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Structural and functional neuroimaging in Myoclonus-Dystonia
This chapter reviews the main findings of the structural and functional
neuroimaging studies on Myoclonus-Dystonia (M-D) described in the present
thesis, places the results into a broader perspective of other performed research in
this field and gives suggestions for future research.

Summary
M-D is an autosomal dominantly inherited hyperkinetic movement disorder,
frequently caused by mutations in the epsilon sarcoglycan (SGCE) gene.1,2 This
mutation is designated DYT-11, classified under the hereditary dystonias.1 An
interesting genetic phenomenon in M-D is that of maternal imprinting, meaning
that only the paternal SGCE allele is expressed.2 This implies that only subjects
inheriting the mutation from their father can exhibit clinical symptoms of M-D.
The goal of this thesis was to investigate existing theories on the pathophysiology
and maternal imprinting mode of inheritance of (Myoclonus)-Dystonia and
thereby contributing to our understanding of dystonia in general and M-D
specifically. Because of the monogenic nature of Myoclonus-Dystonia (M-D), this
disease constitutes an excellent human model to study these mechanisms.
Different theories exist on the pathophysiology of dystonia. The first functional
theory is based on neuronal models of dystonia suggesting excessive motor cortex
excitation due to hyperactivity of the direct putamino-pallidal pathway.3,4 Another
theory proposes abnormalities in sensorimotor integration, while yet another
theory consists of a relatively new idea: that these involuntary movements could
lead to (micro)-anatomic changes through cortical plasticity.5 Finally, over the last
few years there is growing evidence that besides the basal ganglia, the cerebellum
plays a role in dystonia as well.6 These theories are not mutually exlcusive and none
of these theories are conclusive as yet.
Several structural and functional imaging techniques are available to investigate
these hypotheses; voxel based morphometry (VBM) and diffusion tensor imaging
(DTI) can be used to detect anatomical changes in gray and white matter thereby
investigating neuronal plasticity. Imaging of the striatal Dopamine 2 receptor
(D2R) using [123-I]IBZM SPECT allows for visualization of the D2R in vivo and can
be used to investigate the hypothesis of an overactive putamino-pallidal pathway.
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Functional MRI detects changes in blood flow, based on the different magnetic
properties of oxyhemoglobin and deoxyhemoglobin and can be used to image
sensorimotor structures during a motor task, thereby investigating patterns of
sensorimotor integration.

Functional imaging

fMRI was used to investigate abnormal responsiveness of sensorimotor brain
structures in genetically confirmed, paternally inherited and clinically affected
M-D patients and a matched control group (chapter 2). This technique was
used in a classic boxcar design involving a fingertapping motor task. Significant
hyperresponsiveness in contralateral inferior parietal cortical areas, ipsilateral
premotor and primary somatosensory cortex, and ipsilateral cerebellum were
observed during the motor task compared to healthy controls. The cortical activation
patterns in SGCE mutation carriers during this motor task are consistent with a
disorganised sensorimotor integration in cerebello-thalamo-cortical pathways in
paternally inherited M-D patients. A study in another inherited dystonia syndrome
(DYT-1) using [18-F]Fluorodeoxyglucose (FDG) positron emission tomography (PET)
found increased glucose metabolism in the same areas: putamen, globus pallidus,
cerebellum and supplementary motor area (SMA) of DYT-1 mutation carriers.7-9 All
clinically affected DYT-1 and DYT-6 mutation carriers showed additional metabolic
increases in the pre-SMA and parietal association regions in an additional study,
suggesting a distinct metabolic pattern related to penetrance.10 These results also
support the hypothesis of altered sensorimotor integration in dystonia.
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Functional magnetic resonance imaging (fMRI) was used in a group of paternally
inherited, clinically affected mutation carriers. Subsequently, we were able to
investigate the effect of maternal imprinting mechanism in an fMRI study in
asymptomatic or only very mildly affected maternally inherited mutation carriers.

When our fMRI study protocol was used comparing a group of eight maternally
inherited SGCE mutation carriers (of whom four were clinically slightly affected)
to eight paternally inherited mutation carriers and a matched control group
(chapter 3), the main finding is that maternally inherited mutation carriers show
similar abnormalities in the abovementioned sensorimotor areas, although to
a lesser extent. Functional changes in neuroimaging studies in other inherited
forms of dystonia, eg, DYT-1, have been described in unaffected gene mutation
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carriers.10 However, the mode of inheritance in these other monogenetic forms
of dystonia is autosomally dominant with reduced penetrance but without the
maternal imprinting phenomenon. Our results suggest biased gene expression
based on parent of origin rather than a strictly dichotomous maternal imprinting
mechanism, consistent with clinical observations.2,11
[123-I]IBZM SPECT was used in a cohort of 15 M-D patients and in three of these
patients after they had undergone deep brain stimulation (DBS) of the globus
pallidus internus (GPi).
In the study regarding the striatal dopamine D2 receptor using [123-I]IBZM SPECT
in genetically confirmed M-D patients and a matched control group (chapter 4),
multivariate analysis with corrections for age and smoking showed significantly
lower specific striatal to occipital IBZM uptake ratios (SORs) both in the left and
right striatum in clinically affected patients and also in all DYT-11 mutation carriers
compared to control subjects. Unfortunately, we had insufficient data to statistically
analyse the non-manifesting carriers separately. Similar results were found in
studies of DYT-1 and DYT-6 mutation carriers, using a slightly different method
of imaging the D2 receptor, [11-C]Raclopride PET. These studies found significant
reductions in striatal D2 receptor availability in asymptomatic DYT-1 mutation
carriers12 as well as symptomatic DYT-1 and DYT-6 mutation carriers12, implying
increased endogeneous striatal dopamine regardless of clinical penetrance.
These findings are consistent with the theory of reduced dopamine D2 receptor
availability in dystonia, possibly due to increased endogenous dopamine, and
consequently, competitive D2R occupancy.
In a subsequent study we used the same technique to investigate the effects of
deep brain stimulation of the globus pallidus internus (GPi-DBS) in three patients
from the previous study, with two patients who had not undergone DBS as
controls (chapter 5). Clinically, the GPi-DBS showed striking beneficial effects on
myoclonus and dystonia symptom severity measured with validated clinical rating
scales, consistent with similar recent studies of GPi-DBS in M-D.13,14 D2R binding
however, did not differ before and after GPi-DBS. This lack of change is consistent
with studies regarding STN-DBS in Parkinson’s disease,15 but not consistent with
the GPi-DBS study describing normalization (decrease) of D2R binding potential in
Parkinson’s disease.16 In our two re-scanned control subjects, D2R binding seems
to have lowered further. These findings confirm that GPi-DBS has beneficial effects
on motor symptoms in M-D and suggest that GPi-DBS might stabilize D2R binding.
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Structural imaging
We used voxel based morphometry (VBM) to quantify macrostructural changes
in gray matter volumes and white matter volumes, and to relate these changes
to disease severity measured by clinical rating scales for myoclonus and dystonia.

In other VBM studies in inherited and non-inherited dystonia the putamina also
showed changes; in primary torsion dystonia (DYT-1) and idiopathic cervical
dystonia patients an increase in bilateral putaminal GM has been found in the
idiopathic patient group and in asymptomatic DYT-1 mutation carriers, but not
in manifesting DYT-1 carriers, possibly suggesting some sort of compensatory
mechanism.18 Two morphometric studies regarding blepharospasm also found
GM increases in both putamina.19,20 In these non-hereditary dystonia patient
groups, there were also other areas altered: two morphometric MRI studies in
cervical dystonia reported an increase in GM volume predominantly in the GPi21,22,
whereas a third study found an increase in the caudate nuclei, thalamus and right
cerebellum.23 To summarize, we found a clear indication of putaminal involvement
in M-D, which may be specific for M-D. Different pathophysiological mechanisms
causing the different types of dystonia might account for the heterogenous results
in the literature.
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In the VBM study concerning gray matter (GM) changes in genetically confirmed
M-D patients and a matched control group (chapter 6), dystonia severity in
mutation carriers was strongly correlated with increased gray matter volume in
bilateral putamina. This is of interest as the putamina are thought to play a major
role in the pathogenesis of dystonia. Neuronal models of dystonia postulate
hyperactivity of the direct putamino-pallidal pathway with reduced inhibitory
output of the internal segment of the globus pallidus (GPi), with subsequently
increased thalamic input to the (pre) motor cortex, resulting in excessive motor
cortex excitation.3;4 More specifically for M-D: SGCE knockout mice, aside from
displaying a clinical phenotype resembling M-D, showed higher concentrations of
striatal dopamine and its metabolites.17

Diffusion tensor imaging (DTI) was used to assess microstructural changes in
white matter in M-D patients. These techniques were used to study the neuronal
plasticity theory, which states that the altered function of affected brain areas
could lead to (micro)-anatomic changes in these areas. The white matter study
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using VBM and DTI in genetically confirmed M-D patients and a matched control
group (chapter 7) showed the main abnormality in the brainstem area, especially
the red nucleus. VBM showed a significant increase in white matter volume and
DTI a decreased mean diffusivity and increased fractional anisotropy (FA). DTI
also showed decreased mean diffusivity in the white matter close to cortical
sensorimotor areas. This area of abnormal connectivity in the sub-thalamic region
of the brainstem was also seen in a small group of primary torsion dystonia (DYT1 and DYT-6) patients using DTI; however, in contrast to our study, a reduction in
FA was reported.24 Possibly, the more prominent myoclonus in M-D could account
for this. Another reason might be that increased plasticity in M-D causes more
directional axonal growth, resulting in an increase of FA, where axonal growth in
DYT-1 and DYT-6 might have been more divergent. DTI studies in other types of
dystonia do not show a consistent pattern of affected brain areas. Again, different
pathophysiological mechanisms causing the different types of dystonia might
account for this.
In general, two plausible explanations can be put forward for the phenomenon of
altered gray and white matter volumes in dystonia. First, these increases in gray
matter could be primary and hence underlie the involuntary movements through
altered neuronal activity patterns. Alternatively, this increase could be secondary
to excessive involuntary movement, causing reactive changes in gray matter due
to neuronal plasticity. Physiological neuronal plasticity has been demonstrated in
healthy subjects learning a complex motor skill (i.e. juggling) and has been shown
to be reversible.25 Aberrant plasticity of the sensorimotor circuitry is considered
to be an integral part of the pathophysiology of dystonia26 and has been clearly
demonstrated in patients with focal hand dystonia27, although it is as yet unclear
whether these changes might also be reversible. Either way, these results provide
additional evidence of involvement of the cerebral structures involved in motor
function in the pathophysiology of dystonia. This is in accordance with increased
cerebello-thalamic connectivity and could be caused by neuroplasticity. Whether
these changes are the cause of the clinical symptoms or an effect remains to be
elucidated. To clarify this issue, it would be interesting to study larger groups of
non manifesting gene mutation carriers to discern whether similar changes can
be found in this group.
Finally, chapter 8 discusses the clinical similarities between M-D and another
inherited movement disorder: Spinocerebellar ataxia type 14 (SCA-14). Both
can present with a combination of trunk tremor, multifocal myoclonus and axial
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dystonia as predominant clinical features. We suggest that in patients with this M-D
phenotype without a mutation in the DYT-11 gene, SCA14 should be considered.
Of special interest is the fact that the cerebellar involvement is one of the key
features of the spinocerebellar ataxias and recent studies illustrate an important
involvement of the cerebellum in (myoclonus)-dystonia as well.6

General discussion and future perspective
Little is known about the pathophysiology of M-D and the function of the SGCE
protein. The studies in this thesis used neuroimaging techniques to investigate
the three major theories on the pathophysiology of (hereditary) dystonia:
hyperactivity of the direct putamino-pallidal pathway, defective sensorimotor
integration and neuronal plasticity. As mentioned earlier, these theories are not
mutually exclusive.

Our functional imaging studies using fMRI support the idea of defective
sensorimotor integration and confirm cerebellar involvement in M-D. Furthermore,
the maternal imprinting mechanism is shown to be more likely based on biased
gene expression based on parent of origin rather than a strictly dichotomous
phenomenon. Finally, the hypothesis of hyperactivity of the direct putaminopallidal pathway is supported by our D2R imaging study.
The involvement of hyperactive putamina, as implicated by both the lower striatal
D2 receptor binding and the association of dystonia severity with putaminal
volume is consistent with findings in DYT-1 dystonia, suggesting at least a
partially shared pathophysiology of inherited forms of dystonia.7-9,18 The cerebellar
involvement, as shown with fMRI is not only consistent with DYT-1 dystonia8, but
strongly supported by the recent discovery of a brain specific isoform of SGCE with
particularly high cerebellar expression.6
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Our structural imaging studies using VBM of grey and white matter to study
macrostructural changes in M-D, as well as our DTI study investigating
microstructural changes support the idea of neuronal plasticity, especially in
bilateral putamina and cerebello-thalamic pathways.
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However, several important questions remain unanswered: first of all, it remains
unclear whether the structural and functional changes found in the sensorimotor
structures of M-D patients constitute part of the cause of the clinical phenotype,
or are an effect. In an ideal world without technical or practical constraints, I would
recommend comparing large groups of untreated and effectively treated patients
to resolve this question, assuming that in effectively treated patients, these
changes would revert back to a physiological state due to neuronal plasticity.
However, since the only currently apparently effective treatment is DBS, this
prevents MRI investigations after surgery. Perhaps the only course of action that
could resolve this question is post-mortem examination of the brains of treated
and untreated patients.
A second important question is the influence of myoclonus on our results. Several
strategies could be implemented to resolve this, the most apparent one being to
test larger groups of clinically heterogeneous myoclonic M-D patients with and
without dystonia. A more elegant way would perhaps be to use event related
combined EMG-fMRI using the recorded myoclonic bursts as a regressor.
A third question is whether the changes we found are genotype- or phenotype
specific. Two approaches could be used to solve this problem; the most practical
solution would be to investigate subject groups with the phenotype but without
the mutation, because approximately 50% of patients displaying the clinical
phenotype of M-D are without a mutation in the SGCE-gene. Another approach
to resolve this question could be testing patient groups with the mutation but
without the phenotype, i.e. larger groups of maternally inherited SGCE mutation
carriers.
To summarize, the studies performed in this thesis provide further evidence for
structural and functional abnormalities in the sensorimotor system, particularly
the putamina and the cerebellum. All three mentioned pathophysiological
models, i.e. sensorimotor integration, hyperactive putamina and neuroplasticity
are supported by these results.
I propose an integrated model for the pathophysiology in M-D in which the SGCE
mutation leads to altered structural development and thereby function of the
above mentioned putamino-pallidal and associated cerebello-thalamic pathways.
This in turn leads to hyperactivity of these pathways causing excessive excitation
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of cortical motor structures eliciting the involuntary movements. This continuous
hyperexcitation might then lead to altered sensorimotor inregration and even
secondary structural changes due to neuronal plasticity.
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The maternal imprinting mechanism seems less dichotomous and more based on
biased gene expression based on parent of origin than was previously assumed.
Deep brain stimulation of the GPi has a spectacular effect on clinical symptoms
of myoclonus and dystonia, and may mitigate further decline of D2R availability.
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