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Abstract

Background—Numerous brain imaging studies have demonstrated structural changes in the

basal ganglia, thalamus, sensorimotor cortex and cerebellum across different forms of primary

dystonia. However, our understanding of brain abnormalities contributing to the clinically well-

described phenomenon of task-specificity in dystonia remained limited.

Methods—We used high-resolution MRI with voxel-based morphometry and diffusion tensor

imaging with tract-based spatial statistics of fractional anisotropy to examine gray and white

matter organization in two task-specific dystonia forms, writer’s cramp and laryngeal dystonia,

and two non-task-specific dystonia forms, cervical dystonia and blepharospasm.

Results—A direct comparison between the both dystonia forms revealed that characteristic gray

matter volumetric changes in task-specific dystonia involve the brain regions responsible for

sensorimotor control during writing and speaking, such as primary somatosensory cortex, middle

frontal gyrus, superior/inferior temporal gyrus, middle/posterior cingulate cortex, occipital cortex

as well as the striatum and cerebellum (lobules VI-VIIa). These gray matter changes were

accompanied by white matter abnormalities in the premotor cortex, middle/inferior frontal gyrus,

genu of the corpus callosum, anterior limb/genu of the internal capsule, and putamen. Conversely,

gray matter volumetric changes in non-task-specific group were limited to the left cerebellum
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(lobule VIIa) only, while white matter alterations were found to underlie the primary sensorimotor

cortex, inferior parietal lobule and middle cingulate gyrus.

Conclusion—Distinct microstructural patterns in task-specific and non-task-specific dystonias

may represent neuroimaging markers and provide evidence that these two dystonia subclasses

likely follow divergent pathophysiological mechanisms precipitated by different triggers.
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Introduction

Task-specificity in primary focal dystonia is a clinically well-described but poorly

understood phenomenon. While brain abnormalities in the basal ganglia, sensorimotor

cortex and cerebellum are identified across different forms of dystonia1–3, it is unknown

what specific alterations in these brain regions may differentiate between task-specific

(TSD) and non-task-specific (NTSD) dystonias.

Generally, in patients with task-specific focal hand dystonia, writer’s cramp, changes in gray

matter volume (GMV) are reported in the hand region of the sensorimotor cortex, putamen,

thalamus and cerebellum4–7 with white matter integrity changes in the posterior limb of the

internal capsule and adjacent structures8. In another form of TSD, laryngeal dystonia or

spasmodic dysphonia, we recently identified decreased white matter integrity in the genu of

the internal capsule as well as increased GMV in the laryngeal sensorimotor cortex, inferior

frontal, superior/middle temporal and supramarginal gyri, putamen, and cerebellum9, 10. In

NTSD forms, such as cervical dystonia, increased GMV has been found in the motor cortex,

globus pallidus and cerebellum11, whereas white matter abnormalities were identified in the

genu and body of the corpus callosum and the basal ganglia12. In addition, a recent study

found reduced basal ganglia GMV in the unaffected familial relatives of patients with

cervical dystonia13. Studies in patients with non-task-specific blepharospasm reported GMV

increases in the putamen14, 15 and reductions in the inferior parietal lobule15 as well as

reduced left corticobulbar tract volume and connectivity16. Although, collectively, these

studies are highlighting the basal ganglia, sensorimotor cortex and cerebellum as the main

brain regions altered across different forms of dystonia, the lack of knowledge about the

disorder-specific changes in patients with TSD and NTSD limits our understanding of the

pathophysiology of these disorders and, consequently, our ability to identify their

neuroimaging biomarkers.

The aim of this comparative study was to examine gray and white matter alterations in

patients with the two forms of TSD (writer’s cramp and laryngeal dystonia) and two forms

of NTSD (cervical dystonia and blepharospasm) using high-resolution MRI with voxel-

based morphometry (VBM) and diffusion weighted imaging with tract-based spatial

statistics. We hypothesized that abnormalities in TSD would affect the focal segments of

brain circuits, which are critical for planning and execution of highly learned tasks in

humans, such as writing and speaking, respectively, while brain changes in NTSD patients

would be more uniform and symmetrically involving both hemispheres. We also expected
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that abnormalities in the basal ganglia and cerebellum would represent common changes

across different types of dystonia, both with and without task-specificity.

Materials and Methods

Participants

We recruited 45 patients with focal dystonias, who had been diagnosed with TSD (12

writer’s cramp and 12 laryngeal dystonia) or NTSD (11 cervical dystonia and 10

blepharospasm) as well as 24 healthy controls. NTSD patients did not show preferential

specificity to different tasks at the time of the recruitment, thus validating their dystonia type

as NTSD. There were no statistical differences in age and gender between either the patient

groups or each patient group and controls (all p > 0.15) (Table 1). The participants had no

neurological (except focal dystonia in the patient group), psychiatric or laryngeal problems

based on history, physical and neurological examinations. All participants were right-handed

and fully symptomatic at the time of study participation. Those who received botulinum

toxin treatment were recruited at the end of their treatment cycle at least 3 months post

injection. The mean duration of the disorder was 16.5±12.9 years in writer’s cramp,

10.2±6.3 years in laryngeal dystonia, 12.3±8.9 years in cervical dystonia and 7.3±4.5 years

in blepharospasm. Duration of the disorder was not significantly different between the

patient groups (all p > 0.05). Clinical neuroradiological evaluation of MRI in all subjects

showed normal brain structure without any gross abnormalities.

All participants provided written informed consent, which was approved by the Institutional

Review Board of the Icahn School of Medicine at Mount Sinai.

Image Acquisition

High-resolution T1-weighted images were acquired on a 3T Phillips scanner equipped with

an eight-channel receive-only coil using 3D magnetization prepared rapid acquisition

gradient echo (3D-MPRAGE) sequence with TI = 450 ms; TE = 2.9 ms; FA = 10 degrees;

FOV = 240 mm; matrix = 256 × 256 mm; 172 contiguous axial slices; slice thickness = 0.9

mm. Diffusion-weighted images were acquired using a single-shot spin-echo echo-planar

imaging sequence with paired gradient pulses positioned 180° around the refocusing pulse

for diffusion weighting (TR = 13000 ms, FOV = 240 mm; matrix = 96 × 96 mm zero-filled

to 256 × 256 mm; 54 contiguous axial slices with slice thickness of 2.4 mm). Diffusion was

measured along 33 non-collinear directions with a b-factor of 1000 s/mm2. One reference

image was acquired with no diffusion gradients applied (b0 scan).

Voxel Based Morphometry

Using SPM8 software with VBM8 toolbox, raw images were bias corrected for MRI

inhomegeneities and noise; tissue-classified, co-registered and normalized to a standard

MNI space using DARTEL (diffeomorphic anatomical registration using exponeniated lie

algebra)17. Tissue probability maps were warped on to the image non-linearly allowing for

tissue segmentation. Jacobian determinants were used to modulate GMV through

multiplication of nonlinear components derived during normalization to preserve tissue
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volume after warping. The spatially normalized images were smoothed with an isotropic 8-

mm Gaussian kernel.

In order to examine structural brain differences in relation to clinical phenomenology (TSD

vs. NTSD) and estimate the main effect, one-way analysis of variance (ANOVA) with one

factor (GMV) and 3 levels (controls, TSD, NTSD) was carried out at an FWE-corrected p ≤

0.05. The FWE rate was determined using Monte Carlo simulations18, 19, which resulted in

identification of a minimum cluster size of 528 mm3 at a voxelwise threshold of 0.001.

The follow-up post hoc two-sample t-tests with age, gender, total intracranial volume and

duration of the disorder as nuisance covariates were performed to determine statistical

differences of GMV changes between TSD/NTSD and controls as well as between TSD and

NTSD directly. The severity of disorder was not included as a covariate because these data

were not available in all patients. The overall statistical significance for between-group

comparisons was set at a corrected p ≤ 0.016 to account for multiple group comparisons. In

addition, voxelwise correction for multiple comparisons was achieved by applying FWE

correction to each comparison separately using Monte Carlo simulations (minimum cluster

size 150 mm3, voxelwise threshold 0.001).

Diffusion Weighted Imaging

Using FSL software, images were brain extracted and corrected for movement artifacts and

eddy current distortions; the fractional anisotropy (FA) maps were calculated and registered

to a standard MNI space using nonlinear registration. Following the creation of a mean FA

skeleton and registration of each individual FA map to the skeleton, whole-brain voxelwise

statistical analyses were conducted using tract-based spatial statistics (TBSS)20. One-way

ANOVA with one factor (white matter skeleton) and 3 levels (controls, TSD, NTSD) was

used to estimate the main effect at an FWE-corrected p ≤ 0.05 (Monte-Carlo simulations:

voxelwise threshold 0.001, minimum cluster size 50 mm3). The follow-up post hoc two-

sample t-tests with age, gender and disorder duration examined differences in TSD/NTSD

vs. controls and TSD vs. NTSD at a TFCE-corrected p ≤ 0.01621.

In addition, we examined the statistical dependence of VBM/TBSS measures with disorder

duration in TSD and NTSD using voxelwise Spearman’s rank correlation coefficients at an

FWE-corrected p ≤ 0.05 (voxelwise threshold 0.001, minimum cluster size 18 mm3).

Results

Voxel-Based Morphometry

Initial ANOVA between all groups found a significant main effect of GMV changes in the

left anterior dorsal putamen, caudate nucleus and ventral striatum (FWE-corrected p ≤ 0.05).

(Fig. 1A, Table 2).

Compared to healthy controls, NTSD showed increased GMV in the left primary

sensorimotor cortex, middle temporal gyrus, thalamus, and bilateral cerebellum (lobule

VIIa), while reduced GMV was found in the right middle frontal gyrus, inferior temporal

gyrus, occipital cortex as well as anterior dorsal putamen and ventral striatum bilaterally at a
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corrected p ≤ 0.016 (Fig. 1B, Table 2). TSD patients, compared to controls, demonstrated

increased GMV in the left premotor cortex, inferior parietal lobule, cuneus, cerebellum

(lobules VI and VIIa); right primary sensorimotor cortex, superior temporal gyrus,

supramarginal gyrus; bilateral operculum/insula and middle/inferior temporal gyrus at a

corrected p ≤ 0.016 (Fig. 1C, Table 2).

A direct comparison of TSD with NTSD revealed GMV changes in the bilateral middle

frontal gyrus, middle/posterior cingulate cortex, inferior temporal gyrus, anterior dorsal

putamen and caudate nucleus, ventral striatum, cerebellum (lobules VI-VIIa); right primary

somatosensory cortex, superior temporal gyrus, and occipital cortex in TSD. Gray matter

differences in the left cerebellum (lobule VIIa) were specific to NTSD (Fig. 1D, Table 2).

GMV in the right premotor cortex was negatively correlated with TSD duration (rs = −0.69)

(Fig. 1E). No statistically significant relationships were found between NTSD duration and

GMV at an FWE-corrected p ≤ 0.05.

Diffusion Weighted Imaging

ANOVA showed significant main effect for between-groups differences in the white matter

underlying the bilateral middle frontal gyrus, primary sensorimotor cortices, occipital cortex,

genu and splenium of the corpus callosum, thalamus, midbrain/pons, cerebellum (lobules

VI/VIIa), as well as the left operculum/insula, inferior parietal lobule/supramarginal gyrus

and middle/inferior temporal gyrus at an FWE-corrected p ≤ 0.05 (Fig. 2A, Table 3).

Whole-brain analysis between NTSD and controls showed reduced FA in the genu and body

of the corpus callosum, anterior limb/genu of the internal capsule as well as in the white

matter skeleton underlying bilateral middle/inferior gyrus, right primary sensorimotor cortex

and inferior temporal gyrus at a corrected p ≤ 0.016 (Fig. 2B, Table 3). In addition, NTSD

exhibited increased FA in the splenium of the corpus callosum, bilateral cingulate gyrus,

occipital cortex, midbrain/pons, cerebellum (lobule VIIa) and the right ventral thalamus.

White matter changes were more localized in TSD compared to controls and included sparse

FA reductions in the bilateral middle frontal gyrus, right anterior limb/genu of the internal

capsule and the left genu of the corpus callosum at a corrected p ≤ 0.016. Increased FA was

found in the cerebellum (lobule IX) (Fig. 2C, Table 3).

When comparing NTSD and TSD directly, TSD-specific differences in fiber tract integrity

were found in the bilateral middle/inferior frontal gyrus, genu of the corpus callosum and

putamen; as well as in the right premotor cortex and anterior limb/genu of the internal

capsule. The NTSD group demonstrated changes in the white matter underlying bilateral

middle cingulate gyrus, left primary sensorimotor cortex, and left inferior parietal lobule at a

corrected p ≤ 0.016 (Fig. 2D, Table 3).

No statistical differences were found between white matter abnormalities and disorder

duration in either TSD or NTSD group.

Ramdhani et al. Page 5

Mov Disord. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Discussion

Our results are the first to describe differential brain abnormalities in two classes of adult-

onset primary focal dystonia, TSD and NTSD, and thus address potential microstructural

alterations underlying the task-specificity in dystonia. A direct comparison between the TSD

and NTSD groups revealed TSD-specific diffuse GMV changes in the brain regions

controlling different levels of sensorimotor processing, such as the primary somatosensory,

middle frontal, superior/inferior temporal gyri, middle/posterior cingulate cortex, occipital

cortex, striatum and cerebellum (lobules VI-VIIa). These GMV changes were accompanied

by fiber tract aberrations in the genu of the corpus callosum and anterior limb/genu of the

internal capsule as well as the white matter changes underlying the premotor cortex, middle/

inferior frontal and inferior temporal gyri. Conversely, NTSD-specific GMV changes were

limited to the left cerebellum (lobule VIIa) only with fiber tract abnormalities underlying the

primary sensorimotor, middle cingulate cortex and inferior parietal lobe. The presence of

two distinct microstructural patterns in TSD and NTSD provides evidence that these two

dystonia subclasses likely follow divergent pathophysiological mechanisms possibly

precipitated by different triggers. These findings also point to multi-level, complex

alterations of the sensorimotor integration and control for production of a highly learned

task, such as writing or speaking.

Common change in TSD and NTSD

Compared to healthy controls, both TSD and NTSD groups showed similarly increased

GMV in the primary sensorimotor cortex (albeit right in TSD and left in NTSD), which may

relate to abnormalities of the motor control leading to involuntary muscle contractions.

Another common feature shared by both focal dystonia classes was the involvement of the

cerebellum, which gives further credence, from a structural perspective, to its role in

dystonia pathophysiology22–24. Specifically, gray matter changes in the cerebellar lobules

VI-VII were shared by both TSD and NTSD when compared to controls. Importantly, the

anatomical/lobular location and laterality of these changes (bilateral in TSD and left in

NTSD) was different between TSD and NTSD. It has been postulated that activation of the

cerebellar cortex and dentate nucleus is important in consolidating learning25. In particular,

efferent fibers from the lobules VI-VII project to the association cortices, such as prefrontal,

parietal and superior temporal regions26. Since the cerebello-thalamo-cortical tract facilitates

intracortical inhibition via the projections to interneurons in the sensorimotor cortices27,

reduction in its fiber tract integrity has been shown to correlate with cortical activation and

hyperexcitability28, 29. Neuronal plastic changes have also been associated with cerebellar

input30, raising the possibility of a morphometric relationship between the cerebellum and

sensorimotor cortex. Whether this circuit causes excessive neuronal plasticity or triggers the

dystonic cascade is unknown; but the presence of microstructural changes provides further

support to the possibility that the cerebello-thalamo-cortical system is involved in dystonia

as an endophenotypic trait31, 32 and likely plays an important role in the generation of task-

related behaviors.

The GMV decreases in the anterior dorsal putamen and ventral striatum were observed in

NTSD compared to controls but not in TSD possibly due to the variability in striatal
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volumes and topographic location of abnormalities among patients with writer’s cramp and

laryngeal dystonia, which may have induced a cancellation effect during the aggregate

analysis. However, a direct comparison between NTSD and TSD clearly revealed the striatal

differences between these groups in the anterior dorsal putamen and caudate nucleus as well

as ventral striatum. Our findings are in line with the well-known predilection for striatal

lesions to trigger dystonia33, 34 as well as previous reports of striatal GMV changes in all

four focal dystonias investigated here6, 7, 10, 11, 14, 15, 35–37. An inverse correlation between

symptom severity and putamen volume in cervical dystonia has also been described36. In

considering this, we postulate that, from a microstructural aspect, the striato-pallido-

thalamo-cortical network may differentially change based on the nature and/or extent of

motor tasks. The order of evolution of these changes and their relationship to abnormal

metabolic activity, aberrant cortical inhibition and hyperexcitabilty, or neuroplastic changes

need to be investigated in future studies.

Distinct changes in TSD and NTSD

In contrast to NTSD, the comparison between TSD vs. controls found wider spread GMV

abnormalities, involving the left premotor cortex and operculum/insula. This may stem from

the left hemispheric dominance of sensorimotor planning of speech and writing in right-

handed individuals. In addition, a negative correlation between symptom duration and right

premotor cortex GMV in TSD speaks to a cortical reorganization of the contralateral motor

circuitry and possible ‘wearing off’ of some aspects of motor planning as the disorder

persists. GMV increases in the left inferior parietal cortex and right supramarginal and

superior temporal gyri may have further impact on sensorimotor processing, such as

integration of spatial orientation and attention to task-relevant cognitive, sensory and motor

information38, 39. The fiber tract abnormalities in the middle/inferior frontal gyri, premotor

cortex, corpus callosum and internal capsule in TSD appear to be tied to the broader cortical

changes found in this group. Thus, the argument can be made that increased GMV in these

regions may reflect a primary pathophysiological process specific to TSD.

The presence of increased GMV in the bilateral cerebellum and left thalamus as well as

decreased GMV in the occipital cortex was specific to NTSD but not TSD when compared

to controls. These changes have been previously described in morphometric studies

involving separate blepharospasm and cervical dystonia patients35,16, 11, 35. However, the

direct comparisons between NTSD and TSD revealed GMV abnormalities in the left

cerebellum only. As all of the cortical changes in the NTSD group failed to segregate out in

TSD vs. NTSD comparisons, we suggest that limited cortical gray matter alterations may be

a characteristic feature of NTSD due, in part, to lesser requirement for higher sensorimotor

and cognitive control for task production as in case of TSD.

On the other hand, diffuse changes of axonal coherence observed in NTSD, when compared

to controls, highlight a more epigenetic etiology causing direct and/or compensatory

changes in the cortical, subcortical, and cerebellar fiber tracts. Paradoxically, the between

group comparisons revealed diffuse FA differences specific to TSD compared to focal

changes seen in NTSD, further reflecting possible underlying inherent differences in the

nature of white matter abnormalities among these dystonia subclasses.
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Limitations

The number of subjects with each dystonia form was relatively small. We previously

showed that increasing the number of subjects resulted in wider spread of GMV changes

when pre-processing was held constant3. This was especially apparent in the cortical

regions. But, since the primary aim of this study was to investigate the microstructural

changes between TSD and NTSD, the composite n for each group was 24 and 23,

respectively. Therefore, it is unlikely that our results lack significance.

As it is a case with neuroimaging studies in general, our study did not allow for sorting out

cause from consequence in the pathophysiology of TSD and NTSD, as these techniques are

usually unable to directly differentiate between primary and secondary brain changes.

However, our study is the first to examine the extent of brain differences between TSD and

NTSD and by this adds valuable information for future investigation, such as targeted

evaluation of postmortem tissue from these patients and cross-disciplinary studies to

distinguish between the primary and secondary causes of this disorder.

In summary, the current study provides new insights into the structural brain changes in

TSD and NTSD as it reveals the existence of unique microstructural phenotypes for both

classes. Future studies will need to elucidate the extent of relationships between these

changes and divergent pathophysiological triggers in both TSD and NTSD.
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Figure 1. Gray matter volumetric abnormalities in TSD and NTSD
(A) Results of initial analysis of variance (ANOVA) comparing gray matter volume (GMV)

between TSD, NTSD and healthy controls. (B) GMV differences between NTSD patients

and healthy controls. (C) GMV differences between TSD patients and healthy controls. (D)

Direct comparison of GMV differences between TSD and NTSD groups. (E) Significant

inverse correlation between GMV (in liters) in the right premotor cortex and disorder

duration (in years) in the TSD group. Brain abnormalities are shown on a series of axial,

sagittal and coronal sections in the standard MNI space. The corresponding coordinates of

peak changes are given in the Table 1. The color bars represent F score (A), t scores (B, C,

D) and rs score (E), respectively.
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Figure 2. White matter abnormalities in TSD and NTSD
(A) Initial analysis of variance (ANOVA) comparing fractional anisotropy (FA) as a

measure of white matter integrity and coherence between TSD, NTSD and healthy controls.

(B) Abnormal FA in the NTSD group compared to healthy subjects. (C) Abnormal FA in the

TSD group compared to healthy subjects. (D) Differences in FA between TSD and NTSD

groups. Brain abnormalities are shown on a series of axial, sagittal and coronal sections in

the standard MNI space. The corresponding coordinates of peak changes are given in the

Table 2. The color bars represent F score (A) and t scores (B, C, D), respectively.
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Table 2

Gray matter changes between task-specific dystonia (TSD), non-task-specific dystonia (NTSD) and controls

Brain region F-score x,y,z

Initial ANOVA Left Striatum 14.37 −3, 10, −14

GMV changes in NTSD/TSD vs. controls

Brain Region T-score x,y,z

NTSD vs. Controls Left Primary Sensorimotor Cortex 3.82 −33, −27, 48

Left Middle Temporal Gyrus 3.06 −54, −41, 3

Left Thalamus 4.02 −9, −26, 12

Left Cerebellum (lobule VIIa) 5.58 −36, −69, −44

Right Cerebellum (lobule VIIa) 5.32 34, −71, −45

Right Middle Frontal Gyrus −4.88 39, 54, −5

Right Inferior Temporal Gyrus −4.71 60, −33, −23

Right Occipital Cortex −4.20 4, −78, 10

Right Striatum −6.72 21, 12, −7

Left Striatum −5.26 −21, 10, −6

TSD vs. Controls Left Premotor Cortex 3.26 −36, −14, 60

Left Inferior Parietal Lobule 2.77 −51, −50, 38

Left Cuneus 4.32 −18, −54, 27

Left Cerebellum (lobules VI and VIIa) 3.79 −18, −80, −24

Right Primary sensorimotor Cortex 2.86 45, −24, 32

Right Superior Temporal Gyrus 4.53 48, −17, 10

Right Supramarginal Gyrus 3.27 49, −27, 36

Left Operculum/Insula 3.44 −45, −9, 9

Right Operculum/Insula 3.11 40, 5, 2

Left Middle Temporal Gyrus 3.55 −50, −33, −14

Left Inferior Temporal Gyrus 4.13 −47, −45, 37

Right Middle/Inferior Temporal Gyrus 3.01 49, −47, −12

GMV changes in TSD vs. NTSD T-score x,y,z

TSD > NTSD Left Middle/Inferior Frontal Gyrus 4.25 −44, 31, 20

Right Middle Frontal Gyrus 6.42 39, 44, 16

Left Middle/Posterior Cingulate cortex 3.30 −1, −30, 32

Right Middle/Posterior Cingulate cortex 4.57 4, −35, 36

Left Inferior Temporal Gyrus 4.71 −57, −38, −19

Right Inferior Temporal Gyrus 5.34 57, −29, −21

Left Striatum 5.24 −21, 10, −6

Right Striatum 3.86 23, 13, −5

Left Cerebellum (lobule VI-VIIa) 4.85 −18, −71, −30

Right Cerebellum (lobule VI-VIIa) 4.39 16, −74, −29

Right Primary Somatosensory Cortex 3.94 58, −15, 27

Mov Disord. Author manuscript; available in PMC 2015 August 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ramdhani et al. Page 15

Brain region F-score x,y,z

Right Superior Temporal Gyrus 4.23 60, −1, −8

Right Occipital Cortex 5.32 42, −78, 7

NTSD > TSD Left Cerebellum (lobule VIIa) 3.39 −38, −59, −44
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Table 3

White matter changes between task-specific dystonia (TSD), non-task-specific dystonia (NTSD) and controls

Brain region F-score x,y,z

Initial ANOVA Left Middle Frontal Gyrus 15.65 −25, 34, 2

Right Middle Frontal Gyrus 15.04 34, 36, 1

Left Primary Sensorimotor Cortex 17.66 −24, −31, 47

Right Primary Sensorimotor Cortex 15.82 23, −32, 48

Left Occipital Cortex 13.20 −34, −73, 3

Right Occipital Cortex 11.39 34, −71, −7

Left Corpus Callosum (Genu) 23.51 −8, 29, 1

Right Corpus Callosum (Genu) 22.02 4, 26, 1

Left Corpus Callosum (Splenium) 23.30 −4, −33, 20

Right Corpus Callosum (Splenium) 25.22 1, −39, 13

Left Thalamus 17.24 −12, −6, 13

Right Thalamus 16.97 15, −15, 17

Midbrain/Pons 13.79 −4, −21, −8

Left Cerebellum (lobules VI/VIIa) 11.62 −17, −57, −24

Right Cerebellum (lobules VI/VIIa) 11.26 14, −49, −25

Left Operculum/Insula 13.11 −27, −1, 28

Left Inferior Parietal Lobule/Supramarginal Gyrus 12.97 −42, −47, 31

Left Middle Temporal Gyrus 17.91 −40, −44, −2

Left Inferior Temporal Gyrus 14.29 −43, −7, −25

White matter changes in NTSD/TSD vs. controls

Decreased Fractional Anisotropy T-score x,y,z

NTSD vs. Controls Left Middle/Inferior Frontal Gyri −7.46 −31, 43, −2

Right Middle/Inferior Frontal Gyri −5.41 31, 42, −2

Left Corpus Callosum (Genu/Body) −7.95 −16, 36, 0

Right Corpus Callosum (Genu/Body) −7.24 13, 25, 18

Left Internal Capsule (Anterior limb/Genu) −4.21 −18, 16, 2

Right Internal Capsule (Anterior limb/Genu) −5.54 11, 5, −5

Right Primary Sensorimotor Cortex −3.99 48, 2, 28

Right Inferior Temporal gyrus −5.69 44, 1, −32

Increased Fractional Anisotropy

Corpus Callosum (Splenium) 4.82 0, −37, 17

Left Cingulate Gyrus 7.38 −9, −8, 33

Right Cingulate Gyrus 4.62 9, −9, 34

Left Occipital cortex 5.72 −24, −80, 4

Right Occipital cortex 6.40 37, −47, 1

Midbrain/Pons 3.99 −9, −28, −26

Left Cerebellum (lobule VIIa) 6.17 −21, −68, −39
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Brain region F-score x,y,z

Right Cerebellum (lobule VIIa) 6.07 15, −74, −36

Right Ventral Thalamus 5.22 3, −13, 3

Decreased Fractional Anisotropy

TSD vs. Controls Left Middle Frontal Gyrus −4.45 −27, 42, −3

Right Middle Frontal Gyrus −3.04 33, 42, −2

Right Internal capsule (Anterior limb/Genu) −4.30 10, 5, 1

Left Corpus Callosum (Genu) −3.79 −15, 37, 1

Increased Fractional Anisotropy

Left Cerebellum 3.97 −9, −51, −30

White Matter Changes in TSD vs. NTSD

T-score x,y,z

TSD > NTSD Left Middle/Inferior Frontal Gyrus 5.15 −15, 34, −6

Right Middle/Inferior Frontal Gyrus 5.92 23, 37, −3

Left Corpus Callosum (Genu) 5.42 −6, 28, 5

Right Corpus Callosum (Genu) 5.37 13, 31, 8

Left Putamen 3.24 −22, −5, 15

Right Putamen 3.86 23, −6, 14

Right Premotor Cortex 4.17 45, 0, 28

Right Internal Capsule (Anterior Limb/Genu) 3.91 23, −4, 16

NTSD > TSD Left Middle Cingulate Cortex 4.58 −10, −31, 32

Right Middle Cingulate Cortex 4.67 10, −28, 34

Left Primary Sensorimotor cortex 4.38 −37, −14, 31

Left Inferior Parietal Lobule 4.27 −35, −43, 32
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