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Structural and functional neuroimaging in Myoclonus-Dystonia

Background

Myoclonus-Dystonia (M-D) is a rare hyperkinetic movement disorder, characterized 
by dystonic postures and myoclonic jerks.1,2 It usually becomes apparent in the first 
two decades of life and stabilizes after a few years of progression of symptoms. The 
main symptom is myoclonus of the upper part of the body. The dystonia can be 
apparent anywhere in the body, though spasmodic torticollis appears to be most 
prevalent. A striking feature is the almost complete resolution of symptoms after 
alcohol ingestion. Several psychiatric conditions are considered part of the M-D 
phenotype, such as anxiety, obsessive compulsive disorder and depression.3 M-D 
is considered a dystonia plus syndrome, designated DYT-11.2

No etiological treatment is yet available for M-D. Clonazepam might be effective for 
myoclonus, while injections with botulinum toxin (BTX) have been shown to be a 
very effective treatment for (cervical) dystonia in a large number of clinical trials.4 
Deep brain stimulation (DBS) of the globus pallidus internus (GPi) or the thalamic 
nucleus ventralis intermedius (VIM) is currently the most promising technique for 
treatment of patients with medically refractory dystonia.5,6

Genetics

In about half of all M-D patients, the disease is autosomal dominantly inherited 
and caused by single mutations in the epsilon-sarcoglycan gene (SGCE) on 
chromosome 7q21 (DYT-11).1,7 In a French study, 37% of mutations consisted 
of deletions, 20% of nonsense mutations, 20% of splice site mutations, 14% of 
missense mutations, and 9% of insertions.8 The function of this protein remains 
incompletely understood. SGCE is a member of a gene family including alpha, 
beta, gamma and delta sarcoglycans. Mutations in these other sarcoglycans can 
result in various types of limb-girdle muscular dystrophies. A new M-D locus has 
been mapped to chromosome 18p11 in one family.9 Furthermore, single mutations 

in the dopamine D2 receptor (DRD2) and DYT-1 genes have been described in 
combination with SGCE mutations in two M-D families.10-12 In many patients with 
the M-D phenotype DYT-11 mutations are lacking, suggesting the involvement of 
other genes or environmental factors.13

Penetrance of M-D is highly dependent on the parental origin of the disease 
allele, resulting from maternal imprinting, i.e. the paternal allele is always the one 
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General introduction

expressed, while the maternal allele is silenced.14 The consequence is that only 
mutations inherited from the father will cause the clinical picture of M-D. In the 
literature however, some patients exhibit a mild phenotype while inheriting the 
mutation from their mothers.15,16

Pathophysiology 

M-D patients with an SGCE gene mutation constitute a homogeneous group 
of patients with clinical symptoms of both myoclonus and dystonia and can 
therefore be used as a human model to study the pathophysiology of dystonia 
and myoclonus.
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 
with reduced inhibitory output of the internal segment of the globus pallidus 
(GPi), and subsequently increased thalamic input to the (pre-) motor cortex.17,18 
Strong support for this theory comes from an SGCE knock-out mouse model in 
which the mice not only showed phenotypical characteristics of M-D, but on post-
mortem examination also showed higer striatal concentrations of dopamine and 
its metabolites.19

The second theory proposes abnormalities in sensorimotor integration and is 
supported by the ‘geste antagonistique’.20,21 Regarding the theory of defective 
sensorimotor integration, the strongest support for this theory comes from a study 
using corticography in monkeys, showing altered representation of sensorimotor 
areas in animals with repetitive movement-induced focal hand dystonia.22 
The third theory consists of a relatively new idea: that the involuntary movements 
could lead to (micro)-anatomic changes through cortical plasticity.23 On the other 
hand, it has been shown that excess voluntary movement can lead to structural 
changes in gray and white matter volumes.24 It is therefore unclear whether found 
changes are the cause or the effect of a movement disorder. Over the last few years 
there is growing evidence that the cerebellum plays a role in dystonia as well.25 
None of these theories are conclusive as yet.

Little is known about the pathophysiology of myoclonus in M-D. The myoclonus in 
M-D is thought to be of subcortical origin, because of the lack of stimulus sensitivity 
and the absence of a giant somatosensory evoked potential on neurophysiological 
testing.1
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Structural and functional neuroimaging

Imaging techniques can be divided into structural and functional imaging 
techniques. Structural techniques are applied to investigate the structural integrity 
of the studied tissue. Newer, functional imaging techniques, add a dimension by 
investigating a measure of its function, for instance regional blood flow, glucose 
metabolism or a neurotransmitter receptor. In M-D, no structural abnormalities 
can be observed on computed tomography (CT) or magnetic resonance imaging 
(MRI) scans with the naked eye.26 More sensitive structural imaging techniques 
that have been evolving over the past few years are voxel based morphometry 
(VBM) and diffusion tensor imaging (DTI).

VBM allows investigation of focal differences in brain anatomy, using the statistical 
approach of statistical parametric mapping (SPM).27 VBM registers every three-
dimensional T1-weighted MRI image to a template to correct for most of the 
large differences in brain anatomy among the different subjects after which the 
image volume is compared across brains at voxel-level. With this technique, it is 
possible to detect differences in gray and white matter volume that with normal 
visual assessment would remain undetected. This technique has two important 
advantages over “classic” morphometry: VBM is more objective and takes less time 
compared to manually drawing preset regions of interest.28

Diffusion tensor imaging (DTI) is a technique that enables the measurement of 
restricted diffusion of water in tissue in order to describe axonal organization 
in nervous system tissues.29 Using DTI, each voxel contains information on two 
parameters: First, the mean diffusion rate usually designated MD. To avoid 
confusion with the studied disease it will be abbreviated as MeanD in this thesis. 
The second parameter that can be used describes the direction of diffusion, i.e. 
the number of neurons aligned in the same direction, this is known as fractional 
anisotropy (FA). Because alignment of fibers in the same direction is mainly found 
in white matter, the main usefulness of the technique is to detect abnormalities 
in white matter. Because DTI seems to be more sensitive in detecting subtle 
white matter abnormalities than VBM, abnormalities can be referred to as micro-
structural, as opposed to the macro-structural abnormalities detected with VBM.
In functional neuroimaging, the most popular techniques rely on regional blood 
flow, glucose metabolism or transporter/receptor ligands. Functional MRI assumes 
that activated brain regions have a larger blood flow and relies on the principle of 
a difference in magnetic properties of oxygenated hemoglobin vs. deoxygenated 
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hemoglobin. This difference can be translated into a blood oxygenated level 
dependent (BOLD) signal. Usually, in a first level analysis the images during resting 
state are compared to an active state –e.g. a motor task- for each individual 
subject.30 The second level analysis then compares these substracted images in 
groups of subjects –e.g. patients vs. control subjects-. In this way, hyperresponsive 
and hyporesponsive brain areas can be detected.
Single photon emission computed tomography (SPECT) is a molecular imaging 
technique using gamma rays emitted from a radionuclide and detected by a gamma 
camera.31 A radiopharmaceutical consisting of molecules of two different attached 
compounds is injected into the bloodstream of a subject. The first compound is 
known as the radionuclide; this is the gamma ray-emitting compound that allows 
detection using the gamma-camera. The second compound is the ligand, which 
has specific affinity for transporters or receptors of neurotransmitters. Because 
of this affinity, the ligand binds to a specific place in the brain, for instance the 
striatal dopamine D2 receptor if [123-I]Iodobenzamide (IBZM) is used, and its 
concentration is measurable by detecting the gamma rays emitted by the attached 
radionuclide.
Structural and functional neuroimaging in M-D patients is very limited. One 
fMRI study describes a 5-year old girl compared to a single control subject, and 
shows changes in sub-cortical structures, specifically in the thalamus and dentate 
nucleus.32

Significantly more literature is available on structural and functional neuroimaging 
in other types of inherited and idiopathic dystonias. Among the inherited 
dystonias, which are genetically homogeneous groups of dystonia patients, 
DYT-1 and DYT-6 mutation carriers -exhibiting a clinical picture of early onset 
idiopathic torsion dystonia- are studied most widely. Functional imaging studies 
using [18-F]Fluorodeoxyglucose (FDG) positron emission tomography (PET) found 
increased glucose metabolism in the putamen, globus pallidus, cerebellum and 
supplementary motor area (SMA) of DYT-1 mutation carriers.33-35 All clinically 
affected DYT-1 and DYT-6 mutation carriers showed metabolic increases in the 
pre-SMA and parietal association regions.36 These results support the hypothesis 
of altered sensorimotor integration in inherited dystonia. [11-C]Raclopride PET 
studies found significant reductions in striatal dopamine D2 receptor availability 
in asymptomatic DYT-1 mutation carriers37 as well as symptomatic DYT-1 and 
DYT-6 mutation carriers38, implying increased endogeneous striatal dopamine 
regardless of clinical penetrance. In a structural imaging study using DTI, reduced 
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cerebello-thalamo-cortical connectivity in DYT-1 and DYT-6 dystonia gene carriers 
was found in the dorsal brainstem and in the white matter surrounding the deep 
cerebellar nuclei, supporting altered structural connectivity due to neuronal 
plasticity.39

In addition to the imaging studies in the hereditary homogeneous forms of 
dystonia, a significant amount of studies is available on non-inherited focal 
dystonias such as cervical dystonia, focal hand dystonia and blepharospasm.33,40-52 
These studies seem to yield conflicting results, possibly reflecting different 
pathophysiological mechanisms, but all agree on abnormalities in the 
sensorimotor system.

Aims and outline of this thesis

The aims of this thesis were to use existing and novel structural and functional 
neuroimaging techniques in a monogenic DYT-11 mutation positive carrier group 
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. As mentioned earlier, 
different theories exist regarding the pathophysiology of dystonia. First, to test 
the theory of the hyperactive putamino-pallidal pathway, ultimately resulting 
in excessive motor cortex excitation we used [123-I]IBZM SPECT scanning to 
examine dopamine metabolism in vivo in patients. To further test this hypothesis, 
patients having undergone deep brain stimulation of the globus pallidus were 
re-scanned after surgery. 
The second theory of defective sensorimotor integration in M-D was tested by 
using functional MRI to compare activation of sensorimotor areas in patients and 
controls using a simple motor task.
Thirdly, the neuronal plasticity theory: to investigate whether the involuntary 
excess movement in M-D leads to altered gray and white matter volumes two 
structural imaging techniques were used: voxel based morphometry and diffusion 
tensor imaging.

Regarding the maternal imprinting mechanism of inheritance in M-D, we used 
fMRI to investigate whether this encompasses a strictly dichotomous mode of 
inheritance or rather a biased gene expression based on parent of origin.
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Outline of this thesis

Chapter 2 describes a functional MRI study in a large group of clinically affected 
DYT-11 mutation carriers. In chapter 3 a similar study is performed on subjects 
inheriting the same mutation from their mother with only minor or no symptoms 
at all. Chapter 4 discusses a molecular imaging study investigating the dopamine 
2 receptor binding capacity in M-D patients, investigating the hypothesis of a 
hyperactive putamen in dystonia. In chapter 5, the same technique was applied 
to patients having undergone deep brain stimulation (DBS) of the globus pallidus 
internus (GPi), investigating whether this intervention changes clinical symptoms 
and/or striatal dopaminergic metabolism. Chapter 6 concerns a structural MRI 
study using voxel-based morphometry investigating whether the actual structure 
of the gray matter is different in M-D patients compared to control subjects, 
either as a cause or as the result of their ailment. In chapter 7, this technique and 
diffusion tensor imaging (DTI) are used on white matter volume of M-D patients 
to detect macrostructural and microstructural changes respectively. Chapter 8 
describes the clinical similarities, and therefore diagnostic challenges to clinically 
distinguish between M-D and SCA 14, illustrated by 4 patients. The results of the 
different studies are discussed in chapter 9 and suggestions for future research 
are proposed.
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Abstract

Background: Myoclonus-Dystonia is an autosomal dominantly inherited 
movement disorder clinically characterized by myoclonic jerks and dystonic 
postures or movements of the upper body. Functional imaging studies in 
other, mainly heterogeneous groups of dystonia, do agree on dysfunction 
of the striato-pallido-thalamo-cortical circuit.
Objective: To study cerebral activation patterns with functional magnetic 
resonance imaging in a genetically defined homogeneous group of 
dystonia patients.
Patients: Thirteen clinically affected SGCE mutation carriers and 11 control 
subjects were studied.
Interventions: A finger-tapping motor task was performed in a block design 
using a 3.0 Tesla MRI.
Results: In SGCE mutation carriers 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.
Conclusions: The cortical activation patterns in SGCE mutation carriers 
during this motor task point to a disorganised sensorimotor integration in 
this uniform group of dystonic patients and is consistent with functional 
neuroimaging studies in other types of (hereditary) dystonia.
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Background

Myoclonus-Dystonia is a movement disorder clinically characterized by myoclonic 
jerks and dystonic postures or movements of the upper body, often combined 
with psychiatric symptoms such as depressed mood or anxiety.1 M-D is autosomal 
dominantly inherited and is caused by mutations in the epsilon-sarcoglycan gene 
(SGCE) on chromosome 7q21 (DYT-11) in about half of all patients.2,3 Penetrance of 
M-D is highly dependent on the parental origin of the disease allele, resulting from 
maternal imprinting.4 In many patients with the M-D phenotype SGCE mutations 
are lacking, suggesting the involvement of other genes or environmental factors.5

M-D is considered as a dystonia-plus syndrome with the basal ganglia being 
thought to play a major role in dystonia.6,7 The pathophysiology of M-D is elusive 
but neuronal models of dystonia have postulated hyperactivity of the direct 
putamino-pallidal pathway with reduced inhibitory output of the internal segment 
of the globus pallidus (GPi). This subsequently leads to increased thalamic input 
to the (pre-)motor cortex, and results in excessive motor cortex excitation.7 On 
the other hand, abnormalities of sensory input processing in dystonic patients 
have been reported and are reflected by the ‘geste antagonistique’.8 Several 
observations strongly support the idea that sensorimotor integration is impaired 
in dystonia.6, 9  Myoclonus in M-D is also likely to be of subcortical origin, i.e. basal 
ganglia, because of the lack of stimulus-sensitivity and the absence of giant 
somato-sensory evoked potentials. 10

Functional imaging studies using positron emission tomography (PET) and 
functional magnetic resonance imaging (fMRI) have been previously performed 
in primary torsion dystonia11-14, focal hand dystonia and writer’s cramp15-19, 
orofacial20, and laryngeal dystonia.21 Although conflicting results with respect to 
the activation patterns of different cortical and basal ganglia structures have been 
reported, all these studies do agree on dysfunction of the striato-pallido-thalamo-
cortical circuit in dystonia.

Functional imaging studies in SGCE  mutation carriers (MC) are very limited; 
a single 5-year old M-D patient showed a changes in the motor network when 
performing a drawing and hand ‘snapping’ task during an fMRI study, specifically 
in the thalamus and dentate nucleus.22 Recently, a study by our group showed 
reduced striatal D2 receptor binding in SGCE MC when compared to healthy 
control subjects.23
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The aim of the present fMRI study was to study the activation patterns in SGCE 
mutation positive MC during execution of a simple motor task. Based on current 
neuronal models of myoclonus and dystonia, we hypothesized that patients would 
exhibit abnormal activation patterns in basal ganglia and cortical sensorimotor 
areas compared with healthy controls.

Subjects and Methods

Subjects

We studied 13 clinically affected SGCE MC, (mean age 47, range 19-65). Genetically, 
one was a ‘de novo’ mutation, 8 MC inherited the mutation from their father, and 
4 MC inherited the mutation from their mother. The control group consisted of 
11 (one left-handed) neurologically and psychiatrically healthy controls (mean 
age: 45 years, range: 23-71) and was age and gender matched to the SGCE MC 
group. Eleven of the 13 SGCE MC have been recently described as part of a large 
Dutch M-D family (genotype, 619-620del AG).5 The two remaining subjects were 
not related (genotype, IVS7+2 C>T and c.179A>C (His>Pro)). In six out of eight 
patients who inherited the mutation from their father, myoclonus was only 
distally located on neurological examination. The four patients who inherited 
the mutation from their mother showed mild axial dystonia. Psychiatric history 
was positive in nine out of thirteen patients (see Table 1). SGCE MC were clinically 
scored using the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS)24 and the 
Unified Myoclonus Rating Scale (UMRS).25  The clinical characteristics of the SGCE 
MC are summarized in Table 1. Informed consent was obtained in all subjects and 
the study was approved by the local medical ethics committee.

Methods: task paradigm

The task consisted of finger-tapping at a rate of 2 Hz, performed in the right 
upper extremity. Finger-tapping is a widely used active motor condition in fMRI 
studies, consisting of a simple ‘open-close’ action for which no learning is required. 
An illustrative image was projected onto a screen to instruct the subjects when 
to perform the task during scanning. Before scanning, subjects were carefully 
instructed to practice the task outside the scanner to ascertain that the task was 
performed correctly. This practice session was carefully monitored and subjects 
were visually monitored during scanning to check accurate performance of the 
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task. The task consisted of 6 epochs, each task epoch lasted 18s and was preceded 
by a 16s rest block.

Functional Magnetic Resonance Imaging Scanning

Imaging was performed using a 3.0 T Philips Intera scanner with a SENSE head 
coil. Stimuli were generated using a Pentium PC running the ePrime (http://www.
pstnet.com/products/e-prime/) software package and projected on a screen 
in front of the scanner table. The projected image was seen through a mirror 
positioned above the subject’s head.

Axial multislice T2* weighted images were obtained with a gradient-echo planar 
imaging (EPI) sequence; TE=30ms, TR=2011ms, 64x64 matrix, 35 slices, 3x3 mm 
in-plane resolution, slice thickness 3mm with a 1mm interslice gap, covering the 
entire brain. A session consisted of one EPI session, followed by a T1-weighted 
structural 3D inversion-recovery MR scan (0.78x0.78x2mm resolution).

The BOLD-effect on which fMRI is predicated is due to fluctuations in blood 
oxygenation level, and there is ample evidence that this in turn reflects regional 
changes in neural activity. We chose the term hyper/hyporesponsiveness to 
indicate that group by task interactions as reported below represent differential 
changes in neural activity in response to the task performed, but not differences 
in baseline perfusion.

Statistical analysis

Imaging data were analysed using SPM2 (Wellcome Department of Cognitive 
Neurology, http://www.fil.ion.ucl.ac.uk/spm). Spatially, images were realigned, 
normalised into the standard space of the MNI-152 brain and smoothed with an 
8-mm Gaussian kernel. The data were corrected for differences in slice-timing, 
high-pass filtered and analysed in the context of the General Linear Model. Boxcar 
regressors, convolved with the canonical haemodynamic response function (HRF), 
were used to model the response during the task.

Linear contrasts of parameter estimates were computed for main effects of task 
versus baseline for each subject. The resulting contrast images were subsequently 
used for a second-level analysis and main effects for task load were assessed across 
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groups, as well as interactions between groups. Main effects across groups are 
reported at p<0.05, corrected for multiple comparisons using the False Discovery 
Rate method26, with a cluster size restriction of 10 voxels. Interaction effects were 
calculated as T contrasts between SGCE MC and control subjects and are reported 
at p<0.001 uncorrected, masked with the appropriate main effect at p<0.001 and 
a voxel extent threshold of 5 voxels.

Results

The clinical characteristics of the SGCE MC are summarized in Table 1.
Subject Age (yrs) Gender BFMDRS/

UMRS
Psychiatric
Symptoms

Medication Type of
inheritance

1 22 F 2 / 28 Depr Paroxetin Fa
2 64 M 3 / 8 - - Fa
3 52 M 0 / 4 Anx - Fa
4 40 F 22 / 80 Depr, Anx Citalopram Fa
5 55 M 2 / 4 Anx - Fa
6 48 M 14 / 12 Depr, Anx, OCD Clomipramin Fa
7 19 M 10 / 48 Depr, Anx, OCD - ‘de novo’
8 55 M 10 / 43 OCD - Fa
9 34 M 2 / 42 - - Fa
10 60 F 6 / 0 - - Mo
11 53 F 8 / 0 Anx Venlafaxin Mo
12 65 M 6 / 0 - - Mo
13 50 F 6 / 0 Depr, Anx Clomipramin Mo

Table legend: MC: clinically affected SGCE mutation carriers, BFMDRS: Burke Fahn Marsden 
Dystonia Rating Scale, UMRS: Unified Myoclonus Rating Scale, Depr: depression, Anx: anxiety 
disorder, OCD: obsessive compulsive disorder, Fa: father, Mo: mother

All subjects were able to perform the tasks correctly during the practice outside 
the scanner. Because the task does not require dexterity, we included one left-
handed subject in the analysis. During hand movements, no movements of the 
contralateral limb were observed. The presence of proximal myoclonus could not 
be visually checked during scanning. Mild infrequent distal myoclonus was noted 
during the activity blocks.

Imaging data:

One SGCE MC (nr 7) data set was discarded from further analysis due to excessive 
head movement during scanning. Main effects across groups consisted of bilateral, 
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predominantly right-sided cerebellar, visual cortex, and parietal activation as well 
as bilateral sensory and motor cortex activation (Table 2 and Figure 1). Interaction 
effects between groups are summarized in Table 3.

Table 2: Main effects across groups: MNI coordinates and Z values for areas with significant 
activation.
Activated brain areas Brodmann area MNI Z score

Contralateral motor cortex 4 -39  -18  54 6.56
Ipsilateral cerebellum - 30  -48  -33 6.45
Contralateral premotor cortex 6 0      0    60 6.08
Ipsilateral sensory cortex 3 60  -15   30 5.77
Right visual cortex 18 3    -87   -9 5.59
Contraletal parietal cortex (SII) 40 39  -42  51 5.58
Ipsilateral parietal cortex (SII) 40 45  -36  45 5.40
Ipsilateral sensory cortex 3 51  -18  39 5.39
Ipsilateral motor cortex 4 42   -9  54 4.93
Ipsilateral premotor cortex 6 39   0   54 4.91

Table legend: SII: secondary somatosensory cortex, MNI: Montreal Neurological Institute

 Figure 1: Main effects across groups

Figure Legend: Main effects across groups during the finger tapping task, corrected at 0.05 False 
Discovery Rate (FDR) with a voxel extent threshold of 10.
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Table 3: Motor task: MNI coordinates and Z values for areas with significant differences in acti-
vation.

Groups compared Activated brain areas Brodmann area MNI Z score

MC > CO

Contralateral parietal (SII) 40 -36 -54 45 4.25
Ipsilateral cerebellum - 15 -81 -33 3.75
Ipsilateral DLPFC 9 54   6   33 3.58
Ipsilateral cingulate 24 0    12  27 3.53
Ipsilateral sensory 3 51 -15  39 3.39
Ipsilateral premotor 6 39  -3   42 3.25

CO > MC Contralateral insula 13 -39  9   12 3.49

Table legend: MC: manifesting carriers, CO: control subjects, MNI: Montreal Neurological Institute

In the SGCE MC group, significant cortical hyperresponsiveness of the contralateral 
secondary somatosensory cortex (S-II, BA40), ipsilateral premotor cortex (BA6), 
primary somatosensory  cortex (BA3), dorsolateral prefrontal cortex (DLPFC, BA9) 
and the ipsilateral cerebellum was seen as compared to controls (Figure 2). 

Figure 2: hyperresponsiveness in manifesting SGCE gene mutation carriers

Figure legend: SGCE MC: A: significant cortical hyperresponsiveness of the contralateral 
secondary somatosensory cortex (S-II, BA40), B: ipsilateral premotor cortex (BA6), C: primary 
somatosensory cortex (BA3), D: dorsolateral prefrontal cortex (DLPFC, BA9) and E: the 
ipsilateral cerebellum.

A

D E

B C
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Hyporesponsiveness was found in the contralateral insula (BA13) (Figure 3). 
    
Figure 3: hyporesponsiveness in manifesting SGCE gene mutation carriers

 

Figure legend:  SGCE  MC: significant hyporesponsiveness  in the contralateral insula (BA13).

This analysis was repeated omitting the four subjects with only slight axial 
dystonia, who inherited the mutation from their mother, yielding similar results in 
the same areas (not shown). Linear regression analysis was performed with UMRS 
and BFMDRS as regressors. No correlation between myoclonus and/or dystonia 
and BOLD signal was found.

Comment

To our knowledge, the present fMRI study is the first functional imaging study that 
has been performed in a group of SGCE MC. Our aim was to visualize differences 
in brain activation patterns specifically in a homogeneous group of patients with 
dystonia. In the following paragraphs, we will discuss our findings within the 
context of imaging studies in other dystonia syndromes, although it should be 
noted that myoclonus is the more prominent feature of M-D.

The motor task data in control subjects showed robust main effects, in agreement 
with previous studies in healthy controls.27 The main findings of the motor task 
in SGCE MC in the present fMRI study include hyperresponsiveness in different 
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brain regions known to take part in the integration of voluntary movement. 
These differences cannot be explained by age differences28 as there were no 
significant differences in age between the groups. Hyperresponsiveness in the 
aforementioned brain regions has been previously described in different forms of 
dystonia but not in myoclonus.

First, the hyperresponsiveness of the pre-motor cortex in our study is consistent 
with the resting state findings in a PET study performed in clinically affected 
DYT-1 and DYT-6 MC.11  In dystonia, it has been hypothesized that overactivity 
of the pre-motor areas reflects cortical hyper-excitability of the motor planning 
areas with subsequent overactivity of the primary motor cortex during voluntary 
movements.8 It should be noted, however, that our results show predominantly 
ipsi- and not contralateral pre-motor cortex hyperresponsiveness, suggesting 
‘overflow’ of activity, due to decreased inter-hemispherical inhibition.
The hyperresponsiveness in the primary somatosensory cortex is consistent with 
other fMRI studies regarding writer’s cramp, a form of focal dystonia. In these 
studies, increased sensorimotor response was detected with finger-tapping.16, 17

Second, the hyperresponsiveness of the contralateral inferior parietal cortex 
(BA40 or S-2) is consistent with a PET study in clinically affected DYT-1 and DYT-6 
mutation carriers, in which this area was also found to exhibit hypermetabolism.11 
The BA40 or S-II, also known as the parietal operculum, receives projections from 
the temporal motor areas and is believed to be part of the supplementary sensory 
cortex.29 This supports the hypothesis of defective sensorimotor integration in the 
pathophysiology of (myoclonus)-dystonia.8

Third, the hyperresponsiveness of the ipsilateral cerebellum indicates abnormal 
activation in other parts of the motor circuitry in M-D. This is consistent with 
studies involving other types of inherited forms of dystonia.13,14 The visual cortex 
activation is most likely due to the projection of images instructing the subjects 
when to perform the task. The activation found in the posterior ipsilateral DLPFC 
(BA9), presumably the frontal eye-field, which is part of the pre-motor area and 
encompasses all of BA8 and portions of BA930,31, may represent changes in eye-
hand coordination. The interpretation of the changes found in the insula, however, 
remains speculative. No differences in activation were found in the basal ganglia. 
This might be due to the simplicity of the task since basal ganglia structures are 
known to be activated primarily during complex motor tasks.
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The present fMRI study has several limitations. An important potential limitation 
is the lack of objective measurements of involuntary movement during scanning. 
Mild infrequent myoclonus was noted in patients during the activity blocks, 
therefore, this may have contributed to the observed differences in activation 
patterns between SGCE MC and controls. The proper method to control for 
myoclonus would be EMG co-registration, which was, however, not available in our 
lab when the present study was conducted. In future studies EMG co-registrations 
during fMRI should be performed by directly relating the BOLD signal to the 
involuntary movements and using the EMG signal to monitor task execution. 
Because myoclonus was an important symptom in most patients, as is illustrated 
by their scores on the UMRS, it is possible that our findings could be, at least partly, 
attributed to phenotype, i.e. myoclonus rather than dystonia. However, the linear 
regression analyses yielded no correlation between myoclonus and/or dystonia 
and BOLD signal. Furthermore, the analysis omitting the 4 subjects with only 
slight axial dystonia (inheriting the mutation from their mother) yielded strikingly 
similar results, suggesting that the changes are genotype- rather than phenotype 
specific. The mutation of the four M-D patients who inherited the mutation 
from their mother have the same type of mutation as the other M-D patients 
who inherited the mutation from their father, which excludes the possibility of 
a benign polymorphism. We consider the strength of this study the genotypical 
homogeneity, rather than phenotypical homogeneity. Another possible limitation 
of this study is the high number of psychiatric symptoms in the SGCE MC group 
considered to be part of the M-D phenotype. Functional changes in cortical activity 
have been described in OCD patients, mainly in the basal ganglia and DLPFC.31,32 
The observed hyperresponsiveness in the DLPFC may thus be (partly) attributed 
to the psychiatric co-morbidity and not to the movement disorder itself. Because 
of the small sample size and heterogeneous nature of psychiatric comorbidity, a 
post-hoc analysis of subgroups was considered to be of very limited value and 
therefore not performed.

Although the areas of abnormal activity identified in the present fMRI study are 
consistent with previous findings in other forms of inherited dystonia11,12, data has 
been inconsistent with regard to the direction of these abnormalities. In patients 
with primary torsion dystonia finger-tapping was associated with decreased, rather 
than increased, sensorimotor activity.13,14 Other genotype specific differences 
are suggested by regional metabolism differences during resting condition in a 
PET study between DYT-1 and DYT-6 carriers.11  Sporadic, mainly focal, forms of 
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dystonia also may have their own specific patterns of activation. In writer’s cramp 
patients increased sensorimotor responses were detected using a finger-tapping 
paradigm.16,17 In orofacial dystonia, activation studies employing a whistling task 
found deficient motor and enhanced somatosensory activation20, while a study 
in laryngeal dystonia using a vocal motor task found reduced sensorimotor 
activation.21 Taken together, these findings suggest that brain areas involved 
in dystonia are comparable for all dystonia patients, but that the hyper- and 
hyporesponsiveness patterns are pheno- and genotype specific. On the other hand, 
these inconsistencies may be explained by a number of methodological differences 
across studies, including patient selection criteria, imaging modality (PET vs. fMRI), 
and differences in task paradigms. To resolve this issue, future studies should aim at 
comparing various other pheno- and genotypic homogeneous diagnostic groups 
within a single study, using a comprehensive set of scanner tasks. To detect the 
SGCE genotype-specific contribution to the observed brain activation patterns in 
the present fMRI study, it would be interesting to study non manifesting SGCE MC. 
Finally, the observed changes in BOLD signal in different cortical areas possibly 
are the result of changes in functional connectivity between the basal ganglia and 
different cortical areas. Since the myoclonus in M-D is thought to be of subcortical 
origin and the basal ganglia are involved in the pathophysiology of dystonia, one 
may consider that the hyperresponsiviness of the motor cortex in M-D patients is 
due to decreased inhibition of the striato-pallido-thalamo-cortical circuit. Further 
studies are needed to further elucidate this important issue.
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Abstract

Background: Myoclonus-Dystonia (M-D) is an autosomal dominantly 
inherited movement disorder, clinically characterized by myoclonic jerks 
and dystonic postures or movements. A previous fMRI study showed 
altered cortical activation patterns in clinically affected SGCE mutation 
carriers when compared to control subjects consistent with defective 
sensorimotor integration. Genetically, the disorder is characterized by the 
maternal imprinting mechanism, i.e. patients inheriting the mutation from 
their fathers will develop symptoms. However, several clinically manifest 
M-D cases inheriting the mutation from their mother have been described.
Objective: Cerebral activation patterns of paternally inherited SGCE mutation 
carriers are compared with maternally inherited mutation carriers and a 
control group.
Design, Setting and Patients: Eight paternally inherited SGCE mutation 
carriers, eight asymptomatic or slightly affected (four out of eight) 
symptomatic maternally inherited mutation carriers and 11 control subjects 
were studied in a 3Tesla fMRI scanner using a finger tapping task.
Results: When paternal and maternal gene mutation carriers were 
compared, hyperresponsiveness was seen in the contralateral secondary 
somatosensory cortex. When maternal mutation carriers and control 
subjects were compared, hyperresponsiveness of the ipsilateral cerebellum 
and supplementary motor area were found. Using a non-parametric 
analysis to study only the 4 clinically asymptomatic patients, no significant 
differences were found between groups. Contrast estimates were plotted 
for the known affected sensorimotor brain areas, showing intermediate 
activation in maternally inherited mutation carriers, even when this was 
performed for only the four clinically unaffected mutation carriers.
Conclusions: These results suggest biased gene expression based on parent 
of origin rather than a strictly dichotomous maternal imprinting mechanism, 
consistent with clinical observations.
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Background

Myoclonus-Dystonia is an autosomal dominantly inherited movement disorder 
characterized by myoclonic jerks, dystonic posturing of mainly the limbs and 
psychiatric co-morbidity, i.e. depression, anxiety and/or obsessive compulsive 
disorder.1 It is frequently caused by a mutation in the DYT-11 gene encoding 
epsilon-sarcoglycan (SGCE), a membrane protein which function is yet to be 
elucidated.1  An interesting feature of the inheritance pattern in this disorder is 
maternal imprinting, i.e. only patients inheriting the mutated allele from their father 
develop clinical symptoms, although a few patients with symptoms inheriting the 
disease from their mother have been described.2,3 In a mouse model, the maternal 
SGCE allele is weakly expressed only in the brain but not in other tissues.4 This 
is consistent with a case report of a French patient with the full clinical picture 
of M-D while inheriting the mutation from her mother and only expressing the 
paternal allele in peripheral leucocytes.2

An fMRI study by our group showed hyperresponsiveness of the right 
cerebellum, right premotor cortex and left secondary somatosensory cortex and 
hyporesponsiveness in the left insula in clinically affected DYT-11 carriers during 
a finger tapping task5, supporting the hypothesis of defective sensorimotor 
integration in dystonia.6 Functional changes in neuroimaging studies in other 
types of inherited forms of dystonia, i.e. DYT-1, have been reported in both clinically 
affected and non-affected gene mutation carriers.7-9 The mode of inheritance in 
these other monogenetic forms of dystonia is autosomally dominant with reduced 
penetrance, but without the maternal imprinting phenomenon.

In the present fMRI study, we compared eight clinically affected DYT-11 mutation 
carriers from our previous study who inherited the mutation from their fathers to 
eight DYT-11 mutation carriers, inheriting the gene from their mothers. Of these 
eight mutation carriers, none reported symptoms of myoclonus or dystonia. On 
careful neurological examination however, four of them showed very slight signs 
of dystonia, inconsistent with a strict mono-allelic expression mechanism of the 
disease, but rather suggesting incomplete maternal imprinting or a biased gene 
expression based on a parent of origin effect, also known as preferential expression 
mechanism. Separate analyses were run without these slightly affected patients, 
using only data from the four clinically non-affected mutation carriers. Eleven 
healthy control subjects were also scanned. We focussed on the regions of interest 
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detected in our previous study in clinically affected DYT-11 carriers.
We hypothesized that the maternal imprinting mechanism is not complete and that 
we would detect mild abnormalities in responsiveness in the subjects inheriting 
the mutation from their mothers comparable to the mild clinical phenotype.

Methods

Eight paternally inherited DYT-11 mutation carriers (median age 50, range 22-64, 6 
males), eight maternally inherited DYT-11 mutation carriers (median age 52, range 
35-65, 3 males),  and 11 healthy control subjects (median age 45, range 23-71, 6 
males) underwent an fMRI scanning session in which a finger tapping task was 
performed, using the methodology described previously.5 Data were analyzed 
in SPM2 (Wellcome Department of Cognitive Neurology, http://www.fil.ion.ucl.
ac.uk/spm). For the analyses regarding only the 4 clinically non-affected mutation 
carriers, fMRI data were analyzed using a non-parametric approach (SnPM version 
3b, Wellcome Department of Cognitive Neurology, http://www.fil.ion.ucl.ac.uk/
spm) in MatLab 2006b (The MathWorks, Natick, MA, USA).  In addition, although 
the number of clinically clinically non-affected subjects was too small to perform 
reliable parametric analyses, we explored the BOLD response of this group of 
patients compared to controls and symptomatic M-D patients in regions of interest 
identified in our previous study, i.e. right cerebellum, right premotor cortex and 
contralateral secondary somatosensory cortex and left insula (see Figure). All 
DYT-11 mutation carriers were clinically scored using the Burke-Fahn-Marsden 
dystonia rating scale (BFMDRS)10 and the Unified Myoclonus rating scale (UMRS).11  
Clinical characteristics are summarized in Table 1. Informed consent was obtained 
in all subjects and the study was approved by the local medical ethics committee.

Results

When subjects with the paternally inherited mutations (PIM) were compared to 
subjects with maternally inherited mutations (MIM), hyperresponsiveness was 
seen in the contralateral secondary somatosensory cortex. When MIM subjects 
were compared to control subjects, hyperresponsiveness was found in the 
supplementary motor area and ipsilateral cerebellum (Table 2).
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Table 1 Subject characteristics of DYT-11 mutation carriers
Subject Age (yrs) Gender BFMDRS/

UMRS
Psychiatric
Symptoms

Medication Type of
inheritance

1 22 F 2 / 28 Depr Paroxetin Fa
2 64 M 3 / 8 - - Fa
3 52 M 0 / 4 Anx - Fa
4 40 F 22 / 80 Depr, Anx Citalopram Fa
5 55 M 2 / 4 Anx - Fa
6 48 M 14 / 12 Depr, Anx, OCD Clomipramin Fa
7 55 M 10 / 43 OCD - Fa
8 34 M 2 / 42 - - Fa
9 60 F 6 / 0 - - Mo
10 53 F 8 / 0 Anx Venlafaxin Mo
11 65 M 6 / 0 - - Mo
12 50 F 6 / 0 Depr, Anx Clomipramin Mo
13 35 M 0 / 0 - - Mo
14 48 F 0 / 0 - - Mo
15 62 F 0 / 0 - - Mo
16 51 M 0 / 0 - - Mo

Table legend: M: male, F: female, UMRS: Unified Myoclonus Rating Scale, BFMDRS: Burke-Fahn-
Marsden Dystonia Rating Scale, Fa: Father, Mo: mother, Depr: depression, Anx: anxiety disorder, 
OCD: obsessive compulsive disorder.

Table 2: Motor task: MNI coordinates and Z values for areas with significant differences in activation

Groups compared Activated brain areas Brodmann area MNI Z score
paternal>maternal Secondary somatosensory cortex 40 -36 -57 48 3.83
maternal>control Ipsilateral cerebellum - 36 -51 -48 3.33

Supplementary motor area 6 24   -3  63 3.39
control>maternal - - - -
maternal>paternal - - - -

Table legend: MNI: Montreal Neurological Institute

Non-parametric analysis between clinically non-affected MIM (n=4) and control 
subjects and subsequently between clinically non-affected MIM and PIM subjects 
revealed no significant differences.
Contrast-estimates were plotted in SPM2 for the right cerebellum, right premotor 
cortex, left secondary somatosensory cortex and left insula (Figure). BOLD 
responses of the maternally inherited DYT-11 mutation carriers fell between the 
paternally mutation carriers and control subjects in all four areas (see middle panels 
of Figure). When contrast estimates were plotted for the same areas omitting the 
4 maternally inherited mutation carriers showing slight dystonia, similar results 
were obtained (see right panels of Figure). The paternally inherited mutation 
carriers and control subjects are the same in both middle and right panels.
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Figure: Contrast estimates for the affected brain areas

Figure Legend: Contrast estimates for the known affected brain regions (left panel): ipsilateral 
cerebellum, contralateral secondary somatosensory cortex, ipsilateral  supplementary motor 
area, contralateral insula. Middle panel: contrast estimates for paternally inherited mutation 
carriers, all maternally inherited mutation carriers and control subjects. Right panel: Contrast 
estimates for paternally inherited mutation carriers, clinically asymptomatic maternally inherited 
mutation carriers and control subjects. The paternally inherited mutation carriers and control 
subjects are the same in both the middle and the right panel.
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Comment

In our previous study involving the clinically affected DYT-11 carriers, clear 
differences in activation patterns were found between patients and control 
subjects. In the current study, we found that the maternally inherited mutation 
carriers  showed activation patterns which were intermediate between paternally 
inherited mutation carriers and control subjects. When only clinically non-
affected maternally inherited mutation carriers were compared to the same 
paternally inherited mutation carriers and control subjects the results were 
similar in all four regions of interest. Although these differences failed to reach 
statistical significance in the non-parametric analyses regarding only the clinically 
asymptomatic mutation carriers, probably due to the limited number of patients, 
our results nevertheless suggest mild functional brain abnormalities in clinically 
asymptomatic maternally inherited DYT-11 mutation carriers. These results 
therefore, suggest biased gene expression based on parent of origin, rather 
than a strictly dichotomous maternal imprinting mechanism.  This conclusion is 
compatible with clinical observations, as several patients have been described 
with a mild M-D phenotype, while inheriting the gene from their mother.2 We also 
detected these mild phenotypes in our M-D pedigrees.3  In one study of a clinically 
affected woman inheriting the mutation from her mother, only wild type paternal 
allele was detectable in cDNA in peripheral leucocytes.2 A possible explanation for 
this result as well as ours would be the existence of brain-specific isoforms of SGCE, 
not detectable by standard amplification in peripheral leucocytes. This would be 
consistent with the previously described mouse model, weakly expressing the 
maternal SGCE allele in the brain.4

We realize that the major drawback of this study is the small number of patients 
studied, but as all the regions of interest showed a similar pattern, we consider 
our results reliable. However, larger groups of non-manifesting carriers inheriting 
the gene from their mother should be studied before definite conclusions can be 
drawn.
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Abstract

Purpose: To study striatal dopamine D2 receptor availability in DYT-
11 mutation carriers of the autosomal dominantly inherited disorder 
Myoclonus-Dystonia (M-D).
Methods: Fifteen DYT-11 mutation carriers (11 clinically affected) and 15 
age- and sex-matched controls were studied using [123-I]IBZM SPECT. 
Specific striatal binding ratios were calculated using standard templates for 
striatum and occipital areas.
Results: Multivariate analysis with corrections for ageing 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.
Conclusions: Our findings are consistent with the theory of reduced 
dopamine D2 receptor (D2R) availability in dystonia, although the possibility 
of increased endogenous dopamine, and consequently, competitive D2R 
occupancy cannot be ruled out.
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Introduction

The identification of genes in the hereditary forms of dystonia, like the dystonia-
plus syndrome Myoclonus–Dystonia (M-D), gives the opportunity to study the 
pathophysiology in a well-defined homogeneous group. M-D is an autosomal 
dominantly inherited disorder, clinically characterised by myoclonic jerks and 
dystonic postures or movements of the upper body, often combined with 
psychiatric disorders such as depression or anxiety.1 The disorder usually becomes 
clinically manifest within the first two decades and is often responsive to alcohol. 
M-D is autosomal dominantly inherited and is frequently caused by mutations in the 
epsilon-sarcoglycan gene (SGCE) on chromosome 7q21.2,3 The SGCE gene encodes 
a membrane protein that is detected in several parts of the brain, but of which the 
function is unknown. Penetrance of M-D is dependent on the parental origin of 
the disease allele due to the mechanism of maternal imprinting.4 In many patients 
with the M-D phenotype, the known DYT-11 mutations are lacking, suggesting the 
involvement of other genes and/or environmental factors.5 One new M-D locus has 
been mapped recently to chromosome 18p11 in one family.6 Furthermore, single 
mutations in the dopamine D2 receptor (D2R) and DYT-1 genes have been described 
in combination with SGCE mutations in two M-D families.7 

The pathophysiology of M-D is largely elusive, but dysfunction of the basal ganglia 
is thought to play a major role in the pathophysiology of dystonia.8,9 Neuronal 
models of dystonia propose hyperactivity of the direct putamino-pallidal pathway 
with reduced inhibitory output of the internal segment of the globus pallidus 
(GPi) and subsequent increased thalamic input to the (pre-)motor cortex. Striatal 
dopaminergic dysfunction is implicated in this model.10 A recent M-D mouse 
model using SGCE knockout mice supported the role of dopamine in M-D and 
showed significantly increased levels of dopamine and its metabolites in the 
affected mice.11 Recent in vitro experiments suggested that torsinA, the defective 
product of DYT-1 mutation-afflicted patients, may be involved in processing SGCE 
in the endoplasmatic reticulum.12,13 To our knowledge, no human autopsy studies 
reporting on D2R loss in dystonia are available.

D2R imaging studies in other types of dystonia, including idiopathic cervical 
dystonia and DYT-1 dystonia, showed reduced in vivo striatal binding.14,15 Cervical 
dystonia patients showed a bilateral and significant reduction of striatal D2R 
binding. In a recent study on DYT-1, [11-C]Raclopride PET was used to image 
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D2R, and a decreased striatal D2R binding was described in both affected and 
non-affected DYT-1 carriers.15 Another [11-C]Raclopride PET study in dopa-
responsive dystonia patients (DYT-5) showed increased D2R availability, possibly 
due to reduced competition by endogenous dopamine and/or a compensatory 
upregulation as a response to dopamine deficiency.16 A D2R imaging study in 
nocturnal myoclonus suggested lower receptor availability.17 A D2R imaging study 
in M-D will improve our understanding of dystonia and particularly of M-D.

To the best of our knowledge, no D2R imaging studies in DYT-11 gene mutation 
carriers are available. We, therefore, examined in vivo striatal D2R availability with 
[123-I]IBZM single-photon emission computed tomography (SPECT) using the 
bolus/constant infusion technique18  in clinically affected (CA) and non-affected 
(CNA) DYT-11 mutation carriers and their age- and sex-matched controls.

Materials and methods

Patients and control subjects

Fifteen DYT-11 mutation carriers, including 11 clinically affected DYT-11 carriers 
(mean age 50 years, range 30–67 years), four clinically non-affected DYT-11 carriers 
(mean age 39 years, range 20–52 years), and 15 age- and sex matched healthy 
volunteers (mean age 42 years, range 26–55 years) were studied. Gene mutation 
carriers were recruited from four different pedigrees, ten of these carriers came 
from one pedigree. Patients were defined as clinically affected when signs of 
dystonia or myoclonus were detected on neurological examination (Table 1). 

The healthy volunteers were historical controls from other studies using an 
identical scanning protocol. None of these control subjects had a history of 
neuroleptic or other dopaminergic treatment. None of the volunteers had either 
a history or a family history of myoclonus or dystonia. Smoking was reported by 
two clinically affected (CA), two clinically non-affected (CNA) and eight control 
subjects. Psychiatric diagnoses (depression, anxiety and/or OCD symptoms) 
according to the DSM-IV criteria were made by a psychiatrist in four CA and none 
of the CNA subjects. Two of the CA subjects fulfilled the criteria for depression, one 
for anxiety disorder, and one for depression, anxiety disorder as well as OCD (Table 
1). CA subjects were clinically scored using the Burke–Fahn–Marsden Dystonia 
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Rating Scale (BFMDRS)19 and the Unified Myoclonus Rating Scale (UMRS).20 The 
control group comprised of neurologically and psychiatrically normal subjects. 
Informed consent was obtained in all subjects and the study was approved by the 
local medical ethics committee. Smokers were instructed not to smoke during the 
study, as well as in the 6 hours preceding the study.

Table 1: subject characteristics: 

Subject Age (yrs) Gender BFMDRS/UMRS Psychiatric
symptoms

Type of
inheritance

1   CA 29 M 18 / 46 Depr Father
2   CA 34 M   2 / 4 - Father
3   CA 52 M   0 / 4 Anx Father
4   CA 45 F 16 / 10 - Father
5   CA 48 M 20 / 100 Depr Father
6   CA 48 M 14 / 12 Depr, Anx, OCD Father
7   CA 44 F 30 / 23 - Father
8   CA 48 M 20 / 15 - Father
9   CA 60 F   6 / 0 - Mother
10 CA 65 F   6 / 0 - Mother
11 CA 50 M   6 / 0 - Mother
12 CNA 18 F   0 / 0 - Mother
13 CNA 62 M   0 / 0 - Mother
14 CNA 35 M   0 / 0 - Mother
15 CNA 44 M   0 / 0 - Mother

Table legend: CA: clinically affected, CNA: clinically non-affected carriers, M: male, F: female, 
BFMDRS: Burke–Fahn–Marsden Dystonia Rating Scale, UMRS: Unified Myoclonus Rating Scale, 
Depr: depression, Anx: anxiety, OCD: obsessive compulsive disorder, Fa: father, Mo: mother

Data acquisition

The selective D2R tracer [123-I]IBZM ([123-I]Iodobenzamide; specific activity 
>200 MBq/nmol) was synthesised by Amersham Healthcare as described earlier.21 
Subjects received a potassium iodide solution to block thyroid uptake of free 
radioactive iodide. SPECT studies were performed using a 12-detector single-slice 
brain-dedicated scanner (Neurofocus 810, which is an upgrade of the Strichmann 
Medical Equipment) with a full-width at half maximum resolution of approximately 
6.5 mm, throughout the 20-cm field-of-view (http://www.neurophysics.com). After 
positioning of the subjects with the head parallel to the orbitomeatal line, axial 
slices parallel and upward from the orbitomeatal line to the vertex were acquired 
in 5-mm steps (3 min scanning time per slice, acquired in a 64×64 matrix). The 
energy window was set at 135–190 keV. In all participants, approximately 100 MBq 
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of [123-I]IBZM was given intravenously as bolus, followed by continuous infusion 
of 25 MBq/h to achieve unchanging regional brain activity levels.18,22 Acquisition of 
the images was started 2 hours after the bolus injection.23

Data processing

Attenuation correction of all images was performed as described earlier.24 Images 
were reconstructed in 3-D mode (http://www.neurophysics.com). These 3-D 
reconstructed images were then randomly numbered and analysed blindly by one 
observer (RJB). For quantification, a region-of-interest (ROI) analysis was performed. 
The analysis procedure was repeated after approximately 4 weeks to assess intra-
observer variability. For analysis of striatal [123-I]IBZM binding, the ratio of specific 
striatal to occipital binding (representing non-specific binding) was calculated by 
averaging four consecutive transverse slices, representing the most intense striatal 
binding. Standard templates with fixed ROIs (striatal and occipital volume 2.6 and 
3.1 mL per ROI, respectively; so, e.g. total striatal volume assessed 8×2.6=20.8 mL) 
were manually placed on the striatum and occipital cortex (Figure 1), and then the 
ratio of striatal to occipital binding (SOR) was calculated as follows: (total striatal 
binding−occipital binding)/occipital binding.

Figure 1: Regions of interest

Figure legend: Standardised template with fixed ROIs for the striatum and occipital cortex that was 
used to analyse the [123-I]IBZM binding in the striatum and occipital cortex (non-specific binding)
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Statistical analysis

Variability between the two analyses was calculated according to the formula: 
Δ(SOR2−SOR1)/mean (SOR1,SOR2). In addition, the intra-class correlation was 
calculated. Symmetry of the left and right SORs was calculated using a Wilcoxon 
signed ranks test. A Mann–Whitney analysis was used to assess the differences 
in age between groups. Mann–Whitney analyses were performed to assess 
differences between all mutation carriers (CA plus CNA) and control subjects, as 
well as between clinically affected DYT-11 gene mutation carriers (CA) and their 
control subjects. To assess the independent effect of the BFMDRS and UMRS sum 
scores, linear regression was performed in the DYT-11 mutation group. Finally, 
two multivariate linear models were constructed to assess the effect of left and 
right SOR, respectively, corrected for the possible effect of age and smoking. Even 
though there were no significant differences between groups regarding these 
variables, this was performed to increase accuracy. Differences were considered 
significant at p<0.05. All analyses were carried out using SPSS version 12.

Results

Clinical characteristics

The clinical characteristics of CA and CNA are summarised in Table 1. Eight CA 
inherited the mutation from their father. Three CA and all CNA inherited the 
mutated gene from their mother.

[123-I]IBZM SPECT

Variability between the two analyses of the 3-D reconstructed images was 
7.3% with an 86% intra-class correlation. Results of the second analysis are 
presented here. No significant difference in age was found between groups 
(p=0.2). No asymmetry between left SORs and right SORs was detected in any 
group (p>0.05); median values and quartiles are given in Table 2. When the CA 
group was compared to the whole control group, differences for both SORs were 
found (left: p=0.036, right: 0.041, mean=0.032). In the full factorial multivariate 
analysis, after correcting for age and smoking, a difference was found for both 
left (p=0.005), and the right SOR (p=0.014). In this analysis, age was a significant 
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covariate (p=0.001), as well as smoking (p=0.001). The adjusted R2 of the whole 
model was 0.648.

Table 2 Median values of specific striatal to occipital binding ratios for all groups with 25th and 
75th quartiles between brackets

Subjects SOR left SOR right SOR mean
CA 0.93 (0.89-1.04) p=0.005 0.92 (0.86-0.97) p=0.014 0.90 (0.87-1.00) p=0.004
DYT-11 + 0.95 (0.90-1.06) p=0.003 0.92 (0.86-1.05) p=0.018 0.90 (0.87-1.05) p=0.003
CO 1.03 (0.96-1.28) 1.05 (0.94-1.19) 1.02 (0.95-1.23)

Table legend: p values represent comparisons to control subjects after correction for age and 
smoking. SOR: specific striatal to occipital binding ratio, CA: clinically affected, DYT-11 +: SGCE 
mutation carriers, CO: control

Comparing the data of all DYT-11 mutation carriers (both CA and CNA) to control 
subjects, a difference for the left SOR (p=0.05), but not for the right SOR (p=0.06), 
was found between the DYT-11 carriers and controls. After correcting for age and 
smoking, the difference for both SORs (left: p=0.003, right: p=0.018) was significant. 
In the linear regression analysis in the DYT-11 mutation group, the clinical BFMDRS 
and UMRS scores did not correlate with the SOR (p=0.716).

Discussion

In Myoclonus–Dystonia patients, a bilateral lower D2R binding in DYT-11 gene 
mutation carriers was detected compared to control subjects. This effect was 
most robust in the clinically affected subjects compared to control subjects. Also, 
smoking and ageing were found to have an independent effect on striatal D2R 
binding. The intra-observer variability and intra-class correlation are consistent with 
earlier publications on SPECT techniques25  and suggest good reproducibility of the 
present results. Continuous infusion of the radioligand IBZM is an advantage of this 
study, thereby eliminating the possibility that the presently observed lower striatal 
binding ratios are due to differences, e.g. in cerebral blood flow between groups.18

Reduced D2R binding is consistent with the theory of reduced D2R availability 
in dystonia.10 An increased dopamine level may induce a downregulation of 
the D2R and may also induce an increased occupancy of D2R by endogenous 
dopamine.22 Both phenomena may lead to the presently observed lower D2R 
binding. Our observation of reduced D2R binding in the clinically affected 
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mutation carrier group and also in the whole DYT-11 gene mutation carrier group 
may suggest similar, less extensive, abnormalities in the non-clinically affected 
group, although the number of non-clinically affected subjects is too small to 
draw firm conclusions. This would be consistent with a [11-C]Raclopride PET 
study investigating DYT-1 CNA.15 It is noteworthy, however, that the maternal 
imprinting mechanism as described in DYT-11 is not responsible for reduced 
penetrance in DYT-1 mutation carriers. Maternal imprinting implies to induce only 
abnormalities in mutation carriers inheriting the mutated allele from their father, as 
only wild-type paternal allele was detectable in cDNA in peripheral leucocytes.26,27 
Larger groups of non clinically affected DYT-11 mutation carriers should be tested 
to investigate this matter. Clinically, the maternal imprinting is not complete. Three 
out of 11 CA, inheriting the gene from their mother, did show mild axial dystonia. 
This phenomenon has also been described in other M-D families.1,27-29 It remains 
unclear whether this D2R binding reduction is related to the dystonia, or also to the 
myoclonus, or possibly even the psychiatric symptoms. 

Regarding the psychiatric symptoms, three subjects of the CA group were 
diagnosed with recurrent episodes of depression, two were diagnosed with anxiety 
disorder and one was diagnosed with OCD. A D2R study using [123-I]IBZM SPECT 
found no differences between depressed patients and controls30, whilst another 
found increased D2R availability using [11-C]Raclopride PET.31 Therefore, it seems 
unlikely that the results of the present study may be attributed to depression. 
Limited information is available on anxiety patients, only one study using [123-
I]IBZM SPECT suggested lower D2R availability in social phobia.32 Due to the 
small number of OCD and anxiety patients in the current study, major effects are 
unlikely. In our study, smoking turned out to be a significant covariate. Conflicting 
evidence exists on the effect of smoking on D2R expression and availability in 
smoking subjects. Although not found in a number of earlier studies33-35, the effect 
of smoking on D2R availability has been described in another, very recent study.36

Ageing effects on D2R in SPECT studies are well-described37 and we could 
replicate this finding. The algorithm correcting for ageing effects we used in this 
study is based on a linear relation between D2R availability and age. Although this 
relation cannot be stated to be linear with certainty, groups were age-matched 
and analyses were done with and without this correction, both yielding significant 
results. Left–right asymmetry of striatal dopamine D2 receptors has been described 
in the literature38, but was not detected in the present study.
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A possible limitation of the current study is the fact that the spatial resolution 
of clinical SPECT studies is lower than that of PET. This prevents the possibility 
of adequately analyzing putamen and caudate nucleus binding separately. 
However, separate analysis of binding in M–D patients will probably not provide 
much additional information. In an [11-C]Raclopride PET study in DYT-1 patients 
(compared to controls), differences in binding in the whole striatum were similar to 
differences in binding in the caudate nucleus and putamen separately.15 Another 
limitation might be that a large number of participants in the DYT-11-positive 
group are related to each other. Although it cannot be stated with certainty that 
these subjects do not carry an additional mutation of the D2R, this seems highly 
unlikely. Since none of the healthy volunteers had a history or a family history 
of myoclonus or dystonia, was aged above 26 and as M–D is an extremely rare 
affliction, it is very unlikely that a DYT-11 mutation carrier was recruited into the 
control population.39 However, since we have not determined the lack of this 
mutation in our control group, we cannot rule out with absolute certainty that all 
controls did not carry this mutation.

In conclusion, the present study provides evidence for the presence of D2R binding 
abnormalities in DYT-11 mutation carriers. Although further research is warranted,
these findings may provide further insight in the pathophysiology of inherited 
forms of dystonia.
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Abstract

Purpose: To assess clinical efficacy of deep brain stimulation of the pallidum 
in Myoclonus-Dystonia patients, and to compare pre- and postoperative 
striatal dopamine D2 receptor availability.
Methods: Clinical parameters were scored using validated rating scales 
for myoclonus and dystonia. Dopamine D2 receptor binding of three 
patients was studied before surgery and approximately two years post-
operatively using [123-I]Iodobenzamide Single Photon Emission Computed 
Tomography. Two patients who did not undergo surgery served as controls.
Results: Clinically, the 3 Myoclonus-Dystonia patients improved 83%, 17% 
and 100%, respectively on the myoclonus rating scale and 78%, 23% and 
65% on the dystonia rating scale after deep brain stimulation. Dopamine D2 

receptor binding did not change after surgery. In the two control subjects, 
binding has lowered further.
Conclusions: These findings confirm that deep brain stimulation of the 
pallidum has beneficial effects on motor symptoms in Myoclonus-Dystonia 
and suggest this procedure might stabilize dopamine D2 receptor binding.
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Introduction

Myoclonus-Dystonia (M-D) is a movement disorder clinically characterized by 
myoclonic jerks and dystonic postures or movements of the upper body, often 
combined with psychiatric symptoms such as depressed mood or anxiety.1 M-D 
is autosomal dominantly inherited and is frequently caused by mutations in the 
epsilon-sarcoglycan gene (SGCE) on chromosome 7q21 (DYT-11).2,3

Deep brain stimulation (DBS) of the globus pallidus internus (GPi) is currently 
the most promising technique for treatment of patients with severe medically 
refractory dystonia. Three randomized controlled trials investigated this procedure 
in primary generalized dystonia and found significant clinical improvement on the 
Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) after 6 and 12 months4-6, 
sustained after a three year follow up period.7 More specifically on M-D, a recent 
study of GPi-DBS in 5 M-D patients found striking beneficial effects on dystonia 
and particularly on myoclonus8 as did another study, comparing GPi-DBS and 
thalamic nucleus ventralis intermedius (VIM)-DBS in 10 M-D patients with either 
target.9 Additional case reports describe good response of motor symptoms after 
VIM-DBS or GPi-DBS in M-D patients.10-13 To summarize, GPi-DBS has been reported 
in only 19 M-D patients so far and positive results were reported, although no class 
I or II trial has been reported.

Neuronal models of dystonia have postulated 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.14 Previously, our 
group showed statistically significantly lower striatal dopamine D2 receptor (D2R) 
binding in M-D patients, possibly due to decreased D2R availability or increased 
levels of endogenous dopamine and consequently competitive D2R occupancy15, 
consistent with a mouse model showing increased striatal dopamine and 
metabolites in SGCE knockout mice.16

In Parkinson’s disease several studies regarding the effect of DBS on D2R have 
been published.17-19 Acute stimulation (stimulator on versus off) of the subthalamic 
nucleus (STN) did not induce sufficient endogenous dopamine to influence D2R 
binding significantly.16-18 Hesse and co-workers showed a statistically significant 
increase of IBZM binding to D2R after STN-DBS (pre- versus post-surgery; stimulator 
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on).17 However, the opposite was found after GPi-DBS.20 To our knowledge, studies 
comparing D2R availability before and after DBS have never been performed in 
any type of dystonia. The first aim of this study is to report the clinical effects of 
GPi-DBS on M-D patients who had surgery in our centre. Moreover, as our previous 
study showed decreased striatal receptor binding in M-D patients6, our second 
aim was to examine whether D2R may increase (reflecting normalization) after 
GPi-DBS.

Methods

Patients:

Three male M-D patients (ages 29, 48 and 48 yrs) at the time of the first Single 
Photon Emission Computed Tomography (SPECT) scan, in whom the DYT-11 
mutation was genetically confirmed (1 basepair insertion: 885Tins, 304 C>T and 
619-620 delAG, respectively), were studied using [123-I]IBZM SPECT before and 
approximately two years after bilateral simultaneous GPi DBS implant. Surgery was 
performed under local anesthesia, with the use of intraoperative microelectrode 
recordings and test stimulation. Post-operative CT-scans were co-registered with 
the frame-based pre-operative MRI to confirm positioning of the electrodes in the 
GPi. The pre-operative [123-I]IBZM SPECT scans of these three patients and of 12 
other mutation-positive M-D patients were reported previously.15 From this same 
study population, two genetically confirmed M-D patients who had not received 
DBS agreed to be re-scanned after approximately three and a half years to serve as 
controls (both mutation 619-620 delAG, related to subject 3). None of the patients 
had a history of neuroleptic drug usage or any other dopamine receptor blocking 
agent. Dystonia and myoclonus were assessed at the time of the first and second 
scan using the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS)21 and the 
Unified Myoclonus Rating Scale.22 Subject 2 was the only one who had received 
Botulinum toxin injection in cervical muscles approximately 9 weeks prior to 
the first scan; for this reason, in this subject the myoclonus and dystonia scores 
of his pre-operative assessment were used approximately 3 months after his last 
botulinum toxin injection. Patient characteristics and time-frames of scanning are 
summarized in Table 1. All subjects gave written informed consent and the study 
was approved by the local medical ethics committee.
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Data acquisition:

IBZM-SPECT methods, for data acquisition and processing were identical for all 
scans.15 Shortly, subjects received a potassium iodide solution to block thyroid 
uptake of free radioactive iodide. Approximately 100 MBq of [123-I]IBZM was 
given intravenously as bolus, followed by continuous infusion of 25 MBq/h to 
achieve unchanging regional brain activity levels.23, 24 Acquisition of the images 
was started 2 hours after the bolus injection.22

SPECT studies were performed using a 12-detector single slice brain-dedicated 
scanner (Neurofocus 810, which is an upgrade of the Strichmann Medical 
Equipment).

Data processing:

Attenuation correction of all images was performed.25 Images were reconstructed 
in 3D mode (http://www.neurophysics.com). These 3D reconstructed images were 
then randomly numbered by an independent physician and analyzed blindly 
by one observer (RJB). For quantification, a region-of-interest (ROI) analysis 
was performed. For analysis of striatal [123-I]IBZM binding, the ratio of specific 
striatal to occipital binding (representing non-specific binding) was calculated by 
averaging four transverse slices, representing the most intense striatal binding. 
Standard templates with fixed ROIs were manually placed on the striatum and 
occipital cortex, and then the ratio of striatal to occipital binding (SOR) was 
calculated as follows: (total striatal binding – occipital binding)/occipital binding. 
The analyses of the 3D reconstructed images was performed again the following 
week, variability and the intraclass correlation coefficient were then calculated to 
assess intra-observer reliability.

Data analysis:

Symmetry of the left and right SORs was calculated using a Wilcoxon signed ranks 
test in all patients, this analysis was performed using SPSS version 17. Because 
the number of patients is too small to perform meaningful statistics between 
groups, none were calculated. Instead, all data is presented in Tables 1 and 2. All 
videos used to assess the UMRS and BFMDRS were scored by a movement disorder 
specialist (JDS),
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Results

Clinical characteristics

Patient characteristics are summarized in Table 1. The patients who underwent 
DBS all reported significant improvement of their symptoms at the time of the 
second [123-I]IBZM SPECT scan. When formally scored on video, GPi-DBS patients 
had improved 78%, 23% and 65%, respectively on the BFMDRS and 83%, 17% 
and 100% on the UMRS. One patient not having undergone DBS improved on the 
BFMDRS (77%) and on the UMRS (17%), the other patient showed no change on 
the clinical rating scales.

Table 1: subject characteristics

N M/
F

Age BFMDRS/
UMRS
At first scan 
(before 
GPi-DBS)

BFMDRS/
UMRS
At second 
scan (after 
GPi-DBS)

% change Stimulation set-
tings
L/R

Time 
after
GPi DBS

Time 
between 
scans

1 M 29 18/46 4/8 -78/-83 3,5V120us/130 Hz
2.8V 90us/130 Hz

27mo 30 mo

2 M 48 26/70 * 20/58 -23/-17 3,2V 60us/130Hz
3,0V 60us/130Hz

12mo 28 mo

3 M 48 20/100 7/0 -65/-100 3,0V 60us/130Hz 19mo 29 mo
BFMDRS/
UMRS
at first scan

BFMDRS/
UMRS at sec-
ond scan

-

4 M 53 4/4 4/4 0/0 - No DBS 43 mo
5 M 51 26/12 6/10 -77/-17 - No DBS 46 mo
Table legend: Clinical characteristics: N: subject, M: male, BFMDRS: Burke Fahn Marsden Dystonia 
Rating Scale, UMRS: Unified Myoclonus Rating Scale, GPi-DBS: globus pallidus internus deep 
brain stimulation, Age: age at time of first [123-I]IBZM SPECT scan. * scoring performed before 
DBS, 15 months after first scan.

[123-I]IBZM SPECT

Variability between the two analyses performed with a one week interval was 3.7%, 
with an intra-class correlation coefficient of 93.5%. Results of second analysis are 
presented in Table 2. No asymmetry between left and right SORs was found, either at 
the first or at the second scan (first scan p=0.50; second scan p=0.69  respectively). No 
consistent differences between the measurement before and after DBS are discernable 
(SOR mean: one unchanged, one higher, one lower). Of both subjects who did not 
have DBS, the mean SOR was lower after surgery compared to before surgery.
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Table 2: SORs before and after GPi-DBS.

Subject Before GPi-DBS After GPi-DBS
SOR Left SOR Right SOR Mean SOR Left SOR Right SOR Mean

1 0.90 0.85 0.87 0.83 0.89 0.86
2 1.06 0.90 0.98 1.21 1.07 1.14
3 1.04 1.06 1.05 0.86 0.93 0.89
No DBS, first scan No DBS, second scan
4 1.14 1.14 1.14 0.93 0.82 0.87
5 1.05 0.94 1.00 0.66 0.73 0.69

Table legend: GPi-DBS: globus pallidus internus deep brain stimulation, SOR: striatal to occipital ratio.

Discussion

GPi-DBS improved greatly myoclonus and, to a lesser extent dystonia, consistent 
with earlier studies.8,9 In our previous study, we found decreased D2R in 15 M-D 
patients, possibly reflecting an increase in endogenous striatal dopamine.15 In this 
study, no large effect of GPi-DBS on D2R binding potential in M-D patients was 
observed despite obvious clinical benefit on myoclonus and dystonia rating scales. 
This lack of change is consistent with studies regarding STN-DBS in Parkinson’s 
disease, but not consistent with the GPi-DBS study describing normalization 
(decrease) of D2R binding potential in Parkinson’s disease. A drawback of this 
study is the small number of patients. Interestingly, in both M-D patients who did 
not had surgery, a clear decrease of D2R binding was observed. The changes on 
the clinical rating scales in patient 5 might be attributed to symptom variability 
over time or variable effect of medication. Progression of M-D could be associated 
with a further decline of D2R, which may be mitigated by DBS of the GPi. Although 
in our previous study we did not find an association between disease severity 
and D2R across patients, this might be true for the individual patient. The decline 
of SORs in non-operated patients is faster than the 5% per decade previously 
reported in the literature in normal subjects24; for this reason it is unlikely that the 
slightly longer time interval between the first and second scan in this group is the 
cause of the lowered D2R binding. Future imaging studies on the effects of disease 
progression and the effects of DBS in M-D are needed to test this hypothesis.

In conclusion, this study confirms the clinical efficacy of GPi-DBS in M-D, that is 
not paralleled by any discernable changes on the dopaminergic pathways as 
measured with [123-I]IBZM SPECT. In non-operated M-D patients D2R binding 
seems to have lowered even further, possibly reflecting a stabilizing effect of GPi-
DBS on the dopaminergic pathways.
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Abstract

Background: Myoclonus-Dystonia (M-D) is an autosomal dominantly 
inherited movement disorder characterized by myoclonic jerks and dystonic 
postures or movements. Morphometric studies have been performed 
in other, mainly heterogenous, types of dystonia producing conflicting 
results. However, all these studies agree on abnormalities in sensorimotor 
structures, mainly in the basal ganglia. We aimed to study gray matter 
volumes in sensorimotor brain structures with magnetic resonance imaging 
(MRI) in a genetically homogeneous form of dystonia; Myoclonus-Dystonia.
Methods: Twenty-five clinically affected DYT-11 mutation carriers (MC), 
and 25 matched control subjects were studied using T1-weighted 3D 
anatomical images of the entire brain, obtained with a 3.0 Tesla MRI. MC 
were clinically scored using the Burke-Fahn-Marsden Dystonia Rating Scale 
(BFMDRS) and the Unified Myoclonus Rating Scale (UMRS). Gray matter 
volumes in sensorimotor cortices and basal ganglia of patients and controls 
were compared and multiple regression analyses were used to correlate the 
gray matter volumes of patients with the clinical rating scales BFMDRS and 
UMRS.
Results: No significant differences were found between groups, but dystonia 
severity in mutation carriers was strongly correlated with increased gray 
matter volume in bilateral putamina.
Conclusions: This study provides further evidence for the involvement 
of putamina as important motor structures in the pathophysiology of 
(Myoclonus-) Dystonia. Changes in these structures are associated with the 
severity of dystonia.
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Introduction

Myoclonus-Dystonia is a rare movement disorder, clinically characterized by the 
presence of myoclonic jerks and dystonic postures or movements.1 Inheritance is 
autosomal dominant, frequently caused by mutations in the epsilon-sarcoglycan 
gene (SGCE) on chromosome 7q21 (DYT-11), the function of which is incompletely
understood.2,3 Penetrance of M-D is highly dependent on the parental origin of 
the gene, most likely caused by the mechanism of maternal imprinting.4 Patients 
inheriting the gene from their father have the M-D phenotype in more than 90% 
of cases. Only a few cases inheriting the gene from their mother with the M-D 
phenotype have been described.5  The pathophysiology of M-D is largely elusive, 
it is considered a dystonia-plus syndrome with the basal ganglia being thought 
to play a major role in dystonia.6,7 Neuronal models of dystonia have postulated 
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.7 A relatively new idea is that this altered function could lead to 
(micro)anatomic changes through cortical plasticity.8 Morphometric brain imaging 
studies investigating these structural changes have been published regarding 
various types of dystonia, i.e. primary generalized dystonia, cervical dystonia, focal 
hand dystonia and blepharospasm, or a combination of these types, producing 
conflicting results.9-15 All these studies agree on abnormalities in sensorimotor 
structures, mainly in the basal ganglia.

Based on current neuronal models and these previous studies in different types of 
dystonia, we hypothesized that gray matter volume in motor structures, i.e. basal 
ganglia, cerebellum and sensori-motor cortex, are altered in M-D patients when 
compared to control subjects. We also hypothesized that these structural changes 
are associated with clinical parameters for dystonia and myoclonus severity.

Subjects and Methods

Subjects

25 DYT-11mutation positive manifesting carriers (MC) (13 women, median age  
50 years old, range 22-75) and 25 age- and gender matched healthy control subjects  
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(13 women, median age 50 years old, range 18-78) were studied. Twenty-one MC 
inherited the mutation from their father, 4 inherited the mutation from their mother. 
These 4 patients only showed mild dystonia without myoclonus. All subjects were 
right handed. The severity of myoclonus and dystonia in patients were assessed 
using the Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS)16 and the Unified 
Myoclonus Rating Scale (UMRS).17 Psychiatric history was positive in 17 of the 
MC, diagnosed by a psychiatrist using Diagnostic and Statistical Manual (DSM-IV) 
criteria. None of the control subjects had a psychiatric history. Subject characteristics 
of MC are summarized in Table 1. All MC and control subjects gave written informed 
consent and the study was approved by the local medical ethics committee.

Table 1: Subject characteristics

subject gender age UMRS BFMDRS Type of 
inherit-
ance

Psychiatric
Symptoms

Relevant 
medication

Location 
of  
dystonia

1 F 46 20 16 Fa - - N, H
2 F 25 28 30 Fa Depr Paroxetin N, A, H
3 M 56 4 6 Fa - - N
4 M 50 4 2 Fa Anx - N
5 M 38 4 2 Fa - - H
6 M 58 43 53 Fa Anx Clonazepam N, A, H, L
7 M 50 4 20 Fa Depr, Anx, 

OCD
Clomipramin A, L, T

8 M 51 8 3 Fa Anx - N
9 F 43 80 22 Fa Depr, Anx Citalopram N, A, L
10 F 50 22 1 Fa Depr, Anx - F
11 M 67 8 11 Fa - - N, H
12 F 31 17 4 Fa Depr, Anx - N
13 M 47 1 3 Fa Depr, Anx - N
14 F 63 26 35 Fa Depr Clonazepam N, A, H
15 M 78 36 2 Fa Depr, Anx Clonazepam H
16 M 46 3 7 Fa Depr - N
17 F 44 7 2 Fa Depr, Anx Bromazepam N
18 F 18 80 6 Fa - - N, A
19 M 33 16 4 Fa Depr, Anx, 

OCD
Flupentixol, 
Buspiron

H

20 F 43 21 11 Fa - Clonazepam N, A, T
21 F 50 5 6 Fa Depr Citalopram, 

Clonazepam
N, T

22 F 53 0 8 Mo Anx Venlafaxin H
23 F 53 0 6 Mo Depr, Anx Clomipramin H
24 M 30 0 6 Mo - - H
25 F 67 0 6 Mo - - H

Table legend: M: male, F: female, UMRS: Unified Myoclonus Rating Scale, BFMDRS: Burke-Fahn-
Marsden Dystonia Rating Scale, Fa: Father, Mo: mother. Depr: depression, Anx: anxiety disorder, 
OCD: obsessive compulsive disorder.
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Image acquisition and processing

T1-weighted 3D FFE anatomical images of the entire brain were obtained with a 
3.0 Tesla MRI system (Philips Intera, Best, the Netherlands) using the the following 
pulse sequence parameters: field of view 256x256 mm2; scanning matrix, 
256x256; 170 slices; slice thickness, 1 mm; sagittal slice orientation; TE = 4.6 ms; 
TR = 25 ms; SENSE-factor, 2.5. All images were converted to Analyze format and 
processed with SPM8 (Wellcome Department of Cognitive Neurology, London, 
UK) and the DARTEL toolbox, in MATLAB version 7.3.0 (2006b) (The Mathworks, 
MA, USA). Several methods of volumetry have been used in volumetric studies; 
of these, the fairly recent development of voxel-based morphometry (VBM)18 

using Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra 
(DARTEL)19 allows reliable detection of differences in gray matter through spatial 
normalization and warping onto a template created specifically for the study 
population, instead of warping to standard (MNI) space. First, segmentation into 
white matter (WM) and gray matter (GM) maps was performed using default priors. 
A group-specific GM template was created and all GM maps were subsequently 
warped to this template. Finally, the warped GM images were smoothed using an 
8 mm Gaussian filter. To avoid edge-effects, implicit masking was performed using 
an absolute threshold of 0.05.

Statistical analysis

All statistical analyses were performed on the whole group of 25 DYT-11mutation 
positive manifesting carriers and 25 age- and gender matched healthy control 
subjects. Because of the lack of myoclonus in the four patients who inherited the 
mutation from their mother and the discussion of maternal imprinting we also 
performed the analysis without these 4 patients.
Groups were compared using one-way ANOVA, with age, gender, and total 
WM/GM , as well as presence of depression and anxiety as covariates to remove 
regional differences between groups due to these potential confounders. 
Secondly, multiple regression analyses were performed to assess correlations of 
the clinical parameters myoclonus and dystonia severity (UMRS and BFMDRS) 
and gray matter volumes. In these analyses, age, gender, and total GM- and WM-
volume as well as presence of depression and/ or anxiety were similarly included 
as additional regressors. To rule out myoclonus severity as a potential confound in 
the regression analysis assessing the effect of dystonia on GM volume, myoclonus 
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severity as measured with the UMRS was added as a regressor in the analysis 
regarding dystonia. Also, to rule out dystonia severity as a potential confound in 
the regression analysis assessing the effect of dystonia on GM volume, severity 
of dystonia as measured by the BFMDRS was added as a regressor in the analysis 
regarding myoclonus. We set an initial height threshold of p<0.001 uncorrected, 
with a voxel extent threshold of 20. Based on our a-priori hypothesis regarding 
involvement of motor structures, a further small volume correction (p<0.05 
corrected for multiple comparisons) was performed using a sphere with a radius 
of 10 mm at regions of interest. This method has been used previously in a number 
of VBM studies.12, 20

Results

No significant differences in age (p= 0.626), total volume of gray (p=0.313) or white 
(p=0.808) matter were observed between groups. When patients were compared 
to healthy control subjects, no significant differences in grey matter volume were 
detected between groups in either analysis (with and without MC inheriting 
the mutation from their mothers). In the multiple regression analyses, dystonia 
severity as measured by the BFMDRS was strongly associated with increased gray 
matter volume in the bilateral putamina of all MC after correction for confounding 
variables such as age, gender, and total WM/GM , as well as presence of depression, 
anxiety and severity of myoclonus (Figure 1, Table 2). 
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Figure 1: Regression analysis of all mutation carriers (n=25). Correlation of bilateral putaminal 
gray matter volume with severity of dystonia rating scale.

Figure Legend:  Correlation of dystonia with putaminal gray matter, corrected for the effect of 
myoclonus, projected on the average gray matter template of all participants (height threshold 
p 0.005 for graphical purposes, voxel extent threshold 40).

Table 2: Multiple regression analysis. Montreal Neurological Institute (MNI) coordinates and 
significance values of changes in gray matter density.

Patients N Scale side structure MNI (x, y, z) Z Corrected p

All 25
UMRS - - - - -

BFMDRS left
right

putamen
putamen

-20, 3, 12
26, -15, 7

4.53
4.74

0.001
0.001

Inheriting the  
mutation from 
their father

21
UMRS - - - - -

BFMDRS left
right

putamen
putamen

-21, 5, 12
26, -16, 7

4.25
4.36

0.004
0.002

Table legend: UMRS: Unified Myoclonus Rating Scale, BFMDRS: Burke-Fahn- Marsden Dystonia 
Rating Scale.
Corrected p: Family Wise Error (FWE) corrected at cluster level.

Similar results were found in the 21 MC inheriting the mutation form their fathers, 
with slightly lower Z-values (Table 2, not shown in Figure). A graph of fitted 
responses was plotted for relative gray matter density in the right putamen as 
a function of BFM dystonia rating scale, see Figure 2. The y-axis represents the 
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percentage of relative gray matter density increase (0.01 = 1%) for that particular 
voxel relative to the average gray matter density of all subjects (0 on the y-axis). No 
correlations were found in any other of the sensorimotor structures.

Figure 2: Correlation of dystonia severity with gray matter density in the putamina.

Figure Legend: Fitted responses for gray matter density in both putamina as a function of Burke-
Fahn-Marsden dystonia rating scale (BFMDRS). The y-axis represents the percentage of relative 
gray matter density increase (0.01 = 1%) for that particular voxel relative to the average gray 
matter density of all subjects (0 on the y-axis).

No significant correlations were found between myoclonus severity and gray 
matter volumes.

Discussion

In the present VBM study, we demonstrated a clear relationship between severity 
of dystonia and bilateral putaminal gray matter volume. A strong point of this 
study is the genetically homogeneous study population and the relatively large 
number of participants. A possible limitation to this study is the fact that there was 
only slight dystonia present in a relatively large number of M-D patients, this could 
also be an explanation for why no significant differences were found in the group 
comparisons between patients and healthy control subjects.

Two previous morphometric studies, in writer’s cramp and focal hand dystonia, 
reported conflicting results, i.e., a decrease and an increase in somatosensory and 
motor cortex volume.9,10 Two studies in cervical dystonia reported an increase 

2011-10-Beukers BW.indd   78 18-10-11   11:15



ch
ap

te
r 

6

79

Changes in putaminal gray matter

in gray matter (GM) volume predominantly in the GPi11,12, whereas a third study 
found a GM increase in the caudate nuclei, thalamus and right cerebellum.13 In this 
latter study, a decrease in GM was found in bilateral putamina. Two morphometric 
studies regarding blepharospasm found GM increases in both putamina.14,15 

Morphometric changes in the GPi have been noted in two studies regarding 
generalized-, cervical-  and focal hand dystonia, although these studies reported 
an increase rather than a decrease of gray matter in patients.11,12 Despite these 
conflicting results, the studies agree on abnormalities in sensorimotor structures, 
mainly in the basal ganglia and, to a lesser extent, in the cerebellum and sensory 
and motor cortices.

Two plausible explanations can be put forward for the phenomenon of altered 
gray 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.21 Aberrant plasticity of the sensorimotor circuitry is considered to 
be an integral part of the pathophysiology of dystonia22 and has been clearly 
demonstrated in patients with focal hand dystonia23, although it is as yet unclear 
whether these changes might also be reversible. Either way, these results provide 
additional evidence of motor structure involvement in the pathophysiology of 
dystonia.

In dystonia, the hypothesis of hyperactivity of the putamina is supported in M-D 
by an SGCE knockout mouse model, in which a clinical phenotype of M-D was 
coupled with a marked increase in striatal dopamine levels.24 Furthermore, an 
IBZM-SPECT study in M-D patients by our group showed decreased striatal D2 
receptor availability, possibly reflecting increased endogenous dopamine, again 
consistent with this theory.25  On the other hand, abnormalities of sensory input 
processing in dystonic patients have also been reported, which are reflected 
by the ‘geste antagoniste’.26 Several observations strongly support the idea that 
sensorimotor integration is impaired in (myoclonus)-dystonia.6, 27 Findings of an 
fMRI study in M-D by our group are consistent with this hypothesis, showing 
altered activation patterns in sensori-motor cortices and cerebellum.28 Regarding 
the hypothesis that this altered function may lead to (micro)anatomic changes 
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through cortical plasticity8, altered cortical excitability has been found using TMS 
studies in DYT-1 dystonia29, although, interestingly, this observation could not be 
reproduced in M-D.30

A number of volumetric studies are available in adult psychiatric study populations, 
which is important because the psychiatric co-morbidity in our study population 
may constitute a possible confound in our analyses. However, we corrected 
for this using depression and anxiety as additional regressors in all analyses. 
In a morphometric study in OCD, neither motor cortex nor the basal ganglia 
showed changes in gray matter when compared to control subjects, although 
“contamination/washing” behaviour severity was negatively correlated with right 
caudate GM in a multiple regression analysis.20 A VBM study in acute depression 
showed a decrease in hippocampal gray matter in patients, but no differences 
in motor structures.31 A study performed in panic disorder found differences in 
gray matter volumes in the left insula of patients, left superior temporal gyrus, the 
midbrain, the pons and right anterior cingulate cortex32, but again no changes 
in any of the known motor structures is reported. To summarize, none of these 
VBM studies in psychiatric disorders reported any changes in motor structures, 
rendering it highly unlikely that our results should be attributed to psychiatric 
symptoms in our patients.

Another possible confounder to our results could be medication use of our 
patients, especially neuroleptics. A recent systematic review regarding the effect 
of antipsychotic medication on brain structure included 33 VBM studies and 
reported an association between use of typical neuroleptics and increase of 
basal ganglia gray matter volume.33 This relationship was not found with usage of 
atypical neuroleptics. It remains unclear if there is a causal relationship between 
the found changes and medication usage. Because none of our patients use typical 
neuroleptics, we feel the neuroleptics usage in our patient group (only patient 
19) is unlikely to have influenced our results. Regarding antidepressant usage, 
a VBM study in depressed patients found no differences in patients continuing 
their medication during the 3 year study period vs. those who stopped taking 
medication.34 It therefore seems unlikely that antidepressant usage in our patient 
group influenced our results. No studies were found regarding benzodiazepines 
and brain morphometry, a possible confounding effect of their usage on our 
results can therefore not be excluded.
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Apparently, myoclonus does not contribute to the observed results. Little is known 
about the myoclonus in M-D, other than that its origin appears to be subcortical, 
because of the lack of stimulus sensitivity and the absence of giant potentials in 
somatosensory evoked potential studies.2 Further studies are needed to elucidate 
the structure(s) generating myoclonus in M-D, for instance using event related 
combined EMG-fMRI studies.

In conclusion, this study provides further evidence for the presence of structural 
abnormalities of motor structures in myoclonus and dystonia in general, and 
inherited Myoclonus-Dystonia in particular, in addition to all previously found 
evidence to date, summarized and reviewed by Kinugawa et al in early 2009.35 
Dystonia severity was strongly correlated with abnormal volume of putamina, 
suggesting that M-D is correctly classified as one of the dystonia-plus syndromes. 
Future studies should aim to investigate whether these changes are causally 
related to M-D or secondary, and whether these changes are specific for M-D.
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Abstract

Background: Myoclonus-Dystonia is an autosomal dominantly inherited 
movement disorder clinically characterized by myoclonic jerks and dystonic 
movements of the upper body. Functional imaging and structural gray 
matter imaging studies in M-D suggest defective sensorimotor integration 
and an association between putaminal volume and severity of dystonia, 
possibly due to neuronal plasticity. As we expect changes in the connections 
between the cortical and subcortical regions we performed a combination 
of white matter voxel based morphometry (wVBM) and diffusion tensor 
imaging (DTI) to detect respectively macro- and microstructural white 
matter changes.
Objective: To study white matter volume and integrity changes in a 
genetically defined homogeneous group of M-D patients.
Patients: Sixteen clinically affected DYT-11 mutation carriers and 18 control 
subjects were studied.
Interventions: wVBM and DTI were performed using a 3.0 Tesla MRI scanner.
Results: In DYT-11 mutation carriers, an increase in white matter volume and 
FA and a decreased mean diffusivity was found in the sub-thalamic area 
of the brainstem, including the red nucleus. Furthermore, decreased mean 
diffusivity was found in the subgyral cortical sensorimotor areas.
Conclusions: The white matter changes found in the sub-thalamic area of the 
brainstem, connecting the cerebellum with the thalamus, are compatible 
with the hypothesis that abnormal function in M-D involves a network 
that includes the cerebellum, brainstem and basal ganglia. Whether these 
changes are causative or an effect of M-D requires further study.
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Background

Myoclonus-Dystonia is a movement disorder clinically characterized by myoclonic 
jerks and dystonic postures or movements of the upper body, often combined 
with psychiatric symptoms such as depression or anxiety.1 It usually becomes 
clinically manifest within the first two decades and is often responsive to alcohol. 
M-D is autosomal dominantly inherited and is caused by mutations in the epsilon-
sarcoglycan gene (SGCE) on chromosome 7q21 (DYT-11) in about half of all 
patients.2,3 Penetrance of M-D is highly dependent on the parental origin of the 
disease allele, resulting from maternal imprinting.4  In many patients with the M-D 
phenotype DYT-11 mutations are lacking, suggesting the involvement of other 
genes or environmental factors.5

M-D is considered a dystonia-plus syndrome and the pathophysiology of M-D is 
still not well understood. In dystonia the basal ganglia are hypothesized to play a 
major role6,7 and neuronal models of dystonia have postulated hyperactivity of the 
direct putamino-pallidal pathway with reduced inhibitory output of the internal 
segment of the globus pallidus (GPi). This subsequently leads to increased thalamic 
input to the (pre) motor cortex, and results in excessive motor cortex excitation.6  

On the other hand, the sensory system is also likely to play a role, reflected by 
the “geste antagoniste”.8 One can further assume that myoclonus in M-D is of 
subcortical origin, because of the lack of stimulus-sensitivity and the absence of 
giant somato-sensory evoked potentials.3 A functional MRI study in M-D patients 
during a simple motor task found functional changes in both sensory as motor 
areas, suggesting disorganized sensorimotor integration.9 Structural changes on 
the other hand, have also been reported, possibly due to neuronal plasticity.

Cortical plasticity can be examined by investigating relative volumes of grey 
matter with voxel-based morphometry (VBM), an imaging technique that can 
quantify volumes of brain structures.10 VBM studies have revealed that cortical 
plasticity in the grey matter of the brain appears to play a major role in hyperkinetic 
movement disorders.11,12 In a group of M-D patients a voxel based gray matter 
morphometry study showed putaminal gray matter abnormalities, correlated 
with severity of dystonia.13 In other types of dystonia VBM gray matter studies have 
been published, producing conflicting results but agreeing on abnormalities in 
sensorimotor structures.14-20
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Changes in the brain due to plasticity not only affect grey matter, but can affect 
white matter connecting grey matter areas of the brain as well. Changes in white 
matter due to plasticity can be measured with VBM (wVBM), in which case the 
macrostructural white matter volumes are examined. In addition, white matter can 
be examined with diffusion tensor imaging (DTI). DTI is a technique specifically used 
for investigating microstructural properties of white matter, such as structure and 
integrity. DTI allows for quantification of diffusion of water molecules, expressed 
as mean diffusivity (abbreviated as MeanD to avoid confusion with the affliction 
investigated) for water diffusion magnitude and as fractional anisotropy (FA) for 
the directionality of water diffusion at the axonal level.21  When –due to plasticity- 
more connections are made between grey matter regions, an increased number 
of axons and myelin are generated and would induce an increased white matter 
volume that is detected with wVBM, as well as lower mean diffusion (MeanD) as 
water is more contained. If the increased number of axons would all be in the same 
direction, higher FA is expected22, but axonal growth could also potentially also 
reduce FA if axons are not increased consistently in  the same direction.

Several DTI and wVBM studies investigating structural white matter abnormalities 
in different groups of dystonia patient have been published; all studies report 
abnormal connectivity between basal ganglia, cerebellum and sensorimotor and 
(pre)frontal cortices.23-29 However, in dystonia, there are no studies as of yet that use 
combined DTI and wVBM in the study of white matter changes. We investigated 
white-matter changes in M-D with the combination of the two techniques wVBM 
and DTI. Based on the sub-cortical pathophysiology of M-D, we hypothesized to 
find white matter abnormalities in tracts between sensorimotor and prefrontal 
cerebral cortex, basal ganglia and cerebellum. Based on previous plasticity 
studies30, due to the constant hyperkinetic state of M-D patients we hypothesized 
to find increased white-matter volume, decreased MeanD, and increased fractional 
anisotropy (FA) in the aforementioned white matter tracts.

Methods

Subjects

We recruited 16 genetically confirmed M-D patients (mean age 43.5 years, range 
18-66 years, 8 males) and 18 healthy age and sex matched control subjects (mean 
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age 43.6 years, range 21-71 years, 9 males). The study was approved by the local 
Medical Ethics Committee; all participants were capable of giving written informed 
consent and did so, after receiving full information on the study.
Patients were clinically examined and recorded on video on the day of scanning 
and clinically scored from the video by a blinded observer using the Burke-Fahn-
Marsden Dystonia Rating Scale (BFMDRS)31 and the Unified Myoclonus Rating 
Scale (UMRS).32  The clinical characteristics of the M-D patients are summarized in 
Table 1.

Table 1: patient characteristics
subject gender age UMRS BFMDRS Psychiatric

Symptoms
Relevant medication

1 M 67 8 11 - -
2 F 31 17 4 Depr, Anx -
3 M 47 1 3 Depr, Anx -
4 F 63 26 35 Depr clonazepam
5 M 46 3 7 Depr -
6 F 44 7 2 Depr, Anx bromazepam
7 F 18 80 6 - -
8 M 33 16 4 Depr, Anx, OCD flupentixol, buspiron
9 F 43 21 11 - clonazepam
10 F 50 5 6 Depr citalopram, clonazepam
11 M 66 4 6 - -
12 F 25 28 30 Anx propanolol
13 F 54 4 4 Anx propanolol
14 M 37 1 6 - -
15 M 58 4 6 Anx -
16 M 50 12 26 Anx clonazepam,

phenobarbital
propanolol

Table legend: patient characteristics. UMRS: Unified Myoclonus Rating Scale, BFMDRS: Burke-
Fahn-Marsden Dystonia Rating Scale, Depr: depression, Anx: anxiety, OCD: obsessive compulsive 
disorder.

Mask for the sensorimotor system

In order to constrain our analysis to the sensorimotor system, we created a white-
matter mask for use in normalized space that contained all white-matter tracts 
between the grey matter regions associated with the sensori motor system. In 
order to do so, fiber-tracking was performed in the International Consortium 
for Brain Mapping (ICBM) Tensor atlas.33 To select the grey-matter regions for the 
fiber tracking analysis, the Wake Forest University (WFU) PickAtlas (www.fmri.
wfubmc.edu/cms/software) was used to create predefined regions of interest 
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(ROIs). Cortical regions, basal ganglia, brainstem and cerebellum were bilaterally 
selected. The cortical regions included Brodmann areas 1 through 7, 9, 16, 24 and 
40. The basal ganglia regions included putamen, caudate, globus pallidus, sub-
thalamic nucleus and the thalamus. The brainstem region included the entire 
brainstem and pons. The cerebellar region contained the entire cerebellum. Fibers 
were tracked between these regions and converted into masks. All masks created 
by the fiber tracking were combined into a single white-matter mask for further 
analysis (see Figure 1).

MRI data acquisition

For the voxel based morphometry analyses, T1-weighted 3D anatomical images 
of the entire brain were obtained with a 3.0 Tesla MRI system (Philips Intera, Best, 
the Netherlands) using the following sequence parameters: field of view 256x256 
mm2; scanning matrix 256x256; 170 slices; slice thickness 1 mm; sagittal slice 
orientation; TE/TR = 4.6/25 ms; SENSE-factor 2.5.

DTI data were acquired using multi-slice spin echo single shot echo-planar imaging 
using the following parameters: TE/TR = 94/4834 ms; diffusion sensitivities of b=0 
and b=1000 s/mm2; 32 diffusion gradient directions; 45 continuous (no inter-slice 
gap) slices, slice thickness 3 mm, field of view 229x229 mm2; acquisition matrix 
128×128; acquisition voxel size 1.79×1.79×3 mm.

Data processing

All acquired images were converted to Analyze format and processed with 
SPM8 (Wellcome Department of Cognitive Neurology, London, UK), in MATLAB 
version 7.3.0 (2006b) (The Mathworks, MA, USA). The Diffeomorphic Anatomical 
Registration Through Exponentiated Lie Algebra (DARTEL)34 tools, included in 
SPM8, were used for the inter-subject spatial normalization to an existing DARTEL 
template in MNI space. This template was derived from 550 healthy European 
subjects of average age in the IXI-database (http://www.brain-development.
org). The normalization with DARTEL improves the inter-subject analyses as it is 
more accurate in warping both cortical and subcortical regions than standardized 
normalization included in SPM.35
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VBM: White Matter volume (WM)

T1-weighed images were checked for scanning artifacts, gross anatomical 
abnormalities and rigidly aligned to the pre-existing template. The images 
underwent an initial segmentation process using VBM8 toolbox (http://dbm.
neuro.uni-jena.de/vbm.html) to extract WM probability images. Using DARTEL, 
flow fields were applied to the WM images to warp them to the common MNI 
template, and modulated using the Jacobian determinants to account for local 
volume changes. Covariance across the sample was checked prior to smoothing 
to exclude images with artifacts, and finally the images were smoothed with a 
Gaussian kernel of 8 mm full width at half-maximum (FWHM).

DTI: Fractional Anisotropy (FA) and Mean Diffusivity (MeanD)

The DTI data were processed using in-house software to create FA value maps 
encoding for white matter directionality, and MeanD images encoding for the 
magnitude of diffusion. Image distortions in DTI data induced by eddy currents 

and head motion were corrected for by applying a full affine alignment of each 
diffusion image to the mean no-diffusion-weighted image. The FA images were 
rigidly co-registered to the unwarped WM image of the corresponding subject. 
Subsequently, the FA images were warped into MNI space by applying the 
corresponding DARTEL flow fields. Both transformations were also applied to 
the MeanD images. Covariance across the sample was checked for both FA and 
MeanD, and the images were smoothed with an 8 mm FWHM Gaussian filter.

Voxel-Based Analysis of FA, MeanD and WM-Volume

To test for FA, MeanD and WM volume differences between M-D patients and 
controls, voxel-wise statistics were performed using independent-sample t-tests 
implemented in the general linear model approach of SPM8. The white-matter mask 
was used as a mask to constrain the analysis to areas related to the sensorimotor 
system for all three measures – WM, FA and MeanD. Age and gender were run 
as covariates, peak statistical threshold was set to p<0.001 (after masking) with 
a voxel extent threshold of 20 voxels. Further small volume correction using the 
a priori hypothesis of involvement in the sensorimotor system in the predefined 
white matter mask (pFWE < 0.05, 10 mm3 sphere) was used to correct for multiple 
comparisons.
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Figure 1: regions of interest

Figure Legend: A) Definition of regions of interest (ROI’s) for subsequent fiber-tracking. Cortical 
regions comprised Brodmann areas 1 through 7, 9, 16, 24 and 40. The basal ganglia comprised 
the Putamen, Caudate, Globus Pallidus, Sub-thalamic Nucleus and Thalamus. B) Fibers were 
tracked between the connected brain regions and converted into ROI image was written for 
each connection. C) The combined tracking between cortex and basal ganglia and between 
basal ganglia and brainstem is shown in blue. The total WM mask (both yellow and blue 
combined) was composed of all individual ROI images.

Results

The ROIs orientations to create a white-matter mask are depicted in Figure 1 (a). 
Figure 1 (b) and (c) illustrate the creation of the WM-mask using tractography in 
the tensor atlas. To illustrate the inter-subject normalization, the average WM-, 
MeanD and FA-volumes after registration, as well as the WM mask, are depicted 
in Figure 2. 
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Figure 2: inter-subject normalization

Figure Legend: Average warped FA, MeanD and WM images, for the entire sample of 34 subjects, 
as well as the WM mask. The WM mask used for the statistical voxel-based analysis consisted of 
white-matter between motor areas. For FA and WM, the image intensities correspond to values 
between 0 (black) and 0.9 (white). For MeanD, image intensity is between 0 (black) and 0.0002 
(white).

Voxel based group comparisons of M-D patients with healthy control subjects (see 
Figure 3 and Table 2) showed an increase in white matter volume bilaterally in 
the sub-thalamic area of the brainstem, which includes the red nucleus (R: x=2, y=-
21, z=-8, Z score 3.24, cluster size 35, L: x=-4, y=-21, z=-8, Z score 3.13, cluster size 
52).  The DTI analyses showed increased FA in the right sub-thalamic area of the 
brainstem (x= 3, y=-22, z=-8, Z score 3.50, cluster size 20) and thalamocortical tract 
(x=15, y=-55, z=48, Z score 3.32, cluster size 27).  Decreased MeanD was found near 
the right thalamus (x=18, y=-24 z=-2, Z score 5.01, cluster size 1289), in the bilateral 
sub-thalamic area of the brainstem (x=-12, y=-24, z=-14, Z score 4.21, cluster size 
560 as well as near cortical sensorimotor areas (see Table 2 and Figure 3).
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Figure 3: areas of abnormalities

Figure Legend: Areas of abnormalities found in common brainstem/lower thalamic area. Left 
panel: increase of white matter volume, middle panel: increased fractional anisotropy, right 
panel: decrease of mean diffusivity.

Table 2: regions of abnormalities.
Analysis Comparison Region MNI coordinates Z score Corrected p
VBM M-D > CO Brainstem R

Brainstem L
2 -21 -8
-4 -21 -8

3.24
3.13

0.018
0.024

CO > M-D - - - -
FA M-D > CO Brainstem R (red nucleus)

thalamocortical
3 -22 -8
15 -55 48

3.50
3.32

0.020
0.034

CO > M-D - - - -
MeanD M-D > CO - - - -
MeanD CO > M-D Thalamus R

Brainstem L
DLPFC R
DLPFC L
Insula R
Insula L
Corpus callosum R
Corpus callosum L
Premotor R
Primary motor L
Putamen R

18 -24 -2
-12 -24 -14
18 24 45
-32 35 25
36 18 4
-39 9 3
24 -55 21
-22 -57 21
22 -7 54
-15 -43 52
38 3 -5

5.01
4.21
4.46
4.16
4.04
3.52
3.53
3.48
3.84
3.43
3.44

0.000
0.001
0.000
0.001
0.002
0.011
0.001
0.012
0.004
0.014
0.013

Table legend: M-D: Myoclonus-Dystonia patients, CO: control subjects, MNI: Montréal 
Neurological Institute, DLPFC: dorsolateral prefrontal cortex. Corrected p = Family Wise Error 
corrected at p 0.005 with a sphere of 10mm.

Discussion

In the present study combining wVBM and DTI, we clearly demonstrate 
abnormalities in white matter tracts in M-D patients. The genetically homogeneous 
study population and the relatively large number of participants add to the 
reliability of this study. Differences were mainly localized in the sub-thalamic region 
of the brainstem, a region that contains connections between the cerebellum and 
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the basal ganglia. We also showed decreased mean diffusivity in the white matter 
close to cortical sensorimotor areas.

We detected abnormalities in the sub-thalamic area of the brainstem. In M-D the 
most prominent and characteristic feature is the multifocal myoclonus. Little is 
known about the pathophysiology of M-D and its generation of myoclonic jerks. 
Hypotheses in the literature regarding associated brain regions for subcortical 
myoclonus in general point towards several brainstem areas.36 One reason is the 
resemblance of myoclonus to startle-like jerky movements, whose ‘generator’ 
is thought to be located in the lower brainstem.37 Furthermore, the sub-thalamic 
area of the brainstem is part of the cerebello-thalamo-cortical pathway that is 
hypothesized to be involved in dystonia. Abnormal connectivity in the sub-thalamic 
region of the brainstem was also seen in a small group of primary torsion dystonia 
(DYT-1 and DYT-6) patients using DTI; however, in contrast to our study, a reduction 
in FA was reported.28 Possibly, the relatively 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. In the study in DYT-1/
DYT-6 patients, no wVBM was performed and no mean diffusion data was reported.

Our results show increased FA and WM, and reduced MeanD in the sub-thalamic 
region of the brainstem. Nuclei within this region act as a relay station between 
cerebellum and basal ganglia38. Cerebellar involvement in M-D is suggested as 
a brain specific isoform of SGCE has been found to be notably highly expressed 
in the cerebellum in M-D.39 Furthermore, cerebellar BOLD hyperactivation has 
been detected with fMRI in M-D patients during a motor task.9 This fits well with a 
recently proposed model for dystonia in which malfunctions in a network of brain 
regions including the cerebellum are associated with dystonia.40

We detected decreased MeanD, but no changes in FA or WM, in the sub-gyral 
cortical sensorimotor areas in M-D. In these areas, a reduction in FA was reported 
for primary torsion dystonia (DYT-1 and DYT-6), suggesting abnormal connectivity 
with other brain regions27,28. The reduction in MeanD without changes in FA or WM 
might indicate a more subtle change in cortical neural plasticity for M-D. This is in 
accordance with electrophysiological findings; while cortical reduced inhibition 
has been reported for several types of dystonia41, in M-D reduced inhibition is 
absent; 42-44
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DTI studies in other types of dystonia do not show a consistent pattern of 
affected brain areas. In cervical dystonia and blepharospasm, an increase in FA 
in the putamen, corpus callosum, prefrontal cortex and supplementary motor 
area (SMA) has been reported, consistent with increased connectivity in the 
basal ganglia and loss of neurons in the prefrontal cortex SMA and the corpus 
callosum.23,24 Using DTI probabilistic tractography, in idiopathic cervical dystonia 
found disrupted thalamic prefrontal pathways.26 In patients with writer’s cramp, 
increased FA was detected bilaterally in the white matter of the posterior limb 
of the internal capsule and adjacent structures, involving fiber tracts connecting 
the primary sensorimotor areas with subcortical structures. Taken together, 
findings in different types of dystonia suggest the most common brain regions 
involved are cortical sensorimotor regions. However, vastly different findings are 
generally reported and could indicate different pathophysiological mechanisms 
underlying the different dystonias. Furthermore, MeanD is often not reported at 
all. The detected decreased mean diffusivity in the white matter close to cortical 
sensorimotor areas in M-D is consistent with increased FA findings in the same 
regions in other forms of dystonia, but might indicate a more subtle alteration.

In conclusion, the most prominent changes in connectivity in our study are 
located in the sub-thalamic region of the brainstem. How these changes relate to 
the involuntary movements in M-D is unclear, but our findings are consistent with 
brainstem involvement in the pathophysiology of dystonia, and a malfunction 
in the network for hyperkinetic movement disorders involving the cerebellum, 
brainstem and basal ganglia.44 Whether these changes are specific for M-D 
remains unclear and would be an interesting hypothesis to test in a larger group 
of dystonic and myoclonic patients.
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Abstract

We describe three genetically confirmed Myoclonus-Dystonia (M-D) 
patients and one spinocerebellar ataxia type 14 (SCA14) patient, presenting 
with a combination of trunk tremor, multifocal myoclonus and axial 
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.
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Introduction

M-D is a movement disorder characterized by myoclonic jerks and dystonic 
movements and/or postures of the upper body, often dramatically responding to 
alcohol and associated with psychiatric symptoms.1 M-D is autosomal dominantly 
inherited and frequently caused by mutations in the epsilon-sarcoglycan gene 
(SGCE) on chromosome 7q21 (DYT-11).1,2

Spinocerebellar ataxia type 14 is also inherited autosomal dominantly. It is caused 
by mutations in the protein kinase C gamma gene (PRKCG) on chromosome 19q.3  
The classical phenotype is a slowly progressive isolated cerebellar syndrome 
evolving after the age of 20 and extrapyramidal features such as (multifocal) 
myoclonus and dystonia, but not trunk tremor, have been reported in several 
SCA14 patients.3-5

Here, we present three genetically confirmed M-D patients from one family and a 
single genetically confirmed SCA14 patient with comparable phenotypes.

Patients

Patients 1 and 2 are identical twin brothers. Patient 1, the index patient of the 
recently described M-D family by Foncke et al.6, developed myoclonus of the leg 
in early childhood. Dystonia of the trunk was noted in his teens. He was treated 
for recurrent depression and suffered from alcohol abuse. On neurological 
examination, age of 45 years, rhythmic movements of the trunk were noted 
especially during walking and in the upright position. In addition, torsion dystonia 
of the trunk and dystonia of the feet were present, along with myoclonic jerks of the 
hands, legs, and trunk. Polymyographic examination showed a 6 to 7 Hz. tremor of 
the paraspinal muscles, alternating with a tremor of the rectus abdominis muscles 
when standing (Figure 1) and walking. In supine position, the tremor was absent.
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Figure 1: Surface EMG in an M-D patient.

Figure legend: Surface EMG recordings from the M-D index patient in the standing position. 
Rhythmic alternating activity is seen in the lumbar (L4) paraspinal (PSP), and rectus abdominis 
(rectus abd) muscles with a frequency of 6-7 Hz.

His identical twin brother presented with a quite similar clinical picture and 
electrophysiological findings. Interestingly, the torsion of his body was opposite to 
the torsion of his twin brother. Patient 3, the father of the twins, has deceased but 
was clinically described in 1974 by Korten et al. with a trunk tremor and myoclonus 
of the neck, trunk, and arms.7

Sequence analysis of the SGCE gene revealed a two-base pair deletion in exon 5 
(619_620delAG), resulting in a frame shift and premature protein truncation
(Arg207fsX215) in these twins and 32 other family members.6 Based on the genetic 
studies in this family the father was likely to be carrier of the same mutation.

Patient 4 developed myoclonic jerks of the trunk, arms and head around the age 
of 13 years with progressive worsening up to the age of 25 years. Since the age 
of 15 years, the patient noted progressive difficulties with walking. Neurological 
examination at the age of 54 years, showed multifocal myoclonus predominantly 
located distally in the arms but also more proximal in the arms and in the trunk, 
increasing with action and mild cervical dystonia. A trunk tremor was present 
during walking and in the upright position. In addition, a slight gait-ataxia was 
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noted without signs of limb-ataxia. Clonazepam has a beneficial effect on his 
symptoms. Magnetic resonance imaging revealed diffuse cerebellar atrophy. On 
electrophysiological examination, a tremor of 5 to 6 Hz was found in the paraspinal 
muscles when sitting (Figure 2) and standing. In supine position, the tremor 
was absent. The patient’s father had gait problems, as did his grandmother on 
father’s side. The patient’s son has complaints of fine motor skills and his daughter 
experienced a period of jerky movements around the age of three years. Screening 
for the DYT-11 mutation was negative. Further genetic testing for the SCA’s revealed 
a Gly118Asp mutation in the PKRCG gene. Genealogic investigations revealed that 
the patient is linked to a previously described Dutch SCA14 pedigree.4

Figure 2: Surface EMG in a SCA14 patient

Figure legend: Surface EMG recordings from the SCA14 patient in the sitting position. Note the 
rhythmic activity in the left and right lumbar (L4) paraspinal muscles with a frequency of 5-6 Hz.

Discussion

Trunk tremor is a rare movement disorder, reported as isolated manifestation of 
dystonia or as part of a cerebellar axial postural tremor, essential or orthostatic 
tremor.8-10  The features of the trunk tremor in the two M-D patients show similarities 
to the trunk tremor described by Rivest and Marsden8 as isolated manifestation 
of dystonia: “lying down they are still, but as they sit, stand or walk they oscillate 
about their pelvis“. The clinical picture also fits well in the general definition of 
dystonic tremor established as a mainly postural/kinetic tremor in an extremity 
or body part that is affected by dystonia and usually not seen during complete 
rest, with irregular amplitudes and variable frequency (usually below 7 Hz).10 A 
positive effect of the anticholinergic drug trihexyphenidyl (up to 6 mg daily) on 
the trunk tremor in the M-D patients supports the idea of a dystonic tremor. In 
patients with the M-D phenotype, trunk myoclonus is highly predictive for the 
DYT-11 mutation11, but a trunk tremor has, to our knowledge, not been previously 
reported.
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The postural trunk tremor of the SCA 14 patient could be considered part of 
the cerebellar features which are common in SCA 14 patients.3,4  The patients 
cerebellar atrophy on the MRI and ataxic gait support this hypothesis. The axial 
tremor described in relation to cerebellar pathology has a frequency of 5 Hz, is 
usually more regular than the dystonic tremor and disappears with action.9  This is 
in contradiction with the irregular tremor and the absence of the tremor in supine 
position in our patient. Therefore, we suggest that the trunk tremor in the SCA14 
patient should be classified as a dystonic tremor.

The multifocal myoclonus and axial dystonia in the M-D patients are consistent 
with the classical phenotype of M-D [1]. The SCA14 patient also exhibited multifocal 
myoclonus combined with mild cervical dystonia. Myoclonus or dystonia, as a 
presenting feature of SCA14 have been described in two Dutch and a Japanese 
pedigree.3-5 Trunk tremor has been reported in one patient of another Japanese 
pedigree.12 Our patient appeared to be linked to one of the Dutch SCA14 families.4 
At presentation, ataxia was very mild and not relevant for the patient, but in the 
course of his disease, the gait ataxia became more manifest.

In conclusion, the combination of trunk tremor, myoclonus and dystonia can 
be part of the phenotypic spectrum of both DYT-11 and SCA 14 mutations. We 
suggest that in patients with the M-D phenotype tested negative for DYT-11, SCA 
14 should be considered, especially when ataxia is described or noted in other 
family members and MRI scan of the brain shows cerebellar atrophy.
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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

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.

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. 

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 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 

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.

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 (DYT-
1 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 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. 

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 putamino-
pallidal 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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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. 

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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In dit hoofdstuk worden de belangrijkste bevindingen van de structurele en 
functionele beeldvormende technieken bij Myoclonus-Dystonie besproken en de 
resultaten in een breder perspectief geplaatst. Het doel van dit proefschrift was om 
bestaande pathofysiologische theorieën en het maternal imprinting mechanisme 
te onderzoeken om daarmee een bijdrage te leveren aan het begrijpen van 
dystonie in het algemeen en Myoclonus-Dystonie in het bijzonder. Vanwege de 
monogenetische overerving van de aandoening vormt M-D een uitstekend model 
om deze mechanismen te onderzoeken. 

Samenvatting

M-D is een autosomaal dominant overervende hyperkinetische bewegingsstoornis, 
in ongeveer de helft van de gevallen veroorzaakt door mutaties in het epsilon-
sarcoglycaan (SGCE) gen. Deze mutatie is geclassificeerd als DYT-11, onder 
de erfelijke dystonieën. Een interessant fenomeen is dat van de “maternal 
imprinting”, dat wil zeggen dat alleen het paternale SGCE allel tot expressie komt. 
Dit impliceert dat alleen patiënten die de mutatie van vader erven het klinisch 
fenotype van de ziekte ontwikkelen. 

Verschillende theorieën bestaan betreffende de pathofysiologie van dystonie. 
Een van deze theorieën suggereert overmatige motor cortex excitatie door 
hyperactiviteit van de directe putamino-pallidale banen. Een andere theorie 
suggereert abnormale sensomotorische integratie, terwijl een derde theorie 
bestaat uit een relatief nieuw idee; dat de onwillekeurige bewegingen leiden tot 
(micro)-anatomische veranderingen door neuronale plasticiteit. Tenslotte komt de 
laatste jaren steeds meer bewijs beschikbaar dat naast de basale kernen ook het 
cerebellum een rol speelt bij het ontstaan van dystonie. Geen van deze theorieën 
is nog definitief. 

Om deze theorieen te onderzoeken hebben we de beschikking over verschillende 
structurele en functionele beeldvormende technieken. Voxel based morphometry 
(VBM) en diffusion tensor imaging (DTI) kunnen worden gebruikt om anatomische 
veranderingen in grijze en witte stof te detecteren om hiermee de theorie van 
neuronale plasticiteit te onderzoeken. Het afbeelden van de dopamine D2 receptor 
met [123-I]Iodobenzamide Single Photon Emissie Tomografie (IBZM SPECT) kan 
worden gebruikt om de hypothese van overactieve putamino-pallidale banen 
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te onderzoeken. Functionele MRI detecteert veranderingen in bloedstroom, 
gebaseerd op de verschillende magnetische eigenschappen van oxyhemoglobine 
en deoxyhemoglobine en is een middel om sensomotorische structuren af te 
beelden om hiermee patronen van sensomotorische integratie te onderzoeken. 

Functionele beeldvormende technieken

De functionele beeldvormende technieken functionele magnetische resonantie 
(fMRI) en [123-I]Iodobenzamide single photon emission tomography ([123-I]IBZM 
SPECT) werden gebruikt in een groep paternaal overgeërfde, klinisch duidelijk 
aangedane genmutatie dragers. Vervolgens waren we in staat het maternal 
imprinting mechanisme te onderzoeken door dezelfde techniek toe te passen bij 
maternaal overgeërfde asymptomatische en zeer gering aangedane genmutatie 
dragers. 

Met [123-I]IBZM SPECT kan de dopamine D2 receptor (D2R) in vivo worden 
afgebeeld. Deze techniek werd gebruikt in een groep van 15 M-D patiënten 
en vervolgens in drie van deze patiënten na het hebben ondergaan van diepe 
hersenstimulatie (DBS) van de globus pallidus internus (GPi). 

fMRI werd gebruikt om abnormale activatie van sensomotorische gebieden in 
genetisch bevestigde, paternaal overgeërfde klinisch aangedane patiënten te 
onderzoeken, vergeleken met een controlegroep (hoofdstuk 2). Deze techniek 
werd gebruikt in een klassiek “boxcar” design met een eenvoudige vingertap 
motortaak. Vergeleken met de controlegroep werd significante overactiviteit werd 
gezien in de contralaterale parietale cortex (secundaire somatosensorische cortex), 
ipsilaterale premotor- en primaire somatosensorische cortex en het ipsilaterale 
cerebellum. De corticale activatiepatronen van SGCE mutatiedragers gedurende 
deze motortaak zijn consistent met een desorganisatie van het sensomotorische 
systeem in de cerebello-thalamo-corticale banen in paternaal overgeërfde M-D 
patiënten. 

Een studie in een ander erfelijk dystoniesyndroom (DYT-1) met [18-F]
Fluorodeoxyglucose positron emissie tomographie ([18-F]FDG-PET) vond 
toegenomen glucosemetabolisme in dezelfde gebieden: putamen, globus 
pallidus, cerebellum en supplementary motor area (SMA). De klinisch aangedane 
DYT-1 en DYT-6 mutatiedragers vertoonden extra glucose metabolisme in de pre-
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SMA en parietale associatieve gebieden. Dit suggereert een specifiek metabool 
patroon, afhankelijk van penetrantie. Ook deze resultaten zijn consistent met een 
desorganisatie van het sensomotorische systeem.

Vervolgens hebben we ons fMRI studieprotocol toegepast om een groep van acht 
maternaal overgeërfde SGCE mutatiedragers (van wie vier licht klinisch aangedaan) 
te vergelijken met acht paternal overgeerfde mutatiedragers en acht gezonde 
controles (hoofdstuk 3). De belangrijkste bevinding is dat maternaal overgeërfde 
mutatiedragers vergelijkbare afwijkingen vertonen in de bovengenoemde 
sensomotorische gebieden, zij het in mindere mate. 

Functionele veranderingen in beeldvormende studies bij niet aangedane 
mutatiedragers in andere erfelijke dystoniesyndromen (bijvoorbeeld DYT-
1 en DYT-6) zijn beschreven. Echter, de overerving bij deze aandoeningen is 
autosomaal dominant met verminderde penetrantie en niet onderhevig aan 
het maternale imprinting mechanisme. Onze resultaten suggereren “biased” 
genexpressie afhankelijk van welke ouder de mutatie doorgeeft en niet zozeer een 
strict dichotoom maternal imprinting mechanisme, dit is consistent met klinische 
observaties. 

In een studie gericht op het afbeelden van de striatale dopamine D2 receptor 
door middel van [123-I]IBZM SPECT in genetisch bevestigde M-D patiënten en 
een controlegroep (hoofdstuk 4) werd na correctie voor leeftijd en roken in een 
multivariate analyse beiderzijds een significant lagere striataal/occipitale D2R 
bindings ratio (SOR) gezien bij klinisch aangedane patiënten en ook in een analyse 
met alle DYT-11 patienten vergeleken met de controlegroep. 

Vergelijkbare resultaten zijn gevonden in studies bij DYT-1 en DYT-6 
mutatiedragers, waarbij een iets andere methode voor het adbeelden van de D2R 
werd gebruikt ([11-C]Raclopride PET). Deze studies vonden eveneens significante 
afnamen van striatale D2 receptor beschikbaarheid bij zowel a-symptomatische 
DYT-1 mutatiedragers als symptomatische DYT-1 en DYT-6 mutatiedragers, dit 
impliceert togenomen endogeen striataal dopamine, onafhankelijk van klinische 
penetrantie. Deze bevindingen zijn consistent met de theorie van toegenomen 
endogeen striataal dopamine en daardoor competitieve D2R bezetting. 
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In een vervolgstudie gebruikten we dezelfde techniek om het effect van diepe 
hersenstimulatie (DBS) van de globus pallidus internus (GPi) op drie patiënten uit 
de vorige studie te onderzoeken, vergeleken met twee niet-geopereerde controle 
patiënten uit de vorige studie (hoofdstuk 5). 

Het klinisch effect van de GPi-DBS op de myoclonus en de dystonie gemeten met 
gevalideerde symptoom schalen was verbluffend, vergelijkbaar met eerdere studies 
van GPi-DBS in M-D. De D2R binding echter, verschilde niet voor en na de ingreep.  
Deze afwezigheid van verandering is consistent met studies naar het effect van 
nucleus subthalamicus (STN) stimulatie bij de ziekte van Parkinson, maar niet met 
een GPi-DBS studie bij de ziekte van Parkinson, welke een normalisatie van D2R 
bindingspotentiaal beschrijft na de ingreep. In onze twee controle patiënten werd 
een verdere verlaging van de D2R bindingspotentiaal gezien. Onze bevindingen 
bevestigen het klinisch resultaat op de motorische symptomen van GPi-DBS bij M-D 
patiënten en suggereren dat de ingreep mogelijk de D2 binding kan stabiliseren.

Structurele beeldvormende technieken

De gebruikte structurele beeldvormende technieken zijn voxel based 
morphometry (VBM) en diffusion tensor imaging (DTI). VBM werd gebruikt om 
macrostructurele veranderingen te kwantificeren volumina van grijze- en witte 
stof en om deze veranderingen te correleren aan klinische schalen voor ernst van 
symptomen van myoclonieën en dystonie. DTI werd gebruikt om microstructurele 
anatomische veranderingen te beoordelen in M-D patienten. Deze technieken 
werden gebruikt om de neuronale plasticiteitstheorie te onderzoeken, welke stelt 
dat de veranderde activiteit van de aangedane hersenstructuren leidt tot (micro-)
anatomische veranderingen in deze structuren. 

In de VBM studie gericht op grijze stof veranderingen in genetisch bevestigde M-D 
patienten en een controlegroep (hoofdstuk 6), bleek de ernst van de dystonie 
sterk gecorreleerd te zijn met een toegenomen hoeveelheid grijze stof in beide 
putamina. Dit is van belang, omdat van de putamina wordt aangenomen dat ze 
een belangrijke rol spelen in de pathogenese van dystonie door hyperactiviteit van 
de directe putamino-pallidale banen met verminderde inhibitoire output naar het 
interne segment van de globus pallidus en daardoor verhoogde thalamische output 
naar de (pre)motor cortex met excessieve motor cortex excitatie als eindresultaat. 
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Meer specifiek in M-D: in een Japanse studie met muizen met een SGCE mutatie 
worden naast een klinisch beeld van myoclonieën en dystonie ook hogere striatale 
concentraties van dopamine en dopamine-metabolieten gemeten. 

Andere VBM studies in erfelijke en niet erfelijke dystonieën laten eveneens 
veranderingen zien; een studie in primaire torsie dystonie (DYT-1) en idiopatische 
cervicale dystonie patiënten vond een toename van bilaterale putaminale grijze 
stof in de idiopathische patientengroep en de klinisch niet-aangedane DYT-
1 groep, maar niet in de klinisch aangedane DYT-1 groep. Dit kan een soort 
compensatie mechanisme suggereren.

Twee morfometrische studies bij blepharospasme patiënten vonden eveneens 
toename van grijze stof in beide putamina. 

In deze groepen van patiënten met niet-erfelijke dystonieën werden ook in 
andere gebieden veranderingen gevonden: twee morfometrische MRI studies in 
patienten met cervicale dystonie rapporteerden een toename van grijze stof in de 
globus pallidus internus, terwijl een derde studie een toename vond in de nucleus 
caudatus beiderzijds, de thalami en rechter cerebellum. Samenvattend vonden wij 
duidelijke aanwijzingen voor putaminale betrokkenheid bij de pathogenese van 
M-D, wellicht ook specifiek voor M-D. Mogelijke verschillen in pathofysiologische 
mechanismen zouden een verklaring kunnen zijn voor de uiteenlopende 
bevindingen in de literatuur bij de verschillende typen dystonie. 

In onze studie van de witte stof in genetisch bevestigde M-D patiënten waarin 
DTI en VBM werden gebruikt (hoofdstuk 7) werd de grootste afwijking gezien 
in de hersenstam, meer specifiek het gebied van de nucleus ruber: VBM liet een 
significante toename zien van witte stof, DTI toonde een verminderde gemiddelde 
diffusiviteit en een toegenomen fractionele anisotropie. Bovendien toonde 
de DTI studie een afgenomen gemiddelde diffusiviteit in de witte stof dichtbij 
sensomotorische gebieden. 

Een dergelijk gebied van abnormale connectiviteit in de subthalamische 
hersenstam is ook beschreven in een DTI studie bij een kleine groep primaire 
torsie dystonie (DYT-1 en DYT-6) patiënten. 
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Echter, in tegenstelling tot onze bevindingen werd juist een verminderde 
fractionele anisotropie gerapporteerd. Mogelijk kan dit verklaard worden door de 
prominent aanwezige myoclonus in M-D. Een andere verklaring kan zijn dat de 
neuronale plasticiteit in M-D patiënten een gerichtere axonale groei veroorzaakt, 
hetgeen resulteert in een toegenomen FA, terwijl de axonale groei in DYT-1 en 
DYT-6 patienten meer divergent verloopt. DTI studies in niet erfelijke dystonieën 
laten geen consistent beeld zien van aangedane hersengebieden, mogelijk wordt 
dit veroorzaakt door verschillende pathofysiologische mechanismen. 

In het algemeen kunnen twee aannemelijke verklaringen worden genoemd voor 
het fenomeen van veranderde volumina van grijze en witte stof bij dystonie. Ten 
eerste kunnen deze veranderingen primair zijn en dus mogelijk ten grondslag liggen 
aan de abnormale bewegingen door veranderde neuronale activiteitspatronen. 
Anderszins is het ook mogelijk dat de gevonden veranderingen secundair zijn aan 
de onwillekeurige bewegingen doordat deze bewegingen reactieve veranderingen 
kunnen veroorzaken door neuronale plasticiteit. Het is aangetoond dat overmatige 
willekeurige bewegingen bij gezonde personen die een complexe motortaak 
aanleren  (jongleren), leiden tot een duidelijke toename van de hoeveelheid 
grijze stof en dat deze veranderingen reversibel zijn. Abberante plasticiteit van 
het sensomotorische systeem wordt geacht een integraal onderdeel te zijn van de 
pathofysiologie van dystonie en is duidelijk aangetoond bij patiënten met focale 
hand dystonie, hoewel het vooralsnog onduidelijk is of ook deze veranderingen 
reversibel zijn. Hoe dan ook, onze resultaten vormen aanvullend bewijs voor 
de betrokkenheid van motorische hersenstructuren in de pathofysiologie van 
dystonie. Onze resultaten zijn consistent met toegenomen cerebello-thalamische 
connectiviteit en kunnen zijn veroorzaakt door neuroplasticiteit. Of de gevonden 
veranderingen de oorzaak of het gevolg zijn van de aandoening blijft vooralsnog 
onduidelijk. Om dit op te helderen zou het interessant zijn om grote groepen 
niet manifeste genmutatiedragers te onderzoeken om te zien of de gevonden 
veranderingen zich ook voordoen in deze groep.  

Tenslotte worden in hoofdstuk 8 de klinische overeenkomsten tussen M-D en 
een andere erfelijke bewegingsstoornis besproken: spinocerebellaire ataxie 
type 14 (SCA-14). Beide kunnen zich presenteren met romptremor, multifocale 
myoclonieen en axiale dystonie. We suggereren dat in patiënten met dit klinisch 
beeld waarin de genetische diagnostiek naar M-D negatief is, SCA-14 moet worden 
overwogen. 
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Interessant is het feit dat cerebellaire betrokkenheid, zoals de C in de naam SCA al 
aangeeft, een van de belangrijkste kenmerken is bij de spinocerebellaire ataxieën, 
terwijl deze cerebellaire betrokkenheid bij M-D een relatief nieuw gegeven is. 

Algemene discussie en perspectieven voor de 
toekomst

Veel is nog onbekend over de pathofysiologie van M-D en de functie van het epsilon 
sarcoglycaan eiwit. De studies in dit proefschrift gebruikten beeldvormende 
technieken om de belangrijkste theorieën omtrent de pathofysiologie van 
(erfelijke) dystonieën te onderzoeken: hyperactiviteit van de putamino-pallidale 
banen, defecte sensomotorische integratie en neuronale plasticiteit. Zoals gezegd 
zijn sluiten deze theorieën elkaar niet uit.

Zowel onze studie met de structurele beeldvormende techniek VBM naar 
de macrostructurele veranderingen in grijze stof, alsook de DTI studie naar 
microstructurele veranderingen in grijze en witte stof ondersteunen het idee 
van neuronale plasticiteit, vooral in bilaterale putamina en cerebello-thalamische 
banen.  

Onze studie met de functionele beeldvormende techniek fMRI ondersteunt 
het idee van defecte sensomotorische integratie en bevestigt cerebellaire 
betrokkenheid bij de pathogenese van M-D. Bovendien lijkt het maternale 
imprinting mechanisme niet zozeer een strict dichotoom fenomeen te zijn, maar 
meer een voorkeursexpressie gebaseerd op welke ouder de mutatie doorgeeft. 
Tenslotte wordt de hypothese van een overactieve putamino-pallidale banen 
gesteund door onze D2R [123-I]IBZM SPECT studie.  

De betrokkenheid van overactieve putamina, zoals geimpliceerd door zowel de 
lagere D2R binding alsook de correlatie tussen ernst van de dystonie en putaminaal 
volume is consistent met eerdere bevindingen bij DYT-1 dystonie. Dit suggereert 
in ieder geval deels overeenkomende pathofysiologische mechanismen bij 
erfelijke dystoniesyndromen. De cerebellaire betrokkenheid zoals gezien werd in 
de fMRI studie is niet alleen consistent met DYT-1 dystonie, maar wordt ook sterk 
gesteund door de recente vondst van een hersenspecifieke isovorm van SGCE met 
een uitzonderlijk hoge expressie in het cerebellum. 
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Een aantal belangrijke vragen blijft echter vooralsnog onbeantwoord. Ten eerste 
is het onduidelijk of de gevonden structurele en functionele veranderingen in 
de sensomotorische hersengebieden deel uitmaken van de oorzaak van het 
klinisch fenotype, of dat ze hier een gevolg van zijn. In een ideale wereld zonder 
technische en praktische beperkingen zou ik een grote groep effectief behandelde 
patiënten willen vergelijken met een grote groep onbehandelde patiënten om dit 
te onderzoeken, er vanuit gaande dat de veranderingen reversibel kunnen zijn ten 
gevolge van neuronale plasticiteit. 

Echter, omdat op dit moment diepe hersenstimulatie de meest effectieve therapie 
lijkt te zijn voor M-D, sluit dit postoperatieve fMRI onderzoeken uit. Wellicht is de 
enige oplossing om deze vraag te beantwoorden het post-mortem onderzoeken 
van de hersenen van behandelde en onbehandelde patiënten. 

Een tweede belangrijk punt is de invloed van myoclonieën op onze resultaten. 
Meerdere strategieën zouden kunnen worden gebruikt om dit punt uit de wereld te 
helpen, de meest voor de hand liggende is om grote groepen klinisch heterogene 
M-D patiënten te onderzoeken met en zonder dystonie maar met myoclonieën. 
Een elegantere manier zou kunnen zijn om gecombineerde event related EMG-
fMRI te gebruiken met de myoclonische bursts als regressor. 

Een derde vraag is of de gevonden veranderingen genotype- of fenotype specifiek 
zijn. Twee benaderingen kunnen worden gebruikt om dit probleem op te lossen; 
de meest praktische zou zijn om groepen patiënten met het fenotype maar zonder 
de genmutatie te onderzoeken, omdat maar ongeveer 50% van de patiënten met 
het klinisch fenotype een aantoonbare mutatie in het SGCE gen hebben. Een 
andere benadering is om patiënten met het genotype, maar zonder het fenotype 
te onderzoeken, dus maternaal overgeërfde mutatiedragers. 

Samenvattend vormen de studies in dit proefschrift aanvullend bewijs voor 
structurele en functionele veranderingen van het sensomotorische system in 
M-D, vooral in de bilaterale putamina en het cerebellum. Voor alle genoemde 
pathofysiologische modellen (hyperactieve putamina, defecte sensomotorische 
integratie en neuroplasticiteit) wordt steun gevonden in onze studies. 

Ik zou graag een geintegreerd model voor de pathofysiologie van M-D, waarin 
de SGCE mutatie leidt tot een veranderde structurele ontwikkeling en daardoor 
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functie van de eerder genoemde putamino-pallidale en geassocieerde cerebello-
thalamische banen. Dit leidt op zijn beurt tot hyperactiviteit van deze banen en 
veroorzaakt excessieve excitatie van de motorcortex leidend tot onwillekeurige 
bewegingen. Deze continue hyperexcitatie kan dan leiden tot veranderde 
sensomotorische integratie en zelfs secundaire structurele veranderingen door 
neuronale plasticiteit.

Het maternale imprinting mechanisme is minder dichotoom dan tot nu toe werd 
aangenomen. Diepe hersenstimulatie van de GPi heeft een spectaculair effect op 
de motorische symptomen van M-D en zorgt mogelijk voor stabilisatie van de 
dopamine D2 receptor bindingscapaciteit. 
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