draganski et al. 2003; Garraux et al. 2004; Delmaire et al.
2007; Obermann et al. 2007), the cerebellum has been found to
be one of the most commonly affected brain regions in patients
with other dystonias (Galardi et al. 1996; Ceballos-Baumann
et al. 1997; Odergren et al. 1998; Ibanez et al. 1999; Hutchinson
et al. 2000; Preibisch et al. 2001; Draganski et al. 2003; Delmaire
et al. 2007). These observations imply that brain abnormalities
in SD may be -categorized into SD specific (with the
involvement of the laryngeal sensorimotor cortex, IFG, STG/
MTG) and common across different forms of dystonia (with the
involvement of the cerebellum) (Table 6).

The mechanisms involved in the GM abnormalities in SD
could include both the primary pathophysiology and be
a consequence of the disorder. Precise cellular mechanisms
and causes of GM abnormalities revealed by brain imaging



Table 3
fMRI-derived brain activation levels in SD patients compared with healthy controls

Anatomical regions Cluster peak Cluster peak

Table 4
Correlation between functional and structural measures
Anatomical regions

Cluster peak Cluster peak

coordinates (x, level, t coordinates (x, level, r
y. 2) Y. 2)

L primary somatosensory cortex —43, —33, 54 4.01 GMV and brain activation
R primary somatosensory cortex 27, —41, 34 3.49 L IFG —55, 3,10 0.84
L primary motor cortex —47, —13, 32 3.57 L superior temporal gyrus —52, =15, 2 0.67
R primary motor cortex 43, -7, 30 4.09 R cerebellum (Crus 2) 47, —43, —34 0.79
L IFG —48, 3, 23 3.89 R cerebellum (VIII) 35, —51, =54 0.78
R IFG 60, 2, 15 3.54 CT and brain activation
L parietal operculum —59, -3, 14 3.97 L IFG —45, 39, 12 0.74
L anterior insula —32, =10, —10 3.60 L primary somatosensory cortex —55, —19, 38 0.85
L superior temporal gyrus —55, =37, 12 3.76 L SMG —57, =25, 29 0.75
L MTG —53, —15, —6 4.06 L superior temporal gyrus —57, —26, 5 0.73
R MTG 59, —19, —18 4.95 R superior temporal gyrus 65, —23, 12 0.75
Midbrain/periaqueductal gray 1, =25 -4 3.74 L MTG —5b, —33, 2 0.82
L cerebellum (Crus 2) —45, —62, —34 2.98
R cerebellum (VIII) 27, —53, —38 3.90

Note: Coordinates are given in the Talairach-Tournoux standard space. Statistical significance is
set at a corrected P = 0.01. L, left; R, right.

Correlation between GMV and activation

Note: Coordinates are given in the Talairach-Tournoux standard space. Statistical significance is
set at a corrected r = 0.6, P = 0.025. L, left; R, right.

Correlation between CT and activation
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Figure 2. Relationships of brain activation during symptomatic syllable production with the GMV (A) and CT (D) in SD patients are shown on inflated cortical surfaces;
correlations in the cerebellum are shown on the coronal images. The color bar represents r values. The plots depict correlations between the GMV (in liter) and BOLD percent
signal change (B, C) and between CT (in cm) and BOLD percent signal change (E, ) in the representative regions. STG, superior temporal gyrus; LA, larynx area of the

sensorimotor cortex.

remain unknown (Bandettini 2009). A series of studies have
shown that motor training and exercise may give rise to
structural and functional GM increases in certain brain regions
(Draganski et al. 2004; Ceccarelli et al. 2009; Quallo et al. 2009;
Granert et al. 2011). In SD, voice and speech therapy might be
considered as motor training, although SD patients do not
typically respond to voice and speech therapy (Ludlow et al.
2008). In the present study, none of SD patients were either

actively enrolled in voice and speech therapy at the time of
study participation and near past or had indicated receiving any
benefits from voice and speech therapy in the past. Thus, our
findings are likely to reflect disorder-related dynamic reshaping
of cortical organization rather than a result of motor training
and exercise, such as voice and speech therapy.

The other possible causes for the GM increases may be the
formation of new connections by dendritic spine growth and
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A Correlation between GMV and SD symptoms
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Figure 3. Relationships of SD severity with the GMV (in liter) (4) and BOLD percent signal change during symptomatic syllable production (C) are shown on the inflated cortical
surfaces; correlation in the cerebellum is shown on an axial image. The color bar represents t-values (A) and r values (C). (B, D) The plots depict representative correlations of (4)

and (B). OP, parietal operculum; LA, larynx area; alns, anterior insula; Cbl, cerebellum.

Table 5
Correlation between brain structure, SD severity, and duration

Anatomical region Cluster peak coordinates

K.y 2)

GMV and SD severity

L parietal operculum —44, —14, 15

L cerebellum (Crus 2) -11, —76, —36

R IFG 56, 21, 4
CT and SD severity

L anterior insula -36, —11, =2

L inferior parietal lobule —41, —67, 39

R IFG 15, —48, 8
Brain activation and SD severity

L anterior insula —36, 3, =7

R primary sensorimotor cortex 54, -9, 25

R operculum 57, =3, 12

R IFG 50, -3, 15

L cerebellum (VIII) —21, —48, —36

R cerebellum (VIIl) 19, —47, —48
SD duration

L IFG —43, 21,20

L superior temporal gyrus —53, =31, -1

Note: Coordinates are given in the Talairach-Tournoux standard space. Statistical significance is
set at a corrected P = 0.01 for all correlations. R, right; L, left.

axonal remodeling and strengthening of existing connections
(Chklovskii 2004; Chklovskii et al. 2004; Sur and Rubenstein
2005; Holtmaat et al. 20006). In line with this view, recent
studies in SD have suggested that voice-controlling networks
may be altered in this disorder (Simonyan et al. 2008; Simonyan
and Ludlow 2010). SD is characterized by laryngeal motor
cortical control deficits without any articulatory, hearing, or
cognitive impairments. Our findings, nonetheless, indicate that
both structural and functional GM abnormalities affect more
than a single brain region of motor execution (e.g., laryngeal
motor cortex), extend further to the brain regions involved in
motor preparation (e.g., IFG) (Petersen et al. 1988; Hirano et al.
1996; Horwitz et al. 2003; Ozdemir et al. 2006) and may even
interact with regions processing auditory information during
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speech production (e.g., STG/MTG) (Houde and Jordan 1998;
Burnett and Larson 2002; Tourville et al. 2008). Furthermore,
the laryngeal somatosensory cortex, IFG, STG/MTG, and
cerebellum showed significant correlation between functional
and structural abnormalities in SD patients (Fig. 2, Table 0).
Abnormal structure-function relationship in these brain
regions points again to the multilevel alterations of the
speech-controlling networks, involving sensorimotor output
(laryngeal sensory cortex, IFG, cerebellum) and auditory
monitoring (MTG/STG). It is important, however, to note that
not all brain regions showing statistically significant relation-
ships between functional and structural measures in SD
patients were found to have both structural and functional
abnormalities when compared with controls. For example, the
left IFG showed correlation both between GMV and activation
and between CT and activation; however, compared with
controls, SD patients had increased functional activation and
CT but no volumetric abnormalities (Fig. 1B,C). Similar
discrepancies were observed in the right cerebellum (in-
creased activation but not volume), left STG (increased
activation but not volume), and left SMG (increased CT but
not functional activation) (Figs 1 and 2). Methodological
limitations, such as higher sensitivity of CT analysis in detection
of cortical changes compared with VBM analysis (Hutton et al.
2009), may possibly explain the presence of abnormalities in
functional activation and CT but not in volume in some brain
regions (e.g., left IFG). On the other hand, some of these
relationships might not indicate a primary pathophysiology
specific to SD. Functional activation increases without VBM or
CT differences in the brain regions, such as in the left STG, may
be secondary to abnormalities in other brain regions or have
compensatory character without underlying structural
changes.

In addition to abnormal structure-function relationships, the
IFG and cerebellum showed significant correlations between
SD clinical characteristics and GM abnormalities. Structural and
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Table 6
Common structural and functional abnormalities in SD

SD specific Dystonia common
Structural and functional abnormalities LMSC, IFG, STG/MTG Cerebellum
Structure-function correlations LSC, IFG, STG, SMG Cerebellum
Structure/function-symptom correlations IFG Cerebellum
Structure/function-duration correlations IFG

Note: Regions of common brain abnormalities and correlations across the VBM, CT, and fMRI
datasets. LMSC, laryngeal motor and sensory cortex; STG, superior temporal gyrus; LSC,
laryngeal somatosensory cortex.

functional increases in the IFG and cerebellum demonstrated
statistically significant correlation with SD symptoms, while
increased CT in the IFG was additionally related to SD duration.
These findings suggest that structural abnormalities may relate
to functional changes in these regions, which, in turn, may be
related to SD symptom expression. However, the relationships
between the SD symptoms and brain abnormalities in these
structures had different directions. While structural increases
in the both IFG and cerebellum exhibited positive correlations
with symptom production, functional brain activation during
symptomatic voice production showed an inverse relationship
with SD symptoms. The relationships of the IFG and
cerebellum with clinical characteristics of SD may suggest that
evaluation of these structures may be considered for
assessment of SD severity and treatment responses in SD
patients.

The left anterior insula was the only region that showed
decreased CT, increased functional activation, positive relation-
ships between CT measurements/brain activation, and SD
symptom severity but no volumetric changes. The insula is
involved in a wide variety of behaviors, including voice and
speech control, due, in part, to its direct connections with the
laryngeal motor cortex, IFG, auditory, and cingulate cortices
(Simonyan and Jurgens 2003, 2005; Cauda et al. 2010). The role

of the anterior insula in speech motor control remains
controversial. While several studies have initially suggested its
involvement in motor planning of speech production
(Dronkers 1996; Nestor et al. 2003; Bohland and Guenther
20006; Ogar et al. 20006), this view has been recently expanded
by associating the anterior insula with the temporal processing
of auditory stimuli and the control of automatic aspects of
speech production, such as the regulation of respiratory
activity (for review, see Ackermann and Riecker 2010). Our
findings of anterior insular changes and their correlations with
symptom severity in SD patients may point to its possible role
in SD pathophysiology.

Limitations of the Study

A limitation affecting the interpretation of neuroimaging
findings in SD and other primary focal dystonias is the lack of
postmortem specimens from these patients. Recent neuro-
pathological examination of the cerebellum in one SD patient
has demonstrated structural pathology, such as parenchymal
clusters of calcium, potassium, and iron depositions (Simonyan
et al. 2008). In cervical dystonia, Bergman gliosis, patchy loss of
Purkinje cells, torpedo fibers, and ubiquitinated inclusions
between the Purkinje and molecular layers have been found in
4 patients (Zerrate et al. 2007). Future studies are needed to
determine whether GM abnormalities in the laryngeal
somatosensory cortex, IFG, STG/MTG, and SMG in SD patients
are associated with cortical pathology in this disorder.
Another limitation of the current study is that, although we
included both ADSD and ABSD patients, we did not examine
possible differences between their GMV and CT abnormalities
because the low and unequal number of patients in each
separate group (25 ADSD and 15 ABSD) would not allow for
achieving statistically meaningful results. As the primary aim of
the current study was to identify the structure-function
relationships in SD patients compared with healthy controls,
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future research should focus on determining whether there are
characteristic differences in GM abnormalities between ADSD
and ABSD. Based on our recent findings of minimal differences
in the extent of brain activation in the primary sensorimotor
cortex and cerebellum between ADSD and ABSD patients
(Simonyan and Ludlow 2010), we expect that GM structural
differences would be largely similar in both types of SD.

Summary

The present study determined that the laryngeal primary
sensorimotor cortex, IFG, STG, SMG, and cerebellum exhibit
abnormal structure-function relationships in SD patients.
Among these structures, IFG and cerebellum showed both
structural and functional relationships with SD symptom
production, while the IFG showed an additional correlation
with disorder duration. It appears that speech-controlling
networks rather than single region (e.g., laryngeal sensorimotor
cortex) are altered in SD, which may play an important role in
the task specificity and pathophysiology of this disorder.
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