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General introduction

1

Introduction

BACKGROUND
Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal movements and postures. Dystonia can be generalized, or
restricted to one (focal dystonia) or multiple body parts (multifocal dystonia, segmental
dystonia, or hemidystonia). Examples of different forms of dystonia are shown in figure
1.0. Dystonia can develop at any age and it can be an isolated symptom or occur in
combination with other movement disorders 4. The exact pathophysiology of dystonia
is still not fully understood. In general, dystonia is thought to originate from dysfunction
of the basal ganglia, a group of nuclei in the brain involved in the control of movement.
However, in the past few years , the role of the cerebellum has increasingly been studied
as a possible additional important structure in dystonia 5. Currently dystonia is considered a
network disorder including the basal ganglia, cerebellum, and motor cortical areas 5. With
the improvement of genetic techniques, such as next generation sequencing, an increasing
number of genetic causes or genetic risk factors have been identified for dystonia 9,
improving our knowledge of biological processes underlying dystonia.
The most common form of focal dystonia is cervical dystonia (CD), or torticollis spasmodica,
with an estimated prevalence ranging from 5,7/100.000 to 400/100.000 10-12. CD involves
dystonia of the neck muscles. CD patients experience debilitating abnormal posturing of
the neck, twisting movements and pain 13. CD interferes with many activities in daily life,
has adverse consequences on employment and decreases quality of life 14,15. The primary
treatment of CD are injections with botulinum toxin (BoNT) in the dystonic muscles. BoNT
inhibits the release of the neurotransmitter acetylcholine causing relaxation in muscle tone
by chemical denervation 16,17. Because the effects of BoNT are temporary, new injections
are needed every 3 months. BoNT treatment leads to improvement of motor symptoms
in about 85% of the CD patients 18,19. One of the most important determinants of a good
treatment response is adequate selection of the dystonic muscles 20. Muscle selection is
usually based on clinical examination. The abnormal posture, muscle hypertrophy and pain
are used to determine the most likely involved muscles. However, in many patients it remains
difficult to discriminate dystonic muscles from healthy muscles acting in compensation 18,21.
Consequently, inadequate muscle selection might be an important cause of (partial)
therapy failure 22.
In addition to clinical evaluation, electromyography (EMG) can be used to identify the
dystonic muscles before BoNT treatment. With EMG excessive electrical activity can be
detected in active muscles which can help to determine the pattern of muscle involvement
(see page 11). EMG can also be used for guidance during the injections by ensuring accurate
intramuscular needle placement. It has been shown that the use of EMG might improve
BoNT treatment response 23. However, there is still much debate about the additional value
of EMG in clinical practice and no consensus exists among movement disorder specialist
about whether this should (standardly) be used for BoNT treatment 24.
9
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Altogether, clinical judgement and EMG can contribute to the selection of dystonic
muscles involved in CD, but the best approach remains unknown. In this thesis, we aimed
to determine what the best currently existing method is for muscle selection before
BoNT treatment. In addition, we investigated several new potential methods to improve
identification of dystonic muscles in CD patient. Below, we will briefly discuss the most
commonly used currently existing methods and introduce the new potential methods for
muscle selection that are further investigated in this thesis.

Figure 1. Images of patients with different forms of dystonia. A: writers cramp, a form of focal dystonia
involving the muscles of the fingers, hand and forearm. B: cervical dystonia (CD), dystonia of the neck
muscles. C: generalized dystonia, a form of dystonia that usually starts in childhood or adolescence.
It typically starts in one limb and then spreads to other body parts. Adapted by permission from:
Springer nature, nature reviews neuroscience, 25, COPYRIGHT (2008).

Currently existing methods for muscle selection before BoNT-treatment
Clinical examination
The selection of muscles to be injected with BoNT is usually based on clinical features. The
abnormal posture is used to predict which muscles are most likely involved. For example,
in simple rotational torticollis (see figure 2), the most frequent dystonic posture in CD, the
sternocleidomastoid (SCM), the splenius capitis (SPL) and the obliquus capitis (OC) muscles
are typically involved. In more complex movements, such as laterocollis, antecollis, retrocollis,
and tremulous torticollis, other combinations of muscles are active 26-28. In addition to careful
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observation of the abnormal posture and movements, features as muscle hypertrophy and
pain can be used to identify the dystonic muscles.

Figure 2. Possible dystonic postures in cervical dystonia (CD) patients. Reprinted by permission from:
www.torticollis.org, national spasmodic torticollis association.

Polymyographic electromyography (pEMG)
Electromyography (EMG) can be used to record the electrical activity of the neck muscles
(figure 3). With polymyographic EMG (pEMG) multiple muscles are recorded at the same
time enabling the identification of muscles with excessive (electrical) muscle activity. It
has been shown that with pEMG, dystonic muscles can be identified in CD patients that
are missed with clinical evaluation alone 26,29. Identification of aberrant patterns of muscle
activity requires interpretation by an experienced specialist. An important limitation of
pEMG is that it cannot reliably discriminate between dystonic muscle activity and muscle
activity of healthy muscles compensating for the dystonic posture. In current clinical
practices, some movement disorder specialists use pEMG but its value to improve muscle
selection prior to BoNT treatment is still much debated.

Figure 3. Example of an EMG recording showing muscle activity in the left SCM muscle in a dystonia
patient.

11
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New potential methods to identify dystonic muscles
We investigated several possible EMG analysis methods to identify the leading dystonic
muscles in CD patients and to discriminate them from (healthy) compensatory active
muscles: EMG autospectra analysis, CDF10 analysis, EMG coherence analysis and the
identification of abnormal muscle activation patterns during standardized isometric tasks.
The (technical) background of EMG autospectra analysis, CDF10 analysis and coherence
analysis is described in more detail in box 1.0.
EMG autospectra analysis
In CD patients, abnormalities have been described in the EMG autospectra of dystonic
neck muscles, especially in the splenius (SPL) muscles. An autospectral peak around 10-12
Hz in SPL muscles that has been observed in healthy controls is frequently absent in SPL
muscles of CD patients 6,30. The origin of these autospectral changes is unknown but it was
hypothesized that these changes point toward involvement of the olivary-cerebellar system
or abnormal sensomotor intergration in dystonia 6. If it can be confirmed that disappearance
of autospectral power around 10-12 Hz is indicative of dystonia and if this can be found
in other dystonic muscles as well, autospectra analysis could potentially provide an easily
reproducible and objective measure that might assist in the selection of dystonic muscles
in CD patients.
EMG coherence analysis
Intermuscular coherences in the low frequency spectrum (usually between 4-7 Hz) have
been well described between EMG recordings in (cervical) dystonia patients 6,30-32. Moreover,
these coherences have been linked to (abnormal) activity in the basal ganglia. This was
illustrated during deep brain stimulation where local field potentials (LFP’s) from electrodes
surgically positioned in the basal ganglia (the internal globus pallidus) were recorded and
low frequency coherences were detected between the LFP‘s and EMG recordings from
dystonic muscles 33-35. These intermuscular coherences in dystonia patients are therefore
thought to reflect a 4-7 Hz descending drive to the dystonic muscles, possibly originating
from the basal ganglia. In CD patients, this ‘dystonic drive’ was specifically seen in muscles
that had been scored as dystonic by means of pEMG 30. The presence of 4-7 Hz coherences
between muscles might therefore help to identify dystonic muscles in CD patients.

12
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Box 1.0 Potential new methods to identify dystonic muscles.

1

EMG autospectra analysis
The autospectrum is the power content of a signal as a function of frequency. In other words,
an autospectrum shows the distribution of the frequencies that the signal contains (figure 4).
Furthermore, a peak in an autospectrum can reveal oscillations at the frequency that this peak
occurs 1. A peak in an autospectrum obtained from EMG recordings might therefore reveal
muscular oscillations which can be used as a marker of the neural drive towards muscles 2,3.

Figure 4. example of the (pooled) autospectrum of EMG recordings obtained from the SPL
muscles of 8 healthy controls. An autospectral peak can be seen around 10-12 Hz. Adapted by
permission from: Oxford journals, Brain, 6 COPYRIGHT (2000).
CDF10 Analysis
To demonstrate more subtle autospectral changes in dystonic muscles, a more sophisticated
method was developed. Cumulative distribution functions (CDF) provide a measure for the
relative distribution of autospectral power. With this method, subtle shifts in autospectral power
can be shown. For example, in chapter 5 and chapter 6, CDF’s were used to demonstrate an
increase in power between 3-10 Hz (represented by the CDF10 value) relative to the power
between 10-30 Hz in dystonia patients 7.
EMG coherence analysis
Coherence analysis is a method that can be used to examine the relation between two signals.
Coherence is a measure of the linearity, which ranges from 0 for signals with no linear relationship
to 1 for linear systems 8. Coherences between EMG recordings from two different muscles suggest
a common drive to these muscles. Figure 5 shows a theoretical example of a 6 Hz drive from the
brain that simultaneously innervates two different muscles. The coherence spectrum between
the EMG recordings from these muscles consequently reveals a peak at 6 Hz. (figure 5).
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Figure 5. theoretical example in which a 6 Hz drive from the brain simultaneously innervates
muscle 1 and muscle 2. The coherence spectrum between the EMG recordings from these
muscles reveals a 6 Hz peak.

CDF10 Analysis
In addition to increased 4-7 Hz intermuscular coherences, an increase in 4-7 Hz power has
also been shown in the autospectra of dystonic muscles 32. As discussed above, a decrease
in autospectral power has been observed around 10-12 Hz in dystonic SPL muscles. To
capture these autospectral changes in a single measure we used cumulative distribution
functions (CDF’s). CDF’s of the EMG autospectra were calculated to quantify the relative
distribution of frequencies up to 30 Hz. (see box 1.0) The CDF value at 10 Hz (CDF10) then
represents the power between 3-10 Hz relative to power between 10-30 Hz. We expected
that the above described autospectral changes would lead to an increase in power below
10 Hz but a decrease in power above 10 Hz in dystonic muscles. This shift in autospectral
power would be reflected by increased CDF10 values and we hypothesized that this can be
used to identify dystonic muscles.

Muscle activation patterns during voluntary contraction tasks
pEMG can be used to identify muscles with excessive electrical activity. However, this
method cannot reliably discriminate dystonic muscles from healthy muscles acting in
compensation. In clinical practice, pEMG recordings are usually obtained when patients

14

Introduction

are asked to relax and not resist their dystonic posture. In this thesis, we developed a new
method to investigate EMG activity of neck muscles during isometric voluntary contraction
tasks. We obtained EMG recordings of individual muscles while patients and healthy controls
used their neck muscles to produce forces and moments across different directions. This
can determine for each muscle the directions where they should normally be active 2,36.
We hypothesized that comparing patterns of muscles activation during different voluntary
contraction tasks in dystonia patients and healthy controls might identify (dystonic)
muscles with abnormal patterns of muscle activation. An isometric device was developed
at the Technical University of Delft (TUD) to be able to measure muscle activity during
reproducible voluntary isometric contractions of the neck in different directions (figure
6). Subjects are comfortably fixed with their head in the isometric device, so the need for
muscles to compensate for dystonic movements is minimized in this experimental setup.
We developed two measures to identify muscles with abnormal activation patterns in CD
patients. The first measure was increased muscle activity during tasks in which that same
muscle was inactive in healthy controls. The second measure was increased overall muscle
activity during all tasks.

Figure 6. The isometric contraction device. The square represents a helmet on the subject’s head that
is attached to the force/torque sensor.

The Torticollis project
This research project is part of the NEUROSIPE program. NEUROSIPE is a cooperation
between Technical and Medical Dutch universities with the aim to develop diagnostic tools
for neurological disorders. Our project (the Torticollis project) is one of the nine NEUROSIPE
projects.
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The torticollis project includes two other PhD candidates, both from the Technical
University in Delft (TUD). Edo de Bruijn was responsible for the development of the
isometric contraction device used in some of the experiments in this thesis (see above).
Furthermore, he took part in the analysis and interpretation of the data from all experiments
using this isometric contraction device. Patrick Forbes investigated dynamic head-neck
stabilization in healthy subjects. Furthermore, he investigated the ability of CD patients to
correctly modulate their reflexes in an effort to identify problems in the reflex pathways 37.
Patrick Forbes also took part in the analysis and interpretation of the data from the isometric
contraction experiments.

AIMS AND HYPOTHESES OF THIS THESIS
The first goal of this thesis was to perform a literature study to determine the best currently
existing method to identify dystonic muscles for BoNT treatment (chapter 2).
The second goal was to evaluate the effect of pEMG guided BoNT injections in our
treatment centre. We hypothesized that pEMG helps to identify dystonic muscles that are
missed with clinical evaluation alone. This would improve BoNT treatment outcome in our
centre (chapter 3).
The third goal was to develop and evaluate potential new methods to identify dystonic
muscles in CD patients and discriminate them from healthy compensatory active muscles
(chapters 4, 5, 6 and 7). As motivated above, we hypothesized that EMG autospectra,
EMG coherence and CDF10 analysis are discriminative measures to identify the leading
dystonic muscles in CD patients. Furthermore, we hypothesized that identifying abnormal
muscle activation patterns during standardized voluntary isometric contraction tasks might
discriminate dystonic from healthy compensatory active muscles in dystonia patients.

OUTLINE OF THIS THESIS
Chapter 2 aims to evaluate the currently existing methods for muscle selection. A
systematic review of the literature was performed towards the evidence for all currently
available methods to identify dystonic muscles for BoNT treatment. In chapter 3, a
retrospective study was performed to evaluate the effect of pEMG on treatment outcome
in patients referred to a tertiary centre (AMC) because of an previously unsatisfactory
treatment response. In chapter 4, we compared low frequency intermuscular coherences
and autospectral peaks between EMG recordings from CD patients and healthy controls.
In addition, we compared the muscles with significant 4-7 Hz coherences with muscles
that were clinically suspected to be dystonic. In chapter 5, CDF10 analysis was developed
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to demonstrate more subtle changes in the autospectra of dystonia patients. In chapter 6
we investigated 8-14 Hz autospectral changes and CDF10 values in CD patients and controls
in an improved experimental setup and possible confounding effects of BoNT on these
results were investigated. In chapter 7 we studied abnormal muscle activation patterns
during isometric contraction tasks using the isometric device developed by the TUD. The
results of these studies, the possible clinical and pathophysiological implications, and future
perspectives are discussed in chapter 8.
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Chapter 2

ABSTRACT
Rationale: Cervical dystonia, also called spasmodic torticollis, is the most common form
of (primary) dystonia. Intramuscular injections with botulinum toxin are the first line of
treatment for cervical dystonia. To optimise the treatment response to botulinum toxin
correct muscles should be selected. Clinical evaluation is important for muscle selection
but the value of additional tests to identify dystonic muscles remains unclear.
Objective: To evaluate all relevant literature regarding the best approach to select dystonic
muscles for treatment with botulinum toxin.
Methods: We conducted a systematic review of studies that had investigated methods
of selecting muscles for treatment with botulinum toxin. In addition, we compared all
prospective botulinum toxin trials using either clinical evaluation or polymyographic
electromyography for muscle selection.
Results: Forty relevant studies were included and polymyographic electromyography
recordings were most often employed. In several studies, polymyographic electromyography
revealed a different pattern of muscle involvement compared to that found during
clinical evaluation. In one randomized controlled trial polymyographic electromyography
significantly improved the outcome of botulinum toxin treatment. A limited number of
studies used positron emission tomography - computed tomography imaging or frequency
analysis of the electromyography signal to identify dystonic muscles but their effect on the
outcome of treatment has never been studied.
Conclusion: Polymyographic electromyography may improve the outcome of botulinum
toxin treatment in cervical dystonia, but evidence is limited and larger studies are needed.
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INTRODUCTION
Dystonia is a syndrome characterized by sustained involuntary muscle contraction
leading to abnormal postures and twisting movements. Cervical dystonia (CD), also called
spasmodic torticollis, is the most common form of (primary) dystonia. Prevalence estimates
range from 5,7/100.000 to 400/100.000 1-3.
In addition to dystonic movements of the neck approximately 70% of the patients with
CD experience pain 4. In simple rotational torticollis, the most frequent dystonic posture in
CD, the sternocleidomastoid (SCM), the splenius capitis(SPL) and the obliquus capitis(OC)
muscles are typically involved. In more complex movements, such as laterocollis, antecollis,
retrocollis, and tremulous torticollis, other combinations of muscles are active 5-7. The
severity and character of cervical dystonia (CD) can be assessed using the Toronto Western
Spasmodic Torticollis Rating Scale (TWSTRS) or the Tsui scale. The TWSTRS (range, 0–87)
consists of three subscales: severity (range, 0–35), disability (range, 0–23), and pain (range,
0–20)8. The Tsui scale is an objective severity scale ranging from 0-25 points 9.
The first line treatment for CD is intramuscular injections with botulinum toxin (BoNT)
into the dystonic muscles. Botulinum toxin inhibits the release of the neurotransmitter
acetylcholine. The effect is relaxation in muscle tone and fibre atrophy by chemical
denervation 10. BoNT treatment results in significant improvement of resting posture and
reduction of pain in about 85% of the patients 11,12. Possible side-effects are dysphagia (1014%), and weakness of the neck muscles 13,14. These side effects are most often mild and
always reversible.
The supposedly most important determinants of a favourable response to BoNT treatment
include proper selection of dystonic muscles, proper targeting of the selected muscles and
an appropriate dosage of BoNT 15. The selection of muscles to be injected with BoNT is usually
based on clinical features, such as abnormal posture, muscle palpation, muscle hypertrophy,
and pain. In addition to clinical examination, polymyographic electromyography (pEMG) can
be used to determine the pattern of muscle involvement. The value of pEMG prior to muscle
selection for BONT treatment is unclear. The purpose of this review is to evaluate relevant
literature regarding the best approach to select dystonic muscles for BoNT treatment.

SEARCH STRATEGY
We conducted a computerized MEDLINE search using combinations of the text words and
MeSH terms: “torticollis”[MeSH Terms],”torticollis”[All Fields],”cervical dystonia”[All Fields],
“botulinum toxins”[MeSH Terms], “botulinum toxins”[All Fields], “botulinum toxin”[All Fields]
localization [All Fields], “identification”[All Fields], Botu*, Boto*. Furthermore the reference lists
of all known articles were searched for relevant citations. Only papers in English were reviewed.
All studies investigating methods of selecting muscles for BoNT treatment were included. To
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investigate further the value of pEMG, all the prospective BoNT trials using either pEMG or
clinical evaluation for muscle selection were analysed to determine the effect of these methods
on the outcome of BoNT treatment. Only BoNT trials (using Botulinum toxin A) with a clear
protocol for the use of either pEMG or clinical evaluation alone were included in this analysis.

RESULTS
We identified six hundred and sixty four studies of which forty were relevant. Three methods
of selecting dystonic muscles for BoNT treatment are discussed in this review: pEMG, EMG
frequency analysis and PET/CT imaging. One randomized controlled trial (RCT), one nonrandomized trial and six explorative studies compared pEMG to clinical examination.
Furthermore, twenty-eight prospective BoNT trials were compared of which 11 studies
used pEMG and 17 used clinical evaluation for muscle selection. In addition to pEMG, in two
studies EMG frequency analysis and in two other studies PET/CT have been investigated as
methods to select dystonic muscles for BoNT treatment.

EMG evaluation: polymyographic EMG
I. Patterns of muscle involvement
Several studies compared the patterns of muscle involvement according to pEMG to the
pattern determined by clinical evaluation in CD patients. Van Gerpen et al. and Brans et al.
16,17
found that the sensitivity of clinical examination was between 35-59% and specificity
around 75% if pEMG was taken as a golden standard. Van Gerpen concluded that without
the aid of pEMG, 41% of dystonic muscles would be missed and 25 % of the inactive muscles
would be judged dystonic. Both authors conclude that physical examination alone is not
sufficient in detecting involved muscles in CD.
In two other studies 18,19 patients were divided into groups with similar postural abnormalities.
pEMG was used to determine dystonic muscle activity and to compare the patterns of
muscle involvement in these groups. The authors concluded that different combinations
of muscle activations can lead to similar postural abnormalities. It is noteworthy that these
studies only evaluated the abnormal posture in order to predict muscle involvement CD
patients whereas other factors such as muscle palpation, muscle hypertrophy, and pain,
were not taken into account.
The inadequacy of predicting involved muscles based on solely abnormal posture was
further emphasised by Ostergaard et al 20 who studied EMG patterns in CD patients and
detected abnormal EMG activity in muscles without clinical evidence.
In conclusion, these studies showed that pEMG reveals a different pattern of muscle
involvement compared to clinical evaluation in CD patients.
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II. Botulinum toxin trials
Only one RCT 21 was conducted to investigate the value of pEMG in addition to clinical
evaluation for muscle selection before treatment with BoNT. Comella et al. randomized 52
patients with CD in two groups. In the pEMG group, muscles were selected using both
clinical evaluation and pEMG. Subsequently, muscles were injected under EMG guidance.
In the clinical evaluation group, muscle selection was based on clinical examination alone
and muscles were injected without EMG guidance. Improvement was 14 % on the modified
Toronto Western Spasmodic Torticollis Rating Scale (TWSTR) in the pEMG group compared
to 5% in the clinical examination group. This statistically significant greater improvement
was probably a combined effect of enhanced identification of dystonic muscles and more
accurate EMG-guided injections. In a subsequent analysis of these data, Buchman et al.22
showed that only 59% of the muscles selected for BoNT injection based on clinical criteria
demonstrated EMG activity. Conversely, only 45% of muscles showing EMG activity were
selected by clinical evaluation. This analysis supports the suggestion of a positive influence
of pEMG in Comella’s study.
The positive influence of pEMG was further supported in a small, non-randomized study by
Lee et al. 23 Eight patients were treated with both pEMG and EMG guidance. The remaining
seven patients were first treated without and after two or three treatments with both pEMG
and EMG guidance. The results showed greater objective and subjective improvement in
patients who were treated with pEMG and EMG guidance compared to those treated with
clinical evaluation alone.
To explore further the value of pEMG, we compared twenty-eight prospective BoNT trials
evaluating the effect of BoNT injections. Eleven used pEMG and 17 used clinical evaluation
to identify dystonic muscles for BoNT treatment (table 1). There were considerable
differences between the design, patient characteristics, primary and secondary endpoints
in these studies. Different validated scales were used to measure improvement after BoNT
treatment; the TWSTR, the Tsui and the Visual Analogue Scale (VAS). In addition, different
methods of assessing subjective improvement (by patients or investigator) were used. A
common endpoint in most studies was the number of responders (response rate, RR). The
definition of a “responder” differed considerably between studies, ranging from objective
scales to subjective improvement (SI).
When comparing the studies, the average improvement on the pain score was greater
in studies using pEMG (40.3% compared to 32.5 % on VAS scale). Conversely, the average
improvement on the TSUI scale was (31.9 vs 43.7%) greater in studies using clinical evaluation
alone. Subjective response rates (RR SI) in pain scores, overall scores and Tsui scores were
comparable in studies using clinical evaluation and studies using pEMG.
Because of profound differences in methodology, dosage, patient characteristics, primary
and secondary endpoints, no statistical analysis could be performed and no firm conclusion
can be drawn.
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III. pEMG in secondary non-responders
Cordivari 51 studied 20 patients with CD with an initial good response to BoNT treatment,
but secondary deterioration. They had received non–EMG guided BoNT injections. In
all patients the presence of antibodies blocking botulinum toxin was determined using
immunoprecipitation assays (IPA) and antibody (Abs) titers were positive in 10 of the 20
patients. All patients were subsequently treated with the aid of pEMG and EMG guidance. In
nine of the ten Abs-positive patients there was a poor response (mean improvement of 8%
on the TWSTR scale). The remaining Abs-positive patient with antecollis had a good clinical
response, but had relatively low BoNT Abs titers. Of the ten patients who were IPA Absnegative, eight had marked clinical improvement (mean improvement: 64% on the TWSTR
scale), one patient had a mild improvement and one patient worsened. In conclusion, in
secondary non-responders without antibodies against BoNT a good result can be obtained
when pEMG is used for muscle selection. The results suggest that in these patients, treated
without the aid of pEMG, a less optimal combination of muscles was chosen for BonT
treatment. Inadequate muscle selection may be a common cause of secondary nonresponsiveness.

EMG evaluation: Frequency analysis
Tijssen at al. 52 recorded EMG activity in the SCM and SPL muscles of eight patients with
rotational torticollis and eight age-matched controls and used frequency analysis of the
EMG recordings to investigate the pattern of rhythmic drive to the muscles. A synchronised
intermuscular ‘dystonic’ drive at 4-7 hz was detected in seven out of eight patients, and
in only one of the controls mimicking the dystonic posture. In a subsequent study 53, the
potential of frequency analysis to select dystonic muscles was compared to conventional
pEMG in 10 patients with complex CD. Conventional pEMG had been considered the gold
standard. The 4-7 hz dystonic drive was found with a very high specificity (98%) for dystonic
muscles as determined by means of pEMG. Sensitivity was poor (17%). However, only 40 of
the 280 possible muscle pairs were considered non-dystonic based on pEMG suggesting
that pEMG might lack specificity. The apparent low sensitivity of the 4-7 hz drive might
then actually reflect low specificity of pEMG in complex CD. The authors hypothesize that
conventional pEMG might not be able to discriminate between dystonic muscles and
compensatory active muscles. Frequency analysis might help to target, more specifically,
the leading dystonic muscles in cervical dystonia.
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PET/CT imaging
Two studies 54,55 investigated PET/CT imaging as a method of selecting dystonic muscles
for BoNT injections in patients with CD. In contracting skeletal muscles, the glucose
metabolism and 18F-FDG uptake on PET/CT are enhanced. The authors suggested that the
degree of 18F-FDG uptake may be associated with the strength of contraction of skeletal
muscles and considered that PET/CT may be able to localize dystonic muscles showing
sustained contraction in cervical dystonia. Sung et al 55 used PET/CT combined with clinical
evaluation to localise dystonic cervical muscles in six patients with idiopathic CD. Four of
these six patients had a history of BT injections into dystonic muscles, however none of
these 4 patients had experienced relief of dystonic posture despite pain reduction in the
nuchal area. The maximum standardized uptake value (SUV) was used as the major criterion
for selecting a target muscle. BoNT was injected under EMG guidance. For deep cervical
muscles adjacent to a major artery or the major nerve trunk (e.g., obliquus capitis inferior
and longus colli muscles(LC)), BT was injected under CT or ultrasonographic guidance. One
patient refused BoNT injections and another patient was lost in follow up. In the remaining
4 patients the average reduction was 8.2 points (82%) on the Tsui scale, 15.5 points (73%) on
the severity and 16 points (81%) on the disability TWSTR subscale. In three of these patients,
previous BT injection therapy guided by clinical findings had failed. Lee et al. 54 also used
PET/CT in conjunction with clinical examination and pEMG to select dystonic muscles in
14 patients with CD. Muscles with an increased SUV were considered dystonic. In addition
to EMG-guided injections, eight patients underwent image-guided injection using CT or
ultrasonography for muscles that were located beyond the expected coverage of the EMGneedle or near an important structure. The authors only reported the results of the patients
requiring image-guided injections. All eight patients experienced a reduction in pain and
an improvement in neck movement. The average reduction 4 weeks post-treatment was
87% on the Tsui score and 65% on the TWSTR scale.
Neither study used a control group in which muscles were selected without PET/CT
imaging to compare outcomes. The authors concluded that their results were superior to
results obtained on the basis of physical examination or pEMG in other studies13,15,21,56,57.
In conclusion, PET/CT possibly enables better identification of dystonic muscles. It can
be of value especially in the identification of more deeply located dystonic muscles that
are difficult to reach with EMG needles. Therefore, in patients with involvement of more
deeply located muscles PET/CT imaging may contribute to a significantly more effective
treatment.
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DISCUSSION
Different methods of identifying dystonic muscles have been investigated. Unfortunately,
most studies were small and descriptive and no definite conclusions can be drawn.
Several studies compared the muscle patterns in CD patients assessed by pEMG to the
pattern determined by clinical evaluation showing that pEMG reveals a different pattern
of dystonic muscles compared to those established by clinical evaluation. pEMG may
identify dystonic muscles that escape clinical examination but with pEMG recordings,
compensatory active muscles are more likely to be erroneously judged as dystonic. Only
one randomized controlled trial (RCT) has been conducted investigating the value of pEMG
for muscle selection on BoNT treatment outcome. It showed a positive influence of pEMG
on the outcome. A possible confounding factor in that study was that in addition to pEMG,
EMG guided botulinum toxin injections were used. The possible additional benefit of EMG
guidance in the pEMG group can not be ruled out.
Patients with more complex forms are hypothesised to benefit more from pEMG than
patients with simple rotational torticollis although this has not been adequately studied.
One small open label trial was performed in secondary non-responders 51 showing that
pEMG improved the treatment outcome in 9 out of 10 patients.
As the number of trials directly comparing clinical examination and pEMG on botulinum
toxin treatment outcome was small we also investigated outcome in all prospective BoNT
trials using either clinical evaluation alone or a combination of pEMG and clinical evaluation.
The improvement on pain score seemed to be slightly better in the pEMG studies compared
to clinical examination but firm conclusions can not be drawn as both the study populations
and the methods (such as maximum number of injected muscles, dose, time of primary
endpoint) were heterogeneous. Objective outcome measures also differed considerably
between studies.
Taken together, pre-treatment pEMG identifies a different pattern of muscle selection
compared to clinical evaluation and limited evidence suggests a positive influence of pEMG
on treatment outcome. The effect may be more prominent in complex forms of cervical
dystonia and in (secondary) non-responders.
Therefore, especially in patients with an unsatisfactory treatment response, pEMG should
be considered.
Descriptions of alternative methods of selecting dystonic muscles are rare. The presence
of a 5-7 hz common intermuscular drive may discriminate dystonic muscles from
compensatory active muscles. However, the value of frequency analysis for the treatment
of CD with BoNT has yet to be determined. Imaging techniques were infrequently used
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for identification of dystonic muscle. In two prospective studies a superb response rate
was achieved with PET/CT imaging but unfortunately, no control group was used for
comparison. Considering the costs and exposure to radiation, PET/CT might prove to be
beneficial primarily in patients in whom involvement of more deeply located muscles is
expected. Further studies investigating the relevance and additional value of these new
techniques in the identification of dystonic muscles are needed, especially on the effect on
treatment response.
In conclusion, the limited available evidence points to a positive value of pEMG. We
recommend the use of pEMG especially in patients with an unsatisfactory treatment
response. Prospective randomised clinical trials should be performed to determine the
value of pEMG, intermuscular frequency analysis or imaging techniques on botulinum toxin
treatment response in CD patients.

POST SCRIPTUM
During the process of reviewing and revising this review for publication another relevant
article was published that we would briefly like to discuss.
Werdelin et al.58 performed a randomized controlled study in 26 botulinum toxin naïve
CD patients and compared pEMG for muscle selection combined with EMG guidance
for localisation of the injections to no pEMG or EMG guidance. Objective and subjective
improvement was significantly greater in the first group and fewer non-dystonic muscles
were erroneously injected. These results are in line with the conclusion of our review and
support the hypothesis that pEMG improves treatment response in CD patients.

ACKNOWLEDGEMENTS
SWR Nijmeijer wrote this review with assistance from JHTM Koelman, D.J. Kamphuis and
MAJ Tijssen.

Financial disclosure
This research is supported by the Dutch Technology Foundation STW, which is part of the
Netherlands Organisation for Scientific Research (NWO) and partly funded by the Ministry
of Economic Affairs, Agriculture and Innovation.

32

Muscle selection for treatment of cervical dystonia with botulinum toxin

Conflict of interest
An unrestricted research grant for the workgroup Movement Disorders at the Academic
Medical Centre, University of Amsterdam was received from Ipsen Pharmaceutical and
Allergan, inc. for studies and teaching workshops on dystonia and from Ipsen to finance
a specialized dystonia nurse. Ipsen and Allergan had no role in study design, collection,
analysis, interpretation of data, in the writing of the report and in the decision to submit the
paper for publication.

33

2

Chapter 2

REFERENCES
1

Jankovic J, Tsui J, Bergeron C. Prevalence of cervical dystonia and spasmodic torticollis in the
United States general population. Parkinsonism Relat Disord 2007 Oct;13(7):411-6.

2

A prevalence study of primary dystonia in eight European countries. J Neurol 2000
Oct;247(10):787-92.

3

Lungu C, Tarulli AW, Tarsy D, Mongiovi P, Vanderhorst VG, Rutkove SB. Quantifying muscle
asymmetries in cervical dystonia with electrical impedance: a preliminary assessment. Clin
Neurophysiol 2011 May;122(5):1027-31.

4

Jankovic J, Leder S, Warner D, Schwartz K. Cervical dystonia: clinical findings and associated
movement disorders. Neurology 1991 Jul;41(7):1088-91.

5

Van Gerpen JA, Matsumoto JY, Ahlskog JE, Maraganore DM, McManis PG. Utility of an EMG
mapping study in treating cervical dystonia. Muscle Nerve 2000 Nov;23(11):1752-6.

6

Deuschl G, Heinen F, Kleedorfer B, Wagner M, Lucking CH, Poewe W. Clinical and polymyographic
investigation of spasmodic torticollis. J Neurol 1992 Jan;239(1):9-15.

7

Dressler D. Electromyographic evaluation of cervical dystonia for planning of botulinum toxin
therapy. Eur J Neurol 2000 Nov;7(6):713-8.

8

Consky ES LAE. Clinical assessments of patients with cervical dystonia. 2011. In: Jancovic J,
Hallett M, eds. Therapy With Botulinum Toxin. New York, NY: Marcel Dekker, Inc; 1994:211-37.

9

Tsui JK, Eisen A, Stoessl AJ, Calne S, Calne DB. Double-blind study of botulinum toxin in spasmodic
torticollis. Lancet 1986 Aug 2;2(8501):245-7.

10

Odergren T, Tollback A, Borg J. Electromyographic single motor unit potentials after repeated
botulinum toxin treatments in cervical dystonia. Electroencephalogr Clin Neurophysiol 1994
Oct;93(5):325-9.

11

Costa J, Espirito-Santo C, Borges A, Ferreira JJ, Coelho M, Moore P, et al. Botulinum toxin type A
therapy for cervical dystonia. Cochrane Database Syst Rev 2005;(1):CD003633.

12

Benecke R, Dressler D. Botulinum toxin treatment of axial and cervical dystonia. Disabil Rehabil
2007 Dec 15;29(23):1769-77.

13

Brans JW, de Boer IP, Aramideh M, Ongerboer de Visser BW, Speelman JD. Botulinum toxin in
cervical dystonia: low dosage with electromyographic guidance. J Neurol 1995 Aug;242(8):52934.

14

Lew MF, Adornato BT, Duane DD, Dykstra DD, Factor SA, Massey JM, et al. Botulinum toxin type
B: a double-blind, placebo-controlled, safety and efficacy study in cervical dystonia. Neurology
1997 Sep;49(3):701-7.

15

Jankovic J. Treatment of cervical dystonia with botulinum toxin. Mov Disord 2004 Mar;19 Suppl
8:S109-S15.

16

Van Gerpen JA, Matsumoto JY, Ahlskog JE, Maraganore DM, McManis PG. Utility of an EMG
mapping study in treating cervical dystonia. Muscle Nerve 2000 Nov;23(11):1752-6.

17

Brans JW, Aramideh M, Koelman JH, Lindeboom R, Speelman JD, Ongerboer de Visser BW.
Electromyography in cervical dystonia: changes after botulinum and trihexyphenidyl. Neurology
1998 Sep;51(3):815-9.

18

Deuschl G, Heinen F, Kleedorfer B, Wagner M, Lucking CH, Poewe W. Clinical and polymyographic
investigation of spasmodic torticollis. J Neurol 1992 Jan;239(1):9-15.

34

Muscle selection for treatment of cervical dystonia with botulinum toxin

19

Dressler D. Electromyographic evaluation of cervical dystonia for planning of botulinum toxin
therapy. Eur J Neurol 2000 Nov;7(6):713-8.

20

Ostergaard L, Fuglsang-Frederiksen A, Sjo O, Werdelin L, Winkel H. Quantitative EMG in cervical
dystonia. Electromyogr Clin Neurophysiol 1996 Apr;36(3):179-85.

21

Comella CL, Buchman AS, Tanner CM, Brown-Toms NC, Goetz CG. Botulinum toxin injection
for spasmodic torticollis: increased magnitude of benefit with electromyographic assistance.
Neurology 1992 Apr;42(4):878-82.

22

Buchman AS, Comella CL, Stebbins GT, Tanner CM, Goetz CG. Quantitative electromyographic
analysis of changes in muscle activity following botulinum toxin therapy for cervical dystonia.
Clin Neuropharmacol 1993 Jun;16(3):205-10.

23

Lee LH, Chang WN, Chang CS. The finding and evaluation of EMG-guided BOTOX injection in
cervical dystonia. Acta Neurol Taiwan 2004 Jun;13(2):71-6.

24

Dubinsky RM, Gray CS, Vetere-Overfield B, Koller WC. Electromyographic guidance of botulinum
toxin treatment in cervical dystonia. Clin Neuropharmacol 1991 Jun;14(3):262-7.

25

Blackie JD, Lees AJ. Botulinum toxin treatment in spasmodic torticollis. J Neurol Neurosurg
Psychiatry 1990 Aug;53(8):640-3.

26

Tassorelli C, Mancini F, Balloni L, Pacchetti C, Sandrini G, Nappi G, et al. Botulinum toxin and
neuromotor rehabilitation: An integrated approach to idiopathic cervical dystonia. Mov Disord
2006 Dec;21(12):2240-3.

27

Ostergaard L, Fuglsang-Frederiksen A, Werdelin L, Sjo O, Winkel H. Quantitative EMG in
botulinum toxin treatment of cervical dystonia. A double-blind, placebo-controlled study.
Electroencephalogr Clin Neurophysiol 1994 Dec;93(6):434-9.

28

Stell R, Thompson PD, Marsden CD. Botulinum toxin in spasmodic torticollis. J Neurol Neurosurg
Psychiatry 1988 Jul;51(7):920-3.

29

Tsui JK, Fross RD, Calne S, Calne DB. Local treatment of spasmodic torticollis with botulinum
toxin. Can J Neurol Sci 1987 Aug;14(3 Suppl):533-5.

30

Finsterer J, Fuchs I, Mamoli B. Quantitative electromyography-guided botulinum toxin treatment
of cervical dystonia. Clin Neuropharmacol 1997 Feb;20(1):42-8.

31

Lu CS, Chen RS, Tsai CH. Double-blind, placebo-controlled study of botulinum toxin injections in
the treatment of cervical dystonia. J Formos Med Assoc 1995 Apr;94(4):189-92.

32

Tsui JK, Eisen A, Calne DB. Botulinum toxin in spasmodic torticollis. Adv Neurol 1988;50:593-7.

33

Tsui JK, Eisen A, Stoessl AJ, Calne S, Calne DB. Double-blind study of botulinum toxin in spasmodic
torticollis. Lancet 1986 Aug 2;2(8501):245-7.

34

Lorentz IT, Subramaniam SS, Yiannikas C. Treatment of idiopathic spasmodic torticollis with
botulinum-A toxin: a pilot study of 19 patients. Med J Aust 1990 May 21;152(10):528-30.

35

Brans JW, Lindeboom R, Snoek JW, Zwarts MJ, van Weerden TW, Brunt ER, et al. Botulinum toxin
versus trihexyphenidyl in cervical dystonia: a prospective, randomized, double-blind controlled
trial. Neurology 1996 Apr;46(4):1066-72.

36

Quagliato EM, Carelli EF, Viana MA. A prospective, randomized, double-blind study comparing
the efficacy and safety of type a botulinum toxins botox and prosigne in the treatment of
cervical dystonia. Clin Neuropharmacol 2010 Jan;33(1):22-6.

37

Brefel-Courbon C, Simonetta-Moreau M, More C, Rascol O, Clanet M, Montastruc JL, et al. A
pharmacoeconomic evaluation of botulinum toxin in the treatment of spasmodic torticollis. Clin
Neuropharmacol 2000 Jul;23(4):203-7.

35

2

Chapter 2

38

Truong D, Duane DD, Jankovic J, Singer C, Seeberger LC, Comella CL, et al. Efficacy and safety of
botulinum type A toxin (Dysport) in cervical dystonia: results of the first US randomized, doubleblind, placebo-controlled study. Mov Disord 2005 Jul;20(7):783-91.

39

Truong D, Brodsky M, Lew M, Brashear A, Jankovic J, Molho E, et al. Long-term efficacy and
safety of botulinum toxin type A (Dysport) in cervical dystonia. Parkinsonism Relat Disord 2010
Jun;16(5):316-23.

40

Tsui JK, Eisen A, Mak E, Carruthers J, Scott A, Calne DB. A pilot study on the use of botulinum toxin
in spasmodic torticollis. Can J Neurol Sci 1985 Nov;12(4):314-6.

41

Laubis-Herrmann U, Fries K, Topka H. Low-dose botulinum toxin-a treatment of cervical dystonia
- a double-blind, randomized pilot study. Eur Neurol 2002;47(4):214-21.

42

Odergren T, Hjaltason H, Kaakkola S, Solders G, Hanko J, Fehling C, et al. A double blind,
randomised, parallel group study to investigate the dose equivalence of Dysport and Botox in
the treatment of cervical dystonia. J Neurol Neurosurg Psychiatry 1998 Jan;64(1):6-12.

43

Moore AP, Blumhardt LD. A double blind trial of botulinum toxin “A” in torticollis, with one year
follow up. J Neurol Neurosurg Psychiatry 1991 Sep;54(9):813-6.

44

Borodic GE, Mills L, Joseph M. Botulinum A toxin for the treatment of adult-onset spasmodic
torticollis. Plast Reconstr Surg 1991 Feb;87(2):285-9.

45

Berardelli A, Carta A, Stocchi F, Formica A, Agnoli A, Manfredi M. Botulinum A toxin injection
in patients with blepharospasm, torticollis and hemifacial spasm. Ital J Neurol Sci 1990
Dec;11(6):589-93.

46

Boghen D, Flanders M. Effectiveness of botulinum toxin in the treatment of spasmodic torticollis.
Eur Neurol 1993;33(3):199-203.

47

Albanese A, Colosimo C, Carretta D, Dickmann A, Bentivoglio AR, Tonali P. Botulinum toxin
as a treatment for blepharospasm, spasmodic torticollis and hemifacial spasm. Eur Neurol
1992;32(2):112-7.

48

Gelb DJ, Lowenstein DH, Aminoff MJ. Controlled trial of botulinum toxin injections in the
treatment of spasmodic torticollis. Neurology 1989 Jan;39(1):80-4.

49

Borodic GE, Pearce LB, Smith K, Joseph M. Botulinum a toxin for spasmodic torticollis: multiple vs
single injection points per muscle. Head Neck 1992 Jan;14(1):33-7.

50

Greene P, Kang U, Fahn S, Brin M, Moskowitz C, Flaster E. Double-blind, placebo-controlled
trial of botulinum toxin injections for the treatment of spasmodic torticollis. Neurology 1990
Aug;40(8):1213-8.

51

Cordivari C, Misra VP, Vincent A, Catania S, Bhatia KP, Lees AJ. Secondary nonresponsiveness to
botulinum toxin A in cervical dystonia: the role of electromyogram-guided injections, botulinum
toxin A antibody assay, and the extensor digitorum brevis test. Mov Disord 2006 Oct;21(10):173741.

52

Tijssen MA, Marsden JF, Brown P. Frequency analysis of EMG activity in patients with idiopathic
torticollis. Brain 2000 Apr;123 ( Pt 4):677-86.

53

Tijssen MA, Munchau A, Marsden JF, Lees A, Bhatia KP, Brown P. Descending control of muscles in
patients with cervical dystonia. Mov Disord 2002 May;17(3):493-500.

54

Lee IH, Yoon YC, Sung DH, Kwon JW, Jung JY. Initial experience with imaging-guided intramuscular
botulinum toxin injection in patients with idiopathic cervical dystonia. AJR Am J Roentgenol
2009 Apr;192(4):996-1001.

36

Muscle selection for treatment of cervical dystonia with botulinum toxin

55

Sung DH, Choi JY, Kim DH, Kim ES, Son YI, Cho YS, et al. Localization of dystonic muscles with
18F-FDG PET/CT in idiopathic cervical dystonia. J Nucl Med 2007 Nov;48(11):1790-5.

56

Anderson TJ, Rivest J, Stell R, Steiger MJ, Cohen H, Thompson PD, et al. Botulinum toxin treatment
of spasmodic torticollis. J R Soc Med 1992 Sep;85(9):524-9.

57

Truong D, Duane DD, Jankovic J, Singer C, Seeberger LC, Comella CL, et al. Efficacy and safety of
botulinum type A toxin (Dysport) in cervical dystonia: results of the first US randomized, doubleblind, placebo-controlled study. Mov Disord 2005 Jul;20(7):783-91.

58

Werdelin L, Dalager T, Fuglsang-Frederiksen A, Regeur L, Karlsborg M, Korbo L, et al. The utility
of EMG interference pattern analysis in botulinum toxin treatment of torticollis: a randomised,
controlled and blinded study. Clin Neurophysiol 2011 Nov;122(11):2305-9.

37

2

Cervical dystonia:
improved treatment response to botulinum toxin
after referral to a tertiary centre and the use of
polymyography

S.W.R. Nijmeijer
J.H.T.M. Koelman
T.S.M. Standaar
M. Postma
M.A.J. Tijssen

Parkinsonism Relat Disord 2013 May;19(5):533-538

3

Chapter 3

ABSTRACT
Rationale: Cervical dystonia is the most common form of (primary) dystonia. The first line of
treatment for cervical dystonia is intramuscular injections with botulinum toxin. To optimise
the response to botulinum toxin proper muscles selection is required. Pre-treatment
polymyographic EMG in addition to clinical evaluation is hypothesised to be a good tool to
improve muscle selection and treatment outcome.
Objective: To determine the efficacy of botulinum toxin treatment after adjacent
polymyographic EMG in cervical dystonia patients referred to our tertiary referral centre
with an unsatisfactory response to botulinum toxin treatment elsewhere.
Methods: We performed a retrospective analysis of 40 consecutive second opinion cervical
dystonia patients. Standard polymyographic EMG was performed before treatment. We
retrieved the Tsui scores and subjective evaluations from the first visit, after 12 weeks and
after one year of treatment. In addition, we assessed the final outcome of treatment in our
centre based on the records and asked the patients for their personal opinion about the
effect of referral to our centre on their treatment response.
Results: After one year of treatment there was a significant improvement on both the Tsui
scores (p<0.01) and the subjective treatment evaluation (p<0.001.) On their last visit 60% of
the patients still continued treatment with a reasonable to good response.
Conclusion: A substantial amount of CD patients with an unsatisfactory response to
botulinum toxin improved after polymyography and subsequent treatment with botulinum
toxin in a tertiary referral centre.
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INTRODUCTION
Dystonia is a syndrome characterized by sustained involuntary muscle contractions leading
to debilitating abnormal postures, pain and twisting movements. Cervical dystonia (CD),
also called spasmodic torticollis, is the most common form of (primary) dystonia 1-3. In simple
rotational torticollis, the most frequent dystonic posture in CD, the sternocleidomastoid
(SCM), the splenius capitis (SPL) and the obliquus capitis (OC) muscles are typically involved.
In more complex movements, such as laterocollis, antecollis, retrocollis, and tremulous
torticollis, other combinations of muscles are active 4-6.
The first line of treatment for CD is intramuscular injections with botulinum toxin (BoNT) in
the dystonic muscles. BoNT treatment results in significant improvement of resting posture
and reduction of pain in about 85% of the patients 7,8.
The supposedly most important determinants of a favourable response to BoNT treatment
include proper selection of dystonic muscles and an appropriate dosage of BoNT 9. The
selection of muscles to be injected with BoNT is usually based on clinical features, such as
abnormal posture, muscle palpation, muscle hypertrophy, and pain. In addition to clinical
examination, polymyographic electromyography (pEMG) can be used to determine the
pattern of muscle involvement. Some studies indicate that pEMG for muscle selection
may help to improve the response to botulinum toxin treatment, but evidence is scarce
10
. The AMC is a national reference centre for patients with dystonia in the Netherlands.
Many CD patients with an unsatisfactory response to botulinum toxin treatment are
referred to our outpatient clinic. Before treatment, all patients undergo pEMG. Based on the
clinical evaluation combined with pEMG results patients are treated with botulinum toxin
injections. To determine the efficacy of referral to our tertiary referral centre and investigate
the additional value of pEMG, a retrospective analysis was performed of CD patients referred
with an unsatisfactory response to botulinum toxin treatment.

METHODS
Forty consecutive patients with idiopathic CD referred to our specialized centre between
2003 and 2009 were studied. The following inclusion criteria were chosen: 1) diagnosis of
CD, 2) referred because of unsatisfactory response to botulinum toxin treatment and 3)
pEMG performed in our centre before treatment. Exclusion criteria were: 1) an expressed
suspicion in our centre of a psychogenic cause for the torticollis and 2) insensitivity to
botulinum toxin confirmed by a negative extensor digitorum brevis (EDB) test 11.
To obtain the relevant information, patient charts and all the available correspondence
were studied. Information was obtained about disease duration, number of previous
treatments, muscles selected for treatment, dosages in the referring hospital and in our
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centre, performance of pEMG in the referring hospital and side effects. If patients received
Botox mouse-units (MU), the equivalent in Dysport-units was calculated using a conversion
ration of 1:3. The number of treatments in the referring hospital was estimated assuming an
average of 4 treatments per year if the exact number was unknown.
As outcome measures we retrieved Tsui scores (an objective severity scale ranging from
0 to 25 points12), VAS scores (a subjective ten point severity scale) and patients subjective
evaluations assessed at the first visit in our centre, after 12 weeks and after one year of
treatment. Patient’s subjective evaluations reflected the perceived effect of the previously
received treatment and were scored by one of the investigators (S.N.) as good effect (1),
moderate effect (2) or no effect (3). In addition, we assessed the final treatment outcome
in our centre based on the last entries in the patient charts. The final outcome was scored
as follows: continuing of botulinum toxin treatment in our centre or with their referring
neurologist with a good (1), reasonable (2) or poor (3) response, referral to a neurosurgeon
for Deep Brain Stimulation (DBS) (4), withdrawal from treatment (5) or unknown(6). In case
of ongoing treatment (1-3) the general treatment response was based on the average
subjective evaluations from the last treatments. A treatment response was qualified as
good (1) if there was a good treatment response in the vast majority of the treatments.
A treatment response was qualified as reasonable (2) when response was good in at least
half of the treatments and treatment response was qualified as poor (3) when the response
was moderate or poor in the majority of the treatments. Finally, we attempted to reach all
patients to ask their final personal opinion about the overall effect of referral to our centre
on their treatment response. Their response was scored as clear improvement (1), some
improvement (2), no improvement (3) or worsening (4) of treatment response.

Treatment protocol
Before the first botulinum toxin treatment in our centre pEMG was performed, using
needle electrode recordings with auditory and visual feedback. Based on clinical evaluation
combined with pEMG results, dystonic muscles were selected for BoNT treatment. All patients
received BoNT every three months. A dilution of 200 MU dysport per millilitre was used and
injections were divided over 1-3 injection sites per muscle. During all treatment sessions
EMG guidance with auditory/visual feedback was used for accurate needle placement in
target muscles. All patients were treated by an experienced team consisting of 3 movement
disorder specialists and 2 specialized dystonia nurse practitioners. Treatment protocols and
injections schedules were always determined by a movement disorder specialist. Before
each subsequent treatment patients were asked for side effects experienced.
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Statistical analysis
All statistics were performed using SPSS 16.0. Baseline characteristics are presented using
mean and SD for normally distributed data and median and inter quartile range (IQR) for not
normally distributed data. The Wilcoxon Signed Ranks Test was used to compare the mean
Botulinum toxin dose patients received before referral with the dose given at the first and at
the last treatment session in our centre. Longitudinal analyzes were used to investigate the
improvement of the Tsui and subjective scores. For the longitudinal analyzes only patients
were included with data on all the time points. The Wilcoxon Signed Ranks Test was used to
compare the subjective scores before treatment to the scores after one year of treatment
and the paired sample t test was used to compare the Tsui scores. To investigate the
association between the use of pEMG in the referring hospital and a favourable outcome in
our centre the Pearson’s chi squared test and the Fisher exact test were used. A favourable
outcome was defined as a reasonable or good final treatment outcome or a clear subjective
overall improvement. Finally, to compare the proportions of primary non-responders and
secondary non-responders with a favourable outcome, the Pearson’s chi squared test was
used.

RESULTS
Forty three consecutively referred patients matching all the inclusion criteria were identified.
Two patients had a negative EDB test and were excluded. One patient died and his patient
chart could not be retrieved, so he was also excluded. The remaining 40 patients were
included for analysis. Baseline characteristics are presented in table 1. 0.
Table 1. Baseline characteristics.
Male

14/40

(35%)

Age

56 years

(mean, SD: 11.9)

Disease duration

7.5 years

(median, IQR: 2.25-13.75)

Number of previous treatments

5

(median, IQR: 2-14)

Baseline Tsui (0-25 points)

11.2

(mean, SD: 3.1)

Baseline VAS (0-10 points)

8.2

(mean, SD: 1.15)

Dosage (last in referring centre)

375 MU

(median, IQR 285-500)

Primary non-responders

69%

SD: standard deviation. IQR: inter quartile range
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Dosage of Botulinum toxin
The dosage of botulinum toxin received during the last treatment in the referring centre
could be found for only 21 cases. Ten patients received injections with Botox and 11 with
Dysport with a median (converted) dose of 375 MU(IQR 285-500). The difference between the
last dosage at the referring centre (375 units) and the first dosage in our centre (median 355
units) was not statistically significant (p> 0.05). The dosage significantly increased gradually
from 355 units (IQR 282-450) at the first treatment in our centre to 400 units (IQR 350-470)
after one year (p<0.05). However, the last dosage received at the referring centre and the
dosage after one year of treatment in our centre did not differ significantly (p>0.05) (figure 1).

Muscle selection
In 25 of the 40 (63%) patients the selection of muscles for treatment in the referring centre
could be retrieved. In 24 of these 25 patients (96%) the selection of muscles changed after
pEMG evaluation and clinical evaluation in our centre. The median number of mutations
in muscle selection was 4 (IQR 3-5). The median number of additional muscles that were
injected was 2 (IQR 1.5-3.5) and the median number of muscles that were no longer treated
after pEMG evaluation was 1 (IQR 1-2). The muscles that were most frequently added to the
muscles selected for treatment were the splenius (SPL) and the semispinalis (SESP) muscles.
The levator scapulae (LS) and the trapezius (TPZ) muscles were most frequently removed
from the selection.

Tsui, VAS and subjective scores
The mean Tsui score at time of referral was 11.2 (N=36). After one year 29 patients still
continued BoNT treatment in our centre. After excluding cases with missing values,
longitudinal analysis was performed on the Tsui scores (N=24) and on the subjective
scores(N=23). The mean Tsui score in these patients improved from a baseline score of 11.2
at time of referral to 10.3 after 12 weeks (8% improvement). After one year of treatment in
our centre the Tsui scores had significantly improved to 9.1 (18.8% improvement, p<0.01).
The subjective scores significantly improved after 12 weeks (p<0.01) and even further after
one year (p<0.001) of treatment (figure 2). Longitudinal analysis could not be performed on
the VAS scores as for only a small number of patients data was available on all time points
(table 2).

Final treatment outcome
On their last visit, on average 2.4 year (range 0.5-6) after the first treatment in our centre,
32.5% of the patients still continued botulinum toxin treatment with a good response,
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27.5 % continued with a reasonable response and 2.5 % continued with a poor response.
Twenty percent of the patients withdrew from treatment, 15% were referred for Deep Brain
Stimulation (DBS) and for one patient the treatment outcome was unknown.
Thirty-four patients (85%) could be reached to ask their personal final opinion about the
effect of referral on their treatment response. Seventeen patients (50%) thought that their
response to botulinum toxin treatment improved and 11 of these 17 patients reported a
clear improvement. Sixteen patients (47%) thought there was no difference in treatment
response after continuing treatment in our centre and one patient thought that his
response had decreased.
Dosages of botulinum toxin

Figure 1. Dosages of botulinum toxin. Ns: not significant (p>0.05) *: statistically significant ( p<0.05)
Figure 1.0 Ns: not significant (p>0.05) *: statistically significant ( p<0.05) O: outlier * extreme outlier
O: outlier * extreme outlier

Previous use of pEMG
Information about the use of pEMG in the referring centre was available for 27 patients.
Eight of these 27 underwent pEMG before treatment in the referring centre whereas 19
patients did not undergo pEMG. The eight patients that underwent pEMG in the referring
centre had relatively little benefit from referral to our centre. The proportion of patients with
a ‘good’ to ‘reasonable’ final treatment result was smaller in this group (Odds Ratio: 0.267,
P>0.05). Similarly, a significantly smaller proportion of this group subjectively reported a
clear improvement after referral to our centre (p<0.01) compared to the patients that did
not undergo pEMG in their referring centre.
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Results
Subjective scores (N=23)
80,0%

**

no treatment effect
moderate treatment effect
good treatment effect

70,0%

percentage

60,0%

			

50,0%

***

**

40,0%
30,0%
20,0%
10,0%
0,0%
baseline

12 weeks

year

Final treatment result
(N=40 )
35 %

32,50%

pe r cen t age

30 %

27,50%

25 %
20,00%

20 %
15,00%

15%
10%
5%

2,50%

0%
good response

reasonable
response

poor response

2,50%
DBS

stopped

unknown

Figure 2. Results. **: significantly different from baseline score (p-value <0.01) ,***: significantly
Figure 2.0:
results
different
from
baseline score (p-value <0.001). Error bars: 95% confidence interval. DBS: Deep Brain
**: significantly different from baseline score (p-value <0.01) ,***: significantly different from baseline score (p-value <0.001)
Stimulation
error bars: 95% confidence interval. DBS: Deep Brain Stimulation

Primary vs secondary non responders
The proportion of primary non-responders with a good or reasonable final treatment result
was slightly smaller compared to secondary non-responders (OR:0.44 (p>0.05)). However,
a slightly bigger proportion of the primary non-responders subjectively reported a clear
improvement after referral to our centre (OR: 1.88 (p>0.05)). These differences were not
statistically significant.

Side effects
After the first treatment in our centre 17 patients (42.5%) experienced side-effects. Eight
patients (20%) complained of pain, 5 patients experienced symptoms of mild dysphagia
(12.5%), 5 patients complained of muscle weakness(12.5%) and 2 patients (5%) experienced
another side effect (flu-like symptoms in one patient and difficulty to open his mouth in another
patient). All side effects were mild, resolved spontaneously and additional interventions
were never required. No data were available for side effects from the referring hospitals.
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During the following year of treatment in our centre one patient had an exacerbation of
pre-existing swallowing difficulties after botulinum toxin treatment and was admitted for 2
days at our hospital for evaluation. No additional interventions, like enteral nutrition, were
needed and he left the hospital in a good condition.

DISCUSSION
A substantial amount of CD dystonia patients with an unsatisfactory response to
botulinum toxin treatment improved after polymyography and subsequent botulinum
toxin treatment in our centre. A recent review has shown that polymyographic analysis of
muscle involvement in CD might improve the response to botulinum toxin treatment in CD,
especially in more complex cases, but evidence is scarce 10. Cordivari et al. 13 have shown
that pEMG might restore responsiveness in secondary non-responders without antibodies
against BoNT.
In our study we were able to obtain a reasonable to good final treatment result in 60% of
the patients with a previous unsatisfactory response. In line with this, 50% of the patients
reported subjectively, that referral to our centre improved their response to botulinum toxin
treatment. The Tsui and subjective scores both improved after a single treatment session,
and even further after one year of treatment. Interestingly, the small proportion of patients
that underwent pEMG already before coming to our centre had relatively little benefit from
referral to our centre, supporting the hypothesis of a positive value of additional pEMG. The
influence of the expertise of our tertiary referral centre on the improved treatment response
cannot be ruled out. Also, the influence of EMG guidance for accurate needle placement
during BoNT injections can partly explain the positive effect. Finally, the increasing dosage
might be explanatory for some of the observed improvement response after one year.
However, the increasing treatment response started already after the first treatment in our
centre when a lower dose was given compared to the referring centre. There are some
limitations to our retrospective study. Eleven of the forty patients were treated for less
then one year in our centre and therefore no data were available for all the time points.
A substantial part of these eleven patients stopped treatment or were referred for DBS.
This is a source of bias towards a favourable outcome of the per protocol analysis that was
performed to investigate the improvement on the Tsui and subjective scores after one year
of treatment. However, the observed improvement in the remaining patients signifies that
a substantial part of the initial non-responders had clearly improved.
In addition there were some missing data, especially in the VAS scores, that could not be
retrieved because they were not recorded in the patient charts. We expect these missing
data to be rather random and not a substantial source of bias.

49

3

Chapter 3

Another possible confounding factor might be the time interval between the assessment of
the baseline scores and the last treatment patients had received at the referring centre which
was often longer than the standard 12 weeks interval between treatment and evaluation
of the treatment in our centre. This may have influenced the baseline Tsui scores since they
evaluate the severity of the complaints at the time of assessment and this could have biased
the observed improvement on these scores. However, subjective scores also indicated
a more favourable response in our centre compared to earlier treatment. Finally, some
patients were previously treated with Botox and received Dysport in our centre. Although
unlikely, as they are both type A forms of botulinum toxin, it cannot be excluded that this
switch accounts for part of the favourable response in some patients. This has previously
been suggested for patients suffering from blepharospasm and hemificial spasm 14.
Despite the above mentioned limitations, the results are in line and indicate an improved
treatment response in a tertiary centre in a substantial part of the patients. We speculate
that pEMG is helpful in muscle selection and improves the response to botulinum toxin
treatment in CD patients. It has been suggested that in the majority of CD patients a good
clinical response can be obtained with clinical evaluation alone and in these patients the use
of pEMG cannot be justified 15. We hypothesise that even in patients with a good response,
treatment results can be further improved with pEMG. However, there is insufficient evidence
to recommend the standard use of pEMG in all CD patients. Nevertheless, in patients with
an unsatisfactory response, inadequate muscle selection might be an important cause
for treatment failure and for these patients we recommend the use of pEMG to improve
treatment response. More prospective randomized trials are required to confirm the value
of pEMG.
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ABSTRACT
Objective: Botulinum toxin injections in the dystonic muscles are the preferred treatment
for cervical dystonia (CD), but proper selection of the dystonic muscles remains a challenge.
We investigated the use of EMG coherence and autospectral analysis as discriminative tools
to identify dystonic muscles in CD patients.
Methods: We compared the occurrence of 8-14 Hz autospectral peaks and 4-7 Hz
intermuscular coherences between 10 CD patients and 10 healthy controls. Secondly,
we compared the muscles with significant 4-7 Hz coherences with the muscles that were
selected clinically for botulinum toxin treatment
Results: Autospectral peaks between 8 and 14 Hz were significantly more often absent in
the splenius capitis (SPL) muscles of CD patients compared to controls (p<0.01). Contrary
to previous findings, there was no significant difference in the occurrence of 4-7 Hz
intermuscular coherences between patients and controls and the diagnostic accuracy of
coherence analysis to identify the clinically dystonic muscles was low.
Conclusion: Intermuscular EMG coherence analysis cannot reliably discriminate patients
from controls. Autospectral changes in the SPL muscles are a more discriminative feature
of CD. In patients, coherence analysis does not seem to be a reliable method to identify
dystonic muscles. The clinical relevance and the origin of the autospectral changes need
further study.
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INTRODUCTION
Dystonia is a syndrome characterized by sustained or intermittent involuntary muscle
contractions leading to debilitating abnormal postures and twisting movements 1. Cervical
dystonia (CD), also called spasmodic torticollis, is the most common form of (primary)
dystonia 2,3. The first line of treatment of CD is intramuscular injection of botulinum toxin
(BTX) in the dystonic muscles. The most important determinants of a favourable response to
BTX treatment, include proper selection of dystonic muscles and an appropriate dosage of
BTX 4. The selection of muscles to be injected with BTX is based on clinical features, such as
abnormal posture, muscle palpation, muscle hypertrophy, and pain 5,6. In addition to clinical
examination, polymyographic electromyography (pEMG) can be used to determine the
pattern of muscle involvement but evidence for pEMG to improve muscle selection prior
to BTX treatment is scarce 7. An important limitation is that pEMG does not discriminate
between dystonic and compensatory active muscles 8,9, where discrimination between the
two appears essential to optimise muscle selection for BTX treatment.
It has been hypothesized that EMG coherence analysis can help identify the leading dystonic
muscles and thus may improve the response to BTX treatment 9. Coherence analysis is a
measure of linearity between two signals and can reveal descending oscillatory drives that
are common across motor units. Low frequency (usually between 4-7 Hz) coherences have
been well described between EMG recordings in dystonia patients 9-13. In addition, during
deep brain stimulation, local field potentials (LFP’s) from electrodes surgically positioned
in the internal globus pallidus (GPi) were recorded and low frequency coherences have
been found between the LFP‘s and EMG recordings from dystonic muscles 14-16. The low
frequency intermuscular coherences therefore are thought to reflect a descending drive to
the dystonic muscles originating from the basal ganglia. This ‘dystonic drive’ showed a high
specificity (98%) for muscles determined as dystonic by means of polymyographic EMG 9.
Furthermore, a significant correlation has been described between the clinical assessment
of the abnormal neck posture in CD and blinded prediction of the neck posture based on
intermuscular coherences 9.
Finally, in CD patients abnormalities have been described in the EMG autospectrum of
dystonic muscles, especially in the splenius muscles. An autospectral peak around 10 Hz
seen in the splenius muscles in normal controls is frequently absent in CD patients 9,12.
In this study we analysed the EMG in several cervical muscles in 10 CD patients and 10
healthy controls to investigate low frequency intermuscular coherences and the EMG
autospectra. The first goal of this pilot study was to confirm previous findings and compare
the occurrence of low frequency intermuscular coherences and autospectral peaks around
10 Hz between patients and healthy controls. The second goal was to investigate the
accuracy of coherence analysis to identify the dystonic muscles within patients. For this
purpose, the muscles with low frequency intermuscular coherences were compared with
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the muscles selected for treatment by an experienced neurologist based on previous EMG
investigations, clinical examination and the response to previous treatments.

METHODS
Study population
Ten CD patients (five females and five males) aged between 38 and 74 years (Mean ± SD,
56.3 ± 10.6) and ten healthy controls aged between 33 and 79 years (Mean ± SD, 53.7 ± 12.7)
participated in this study. Patients were recruited from a database of patients with dystonia
referred to the Academic Medical Center (AMC) in Amsterdam and Reinier de Graaf Gasthuis
(RGG) in Delft. Inclusion criteria were as follows: (1) patients with idiopathic CD, (2) age of
onset ≥ 26 years, (3) a rotational component in the dystonic posturing and (4) informed
consent. Exclusion criteria were: as follows (1) fixed dystonia, (2) secondary dystonia and
(3) use of neuropharmaceuticals before the onset of CD. All patients were treated with BTX
injections and were studied at least 3 months after their last injection. The duration of the
symptoms ranged from 2 to 25 years (median; IQR, 5.3; 4-11.5). Clinical characteristics of the
patients are presented in table 1. Healthy controls were recruited using information posters
in the AMC and by asking the partners of patients. The group of controls was chosen in such
a way that the average age and the male-female ratio were comparable. All subjects gave
written, informed consent and the study was approved by the medical ethics committee
of the AMC.
Table 1. Clinical characteristics
Pat nr.

Sex Age Rotation1 Lateroflexion1

Antecollis1 Retrocollis1 Tremor2 Tsui score TWSTRS

01

F

56

R, 3

R, 1

-

-

0

9

42

02

M

46

R, 1

L, 2

-

-

0

8

23

03

F

74

L, 3

R, 1

-

-

0

12

24

04

M

38

R, 2

L, 1

-

-

0

7

16

05

F

63

R, 2

R, 1

1

-

1

11

30

06

F

63

L, 2

L, 2

3

-

0

17

31

07

M

45

R, 3

L, 2

-

2

0

16

22

08

M

61

L, 3

R, 3

-

-

0

13

30

09

F

60

L, 2

L, 2

-

2

1

15

24

10

M

56

R, 1

L, 1

-

1

0

7

17

Pat nr: patient number 1R: right; L: Left; 1: 0-15 degrees; 2: 15-30 degrees; 3: >30 degrees. 2 0: no visible tremor
during the experiments 1: pronounced tremor during experiments.
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Clinical Examination
All subjects underwent a systematic neurological examination. Dystonic symptoms were
scored using the Tsui scale (range, 0-25) 17 and the Toronto Western Spasmodic Torticollis
Rating Scale (TWSTRS, range, 0-87) 18.

EMG-recordings
Intramuscular EMG recordings were obtained bilaterally from the sternocleidomastoid
(SCM), splenius capitis (SPL), levator scapulae (LS) and semispinalis capitis (SESP) muscles
using concentric needle electrodes. Signals were monitored continuously during the
experiment and sampled at 2048 Hz.

Study protocol
To maintain patient comfort throughout the test series no more than 4 needle electrodes
were used simultaneously. Therefore, the test protocol was divided into two parts: A and
B. During part A, recordings were obtained from bilateral SCM and SPL muscles and during
part B recordings were obtained from bilateral LS and SESP muscles.
During both parts subjects performed two tasks: (1) a free dystonia task and (2) a voluntary
rotation task. Intermuscular coherences were primarily studied during the free dystonia
task for which patients were asked not to resist the dystonia and let their head and neck
assume the dystonic posture for 6 minutes. Controls were matched to patients of the same
gender and approximately the same age and asked to mimic the dystonic posture of this
patient for 6 minutes. EMG autospectra were studied during the voluntary rotation tasks.
Voluntary contraction of the SPL and SCM muscles during these tasks ensured sufficient
muscle activity for autospectral analysis. For this task, patients and controls were seated in a
chair and asked to exert a twist torque to the left and to the right and push against a digital
force gauge (Aikoh 9500) held by the investigator with 30% of their Maximal Voluntary
Contraction (MVC). Subjects’ individual MVC was measured with the digital force gauge
before the start of the experiments and 30% MCV was achieved during the experiments
with verbal instructions provided by the investigator. The rotational tasks lasted for only 1
minute to minimize fatigue but were repeated twice in both directions (total 4 minutes.)

Data analysis
Preprocessing
Data were processed offline using Vision Analyser 2.0 (Brain Products GmbH, Gilching,
Germany). Raw data were filtered using a high cut-off of 750 Hz, a low cut-off of 20 Hz (both
8th order butterworth) and a notch filter of 50 Hz. Pulse artefact correction was used to
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remove ECG artefacts and data were rectified. The autospectra and the coherence spectra
were estimated offline using Matlab (Matworks Inc., Natick, MA, USA).

Raw EMG recordings
Different types of activity have been described in EMG recordings of dystonic muscles: tonic
activity, (semi)rhythmic activity or a combination of both 5,10. During the dystonia task we
determined the predominant pattern per patient: i.e. a (semi)rhythmic bursting pattern or a
relatively more tonic pattern of EMG activity.

Coherence analysis
The method of coherence analysis has been described elsewhere and is based on methods
outlined by Halliday and colleagues 19. Coherence is a normalized, unit less value providing
a measure of the linearity between two signals, which ranges from 0 for signals with no
linear relationship to 1 for linear systems without noise 20. The 99% confidence limits (CL)
for the coherence spectra were calculated 19 to indicate frequencies where coherence
was significantly different from zero. The data were Hanned using a moving average filter.
Intermuscular coherence was calculated between the needle recordings from all possible
combinations of both SCM and SPL muscles during part A and the LS and SESP muscles
during part B (in total 12 possible combinations). The coherence spectra were analysed
across the frequency range of 0 Hz to 35 Hz by one of the investigators (J.K.) who was
unaware if the data belonged to a patient or a control. The presence of significant coherence
in the 4-7 Hz spectrum and the magnitude of this coherence was documented for the
different muscles combinations. A significant 4-7 Hz coherence was defined as a clear peak
between 4 and 7 Hz exceeding the confidence limit of 99%.

Comparison of patients and controls
The number of muscle pairs with a significant 4-7 Hz coherence during the dystonia task
was compared between patients and controls. In addition, we examined the occurrence of
4-7 Hz coherences during the voluntary rotation tasks. For the analysis of coherences during
the rotation tasks, in patients, a distinction was made between between rotation in the
direction of the dystonic posturing and rotation in the opposite-dystonic direction
Prediction of dystonic muscles
In the patient group, both muscles from each muscle pair with a significant 4-7 Hz
coherence during the free dystonia task were considered to be dystonic. The selection of
muscles scored as dystonic was compared to the selection of muscles that were injected
with botulinum toxin during the most recent treatment session serving as the reference
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standard. The selection for treatment was based on clinical evaluation, previous EMG results
and the effect of previous treatments. Muscles that were selected for treatment but not
investigated in this study were excluded from analysis

Autospectra analysis
Needle electrode recordings obtained during voluntary contraction of the SPL and SCM
muscles (i.e. the voluntary rotation tasks) were used for autospectral analysis. The right SPL
and left SCM were always analysed during right rotation tasks and the left SPL and right SCM
during left rotation tasks to ensure sufficient muscle activity for autospectral analysis. The
autospectra were calculated using a fast Fourier transform up to a frequency of 1028 Hz.
We chose to investigate autospectral peaks across the wider range of 8-14 Hz instead of the
10-12 Hz band described in previous studies 9,12 to ensure sufficient sensitivity. Autospectral
peaks were thus defined as a peak in the 8-14 Hz frequency band with maximum power
greater than 1.5 times the power averaged across all frequencies between 1 and 35 Hz. In
addition, the relative Area Under the Curve (AUC) was calculated for the 8-14 Hz frequency
band by dividing the AUC in the 8-14 Hz band by the AUC in the 1-35 Hz frequency band.

Comparison of patients and controls
The relative AUC’s and the incidence of autospectral peaks in the SPL and SCM muscles
were compared between patients and controls. In patients, a distinction was made between
muscles ipsilateral and the muscles contralateral to the direction of the torticollis. Because
all patients had a rotational component in their dystonic posturing, the ipsilateral SPL and
the contralateral SCM are most likely to be responsible for the dystonic posturing and are
most likely to show abnormalities specific for dystonia. Finally, the pooled autospectra were
calculated for patients and controls using an average of all the individual spectra normalized
by their total power between 1 and 35 Hz.

Statistical analysis
All statistics were performed using SPSS 19 (IBM, Armonk, United States.) Clinical
characteristics are presented using mean and standard deviation (SD) for normally
distributed data and median and interquartile range (IQR) for non-normally distributed data.
A Mann–Whitney U test was used to compare the number of muscle pairs with a significant
4-7 Hz coherence between patients and controls (data was not normally distributed). In
addition, a Mann–Whitney U test was used to compare the magnitude of these coherences
between patients and controls. The correlation between the prediction based on the
coherence analysis and the reference standard was calculated using Pearson’s chi-squared
test (χ2). To test the diagnostic accuracy of this prediction, the sensitivity, specificity and the
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diagnostic odds ratio were calculated. To calculate the difference between the incidence
of an 8-14 Hz autospectral peak in patients and controls Fisher’s exact test was used. The
Independent samples t-test was used to compare the relative AUC’s (normally distributed
data) in the autospectra.

RESULTS
Raw EMG recordings
During the dystonia task, we classified patients 5, 6 and 9 to have a predominantly (semi)
rhythmic bursting pattern of EMG activity while the remaining patients (1-4, 7,8) showed a
predominantly tonic pattern of muscle activity (figure 1).

Figure 1. Raw EMG recordings. Examples of raw EMG recordings during the dystonia task in the left
SCM muscle in two patients. The EMG activity has a bursting-phasic pattern in patient 6 (right figure)
but more tonic EMG activity is seen in patient 1 (left figure).

Coherence analysis
In two patients (numbers 5 and 9) a tremor was observed during the experiments (around
5 Hz for patient 5 and 4 Hz for patient 9). These patients showed pronounced intermuscular
coherences in their tremor frequency. The 4-7 Hz coherences in these patients were
considered to be related to the tremor rather than the dystonia. Therefore, we excluded
these two patients for further coherence analyses.

Occurrence of significant 4-7 Hz intermuscular coherences
Significant coherences (exceeding the 99% confidence limit) in the 4-7 Hz frequency band
were found in 7 of the 8 CD patients and in 8 of the 10 controls (table 2). There was no
significant difference between the number of muscle pairs with a significant coherence
during the free dystonia task in the patients (median: 1;IQR 0-3.75) compared to the controls
(median: 1;IQR: 0-2, p= 0.783). However, the median magnitude of the coherences was
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Table 2. Muscle pairs with a significant coherence.

0

0

9

0

3

1

Total
2

0

0

1
2

2

5

SESP-R_LS-L

SESP-R_SESP-L
LS-R_SESP-R

0

Total

SCM-l_SPL-L
SCM-R_SPL-R

SCM-R_SPL-L
LS-R_LS-L
LS-R_SESP-L
SESP-R_SESP-L
SCM-R_SPL-R

Rotation task
(Opposite-dystonic direction)
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LS-R_SESP-L

SCM-R_SPL-R

SCM-R_SCM-L

6

7

8

9

SCM-R_SPL-L

LS-R_LS-L

0

2

1

1

LS-R_SESP-R

SCM-R_SCM-L
SPL-R_SPL-L

LS-R_SESP-R

SCM-R_SCM-L

Rotation task
(Left rotation)

LS-R_LS-L
SCM-l_SPL-L

1

4

0

0

0

0

0

1

0

0

1

Total

LS-R_SESP-R

SCM-R_SCM-L
LS-L_SESP-L

SCM-R_SPL-L

SCM-l_SPL-L

Rotation task
(Right rotation)

1

2

0

0

1

0

0

0

0

0

Total
1

Controls mimicked the posture of the patients with a corresponding number during the dystonia task. The appendices -L and –R are used to indicate the left and right
muscles respectively. Total: the number of muscle pairs with significant 4-7 Hz coherences during the different tasks.

10

SPL-R_SPL-L

5
2

3

LS-L_SESP-L
LS-R- SESP-L
LS-R_SESP-R

1

2

SESP-R_SESP-L

SPL-R_SPL-L

LS-L_SESP-L

3

0

2

4

0

1

Total
0

Dystonia task

10

Controls

Coherence analysis results during the different tasks

Muscle pairs with a significant coherence in the 4-7 Hz frequency range

Table 2. Muscle pairs with a significant coherence. (Continued)
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higher in patients (median: 0.10, IQR: 0.075-0.20) compared to controls (median: 0.050, IQR:
0.050-0.10, P<0.05). There were no significant differences between patients and controls in
the occurrence or magnitude of 4-7 Hz coherences during the rotation tasks. Examples of
a coherence plot from both a patient and a control showing 4-7 Hz coherences, are shown
in figure 2.

4

Figure 2. Coherence plots
Example of coherence plots between the left and right SPL muscles in a patient (left) and in a healthy control
(right) during the dystonia task. The horizontal dotted line represents the 99% confidence limit.#: subject number.

Correlation with muscles selected for botulinum toxin treatment
During the dystonia task in total 20 of the 64 investigated muscles in all patients (n=8) were
predicted to be dystonic with coherence analysis (table 3). Comparing this prediction to
muscles treated with botulinum toxin, which was considered for this study as the reference
standard, the sensitivity of coherence analysis was 36%, the specificity was 72% and the
diagnostic odds ratio was 1.43. Accordingly, there was no significant correlation between
the prediction based on the coherence analysis and the muscles treated with botulinum
toxin (P>0.05). Similar results were obtained from the coherence results obtained during
the rotation tasks.
Table 3. Comparison coherence analysis with the muscles treated with botulinum toxin.
Muscles treated with botulinum toxin
(reference standard)
included for
not included for
treatment
treatment
9
11

Total
20

Muscles with no 4-7 Hz coherence

16

28

44

Total

25

39

64

Prediction based on coherence analysis
(during free dystonia task)
Muscles with a 4-7 Hz coherence
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EMG Autospectra
In patient number 8 EMG recordings from the ipsilateral SPL during one of the rotation tasks
were lost following the experiments. The data processing was completed without this data.

EMG Autospectra: individual analysis of the SPL muscles
In only 2 of the 9 patients an 8-14 Hz autospectral peak was found in the SPL muscle
ipsilateral to the direction of the torticollis (presumed dystonic SPL). In 7 of the 10 patients
an 8-14 Hz peak was found in the contralateral (presumed non-dystonic) SPL muscle. In
healthy controls, autospectral peaks were found significantly more often in the right SPL (in
all 10 controls, P<0.001) and in the left SPL (in 9 of the 10 controls, p<0.01) compared to the
ipsilateral SPL in patients (table 4). In line with this, the relative AUC in the 8-14 Hz band was
significantly lower in the ipsilateral SPL muscles in patients (0.175, SD 0.040) compared to
the right SPL (0.337, SD 0.059, P<0.001) and the left SPL (0.327, SD 0.092, P<0.001) in healthy
controls. In the contralateral SPL in patients, the relative AUC was 0.273 (SD 0.124, P<0.05).
Table 4. Autospectra analysis of the individual SPL muscles.
Number of muscles with a Mean relative AUC in the
8-14 Hz autospectral peak 8-14 Hz frequency band
(Statistical significance*) (Statistical significance*)
CD patients:
Ipsilateral (presumed dystonic) splenius muscles
2/9
0.175
CD patients:
contralateral (presumed non-dystonic) splenius
muscles
7/10 (p>0.05)
0.273 (p<0.05)
Controls:
Right splenius
10/10 (p<0.001)
0.337 (P<0.001)
Controls:
left splenius
9/10 (p<0.01)
0.327 (P<0.001)
AUC: Area Under the Curve. Ipsilateral/contralateral splenius: splenius muscles ipsilateral/contralateral to the
direction of the torticollis. *statistical significance compared to the ipsilateral splenius muscles in CD patients.

EMG Autospectra: individual analysis of the SCM muscles
In the SCM muscles 8-14 Hz autospectral peaks were observed in 1 of the 10 contralateral
(presumed dystonic) SCM and 3 of the 10 ipsilateral (presumed nondystonic) SCM muscles
in patients compared to 4 of the 10 left SCM muscles and 2 of the 10 right SCM muscles
in controls. The relative AUC in the 8-14 Hz band in patients was 0.156 (SD 0.044) in the
contralateral SCM muscles and 0.209 (SD 0.057) in the ipsilateral SCM. In controls, the relative
AUC in the 8-14 Hz band was 0.206 (SD 0.061) in the left SCM muscles and 0.174 (SD 0.053) in
the right SCM. The differences between the contralateral (presumed dystonic) SCM muscles
in patients and the SCM muscles in healthy controls were not statistically significant.
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EMG autospectra: pooled results
Figure 3 shows the pooled EMG autospectra of the ipsilateral SPL muscles in CD patients
and the right SPL muscles in controls. A clear peak in power between 8-14 Hz is seen in the
right SPL muscles in controls. A similar peak was found in the left SPL in controls (figure
not shown). This peak is absent in the pooled autospectra of the ipsilateral (figure 3) SPL
muscles and was less prominent in the contralateral SPL muscles (figure not shown) in CD
patients.
The pooled autospectra of the SCM muscles showed only very small peaks in power
between 8 and 14 Hz in controls and no clear peaks in the dystonic and non-dystonic SCM
muscles in patients (data not shown).

Pooled autospectra of the splenius muscles

Figure 3. Pooled average of normalized autospectra.
The blue line represents the right splenius muscles in controls and the red line represents the ipsilateral (presumed
dystonic) splenius muscles in CD patients Solid lines: mean of normalized autospectra., dotted line: standard error
of the mean (SEM).

EMG autospectra: without tremor patients
Similar results are obtained after removing the two patients with pronounced tremor. 8-14
Hz autospectral peaks are still significantly less often found in the ipsilateral SPL muscles in
patients (2 out of 7) compared to the right SPL (in all 10 controls, P<0.01) and the left SPL
(in 9 of the 10 controls, p<0.05) in healthy controls. Similarly, the relative AUC in the 8-14
Hz band is significantly lower in the ipsilateral SPL muscles in patients (0.181, SD 0.039)
compared to the right SPL (0.337, SD 0.059, P<0.001) and the left SPL (0.327, SD 0.092,
P<0.01) in healthy controls.
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DISCUSSION
The first goal of this study was to compare the occurrence of 4-7 Hz intermuscular coherences
and 8-14 Hz autospectral peaks between patients and controls. Coherence analysis revealed
significant intermuscular coherences in the 4-7 Hz frequency range between neck muscles
in both CD patients and controls. There was no significant difference in the number of
times 4-7 Hz coherences exceeded the 99% confidence interval between patients and
controls although the magnitude of the coherences was slightly higher in patients. The
EMG autospectra on the other hand, revealed a significant reduction of power between 8
and 14 Hz in SPL muscles ipsilateral to the direction of the torticollis in patients. The second
goal was to investigate the potential application of abnormal intermuscular coherences to
identify dystonic muscles in CD patients. There was no significant correlation between the
muscles identified as being dystonic using coherence analysis and the muscles selected for
BTX treatment (considered here as the reference standard) by an experienced movement
disorder specialist (DK, JK). Consequently, the diagnostic accuracy (sensitivity, specificity
and diagnostic odds ratio) of the 4-7 Hz coherent drive was very low. All together our results
suggest that there is no diagnostic value for the coherence analysis, while the analysis of
EMG autospectrum has potential clinical value, although it needs further study.

Limitations
A possible limitation of our study may be the influence of BTX. The experiments were at
least 3 months after the last treatment but any residual effects of BTX cannot be ruled out
and might have attenuated the abnormalities in CD patients. An additional limitation is that
we studied only a small group of patients and controls. Therefore, the differences in low
frequency coherences may have become statistically significant if more subjects had been
studied. However, this would have no consequences for the diagnostic accuracy. Finally,
interpretation of the diagnostic accuracy of coherence analysis was somewhat complicated
by the absence of a reliable gold standard that defines with certainty whether a muscle is
either dystonic or not. However, the observation of significant 4-7 Hz coherences in almost
all healthy subjects strongly suggests that coherence analysis lacks specificity and is not a
reliable tool for muscle selection.

Comparison with previous studies
The limited discriminative value of coherence analysis in our study is surprising because
low frequency intermuscular coherences have been well described in dystonia patients
9-13
and several studies were unable to find a similar “dystonic drive” in healthy control
subjects 10,11,13. Interestingly, in some of these studies, the low frequency drive was especially
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prominent in patients with tremulous or mobile dystonia 10,11. In addition, coherence in the
low frequency band was most obvious in patients with a relatively more rhythmic or phasic
pattern of EMG activity 10. In our study, two patients with tremor during the experiments
were excluded. These patients showed pronounced intermuscular coherences in their
tremor frequency and it was assumed that these coherences were related to the tremor
rather than to the dystonia. Coherences were also evident in one patient (patient 6) with a
predominant bursting pattern of EMG activity but no visible tremor. These results are in line
with the abovementioned studies that showed that 4-7 Hz coherences are mostly found
in patients with either a clinically obvious tremor or a prominent rhythmic EMG activity.
We hypothesize that the prominent 4-7 Hz coherences reflect a spectrum ranging from
synchronized bursting in the EMG to a clinically detectable dystonic tremor. In our study,
intermuscular coherences were analysed mainly in patients without tremor and with more
tonic EMG activity. In those patients, low frequency coherences can still be observed but
appear to be a less discriminative feature

4-7 Hz coherences in healthy controls
The finding of similar 4-7 Hz coherences in many of our healthy controls is surprising.
Although, it should be noted that coherences in healthy controls were considerably lower
than coherences that are usually found in dystonia patients 10,11. Only in one previous study
by Tijssen et al. 12 low frequency coherence was found between neck muscles in one of
the eight healthy control subjects. In addition, van Rootselaar et al.21 described low but
significant 4-8 Hz coherence in some healthy subjects between hand and arm muscles
during a postural task. In dystonia patients, the low frequency intermuscular coherences
are thought to reflect an abnormal descending drive from the basal ganglia 14-16. Studies
towards correlations between the basal ganglia and EMG recordings in healthy controls
are lacking. It is possible that the observed low frequency intermuscular coherences in
healthy controls reflect a similar descending drive from the basal ganglia, as it should then
be interpreted as a physiological phenomenon that is disinhibited in (tremulous) dystonia
patients. An alternative explanation for the coherences in our healthy volunteers might
be a nonphysiological cause, like volume conduction or movement artefacts. However,
we limited these influences as a 20 Hz high pass filter was used to filter out movement
artefacts and the influence of volume conduction is unlikely between needle recordings
from different muscles on opposite sides of the neck. Taken together, low frequency
intermuscular coherences can also be observed in healthy subjects and are therefore not
able to accurately discriminate patients from healthy controls. However, in patients with
prominent rhythmic or phasic activity, low frequency coherences can be more prominent,
probably reflecting a (disinhibited) low frequency drive.
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Autospectral changes in CD patients
A more discriminative feature of CD is the absence of an 8-14 Hz peak in the autospectra of
the dystonic SPL muscles as previously described in CD patients 9,12. The origin of the normal
autospectral peaks between 8 and 14 Hz in almost all healthy controls is unclear. It may
reflect the neurogenic component of physiological tremor during voluntary contraction,
similar to what has been observed in the autospectra of the wrist extensor muscles 22.
A possible explanation for the absence of these peaks in CD, might be that the normal
8-14 Hz oscillations are suppressed by a more prominent 4-7 Hz dystonic drive. However,
many SPL muscles without an 8-14 Hz peak did not show increased autospectral power or
an increased intermuscular coherence in the 4-7 Hz frequency band (results not shown).
Furthermore, other explanatory factors for the spectral changes, like increased fatigue in
CD patients cannot be excluded. With fatigue the firing rates of motor units slow down
leading to a shift in EMG power to lower frequencies 23. However, in many autospectra of
CD patients the 8-14 Hz peak disappears but does not seem to shift to a lower frequency.
Further studies are required to investigate the origin of the 8-14 Hz autospectral peaks and
its disappearance in CD.

CONCLUSION
The most discriminative feature in CD patients compared to healthy subjects was the
absence of 8-14 Hz autospectral peaks in the SPL muscles whereas intermuscular coherence
analysis showed no significant difference in 4-7 Hz coherences between patients and
controls. Consequently, intermuscular coherence analysis does not seem a reliable method
for muscle selection in CD. Further studies are required to investigate the origin of the 8-14
Hz autospectral changes and its potential role in selection of dystonic muscles.
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ABSTRACT
Objective: To identify effects of a deviant motor drive in the autospectral power of dystonic
muscles during voluntary contraction in cervical dystonia patients.
Methods: Submaximal (20%) isometric head-neck tasks were performed with the head
fixed, measuring surface EMG of the sternocleidomastoid, splenius capitis and semispinalis
capitis in CD patients and controls. Autospectral power of muscle activity, and head forces
was analyzed using cumulative distribution functions (CDF). A downward shift between
the theta/low alpha-band (3-10 Hz) and the high alpha/beta-band (10-30 Hz) was detected
using the CDF10, defined as the cumulative power from 3 to 10 Hz relative to power from 3
to 30 Hz.
Results: CDF10 was increased in dystonic muscles compared to controls and patient
muscles unaffected by dystonia, due to a 3-10 Hz power increase and a 10-30 Hz decrease.
CDF10 also increased in patient head forces.
Conclusions: Submaximal isometric contractions with the head fixed provided a welldefined test condition minimizing effects of reflexive feedback and tremor. We associate
shifts in autospectral power with prokinetic sensorimotor control.
Significance: Analysis of autospectral power in isometric tasks with the head fixed is a
promising approach in research and diagnostics of cervical dystonia.
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INTRODUCTION
Idiopathic cervical dystonia (CD) is a neurological movement disorder characterized
by involuntary neck muscle contractions 1. The pathophysiology of CD remains unclear,
although functional and morphometric changes have been found in several brain areas,
such as the cerebral cortex 2-5, superior colliculus 6, thalamus 7-11, and cerebellum 12-15. Current
evidence points towards differences in the neuronal circuitry of multiple areas in the
brain 16,17. In particular, power in local field potentials (LFP) of the Globus Pallidus internus
(GPi) shows an increase around 4-10 Hz and a reduction around 11-30 Hz (beta-band) in
generalized and cervical dystonia patients 18. Such beta-band brain rhythms are thought to
contribute to sensorimotor control opposing the execution of movement 19,20, i.e. contribute
antikinetically, and frequencies above 60 Hz (gamma-band) are considered prokinetic 19. It is
hypothesized that aberrance in these rhythms may relate to the hyperkinesia in CD patients
21
. Indeed, excessive 3-10 Hz 22,23 and reduced 8-20 Hz 24 pallidal activity may correlate with
dystonic tremor 25.
Muscle (electromyography) frequency spectra have been used to identify specific
movement disorders. For example, in patients with writer’s cramp, increased 11-12 Hz
intermuscular coherence between limb muscles has been found in comparison to controls
mimicking similar muscle activation patterns. This indicates aberrance in synchronization
of presynaptic inputs 26. In limb dystonia, autospectral EMG of muscles with clinical signs
of dystonia exhibits less relative power above 70 Hz than healthy subjects 27. Symptomatic
limb dystonia patients carrying the DYT1 gene show a 4-7 Hz peak in the autospectrum
of affected limb muscles, which is absent in asymptomatic carriers, patients with fixed
dystonia, and controls 28. In CD, differences between autospectral EMG of dystonic and
healthy muscles have been found, where peaks around 10-12 Hz were absent in dystonic
splenius capitis (SPL) muscles 29,30. Similar experiments with a larger patient and control
group only partially confirmed these results 31. Within patients, autospectral peaks between
8 and 14 Hz were absent in 7 out of 9 affected SPL muscles but also in 3 out of 10 unaffected
SPL muscles, providing a limited discriminative power. These observations, however, were
made in seated subjects with their head free while applying forces to a handheld device.
Considering that 2 out of 10 patients demonstrated an obvious tremor 31, reflexive feedback
in reaction to dystonic and/or tremulous movement during these head free conditions may
have caused healthy muscle activity providing misleading results.
The aim of the present study was to determine whether differences in the autospectral
EMG could be observed between muscles clinically diagnosed to be dystonic and healthy
muscles when head movement was eliminated through isometric fixation of the head and
torso. Head fixation and head force feedback provided a standardized task with precise
contraction instructions in direction and amplitude. It also minimized reflex contributions
to muscle activity since reflexive stabilization of the head and neck was not needed,
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thus allowing observed differences between patients and controls to be attributed to a
central rather than peripheral origin. We hypothesized that the dystonic muscles would
show a similar, but more consistent, shift in power of the EMG spectra during isometric
contractions as compared to head free conditions. More specifically, we predicted there
would be a relative drop in the high alpha/ beta-band (10-30 Hz) 29,30 and an increase in
theta/low alpha-band (3-10 Hz) 24,25. In addition, by fixating subjects to an overhead load
cell, we extended our analysis to examine changes in the net motor output (forces and
moments) during neck muscle contraction tasks. We hypothesized that a 3-10 Hz increase
and a 10-30 Hz decrease would also be visible in the measured forces and moments of CD
patients during isometric muscle contractions.

MATERIAL AND METHODS
This paper presents partial results of a series of three experiments performed on the same
group of CD patients. 1) Head free tasks at the Amsterdam Medical Center with EMG spectral
analysis in isometric tasks (see introduction) and intermuscular coherence analysis 31. 2)
Isometric tasks with the head fixed at Delft University of Technology, where performance
and muscle coordination were reported in de Bruijn, et al. 32 and where the current paper
presents spectral analysis of muscle activity and head forces and moments. 3) Dynamic
stabilization tasks on a motion platform at Delft University of Technology 33.

Experimental
Experiments were carried out with ethical approval from the Delft University of Technology
and the Amsterdam Medical Center, in accordance with the Declaration of Helsinki. All
participants gave written informed consent.

Subjects
Ten CD patients (5 males, age 56 ± 11 years) and ten age matched controls (4 males, age
55 ± 14 years) participated in the experiments at the Delft University of Technology. The
severity of the disorder for each patient was quantified using the TSUI 34 and TWSTR 35 scales.
All patients were under the treatment of botulinum toxin (BoNT) and to minimize effects
of treatment the experiments were performed at least three months after the last BoNT
injection. In the analyses, muscles that were identified during clinical assessment for the
purposes of BoNT treatment were considered to be dystonic. This allowed for grouped
comparisons between dystonic and unaffected patient muscles. Dystonic muscles varied
per patient and are listed in Table 1.
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Table 1. Patient characteristics.
Information on the disorder
Patient number,
gender, age

TSUI

TWSTR

Duration
(years)

Rotationa
Left

Right

1

m

38

7

16

4.5

2

2

f

63

11

30.1

4

2

Tremor
or jerkb muscles treated with BoNT
SCM-L, SPL-R
tremor

SCM-L, SPL-L, SPL-R

3

f

56

9

41.75

4

3

SCM-L, SPL-R

4

m

46

8

23

11

1

SCM-L, SCM-R

3

SCM-L, SS-L, SPL-R

5

f

74

12

24

25

6

m

45

16

22

4

3

SPL-L, SS-L, SCM-R, SS-R*

7

f

63

17

31

6

2

jerk

8

f

60

15

24

10

2

tremor

9

m

56

7

17

13

10

m

61

13

29.75

2

1
3

SPL-L, SCM-R, SS-R
SPL-L, SS-L, SPL-R, SS-R

5

SCM-L, SPL-R
SCM-R*, SPL-R*, SS-R c *

BoNT: botulinum toxin; TWSTR: Toronto Western Spasmodic Torticollis Rating Scale; SCM-L: left sternocleidomastoid;
SPL-L: left splenius capitis; SS-L: left semispinalis capitis; SCM-R: right sternocleidomastoid; SPL-R: right splenius
capitis; SS-R: right semispinalis capitis. The TSUI and TWSTR scales indicate the severity of the disorder. The
TSUI observes the amplitude and duration of sustained movements and tremors with a maximum score of 25.
The TWSTR adds the subject’s severity of Torticollis (0-35), disability (0-30), and pain (0-20) and has a maximum
score of 85. High values always indicate an increased severity. The dystonic sternocleidomastoid (SCM), splenius
capitis (SPL), and semispinalis capitis (SS) are given per patient based on treatment. a: Rotation (head twist): (-) no
deviation, (1) <15⁰, (2) 15⁰-30⁰, (3) >30⁰. b Observed in the head-free experiment to assess tremor – see Figure 4. c
Removed as electrode had come loose during testing. * The muscles indicated by an asterisk differ from the table
in the published version of this article 36. The correct muscles (as indicated in this table) were used for data analysis.

Isometric task
Subjects were seated and wore a tightly fitted cushioned helmet that was fixed in an
isometric device 32. Visual feedback of the generated force magnitude and direction (in
force tasks) and twist moment magnitude (in moment tasks) was presented through a
custom made interface 32 to improve the reliability of submaximal contraction tasks 37.
Head forces and moments were measured by an overhead six axis load cell (MC3-6-500,
AMTI Inc., Watertown, USA). Force and moment signals were passed through an analogue
low-pass filter (2nd order, critically damped at 1024 Hz) and sampled at 2000 Hz. Surface
EMG was recorded bilaterally with paired unipolar micro electrodes (2 mm sintered discs
with shielded carbon cable, TMS International BV, Oldenzaal, The Netherlands) placed 2 cm
apart along the muscle fibers and a ground electrode was placed on the ulna. The skin was
shaved if necessary and cleansed with rubbing alcohol, a conductive gel was applied, and
adhesive tape was used to avoid tension on the electrodes 38. Subjects then applied muscle
contractions to ensure correct electrode placement and eliminate crosstalk. Electrodes
were adjusted if activity of adjacent muscles was detected. The sternocleidomastoid (SCM),
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splenius capitis (SPL), and semispinalis capitis (SS) muscles were recorded with a sample
rate of 2000 Hz.

Tremor assessment
Several patients demonstrated indications of tremulous movement during clinical
prescreening prior to participating in this study. A short experiment was therefore conducted
to assess levels of dystonic tremor 25 by fixing subjects in a chair while the head was free to
move. Three-dimensional kinematic data of the head was recorded with six markers at 200
Hz using an Oqus 6-camera motion capture system (Qualisys AB, Gothenburg, Sweden),
following methods of a previous study 39.
Task instruction
The experimental protocol was explained to the subjects before the start of the experiment.
In the isometric experiment, subjects were asked to remain seated upright with their hands
on their laps. Once secured, subjects performed a number of practice runs to familiarize
themselves with the device and the nature of the visual feedback. Subjects first applied
isometric maximum voluntary muscle contractions (MVC) using their neck muscles to
generate force in eight horizontal directions at 45° intervals, and moments in left and right
twist. Subjects then performed sub-maximal (20%) voluntary contractions (sub-MVC) in
these same directions. MVC trials were repeated three times lasting five seconds each and
sub-MVC tasks were repeated two times lasting ten seconds each. Subjects were given a
minimum of ten seconds rest between subsequent trials.
In the experiment with the head free to assess tremor, patients were asked to remain
seated, close their eyes, and allow the dystonia to dictate head posture. Controls were
asked to mimic and hold the dystonic posture of a matched patient with their eyes closed.
The experiment consisted of two repetitions each lasting 100 seconds.

Spectral analysis
Isometric analysis
MVC strength was assessed for the eight horizontal and two twist directions. MVC forces
and moments were estimated using a moving average with an interval of 1000 ms and
selecting the highest value out of the three repetitions. The level of force or moment to be
generated during sub-MVC tasks was defined as 20% of the MVC. Isometric performance
and minimal and mean EMG in submaximal (20%) and maximal contraction have been
published in a previous paper 32. This paper presents frequency domain analysis aiming to
disclose spectral changes in the EMG of dystonic muscles and patient head forces.
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Because beta-band peaks in EMG are observed specifically during submaximal contractions
40,41
, the frequency content of horizontal head forces, twist moments, and muscle EMG data
is presented in particular for the sub-MVC tasks (see section on influence of BoNT in the
discussion). The longer duration of the sub-MVC task relative to the MVC task also allowed
for a more robust spectral analysis. We analyzed each muscle during directional tasks where
the muscle was expected to be most active according to its preferred direction of activation
as reported in the literature 42. This included one horizontal force and one twist moment
task for each muscle. The SCM was analyzed during flexion (forward) force and contralateral
twist moment tasks, and the SPL and SS were analyzed during extension (rearward) force
and ipsilateral twist moment tasks. The first two seconds of each trial were discarded and
repetitions were concatenated, resulting in 16 seconds of data for analysis per task. The
raw bipolar EMG was notch filtered at 50 Hz, high pass filtered at 20 Hz (4th order zerophase Butterworth) and full wave rectified 43. Data was then sectioned into segments of
two seconds, over which autospectra were calculated and averaged over the segments
resulting in a frequency resolution of 0.5 Hz.
The autospectrum (0.5-999 Hz) of all muscles was first assessed using conventional methods
29,30
, i.e. by evaluating power in frequency ranges (bins) relevant to CD and healthy motor
control as reported in the literature. Excessive autospectral power between 3 and 10 Hz 22 as
well as decreased power above 10 Hz 29 have both been related to dystonic muscle activity.
It must be noted that the former was primarily focused on autospectral power in pallidal
local field potentials (LFP) and LFP-EMG coherence, but an increased 3-10 Hz autospectral
EMG was also observed. In controls on the other hand, corticomuscular (antikinetic) betaband activity has been identified as high as ~30 Hz 19,40. The low (30-60 Hz) and high gamma
band (60-90 Hz) have also been related to prokinetic movements in CD 21,24,44. Hence,
frequency bins were defined as 0.5-3, 3-10, 10-30, 30-60, 60-90, 90-150, and 150-999 Hz. No
specific effects were expected above 90 Hz, so higher frequencies were arbitrarily sectioned
at 150 Hz. Each EMG signal was normalized to its total autospectral power, and within each
frequency bin the power was summed.
Patients were expected to show an autospectral power increase between 3 and 10 Hz
and a decrease between 10 and 30 Hz, as motivated in the introduction and above. To
further evaluate the expected shift in EMG power to lower frequencies within the 3-30 Hz
range, the normalized cumulative distribution function (CDF) was calculated. CDF provides
a qualitative measure for the relative distribution of autospectral power. The CDF was
normalized to be zero at 3 Hz and one at 30 Hz, such that the CDF at 10 Hz (CDF10) signified
the fraction of power present in the lower (3-10 Hz) band compared to the full (3-30 Hz)
band. Thus, CDF10 quantified shifts in spectral power with a single measure. The 3 Hz initial
frequency was chosen as the lowest frequency where dystonic activity has been reported in
neck muscle recordings 22-25. The 30 Hz final frequency was chosen to align with the highest
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frequency in the beta-band (11-30 Hz), where peaks in this range are thought to originate
from sensorimotor brainwaves opposing the execution of movement 19,20. Decreased
activity in the beta-band visible in surface EMG of dystonic muscles is believed to have
origins in disturbed sensorimotor control 18,29,30.
The cross-over frequency (10 Hz) was placed between the frequency range where increased
autospectral dystonic muscle activity was observed (3-10 Hz) and the beta-band (11-30 Hz).
Because Renshaw cells have been shown to inhibit EMG activity specifically around 10 Hz to
improve physiological tremor 45, we argue that 10 Hz provides a good location to separate
the low and high frequency ranges. To investigate whether changes in the EMG spectrum
could also be detected in the head forces and moments, the autospectrum, CDF and CDF10
were calculated for horizontal forces in the force task, and for the twist moments in the
moment task.

Tremor assessment
Kinematic data of the head’s axial rotation was evaluated with the head free to move. The
200 seconds of motion data were sectioned into segments of four seconds, and autospectra
were calculated and averaged over the segments, resulting in a frequency resolution of 0.25
Hz.

Group comparison and statistical measures
Force and moment results were compared between control and patient groups. EMG was
divided into three groups: 1) control muscles as measured from healthy control subjects,
2) dystonic patient muscles – selected as patient muscles that were diagnosed as dystonic
and hence treated with BoNT (see Table 1), and 3) patient unaffected muscles – selected
as patient muscles not being treated with BoNT and regarded as unaffected by CD. The
authors acknowledge the fact that incorrect categorization of patient muscles may have
been possible and will address this in the discussion. For each group, EMG data from all
subjects were analyzed for right and left muscles separately, for bilateral muscles combined
(pooled), and for all muscles combined (pooled). The pooled muscle sets consisted of 60
control muscles (20 SCM, 20 SPL, 20 SS), 28 patient dystonic muscles (10 SCM, 11 SPL, 7 SS),
and 31 patient unaffected muscles (10 SCM, 8 SPL, 13 SS). Pooling thus enabled statistical
comparisons between groups for the six individual left and right muscles, for three bilateral
muscle groups, and for a single group containing all muscles where larger pools allowed
for more statistical power.
All group comparisons were made using a nonparametric Linear Mixed Model, where group
and gender were set as fixed factors for all groups. When comparing forces and moments,
the task direction (eight horizontal and two twist directions) was given as an additional
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fixed factor. T-statistics and the degrees-of-freedom (df) were presented with significance
levels below 0.05. To account for multiple significance testing the p-values were adjusted
using the Benjamini-Hochberg False-Discovery-Rate (FDR) 46.
Finally, to assess the possible effect of tremor on our results, the CDF10 of all pooled muscles
and the forces and moments were recalculated after removal of tremulous patients (see
Results).

RESULTS
Muscle responses
The frequency bin analysis showed the expected relative shift in power from 10-30 Hz
to 3-10 Hz in patient dystonic muscles (Figure 1). Patient dystonic muscles showed
significantly more power in the 0.5-3 Hz (mean=0.047, SD=0.026, t(80)=-2.56, p=0.03),
3-10 Hz (mean=0.069, SD=0.027, t(80)= -2.35, p=0.03), and the 60-90 Hz high gamma
bins (mean=0.13, SD=0.040, t(80)= -3.6, p=0.03) as compared to controls (respectively
mean=0.035, SD=0.011; mean=0.057, SD=0.020; mean=0.099, SD=0.030). In addition,
dystonic muscles demonstrated reduced power between 10-30 Hz (mean=0.14, SD=0.10)
compared to controls (mean=0.17, SD=0.07, t(80)=2.0, p=0.04). This reduced power is also
seen in Figure 2 top. The same trend was observed when comparing patient dystonic and
patient unaffected muscles, but effects were not significant for the tested frequency bins.
Elevated CDF10 for patient dystonic muscles compared to control muscles (see Table 2 and
Figure 2 bottom) confirmed the relative shift in power from 10-30 Hz to 3-10 Hz (t(158)=
-7.86, p<0.01). The elevated CDF10 in dystonic muscles seemed to be caused by excessive
power at low frequencies between 4 and 10 Hz (sharp increase in the CDF plot), and a lack
of power around 10-20 Hz where we see a sharp increase in controls, but not in patient
dystonic muscles. A clear trend could be observed in the CDF10 of individual and grouped
muscles, where CDF10 of patient dystonic muscles was always higher than control and
patient unaffected muscles. Although few differences between patient dystonic and patient
unaffected muscles were statistically significant (Table 2), we did observe a significant
increase in patient dystonic muscle CDF10 when all muscles were pooled (t(117)=-4.07,
p<0.01).
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Table 2. Muscle CDF10.
Muscle

CDF10 median (S.D.)
Controls

Pairwise comparisons
t-statistic (df), p-value

Patients

Control vs.
Unaffected vs.
Unaffected dystonic
dystonic
SCM
right
0.19 (0.04)
0.25 (0.04)
0.21 (0.03)
t(24)=-5.4
t(18)=-2.9
p<0.01
p=0.02
left
0.22 (0.03)
0.23 (0.06)
0.22 (0.04)
t(28)=-3.0
t(18)=-0.3
p<0.01
p=ns
right & left 0.20 (0.04)
0.25 (0.05)
0.22 (0.03)
t(54)=-5.6
t(38)=-1.8
p<0.01
p=ns
SPL
right
0.18 (0.03)
0.23 (0.05)
0.20 (0.03)
t(29)=-3.2
t(18)=-1.5
p=0.02
p=ns
left
0.19 (0.05)
0.28 (0.05)
0.20 (0.03)
t(23)=-2.8
t(17)=-2.9
p=0.02
p=0.02
right & left 0.19 (0.04)
0.24 (0.05)
0.20 (0.03)
t(54)=-4.3
t(37)=-3.1
p<0.01
p=0.01
SS
right
0.18 (0.05)
0.24 (0.03)
0.20 (0.04)
t(23)=-3.1
t(18)=-1.8
p<0.01
p=ns
left
0.19 (0.06)
0.24 (0.03)
0.21 (0.07)
t(21)=-2.4
t(18)=-0.9
p=0.03
p=ns
right & left 0.19 (0.05)
0.24 (0.03)
0.20 (0.06)
t(46)=-3.9
t(38)=-1.8
p<0.01
p=ns
All muscles
0.19 (0.04)
0.24 (0.05)
0.20 (0.04)
t(158)=-7.86
t(117)=-4.1
p<0.01
p<0.01
All muscles, excluding
0.19 (0.04)
0.23 (0.04)
0.20 (0.04)
t(144)=-8.1
t(81)=-3.2
tremor patients 2,7,8
p<0.01
p<0.01
CDF10: Cumulative Distribution Function at 10 Hz. High values indicate a redistribution of autospectral power
from 10-30 Hz to 3-10 Hz. S.D.: standard deviation; SCM: sternocleidomastoid; SPL: splenius capitis; SS: semispinalis
capitis; ns: not significant
Dystonic

Force and moment responses
CDF curves of forces and moments (twist moments shown in Figure 3 bottom) showed
a similar relative power shift in patients from 10-30 Hz to 3-10 Hz as observed in muscles.
Patients had approximately 22% less power between 10 and 30 Hz than controls and patient
CDF10 was significantly higher than controls (t(188)= -4.3, p<0.01). Specifically, controls
appeared to have considerably more power around ~13 Hz (Figure 3 top), represented
by a sharp increase in the CDF plot at that frequency. The same trends were observed in
horizontal loading directions (forces) as in twist (moments) and there was no significant
difference in CDF10 between directions.
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Dystonic tremor
In the additional experiment with the head unsupported, two out of ten patients (patients 2
and 8) were found to present peaks in head motion at 4.5 and 4 Hz respectively, which were
thought to be caused by a dystonic tremor (Figure 4 and Table 1). In addition, patient 7
showed excessive head motion relative to all other subjects without the presence of a clear
autospectral peak, which was clinically assessed to be caused by a jerking motion rather
than tremor. To verify if the observed group differences were not merely a result of the
tremor or jerk observed in these patients, between-group significant differences in CDF10
were recalculated after exclusion of these three patients. CDF10 was not affected by this
exclusion and the CDF10 of all pooled patient dystonic muscles (last row Table 2) remained
significantly higher than control and patient unaffected muscles.

5

Figure 1. Normalized autospectrum of pooled muscles divided into bins. Box plots indicate median,
first and third quartile, and dotted lines show a 9-91% point span. The shaded area denotes the
3-30 Hz frequency band discussed in detail in this article. Significant increases in dystonic muscles
compared to controls are seen at low frequencies and in the gamma range (60-90 Hz), and in the high
alpha, beta range (10-30 Hz).
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Figure 2. EMG during sub-MVC in the horizontal and twist task. (a) Shaded areas in the autospectrum
(in microvolts) indicate one standard error of the mean. (b) The CDF curves (bottom) are consistently
higher in dystonic muscles at 10 Hz, signifying a relative decrease in 10-30 Hz power (see Table 2 for
significance). Asterisks indicate individual CDF10 values.

Figure 3. Twist moment frequency response during a 20%MVC twist task. (a) The autospectrum (in
Nm) seems to show a lack of power in the beta-band in patients. (b) The Cumulative Distribution
Function (bottom) confirms this as it is significantly higher in patients at 10 Hz. The same trends were
observed in horizontal forces.
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Figure 4. Autospectrum of head twist while the head was free. Patients 2 and 8 were considered to
have dystonic tremor and patient 7 was considered to have jerk.

5
DISCUSSION
This study demonstrated a shift in autospectral power from 10-30 Hz to 3-10 Hz in CD
patients during submaximal isometric contractions. This shift was visible in the EMG of
dystonic muscles as well as in isometric (head) forces and moments generated by patients.

Discriminative power
This study presents a method to discriminate dystonic and unaffected muscles. The isometric
setup with the head fixed minimized effects of reflexive feedback and tremor, compared to
previous studies in which force tasks were performed with the head free against a handheld device. This study reinforces results from our previous study performed on the same
CD patients with the head free 31. In the previous study, effects were significant only for
SPL and only between dystonic muscles and healthy controls. The current study shows
significant effects for all tested neck muscles (SPL, SS, SCM) when comparing dystonic
muscles to controls which were also significant when comparing dystonic to unaffected
patient muscles for SPL. Additionally, the current study uniquely shows significant effects in
the autospectra of head forces and moments.
Effects were most clear and most significant in the CDF10, which was defined as the
fraction of power present in the lower (3-10 Hz) band compared to the full (3-30 Hz) band.
The autospectral power distribution (Figure 1) supports our hypothesis of a downward
autospectral shift in dystonic compared to control muscles since we observe both a power
increase in the lower band (3-10 Hz) and a decrease in the upper band (10-30 Hz).
Thus, we conclude that submaximal isometric head tests with the head fixed, using EMG
spectral analysis is a promising method to identify dystonic muscles, and to study aberrant
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control in CD. However, it shall be noted that while significant effects were found in
relatively small groups for all muscles studied, the methods presented are not sufficiently
discriminative to reliably identify dystonic muscles in individual patients. It is promising that
the proposed method provides coherent and significant results with non-invasive surface
EMG, but intramuscular EMG may be even more discriminative as it is less likely to pick up
adjacent muscle activity. This will be investigated in follow up studies.

Influence of BoNT
The patients that took part in this experiment had previously been treated with BoNT.
Because the prevalence of botulinum naive patients was low in the geographical region
where this study was performed the choice was made to use patients that had not been
treated with BoNT for at least three months. However, BoNT likely still has some effect after
this period 47. The EMG amplitude of a muscle appears to decrease after it is injected with
BoNT 48, as is the case for the turns per cycle 49,50 and muscle fiber conduction velocity 51. The
latter is thought to reduce the median frequency of autospectral EMG 52. A reduced median
frequency of autospectral EMG was observed during 70% MVC in muscles injected with
botulinum toxin compared to muscles given a placebo 47. To address the influence of BoNT
on our results, the median frequency of autospectral EMG was calculated over the 0-500
Hz spectrum (rather than between 3-30 Hz), following Lowery, et al. 52. No differences were
observed in the full-bandwidth median frequency between clinically defined dystonic and
unaffected muscles at 20%-MVC (dystonic: 75.5 ± 5.5 Hz, unaffected: 76.8 ± 4.5 Hz). Lowery
found a median frequency of 80.2 ± 9.4 Hz in the unfatigued brachioradialis muscle during
30% MVC. In the current paper we present results for 20% MVC. We subsequently repeated
the analyses performed in this article during MVC, arguing that the above mentioned
decreases due to BoNT would be most clearly visible during maximal contractions. During
MVC, no differences were found between patients and controls in any of the CDF measures,
nor in the autospectral frequency bins in the range of interest for this article (3-30 Hz). It is
therefore highly unlikely that the results described in this study are caused by influences of
BoNT. Nevertheless, the effects of the toxin are complex and future studies with untreated
patients will be necessary to provide complete certainty.

Hypothesis behind pathophysiology
The elevated power between 3-10 Hz and reduced power between 10-30 Hz in dystonic
muscles concurs with other studies, where increases in the theta-band 22 and decreases in
the low-beta band 29,30 have been reported in the autospectral EMG of dystonic muscles.
The autospectral EMG of dystonic muscles showed increased power between 3-10 Hz and
60-90 Hz and decreased power between 10-30 Hz. We tentatively relate this difference

86

CDF10 analysis in cervical dystonia patients

between dystonic and non-dystonic muscles to a similar change in distribution observed
when comparing EMG of healthy muscles during an isometric task (as in this experiment) to
EMG during (planned) execution of motion. Beta-band (11-30 Hz) brain rhythms are thought
to contribute antikinetically to sensorimotor control, while alpha-band (3-8 Hz) and gamma
(60-90 Hz) bands are prokinetic 19,20. In the brain, movement related rhythms occurring in
these frequency bands have been found by measuring local field potentials (LFP) of deep
brain areas 18,24. High amplitude LFP’s in the beta-band (~11-30 Hz) are considered to be
elevated when a constant submaximal motor command is desired or maintained 19,53, while
gamma-band (60-90 Hz) LFP’s are high during (intended) motion 53-56. Increased prokinetic
gamma frequencies 21,24 and reduced antikinetic beta-band frequencies 18,24,56 have been
found in CD patients in the brain. Although observations have been made relating brain
rhythms to EMG 40, their relationship is complex. Nevertheless, it is an inviting thought that
the autospectral changes observed in dystonic muscles may be related to prokinetic brain
rhythms that are picked up in the EMG of dystonic muscles and even concur with spectral
changes in forces and moments measured at the head.

Study limitations
A possible confounding factor in our results is that CD patients can be more prone to muscle
fatigue due to the involuntary activity of dystonic muscles 1. In fatigued muscles, an increase
in muscle twitch force together with a decrease in discharge rate of the motor units occurs
to maintain a constant force 57,58. Motor unit firing rates are found not to drop any lower than
11 Hz 58 during fatiguing muscle contractions at 25% MVC lasting on average eight minutes.
Considering that our task consisted of 20% MVC lasting only ten seconds, it is unlikely that
motor discharge rates dropped below 10 Hz, at which point autospectral peaks related to
the rate of motor unit discharge would have influenced the CDF10 measure. We therefore do
not expect fatigue to have had a significant influence on our findings.
Another limitation to this study is that there is currently no gold standard for the identification
of dystonic muscles. We relied on clinical experience and subjective assessments of a
neurologist, who treated most patients for several years, improving the identification of
dystonic muscles as the treatments progressed. However it remains possible that some
muscles were incorrectly categorized. Presumably, misidentified muscles would make it
more difficult to discriminate between patient dystonic and patient unaffected muscles.
However, despite the low number of subjects and the possibility of incorrectly categorized
muscles, a clear discrimination between patients and controls was found.
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CONCLUSIONS
This study has demonstrated a shift in autospectral power to lower frequencies in dystonic
SCM, SPL, and SS muscles, as well as head forces and moments in CD patients during
submaximal isometric voluntary contractions. The simultaneous 3-10 Hz increase and betaband 10-30 Hz decrease in dystonic muscles may be related to more prominent prokinetic
sensorimotor control. This study is novel in its ability to discriminate dystonic muscles with
non-invasive surface EMG and discriminate CD patients using head forces. Both for EMG
and head forces the CDF10 proved to be a robust measure capturing the autospectral shift.
The current results show significant differences at a group level. Further research including
intramuscular EMG can show whether CDF10 can contribute to a more reliable diagnosis of
individual dystonic muscles.
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ABSTRACT
Botulinum toxin (BoNT) injections in the dystonic muscles is the preferred treatment for
Cervical Dystonia (CD), but the proper identification of the dystonic muscles remains
a challenge. Previous studies showed decreased 8-14 Hz autospectral power in the
electromyography (EMG) of splenius muscles in CD patients. Cumulative distribution
functions (CDF’s) of dystonic muscles showed increased CDF10 values, representing
increased autospectral powers between 3 and 10 Hz, relative to power between 3 and 32
Hz. In this study, we evaluated both methods and investigated the effects of botulinum
toxin. Intramuscular EMG recordings were obtained from the splenius, semispinalis and
sternocleidomastoid muscles during standardized isometric tasks in 4 BoNT-naïve CD
patients, 12 BoNT-treated patients and 8 healthy controls. BoNT-treated patients were
measured 4-7 weeks after their last BoNT injections and again after 11-15 weeks. We found
significantly decreased 8-14 Hz autospectral power in splenius muscles, but not in the
semispinalis and sternocleidomastoid muscles of CD patients when compared to healthy
controls. CDF10 analysis was superior in demonstrating subtle autospectral changes and
showed increased CDF10 values in all studied muscles of CD patients. These results did not
change significantly after BoNT injections. Further studies are needed to investigate the
origin of these autospectral changes in dystonia patients and to assess their potential in
muscle selection for BoNT treatment.
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INTRODUCTION
Dystonia is a syndrome characterized by sustained or intermittent involuntary muscle
contractions leading to debilitating abnormal postures and twisting movements 1. In
cervical dystonia (CD), the most common form of primary dystonia, the neck muscles are
primarily involved 2. The first line treatment for CD is botulinum toxin (BoNT) injection in
the dystonic muscles 3. For an optimal treatment effect, proper selection of the dystonic
muscles is essential 4,5. Unfortunately, no specific tools are available to reliably identify
dystonic muscles and discriminate them from healthy compensating muscles 6. In a previous
study we obtained intramuscular electromyography (EMG) recordings to investigate the
autospectra of the EMG envelope and intermuscular coherences as possible discriminative
tools to identify dystonic muscles 7. The most discriminating finding was an 8-14 Hz
autospectral peak that was measured in the splenius capitis (SPL) muscles of almost all
healthy controls during isometric contraction but that was absent in the majority of the
dystonic SPL muscles in patients. In a subsequent study we developed an isometric setup
so that EMG recordings could be obtained during standardized, reproducible isometric
tasks 8. In analyzing the collected data we developed a new analysis method capable
of demonstrating more subtle autospectral changes in dystonic muscles. Cumulative
distribution functions (CDF) provides a measure for the relative distribution of autospectral
power. In this study CDF was used to demonstrate an increase in power between 3 and
10 Hz (CDF10 value) relative to the power between 10 and 30 Hz in dystonia patients 9.
Higher CDF10 values were found on a group level in the SPL, the sternocleidomastoid (SCM)
and the semispinalis capitis (SESP) muscles of CD patients when compared to equivalent
muscles in healthy controls. This represents a power shift towards the lower frequency
band (3-10 Hz) in these muscles. This pilot study, however, had several important limitations
that we aim to address in the current study. An important limitation was that surface EMG
electrodes were used and electric crosstalk between the anatomically closely related neck
muscles might have impaired the accurate identification of individual dystonic muscles.
Another important limitation in all of the above-described studies was that all patients had
already been treated with BoNT injections. BoNT injections cause muscle atrophy, decrease
the EMG amplitude 10, influence muscle fiber velocity 11 and might reduce the median
frequency of EMG autospectra 12. All patients were measured at least 3 months after their
previous BoNT-treatment but BoNT might still have had some effect after that period 12. The
precise effects of BoNT on the above-described autospectral changes are unknown and
therefore the influence of previous BoNT treatments on these results cannot be excluded.
In the current study we obtained intramuscular EMG recordings during standardized
isometric tasks. Autospectra and CDF’s were evaluated in 4 BoNT-naïve patients, 12 BoNTtreated patients and 8 healthy controls. All BoNT-treated patients were measured twice.
The first measurement was 4-7 weeks after their last BoNT injections and the second
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measurement was after 11-15 weeks, when most clinical BoNT effects are expected to have
worn off 13. The first goal was to investigate 8-14 Hz autospectral peaks and CDF10 values
in our improved setup in CD patients and controls. The second goal was to investigate the
possible confounding effect of BoNT on these results.

MATERIALS AND METHODS
Study population
Patients were recruited from a population of patients with CD treated at the botulinum
toxin outpatient clinic of the Academic Medical Center in Amsterdam (AMC). In addition, all
neurologists connected to “DystonieNet” (a Dutch collaboration of neurologists specialized
in dystonia, website: www.dystonienet.nl) were asked to inform eligible patients and
ask them to participate in our study. Inclusion criteria were: (1) patients with idiopathic
CD and (2) a rotational component in the dystonic posturing. Exclusion criteria were: (1)
fixed dystonia or (2) secondary dystonia. Both BoNT-naïve patients and those that were
already receiving BoNT injections (BoNT-treated patients) were included. The BoNT-treated
patients were measured twice: the first measurement was always between 4 and 7 weeks
after the previous BoNT treatment and the second measurement was always between
11 and 15 weeks after the previous treatment. Healthy controls were recruited using
information posters in the AMC and by asking the partners of patients. All subjects gave
written, informed consent and the study was approved by the medical ethics committee of
the AMC (project code: 2013-134, date of approval: august 26th, 2013).

Clinical Examination
All subjects underwent a systematic neurological examination. For patients, dystonic
symptoms were scored during their second visit using the Toronto Western Spasmodic
Torticollis Rating Scale (TWSTRS, range: 0-87)14.

Apparatus
Subjects were seated and fixed in an isometric device (Figure 1) with a tightly fitted
cushioned helmet. They performed isometric neck muscle contraction tasks to generate
horizontal force and rotational torque (spinal axis) that were measured by an overhead six
axis load cell (MC3-6-500, AMTI Inc., Watertown, Massachusetts, USA). Force and torque
signals were sampled at 2048 Hz. Subjects received visual feedback of the generated force
and torque on a monitor in front of them. Visual feedback was presented through a custom
made interface using Motek software (Motek Medical BV, Amsterdam, The Netherlands).
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After each task, a trigger pulse was sent to the EMG amplifier to mark the beginning and
end of each trial in the EMG recordings.

Figure 1. The isometric contraction device. The square represents a helmet on the subject’s head that
is attached to the force/torque sensor.

EMG recordings
EMG was recorded and monitored using Micromed Systemplus Evolution (Micromed,
Mogliano Veneto, Treviso, Italy). Signals were amplified using a Micromed amplifier
(SAM32RFO FC 32 channel headbox). Intramuscular EMG recordings were obtained
bilaterally from the SCM, SPL and SESP muscles using concentric needle electrodes. The
needle electrodes were inserted by an experienced clinical neurophysiologist or by one
of the investigators (S.N.) under supervision of an experienced clinical neurophysiologist.
The wires of the electrodes were secured to the subject using tape to prevent the needles
from moving. Signals were sampled at 2048 Hz and monitored continuously during the
experiment. If the signal was lost or the EMG activity was no longer visible during muscle
contraction, the electrodes were checked and needles were re-inserted as necessary.

Isometric contraction experiments
All tasks were explained to the subjects before the start of the experiment. Once secured in
the isometric setup, subjects performed several practice runs to familiarize themselves with
the device and the nature of the visual feedback. The experiment consisted of maximal and
submaximal voluntary isometric contractions. First, subjects performed maximal voluntary
muscle contractions (MVC) using neck muscles to generate head forces in one horizontal
direction (rearward), and to generate left and right rotational torque. These MVC trials lasted
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five seconds in each direction and were repeated twice. After the MVC trials, EMG needle
electrodes were inserted bilaterally in the SPL, SCM and SESP muscles for the subMVC trials.
Patients now aimed to generate 20% of their MVC in the above mentioned directions. To
reduce differences in task-performance between subjects, positive visual feedback was
given when patients produced the target force/torque with a maximum error of 35% and
no concurrent force or torque greater than 35% of the target force/torque in any other
direction. For example, if patients involuntarily produced a concurrent force greater than
35% of the target force in the horizontal plane during a rotation task, no positive feedback
was given. After the target force/torque was reached, a timer started counting down from 8
seconds. In order to successfully complete the trial, subjects had to produce a stable force/
torque and remain within the prescribed limits for the full 8 seconds. All subjects were given
several attempts of 30 seconds to successfully complete these trials. If the subjects were
unable to complete a trial, they were instructed to maintain a steady force/torque as close
as possible to the target force/torque for at least 8 seconds without making any further
compensating movements. The sub-MVC trials were repeated at least twice in all directions.
If no two successfully completed trials were available, the EMG recordings obtained during
their two best attempts were used for further analysis.

Selection of tasks and muscles for spectral analysis
All muscles were analyzed during the task in which they were most likely to be active. The
right SPL and the left SCM were analyzed from the right rotational torque tasks and the
left SPL and the right SCM from the left rotational torque tasks. The SESP muscles were
analyzed from the tasks in which subjects produced a horizontal rearward force. In patients,
a distinction was made between the SCM and SPL muscles ipsilateral and the SCM and SPL
muscles contralateral to the direction of their dystonic posturing. The ipsilateral SPL and
the contralateral SCM were most likely to be responsible for the rotational component of
the dystonia (presumed dystonic muscles) and were therefore expected to show the most
abnormalities specific for dystonia.

EMG visual inspection
All raw EMG recordings were visually inspected and checked for reliable EMG activity and
for unwanted artefacts. If no EMG activity was visible during muscle contraction or if many
artefacts were observed, the corresponding trials were excluded from further analysis.
In most subjects, artefacts were observed in a limited number of EMG recordings. These
were most likely caused by fluctuations in the EMG voltage exceeding the range of the
EMG amplifier. These artefacts mainly occurred when subjects were moving in between
tasks. If such artefacts were observed during the experiment, the corresponding trial was
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repeated. If significant artefacts were noticed after the experiment, the corresponding trial
was excluded from further analysis.

EMG pre-processing
EMG signals were processed offline using Vision Analyser 2.0 (Brain Products GmbH,
Gilching, Germany). The raw bipolar EMG was notch filtered at 50 Hz, high pass filtered at
20 Hz (4th order zero-phase), low pass filtered at 750 Hz and full wave rectified to obtain the
EMG envelope. The last 0.5 seconds of each task were discarded because in many subjects
the trigger pulse indicating the end of a trial created artefacts in the EMG data. Therefore,
in each direction, two segments of 7.5 seconds were used for further analysis. To reduce
the effects of variability in EMG amplitude between patients, each rectified EMG recording
was normalized using the median of the amplitudes of the entire 7.5 second recording. The
median was chosen here to minimize the influence of high amplitude discharges in the
EMG.

6

EMG spectral analysis
Low frequency characteristics of the EMG envelope were studied offline using Matlab
(Matworks Inc., Natick, Massachusetts, USA) by calculating the autospectrum of the
normalized rectified EMG recordings. For each 7.5 second trial, the autospectrum was
calculated by averaging the discrete Fourier transformations of four non-overlapping 1.875
second segments, resulting in a frequency resolution of 0.5333 Hz. If two trials for one task
were available, the autospectra were averaged over these trials. For group comparison,
pooled autospectra were calculated using an average of the individual autospectra. Two
measures were obtained from the individual autospectra using both the absolute lowfrequency powers and the CDF’s. Because the absolute low-frequency powers of the EMG
envelope were skewed to the right, the autospectra were log-transformed. Subsequently,
the power between 8 and 14 Hz was investigated by calculating the area under the curve
(AUC) of the log-transformed autospectrum between 8 Hz and 14 Hz (more precisely 13.87
Hz because of frequency resolution restrictions). A second measure was obtained from the
normalized CDF which was calculated to demonstrate more subtle differences in the lower
(3.2-32 Hz) frequency band 9. The CDF was normalized to be zero at 3.2 Hz and one at 32
Hz, such that the CDF at 10 Hz (more precisely 10.13 Hz because of frequency resolution
restrictions: from here on called CDF10) signified the power present in the lower (3.2-10 Hz)
band as a ratio of the power over the full frequency band (3.2-32 Hz) band.
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Potential of 8-14Hz AUC’s and CDF10 to discriminate dystonia patients from
healthy controls
To investigate the potential of 8-14 Hz AUC’s and CDF10 values to discriminate dystonia
patients from healthy controls, ROC (receiver operating characteristic) curves were
calculated using the ROC function in SPSS. The 8-14 Hz AUC’s and CDF10 values of all
individual muscles were used as the test variable and the subject to which they belonged
(patient or healthy control) was used as the state variable. The resulting ROC curves show
the sensitivity and specificity for different CDF10 values and 8-14 Hz AUC’s (represented by
the different points on the curve) to discriminate CD patients from healthy controls. Based
on the resulting ROC curve, an optimal cut-off value was identified (value with the highest
sensitivity and specificity) and subsequently the number of muscles above that cut-off
value was compared between patients and controls.
Statistical analysis
Clinical characteristics are presented using the mean and standard deviation (SD) for
normally distributed data and the median and interquartile range (IQR) for non-normally
distributed data. Due to the small numbers of patients included and presence of nonnormally distributed variables, we used non-parametric statistics for the analysis of
autospectral differences. For the SESP muscles in patients and for all muscles in healthy
controls, the results of the left and right muscles were first averaged. A Mann–Whitney U
test was used to compare the 8-14 Hz AUC’s and the CDF 10 values between the different
muscles. To compare the AUC’s and CDF10 values between different measurements within
subjects, the Wilcoxon signed rank test was used. Due to the exploratory nature of this
study, we made no statistical corrections for multiple testing. To investigate the influence of
age and gender, all subjects were grouped together and the mean 8-14 Hz AUC´s and CDF10
values of all muscles were calculated for each subject. The influence of age was investigated
using the Spearman rank correlation test and the influence of gender was investigated
using the Mann-Whitney U test. The independent samples t-test was used to compare
the maximal produced force and torque during the MVC tasks between the subjects. All
statistical analyses were performed using SPSS 22 (IBM, Armonk, New York, USA).

RESULTS
Study population
Twelve BoNT-treated patients (5 males and 7 females) aged between 46 and 74 years (mean
age ± SD, 63 ± 8.9 years) and 4 BoNT-naïve patients (1 male and 3 females) aged between
44 and 63 years (mean age ± SD, 55 ± 8.0 years) participated in this study. In addition, 8
healthy controls aged between 41 and 65 years (mean age ± SD, 51.5 ± 9.9 years) were
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recruited. For patients, the duration of their symptoms ranged from 3 to more than 40 years
in the BoNT-treated patients (median; IQR, 8.5 years; 4.0-20.0 years) and from 2 to 20 years in
BoNT-naïve patients (median; IQR, 10.5 years; 2.75-19.0 years). In the BoNT-treated patients,
the mean TWSTR score was 29.6 (SD: 11.24). In BoNT-naïve patients the mean TWSTR score
was 31.25 (SD: 13.25). For the BoNT-treated patients, the first measurement ranged from
29 to 45 days (median; IQR, 32 days; 30-37.5 days) after the previous BoNT treatment and
the second measurement ranged from 80 to 105 days (median; IQR, 96 days; 91-99 days)
after the previous BoNT treatment. Clinical characteristics of the individual patients are
presented in Table 1. All BoNT-treated patients received BoNT injections according to their
usual treatment scheme tailored by their treating neurologist before participating in this
study. Patient 07 received onabotulinumtoxinA (Botox®) injections and all other BoNTtreated patients were treated with abobotulinumtoxinA (Dysport®) injections.
Maximal force and torque during MVC tasks
The means of the maximal horizontal rearward force and maximal left and right rotational
torque produced by patients and controls during the MVC tasks are shown in table 2. The
maximal delivered forces and torques were on average higher in healthy controls when
compared to patients, although these differences were not statistically significant.
Task performance
In healthy controls, on average 4.9 of the 6 trials were completed successfully. In the BoNTtreated patients, on average 2.9 of the 6 trials were completed successfully during the
first measurement and 3.4 of the 6 trials were completed successfully during the second
measurement. The BoNT-naïve patients completed 3.3 of the 6 trials successfully.

Raw EMG inspection
In most CD patients, the amplitude of the EMG signals was generally lower when compared
to healthy controls, possibly reflecting a lower level of muscle contraction (see discussion).
Nine EMG recordings from individual muscles during one of the measurements were
excluded because of artefacts or needle displacements. In two patients (numbers 7 and
10), large artefacts were observed in the EMG of multiple muscles during several trials. As
a result, the complete first measurement of patient number 10 had to be excluded from
further analysis. For patient number 7, the second repetition of each trial from the first
measurement had to be excluded.

EMG spectral analysis: pooled autospectra
In figure 2, the pooled autospectra of the rectified EMG are displayed per group by the
average of the log-transformed autospectra, including the 95% confidence intervals. In
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healthy controls, a clear 8-14 Hz peak is seen in the SPL muscles and a more subtle 8-14 Hz
peak is seen in the SESP muscles. This peak was absent in the SCM muscles. In the BoNTtreated muscles, no 8-14 Hz peaks were seen in any of the muscles. In the BoNT-naïve
patients, a subtle 8-14 Hz peak was seen only in the SESP muscles.
Table 1. Clinical characteristics.
Dystonic posturing
Pat.
Antecollis/
nr. Sex1 Age Rotation2/3 Lateroflexion2/3 retrocollis3/4 Tremor5

BoNT
Duration Dosage
symptoms (MU)
TWSTR (years)
and type6

01

57.5

F

51

L3

L2

NP

0

4

320 (D)

02

F

72

L1

R1

A1

1

36.75

36

190 (D)

03

M

67

L2

R1

NP

2

21

14

810 (D)

04

F

74

R2

R1

NP

1

14

4

240 (D)

05

F

65

R3

R1

NP

0

37.5

4

220 (D)

06

M

53

L2

R1

NP

1

20

20

410 (D)

07

F

61

R1

R1

NP

1

23.5

13

150 (B)

08

M

64

L2

L1

NP

0

26

>40

540 (D)

09

F

46

R1

R1

NP

1

35

4

240 (D)

10

F

66

L2

R1

A2

1

27

20

350 (D)

11

M

73

L2

R1

NP

1

29

3

640 (D)

12

M

64

R3

R1

A2

2

28

21

350 (D)

21

M

57

L1

L1

A1

1

33

2

N.A.

22

F

44

L1

R1

R1

1

16

20

N.A..

23

F

63

L3

R3

R3

2

48

16

N.A.

24

F

56

L1

L1

NP

1

28

5

N.A.

Pat. nr.: patient number. Patients 1-12 are the botulinum toxin (BoNT)-treated patients and patients 21-24 are
the BoNT-naïve patients. 1 M: male F: female. 2 R: right; L: Left; 3 Numbers 1 to 3 indicate the degree of rotation,
laterflexion, antecollis or retrocollis: 1: 0-15 degrees; 2: 15-30 degrees; 3: >30 degrees. 4 A: antecollis; R: retrocollis;
NP: no antecollis or retrocollis present. 5 0: no visible tremor 1: mild or intermittent tremor 2: pronounced
tremor.6 Total dosage of BoNT-injections during the previous treatment; MU: mouse units. N.A.: not applicable.; B:
onabotulinumtoxinA (Botox®) D: abobotulinumtoxinA (Dysport®)

Table 2. Maximal force and torque.

Healthy controls
BoNT-treated patients
First measurement
BoNT-treated patients
Second measurement
BoNT-naïve patients

Mean maximal horizontal
(rearward) force (N)
129.18 N (SD: 62.43)

Mean maximal left
rotational torque (Nm)
6.25 Nm (SD: 3.40)

Mean maximal right
rotational torque (Nm)
6.59 Nm (SD: 3.7)

93.36 N (SD: 36.24, ns)

4.04 Nm (SD: 2.40, ns)

4.66 Nm (SD: 2.49, ns)

102.63 N (SD: 34.55, ns)

5.168 Nm (SD: 2.42, ns)

5.03 Nm (SD: 2.65, ns)

88.10 N (SD: 28.52, ns)

4.92 Nn (SD: 1.77, ns)

4.86 Nm (SD: 2.34, ns)

N: Newton; Nm: Newton Metre; SD: standard deviation; ns: not statistically significant compared to healthy controls

102

Spectral EMG Changes and the Influence BoNT- treatment

SPL muscles healthy controls (N=8)

SCM muscles healthy controls (N=7)

SESP muscles healthy controls (N=8)
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Figure 2. Pooled autospectra of the rectified EMG between 3 and 30 Hz. Solid line: mean of the
log-transformed autospectra. Dotted line: 95% confidence intervals. In BoNT-treated patients the
autospectra from the second measurements are shown, when most BoNT effects are expected to
have worn off. Similar autospectra were seen during the first measurement.

EMG spectral analysis: 8-14 Hz AUC’s in SPL muscles
The 8-14 Hz AUC’s are shown in table 3. The 8-14 Hz AUC was significantly lower in the
ipsilateral (presumed dystonic) SPL muscles in BoNT-treated patients when compared to the
SPL muscles of healthy controls, both during the first and during the second measurement.
In the contralateral (non-dystonic) SPL muscles, the AUC was also lower when compared
to the healthy controls but the difference was only statistically significant during the first
measurement (4-7 weeks after BoNT treatment). For the four BoNT-naïve patients, the 8-14
Hz AUC was lower only in the ipsilateral SPL muscles but this difference was not statistically
significant.
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Table 3. 8-14 Hz AUC’s of the log-transformed autospectra.
8-14 Hz AUC’s

SPL muscles in
healthy controls

Ipsilateral (presumed dystonic) SPL muscles
BoNT-treated patients,
first measurement

BoNT-treated patients,
second measurement

BoNT-naïve
patients

Median 8-14 Hz AUC

8.151 (N=8)

4.81 (N= 11, p<0.001*)

5.02 (N= 12, p<0.01)

7.07 (N= 4, ns)

IQR

6.63-11.29

3.39-5.91

3.84-6.99

5.66-9.91

Contralateral (presumed non-dystonic) SPL muscle
BoNT-treated patients,
first measurement

BoNT-treated patients,
second measurement

BoNT- naïve
patients

Median 8-14 Hz AUC

5.19 (N= 11, p<0.05)

7.07(N= 11, ns)

9.19 (N= 4, ns)

IQR

4.70-7.06

6.29- 9.06

7.61-12.54

SCM muscles in
healthy controls

Contralateral (presumed dystonic) SCM muscles
BoNT-treated patients,
first measurement

BoNT-treated patients,
second measurement

BoNT- naïve
patients

Median 8-14 Hz AUC

6.08 (N=7)

4.38 (N= 11, p < 0.05)

4.58 (N= 9, ns)

5.79 (N= 4, ns)

IQR

4.80-7.26

3.76-5.84

4.18-8.37

5.31-6.87

Ipsilateral (presumed non-dystonic) SCM muscles

Median 8-14 Hz AUC
IQR

BoNT-treated patients,
first measurement

BoNT-treated patients,
second measurement

BoNT- naïve
patients

6.65 (N= 10, ns)

6.84 (N= 12, ns)

5.32 (N= 4, ns)

5.97-7.90

4.92-7.98

4.40-8.18

SESP muscles in all subjects (average between left/right muscles)
Healthy controls

BoNT-treated patients,
first measurement

BoNT-treated patients,
second measurement

BoNT- naïve
patients

Median 8-14 Hz AUC

6.86 (N=8)

5.97 (N=11, ns)

6.13 (N=12, ns)

8.97 (N=4, ns)

IQR

6.50-8.31

4.89-7.45

5.11-7.34

6.37-10.82

IQR: interquartile range. N= number of subjects used for analysis. *p values indicate the level of statistical significance
of the difference in 8-14 Hz AUC’s compared to the corresponding muscles in healthy controls. Ns= not statistically
significant. Results highlighted in bold represent statistically significant values. .First measurement: 4-7 weeks after
the previous BoNT treatment. Second measurement: 11-15 weeks after the previous BoNT treatment.

EMG spectral analysis: 8-14 Hz AUC’s in SCM and SESP muscles
A trend was observed towards lower 8-14 Hz AUC’s in the contralateral (presumed dystonic)
SCM muscles of BoNT treated patients when compared to healthy controls. This difference
was only statistically significant during the first measurement. There were no significant
differences in the 8–14 Hz AUC’s in the SESP muscles between patients and controls.
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Effect of BoNT treatment on the 8-14 Hz AUC’s
Only in the contralateral (non-dystonic) SPL muscles, a statistically significant difference
was observed between the first and the second measurement: the 8-14 Hz AUC was lower
during the first measurement (p <0.05). In the other muscles, no statistically significant
differences were observed between the AUC’s from the first and the second measurement.
Figure 3 shows an example of the pooled autospectra of the ipsilateral SPL muscle in BoNTtreated patients during the first and during the second measurement.

Ipsilateral SPL BTX-treated patiënts
First measurement

Second measurement

6

frequency (Hz)

frequency (Hz)

Figure 3. Pooled autospectra of the ipsilateral SPL muscles in BoNT-treated patients during the first
and second measurement. Solid line: mean of log-transformed rectified autospectra. Dotted line: 95%
confidence interval.

Effect of Age, gender and tremor
There was no statistically significant correlation between age and the mean 8-14 Hz AUC´s.
Furthermore, there was no significant difference in 8-14 Hz AUC´s between men or women.
To evaluate the effect of tremor on the observed 8-14 Hz autospectral changes in the
ipsilateral SPL muscles, we compared the 8-14 Hz AUC’s of the ipsilateral SPL muscles in
patients with (N=9) and without tremor (N=3). The median 8-14 Hz AUC’s were comparable
in patients with tremor (first measurement: 4.25; second measurement: 5.09) and patients
without tremor (first measurement: 4.84; second measurement: 3.75). These differences
were not statically significant.
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CDF10 analysis
The CDF10’s are shown in table 4. The median CDF10 was higher in all of the muscles in patients
when compared to the corresponding muscles in healthy controls. In the SPL muscles,
the differences were statistically significant in both the ipsilateral and the contralateral
SPL muscles in the BoNT-treated and the BoNT naïve patients. In the SCM muscles, the
differences were only statistically significant in the contralateral (dystonic) SCM muscles
of the BoNT-treated patients and BoNT-naïve patients and in the ipsilateral (non-dystonic)
SCM muscles only during the second measurement in the BoNT-treated patients. In the
SESP muscles, the differences were statistically significant in the BoNT-treated patients, but
not in the BoNT-naïve patients. Plots of the CDF’s of the ipsilateral SPL muscles in patients
and the SPL muscles in healthy controls are shown in figure 4.
Ipsilateral SPL muscles in CD patients

CDF

CDF

SPL muscles in healthy controls

Frequency (Hz)

Frequency (Hz)

Figure 4. Plots of the CDF’s of the ipsilateral SPL muscles in CD patients and the CDF’s of the SPL
muscles in healthy controls during the second measurement. *CDF10 values. Individual lines: CDF
plots of individual subjects. Note the deflected CDF curve of patient number 10. The corresponding
autospectrum shows a high peak around 4-5 Hz responsible for this deflection and the raw EMG
shows tremulous 4-5 Hz activity (data not shown). Excluding patient number 10 did not change the
level of statistical significance.

Effect of BoNT
There was no statistically significant difference in CDF10 values between the first and the
second measurement in any of the muscles.
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Effect of age, gender and tremor
There was no significant correlation between age and the mean CDF10 values. Furthermore,
there was no significant difference in CDF10 values between men or women. CDF10 values
were higher in most, but not all muscles in patients with tremor (N=9) as compared to
patients without tremor (N=3). However, after excluding all patients with tremor, the CDF10
values were still significantly higher in the ipsilateral SPL (p<0.05) and contralateral SCM (p
<0.05) muscles in the remaining patients (N=3) compared to healthy controls during both
measurements.
Table 4. CDF10 values.
CDF 10

SPL muscles in
healthy controls Ipsilateral (presumed dystonic1) SPL muscles
BoNT-treated patients, BoNT-treated patients, BoNT- naïve
first measurement
second measurement patients

Median CDF10 0.155 (n=8)

0.278 (N= 11, p<0.01*) 0.280 (N= 12, p<0.001) 0.311 (N= p<0.01)

IQR

0.256-0.354

0.118-0.209

0.207-0.413

0.253-0.480

6

Contralateral (presumed non- dystonic) SPL muscle
BoNT-treated patients, BoNT-treated patients, BoNT- naïve
first measurement
second measurement patients
Median CDF10

0.227 (N= 11, p<0.01)

0.319 (N= 11, p<0.001) 0.285 (N= 4, p<0.05)

IQR

0.199-0.304

0.206-0.436

Median CDF10 0.188 (N=7)

0.292(N= 11, p<0.001)

0.288 (N= 9, p<0.01)

0.350(N= 4, p<0.01)

IQR

0.241-0.339

0.240-0.417

0.266-0.492

0.198-0.323
SCM muscles in
healthy controls Contralateral (presumed dystonic) SCM muscles
BoNT-treated patients, BoNT-treated patients, BoNT- naïve
first measurement
second measurement patients
0.129-0.194

Ipsilateral (presumed non- dystonic) SCM muscles
BoNT-treated patients, BoNT-treated patients, BoNT- naïve
first measurement
second measurement patients
Median CDF10
IQR

0.241 (N= 10, ns)

0.296 (N= 12, p<0.01)

0.213(N= 4, ns)

0.171-0.294

0.210-0.419

0.182-0.338

SESP muscles in
all subjects
BoNT-treated patients, BoNT-treated patients, BoNT- naïve
Healthy controls first measurement
second measurement patients
Median CDF10 0.187 (N=8)

0.256 (N=11, p<0.05)

0.289 (N=12, p<0.01)

0.264 (N= 4, ns)

IQR

0.202-0.273

0.226-0.341

0.146-0.359

0.142-0.215

CDF10: Cumulative Distribution Function at 10.13 Hz. IQR: interquartile range. N= number of subjects used for
analysis. *P values indicating the level of statistical significance of the difference in CDF10 values compared to
the corresponding muscles in healthy controls. Ns= not statistically significant. Results highlighted in bold
represent statistically significant values. First measurement: 4-7 weeks after the previous BoNT treatment. Second
measurement: 11-15 weeks after the previous treatment.
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Diagnostic potential to discriminate dystonia patients from healthy controls
8-14Hz AUC’s
A ROC curve was made using the 8-14 Hz AUC’s of all individual muscles of patients and
controls. No cut-off existed with an acceptable sensitivity and specificity to discriminate
patients from healthy controls, the area under the curve was 0.353.
CDF10’s
A ROC curve was made using the CDF10 values of all individual muscles of patients and
controls. The area under the curve was 0.887. With a cut-off of 0.222, the sensitivity of CDF10
to identify patients was 0.773 and the specificity was 0.870 (figure 5). In only one of the 8
healthy controls and in 11 of the 12 BoNT-treated patients at least half of the muscles had
a CDF10 above 0.222 (figure 6).

1,0

ROC Curve: prediction of patients based on CDF analysis

Sensitivity

0,8

*

0,6

0,4

0,2

0,0
0,0

0,2

0,4

0,6

0,8

1,0

1 - Specificity

Figure 5. ROC (receiver operating characteristic) curve for identifying muscles that belong to CD
patients based on different CDF10 values. (In a ROC curve the true positive rate (sensitivity) is plotted in
function of the false positive rate (1-specificity) for different cut-off values (here, CDF10 values). * point
on the ROC curve corresponding to a CDF10 value of 0.222. Test variable: CDF10 values. State variable:
whether the muscles belong to a patient or a healthy control as. The AUC of the ROC curve was 0.887.
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5
4
3
Subjects

healthy controls

2

dystonia patients

1
0
0

1

2

3

4

5

6

Number of muscles with a CDF10 value above 0.222

Figure 6. Number of muscles with a CDF10 above 0.222. Figure 6 illustrates the number of subjects (CD
patients in red and healthy controls in blue) that have a certain number of muscles (specified on the
x-axis) with CDF10 values above 0.222.
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DISCUSSION
In this study, intramuscular EMG recordings were obtained during standardized isometric
tasks to investigate 8-14 Hz autospectral changes and CDF10 values in CD patients when
compared to healthy controls. We found significant autospectral changes in CD patients
that were more evident when CDF10 analysis was used. The autospectral changes could not
be explained by the effect of BoNT injections.

8-14 Hz autospectral peaks in healthy controls
In line with previous studies 7,15, we found 8-14 Hz autospectral peaks in the SPL muscles
of healthy controls but not in CD patients. Several studies 7,15,16 have found evidence for
synchronized activity at around 10-15 Hz in healthy neck muscles. These oscillations are
hypothesized to facilitate common muscle synergies and may originate from the reticular
formation 16,17. In limb muscles, oscillations are found in a higher (15-35 Hz) frequency band
and are linked to a corticospinal drive 18. Blouin et al. therefore proposed that voluntary
cortical activation of the neck motor neurons occurs through a relay in the reticular formation
instead of a direct corticospinal projection 16. In line with previous studies 7,15 we were unable
to observe the same 8-14 Hz peaks in the autospectra of SCM muscles and they were less
evident in SESP muscles. It is possible that during our specific isometric experiments, the
SPL muscles but not the SCM muscles were recruited into muscle synergies facilitated by
8-14 Hz oscillations. It could be speculated that the SCM and the SESP muscles would show
similar 8-14 Hz autospectral peaks in slightly different postures or when forces are produced
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in other directions. Another explanation might be that the absence of 8-14 Hz autospectral
power in SCM muscles reflects differences in the innervation between cranial nerves (SCM)
and spinal nerves (SPL and SESP).

Absence of 8-14 Hz autospectral peaks in dystonia patients
In dystonia patients, the 8-14 Hz autospectral peaks were absent in the SPL muscles during
isometric tasks. If the hypothesis that these peaks reflect oscillations originating from the
reticular formation is correct, their disappearance might point towards the involvement of
the reticulospinal pathway in the pathophysiology of dystonia. Alternatively, in dystonia
patients, there might be differences in muscle synergies resulting from longstanding
changes in posture. Similarly, it is possible that slightly different posturing of the neck
in patients during the experiments influenced the use of muscle synergies. In addition,
suboptimal task performance in patients might have resulted in different patterns of muscle
recruitment. It can, however, not be excluded that the observed autospectral differences
are the result of other factors like muscle atrophy caused by multiple BoNT injections or
the generally lower degrees of muscle contraction in patients (see limitations). Finally, we
have considered the explanation that normal 8-14 Hz autospectral peaks are masked or
suppressed by a more prominent dystonic drive in the 4-7 Hz frequency band as previously
described in dystonia patients 7,15,19. However, this seems unlikely as no clear 4-7 Hz peaks
were seen in the pooled autospectra of patients.

CDF10 analysis
CDF10 values were higher in all muscles in CD patients when compared to healthy controls
reflecting an increase in power between 3 and 10 Hz relative to the power between 10 and
32 Hz. The higher CDF10 in patients could be explained by an increase in power between 3
and 10 Hz or by a decrease in power between 10 and 32 Hz. In this study we have found a
decrease of 8-14 Hz autospectral power in patients when compared to the healthy controls.
Because the 8-14 Hz autospectral peaks in healthy controls were predominantly caused by
power above 10 Hz (see figure 2), the disappearance of these peaks in patients contributed
to higher CDF10 values in patients. It is however unlikely that 8-14 Hz peaks are the only
explanation for the higher CDF10 values because, unlike the higher CDF10 values, 8-14 Hz
autospectral differences were not found in all muscles. An additional explanation might
be increased activity in the 3-10 Hz band. EMG activity around 4-7 Hz has frequently been
described in dystonia patients reflecting a dystonic drive, probably originating from the
basal ganglia 7,15,20. This drive is mostly seen in patients with rhythmic EMG activity or even
a visible dystonic tremor 7. In this study, CDF10 values were indeed higher in most muscles
in patients with tremor. However, it is unlikely that the 4-7 Hz dystonic drive or a dystonic
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tremor are the only explanations for the higher CDF10 values as no clear 4-7 Hz peaks were
visible in the pooled autospectra (figure 2) that would explain the higher CDF10 values.
Furthermore, significantly higher CDF10 values were also observed in patients without
tremor. In conclusion, the higher CDF10 values in CD patients are probably the result of a
combination of elevated power in the 4-7 Hz band and reduced power in the 8-14 Hz band.
Compared to autospectral analysis, CDF analysis is a more sensitive method to find subtle
shifts in autospectral power in CD patients.

Effect of BoNT
To investigate the effect of BoNT on the 8-14 Hz autospectral changes and the higher
CDF10 values, we measured the BoNT-treated patients twice. The first measurement was
after 4-7 weeks and the second measurement was 11-15 weeks after their previous BoNT
treatment, when most BoNT effects are expected to have worn off 13. Only in the contralateral
(presumed non-dystonic) SPL muscles there was a statistically significant difference in 8-14
Hz autospectral power between the first and the second measurements. No statistically
significant differences were observed in the other muscles including the ipsilateral SPL
muscles, where 8-14 Hz autospectral differences between patients and controls were the most
evident. In the BoNT-naïve patients, no statistically significant differences in 8-14 Hz power
were observed when compared to healthy controls. However, no definite conclusions can
be drawn from this small group of BoNT-naïve patients (N=4). For CDF10 values, no statistically
significant differences were observed between the first and the second measurement. There
was even a trend towards slightly higher CDF10 values during the second measurements.
Furthermore, even in this small group of BoNT-naïve CD patients, significantly higher CDF10
values were observed when compared to healthy controls in the contralateral (presumed
dystonic) SCM muscles and in the bilateral SPL muscles. Taken together: although we
acknowledge that residual effects of BoNT can certainly not be ruled out, it seems unlikely
that the observed low frequency autospectral differences are a pure BoNT effect. Therefore,
it would be interesting to reproduce our findings in a larger group of BoNT naïve patients.

Task performance
As could be expected, the number of successfully completed trials was higher in healthy
controls. This confirms that dystonia patients have more difficulty in generating certain specific
submaximal isometric forces. This could be the result of abnormal muscle activation patterns
in dystonia patients during isometric tasks, as previously described 8. Interestingly, in BoNT
treated patients the number of successfully completed trials was higher during the second
measurement when effects of BoNT are expected to have worn off. This might be a training
effect as patients were already familiar with the isometric tasks during the second measurement.
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Limitations
The most important limitation of this study was the small group of BoNT-naïve patients
measured, as discussed above. An additional limitation might be the EMG artefacts that
were observed in many subjects. These artefacts were caused by fluctuations in the currents
exceeding the range of the EMG amplifier. Artefacts predominantly occurred when patients
moved around between trials and were absent or limited in most of the relevant EMG
segments. We excluded the trials with apparent artefacts in the relevant EMG segments.
Finally, upon inspection of the raw EMG data we noticed that the amplitude was generally
higher in most muscles in the healthy controls. A higher amplitude is a measure of the
magnitude of muscle force, suggesting a lower degree of muscle activation in patients
21
. Possibly, patients had more difficulty activating the correct muscles needed for specific
tasks. Indeed, task performance was inferior in patients when compared to healthy controls.
In addition, healthy controls might have had a higher overall degree of muscle contraction.
This was reflected by higher produced maximal forces and torques by healthy controls,
although these differences were not statistically significant. Another explanation for the
lower EMG amplitude in patients might be the muscle atrophy caused by repeated BoNT
treatment in patients. Finally, a lower amplitude in CD patients might have also been
caused by other factors such as suboptimal needle placement, further away from the motor
units 22. The influence of these factors on the autospectral results is unclear but to minimize
the influence of differences in the autospectral power on our results, all autospectra were
normalized before spectral analysis.

Future perspectives and potential clinical applications
CDF10 analysis is superior in demonstrating subtle low frequency autospectral changes in
CD patients. Based on CDF10 values, we were able to discriminate patients from healthy
controls with a sensitivity of 77% and a specificity of 87%. Further studies are needed to
investigate how adequate these tools are for the identification of dystonic muscles within
patients. To determine the value of these autospectral changes for muscle selection before
BoNT treatment a large trial should be performed towards the effect of these methods
on the outcome of BoNT treatment. Our results suggest that these autospectral changes
do not change significantly after BoNT injections. If these methods can indeed also be
applied in patients already treated with BoNT, it becomes more feasible to perform such
a trial. Finally, frequency analysis of EMG recordings during different physiological and
pathological conditions might provide more insight in the role of oscillatory drives towards
neck muscles in healthy subjects and in dystonia.

112

Spectral EMG Changes and the Influence BoNT- treatment

CONCLUSIONS
In line with previous studies, we confirm the finding of 8-14 Hz autospectral peaks in the
SPL muscles of healthy controls that are absent in dystonic SPL muscles in CD patients.
Furthermore, we have shown that more subtle low frequency autospectral changes can be
found in more muscles with CDF analysis and that this method is superior in discriminating
healthy controls from dystonia patients. Further studies are needed to investigate the origin
of these autospectral changes, to determine how adequate these tools are for muscle
selection for BoNT treatment and to confirm that these methods can also be applied after
patients have received BoNT.

Supplementary Materials
The following are available online at http://www.mdpi.com/2072-6651/9/9/256/s1, Table
S1: Muscles treated with BoNT.
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ABSTRACT
Background: The preferred treatment for cervical dystonia (CD) is injection of botulinum
toxin in the dystonic muscles. Unfortunately, in the absence of reliable diagnostic methods
it can be difficult to discriminate dystonic muscles from healthy muscles acting in
compensation. We investigated if dystonic muscle activation patterns could be identified
in cervical dystonia patients during a harmonized isometric contraction task. Furthermore,
we investigated whether dystonia worsens at higher levels of voluntary contraction, which
might further improve the identification of dystonic muscle activity.
Methods: An isometric device was used to investigate muscle activation during voluntary
contraction tasks in 10 controls and 10 CD patients. Surface electromyography (EMG) of the
sternocleidomastoid, splenius capitis, and semispinalis capitis muscles was evaluated during
a rest task and when performing submaximal (20%) and maximal voluntary contractions for
eight head transversal force directions and for head twist. Two measures were developed
to identify dystonic activation: 1) Muscle activity in the contraction direction in which the
contribution of the muscle was lowest (Minimum EMG), and 2) the average muscle activity
over all contraction directions (Total Mean EMG).
Results: Patients showed increased dystonic activity in the rest task and during submaximal
contractions relative to controls, but not during maximal contractions. Increases in Minimum
EMG indicated an inability of patients to deactivate dystonic muscles counteracting the task.
Increases in Total Mean EMG indicated dystonic activity in all task directions. During maximal
contractions these effects were absent in dystonic muscles. Dystonia is therefore found
not to worsen at higher levels of isometric voluntary contraction. The activity of dystonic
muscles modulated with different loading directions similar to controls. Using Minimum
EMG 54% of the muscles clinically diagnosed as dystonic and 91% of non-dystonic muscles
were predicted correctly.
Conclusions: Dystonic muscle activity was found in cervical dystonia patients during
submaximal contractions in all task directions using a harmonized isometric task, but no
differences were found during maximal contractions. With some adaptation this method
may prove useful to identify dystonic muscles.
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INTRODUCTION
Cervical dystonia (CD) is a movement disorder of the neck characterized by involuntary
activity of neck muscles leading to debilitating abnormal postures, twisting movements
and pain1. Conventional methods to identify dystonic muscles for treatment with
botulinum toxin (BoNT) involve palpation and analysis of head posture 2,3. However, in many
patients it remains difficult to discriminate dystonic muscles from healthy muscles acting
in compensation 4,5. Consequently, inadequate muscle selection might be an important
cause of therapy failure 6,7. A number of studies 2,8,9 propose electromyographically-guided
BoNT injections as a systematic approach in the identification of dystonic muscles, where
levels of muscle activity are evaluated when patients are asked not to resist their dystonic
posture. However, even then it remains unclear whether increases found in EMG are due
to dystonic activity, or due to compensatory muscle activation. EMG studies for dystonic
muscle identification are generally performed when patients are asked to minimize
volitional muscle contractions and allow the dystonic posture to go freely2,8. On the other
hand, different studies found dystonic muscle activity to worsen when patients performed
voluntary actions 10-12 suggesting that dystonic muscle activity may best be identified when
the muscle contracts. For this study, an isometric device was developed that enabled us to
evaluate neck muscle activity during isometric voluntary contractions in different directions.
This method was used to investigate muscle activation during standardized isometric tasks
in controls and CD patients. Because subjects were comfortably fixed with their head in
the isometric device, the need for muscles to compensate for dystonic movements was
minimized. The goal was to identify dystonic muscle activation in different task directions
and at varying levels of voluntary muscle contraction. We hypothesized that during these
isometric experiments compensatory activity was minimized in healthy muscles and
increased EMG activity (i.e. dystonic) could more reliably be identified in patients. Within
patients, we investigated the correlation between muscles showing dystonic activation
patterns and the clinically dystonic muscles. Furthermore, we hypothesized that at higher
levels of voluntary contraction dystonic activity would worsen, which would further improve
the identification of aberrant muscle activity.

SUBJECTS AND METHODS
Ethical standards
The experimental protocol was in accordance with the Declaration of Helsinki and was
approved by the ethics committee at the Delft University of Technology and the medical
ethics committee at the Amsterdam Medical Centre. All subjects gave written informed
consent.
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Subjects
The experiments were performed with ten CD patients (five males, age 56 ± 11 years) and
ten age matched controls (four males, age 55 ± 14 years). The TSUI13 and TWSTR (Toronto
Western Spasmodic Torticollis Scale)14 scales were used to quantify the severity of the
disorder. All patients were treated with botulinum toxin (BoNT) with the last injection
provided at least three-months prior to the experiment. For the purposes of this study,
muscles that were injected with BoNT during clinical treatment shortly after this experiment
were considered to be dystonic. All other patient muscles were classified as unaffected
patient muscles. A comparison was subsequently performed between the dystonic,
unaffected patient, and healthy control muscles. Dystonic muscles varied per patient and
are listed in Table 1. The authors are aware that muscles may have been wrongly categorized
as dystonic and address this issue in the discussion.
Table 1. Patient characteristics.
information on disorder

muscles treated with BoNT

SCML SPLL SSL SCMR SPLR SSR
Patient
Duration Rot Rot tremor
b
number gender age TSUI TWSTR (years)
L
R or jerk (6)a
(4)
(3) (4)
(7) (4)
1

male

38

7

16

4.5

2

2

female

63

11

30.1

4

2

1
1

1

1
1

3

female

56

9

41.75

4

3

1

4

male

46

8

23

11

1

1

5

female

74

12

24

25

6

male

45

16

22

4

3

1

7

female

63

17

31

6

2

1

1

8

female

60

15

24

10

2

1

1

9

male

56

7

17

13

10

male

61

13

29.75

2

3

1
1
1

1
3

1

1

1

1

1
1

1
1

1
1

1

1

1
d

1

1

1

The TSUI and TWSTR scales indicate the severity of the disorder. The TSUI score observes the amplitude and
duration of sustained movements and tremors with a maximum score of 25. The TWSTR scale adds the subject’s
severity of Torticollis (0-35), disability (0-30), and pain (0-20) and has a maximum score of 85. High values always
indicate an increased severity. The dystonic sternocleidomastoid (SCM), splenius capitis (SPL), and semispinalis
capitis (SS) are given per patient based on treatment. Tremor has been identified in patients 2, 7, and 8 during this
experiment. BoNT: botulinum toxin; TWSTR: Toronto Western Spasmodic Torticollis Rating Scale; Rot L: rotation left;
Rot R: rotation right; SCML: left sternocleidomastoid; SPLL: left splenius capitis; SSL: left semispinalis capitis; SCMR:
right sternocleidomastoid; SPLR: right splenius capitis; SSR: right semispinalis capitis a The numbers of dystonic
muscles are given in brackets. b Rotation (-) no deviation. (1) <15º. (2) 15º-30º. (3) >30º c (-) no tremor. (1) tremor or
jerk observed during experiment. d removed as electrode had come loose during testing.
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Protocol
Apparatus and data collection
Subjects were seated and fixed in an isometric device with a tightly fitted cushioned
helmet. They performed neck muscle contraction tasks to generate horizontal forces
(transversal) and twist (spinal axial rotation) moments that were measured by an overhead
six axis load cell (MC3-6-500, AMTI Inc., Watertown, USA). Force and moment signals were
sampled at 2000 Hz. Surface EMG was recorded bilaterally with paired unipolar electrodes
(TMS International BV, Oldenzaal, The Netherlands) placed over sternocleidomastoid (SCM),
splenius capitis (SPL), and semispinalis capitis (SS) muscles at a sample rate of 2000Hz.
Subjects received visual feedback of the applied transversal force and twist moment to
ensure effective task performance. Visual feedback was presented through a custom made
interface using Matlab (Matlab R2011b, Mathworks Inc., Natick, MA, USA) (Fig. 1).

7

Figure 1. Schematic of the isometric device. Subjects performed isometric contractions with their
head fixed in a helmet connected to a load sensor. Subjects received visual feedback of head force
magnitude and direction in the transversal force task, and of twist moment in the twist task.

In some patients tremulous head movement was observed. The level of dystonic tremor 15
present in the subjects was therefore evaluated in a separate secondary experiment. Subjects
were fixed in a chair with the head free to move, and three-dimensional motion of six markers
on the head was recorded at 200 Hz using an Oqus 6-camera motion capture system (Qualisys
AB, Gothenburg, Sweden), following similar methods described in a previous study16.
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Task instruction
The primary experiment consisted of three isometric tasks, each with a different level of
muscle contraction in order to assess the effect of muscle activation levels on dystonic muscle
behavior. In the first task, subjects performed maximum voluntary muscle contractions
(MVC) using neck muscles to generate head forces in eight transversal directions at 45°
intervals, and maximum head moment in left and right axial rotation. In the second task,
subjects performed submaximal voluntary contractions (20%MVC) in the same directions as
the MVC trials. MVC trials were repeated three times lasting five seconds each and 20% MVC
trials were repeated two times lasting ten seconds each. Subjects were given a minimum
of ten second rest between subsequent trials. Subjects also performed a two minute resist
contraction (RC) trial without visual feedback, where patients were asked to resist dystonic
contractions and healthy controls were asked not to contract their muscles.
In the secondary experiment with the head free, patients were asked to remain seated,
close their eyes, and allow the dystonia to dictate head posture. Controls mimicked the
dystonic posture of a matched patient with their eyes closed. This experiment lasted 100
seconds and was repeated twice.

Data analysis
MVC (peak) forces and moments were defined using a moving average with an interval
of 1000 ms and selecting the highest value out of the three repetitions. These MVC values
were also used during the experiments to derive individual 20%MVC task force and moment
levels. The isometric environment allowed for identification of increased activity with
controlled contraction tasks. To address any discrepancies between patients and controls
in the execution of the voluntary contraction tasks an assessment of subject strength was
performed. We assessed subject strength by calculating the mean resultant MVC force of
the eight transversal directions and the mean MVC moment of the two twist directions. A
nonparametric Linear Mixed Model was applied to evaluate significant strength differences
between patients and controls, where loading direction and gender were fixed factors17,18.
The significance level was set at 0.05. This statistical model was used for all further analyses.
The raw bipolar EMG was notch filtered at 50 Hz, high pass filtered at 20Hz (4th order zerophase) and full wave rectified 19. For MVC trials, the mean EMG was calculated for each
loading direction over the same 1000ms window and repetition that was used to find MVC
forces and moments. For 20%MVC trials, the first two seconds of force and EMG data were
discarded to ensure that subjects reached the target force or moment. The mean was then
calculated over the remaining signal. For RC trials, the mean was calculated over the entire
trial. All EMG was then normalized to its highest mean EMG over all MVC directions, to
reduce the variability between subjects.
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Group analysis
The activation of the SCM, SPL and SS muscles was investigated during the different tasks
with varying levels of isometric contraction. Left to right muscle symmetry was assumed
and bilateral muscles were pooled, to obtain a control muscle group (20 SCM, 20 SPL, 20
SS), a dystonic muscle group (10 SCM, 11 SPL, 7 SS), and an unaffected patient muscle group
(10 SCM, 8 SPL, 13 SS). To allow for pooling of muscle pairs, the loading directions of the
left muscle response were mirrored left-to-right. For instance, the pooled SCM during the
leftward twist task contained EMG of the right SCM during the leftward twist task and left
SCM during the rightward twist task.
Identifying dystonic muscle activation: minimum and Total Mean EMG
Two measures were applied to identify dystonic muscle activation. The first measure was
Minimum EMG and was defined as the muscle activity in the contraction direction in which
the contribution of the muscle was lowest. The second measure was Total Mean EMG and
was calculated as the average muscle activity over all contraction directions. Both measures
were expected to be higher in dystonic muscles compared to unaffected patient and
healthy control muscles.
Effect of muscle contraction level
Minimum EMG and Total Mean EMG were calculated for the MVC, 20% MVC, and RC tasks,
where Minimum EMG and Total Mean EMG were equivalent in RC. A group comparison
was performed between dystonic patient, unaffected patient, and healthy control muscles.
Variations due to gender and direction were accounted for in a linear mixed model. An
increased Minimum and Total Mean EMG in dystonic muscles compared to other muscles
with an increase in voluntary muscle contraction would support our hypothesis of
worsening of dystonia with voluntary contraction.
In healthy muscles, cocontraction is known to increase at high isometric contraction levels
in the neck (above roughly 80%MVC)20. Because the Minimum EMG measure detects a
baseline muscle activation, it can also be seen as an indicator of muscle cocontraction.
Dystonic muscle activation in clinically diagnosed muscles
In order to explore the diagnostic potential, muscles with an abnormally high Total Mean
EMG or Minimum EMG were compared to the clinically diagnosed dystonic muscles for all
three contraction tasks. For both measures a threshold for abnormal activity was defined
as the mean of the measure outcome over the healthy control group plus one standard
deviation (SD). When patient responses exceeded this threshold the muscle was identified
as being dystonic. Separate thresholds were calculated for the SCM, SPL, and SS muscle
pools because the pooled response might differ between muscles.
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Dystonic tremor
Preliminary analysis of our data indicated that some subjects exhibited tremulous head
movements throughout the experiments. Therefore we examined the twisting motion
(axial rotation) of the head during the secondary experiment with the head free to move to
evaluate a possible influence of tremor on the results obtained during our experiments. The
200 seconds of total motion data was first sectioned into 50 segments of 4 seconds each.
The autospectra were calculated and averaged over the segments, resulting in a frequency
resolution of 0.25 Hz. Clear autospectral peaks between 3 and 10 Hz were considered to be
indicative of dystonic tremor.

RESULTS
Group analysis
MVC strength (Figure ) was not significantly different between the control (C) and patient
(P) groups, generating similar twist moment (C: 8.6±4.1 Nm, P: 7.9±5.7 Nm) and mean
resultant transversal force (C: 109±38 N, P: 105±52 N) during MVC tasks. Interestingly, the
directional modulation of dystonic muscles during MVC (Figure 3 solid lines) was also
consistent with healthy control and unaffected muscles, with the SCM acting primarily as
a flexor (0 degrees), the SPL as a lateroflexor (±90 degrees) and extensor (180 degrees),
and the SS as an extensor. Although the dystonic SCM did demonstrate increased muscle
activity at ±45° and ±90° relative to controls, dystonic muscles appeared to be modulating
normally with contraction direction during MVC and patients and controls appeared to
have a similar performance during MVC. During 20%MVC Total Mean muscle activity of
the dystonic muscle group exceeded that of the healthy control and unaffected patient
muscles (Figure 4 dotted lines). Although modulation of muscle activity was still present
between the different loading directions (shape of the red dotted lines resembles blue lines
of controls), an apparent elevated activity of dystonic muscles appeared to be present in
all directions.

Identifying dystonic muscle activation
Total Mean EMG
During the MVC task Total Mean EMG (Table 2, dotted lines and asterisks in Figure 3) of
the muscle groups did not differ significantly, with the exception of a higher Total Mean
EMG of dystonic SCM muscles compared to healthy control muscles (p=0.014). In contrast,
during the 20% MVC and RC tasks Total Mean EMG was consistently higher in all dystonic
muscles compared to healthy controls (20% MVC: p<0.001; RC: p<0.05). In addition, the
Total Mean EMG of dystonic muscles was significantly higher than of unaffected patient
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SCM and SS muscles during 20%MVC (p<0.001 for both muscles). However, the unaffected
SPL muscle showed similar Total Mean EMG as the dystonic SPL but was significantly higher
than controls (p=0.001). Overall, these results indicate that excessive activity of dystonic
muscles was especially evident during 20%MVC and RC.

7

Figure 2. Mean transversal force and twist moment maximum voluntary contractions of patients and
controls did not show a significantly different pattern in generated strength. A one standard error
of the mean boundary is depicted by the shaded areas and black vertical lines. The eight transversal
contraction directions (dots and triangles) are depicted as if viewing the head from above and the
corresponding contraction direction angle is shown in degrees.

Minimum EMG
Evaluating Minimum EMG responses, none of the group differences were significant during
the MVC task. Minimum EMG of the dystonic muscles was significantly increased during the
20%MVC task compared to healthy control muscles (p<0.05 for all muscles) and unaffected
muscles (p=0.005 for SS muscle). Minimum EMG between the dystonic and unaffected
muscle group was not significantly different across the SCM and SPL muscles.
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Table 2. Total Mean EMG and Minimum EMG
Group Comparison MVC

20%MVC

RC

SCM

SPL

SS

SCM

SPL

SS

SCM

SPL

SS

0.014*

ns

ns

<0.001

<0.001

<0.001

0.011

0.004

0.001

unaff. vs. dyst.

ns

ns

ns

F-Statistic

3.12

Total Mean EMG
cont. vs. dyst.

<0.001

ns

<0.001

ns

ns

0.025

23.91

19.15

25.49

3.76

4,82

6,25

Minimum EMG
cont. vs. dyst.

ns

ns

ns

0.021

0.041

0.001

unaff. vs. dyst.

ns

ns

ns

ns

ns

0.005

2.96

2.41

6.90

F-Statistic

Significant increases in Total Mean EMG and Minimum EMG were seen in all dystonic compared to healthy control
muscles during 20%MVC and RC tasks. During MVC, differences in muscle groups were only apparent in the SCM.
Values indicated with an asterisk were not significant when tremor patients 2,7, and 8 were removed.

Figure 3. Normalized EMG during MVC and 20%MVC of healthy control, unaffected patient, and
dystonic patient SCM, SPL, and SS right (and mirrored left) muscles. Mean and standard error of the
normalized EMG are shown for the two twist (left and right) and eight transversal directions, with
contraction direction angles in degrees as described in Fig. 2 Dystonic muscles showed increased
activity during the 20%MVC task (red dotted line is higher in all directions), but this was not clear
during the MVC task.
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7
Figure 4. Total Mean (dotted lines) and Minimum (full lines) EMG measures of control, dystonic
patient, and unaffected patient muscles during the voluntary contraction (MVC and 20%MVC) and
resist contraction (RC) tasks. Details on significant differences between muscle groups and tasks are
found in tables 2 and 3.

Effect of muscle contraction level
Patients showed no significant change in Minimum EMG (Table 3 and Figure 4) in dystonic
muscles with increasing levels of contraction (RC, 20%MVC, and MVC). On the other hand,
healthy control and unaffected patient muscles showed the expected trend in most
muscles20 (solid lines Figure 4), where an increase in Minimum EMG was observed during
MVC compared to 20%MVC and RC. In healthy controls, Minimum EMG was on average
3 times higher during MVC than during 20%MVC and RC. In unaffected patient muscles
Minimum EMG was on average 2.1 times higher during MVC compared to 20%MVC and
RC. Differences in Minimum EMG across the 20%MVC and RC activation levels were not
significant. The level of Minimum EMG in dystonic muscles was similar to the control muscle
level during MVC.

127

Chapter 7

Table 3. Differences in Minimum EMG between tasks for the three muscle groups.
Task Comparison

Controls

Minimum EMG

SCM

SPL

Unaffected
SS

SCM

SPL

Dystonic
SS

SCM

SPL

SS

MVC

vs.

20%MVC

0.03

0.005

<0.001 0.04

ns

<0.001 ns

ns

ns

MVC

vs.

RC

0.003

0.003

0.001

0.012*

ns

0.012

ns

ns

ns

20%MVC

vs.

RC

ns

ns

ns

ns

ns

ns

ns

ns

ns

5.07

6.13

9.21

4.08

F-Statistic

9.28

Minimum EMG was significantly higher during MVC than during 20%MVC and RC task in healthy control and
unaffected patient muscles. This was not seen in dystonic muscles. Values indicated with an asterisk were not
significant when tremor patients 2,7, and 8 were removed. Total Mean EMG was always significantly different
between tasks as the mean EMG is inherent in the task definition (i.e. level of muscle contraction).

Dystonic muscle activation in clinically diagnosed muscles
A preliminary analysis was performed to evaluate Minimum and Total Mean EMG measures
during MVC, 20%MVC, and RC as identifiers of dystonic muscles (Table 4). During the
20%MVC task, 50% of the clinically dystonic muscles showed an abnormally high Total
Mean EMG and 54% showed a high Minimum EMG. Of the clinically non-dystonic muscles
only 19% showed an abnormally high Total Mean EMG and 9% showed a high Minimum
EMG. Thus, Minimum EMG could correctly predict 54% of the dystonic muscles and 91%
of the non-dystonic muscles. During the MVC task 4% of the clinically dystonic muscles
showed an abnormally high Total Mean EMG and 32% showed a high Minimum EMG. Of
the clinically non-dystonic muscles none showed an abnormally high Total Mean EMG and
3% showed a high Minimum EMG during MVC tasks. During the RC task 50% of the clinically
dystonic muscles showed an abnormally high Minimum EMG (which was equivalent to the
Total Mean EMG) and 28% of the clinically non dystonic muscles showed a high Minimum
EMG.
Table 4. Sensitivity analysis
Identification
measure

correctly predicted
correctly predicted not
Task
dystonic (out of 28)
dystonic (out of 32)
Sensitivity Specificity
RC
14
23
50%
72%
Minimum EMG
20%MVC 15
29
54%
91%
MVC
1
32
4%
100%
20%MVC 14
26
50%
81%
Total Mean EMG
MVC
9
31
32%
97%
Sensitivity analysis of the two measures during the three tasks. Total mean EMG was equivalent to Minimum EMG
during the RC task.
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Dystonic tremor
Tremulous patients were identified in the experiment with the head free. Patients 2 and
8 demonstrated clear tremulous peaks at respectively 4.5 Hz and 4 Hz. Patient 7 had a
large amount of head motion without a clear tremulous peak, which was identified as
jerk. To assess the effect of tremor on the observed results, all analyses were repeated
after patients 2, 7, and 8 were removed from the experiment. Removal of the tremulous
patients did not affect the Total Mean EMG measure, except that the dystonic SCM was no
longer significantly higher than the healthy control muscles during MVC (indicated by an
asterisk Table 2). In addition, the Minimum EMG of the dystonic SS muscle was no longer
significantly higher than control muscles or unaffected patient muscles, and the Minimum
EMG of the unaffected SCM was no longer significantly higher during MVC than during RC
(indicated by asterisk in Table 3).

DISCUSSION
This study aimed to identify dystonic muscle activation in patients compared to controls
at different levels of voluntary muscle contraction. Patients showed dystonic activation
in rest and during submaximal voluntary contraction but not during maximal voluntary
contraction. Dystonic activity did not increase with an increase in muscle contraction.
Within patients, there was a correlation between clinically dystonic muscles and muscles
with dystonic activation as defined in this article. The main results remained significant
after removal of the three patients, and outcomes were therefore not primarily related to
dystonic tremor.

Influence of BoNT
The prevalence of botulinum naive patients was low in the region where this study was
conducted. It was therefore chosen to test patients that had not been treated with BoNT
for at least three months prior to the experiment. Nevertheless, the injections could still
have had an effect on the muscles21. BoNT reduces the EMG amplitude22 of the injected
muscle; to address this issue the Total Mean EMG of dystonic and non-dystonic muscles
was compared during maximum contractions. Unnormalized EMG of dystonic and nondystonic muscles was not significantly different during the MVC task, indicating that any
weakness caused by BoNT injections was not substantial enough to account for the results
observed in this study. Still, to completely eliminate potential influences of BoNT a study
with botulinum naive patients should be performed.
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Group effect
On a group level, higher levels of Minimum EMG and Total Mean EMG, considered to be
evidence of dystonic activity23-25, were observable during 20%MVC and RC tasks, but were
scarce during MVC. One can argue that during MVC dystonic activity could have been
masked by a normal increase in Total Mean EMG activity. However, this argument does
not hold in the evaluation of Minimum EMG as this remains roughly constant across the
tasks in dystonic muscles. In fact, dystonic muscles lacked an increase in Minimum EMG
with contraction level, in contrast to healthy muscles. This leads us to conclude that
there is no evidence of worsening of dystonia with muscle contraction level in isometric
conditions. It must be noted that with the head free reflexive feedback may play a bigger
role and may explain the increase in dystonia with voluntary contraction found in other
studies10-12. In our isometric setup the effects of motor command can be investigated when
the influence of sensory afferents of muscle spindles and the vestibular organ resulting
from neck movement are minimized. If indeed dystonia worsens with voluntary activity in
experiments with the head free, the absence of this effect in our setup points towards an
important role of sensory feedback in dystonia.
Healthy muscles had a similar level of cocontraction during 20%MVC or RC tasks but
increased significantly during maximal contractions. This is similar to observations by
Keshner et al.20 who demonstrated that at high isometric force levels healthy subjects switch
from a reciprocal to a cocontraction muscle activation pattern. Or in other words, EMG in
non-preferred directions (i.e. our Minimum EMG estimate) increases at some critically high
force level (roughly 80%MVC). This was interpreted to point towards a change in central
command strategy to deliver the required force26. In contrast to the healthy muscles,
dystonic muscles maintained similar cocontraction levels across the three tasks, with levels
similar to what healthy muscles exert during MVC. Although further investigations are surely
necessary, it appears that the central command driving dystonic muscles remains fixed in a
cocontraction muscle activation pattern usually applied only at high force levels.

Dystonic activation in clinically diagnosed muscles
There was a significant correlation between clinically dystonic muscles and muscles that
showed dystonic activation patterns (i.e., increased Minimum EMG or Total Mean EMG).
Aberrant muscle activation during voluntary isometric contraction could theoretically help
to find the leading dystonic muscles in patients and discriminate them from compensatory
active muscles. Minimum and Total Mean EMG could accurately predict the clinically
unaffected muscles but identified only up to 54% of the clinically dystonic muscles.
Although this could reflect a more confined selection of the leading dystonic muscles, a
number of factors might have limited the discriminative power of these methods.
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Primarily, the lack of a reliable reference standard makes a proper assessment difficult,
irrespective of the quality of the experiment. It is possible that unaffected muscles were
unjustly identified as dystonic in the clinic and were treated with BoNT or that dystonic
muscles were left untreated. In addition, surface EMG electrodes might have picked up
activity of adjacent muscles (electric cross-talk), which might have mixed responses of
dystonic and unaffected muscles in patient EMG measures. Despite the development of a
harmonized isometric experiment, some variation in the task execution between subjects
could also be present. The visual feedback in this setup controlled the main head loading
directions of the subjects (i.e. transversal forces and twist moments), but variations in other
directions were not accounted for (roll, pitch, and vertical motion). Finally, it cannot be ruled
out that botulinum toxin treatments might have influenced these results. Even though
we limited the effect by performing the experiment at least three months after their last
injection, we believe that this analysis would improve if botulinum naive patients are tested.

Study limitations
The isometric setup is used to minimize the contributions of both cervicocollic and
vestibulocollic reflexes. While the fixation of the head likely eliminates virtually all vestibular
reflexes, the contracting muscles could provide some spindle feedback. Nevertheless, by
fixating the head reflexive contributions are not necessary for the stabilization of the head
and the authors therefore believe that the effect of varying sensory feedback on our results
is limited. In this experiment three muscle pairs were used to describe dystonic muscle
behavior during isometric contractions. To expand the identification of dystonic muscle
activity, complementary studies could evaluate other muscles involved in cervical dystonia
(in particular the levator scapulae and scalenus muscles).

Concluding remarks
In conclusion, the isometric experiment provided measures to identify abnormal muscle
activation patterns in cervical dystonia patients. Dystonic muscles showed excessive activity
during submaximal tasks, but this was not clear during MVC tasks. Hence no evidence
was found of a worsening of dystonia with an increase in muscle contraction in isometric
conditions. With the suggestions made to improve this method, it could potentially prove
useful to assist neurologists during clinical examinations to identify dystonic muscles.
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Background
Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal movements and postures. Cervical dystonia (CD) is the most
common form of focal dystonia (see introduction). CD patients experience debilitating
abnormal posturing of the neck, twisting movements and pain 1. The primary treatment
of CD are injections with botulinum toxin (BoNT) in the dystonic muscles. BoNT inhibits
the release of the neurotransmitter acetylcholine, causing relaxation in muscle tone by
chemical denervation 2,3. One of the most important determinants of a good treatment
response is adequate selection of the dystonic muscles 4. There is still much debate about
the best approach for muscle selection before BoNT treatment. In this thesis, we aimed to
determine what the best currently existing method is for muscle selection. In addition, we
investigated several new potential methods to improve identification of dystonic muscles
in CD patient.

Goals of this thesis
1. The first goal of this thesis was to perform a literature study to determine the best
currently existing method to identify dystonic neck muscles for BoNT treatment
(chapter 2).
2. The second goal was to evaluate the effect of pEMG* guided BoNT injections in our
treatment center (chapter 3).
3. The third goal was to develop and evaluate potential new methods to identify dystonic
muscles in CD patients (chapters 4, 5, 6 and 7).

Currently existing methods to improve muscle selection for BoNT treatment
in CD patients
Polymyographic EMG
The first goal of this thesis was to determine the best currently existing method to identify
dystonic muscles in CD patients. We performed a systematic review of the literature
(Chapter 2) and found that clinical evaluation is important but that polymyographic
electromyography (pEMG) is frequently used to improve BoNT treatment outcome. Several
studies have shown that pEMG reveals a different pattern of muscle involvement in CD
patients compared to clinical evaluation 5,6. Furthermore, two small randomized controlled
trials and one non-randomized trial showed an improved effect of BoNT treatment when
pEMG was used in addition to clinical evaluation 7-9. An important limitation of these trials
was the combined approach, namely pEMG prior to BoNT treatment for selection of the
dystonic muscles and the use of EMG-guided injections for optimal needle placement

137

8

Chapter 8

during treatment. The improved outcome in these studies can therefore also (partly) be
explained by more accurate intramuscular targeting of the BoNT injections. Finally, a small
open label trial performed in secondary non-responders (CD patients with an initial good
response to BoNT treatment, but with deterioration after repeated injections), showed that
treatment outcome improved in 9 out of 10 patients when pEMG was used 10. In conclusion,
the above described studies suggest that pEMG may improve BoNT treatment outcome,
especially in secondary non-responders.

Other methods to improve muscle selection
In addition to pEMG, a few studies have investigated alternative methods to select dystonic
muscles for BoNT treatment. EMG frequency analysis 11 and imaging techniques (PET/CT)
12,13
may enable better identification of dystonic muscles but further studies towards the
relevance and additional value of these new techniques are needed (chapter 2).

The effect of pEMG guided BoNT injections in our treatment center
In chapter 3, the effect of pEMG guided BoNT injections was evaluated in our tertiary
referral center (AMC). A retrospective analysis was performed of 40 consecutive patients
with an unsatisfactory treatment response elsewhere. pEMG recordings were obtained in all
patients and the combination of clinical examination and pEMG results was used to identify
the dystonic muscles before the first BoNT treatment. A substantial amount of CD patients
improved after treatment in our center. After one year of treatment there was a significant
improvement on both objective (Tsui scores) and subjective (self-reported improvement)
measures of treatment effect. On their last visit (on average 2.4 years after referral) 60%
of patients still continued treatment with a reasonable to good response. A limitation of
this study is the unknown contribution of the expertise of our tertiary referral center on
the improved treatment response. Furthermore, similar to the studies described above,
EMG was used not only for muscle selection (pEMG), but also during treatment to ensure
accurate intramuscular administration of the BoNT injections. Despite these limitations, we
concluded that pEMG probably contributed to the improved BoNT treatment response in
patients with a previously unsatisfactory treatment response.
Taken together the available evidence, including the retrospective analysis (chapter 3),
suggests that pEMG may improve BoNT treatment outcome. It is not clear if the standard
use of pEMG should be recommended in all patients. However, as inadequate muscle
selection is an important cause of therapy failure 6,10, we recommend the use of pEMG in
all patients with an unsatisfactory response to BoNT treatment. As pEMG cannot reliably
differentiate between dystonic and healthy compensating muscles 14,15, it should be used in
combinations with clinical examination.
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Developing a new method for dystonic muscle identification
The third goal of this thesis was to develop a new method to improve the identification
of dystonic muscles in CD patients. An important limitation of pEMG is that it cannot
reliably discriminate between dystonic muscle activity and activity of healthy muscles
compensating for the dystonic posture 14,15. Discrimination between the two is essential to
optimize muscle selection for BoNT treatment. Several potential new EMG analysis methods
were studied:
1. EMG autospectra analysis
2. CDF10 analysis
3. EMG coherence analysis
4. Identification of abnormal muscle activation patterns during isometric tasks
Below, these methods and their potential to identify dystonic muscles are discussed
together with the pathophysiological implications of our results. Furthermore, the possible
influence of previous BoNT injections on the results of autospectra and CDF10 analysis in CD
patients is discussed.

EMG autospectra analysis
Autospectra differences between CD patients and healthy controls
An EMG autospectrum shows the distribution of the EMG power across the frequency
spectrum (see box 1.0 of the introduction). A peak in an autospectrum obtained from EMG
recordings might reveal muscular oscillations which can be used as a marker of the neural
drive towards muscles 16,17. In neck muscles of healthy controls, an autospectral peak around
10-12 Hz has been observed in the SPL muscles. In CD patients, this peak is frequently absent
15,18
. In this thesis, EMG autospectral differences were investigated between CD patients and
healthy controls. We hypothesized that if disappearance of autospectral power around 1012 Hz is indicative of dystonia, and these autospectral changes can also be found in other
dystonic muscles, autospectra analysis could provide a reproducible and objective measure
to assist in the selection of dystonic muscles in CD patients.
In chapter 4, EMG recordings from the SPL and sternocleidomastoid (SCM) muscles were
obtained during voluntary isometric contraction and the EMG autospectra were compared
between CD patients and healthy controls. In line with previous studies, autospectral peaks
were found between 8-14 Hz in SPL muscles of healthy controls. These peaks were absent
in almost all dystonic SPL muscles of CD patients. There was no significant difference in
8-14 Hz autospectral power between the SCM muscles of CD patients and healthy controls.
These results were confirmed in chapter 6 during standardized reproducible isometric
contraction tasks using the isometric setup developed by the TUD (figure 6 , general
introduction). Significantly decreased 8-14 Hz autospectral power was detected in SPL
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muscles but not in the semispinalis (SESP) and SCM muscles of CD patients compared to
healthy controls. Decreased 8-14 Hz autospectral power might support the diagnosis of
CD, but autospectra analysis does not seem to be an adequate method to identify dystonic
muscles in CD patients.

Pathophysiological implications of the 8-14 Hz autospectral changes in CD patients
The origin of 8-14 Hz autospectral peaks in healthy SPL muscles is unknown. In healthy neck
muscles, synchronized activity during voluntary isometric contraction has been previously
described in the 10-15 Hz frequency band 11,16. This synchronisation is hypothesized to
facilitate common muscle synergies 16. Furthermore, synchronized activity around 10-15 Hz
has been observed during startle responses in healthy subjects 19. Because the startle reflex
is thought to be mediated by the reticulospinal system and because single reticulospinal
neurons are connected with different groups of neck motoneurons, the reticular formation
has been hypothesized to be the generator of this physiological 10-15 Hz reticulospinal
drive 16,19.
In CD patients, the disappearance of 8-14 Hz autospectral power suggests a loss of
synchronized activity in that frequency band, possibly pointing to involvement of the
underlying structures in the pathophysiology of (cervical) dystonia. If, for example, the
hypothesis that 8-14 Hz autospectral peaks reflect oscillations originating from the reticular
formation is correct, disappearance of these peaks might point towards the involvement of
this brainstem area in the pathophysiology of dystonia. Interestingly, the reticular formation
(more specifically: the interstitial nucleus of Cajal), was already implicated in early theories
of CD 20. Moreover, recent hypotheses focusing on a dysfunctional neural integrator model
have renewed the interest in the role of the nucleus of Cajal in CD 21,22. Alternative hypotheses
for differences in synchronized 8-14 Hz muscle activity between CD patients and healthy
controls can be considered as well. For example, small differences in neck postures during
the experiments or suboptimal task performance in CD patients may have led to activity
of a different combination of muscles and thereby to differences in synchronized muscle
activation. Furthermore, it can not be excluded that the observed autospectral differences
are the result of other factors, like muscle atrophy caused by repeated BoNT injections.
The possible confounding effects of BoNT on our results are discussed below (page 6 ).
The exact influence of muscle atrophy on these low frequency autospectral changes is
unknown but the influence of reduced EMG amplitude in atrophied muscles was minimized
by normalizing all autospectra to their median before autospectra analysis.
Conclusion
8-14 Hz autospectral changes were found in the SPL muscles of CD patients compared to
healthy controls but not in the SCM or the SESP muscles. The clinical usefulness of 8-14
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Hz autospectra analysis to identify dystonic muscles in CD patients is therefore limited.
Nevertheless, the origin of the 8-14 Hz autospectral changes in CD patients requires further
study as it might provide insight in the underlying pathophysiology in dystonia.

CDF10 analysis
CDF10 analysis can demonstrate more subtle autospectral changes in CD patients
In chapter 5 and 6, cumulative distribution functions (CDF) were used to demonstrate more
subtle autospectral changes in CD patients. With this method, subtle shifts in autospectral
power can be detected (see box 1.0 of the introduction). Normalized cumulative distribution
functions (CDF’s) were calculated to quantify the relative distribution of autospectral power
between 3 and 30 Hz in CD patients and healthy controls. The CDF value at 10 Hz (CDF10),
was then used as a measure of the autospectral power between 3 and 10 Hz relative to
power between 10 and 30 Hz. The CDF at 10 Hz was chosen because in dystonic muscles
an increase in autospectral power below 10 Hz was expected whereas in healthy controls
an increase in power above 10 Hz was expected (see introduction). The results showed that
CDF10 values were consistently higher in the SPL muscles, the SCM and the SESP muscles
of CD patients compared to healthy controls. Furthermore, based on CDF10 values, muscles
from CD patients could be discriminated from muscles belonging to healthy controls with
a sensitivity of 77%, and a specificity of 87%. (chapter 6). CDF10 analysis is therefore superior
to autospectra analysis in demonstrating subtle low frequency autospectral differences
between CD patients and healthy controls.
The origin of the increased CDF10 values in CD patients
The higher CDF10 values observed in patients can theoretically be explained by an increase in
autospectral power between 3 and 10 Hz or by a decrease in power between 10 and 30 Hz.
In chapter 6, a decrease in 8-14 Hz power was found in the autospectra in CD patients. This
was caused by the disappearance of the 8-14 Hz autospectral peaks seen in healthy controls
(see above). Although these peaks started around 8 Hz, the most significant difference in
autospectral power between patients and healthy controls was seen between 10-14 Hz (see
chapter 6, figure 2). Therefore, the disappearance of 8-14 Hz peaks in CD patients probably
contributed to higher CDF10 values. However, 8-14 Hz autospectral differences were not
seen in all muscles with higher CDF10 values and can therefore not be the only explanation.
Another explanation for the higher CDF10 values might be increased activity in the 4-7 Hz
band, as previously described in CD patients 18,23. However, no clear 4-7 Hz peaks were seen
in the autospectra of CD patients that would explain the higher CDF10 values. We suspect
that the higher CDF10 values in CD patients are probably the result of a combination of more
power in the 4-7 Hz band and a decrease of power in the 8-14 Hz band.
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Conclusion
Compared to 8-14 Hz autospectra analysis, CDF10 analysis is a more sensitive method to
find autospectral differences between CD patients and healthy controls. Further studies are
needed to investigate how adequate CDF10 analysis is for the identification of the dystonic
muscles in CD patients and what the effect would be on BoNT treatment outcome when
CDF10 analysis is used for muscle selection.

Effect of BoNT on the 8-14 Hz autospectral and CDF10 changes in CD patients
An important limitation of the above described studies might be the possible confounding
effect of previous BoNT treatments on the observed autospectral changes. Therefore, in
chapter 6 we investigated the possible effects of BoNT injections on the 8-14 Hz autospectral
changes and the CDF10 values in CD patients. In the group of CD patients, a distinction was
made between BoNT-treated patients and BoNT-naïve patients. Furthermore, the BoNTtreated patients were measured twice. The first measurement was 4-7 weeks after BoNT
treatment, when BoNT effects were expected to be maximal. The second measurement
was just before the next scheduled treatment, after 11-15 weeks, when most clinical BoNT
effects are expected to have worn off.
Even in the small group of BoNT-naïve patients (N=4), statistically significant increased
CDF10 values were observed in several muscles compared to healthy controls (chapter 6)
illustrating that the observed low frequency autospectral changes are not a BoNT effect.
This was further supported by the observation that there were no clear differences in results
between measurements before and after BoNT treatment. Although we acknowledge that
residual effects of BoNT can certainly not be ruled out, it seems unlikely that the observed
low frequency autospectral differences are a pure BoNT effect. To confirm this, our findings
would need to be reproduced in a larger group of BoNT naïve patients.

EMG Coherence analysis
4-7 Hz coherences in CD patients and healthy controls
Coherence (analysis) is a measure of the linearity between two signals that can be used
to examine the relation between two signals 24. Coherences between EMG recordings
from two different muscles suggest a common drive to these muscles (see box 1 of the
introduction). 4-7 Hz coherences have been well described between EMG recordings from
different muscles in dystonia patients 18,23. We hypothesized that the presence of 4-7 Hz
coherences between muscles might therefore help to identify dystonic muscles in CD
patients. In chapter 4 the occurrence of 4-7 Hz intermuscular coherences was compared
between CD patients and healthy controls. No significant differences were found in the
occurrence of 4-7 Hz coherences. Furthermore, within patients, there was no significant
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correlation between the muscles with 4-7 Hz coherences and the muscles that were
clinically suspected to be dystonic by an experienced movement disorder specialist. We
concluded that intermuscular EMG coherence analysis could not reliably discriminate
patients from healthy controls and is not a reliable method to identify dystonic muscles for
BoNT treatment.

Origin of 4-7 Hz intermuscular coherences
These results were unexpected as low frequency (usually between 4-7 Hz) coherences
have been well described in (cervical) dystonia patients 15,18,23,25. Furthermore, a link has
been established between low frequency coherences in dystonic muscles and activity in
the basal ganglia, a group of nuclei in the brain involved in the control of movement 26-28.
Low frequency coherences are therefore thought to reflect an abnormal descending drive
from the basal ganglia. In healthy controls on the other hand, low frequency coherences
between EMG recordings have only sporadically been found 18,29. In this thesis, no significant
differences in 4-7 Hz coherences were found between CD patients and healthy controls.
A possible explanation is that patients with a dystonic tremor were excluded. In these
patients, high coherences were found in the tremor frequency making it difficult to identify
the leading dystonic muscles. It has been well described that the 4-7 Hz coherences in CD
patients are most evident when tremulous EMG activity or a visible tremor is present 23,25.
It can be hypothesized that in some CD patients, a 4-7 Hz dystonic drive from the basal
ganglia is present that is strong enough to causes a visible dystonic tremor.
Conclusion
Taken together, we can conclude that low frequency intermuscular coherences can
occasionally be observed in healthy subjects, and that these coherences are increased in
CD patients with a dystonic tremor. Coherence analysis is not a reliable method to identify
dystonic muscles for BoNT treatment.

Muscle activation patterns during voluntary isometric contraction tasks
Abnormal muscle activation patterns in CD patients
The last method that was investigated, was analysis of muscle activation patterns during
standardized isometric contraction tasks (chapter7). The isometric contraction device
developed by the Technical University in Delft (figure 6, general introduction) was used
to study activation patterns of individual muscles during standardized isometric tasks in
CD patients and healthy controls. Subjects were comfortably fixed with their head in the
isometric device, making the need for muscles to compensate for dystonic movements
minimal in this experimental setup. Analyzing EMG recordings from healthy controls during
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standardized isometric contraction experiments can, for each muscle, determine the
directions in which they are normally active 16,30. We hypothesized that comparing patterns
of muscle activation during different voluntary contraction tasks between dystonia patients
and healthy controls may identify (dystonic) muscles with abnormal patterns of muscle
activation. We provided two measures to identify abnormal muscle activation patterns in CD
patients. The first measure was increased muscle activity during isometric contraction tasks
in directions in which that muscle was inactive in healthy controls. The second measure was
an increased overall muscle activity over all directions. There was a significant correlation
between clinically dystonic muscles and muscles that showed abnormal muscle activation
according to the test measures (chapter 7). These two measures could accurately predict
the clinically unaffected muscles but identified only up to 54% of clinically dystonic muscles.
However, this could also mean that this new method is actually more specific in identifying
the leading dystonic muscles compared to our reference standard (the muscles considered
dystonic by the treating neurologist). This remains difficult to assess in the absence of a
reliable reference standard that defines with certainty whether a muscle is either dystonic
or not. Another important limitation in this study was that surface EMG electrodes were
used (in contrast to intramuscular needle electrodes used in chapter 4 and 6). Surface EMG
electrodes might also pick up activity of adjacent muscles (electric cross-talk).

Conclusion
Analysis of muscle activation patterns during isometric contraction tasks can identify
muscles with abnormal activation patterns in CD patients. Further studies are needed to
confirm these findings using intramuscular EMG recordings and to investigate whether
identifying muscles with abnormal activation patterns may prove useful for selection of the
dystonic muscles for BoNT treatment.

Conclusions and Future perspectives
Currently, the best approach to identify dystonic muscles for BoNT treatment is clinical
evaluation combined with pEMG. It should at least be considered in patients with an
unsatisfactory response to BoNT treatment with clinical examination alone. More evidence
is needed regarding the additional value and cost-effectiveness to recommend the standard
use of pEMG before the start of BoNT treatment in all CD patients.
The new methods investigated in this thesis, revealed differences between dystonic
and non-dystonic muscles, but did not yet provide us with a concrete new method to
improve muscle selection for BoNT treatment. With EMG autospectra analysis, 8-14 Hz
autospectral changes can be found in the EMG recordings of CD patients. Unfortunately,
these autospectral changes were primarily seen in SPL muscles and not in the SCM and

144

Summary and general discussion

SESP muscles. The clinical usefulness of 8-14 Hz autospectra analysis to identify dystonic
muscles in CD patients is therefore limited. A new method was developed (CDF10 analysis)
that was superior in demonstrating autospectral changes in all investigated muscles in CD
patients. In addition, analysis of muscle activation patterns during isometric contraction
tasks provided measures to identify muscles with abnormal activation patterns in CD
patients. The question that remains unanswered is how adequate these methods (or a
combination of these methods) are to improve muscle selection before BoNT treatment.
This is complicated by the absence of a reliable reference standard to determine with
certainty which muscles are dystonic. Therefore, to answer this question, the effect of these
new methods for muscle selection on the outcome of BoNT treatment must be studied in
a prospective randomized controlled trial.
In addition, these findings might lead to new pathophysiological research, such as studies
towards the origin of 8-14 Hz autospectral changes in CD patients. Little is known about
synchronized activity in this frequency band in neck muscles. We discussed a series of
hypotheses about the origin of this synchronization and the possible underlying structures.
Future studies using autospectra analysis and coherence analysis of EMG recordings during
different physiological and pathological conditions might elucidate the role of oscillatory
drives towards neck muscles in healthy subjects and in dystonia. This might provide further
insight in the pathophysiology of dystonia.
Our results suggest that BoNT treatment did not significantly influence the observed
autospectral changes in CD patients, making it more likely that they are the result of the
underlying pathophysiology of dystonia. However, confirmation in a larger group of BoNTnaïve patients is required.
Finally, another direction for future research could be studies in which the above described
methods are investigated for their value in discriminating CD patients from patients with
other movement disorders. This would be very useful in clinical practice as discriminating
patients with CD from, for example, patients with functional torticollis can be a difficult
clinical problem 31.

145

8

Chapter 8

REFERENCES
1

Chan, J., Brin, M. F. & Fahn, S. Idiopathic cervical dystonia: clinical characteristics. Mov Disord 6,
119-126, doi:10.1002/mds.870060206 (1991).

2

Ray, P. Botulinum toxin a inhibits acetylcholine release from cultured neurons in vitro. In Vitro
Cell Dev Biol Anim 29, 456-460, doi:10.1007/BF02639379 (1993).

3

Jankovic, J. Botulinum toxin in clinical practice. J Neurol Neurosurg Psychiatry 75, 951-957 (2004).

4

Jankovic, J. Treatment of cervical dystonia with botulinum toxin. Mov Disord 19 Suppl 8, S109115, doi:10.1002/mds.20024 (2004).

5

Brans, J. W. et al. Electromyography in cervical dystonia: changes after botulinum and
trihexyphenidyl. Neurology 51, 815-819 (1998).

6

Van Gerpen, J. A., Matsumoto, J. Y., Ahlskog, J. E., Maraganore, D. M. & McManis, P. G. Utility of an
EMG mapping study in treating cervical dystonia. Muscle Nerve 23, 1752-1756 (2000).

7

Comella, C. L., Buchman, A. S., Tanner, C. M., Brown-Toms, N. C. & Goetz, C. G. Botulinum toxin
injection for spasmodic torticollis: increased magnitude of benefit with electromyographic
assistance. Neurology 42, 878-882 (1992).

8

Lee, L. H., Chang, W. N. & Chang, C. S. The finding and evaluation of EMG-guided BOTOX injection
in cervical dystonia. Acta neurologica Taiwanica 13, 71-76 (2004).

9

Werdelin, L. et al. The utility of EMG interference pattern analysis in botulinum toxin treatment of
torticollis: a randomised, controlled and blinded study. Clinical neurophysiology : official journal
of the International Federation of Clinical Neurophysiology 122, 2305-2309, doi:10.1016/j.
clinph.2011.04.012 (2011).

10

Cordivari, C. et al. Secondary nonresponsiveness to botulinum toxin A in cervical dystonia: the
role of electromyogram-guided injections, botulinum toxin A antibody assay, and the extensor
digitorum brevis test. Mov Disord 21, 1737-1741, doi:10.1002/mds.21051 (2006).

11

Tijssen, M. A. J. et al. Descending control of muscles in patients with cervical dystonia. Movement
Disord 17, 493-500, doi:Doi 10.1002/Mds.10121 (2002).

12

Lee, I. H., Yoon, Y. C., Sung, D. H., Kwon, J. W. & Jung, J. Y. Initial experience with imaging-guided
intramuscular botulinum toxin injection in patients with idiopathic cervical dystonia. AJR.
American journal of roentgenology 192, 996-1001, doi:10.2214/AJR.08.1535 (2009).

13

Sung, D. H. et al. Localization of dystonic muscles with 18F-FDG PET/CT in idiopathic cervical
dystonia. Journal of nuclear medicine : official publication, Society of Nuclear Medicine 48, 17901795, doi:10.2967/jnumed.107.044024 (2007).

14

Benecke, R. & Dressler, D. Botulinum toxin treatment of axial and cervical dystonia. Disabil Rehabil
29, 1769-1777, doi:10.1080/01421590701568262 (2007).

15

Tijssen, M. A. et al. Descending control of muscles in patients with cervical dystonia. Mov Disord
17, 493-500, doi:10.1002/mds.10121 (2002).

16

Blouin, J. S., Siegmund, G. P., Carpenter, M. G. & Inglis, J. T. Neural control of superficial and deep
neck muscles in humans. J Neurophysiol 98, 920-928, doi:10.1152/jn.00183.2007 (2007).

17

Kilner, J. M. et al. Task-dependent modulation of 15-30 Hz coherence between rectified EMGs
from human hand and forearm muscles. J Physiol 516 ( Pt 2), 559-570 (1999).

18

Tijssen, M. A., Marsden, J. F. & Brown, P. Frequency analysis of EMG activity in patients with
idiopathic torticollis. Brain 123 ( Pt 4), 677-686 (2000).

146

Summary and general discussion

19

Grosse, P. & Brown, P. Acoustic startle evokes bilaterally synchronous oscillatory EMG activity in
the healthy human. J Neurophysiol 90, 1654-1661, doi:10.1152/jn.00125.2003 (2003).

20

Sano, K., Sekino, H., Tsukamoto, Y., Yoshimasu, N. & Ishijima, B. Stimulation and destruction of the
region of the interstitial nucleus in cases of torticollis and see-saw nystagmus. Confin Neurol 34,
331-338 (1972).

21

Sedov, A. et al. Physiology of midbrain head movement neurons in cervical dystonia. Mov Disord
32, 904-912, doi:10.1002/mds.26948 (2017).

22

Shaikh, A. G., Zee, D. S., Crawford, J. D. & Jinnah, H. A. Cervical dystonia: a neural integrator
disorder. Brain 139, 2590-2599, doi:10.1093/brain/aww141 (2016).

23

Grosse, P. et al. Patterns of EMG-EMG coherence in limb dystonia. Mov Disord 19, 758-769,
doi:10.1002/mds.20075 (2004).

24

Pintelon R, S. K., et al. System Identification: a frequency domain approach. IEEE Press (2001).

25

Foncke, E. M., Bour, L. J., van der Meer, J. N., Koelman, J. H. & Tijssen, M. A. Abnormal low frequency
drive in myoclonus-dystonia patients correlates with presence of dystonia. Mov Disord 22, 12991307, doi:10.1002/mds.21519 (2007).

26

Foncke, E. M., Bour, L. J., Speelman, J. D., Koelman, J. H. & Tijssen, M. A. Local field potentials and
oscillatory activity of the internal globus pallidus in myoclonus-dystonia. Mov Disord 22, 369376, doi:10.1002/mds.21284 (2007).

27

Liu, X. et al. Involvement of the medial pallidum in focal myoclonic dystonia: A clinical and
neurophysiological case study. Mov Disord 17, 346-353 (2002).

28

Sharott, A. et al. Is the synchronization between pallidal and muscle activity in primary dystonia
due to peripheral afferance or a motor drive? Brain 131, 473-484, doi:10.1093/brain/awm324
(2008).

29

van Rootselaar, A. F. et al. Coherence analysis differentiates between cortical myoclonic tremor
and essential tremor. Mov Disord 21, 215-222, doi:10.1002/mds.20703 (2006).

30

Gabriel, D. A., Matsumoto, J. Y., Davis, D. H., Currier, B. L. & An, K. N. Multidirectional neck strength
and electromyographic activity for normal controls. Clin Biomech (Bristol, Avon) 19, 653-658,
doi:10.1016/j.clinbiomech.2004.04.016 (2004).

31

Hallett, M. Physiology of psychogenic movement disorders. J Clin Neurosci 17, 959-965,
doi:10.1016/j.jocn.2009.11.021 (2010).

147

8

Nederlandse samenvatting

9

Nederlandse samenvatting

Achtergrond
Dystonie is een bewegingsstoornis die wordt gekenmerkt door onwillekeurige, wisselende
spiersamentrekkingen waardoor er draaiende, wringende bewegingen en abnormale
houdingen ontstaan. Cervicale dystonie (CD) is meest voorkomende vorm van focale
dystonie. Patiënten met CD hebben last van abnormale houdingen en schuddende of
wringende bewegingen van het hoofd en de nek 1. Daarnaast wordt door een groot deel
(ongeveer 75%) van de CD-patiënten pijn ervaren. De behandeling van eerste keus zijn
injecties met botuline toxine (BoNT) in de aangedane spieren. BoNT zorgt voor ontspanning
van de spieren door middel van chemische denervatie 2,3. Een van de meest belangrijke
factoren die van invloed zijn op de effectiviteit van de BoNT behandeling bij CD-patiënten is
een adequate selectie van de aangedane (dystone) spieren 4. Er is echter veel discussie over
de beste manier om de dystone spieren te identificeren. In dit proefschrift is onderzocht
wat op dit moment bekend is over de beste aanpak om de dystone spieren te selecteren
voor de BoNT behandeling. Daarnaast zijn een aantal nieuwe methodes ontwikkeld en
geëvalueerd die de identificatie van de dystone spieren bij CD-patiënten mogelijk kunnen
verbeteren.

Doelstellingen van dit proefschrift
1. Identificatie van de beste bestaande methode voor de selectie van spieren ten behoeve
van de BoNT behandeling bij CD-patiënten (hoofdstuk 2).
2. Evaluatie van het effect van BoNT behandeling met behulp van polymyografie* in ons
tertiaire verwijscentrum (AMC) (hoofdstuk 3).
3. Ontwikkeling van nieuwe methodes waarmee de identificatie van dystone spieren bij
CD-patiënten kan worden verbeterd (hoofdstukken 4, 5, 6 en 7).

Bestaande methodes ter identificatie van de dystone spieren bij CD-patiënten
Polymyografie
De eerste doelstelling van dit promotieonderzoek was gericht op het identificeren van
de beste bestaande methode om dystone spieren bij CD-patiënten vast te stellen. In
hoofdstuk 2 is een systematische literatuurstudie verricht waaruit bleek dat klinische
evaluatie (lichamelijk onderzoek) van de spieren belangrijk is. Daarnaast wordt vaak
polymyografie* gebruikt voor de selectie van te behandelen spieren, om het effect van
de BoNT-behandeling te optimaliseren. Studies 5,6 hebben aangetoond dat met behulp
van polymyografie, spieren met overmatige activiteit kunnen worden geïdentificeerd die
met klinische evaluatie niet duidelijk actief waren. In twee kleine gerandomiseerde en één
*

Bij een polymyografie wordt met behulp van elektromyografie (EMG) de activiteit gemeten van verschillende
nekspieren om zo spieren met overmatige activiteit te identificeren (zie hoofdstuk 1, general introduction).
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niet-gerandomiseerde studie werd aangetoond dat het effect van de BoNT behandeling
verbeterde wanneer polymyografie werd toegepast in aanvulling op klinische evaluatie 7-9.
Een beperking van deze studies was dat niet alleen polymyografie werd toegepast om de
spierselectie te verbeteren, maar ook EMG werd gebruikt tijdens het injecteren van BoNT.
Dit laatste heeft als doel een optimale plaatsing van de naald in de spier te garanderen zodat
de BoNT gericht in de spier gegeven kan worden. Doordat allebei de technieken werden
toegepast bij de patiënten kan de verbetering van het effect van de BoNT behandeling in
deze studies ook (deels) worden verklaard door accuratere injecties. In 10 CD-patiënten
die initieel wel goed op de behandeling reageerden maar waarbij de behandeling na
herhaalde injecties geen goed effect meer had (secundaire non-responders), bleek in een
open-label studie dat met polymyografie een verbetering van het effect van de botuline
behandeling kon worden bereikt in 9 van de 10 onderzochte patiënten 10. Concluderend,
suggereren bovenstaande studies dat door gebruik te maken van polymyografie, het effect
van de BoNT-behandeling kan verbeteren, vooral in secundaire non-responders.

Alternatieve methodes ter verbetering van de identificatie van dystone spieren
Naast polymyografie zijn in enkele studies alternatieve methodes onderzocht om de
selectie van de dystone spieren te verbeteren. Technieken als EMG frequentie analyse 11
en beeldvormende technieken (PET/CT) 12,13 zouden de identificatie van dystone spieren
mogelijk kunnen verbeteren (hoofdstuk 2). Er zijn echter vervolgstudies nodig om de
toegevoegde waarde van deze technieken te onderzoeken.

Evaluatie van het effect van BoNT behandeling in ons tertiaire verwijscentrum
(AMC)
In hoofdstuk 3 is het effect geëvalueerd van BoNT-behandeling met gebruik van
polymyografie in ons tertiaire verwijscentrum (AMC). Door middel van een retrospectief
onderzoek werd het behandelresultaat onderzocht bij 40 opeenvolgende patiënten,
verwezen vanwege onvoldoende effect van de BoNT-behandeling elders. Bij alle patiënten
werd polymyografie in combinatie met klinische evaluatie gebruikt om de dystone spieren
te selecteren voor BoNT-behandeling. Bij een substantieel gedeelte van de patiënten
werd vervolgens een verbetering van het behandelresultaat gezien. Na één jaar van BoNTbehandelingen werd er een significante verbetering gemeten, met zowel objectieve
(Tsui scores) als subjectieve (zelf-gerapporteerde verbetering) effectmaten. Ten tijde van
het laatste of meest recente bezoek aan de polikliniek (gemiddeld 2.4 jaar na verwijzing)
werd 60% van de patiënten nog steeds behandeld met een redelijk tot goed resultaat.
Een beperking van deze studie, bij het beoordelen van het effect van polymyografie op
zichzelf, is dat het onduidelijk is in hoeverre de expertise van de behandelaars een rol heeft
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gespeeld bij de verbetering van het behandelresultaat. Ook werd bij patiënten, net als bij
de in hoofdstuk 2 beschreven studies, niet alleen polymyografie toegepast ter verbetering
van de spierselectie (polymyografie), maar ook EMG gebruikt als hulpmiddel om de BoNT
zo goed mogelijk in de spier te injecteren. Ondanks deze beperkingen concluderen we dat
polymyografie vermoedelijk heeft bijgedragen aan de verbetering van het behandeleffect
bij patiënten, die eerder niet goed reageerden op BoNT-behandeling.
Al met al suggereren de beschikbare studies, inclusief het retrospectieve onderzoek
(hoofdstuk 3), dat polymyografie het effect van de BoNT-behandeling kan verbeteren.
Er is nog onvoldoende bewijs om het gebruik van polymyografie aan te bevelen als
standaardbehandeling voor alle patiënten. Echter, omdat suboptimale spierselectie een
belangrijke oorzaak is van therapie-falen 6,10, adviseren wij polymyografie te gebruiken
bij alle patiënten die onvoldoende reageren op de BoNT-behandeling. Omdat met
polymyografie niet goed het onderscheid kan worden gemaakt tussen dystone spieren
en gezonde spieren die compensatoir actief zijn 14,15, lijkt polymyografie in combinatie met
klinische evaluatie de meest optimale benadering.

Ontwikkeling van een nieuwe methode ter identificatie van dystone spieren
De derde doelstelling van dit proefschrift was het ontwikkelen van een nieuwe methode
om dystone spieren bij CD-patiënten te identificeren. Een belangrijke beperking van
polymyografie is dat hiermee geen goed onderscheid kan worden gemaakt tussen dystone
spieractiviteit en (compensatoire) spieractiviteit in gezonde spieren 14,15. Dit onderscheid
is essentieel bij het selecteren van de juiste spieren voor de BoNT-behandeling. In dit
proefschrift zijn een aantal nieuwe potentiele methodes onderzocht:
1. EMG autospectra analyse
2. CDF10 analyse
3. EMG coherentie analyse
4. Analyse van spieractivatiepatronen tijdens isometrische krachttaken
Hieronder worden deze methodes en hun potentie om dystone spieren te identificeren
besproken, in combinatie met de mogelijke pathofysiologische implicaties van onze
bevindingen. Daarnaast wordt de eventuele invloed van eerdere BoNT behandelingen op
de resultaten van de autospectra analyse en CDF10 analyse bij CD-patiënten besproken.
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EMG autospectra analyse
Autospectra verschillen tussen CD-patiënten en gezonde proefpersonen
Een elektromyogram (EMG) is een weergave van de elektrische activiteit van een spier. Een
EMG autospectrum (ook wel powerspectrum genoemd) geeft de verdeling weer van het
vermogen van de gemeten activiteit (de power) over de verschillende frequenties (zie box
1.0 van de introductie). Een piek in een EMG autospectrum in een bepaalde frequentie
wijst op oscillaties (trillingen) in de spieractiviteit bij die frequentie. Deze oscillaties kunnen
een indicatie zijn voor de onderliggende centrale aansturing vanuit de hersenen 16,17. Bij
gezonde proefpersonen is bij aanspannen van de splenius (SPL) spieren in de nek, een piek
rond 10-12 Hz gevonden in het EMG autospectrum. Deze piek was afwezig in het merendeel
van de SPL spieren bij CD-patiënten 15,18. In dit proefschrift zijn de EMG autospectra van
meerdere nekspieren onderzocht bij CD-patiënten en gezonde proefpersonen. De
hypothese was, dat als het verdwijnen van pieken rond 10-12 Hz specifiek is voor dystonie,
en als dit ook in andere aangedane spieren kan worden aangetoond, autospectra analyse
een reproduceerbare en objectieve methode zou kunnen zijn ter identificatie van dystone
spieren voor BoNT-behandeling.
In hoofdstuk 4 zijn de EMG autospectra onderzocht van de SPL en de sternocleidomastoideus
(SCM) spieren tijdens vrijwillige spieraanspanning bij CD-patiënten en gezonde
proefpersonen. In overeenstemming met eerdere studies werd een piek gezien tussen 8 en
14 Hz in de autospectra van de SPL spieren bij gezonde proefpersonen. De piek was afwezig
in bijna alle dystone SPL spieren bij CD-patiënten. In de SCM spieren werden echter, zowel
bij gezonde proefpersonen als CD-patiënten, geen duidelijke pieken gezien tussen 8 en
14 Hz. In hoofdstuk 6 werden deze bevindingen bevestigd met gebruik van een speciaal
ontwikkelde isometrische opstelling (zie figuur 6, general introduction), ontworpen door
de Technische Universiteit (TU) in Delft. Het voordeel hiervan is dat EMG metingen kunnen
worden verricht tijdens reproduceerbare isometrische (waarbij geen beweging optreedt)
spieraanspanning taken. Er werd opnieuw een significante afname van autospectrum
power tussen 8 en 14 Hz gezien in de SPL spieren van CD-patiënten vergeleken met
gezonde proefpersonen. In de andere gemeten spieren, de semispinalis (SESP) en de
SCM spieren, was deze afname in het autospectrum niet duidelijk zichtbaar. Op basis van
deze bevindingen kan worden geconcludeerd dat het verdwijnen van autospectrum
power tussen 8 en 14 Hz de diagnose CD mogelijk kan ondersteunen, maar het gebruik
van (8-14 Hz) autospectra analyse lijkt geen geschikte methode om de dystone spieren te
identificeren bij CD-patiënten.
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Pathofysiologische implicaties van de 8-14 Hz autospectra veranderingen bij CDpatiënten
Het is onbekend wat de oorsprong is van de 8-14 Hz pieken die werden geobserveerd
in de autospectra van gezonde SPL spieren. In nekspieren van gezonde proefpersonen is
synchronisatie van spieractiviteit in frequenties tussen 10 en 15 Hz eerder beschreven tijdens
isometrische spieraanspanning 11,16. De hypothese is dat deze synchronisatie veelgebruikte
spier-synergiën (samenwerking van spieren) faciliteert 16. Gesynchroniseerde activiteit
in deze frequentie (10-15 Hz) is tevens waargenomen tijdens schrikreflexen bij gezonde
proefpersonen 19. De schrikreflex heeft vermoedelijk zijn oorsprong in het reticulo-spinale
systeem (een circuit van zenuwen tussen de hersenstam en het ruggenmerg) 19. Zenuwen
uit dit systeem zijn verbonden met verschillende groepen zenuwen die de nekspieren
aansturen. Dit heeft geleid tot de hypothese dat de reticulaire formatie (een kern in de
hersenstam) de generator is van deze 10-15 Hz synchronisatie van nekspieren 16,19.
Bij cervicale dystonie patiënten wijst het verdwijnen van 8-14 Hz pieken in de autospectra
op verlies van synchronisatie in deze frequenties en mogelijk op de betrokkenheid van de
onderliggende structuren bij het ontstaan van CD. Als de oorsprong van de geobserveerde
8-14 Hz pieken in de reticulaire formatie ligt, zou het verdwijnen van deze pieken kunnen
wijzen op betrokkenheid van deze hersenstamregio bij het ontstaan van CD. Betrokkenheid
van de reticulaire formatie (in het bijzonder de interstitiële nucleus van Cajal) werd al
genoemd in vroege theorieën over het ontstaan van CD 20. Ook meer recente theorieën
hebben hernieuwde aandacht gevestigd op de rol van de nucleus van Cajal bij CD 21,22.
Alternatieve verklaringen voor verschillen in gesynchroniseerde 8-14 Hz activiteit tussen
CD-patiënten en gezonde vrijwilligers kunnen echter ook worden overwogen. Subtiele
verschillen in houding of een suboptimale taakuitvoering bij CD-patiënten kunnen
hebben gezorgd voor het aanspannen van andere combinaties van spieren en daardoor
verschillen in gesynchroniseerde spieractiviteit. Daarnaast kan niet worden uitgesloten dat
de waargenomen verschillen in de EMG autospectra het gevolg zijn van andere factoren,
zoals atrofie (verlies van spiermassa) door (herhaalde) BoNT injecties bij CD-patiënten. De
potentiele effecten van BoNT op onze resultaten worden hieronder uitgebreider besproken
(pagina 6). De invloed van spieratrofie op veranderingen in de autospectra in deze frequenties
is onbekend. Door alle autospectra eerst te normaliseren, werd echter gecorrigeerd voor
een eventuele afname van power in de EMG autospectra van geatrofieerde spieren.
Conclusie
Al met al kan worden geconcludeerd dat met 8-14 Hz autospectra analyse veranderingen
kunnen worden aangetoond in de SPL spieren van CD-patiënten maar niet in de SCM of
SESP spieren. De bruikbaarheid van deze methode voor de selectie van spieren voor BoNTbehandeling is daardoor beperkt. Nader onderzoek naar de oorsprong van deze 8-14 Hz
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autospectra veranderingen kan mogelijk meer inzicht geven in de pathofysiologie van
CD.

CDF10 analyse
CDF10 analyse kan subtielere veranderingen aantonen in de autospectra van CDpatiënten
In hoofdstuk 5 en 6 is een nieuwe methode toegepast om veranderingen aan te tonen
in de autospectra van CD-patiënten. Met cumulatieve distributie functies (CDF’s) kunnen
subtiele verschuivingen in de power van een autospectrum worden aangetoond (zie box
1.0, general introduction). In hoofdstuk 5 en 6 zijn CDF’s gebruikt om de relatieve verdeling
weer te geven van autospectrum power tussen 3 en 30 Hz in de autospectra van SPL, SCM en
SESP spieren bij CD-patiënten en gezonde proefpersonen. De CDF waarde bij 10 Hz (CDF10)
werd gebruikt als een maat voor autospectrum power tussen 3 en 10 Hz in verhouding tot
autospectrum power tussen 10 en 30 Hz. De CDF waarde bij 10 Hz werd gekozen omdat in
dystone spieren een toename van power onder de 10 Hz werd verwacht terwijl in gezonde
proefpersonen juist een toename van power werd verwacht boven de 10 Hz (zie hoofdstuk
1, general introduction). Uit de resultaten bleek dat de CDF10 waardes inderdaad significant
verhoogd waren in zowel de SPL, de SCM spieren als in de SESP spieren van CD-patiënten
vergeleken met gezonde proefpersonen. Het bleek mogelijk om op basis van deze CDF10
waardes de spieren van dystonie patiënten te onderscheiden van de spieren van gezonde
proefpersonen met een sensitiviteit van 77% en een specificiteit van 87% (hoofdstuk 6).
Vergeleken met 8-14 Hz autospectra analyse, is CDF10 analyse superieur in het aantonen van
subtiele autospectra verschillen tussen CD-patiënten en gezonde proefpersonen.
De oorsprong van de verhoogde CDF10 waardes bij CD-patiënten
De hogere CDF10 waardes bij CD-patiënten kunnen worden verklaard door een toename
van autospectrum power tussen 3 en 10 Hz of door een afname van power tussen 10 en
30 Hz. In hoofdstuk 6, werd een afname van power gezien tussen 8 en 14 Hz in de EMG
autospectra van CD-patiënten. Dit werd veroorzaakt door het verdwijnen van de 8-14 Hz
pieken die in de autospectra van gezonde proefpersonen werden geobserveerd. Hoewel
deze pieken begonnen rond 8 Hz, zat de meeste power in deze pieken tussen 10 en 14
Hz (zie hoofdstuk 6, figuur 2). Het verdwijnen van de 8-14 Hz pieken bij CD-patiënten zal
daarom vermoedelijk hebben bijgedragen aan de hogere CDF10 waardes. Omdat er geen
duidelijke veranderingen in 8-14 Hz power werden gezien in de autospectra van de SCM
en SESP spieren bij CD-patiënten, kan dit echter niet de (volledige) verklaring zijn voor de
hogere CDF10 waardes in deze spieren. Een andere verklaring voor de hogere CDF10 waardes
zou een toename van power tussen 4 en 7 Hz bij CD-patiënten kunnen zijn, zoals eerder

156

Nederlandse samenvatting

beschreven 18,23. Er waren echter geen 4-7 Hz pieken zichtbaar in de autospectra van CDpatiënten die de hogere CDF10 waardes voldoende kunnen verklaren. We vermoeden dat
de hogere CDF10 waardes mogelijk het gevolg zijn van een combinatie van zowel meer 4-7
Hz power als minder 8-14 Hz power bij CD-patiënten.

Conclusie
Vergeleken met 8-14 Hz autospectra analyse is CDF10 een gevoeligere methode om
autospectra verschillen aan te tonen tussen CD-patiënten en gezonde proefpersonen.
Er zijn vervolgstudies nodig om te onderzoeken hoe geschikt CDF10 analyse is voor de
identificatie van de dystone spieren bij CD-patiënten en of hiermee het effect van de
botuline-behandeling kan worden verbeterd.

Effect van BoNT op de 8-14 Hz autospectra en CDF10 veranderingen
Een belangrijke beperking van de hierboven beschreven studies was de mogelijke invloed
van eerdere BoNT-behandelingen op de resultaten bij CD-patiënten. In hoofdstuk 6 is
het effect van BoNT-behandelingen op de 8-14 Hz autospectra en de CDF10 resultaten
onderzocht. Hiertoe werd bij de CD-patiënten een onderscheid gemaakt tussen patiënten
die met BoNT werden behandeld (BoNT-behandelde patiënten) en patiënten die nog niet
met BoNT werden behandeld (BoNT-naïeve patiënten). De BoNT-behandelde patiënten
werden twee keer gemeten. De eerste meting was 4 tot 7 weken na de laatste BoNTbehandeling, wanneer het te verwachten effect van BoNT maximaal is. De tweede meting
was vlak voor de volgende geplande BoNT-behandeling, variërend van 11 tot 15 weken na
de vorige behandeling, wanneer de meeste klinische effecten van BoNT vermoedelijk zijn
uitgewerkt.
Zelfs in de kleine groep BoNT-naïeve patiënten (N=4) werden statistisch significant verhoogde
CDF10 waardes gezien in meerdere spieren vergeleken met gezonde vrijwilligers. Hiermee
werd aangetoond dat deze autospectra veranderingen bij CD-patiënten geen puur BoNT
effect zijn. Dit werd verder ondersteund door de observatie dat er bij de BoNT- behandelde
patiënten geen consequente verschillen in resultaten waren tussen de metingen vlak voor,
en metingen na de BoNT-behandeling. Hoewel enig effect van BoNT-behandelingen op
onze resultaten zeker niet kan worden uitgesloten, lijkt het onwaarschijnlijk dat de afname
van 8-14 Hz autospectrum power en de verhoogde CDF10 waardes bij CD-patiënten, puur
een gevolg van de BoNT-behandelingen zijn. Om dit te bevestigen zouden onze bevinden
moeten worden gereproduceerd in een grotere groep BoNT-naïeve patiënten.
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EMG coherentie analyse
4-7 Hz coherenties bij CD-patiënten en gezonde proefpersonen
Coherentie is een maat die gebruikt kan worden om de relatie tussen signalen
te onderzoeken 24. Coherenties tussen EMG metingen van verschillende spieren
(intermusculaire coherenties) suggereren een gemeenschappelijke aansturing (zie box
1.0 van de introductie). Intermusculaire coherenties tussen 4-7 Hz zijn vaak beschreven
bij dystonie patiënten 18,23. In dit proefschrift is onderzocht of de aanwezigheid van 4-7
Hz intermusculaire coherenties zou kunnen helpen bij het identificeren van de dystone
spieren bij CD-patiënten. In hoofdstuk 4 werden de coherentie spectra onderzocht tussen
EMG metingen van nekspieren bij CD-patiënten en gezonde proefpersonen. Er werden
geen significante verschillen aangetoond in het voorkomen van 4-7 Hz coherenties. Ook
was er in de groep CD-patiënten geen significante correlatie tussen de spieren met 4-7 Hz
coherenties en de spieren die door een ervaren bewegingsstoornissen specialist als dystoon
waren geïdentificeerd. De conclusie is dat met EMG coherentie analyse geen betrouwbaar
onderscheid kan worden gemaakt tussen CD-patiënten en gezonde proefpersonen en
dat het geen betrouwbare methode is om de dystone spieren te selecteren voor BoNTbehandeling.
Oorsprong van 4-7 Hz intermusculaire coherenties
Deze resultaten waren onverwacht omdat intermusculaire coherenties rond 4-7 Hz vaak
zijn beschreven bij (cervicale) dystonie patiënten 15,18,23,25. Daarnaast is er een verband
gelegd tussen deze intermusculaire coherenties en activiteit in de basale kernen (diep
gelegen hersenkernen betrokken bij het controleren van beweging) 26-28. De hypothese
is dat de intermusculaire coherenties bij CD-patiënten veroorzaakt worden door een
abnormale aansturing vanuit de basale kernen. Bij gezonde proefpersonen daarentegen,
zijn slechts sporadisch intermusculaire coherenties rond deze frequenties beschreven
18,29
. In dit proefschrift werden echter geen verschillen gevonden in het voorkomen van
4-7 Hz coherenties tussen CD-patiënten en gezonde proefpersonen. Een mogelijke
verklaring hiervoor is dat CD-patiënten met een dystone tremor zijn geëxcludeerd. Bij deze
patiënten werden hoge coherenties gezien in de frequentie van de tremor, waardoor het
identificeren van de dystone spieren bemoeilijkt werd. Het is bekend in de literatuur dat 4-7
Hz coherenties bij CD-patiënten het meest duidelijk zijn bij patiënten met tremoreuze EMG
activiteit of een zichtbare dystone tremor. Het is mogelijk dat bij een gedeelte van de CDpatiënten, er sprake is van een 4-7 Hz dystone aansturing vanuit de basale kernen die sterk
genoeg is om een zichtbare tremor te veroorzaken.
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Conclusie
We concluderen dat intermusculaire coherenties rond 4-7 Hz soms ook kunnen worden
gezien bij gezonde proefpersonen en dat deze coherenties versterkt zijn bij CD-patiënten
met een dystone tremor. Coherentie analyse is geen betrouwbare methode is om de
dystone spieren te identificeren voor BoNT-behandeling.

Spieractivatie patronen tijdens isometrische krachtmetingen
Abnormale spieractivatie patronen bij CD-patiënten
De laatste onderzochte methode, is analyse van spieractivatiepatronen tijdens isometrische
krachtmetingen (hoofdstuk 7). Hierbij werd gebruik gemaakt van de hierboven beschreven
isometrische opstelling (figuur 6, general introduction). Tijdens gestandaardiseerde
isometrische krachttaken van de nek werd middels EMG metingen de spieractivatie
gemeten van individuele spieren. Proefpersonen werden comfortabel gefixeerd met
hun hoofd in de isometrische opstelling, waardoor de noodzaak voor gezonde spieren
om te compenseren voor dystone bewegingen is geminimaliseerd. Met EMG metingen
bij gezonde proefpersonen kan tijdens krachttaken in verschillende richtingen voor elke
spier apart worden bepaald in welke richtingen deze normaal gesproken actief is 16,30.
Onze hypothese was dat, door het vergelijken van patronen van spieractivatie tussen CDpatiënten en gezonde proefpersonen, spieren met abnormale (dystone) activatiepatronen
kunnen worden geïdentificeerd. Twee maten zijn ontwikkeld om spieren met abnormale
activatiepatronen te identificeren bij CD patiënten. De eerste maat was verhoogde
spieractiviteit tijdens isometrische krachttaken in richtingen waar dezelfde spier inactief is
bij gezonde proefpersonen. De tweede maat was verhoogde gemiddelde spieractiviteit
van een spier gemeten over alle richtingen. De spieren met abnormale activatiepatronen
zijn vergeleken met de spieren die door de behandelend specialist als dystoon werden
beschouwd (de klinisch dystone spieren). Er bleek een significante correlatie te zijn tussen
de klinisch dystone spieren en de spieren met abnormale activatiepatronen. Met deze
methode konden bijna alle klinisch niet-dystone spieren in CD-patiënten betrouwbaar als
zodanig worden geïdentificeerd. Andersom, bleek echter van alle klinisch dystone spieren
tot slechts 54% abnormale spieractivatie te vertonen. Dit zou echter ook kunnen betekenen
dat deze methode accurater is dan klinische evaluatie in het identificeren van alleen de
daadwerkelijk dystone spieren. Dit is moeilijk te bewijzen in afwezigheid van een betrouwbare
referentiestandaard, die met zekerheid kan bepalen of een spier dystoon is of niet. Een andere
belangrijke beperking van deze studie is dat oppervlakte EMG-elektrodes zijn gebruikt.
Deze elektrodes worden (in tegenstelling tot de gebruikte naaldelektrodes in hoofdstuk
4 en 6) niet in de spier geprikt maar op de huid boven de spier geplakt. Deze elektrodes
detecteren daarom mogelijk ook activiteit van nabijgelegen spieren (elektrische cross-talk).
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Conclusie
Analyse van spieractivatiepatronen tijdens isometrische krachtmetingen kan spieren
met abnormale activatiepatronen identificeren bij CD-patiënten. Verdere studies met
naaldelektrodes zijn nodig ter bevestiging van deze resultaten en om te onderzoeken of
met deze methode de identificatie van de dystone spieren en daarmee het effect van de
BoNT-behandeling kan worden verbeterd.

Conclusies en richtingen voor toekomstig onderzoek
Klinische evaluatie gecombineerd met polymyografie lijkt op dit moment de meest
effectieve aanpak om de dystone spieren bij CD-patiënten te identificeren voor behandeling
met BoNT. Polymyografie moet in ieder geval worden overwogen bij patiënten die
onvoldoende reageren op BoNT-behandeling zonder het gebruik van polymyografie. Er
is meer bewijs nodig ten aanzien van de toegevoegde waarde en kosteneffectiviteit van
polymyografie om dit als standaard methode aan te kunnen bevelen voor alle patiënten.
De in dit proefschrift onderzochte nieuwe methodes lieten wel verschillen zien tussen
dystone en niet-dystone spieren, maar hebben nog niet geleid tot een concrete verbeterde
methode ter identificatie van dystone spieren voor BoNT-behandeling. EMG autospectra
analyse liet een afname van vermogen zien tussen 8-14 Hz in de autospectra van de SPL
spieren bij CD-patiënten. Helaas waren deze veranderingen niet duidelijk zichtbaar in de
SCM en SESP spieren. De bruikbaarheid van deze methode voor de selectie van dystone
spieren bij CD-patiënten is daardoor beperkt. In de hoofdstukken 5 en 6 werd een nieuwe
methode ontwikkeld (CDF10 analyse) waarmee wel veranderingen in de autospectra
van CD-patiënten werden aangetoond in alle onderzochte spieren. In hoofdstuk 7 werd
een methode ontwikkeld waarmee tijdens isometrische krachtmetingen, spieren met
abnormale spieractivatiepatronen werden geïdentificeerd bij CD-patiënten. De vraag
die nog onbeantwoord blijft, is hoe bruikbaar deze methodes (of een combinatie van
deze methodes) zijn voor het verbeteren van de spierselectie ten behoeve van de BoNTbehandeling. Het beantwoorden van deze vraag wordt bemoeilijkt door de afwezigheid
van een betrouwbare referentiestandaard, die met zekerheid kan bepalen of een spier
daadwerkelijk dystoon is. Er zijn daarom prospectieve gerandomiseerde studies nodig
gericht op het effect van deze methodes op de uitkomst van de BoNT-behandeling.
Daarnaast kunnen de bevindingen leiden tot nieuw pathofysiologisch onderzoek, zoals
onderzoek naar de oorsprong van de 8-14 Hz autospectra veranderingen bij CD-patiënten.
Er is nog maar weinig bekend over (gesynchroniseerde) activiteit in deze frequenties in
nekspieren. In dit proefschrift werden een aantal hypotheses besproken ten aanzien van
de functie van synchronisatie in deze frequenties, de mogelijke onderliggende betrokken
structuren en hun mogelijke rol bij het ontstaan van dystonie. Vervolgstudies gericht op
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EMG autospectra en coherentie analyse tijdens verschillende fysiologische en pathologische
omstandigheden kunnen de rol van oscillaties in de gesynchroniseerde aansturing van
nekspieren verder ontrafelen en mogelijk meer inzicht verschaffen in de pathofysiologie
van dystonie.
De resultaten van dit proefschrift suggereren dat BoNT-behandelingen de geobserveerde
veranderingen in de EMG autospectra bij CD-patiënten niet significant beïnvloeden
waardoor het waarschijnlijker is dat de gevonden veranderingen een teken zijn van de
onderliggende pathofysiologie van dystonie. Bevestiging in een grotere groep BoNTnaïeve patiënten is nodig.
Tenslotte zou een richting voor toekomstig onderzoek kunnen zijn om bovenstaande
methodes toe te passen bij patiënten met andere bewegingsstoornissen. Hiermee kan
worden onderzocht of deze methodes ook bruikbaar zijn om patiënten met cervicale
dystonie te onderscheiden van patiënten met andere bewegingsstoornissen, zoals
functionele torticollis. Dit laatste wordt door neurologen vaak ervaren als een lastig klinisch
probleem 31.
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Ook wil ik mijn copromotores, dr. J.H.T.M. Koelman en dr.ir. R. Happee bedanken.
Hans, de godfather van de KNF. Jouw eeuwige rust en relativeringsvermogen maken de
KNF tot een van de meest relaxte plekken van het ziekenhuis. Ik wil je bedanken voor je
dagelijkse begeleiding, je kritische blik en je flexibiliteit bij het continu tussendoor plannen
van metingen. Maar ook voor je gezelligheid en filosofische inzichten tijdens onze tripjes
naar Delft, congressen, taart-momentjes in de koffiekamer en natuurlijk tijdens de KNFborrels en barbecues. Dankzij jouw aanmoediging heb ik zelfs de moed weten te verzamelen
om “on stage” in een pub in Dublin een “Riverdance” tot uitvoering te brengen.
Riender, jouw geduld is vaak op de proef gesteld tijdens jouw onvermoeibare pogingen om
dokters en ingenieurs samen te laten werken in één team. Hierbij heb je altijd geprobeerd
om tot een compromis te komen waar iedereen zich in kon vinden. Dit leek af en toe een
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schier onmogelijke opdracht. Maar dankzij jouw bemiddeling, kon uiteindelijk iedereen zich
vinden in het eindresultaat en zijn alle gemeenschappelijke stukken gepubliceerd.
Graag wil ik de leden van de promotiecommissie, prof. dr. Y.B.W.E.M. Roos, prof. dr.ir. M.J.A.M.
van Putten, prof. dr. F.C.T. van der Helm, prof. dr. P. Portegies, dr. A.F. van Rootselaar en dr. M.F.
Contarino, hartelijk danken voor het beoordelen van mijn proefschrift. Ik kijk uit naar een
interessante discussie tijdens de verdediging.
Graag bedank ik ook alle coauteurs voor jullie waardevolle bijdrage aan de onderzoeken en
aan de artikelen. Met name wil ik natuurlijk mijn collega’s uit Delft, Edo de Bruijn en Patrick
Forbes, bedanken voor de samenwerking en jullie hulp bij alle technische uitdagingen waar
ik voor kwam te staan in dit project.
Deze promotie was nooit gelukt zonder mijn mede KNF-onderzoekers (a.k.a. de KNFgang). Arthur, Rens, Yasmine, Joost en Sarvi. Ik zou pagina’s kunnen vullen over roadtrips
naar de Niagara falls, (besloten) rooftop party’s in Barcelona, pubs in Dublin, helletochten
in Kopenhagen, nachtclubs in Stockholm, bratwursten in Berlijn. En natuurlijk een blanco
pagina over Sydney….
In het bijzonder wil ik mijn paranimfen bedanken, Yasmine Dreissen en Rens Verhagen.
Yasmine, vanaf het eerste moment hadden wij een klik. Wij zijn niet alleen samen
begonnen aan ons promotieonderzoek, maar we overleefden ook samen onze eerste
bewegingsstoornissen poli, we werden samen in het diepe gegooid als ANIOS neurologie
in het OLVG, en we zijn zelfs samen nog aan de opleiding tot neuroloog begonnen. “Along
the way” hebben we het een en ander meegemaakt, zowel binnen als buiten het ziekenhuis.
Dit heeft geleid tot een vriendschap voor het leven.
Rens, zonder jouw hulp was deze promotie nooit gelukt. Op het moment dat MATLAB
scriptjes me tot waanzin dreven, wisten jij en de geitjes redding te brengen. Op borrels,
congressen, verjaardagen, promoties, hockeyfeesten, wintersporten, ondergrondse clubs
in Berlijn en vele andere gelegenheden hebben we het woord escaleren een nieuwe
betekenis gegeven. Dit zullen we voortzetten als teamgenoten en natuurlijk als medeeilandbewoners, onder andere in onze nieuwe stamkroeg “De Twee Zwaantjes”.
Sarvi, jij was daar op mijn allereerste NeuroSIPE meeting en je bent nooit van mijn zijde
geweken. “We have got each other’s back!” We zullen het echter nooit eens worden over wie
er nou heeft gewonnen met karten. Overigens niet het enige onderwerp waar we levendige
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discussies over kunnen hebben. Met jou heb ik niet alleen neurologie congressen onveilig
gemaakt, maar ook politieke congressen kunnen wij toevoegen aan ons repertoire. Net als
Rens was jij mijn technische hulplijn als de errors weer eens mijn matlab domineerden.
Arthur, A-tje, vanaf ons eerste congres in Toronto hebben wij “deze” gehad. Dankzij jou
kwamen we altijd op plekken waar we anders nooit waren gekomen. Ik ben zowaar zaken
als hipsters, “the green club” en bovenal underground clubs in Berlijn gaan waarderen. Hoe
is het met de koala?
Joost, vanaf je kamer op H2 besloot je onze KNF-gang te joinen! Als dystonie buddy en vaste
kamergenoot zijn wij samen afgevaardigd naar vele dystonie symposia en patiëntendagen.
Met als hoogtepunt natuurlijk ons avontuur op het eiland Brac in Kroatië.
Uiteraard wil ik ook alle overige leden van de KNF-familie bedanken, wat een topteam
zijn jullie! De KNF is zonder twijfel één van de leukste afdelingen waar ik ooit zal werken.
Bedankt voor al jullie steun en gezelligheid. In het bijzonder José, Ste, Erik en Edwin bedankt
voor jullie hulp bij mijn metingen. Thijs, Lo en Wouter, dank voor jullie hulp en technische
ondersteuning.
Arts-assistenten van de neurologie, collegialiteit staat bij jullie hoog in het vaandel. Met
pijn in mijn hart heb ik afscheid van jullie moeten nemen toen ik besloot voor de klinische
genetica te kiezen. Ik denk met veel plezier terug aan de assistentenfeestjes en de Babinski’s.
Nieuwe collega’s van de klinische genetica, de overstap naar de klinische genetica is een
keuze waar ik geen moment spijt van heb gehad. Binnen no time voelde ik me volledig
thuis op de afdeling. Ik ben blij dat ik me nu eindelijk volledig kan richten op dit nieuwe
hoofdstuk in mijn leven.
In het bijzonder wil ik Cora Aalfs en Hanne Meijers-Heijboer bedanken voor het vertrouwen
dat jullie mij gaven toen ik aangaf klinisch geneticus te willen worden. Ik wil ook mijn
nieuwe opleiders, Eline Nannenberg en Astrid Plomp bedanken voor jullie begeleiding en
de ruimte die jullie me geven om me te ontwikkelen binnen de klinische genetica op een
manier die bij mij past.
Mijn mede-arts-assistenten en oud-arts-assistenten van de klinische genetica: Eline, Alexa,
Floor, Abdenasser, Hannah, Daniël, Lynne, Irma, Fenne, Sanne en Mala. Dankzij jullie ga ik
elke dag met plezier naar mijn werk. Ik ben blij met zo’n hechte en leuke groep collega’s.
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Alexa, de laatste meters heb ik samen met jou afgelegd. Mooi dat we in dezelfde week
promoveren en dat we samen deze stap in onze carrière zetten.
Uiteraard wil ik ook mijn beste vrienden bedanken: Onno, Freek, Jasha en Jacob. Het is
bijzonder om zulke hechte vriendschappen voor het leven te hebben. Hierbij mag Matthijs
Huijbers natuurlijk niet ontbreken.
Maurien, Sonja en Deborah, wat leuk dat jullie inmiddels een onmisbaar onderdeel van de
vriendengroep zijn geworden.
Ook wil ik al mijn dispuutsgenoten (Ikkes, dispuut der SSRA), mijn hockeyteam (heren 9
van Athena) en het 14e van DVVA bedanken voor alle mooie momenten, borrels en feestjes
waar er hopelijk nog veel van zullen volgen.
Lieve pap en mam, ik wil jullie bedanken voor alles wat jullie voor mij hebben gedaan.
Zonder jullie onvoorwaardelijke steun en het vertrouwen dat jullie mij altijd geven had
ik hier nooit gestaan. Ook wil ik mijn zus bedanken: Stephanie, jij bent niet alleen een
emotionele steun, maar ik kan ook altijd inhoudelijk bij jou terecht voor advies en support.
Ik ben blij met onze bijzondere band. Ik kan niet wachten op jouw promotie!
Lieve Lisa, jij moet natuurlijk de laatste woorden krijgen in dit proefschrift. Ik wil je bedanken
voor al het geduld dat je hebt moeten opbrengen gedurende de velen avonden en
weekenden die ik heb opgeofferd om hieraan te werken. Dankzij jou had ik ook altijd een
reden om even te stoppen met werken. Nu zijn de weekenden eindelijk weer van ons! Ik
heb zin om samen met jou de toekomst tegemoet te gaan.
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ABBREVIATIONS
Abs
AMC
AUC
BoNT
BTX
CD
CDF
CDF10
CL
DBS
EMG
IPA
IQR
LC
LFP’s
MU
MVC
NS
OC
pEMG
RC
RCT
RGG
ROC
RR
RR SI
SCM
SD
SESP
SP
SPL
SS
SUV
TPZ
TUD
TWSTRS
VAS

antibodies
Academic Medical Center
area under the curve
botulinum toxin
botulinum toxin
cervical dystonia
cumulative distribution functions
the CDF value at 10 Hz
confidence limits
deep brain stimulation
electromyography
immunoprecipitation assays
inter quartile range
longus colli muscles
local field potentials
mouse-units
maximal voluntary contraction
not statistically significant
obliquus capitis
polymyographic EMG
resist contraction
randomized controlled trial
Reinier de Graaf Gasthuis
receiver operating characteristic
response rate
subjective response rates
sternocleidomastoid
standard deviation
semispinalis captitis
splenius capitis
splenius capitis
semispinalis capitis
standardized uptake value
trapezius
Technical University of Delft
toronto western spasmodic torticollis rating scale
visual analogue scale
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