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Abstract

Background : Myoclonus is a clinical term referring to short involuntary muscle jerks
that can be classified as having a cortical or subcortical origin. Subcortical myoclonus
is hypothesized to be generated via different subcortical structures, but underlying
mechanisms are largely unknown. We studied subcortical activation patterns of my-
oclonus using combined electromyography with functional magnetic resonance imag-
ing in a genetically homogeneous sample of myoclonus-dystonia patients.

Patients and methods: Nineteen clinically affected myoclonus-dystonia patients with
a mutation in the epsilon-sarcoglycan gene were studied. Of these, 12 could be fur-
ther assessed with combined electromyography with functional magnetic resonance
imaging. Using electromyography, myoclonus onsets were determined, which were
consequently used in the imaging analysis to localize blood oxygenation level depen-
dent activations in the brain.

Results: Myoclonus was associated with blood oxygenation level dependent activa-
tion in the contralateral putamen, contralateral subthalamic region and bilateral sup-
plementary motor areas.

Conclusions: Myoclonus is associated with activations in a network consisting of dif-
ferent cortical and subcortical brain regions. Electromyography with functional mag-
netic resonance imaging is a promising new technique to study pathophysiological
mechanisms in patients with hyperkinetic movement disorders.
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7.1 Introduction

Myoclonus are short involuntary muscle jerks, classified as cortical or subcortical. My-
oclonic jerks are believed to be caused by hyper-excitability of a group of neurons in
different cerebral structures [185;40]. The possible pathophysiological mechanisms vary
and depend on the underlying syndrome or disease. In the case of cortical myoclonus,
the electro-encephalogram (EEG) and, less commonly the magneto-encephalogram
(MEG), have been used to study cortical activity related to myoclonic jerks, for in-
stance with jerk-locked back-averaging and coherence analysis [184]. Subcortical my-
oclonus is more difficult to investigate as EEG and MEG cannot probe deeply into
the brain. The ability to localize subcortical myoclonus in vivo is limited and is mostly
based on clinical, post-mortem and animal studies [178;53].

Combined electromyography (EMG) and functional magnetic resonance imaging
(fMRI) is a new technique that produced valuable results in patients with tremor and
cortical myoclonus [207;162]. The combination potentially allows study of changes in the
Blood Oxygenation Level Dependent (BOLD) signal, measured in sub-cortical struc-
tures, related to the myoclonic jerks. Up to our knowledge, EMG-fMRI has not been
used in subcortical myoclonus before. Our objective is to perform an exploratory
study to locate BOLD activations in the brain associated with subcortical myoclonus.
We use combined EMG-fMRI in a homogeneous group of patients with Myoclonus-
Dystonia (M-D); this patient group is characterized by alcohol-responsive jerks in the
upper body and mild to moderate dystonia. Up to 70% of patients with M-D have
comorbid psychiatric conditions [97]. M-D is in about 50% of cases due to a mutation
in the epsilon-sarcoglycan gene (SGCE, chromosome 7q21, DYT11). We selected
DYT11 positive patients for our study to ensure an identical pathophysiological mech-
anism underlying their myoclonus [220;53].

Myoclonus in M-D is likely associated with basal ganglia malfunction, since elec-
trophysiological studies have reveal no changes in cortical excitability [103;117]. Basal
ganglia involvement is further supported by local field potential (LFP) recordings from
the globus pallidus internus (GPi) that have significant coherence between dystonic
muscle activity and Gpi [65]. Supportive for cerebellar involvement is a recent study
in healthy human subjects, showing SGCE is differentially expressed in the cerebel-
lum and dendate nucleus [166]. Cerebellar and brainstem hyperactivity has also been
detected in patients with essential tremor; also an alcohol-responsive hyperkinetic
movement disorder [24].

Hypothetic models for basal ganglia dysfunctions in movement disorders describe
interactions between the pallidum, striatum, thalamus, and cortex [211;100], and recent
hypothesis includes the cerebellum in this model [140].

7.2 Methods

7.2.1 Patients

Nineteen patients with the DYT-11 mutation (SGCE gene) encoding for M-D (9 women,
mean age 46 yr, range 18-77 yr) were recruited from the neurology department of
the Academic Medical Centre out-patient clinic and included in the study after sign-
ing informed consent. Patients had to be older than 18 years, not been subjected
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to Botulinum Toxin treatment (BTX) for three months, and had to display myoclonic
jerks in the arms to be included in this study. The study was in accordance with the
Declaration of Helsinki and was approved by the Medical Ethical Committee of the
Academic Medical Centre, Amsterdam. Table 7.1 displays the clinical information that
was relevant to this study. Apart from myoclonic jerks in the arms, patients 1-5, 10
and 14-19 also had (dystonic) symptoms in the neck. Myoclonus was assessed using
the Unified Myoclonus Rating Scale (UMRS) [73] and dystonia was assessed using the
Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS) [33].
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7.2.2 Experimental Paradigms

Outside the scanner room, muscles of the more affected arm of each patient were
prepared with surface EMG electrodes. The muscles included the Deltoideus (DEL),
Flexor Carpi Radialis (FCR), Exensor Carpi Radialis (ECR), the Abductor Digiti Minimi
(ADM) and First Dorsal Interosseus (FDI). Following, patients were instructed with the
motor tasks to be performed, and they were first practiced outside of the scanner. In
the scanner, the patients were lying supine on the scanner bed and could see a view-
screen on which instructions were back-projected with a beamer.

The goal of the paradigm was to elicit or modulate jerky (myoclonic) muscle activity
with intended movements. We alternated periods of self-paced finger tapping (i.e.,
thumb and finger opposition with digits 2-5 with a tapping frequency of about one
tap per second; arm in pronation) and arm extension (i.e., maintained 90 degree
extension of the right hand with spread fingers; arm in pronation) with periods of rest.
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 and was used also in our
prior study in M-D [20]. The participants were scanned in alternating task blocks of (A)
“rest”, (B) “tapping” and (C) “extension”. Task blocks lasted for 25.3 sec (the time of
10 functional images) and were presented in an ABAC design which was repeated
seven times. This was followed by a final 15 sec. period of rest (A) to allow the BOLD
signal to return to baseline. Each session lasted for 725s, during which 286 functional
images were recorded.

7.2.3 Data Acquisition, Pre-processing and Artifact Removal

Functional images were acquired on a 3T MRI-scanner (Intera, Philips Healthcare,
Best, the Netherlands) equipped with a SENSE 8-channel head receive coil. For
fMRI a T2* weighted EPI sequence was used (TR = 2.53 s, TE = 25 ms, Flip angle
= 90◦, SENSE-factor = 2.4, 96 x 96 matrix, FOV = 214x214 mm, slice thickness =
2.7 mm, interslice gap = 0.3 mm, voxel size=2.3x2.3x3 mm3) with 45 sagittal slices
covering the entire brain. Slices were recorded sequentially from left to right.

Imaging data were analyzed with the Statistical Parametric Mapping software
(SPM5: www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Cognitive Neurology,
London) [71] for Matlab (version 7.8, The Mathworks, Natick MA). During pre-processing,
EPI images were slice timing corrected and realigned. Variance in the EPI data due
to interactions between movement and B0 field was reduced using the “EPI-unwarp”
algorithm in SPM5 [6]. Images were normalized to the standard ‘Montreal Neurological
Institute’ space to facilitate anatomical reporting and smoothed using an 8 x 8 x 8 mm
Gaussian kernel.

In addition to functional data, a structural T1-weighted 3D image of the entire brain
was obtained (TR = 25 ms, TE = 4.6 ms, SENSE-factor = 2.5, 256 x 256 matrix, FOV
= 256x256 mm2, 170 slices, slice thickness = 1 mm, sagittal slice orientation).

EMG data were recorded with an MRI compatible EEG amplifier (SD MRI 64,
MicroMed, Treviso, Italy) and an MRI compatible surface EMG cable unit provid-
ing 16 Ag/AgCl electrodes usable for 8 bipolar EMG derivations. The wires were
twisted to minimize gradient artefacts [79] and contained current-limiting electrodes of
12 kOhm [114]. Reference and ground electrodes were prepared on the wrist (Ulnar
Styloid Process). The sampling frequency was 2048 Hz.
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Offline, the MR scanner artifact was removed from the EMG (see Figure 7.1, panel
A and B) using an average artifact template subtraction algorithm with modifications
for obtaining better performance in the EMG frequency band (30-200 Hz) and for
increased adaptability during movements inside the scanner [80;204]. Residual MR ar-
tifacts were observed at the beginning and end of each tapping and extension block
(0.5 seconds before and 1.0 seconds after); these were removed from the traces by
zero-filling. This did not interfere with the following imaging analysis since the zero-
filled parts of the EMG were much shorter in time than the duration of the motor
tasks. Finally, the EMG was rectified and low-pass filtered using a digital double-pass
butterworth filter of 30 Hz (see Figure 7.1,C).

7.2.4 Myoclonus detection

In half of the measurements one EMG signal out of four was not usable; and therefore
we used three EMG signals for each patient to assess the myoclonus. First, an au-
tomated detection algorithm using in-house software was used to detect myoclonus
in the EMG traces (see Supplementary Material and Figure 7.1 (C)). Next, bursts
identified with the automatic detection algorithm were visually inspected by JM, SS
and EO using a custom interface in MATLAB. This interface showed the onset and
offset the myoclonus, as well as the rectified EMG for all four channels. Criteria for
inclusion were based on known EMG characteristics for non-cortical myoclonus EMG
bursts outside the scanner, i.e. a mean duration of 95 ms (range: 45-250msec) and
an isolated, arrhythmic or infrequent appearance [184]. Only bursts that were approved
by two of the three experimenters were included in the fMRI design. Whenever two
or three muscles displayed an EMG burst simultaneously, the burst with the largest
amplitude was selected to prevent double entries in the single set of EMG burst onset
times.

7.2.5 Image data analysis

Single-subject (1st level) and group (2nd) level analyses were performed. At the 1st
level, data were analyzed for each patient separately on a voxel-by voxel basis in
the context of the general linear model [71]. Contrast images of patients who were
measured at the left arm (cases 1, 6 and 9) were flipped across the mid-sagittal plane
to align cortical and subcortical motor circuitry with patients who were measured at
the right arm. We therefore report contralateral (C) and ipsilateral (I) activations that
are relative to the more affected side.

The individual 1st level designs consisted of ‘block’ regressors encoding for ‘tap-
ping’ and ‘extension’, of which the onset and offset times were extracted from the
EMG (see Supplementary material A2). In addition, an ‘event-related’ regressor con-
taining myoclonus onset times was included as well. All three regressors were con-
volved with the canonical haemodynamic response function (HRF) and its temporal
derivative (TD) to facilitate the detection of BOLD signals. The 1st level design also
consisted of nuisance regressors to account for subject movement inside the scanner.
Firstly, realignment parameters obtained from the spatial realignment were included.
Secondly, ‘scan nulling’ regressors were also included that excluded fMRI time points
from the analysis in which head movements could interfere with the analysis (see
Supplementary material).
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Figure 7.1: EMG before (A) and after (B) artifact correction and illustration of burst
detection (C). This example is from patient 5 at the end of the 4rth (arm)-extension
block. In the EMG traces (A and B), vertical lines denote the start of each EPI scan;
the total time shown is 16 sec. In the uncorrected EMG traces (A), the MRI scanner
artifact is about 50 times bigger than the EMG signal and its shape changes when
going from extension to rest orientation of the arm. In the corrected EMG traces (B),
two EMG bursts can be seen. In panel C, the threshold detection identified 4 possible
locations for the first EMG burst and 5 for the second EMG burst (thin rectangles).
The bursts selected by the experimenters are denoted with thick rectangles.
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To detect group-level activations for tapping and stretching, six contrast images
per subject (belonging to tapping and stretching, and myoclonus; all convolved with
the HRF and TD) were entered into the 2nd level group analysis. F-contrasts [217],
spanning both the HRF and the TD regressors [72], were used to investigate group
activations. Brain regions were assessed using a threshold of p < 0.05, corrected for
multiple comparisons with the False Discovery Rate (FDR)-corrected [42]. We report
the Z-transformed statistic of the F-score, and also direction of the HRF contrast esti-
mate with a plus sign (for a positive BOLD response) or a minus sign (for a negative
BOLD response).

To detect group-level activations for myoclonus, an F-contrast spanning the HRF
and TD regressors encoding for myoclonus was used. Activations which survived a
Family Wise Error (FWE) small volume correction (10 mm sphere) of p < 0.001 [217]

are reported. We also tested for an increase in brain activity 1 second before and 1
second after myoclonus onset, by adding an offset of -1 and +1 sec to all myoclonus
burst onset times and repeating the 1st and 2nd level imaging analyses.

7.2.6 Parameter sweep

A ‘parameter-sweep’ [78] on burst modulation times was performed to assess BOLD
activations occurring prior and after the EMG bursts in two stages. In the first stage,
the burst modulation time of each EMG burst that was used in the 1st level design
was set to a value of -2, -1, 0 ,+1 and +2 seconds. For each value, 1st level and
2nd level analyses were repeated and myoclonus was assessed with F-contrasts as
described above. From these five analyses, activations which survived p < 0.001
FWE corrected for multiple comparisons using the small volume correction (20 mm
sphere) implemented in SPM were used as targets to define regions of interest (ROI)
for the second stage. ROIs contained the local maximum of activation together with
all voxels whose Euclidean distance was within 6 mm of its local maximum. For these
four regions, in steps of 100 ms, the burst-offset value was varied and new 1st and
2nd level analyses were performed. For each modulation, mean F-value of all voxels
within the ROI were calculated (see Figure 7.3). We examined the following ROIs: C.
Brainstem, C. Putamen, C. SMA and I. SMA. MNI coordinates of these regions are
given in Table 7.3.

7.3 Results

7.3.1 Behavioral assessment/Task Performance

Evaluating the MRI signal, we removed seven patients (patient 13-19) from the group
analysis because excessive head movements interfered with the MRI signal.

Evaluating the EMG signal, patients performed the tasks satisfactorily; we did
not have to exclude any patients due to inaccurate task performance. Because our
fMRI design was adaptive with respect to the exact timing of task onset and offset,
these variations have been taken into account and therefore did not interfere with any
detected BOLD activations (see supplementary material).
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7.3.2 EMG Burst Detection

Raw EMG signals contained major scanner artifacts due to MR scanner gradients and
movements of the electrode leads in the magnetic field. Figure 7.1 shows a recording
of EMG during scanning of a 16-second period. As illustrated in Figure 7.1 (A), in the
uncorrected signal of right-handed ECR, ADM and FDI, the amplitude and shape of
scanner artifacts were different per channel. Furthermore, the shape of the artifact
was different following a change in the task instruction; this is most likely due to a
change in orientation of the arm. Figure 7.1 (B) demonstrates that after removal of
the scanner artifacts, muscle activity associated with task execution was revealed.
In addition to muscle activity needed to perform the task ‘extension’, muscle activity
associated with myoclonus was visible as EMG bursts. Figure 7.1 (B) contains one
EMG burst during ‘extension’ and one during ‘rest’. The EMG bursts were relatively
small, i.e. about 100 Ű 1000 mV in amplitude, with duration between 50 and 200
msec. These values are similar to those reported in other work [184;125].

Figure 7.1 (C) depicts the EMG burst detection procedure in which automated
threshold detection was followed by visual inspection by the experimenters. The total
number of EMG bursts varied between patients from 11 to 202 (mean 64, SD 49,
Table 7.1).

7.3.3 Group fMRI Analysis: block design Tapping/Extension

The strongest BOLD activations for ‘tapping’ were in the contralateral motor cortex, bi-
lateral putamen and ipsilateral cerebellum; for ‘extension’, these were in the contralat-
eral motor cortex, ipsilateral cerebellum and visual cortex. All brain areas associated
with these tasks are reported in Table 7.2.

7.3.4 Group fMRI Analysis: Myoclonus

Myoclonus was associated with BOLD activation in bilateral premotor areas, the con-
tralateral supplementary motor area, and contralateral putamen (see Table 7.3).

Four regions survived a FWE small volume-corrected threshold of p<0.05 and are
indicated by an asterix in Table 7.3 and also in Figure 7.2.

The brain regions that were associated with the EMG bursts were time shifted are
shown in Table 7.3 and in the maximum intensity projections (MIP) in Figure 7.3. The
MIP with a time shift of 0 corresponds with the brain regions described above. With
a time shift of -2 and +2 seconds, no activated brain regions were found. With a time
shift of -1 seconds, the contralateral subthalamic region (i.e., the upper region of the
brainstem which contains the substantia nigra, red nucleus and subthalamic nucleus)
and contralateral supplementary motor area was found. With a time shift of +1 sec,
only the ipsi- and contralateral premotor motor areas were found.

7.4 Discussion

This is the first study to detect subcortical myoclonus with combined EMG-fMRI paradigm
in a homogeneous patient group. The main finding of our study is that BOLD ac-
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Table 7.2: Areas of significant activations related to EMG bursts. (C, Contralateral; I,
Ipsilateral; TD, Temporal derivative of canonical HRF; HRF, Hemodynamic Reponse
Function; +, Positive BOLD response; -, Negative BOLD response; BOLD, Blood
Oxygenation Level Dependent; SMA, Supplementary motor area. *, Area marked for
parameter sweep (see Figure 7.3).

Table 7.3: Activations during finger-tapping and stretching. *, Brain areas surviving
a family-wise error small volume correction of p < 0.001, and subsequently used for
burst modulation parameter sweep.
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Figure 7.2: Activated brain areas corresponding to myoclonus. C, Contralateral; I,
Ipsilateral; Crosshairs denote the maximum of local activity (see coordinates in Table
2 (B)). Color-code illustrates statistical F-score. An F-score of 9.7 is equivalent to a
probability value p of 0.001 (uncorrected).

Figure 7.3: (A) Maximum-intensity projections of activated brain regions, with a time
shift of -1 seconds (EMG burst onset shifted 1 second backwards in time), without
time shift (centre), and time shift of +1 seconds. (B) Results of the parameter sweep
of the time shift. For the four regions defined in (A), the average F-score in that region
is plotted as a function of the time shift. An F-score of > 9.7 is equivalent to p <
0.001.
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tivation in the contralateral putamen, contralateral subthalamic region and bilateral
supplementary motor areas are related to myoclonic jerks in patients with M-D.

7.4.1 Brain areas associated with myoclonus

The BOLD activations associated with myoclonus found in the present study in the
putamen, subthalamic region and bilateral supplementary motor areas are in line with
existing hypotheses on myoclonus, as damage in these areas in both human and an-
imal studies has been associated with contra-lateral myoclonus-like motor malfunc-
tion [193;112;172].

Previous studies in M-D demonstrated disturbances in the basal ganglia, such as
an intermuscular ‘dystonic’ drive in the GPi [65] and reduced dopamine receptors in
the striatum [18]. We found BOLD activation in the contralateral subthalamic region.
In virus tracer studies this region is associated with the communication between the
cerebellum and the basal ganglia [27]. These results suggest that myoclonus in M-
D could be an expression of a (sudden) disturbance in the ongoing communication
between basal ganglia and cerebellum. Furthermore, there is growing evidence that
dystonia can also be generated through cerebellar pathways [140]. Possibly, both dys-
tonia and myoclonus in M-D are generated sub-cortically in a similar fashion.

We also found BOLD activation in the putamen. In current ‘loop’ models, the
putamen is a part of the basal ganglia that projects to the pallidum in a striatal-pallido-
thalamic loop that regulates thalamic and cortical output [100;211] and also communi-
cates with the cerebellum [27]. Apart from the dystonic drive from the globus pallidus
internus (GPi) to dystonic muscles [65] in M-D, high-frequency deep brain stimulation in
the GPi reduces both dystonic and myoclonic symptoms in M-D [106;43]. This supports
involvement of the putamen in the generation of myoclonus.

We unexpectedly found BOLD activation in the premotor cortical areas, as no
pre-myoclonus cortical correlates were detected in electrophysiological studies in M-
D. The lack of cortical involvement is supported by several TMS studies [117;125;205].
Bilateral activation of the cortical areas are in contrast to the uni- and contralateral
activation in the putamen and sub-thalamic area and suggests a ‘generator’ role for
the putamen and sub-thalamic area regions and a more ‘sensory’ and secondary
effect in the premotor cortex areas.

In our study, we did not find myoclonus-related cerebellar activation while cerebel-
lar abnormalities in M-D have been reported to be associated with the pathophysiol-
ogy in M-D [19;98;167]. Especially the high expression of a major brain-specific SGCE
isoform in the cerebellum, is suggestive for a major contribution [166]. This discrep-
ancy is likely due to the difference between the EMG-fMRI and fMRI (only) methods.
In fMRI studies in patients with movement disorders, there is a difference between
direct and indirect association between BOLD activations. Previous studies (in M-D
and other types of hereditary dystonias) all report BOLD activations that is associated
with the execution of a motor task. In these studies it is implicitly assumed that move-
ment disorder alters the way motor tasks are processed in the CNS. In contrast, we
used a direct association between the movement disorder and BOLD activations us-
ing the EMG of the myoclonic jerk. We know from EMG-fMRI studies in cortical tremor
that conventional, block design task related, BOLD activations shows up in different
brain areas compared to designs that directly incorporate involuntary movement from
the EMG [207;208]. Alterations in cerebellar activity are mainly associated with mus-
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cle regulation during longer-lasting movements, like dystonia [49;145]. Myoclonus is a
short-lasting process that might be influenced by altered regulation from the cerebel-
lum, but based on our study we conclude that the cerebellum is not directly involved
in generating the myoclonus.

7.4.2 Timing aspect

Current theories regarding the generation of (involuntary) movement include the exis-
tence of a premovement phase and the involvement of feedback loops. This implies a
sequence of events involving different brain areas. Based on the sequence of BOLD
activations revealed with our post-hoc analysis, and the assumption that the BOLD
response is the same between subjects and between different brain areas, a possible
path of activations in myoclonic jerking is hypothesized here. The initial activity, is
located in the subthalamic region. Projections to the striatum influence the excitability
of the basal ganglia. The putamen, where the second activation in time is located, is
an input nucleus of the basal ganglia and part of the striatum. After myoclonus has
occurred, finally, cortical premotor areas are activated. Due to the absence of corti-
cal electrophysiological transients preceding myoclonus, as reported in other studies
on M-D, the myoclonus itself is generated primarily due to sub-cortical processes,
the BOLD activation we see in cortical layers is more likely related to processing of
sensory input.

7.4.3 Limitations

A limitation of this study is that we excluded 7 patients due to movements interfering
with the MRI signal, resulting in many of the functional scans to be excluded from
single-subject analysis.

For the analysis of myoclonus a threshold of 0.001 (uncorrected) was used, with a
voxel extent threshold of 10 voxels. This is a rather liberal threshold, but we did have
an a priori hypothesis with regard to the detected areas. In addition, the myoclonus
jerks had low amplitude and occurred irregularly making them more difficult to detect
compared to a robust motor task.

7.4.4 Conclusion

Using functional imaging techniques combined with EMG, we were able to localize
activations that are associated with myoclonus, and confirm its subcortical origin in
MD patients. EMG co-registration adds valuable pathophysiological information to
the classical block design normally applied in fMRI motor experiments. It enables
identification of activity that is functionally connected with the involuntary myoclonic
jerks and is an innovative challenging technique to be used in future studies in patients
with movement disorders.



7.5. SUPPLEMENTARY MATERIAL 101

Figure 7.4: EMG Burst, marked by the arrows in MD patient 4 during extension of
the arm. This EMG was recorded outside of the scanner during the practice ses-
sion. ECR, Extensor Carpi Radialis; ADM, Abductor Digiti Minimi; FDI, First Dorsal
Interosseous; R, Right-hand side.

7.5 Supplementary Material

7.5.1 Myoclonus outside of the scanner

Previous to scanning, outside of the scanner room EMG bursts associated with my-
oclonus could clearly be seen. The bursts were short (50-200 ms), with amplitudes of
100-1000 V. Figure 7.4 presents traces of typical EMG activity.

7.5.2 Adaptive Threshold Calculation

The amplitude distribution of the momentaneous amplitude (amplitude of the Hilbert
Transform (

√
(real part H transform)2 + (imaginary part H transform)2) of isometric

activated muscles has a shape like the Rayleigh distribution. The algorithm esti-
mates the mode of this distribution in a moving window of 2.5 seconds [54], which
is in turn is considered to be the noise level in the EMG. Contributions to the EMG
distribution due to (non-isometric) jerks will fall outside the main body of the distribu-
tion due to their relatively high amplitude and will hence not influence the mode. The
AT is therefore chosen as 4 times the mode of the distribution. Compared to mean or
median-based thresholds, this threshold is more robust with respect to the amount of
bursts in the EMG and therefore more suitable for automated burst detection. The AT
increases during periods with increased muscle activity, including tapping, extension
and episodes of dystonia, and decreases during rest.
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7.5.3 EMG data analysis - Extraction of Myoclonus onsets

Three out of four EMG traces, having the best ratio between myoclonus and remaining
artifact noise, were used to extract EMG bursts during arm extension and rest condi-
tions; see Table 7.1 for an overview of muscles used in each patient. Burst detection
was performed in a two-stage process consisting of automated detection followed by
visual inspection. To enable automated burst-detection, the adaptive threshold (AT)
was calculated. AT is an estimate of background EMG activity which is not influenced
by EMG burst patterns31 and which adapts to the background EMG power.

The EMG signals were subsequently rectified by taking the absolute value of the
Hilbert transform of the signal [133]. Following, the rectified EMG was digitally filtered
with a low-pass digital 2nd order Butterworth filter of 30 Hz. This non-linear procedure
obtains the amplitude modulation of the EMG, enabling the detection of EMG bursts
using a simple threshold [54]. To prevent a time shift of the EMG bursts, a double-pass
filter routine (implemented in MATLAB) was used. Subsequently, to automatically
determine the onset times of the EMG bursts, threshold detection, using the previously
calculated AT, was performed (see Figure 7.1, panel C).

n order to assess the detection algorithm for this study, the number of EMG bursts
was compared between subgroups with a high (UMRS > 10) or low (UMRS < 10)
scores using a two-sample student’s t-test. A p-value of less than .05 was considered
to be significant.

In patients with a myoclonus score (UMRS) above 10, more bursts were selected
than in patients with an UMRS below 10 (p < 0.03). This positive correlation be-
tween Unified Myoclonus Rating Scale (UMRS) and the number of bursts supports
the accuracy of this method.

7.5.4 EMG data analysis - Extraction of Tapping and Stretching
Onsets and Offsets

Following MR artifact removal, the EMG signal of the Extensor Carpis Radiali (ECR)
was used to time the onset and offset of muscle contraction precisely for each partic-
ipant. The ECR trace was visually inspected by the experimenters and markers were
inserted to indicate the onset and offset times for ’tapping’ and ’extension’. In princi-
ple, to determine onset and offset for ’extension’, the deltoid muscle would also be a
good candidate; however, it was not prepared in all patients, and the ECR channel
could detect muscle activity during pronation of the arm during ’extension’, as well.
This data was subsequently used in the fMRI analysis to model for the effects of per-
forming the motor tasks on the BOLD signal (see Figure 7.5). In effect, this procedure
controls for differences between the instructed and the actual task performance, and
has been shown to improve sensitivity of fMRI analyses for motor tasks [120].

Statistical measures were used to quantify how well M-D patients performed the
motor tasks during scanning. For ’onset delay’, the onset times of the task (either
tapping or extension) as determined by the EMG was subtracted from the time that the
onset instruction was presented on the screen during scanning. For ’offset delay’, the
offset times were subtracted. Mean differences between patients and task repetitions
of the task onset delay and task offset delays were evaluated with two-tailed t-tests.

Excluding outliers (16 outliers in 266 trials from 19 patients performing 2 tasks
with 7 blocks/repetitions), the average task onset delay was 0.57 (0.21) sec and the
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average task offset delay was 1.32 (0.62) sec. Onset delay times did not differ sig-
nificantly between patients or task repetitions. Offset delays were not significantly
different between task repetitions, but they did differ between individual patients (p <
0.001). Of the 16 outliers, in three instances the patient performed a task before the
task instructions (∼ 1 sec before the instruction slide, possibly due to anticipation). In
13 instances, patients stopped too late (∼ 6-24 sec), possibly due to attention lapses.

7.5.5 fMRI data analysis - Scan nulling

Investigating patients with movement disorders with fMRI is difficult, because head
motion yields a contribution that interferes with the MRI signal [115]. To compensate,
signal changes associated with large inter-scan motion events (head jerks) were sep-
arately modeled [115] with two contributions to the fMRI analysis. To compensate for
movements, realignment parameters obtained from the spatial realignment were in-
cluded as covariates of no interest (see Figure 7.5, motion parameters). To further
prevent excessive head jerks from interfering with the 1st level analysis, EPI scans
that were recorded during those jerks were omitted from the 1st level design with
scan-nulling regressors (a single scan-nulling regressor takes the form of a Heaviside
function that corresponds to a single scan). In effect, a scan-nulling regressor omits
one scan from the analysis and also reduces the degrees of freedom of the 1st level
General Linear Model (GLM) analysis by one. To determine which scans needed
to be removed, we calculated a per-scan velocity index as the time-derivative of the
absolute Euclidean distance of the realignment parameters. Whenever a functional
scan corresponded to a velocity above a threshold of 0.2 mm/scan, it was ’nulled’
along with the three next functional images to avoid spin-history effects. When the
percentage of scans removed in this way exceeded 20%, the patient was excluded
from the 2nd level analysis (see table 7.4, no. 13-19).

In Table 7.4, we sorted patients with respect to how many scans needed to be
removed by scan-nulling regressors-not by the chronology of scanning). Patients
with more than 20% of scans nulled were not included in the 2nd level design. In
this ’excluded’ group, the calculated percentage of scans that needed to be ’nulled’
averaged 50 % (32-79). In five of these patients, task execution generated excessive
movements at the start and end of each block. The other two patients moved too
much throughout the entire scanning session.
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Figure 7.5: First-level fMRI design matrix for detection of BOLD activation due to finger
tapping and arm extension. The matrix represents a collection of regressor, each
modeling for some cause of variability in the EPI time-series. Colors vary between
white (1) and black (-1). Columns 1-6 represent HRF and TD models for finger-
tapping, stretching and myoclonus (as determined by EMG bursts). Columns 7-12
represent realignment parameters encoding for translation and rotation of EPI scans.
Columns 13-20 consist of scan-nulling regressors to omit EPI scans during excessive
movement of the head; column 21 represents the baseline image intensity of the EPI
scans. Tapping and stretching was located using columns 1-2 and 3-4, respectively.
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Table 7.4: Patient data. The
last BTX treatment was at
least three months prior to the
day of the scan.




