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Abstract

Primary torsion dystonia (PTD) has been conceptualized as a disorder of the basal ganglia.
However, recent data suggest a widespread pathology involving motor control pathways. In this
report, we explored whether PTD is associated with abnormal anatomical connectivity within
motor control pathways. We used diffusion tensor magnetic resonance imaging (DT-MRI) to
assess the microstructure of white matter. We found that fractional anisotropy, a measure of
axonal integrity and coherence, was significantly reduced in PTD patients in the pontine brainstem
in the vicinity of the left superior cerebellar peduncle and bilaterally in the white matter of the
sensorimotor region. Our data thus support the possibility of a disturbance in cerebello-thalamo-
cortical pathways as a cause of the clinical manifestations of PTD.
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Dystonia is characterized as a syndrome of sustained muscle contractions that often cause
abnormal postures or involuntary repetitive movements. Primary torsion dystonia (PTD) can
be distinguished from other etiologic subgroups of dystonia by the presence of dystonia as
the only or primary clinical sign and the absence of another etiology.! The most frequent
genetic cause of PTD is a heterozygous GAG deletion in the gene DYT1, which results in
the loss of a glutamic acid residue in the encoded protein, torsinA.1 A less frequent
autosomal dominant variant of PTD identified in North American Mennonite families is
mappped to a gene on chromosome 8 (DYT6).2 Both genotypes are associated with
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incomplete penetrance,3 but the pathophysiological link between mutation carrier status and
clinical penetrance is unknown. Although PTD has traditionally been conceptualized as a
disorder inherent to the basal ganglia, recent electrophysiological, functional imaging, and
anatomical studies have suggested the presence of more widespread pathology involving
motor control pathways from the neocortical to the spinal level. 48

In a series of PET studies conducted in the resting state, we identified a reproducible
abnormal spatial covariance pattern of regional metabolism in DY T1 mutation carriers, even
in those without clinical manifestations (non-manifesting carriers).%19 This torsion dystonia-
related pattern is characterized by relative metabolic increases in the putamen/globus
pallidus, the supplementary motor area (SMA), and the lateral cerebellum. Changes in basal
ganglia metabolism are also found in the DY T6 genotype. These mutation carriers showed a
significant metabolic reduction in the putamen that is more pronounced in those affected
clinically (manifesting carriers).11 In both PTD genotypes, regional metabolic increases in
the pre-SMA and the parietal association cortices distinguished mutation carriers with
clinical manifestations of dystonia from their non-manifesting counterparts.! These results
are consistent with the notion of impaired striatal function as a feature of the two genotypes,
with impaired sensorimotor integration as a state or phenotype feature.

The presence of abnormal functional connectivity in DY T1 patients prompted a study of the
effects of this mutation on anatomical connectivity.12 Using diffusion tensor magnetic
resonance imaging (DT-MRI), we found that fractional anisotropy (FA), a measure of
axonal integrity and coherence, was reduced in the subgyral white matter of the
sensorimotor cortex (SMC) of DYT1 carriers. Moreover, controlling for age, manifesting
carriers showed a pronounced FA reduction in this area compared to their non-manifesting
counterparts. This finding suggested that a further pronounced or spatially expanded
anatomical impairment of motor control pathways may underlie symptom manifestations in
PTD in addition to changes specific to the genotype.

In this study we used DT-MRI to determine whether disordered anatomical connectivity,
expressed as changes in white matter microstructure, is linked to the presence of clinical
manifestations in PTD. In contrast to our earlier study, we focused on the detection of
changes specific to phenotype, rather than genotype. We used voxel-based analysis of FA
maps to compare a group of dystonia patients carrying either the DYT1 mutation or the
DYT6 haplotype with age-matched controls. In a secondary analysis, we assessed the effects
of clinical penetrance on the microstructure of this region by quantifying FA in a volume of
interest (VOI) analysis in non-manifesting DYT1 carriers. Because, DT-MRI measures can
vary with age,13 we used separate groups of healthy controls age-matched to the PTD group
and to non-manifesting DY T1 mutation carriers, respectively. We hypothesized that
irrespective of genotype, PTD is associated with focal abnormalities of anatomical
connectivity within motor control pathways.
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SUBJECTS AND METHODS

Subjects

We studied seven PTD patients (M AN; four female, three male; age: 29.3 = 9.8 years, mean
+ standard deviation); a group of seven age-matched healthy volunteer subjects served as
controls for this PTD group (Cman; Six female, one male; age: 30.2 + 5.8 years). The
patient cohort was comprised of four DY T1 mutation positive subjects (age: 25.5 + 4.4
years) and three DY T6 subjects carrying the linked haplotype (age: 34.35 * 14.0 years);
patient characteristics are displayed in Table 1. Five patients had segmental dystonia while
the remaining two had multifocal and generalized dystonia, respectively.

In a secondary VOI analysis, data from the subjects were compared with measurements
from two additional groups: (1) eight non-manifesting DYT1 mutation carriers (DY T1-NM;
age: 53.4 £+ 13.9 years, five male) and (2) eight healthy controls matched in age to these non-
manifesting carriers (Cywm; age: 53.6 + 13.0 years, four male). DTI data for these subjects
have been presented previously.}? Because DT-MRI measures are age-dependent,1314 and a
significant age difference existed between MAN and DYT1-NM (P = 0.002; Student’s t-
test), we contrasted the DYT1-NM data with data from a separate group of older control
subjects.

The inclusion and exclusion criteria for subject participation have been presented
elsewhere.1® Written informed consent was obtained from all participants under protocols
approved by the institutional review boards of the participating institutions in concordance
with the guidelines of the Declaration of Helsinki.

Magnetic Resonance Imaging

MRI scans were obtained for all subjects on a 1.5T GE Signa Echo Speed scanner at North
Shore University Hospital. Prior to diffusion tensor imaging, subjects were scanned with
routine T1 and T2 weighted sequences to identify potentially disqualifying structural brain
lesions. DTI was performed with a spin-echo sequence and single-shot echo planar image
acquisition. T1 images were acquired with a 3D gradient echo sequence (MPRAGE) with
matrix size 128 x 180 x 256 giving 1-1.5 mm resolution in each dimension. T2 weighted
images were acquired with a whole-brain multislice fast spin echo sequence (TR = 3,400
ms, TE = 120 ms, 4-mm slice thickness, 250 x 256 matrix size, in-plane resolution (0.8 x
0.8 mm?).

Diffusion tensor series were acquired as detailed earlier.1 In brief, data were sampled with a
spin-echo sequence and single-shot echo planar image acquisition. Diffusion-weighted
images were acquired with a 240 x 240 mm? Field of View, 128 x 128 pixels, and a slice
thickness of 5 mm. Seven images were acquired per slice, repeated four times. One image
was not diffusion-weighted (b = 0 s/mm?) and six images were diffusion-sensitized with a b
factor of 860 s/mm? along six non-collinear directions: (Gx, Gy, Gz) = {(1,1,0), (0,1,1),
(1,0,2), (-1,1,0), (0,-1,1), (1,0,-1)}. Averaging was performed after Fourier transform. The
six independent elements of the diffusion tensor were calculated from the six apparent
diffusion coefficients measured in the six noncollinear directions. The tensor values were
used to calculate FA on a voxel-by-voxel basis.1” FA yields values between 0 (perfectly
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isotropic, i.e., symmetric/random, self-diffusion of water) and 1 (diffusion in a
hypothetically infinitely long and infinitely thin cylinder). This measure is determined by a
number of microstructural features including the integrity of axonal cell membranes, the
coherence of axonal orientation, and the number and size of axons.18

Image Analysis

Calculation of FA maps was performed in native space and maps were inspected for artifacts
before further processing. The 18 FA slices generated from the raw diffusion tensor series of
each subject were: (1) merged into an analyzable volume using ScanVP software (available
at http://feinsteinneuroscience.org/software); (2) stereotaxically normalized into
standardized anatomical space with the MRI T1 template in SPM 99 (Wellcome Department
of Cognitive Neurology, London, UK); and (3) visually inspected to assure that the anterior
commissure as an anatomical landmark was localized correctly. The normalized FA images
were smoothed with an isotropic Gaussian kernel (FWHM 4 mm for all directions).

The primary group comparison was performed in the general linear model in SPM 99.
Images were thresholded to include only voxels with 80% of the mean signal intensity,
reducing the space to be analyzed to white matter regions. Peak statistical threshold was set
at P < 0.001 with an extent threshold of 10 voxels. Regional group differences were
considered significant for P < 0.05, corrected for area, if consistent with the a priori
hypothesis of abnormality restricted to motor control pathways. Coordinates were reported
in the standard anatomical space developed at the Montreal Neurological Institute.1®

The voxel-based results were confirmed and expanded in a subsequent VVOI analysis. For all
VOI analyses, spherical VOIs (diameter = 5 mm) were automatically placed bilaterally over
the regions identified in the data-driven voxel analysis as having lower FA values in the
PTD subjects. Group comparisons were performed using unpaired Student’s t-tests or
analysis of variance (ANOVA) followed by the Tukey—Kramer adjustment, where
appropriate. These effects were considered meaningful for P < 0.05 after Tukey—Kramer
HSD adjustment as correction for multiple comparisons. All statistical analyses were
performed using JMP software (SAS Institute, Cary, NC) for PC.

RESULTS

Routine T1 and T2 weighted MRI scans were normal in all participants. VVoxel-based group
comparison of PTD versus age-matched controls (MAN vs. Cyan) revealed a localized FA
reduction in the PTD group in the dorsal pontine brainstem at the base of the left superior
cerebellar peduncle (x = -12;y = =28; z = =24; Zmax = 3.9; K, = 51 voxels; P < 0.01, area
corrected; Fig. 1A). This finding was confirmed in the VVOI analysis with a mean FA of
0.376 £ 0.02 (mean £ SE) in the left dorsal brainstem in PTD and 0.477 + 0.02 in controls
(P < 0.001; Fig. 1B). This corresponds to a 21.0% + 3.4% FA reduction in this region in the
PTD group relative to age-matched controls. VOI analysis on the contralateral dorsal
pontine brainstem (x = 12; y = —28; z = —24) disclosed a decrease of smaller magnitude in
the PTD group (6.6% + 2.7%, P = 0.04). Additionally, the voxel-based analysis revealed
reduced FA in the subgyral white matter of the sensorimotor area bilaterally (L: x =-30;y =
—-30; 2 =54; Zmax = 3.1; Ke =85 voxels; R: x = 24; y = =20; 2 = 64; Zpax = 2.9; Ko =80
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voxels; P < 0.05, area corrected; Fig. 2A). This finding was confirmed in the VOI analysis
of the sensorimotor area with mean FA values of 0.401 + 0.01/0.434 £ 0.01 (L/R) in PTD
and 0.503 £ 0.02/0.539 + 0.02 in controls (P < 0.001; Fig. 2B).

In a secondary analysis we assessed left dorsal pontine VOI measures in eight non-
manifesting DY T1 mutation carriers (DY T1-NM), and in a second group of controls, age-
matched to the non-manifesting subjects (Cypn). Comparison of DY T1-NM to Cyy showed
no significant difference in left dorsal pontine VOI FA (P = 0.16; see Fig. 1B). Furthermore,
one-way ANOVA of all four groups (MAN, Cyan,: DYT1-NM, Cynpm) revealed significant
differences in FA values across groups [F(3,29) = 8.5, P < 0.0004]. Post-hoc comparison
confirmed a significant FA reduction in MAN compared to Cp an as well as compared to
Cnm (Tukey Kramer HSD P < 0.05). By contrast, DY T1-NM took an intermediate position
and were not significantly different from either of the groups (see Fig. 1B). No difference
was found between brainstem FA measures in Cyyan and Cywm-

There were no statistically significant increases in FA in PTD compared to age-matched
controls.

DISCUSSION

In this study we demonstrated impaired anatomical connectivity within motor control
pathways in hereditary PTD. Our main result shows reduced measures of axonal coherence
and integrity in the PTD group localized to the dorsal pontine brainstem at its juncture with
the superior cerebellar peduncle, and in the SMC. Dorsal brainstem FA in nonmanifesting
DYTl1carriers took an intermediate position, but did not differ significantly from PTD
patients or healthy controls. Thus, the reported brainstem abnormality is linked to
phenotype, with genotype functioning as a potential susceptibility factor. By contrast,
reductions in FA of the white matter of the sensorimotor region have been related to
genotype in our earlier study in DYT1 mutation carriers.12

Functional and anatomical brainstem pathology has previously been demonstrated in
dystonia.29-24 However, this is the first study to identify anatomical brainstem pathology in
vivo. Increased excitability of brainstem reflexes was found in primary dystonia patients
before implantation of deep brain stimulation.?! This effect has been attributed to impaired
descending control of brainstem reflexes rather than to local pathology. However, ubiquitin
positive inclusions in the pedunculopontine nucleus (PPN) have been shown in manifesting
DYT1 carriers?? as well as in a transgenic mouse model of DYT1 dystonia.2®> The PPN is
part of the mesencephalic locomotor region that regulates muscle tone and rhythmic limb
movements during locomotion.26:27 This nucleus is intimately related to major nodes of the
basal ganglia that have similarly been implicated in dystonia.28:2% PPN receives major
afferents from the internal segment of the globus pallidus, the substantia nigra pars
reticulata, and the subthalamic nucleus (STN). Output regions of PPN include the
intralaminar thalamic nuclei, STN, substantia nigra pars compacta, cerebellar nuclei, and
spinal cord. Our in vivo data are compatible with involvement of white matter pathways to
or from the PPN, such as those projecting to this region from the internal globus pallidus,
those projecting from this region to the thalamus, or both.
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Alternatively, reduced white matter integrity in the vicinity of the superior cerebellar
peduncle is compatible with a possible cerebellar role in the pathogenesis of dystonia.® This
area is likely to be part of the cerebello-thalamocortical loop.39 The superior cerebellar
peduncle comprises the major efferents from the cerebellar nuclei to the contralateral ventral
oral posterior (\Vop) thalamic nucleus, either directly or via the magnocellular red nucleus.
From the VVop nucleus of thalamus, further projections relate to the primary motor cortex
(Area 4), where direct synapses to neurons projecting back to the cerebellar cortex via
pontine nuclei exist.3% The second main component of the superior cerebellar peduncle is the
ventral spinocerebellar tract that carries proprioceptive impulses from the periphery to the
paleocerebellum. However, without high resolution three-dimensional tractography,3! we
cannot ascertain whether the abnormality in anatomical connectivity is due to a disturbance
of the ventral spinocerebellar tract, due to cerebello-rubral/cerebello-thalamic projections, or
due to disruptions in the afferents or efferents of the PPN. Since the ventral spinocerebellar
tract is implicated in the cerebellar control of muscle tone, which is disturbed in dystonia,
we cannot exclude the possibility that this pathway mediates certain manifestations of this
disorder. Although there is abundant evidence of involvement of the basal ganglia-thalamo-
cortical motor loop in dystonia,8:32:33 cerebellothalamic pathways have also been
implicated.b Indeed, a specific pattern of increased metabolic activity in the midbrain,
cerebellum, and thalamus has been described in affected DY T1 carriers.? Pathological
studies in the secondary dystonias?:34-36 and in experimental animal models3"~3° point to a
role for these projections in the generation of dystonic movements.

We also confirmed that reduced white matter integrity in the SMC is present in hereditary
dystonia.12 We could not, however, fully address the independent effect of genotype in the
current study due to (i) the lack of non-manifesting DYT6 mutation carriers, (ii) the small
sample sizes in our subgroups, and (iii) the age difference inherent to the definition of
manifesting and non-manifesting subjects. Notably, the difference in brainstem FA between
PTD and non-manifesting DY T1 mutation carriers (see Fig. 1B) cannot be attributed to
healthy ageing. FA measures have been consistently reported to decline with age with a
pronounced ageing effect in frontal white matter compared to posterior regions.340 Despite
documentation of an age-related decline of global FA,4! Pfefferbaum et al.#2 showed
regionally specific declines without an effect of age on the ponto-cerebellar tract. We found
reduced brainstem FA in PTD, although this was the youngest subgroup.

Notably, our PTD group comprised subjects manifesting with generalized, segmental, and
multifocal dystonia. Despite this clinical heterogeneity, a well-localized reduction of white
matter was detected in the group comparison. This suggests a specific disturbance in these
motor control pathways irrespective of the distribution of symptoms in the disease group.
Studies in larger cohorts may yield additional information as to localized disturbances in
specific clinical subtypes of dystonia.

Our results differ markedly from prior studies of DTI measures focusing on cervical
dystonia. Reduced measures of axonal integrity and coherence were localized to the genu
and corpus callosum and interpreted as a potential structural origin of reduced cortical
inhibition.3 Increased FA values in the thalamus and frontal regions were reported
recently.*# Furthermore, abnormal asymmetry of DT measures in a region between the
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thalamus and pallidum was found in a mixed group of focal dystonia patients.4®
Mechanisms of disease may, however, differ in focal dystonia as a form of late onset
idiopathic dystonia and the early onset PTD we studied.

In summary, our data suggest that altered microstructural integrity of brainstem pathways
may constitute a mechanism in the development of idiopathic early onset dystonia. The
results of this study, however, do not allow us to choose between the involvement of PPN or
cerebellar projections in the pathogenesis of dystonia. We also cannot be certain whether
white matter incoherence is present in genotypes other than those assessed here. Further
studies in larger cohorts of carriers of a variety of dystonia-related mutations will be needed
to investigate these questions.
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FIG. 1.
FA decreases in PTD in the pontine brainstem at the base of the left cerebellar peduncle. (A)

Statistical parametric maps of the voxel-based analysis of DT-MRI derived FA data
comparing PTD patients to age-matched controls superimposed on a single-subject MRI T1
template (top: axial slice; bottom: sagittal slice). (B) The bar charts illustrate VOI FA values
extracted from the cluster displayed in (A) (arrow) comparing PTD patients (M AN; black)
to the age-matched controls (Cy an; White) as well as a comparison of the non-manifesting
DYT1 gene carriers (DY T1-NM; dark gray) to the respectively age-matched controls (Cnwm;
light gray). [The color scale represents T-scores a threshold at 3.05, P < 0.001].
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FIG. 2.
FA decreases in PTD in the sensorimotor cortex bilaterally. (A) Statistical parametric map

of the voxel-based analysis of DT-MRI derived FA data comparing PTD patients to age-
matched controls superimposed on a single-subject MRI T1 template (axial slice). (B) The
bar charts illustrate VOI FA values extracted from the clusters displayed in (A) (arrows)
comparing PTD patients (M AN; black) to the age-matched controls (Cp an; White). [The
color scale represents T-scores a threshold at 2.5, P < 0.01].
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