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Summary
Movement disorders, such as essential tremor (ET) and Parkinson’s
disease (PD), are disabling and lower the quality of life of the affected
patients. Despite their pathological differences, PD and ET can be difficult to
distinguish from each other, due to overlapping symptoms, such as tremor
or deficits during motor task performance. Common diagnostic tools, such
as polymyography, movement disorder rating scales or single photon
emission computed tomography (SPECT) scans are either invasive (SPECT),
time consuming, subjective (rating scales), expensive and/or not widely
available. Therefore, this thesis focusses on finding objective parameters to
differentiate PD from ET that can be measured with commonly available
tools.
The first objective, quantifying tremor occurrence in ET and PD subjects
and identifying corresponding cortical activity, is the topic of chapters 2 and
3. The second objective, quantifying timing deficits of ET and PD subjects
during voluntary movement under different conditions and identifying
corresponding neuronal networks, is the topic of chapters 4 to 6.
In chapters 2 through 5 movement was recorded using accelerometers
and muscle activation by surface EMG electrodes. Cortical activity was
recorded using EEG in chapters 3 and 5. In chapter 6 brain activation was
also measured using functional magnetic resonance imaging (fMRI).
Movement was recorded using 3D MRI compatible accelerometers.
Chapter 2 describes a new objective quantitative method to split surface
electromyography and 3D accelerometer data into tremor and non-tremor
windows. Afterwards, the tremor stability index was determined to indicate
the advantage of detecting tremor windows prior to analysis. Subjects
performed a resting, postural and movement task. Data was split into threesecond windows and the power spectral density was calculated for each
window. The relative power around the peak frequency with respect to the
power in the tremor band was used to classify the windows as either tremor
or non-tremor. The method yielded a specificity of 96%, sensitivity of 85%
and accuracy of 91% of tremor classification. During tremor significant
differences were found between groups in the tremor stability index. The
results suggest that the introduced method could be used to determine
i

under which conditions and to which extend undiagnosed patients exhibit
tremor.
The aim of chapter 3 was to determine differences in cortical activity
during the presence of tremor between PD and ET. For this purpose the
method established in chapter 2 is used to split not only accelerometer and
EMG data, but also electroencephalography (EEG) data into tremor and nontremor windows. Subjects performed the same tasks as in chapter 2. Data
was split into tremor and non-tremor windows based on the relative power
of the tremor frequency recorded with accelerometers placed on the hands.
Regression analysis was used to determine significant correlations between
tremor at the hands and cortical activity in the alpha and beta band
recorded with EEG. Significant correlations were found at different cortical
regions during tremor occurrence in both groups. The resting task revealed
significant correlations between tremor and cortical activity in PD but not
ET. During the postural task, significant correlations were found at the
associate and primary visual cortex in ET suggesting that these patients rely
on visual guidance for movement execution in contrast to PD patients.
The following chapters, chapters 4 through 6, focus on the second
objective of this thesis, quantifying the timing deficits of ET and PD subjects
during voluntary movements. For this purpose subjects performed a
bimanual tapping task. Chapter 4 describes the effect of external cues on the
performance of a bimanual motor task in PD and ET patients. Providing
external cues improves timing of these movements in PD, but its effect on
ET has not yet been studied in depth. The aim of this study was to evaluate
the usefulness of a bimanual tapping task as a tool during clinical decision
making. H and movements and tremor were recorded using accelerometers
and EMG (m. extensor carpi ulnaris) from PD and ET patients and healthy
controls during a bimanual tapping task as a way to distinguish PD from ET.
All subjects performed the three minute tapping task at two different
frequencies (2 and 4 Hz) while an auditory cue was switched on and off
every 30 seconds. No significant intra-group differences were found in the
patient groups. Acceleration data revealed significantly less accurate and
more variable tapping in PD than in ET and healthy controls (HC). ET
subjects tapped less accurately and with a greater variability than healthy
controls during the 4 Hz tapping task. Most interestingly, the ability to
follow the cue frequency more accurately improved in PD patients
ii

when kinetic tremor occurred. Tremor was detected using EMG, while
kinematic information was received from the accelerometer data.
Chapter 4 concluded that providing ET and PD patients with an external
cue results in different tapping performances between patient groups and
healthy controls. Furthermore, the findings suggest that kinetic tremor in
PD enables patients to perform the task with a greater accuracy. So far
this has not been shown in other studies.
In chapter 5 the power spectral density was determined from the
recorded EEG. From the spectrum, the cortical task related power (TRP)
was calculated during the same bimanual tapping task as in chapter 4 for
the HC, PD and ET group. Increased TRP was found in different areas in the
three groups. In both patient groups areas of motor planning, movement
initiation, maintenance and coordination were active. ET patients showed
additional activity in areas responsible for proprioception and association
between somatosensory, auditory and visual information. On the other
hand, PD patients had additional activation of areas responsible for motor
response inhibition, auditory priming and basic processing of auditory
stimuli. In the HC group an increased TRP was found in the area of motor
response inhibition, bilateral object manipulation and basic auditory
processing.
In chapter 6 brain activation in PD and ET patients during a similar
bimanual tapping task was studied with fMRI. Subjects had to perform a
bimanual tapping task, consisting of 6 blocks. Each block started with one
minute of rest followed by a minute of tapping at 2 Hz. A visual cue, a
blinking dot, was presented for half a minute each time (rest and tapping)
and subjects were asked to synchronize their movement with the cue during
the tapping phase. The results of this study showed large differences in
activity patterns between patients with PD and ET and between the patient
groups and HC. The contrast between cued movement and non-cued
movement revealed the most notable differences between groups. In ET,
cueing seemed to have almost no effect on activation, whereas in the PD
group cross-modelling between different areas seemed to occur.
Furthermore, reduced activation of the motor cortex was found in the ET
group compared to the HC group supporting the findings of chapter 5.
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The results of all three studies suggest that a simple tapping task could
be useful during clinical decision making and might be a valuable tool in an
objective diagnostic protocol.

iv

Samenvatting
Bewegingsstoornissen, zoals essentiële tremor (ET) en de ziekte van
Parkinson (ZvP), verminderen de levenskwaliteit van een patiënt. Ongeacht
de verschillen in de pathofysiologie blijft het in sommige gevallen lastig om
de juiste diagnose te stellen. Dit komt vanwege het feit dat symptomen,
zoals een tremor of problemen tijdens het uitvoeren van motorische taken,
zowel in ET als in ZvP kunnen voorkomen. Diagnostische methoden, zoals
polymyografie, classificatieschalen, of SPECT, zijn veelal invasief, duur
(SPECT), vragen veel tijd, zijn gevoelig voor subjectieve interpretatie
(classificatieschalen), of zijn beperkt beschikbaar. Dit proefschrift geeft
hierop een betekenisvol antwoord door, gebruikmakend van breed
beschikbare klinische meetapparatuur, objectieve parameters aan te wijzen
die het verschil tussen ET en ZvP kunnen aantonen.
Het eerste doel, het kwantificeren van tremor in ET- en ZvP-patiënten
en de identificatie van bijbehorende corticale activiteit, is het onderwerp
van de hoofdstukken 2 en 3. Het tweede doel, het kwantificeren en de
identificatie van onderliggende neurale netwerken middels het aanbrengen
van verschillende auditieve en visuele stimuli, wordt in hoofdstuk 4 tot en
met 6 behandeld. Om deze doelen te bereiken zijn drie verschillende
groepen, te weten de patiëntgroepen ET en Parkinsons, en gezonde
proefpersonen geïncludeerd. In de hoofdstukken 2 tot en met 5 zijn
versnellingsopnemers gebruikt en is elektromyografie (EMG) toegepast om
beweging en tremor te meten. In de hoofdstukken 3 en 5 is de corticale
activiteit met behulp van EEG gemeten. In hoofdstuk 6 is van functionele
MRI en compatibele versnellingsopnemers gebruikt gemaakt om
respectievelijk hersenactiviteiten en lichaamsbewegingen te meten in een
MRI scanner.
Hoofdstuk 2 beschrijft een nieuwe methode waarmee een tremor door
zowel EMG alsmede versnellingsopnemers objectief gedetecteerd kan
worden. Het hoofdstuk kent twee uitkomsten. Allereerst, wordt er een
objectieve methode aangedragen die data van zowel EMG alsmede
versnellingsopnemers in een tremor en niet-tremor groep kan classificeren.
Vervolgens is aangetoond dat de diagnostische nauwkeurigheid van
parameters, zoals de tremor stabiliteitsindex, toeneemt indien de data
vooraf in een tremor en niet-tremor groep wordt gescheiden. Daarbij is het
v

relatieve vermogen rondom de piekfrequentie, in verhouding tot het
vermogen binnen het tremorfrequentieband, gebruikt om tremor te
classificeren. De geïntroduceerde methode behaalt een specificiteit van
96%, een sensitiviteit van 85% en een nauwkeurigheid van 91%. De
resultaten laten zien dat de methode geschikt kan zijn om bij nog niet
gediagnosticeerde patiënten de tremorintensiteit, en de condities waarbij
de tremor optreedt, te bepalen.
In hoofdstuk 3 wordt de methode uit hoofdstuk 2 gebruikt om ook
elektro-encefalografie (EEG) data in tremor en niet tremor te classificeren
met daarbij als doel om verschillen in tremor-specifieke corticale activiteit
tussen ZvP- en ET-patiënten te bepalen. Patiënten voerden 3 verschillende
motorische taken uit, een rusttaak, een houdingstaak en een bewegingstaak.
EEG-data werd, op basis van gemeten tremor in de handen, in een tremor
en niet-tremor segment gescheiden. Vervolgens is een regressieanalyse
toegepast om significante correlaties tussen de tremoractiviteit van de
handen en de corticale activiteit in de alpha en beta banden te bepalen. De
gebieden waarin een significante correlatie werd gedetecteerd verschilt
voor ZvP en ET. Tijdens de rusttaak werden de meest significante
correlaties in de ZvP groep gevonden, maar was de correlatie in de ET groep
afwezig. Tijdens de houdingstaak werden er significante correlaties tussen
de visuele cortex en handtremor in de ET-groep gevonden maar was deze
in de ZvP groep afwezig. Dit suggereert dat ET-patiënten meer van de
visuele input gebruik maken dan de ZvP patiënten voor de uitvoering van
dergelijke taken.
De laatste drie hoofdstukken behandelen het tweede doel, het
kwantificeren van de bewegingskwaliteit in ET en ZvP patiënten. Hiervoor
voerden de patiënten een taak met beide handen uit waarin ze gevraagd
werd om een auditief ritme met de handen mee te tikken. In hoofdstuk 4 is
het effect van een extern auditief signaal op de nauwkeurigheid waarmee
iemand ritmisch kan tikken geanalyseerd. Het effect van soortgelijke
signalen op de bewegingen van ZvP patiënten is reeds in vele studies
gedaan, echter geldt dit niet voor ET-patiëntgroepen. Het doel van dit
onderzoek is de bepaling of patiënten verschillend met een extern signaal
omgaan en daarmee vast te stellen of een soortgelijke taak een bruikbare
toevoeging kan zijn tijdens het diagnostische proces. Handbewegingen van
ZvP, ET en gezonde proefpersonen werden met behulp van EMG en
versnellingsopnemers gemeten. Aan de proefpersonen werd gevraagd om
tijdens het uitvoeren van de taak het ritme zo goed mogelijk te
synchroniseren met een auditieve stimulus. Iedere 30 seconden werd de
stimulus onderbroken waarbij de proefpersonen gevraagd werd om het
vi

ritme, waarin men aan het tikken was, aan te houden. Er zijn geen intragroepsverschillen gevonden. De inter-groepsanalyse liet zien dat ZvP- en
ET-patiënten met een grotere variabiliteit tikten vergeleken met gezonde
proefpersonen. De nauwkeurigheid waarmee ZvP-patiënten de externe
stimulus konden volgen is beter te zijn bij patiënten waarbij een actietremor optrad tijdens de taak, waarbij het optreden van actie-tremor bij ETpatiënten geen effect had. Een vergelijkbare taak zou toegepast kunnen
worden in het diagnostische proces van een patiënt met actie-tremor.
In hoofdstuk 5 is de corticale activiteit tijdens eenzelfde taak als die in
hoofdstuk 4 bekeken. Om groepsverschillen in kaart te brengen is het taak
gerelateerde vermogen (TRP) in het EEG berekend. In beide patiëntgroepen
werd een verhoogd TRP gemeten in de gebieden die betrokken zijn bij de
motorische planning, het initiëren, het onderhouden en het coördineren van
bewegingen. In de ET-groep werd hiernaast nog een verhoogde TRP in
gebieden welke verantwoordelijk zijn voor proprioceptie en associatie
tussen sensorische, auditieve en visuele informatie gevonden. In de ZvP
groep daarentegen, lieten gebieden betrokken bij motorische inhibitie en
verwerking van auditieve stimuli een verhoogde BOLD-responsie zien.
Vergelijkbare gebieden werden eveneens in de groep van gezonde
proefpersonen gevonden.
In hoofdstuk 6, voerden ZvP, ET en gezonde proefpersonen een tik-taak
uit met behulp van een visuele stimulus. Hersenactiviteit is met behulp van
fMRI gemeten door gebruik te maken van een blokdesign. Proefpersonen
werden verzocht 1 minuut rustig in de MRI-scanner liggen, hierop volgde
een minuut waarin ze gevraagd werd om met beide handen naast het bed te
tikken en hierbij het ritme te synchroniseren aan de visuele stimulus die op
een beeldscherm aan de achterkant van de scanner getoond werd. De
gemeten activiteitspatronen verschilden tussen de groepen. Het tikken met
en zonder visuele stimulus vertoonde de grootste verschillen in het
activiteitenpatroon tussen de ET en ZvP groepen. In ET lijkt het erop dat de
stimulus marginaal effect heeft op de hersenactiviteit, terwijl in de ZvPgroep activiteit in verschillende sensorische gebieden zichtbaar is. Dit doet
vermoeden dat, voor het goed uitvoeren van een taak, er bij ZvP patiënten
multimodale koppelingen tussen deze gebieden aanwezig zijn.
De resultaten uit de hoofdstukken 4 tot en met 6 doen suggereren dat
het raadzaam is om een tik-taak met externe stimuli te includeren in een
objectief diagnostische protocol.
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INTRODUCTION

1. Introduction
1.1.

History

In 1817, James Parkinson was the first physician to publish his
observations about the shaking palsy (later: Parkinson’s disease) and its
differences compared to other tremulous disorders [2]. He described the
motor symptoms surprisingly accurately and noticed that patients with
other disorders experienced tremor during voluntary movement rather
than during rest, as is the case most often described in Parkinson’s disease
(PD).
Nowadays, over 200 years later, a lot more is known about
neurodegenerative disorders, such as PD. However, the exact
pathophysiology is unknown. Furthermore, differentiation from other
tremulous movement disorders, such as essential tremor (ET), probably the
most common tremulous disorder [3], remains difficult. A delayed diagnosis
and delayed targeted therapy have a marked impact on disease outcome
and progression. Therefore, the studies described in this thesis focus on
finding objective parameters to differentiate PD from ET.

1.2.

Pathophysiology

Movement disorders, such as ET and PD are disabling and can lower the
quality of life of the affected patients. From literature we know that ET and
PD are diseases of the central nervous system, with pathological changes in
different neuronal networks within the brain. In both disorders, changes in
the cerebello-thalamo-cortical circuit are associated with tremor
generation or regulation. However, the underlying cause of these changes is
thought to be different between these disorders. PD is mainly associated
with changes in the basal ganglia, with dopaminergic dysfunction of the
pallidum causing an increase in activity in the cerebello-thalamo-cortical
circuit. In ET, the most probable explanation of the increased activity in this
circuit is a GABAergic dysfunction of the cerebellar dentate nucleus and the
brain stem [1]. The basal ganglia and cerebellum project to the motor cortex
via different nuclei of the thalamus, making the motor cortex the last
common output for movement excitation. In Figure 1.1 a schematic
1
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overview of the approximate locations of the basal ganglia, cerebellum,
thalamus and cortex are given. Figure 1.2 displays the tremor network
(adapted from [1]).

Figure 1.1. Schematic overview of areas that are affected: Basal ganglia (blue) and cerebellum
(red).

Figure 1.2. Schematic overview of tremor networks: basal ganglia (blue); cerebellum (red);
thalamus (green); motor cortex (grey). Adapted from Helmich et al. [1].

2
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1.2.1.

Parkinson’s disease

Parkinson’s disease is a progressive neurodegenerative disorder
affecting about 4% of the elderly population [4]. Motor manifestation of PD
is defined as the occurrence of bradykinesia in combination with either or
both resting tremor and rigidity.
PD is considered a disease of the basal ganglia. The cause or trigger of
PD remains unclear, but the pathophysiology is associated with
dopaminergic cell loss in the substantia nigra pars compacta. This causes a
dopamine depletion in the striatum, especially in the dorsolateral putamen
(see Figure 1.2).
The amount of cell loss is strongly linked to bradykinesia and rigidity.
However, its relation to tremor remains unclear, making tremor the most
intriguing symptom. Patients with tremor-dominant PD have substantially
more cell loss in the retrorubral area of the midbrain and less in the
substantia nigra [5]. Animal and other postmortem studies suggest that
tremor might result from pallidal dysfunction triggered by loss of
dopaminergic projections from the retrorubral area [6]. A PET study found
a sensorimotor cortex, cerebellum and cingulate cortex tremor network [7],
suggesting the cerebello-thalamo-cortical circuit being involved in tremor
generation. These findings also support the dimmer-switch hypothesis, that
suggests the basal ganglia as the trigger of tremor and the cerebellothalamo-cortical circuit as the modulator of tremor amplitude [6].
1.2.2.

Essential tremor

ET is the most common tremulous movement disorder [8], most likely
caused by pathological changes in the cerebellum. However, the exact
pathophysiology is still unknown [9]. For quite a long time ET was
considered a monosymptomatic disorder, characterized by a postural or
kinetic tremor. However, due to marked clinical heterogeneity concerning
the affected body parts, the site of tremor, the occurrence of non-tremulous
symptoms, and the response of tremor to different drugs [1], ET was
redefined. The current definition of tremor is (1) a bilateral, largely
symmetric postural or kinetic tremor involving the hands and forearms that
is visible and persistent, (2) additional or isolated tremor of the head may
occur but in the absence of abnormal posturing, and (3) other causes for
tremor must be excluded [10]. Up until today no specific markers of ET have
3
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been identified and therefore diagnosis is solely based on behavioral
symptoms [11]. Neuroimaging studies show widespread structural and
metabolic abnormalities in symptomatic patients, however there are large
discrepancies in the results [11, 12]. The structures most likely involved are
the olivo-cerebellar system and the thalamus [13]. This is also supported by
the fact that deep brain stimulation is most effective when the electrode is
placed in the ventral intermediate nucleus of the thalamus, a region
receiving input from the striatum (specifically the globus pallidus) and the
cerebellum, and in turn projects to the motor cortex. No post mortem
conclusive findings exist which makes it difficult to determine the real rate
of misdiagnosis in this patient group. Some post mortem studies hint to a
cerebellar neurodegenerative disorder and others found no differences
compared to healthy controls.
1.2.3.

Clinical differentiation

Currently, diagnosis, especially in early disease stages, is challenging
due to limited objective diagnostic tools. Clinical rating scales, such as the
Unified Parkinson’s Disease Rating Scale (UPDRS) for PD, the Tremor rating
scale (TRS) for ET and PD, and evaluation by clinical experts remain the gold
standard for diagnosis [14], even though this leads up to 20-37% of
misdiagnoses [15-17]. So far no neuroimaging technique or other objective
diagnostic test is specifically recommended for diagnosing PD and ET.
DaTSCAN technology has a rather high sensitivity (98%) and specificity
(67%) to diagnose PD [18, 19], with increasing specificity up to 94%, after
the clinical diagnosis is established [19]. However, it is an invasive and
expensive procedure that is not widely available.

1.3.

Quantitative measures of motor symptoms

Finding objective parameters to differentiate between ET and PD has
been the goal of many research studies. Two symptoms that can occur in
both disorders and cause difficulties during the diagnostic process are
tremor and a deficit in timing ability during voluntary movement.
1.3.1.

Tremor

Mansur et. al [20] published a review about techniques for tremor
recording and quantification. This review shows that each study has its own
4
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way of recording and signal processing for feature extraction. Most
commonly electromyography and accelerometers are used to record
tremulous movement (see Figure 1.3).

Figure 1.3. A) Accelerometer and signal of the dominant axis of tremor in the hand. B) EMG
electrodes and envelope of the time signal of tremor in the m. extensor radialis. Sensors are from
TMSi, Oldenzaal, The Netherlands.

Data analysis techniques used to extract parameters from recordings
can be divided into two methods: time series analysis [21, 22] and spectral
analysis [23-25]. Time series analysis focuses on parameters such as tremor
burst duration, timing of muscle contraction in antagonistic muscles (EMG)
and the amplitude of the tremor (EMG, accelerometers). Parameters most
often determined with spectral analysis are the peak frequency, amplitude
of the peak frequency, peak width and the variation over time of these
parameters. These parameters allow for a differentiation between
physiological and pathological tremor, but not for a differentiation between
pathological tremors [21]. Some studies show that differentiation between
pathological tremors requires long-term (hours) recordings [26, 27], which
makes these methods inadequate to implement in a clinical setting where
5
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examination times are rather short. A recent study by di Biase et al. [28]
defined a new diagnostic parameter for differentiation between ET and PD:
the tremor stability index. They used 100s of tremor recordings and
determined the change in tremor frequency with respect to the
instantaneous frequency. However, it is not mentioned how the presence of
tremor in these recordings is determined. Furthermore, to acquire 100s of
tremor recording long recording times might be necessary in some patients
due to the intermittency of tremor. Additionally, the use of a tremor
frequency band between 2 – 9 Hz could make it difficult to use the method
to detect kinetic tremor during movement and the upper frequency cutoff
of 9 Hz might not detect all ET patients.
Besides tremor analysis at the periphery, studies have also looked into
tremor networks within the brain to determine differences in brain activity
between ET and PD. Several imaging techniques have been used to study
tremor
networks
with
the
most
common
ones
being
electroencephalography (EEG) and functional magnetic resonance imaging
(fMRI). As already described, two central networks are believed to be
involved in PD tremor generation: the cerebello-thalamo-cortical circuit
and the basal ganglia-cortical motor loop [6]. Since hyperactivity has been
found in the cerebellum in ET patients, the cerebello-thalamo-cortical
circuit is also likely to be involved in ET. Using EEG, the most common
analysis method is probably coherence analysis. Coherence analysis
estimates the relative linearity between two stationary signals and has been
used to estimate the coupling between tremor related activity in the cortex
and muscles. In ET and PD cortico-muscular coherence was found in the
primary motor cortex and the primary somatosensory cortex at tremor
frequency and analysis of ET patients suggests a cortical drive of that
frequency rather than kinesthetic feedback from the periphery [29, 30].
Since deep brain stimulation (DBS) electrodes are nowadays also used for
recordings during surgery, coherences have also been estimated between
deeper nuclei and cortical and muscle activity [31]. Coupling between the
basal ganglia and the mesial cortical areas such as the SMA were found at
20 – 30 Hz, whereas coupling between the lateral cortical motor areas and
the basal ganglia were found at lower frequencies [32]. Furthermore, an
increase in the gamma band was observed during movement, suggesting
gamma activity to be prokinetic and decreased beta activity antikinetic [32,
6
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33]. Additionally, the decrease in beta power caused by levodopa intake or
DBS has been linked to clinical improvement of the symptoms [34], except
for tremor [35]. Concerning tremor, an increase of local field potential
power around the tremor frequency, during parkinsonian resting tremor
has been linked to a decrease in cortical power in the beta band after tremor
onset. This increased subthalamic nucleus-cortex coherence has been
shown to correlate with an increase in EMG power in the contralateral limb
[36]. Furthermore, an increase in cortico-muscular coherence was found in
the primary motor cortex, premotor cortex and the posterior parietal cortex
contralateral to the tremulous limb [36]. Beudel et al. [35] found that a
reduction in lower gamma band power (31-45 Hz) in the STN links to a
reduction in resting tremor amplitude. Another method to analyze relations
between neural and muscular signals is short-time Fourier analysis. Shorttime Fourier transform analysis is used to investigate the dynamic changes
in transient neuromuscular events and functional correlation between
neural and muscular signals in both the time and frequency domains [31].
1.3.2.

Deficits in timing ability

Deficits in timing ability during voluntary movement has been observed
in PD and in ET and may cause difficulties in the diagnostic process. The
basal ganglia and the cerebellum are involved in movement preparation,
timing and execution of movements. PD patients often suffer from a
difficulty to initiate movements, including standing up or starting to walk,
and to continue rhythmic cyclic motion, including walking and finger
tapping [37, 38]. It has been suggested that beta activity is modulated by
internally and externally cued movement [34] and studies have shown that
external cues enhance patients’ ability to start and continue movements
[38-40]. Rehabilitation studies found an improved gait when auditory
cueing was applied [40, 41]: cues increased the cadence of PD patients. In
addition, several studies have looked into patient’s ability to perform finger
tapping tasks when cueing was applied [37, 39]. During these experiments
PD patients, in particular tremor dominant PD patients, tended to hasten
movements when finger tapping tasks at lower frequencies had to be
performed [39]. A pilot study by Espay et. al [42] found that patients with
PD tapped with a smaller amplitude and reduced speed during an index
finger to thumb tapping task compared to healthy controls (HC). Imaging
7
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studies, using functional magnetic resonance imaging (fMRI), show that PD
patients exhibit an increased movement latency and increased involvement
of the cerebello-thalamic pathway during rhythmic externally cued
movements [43]. Furthermore, using a PET scan during unimanual and
bimanual hand movement tasks, Samuel et al. [44] found evidence that in
PD patients the parietal-lateral premotor circuits are activated instead of
the striato-mesial frontal circuits to facilitate complex finger movements.
Fewer studies have been conducted on the ability of ET patients to perform
rhythmic cyclic movements. Farkas et. al [45] found an impairment of
rhythm generation and an increased variability of hand movement during
externally cued movements compared to HC. Furthermore, Avanzino et. al
[46] found that 1 Hz-rTMS over the ipsilateral cerebellum affected the
performance during a finger movement task in patients with ET by reducing
touch duration values and normalizing the inter touch interval.
Hyperactivity in the cerebellum has been found in ET patients [12], and it is
thought that tremor is caused by dysfunction of the cerebellum. In case an
external trigger also activates the cerebellum, as suggested by studies in PD
subjects, this could lead to a timing conflict in ET patients between cued
voluntary movements and involuntary tremor movements when the
difference in frequency (between the voluntary and involuntary movement)
becomes larger.
In conclusion, no objective gold standard has yet been found to
differentiate between PD and ET, although many of studies have been
performed using multi-modal data to find quantitative, objective measures
for such differentiation. Results of studies are often difficult to compare
with each other because different types of signals and analysis methods, as
well as different populations, were used.

1.4.

The Movement Diagnostic System project

The Movement diagnostic system (MDS) project is a collaboration of the
Academic Medical Center in Amsterdam, Delft University of Technology and
the University of Twente. Furthermore, the companies Twente Medical
Systems International B.V. (TMSi), and MOOG contributed to this project.
The main objective of this project is to develop a diagnostic system to
differentiate movement disorders and investigate pathological brain
8
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networks in movement disorders with tremor as one of the characteristic
symptoms, using an EEG-EMG-accelerometer and a fMRI-EMGaccelerometer experimental setup. Using EEG and fMRI to capture
abnormal brain activation patterns enables this project to study changes in
cortical activity with a high temporal resolution (EEG) as well as changes in
activity of networks located deep in the brain with a high spatial resolution
(fMRI). To be able to identify pathological brain networks related to tremor,
MR compatible kinematic sensors were developed together with TMSi. The
experimental protocols used in these studies target parts of the human
motor system that are likely to be involved in ET and PD. All parties are
involved in either, or both, developing and testing the equipment and
protocols used in this project.
The MDS setup
For kinematic recordings in this thesis EMG and 3D accelerometers
were used. All EMG recordings reported used 6-channel bipolar surface
EMG electrodes (TMSi, Oldenzaal, The Netherlands). Electrodes were placed
on the wrist flexor (m. flexor carpi radialis), and on the wrist extensor (m.
extensor carpi ulnaris). The accelerometers used for recording hand
movement, are 3D accelerometers (TMSi, Oldenzaal, The Netherlands) and
were placed on the back of each hand, approximately in the middle of the
third metacarpal bone. For the orientation of the sensor see Figure 1.4.
Sensor size is 13mmx10mmx5 mm and sensor weight is 2 grams.

X

Z
Y

Figure 1.4. Orientation of the x-, y- and z-axis of the 3D accelerometer.
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Brain activation patterns were captured with either EEG or fMRI
depending on the experiment. During the research described in this thesis,
EEG was recorded with a 72-channel Refa-system and a 64-channel low
noise shielded EEG headcap (resistance < 30kOhm) (TMSi, Oldenzaal, The
Netherlands). The headcap (10-20 system) was connected to the Refa
system using two EBA multiconnectors (TMSi, Oldenzaal, The Netherlands).
See Figure 1.5 for the electrode arrangement.

Figure 1.5. Overview of the EEG electrode placement used in this study.

For fMRI recordings a Philips 3T Magnetic Resonance scanner
(Philips, Eindhoven, The Netherlands) with a standard head receiver coil
was used. A structural contrast scan was obtained with a repetition time
(TR) of 9ms, an echo time (TE) of 3.53ms and a voxel size (VS) of
1mm³. Blood oxygenation level-dependent (BOLD) function images are
obtained using a gradient echoplanar T2*-weighted imaging (EPI) sequence
(TR: 30ms; TE: 2000ms; VS: 3.5 mm³). Thirty-nine axial slices for a total of
180 volumes was obtained to cover the whole brain and the cerebellum.
Head movement is minimized using foam padding inside the head coil.
In Figure 1.6 the experimental setup with EEG (A) and fMRI (B) are
displayed.

10

INTRODUCTION

B)

A)

Figure 1.6. The MDS experimental setup. (A) EEG setup; (B) fMRI setup

1.5.

Research objectives

This thesis has two objectives that were formulated within the
Movement Diagnostic System project:
1) Quantifying tremor occurrence in ET and PD subjects and identifying
corresponding cortical activity.
2) Quantifying the timing ability of ET and PD subjects during voluntary
movement under different conditions and identifying corresponding
neuronal networks.

1.6.

Thesis outline

Based on the two research objectives this thesis is divided into two
parts. Part one (research objective 1) consists of chapters 2 and 3. In
chapter 2 a new, straightforward method to detect tremor in movement
disorder patients, independent of the underlying disorder, is introduced.
Chapter 3 concerns the cortical phenomena occurring during tremor and
non-tremor episodes in ET and PD patients. Whereas the goal of chapter 2
is the correct classification of tremor episodes independent of the
underlying cause, the goal of chapter 3 is to determine differences between
the patient groups. Part 2, consisting of chapters 4, 5 and 6, concerns the
effect of external cues on the timing ability of voluntary movements and
brain activity. In chapter 4 differences in kinematic movement
characteristics between ET and PD subjects are described. Chapters 5 and 6
discuss the differences in brain activity as recorded by EEG and fMRI,
respectively.
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PART I
TREMOR

2. Tremor detection in movement disorders1
ABSTRACT
There is no objective gold standard to detect tremor. This concerns not
only the choice of the algorithm and sensors, but methods are often
designed to detect tremor in one specific group of patients during the
performance of a specific task. Therefore, the aim of this study is
twofold. First, an objective quantitative method to detect tremor windows
in accelerometer and electromyography recordings is introduced. Second,
the tremor stability index is determined to indicate the advantage of
detecting tremor windows prior to further analysis.
Ten Parkinson’s disease patients, ten essential tremor patients and ten
healthy controls perform a resting, postural and movement task. Data is
split into three-second windows and the power spectral density is
calculated of each window. The relative power around the peak frequency
with respect to the power in the tremor band is used to classify the windows
as either tremor or non-tremor.
The method yielded a specificity of 96.45%, sensitivity of 84.84% and
accuracy of 90.80% of tremor detection. During tremor significant
differences were found between groups in all three parameters.
The results suggest that the introduced method could be used to
determine
under
which
conditions
and
to
which
extend undiagnosed patients exhibit tremor.

1

Published as:
Luft, F., Sharifi, S., Mugge, W., Schouten, A. C., van Rootselaar, A. F., Veltink, P. H., Heida, T., ‘A Power
Spectral Density-Based Method to Detect Tremor and Tremor Intermittency in Movement Disorders’,
Sensors 2019 (Basel), 19(19)
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2.1.

Introduction

Tremors are the most common symptom in movement disorders [1].
The most common types of tremors are physiological (8–12 Hz, low
amplitude), essential (4–12 Hz) [2], and parkinsonian (3–8 Hz) [2]. In
contrast to a physiological tremor, essential and parkinsonian tremors are
often disabling and lower the quality of life of patients. In clinical practice,
diagnosis is based on family history and examination by a neurologist or
movement disorder specialist, leading to a misdiagnosis in 20–37% of the
patients [3–5]. Even though parameters, such as amplitude and presence of
tremor, can be measured objectively and accurately using accelerometers
and electromyography (EMG) [2,6–10], there is no objective gold standard
to detect tremor episodes [11]. This involves the choice of the algorithm, as
well as the choice of sensors. Furthermore, tremor detection methods are
often used to detect tremors in one specific group of patients during the
performance of a specific task. However, even within the same patient
group, and certainly between different patient groups, tremors may appear
at different frequencies, during different tasks, and with varying amplitudes
[7,12].
Studies show that differentiation between pathological tremors often
requires long-term (hours) recordings [9,10], which makes these methods
inadequate to implement in a clinical setting where examination times are
rather short. Ghassemi et al. [13] used combined accelerometer and EMG
measurements to differentiate between an essential tremor (ET) and a
Parkinson’s disease (PD) tremor, achieving an overall accuracy of
differentiation of 83%. Recently, di Biase et al. [14] introduced the tremor
stability index (TSI) as a new promising tool for differentiation between
tremor disorders. They used 100 s of tremor recordings and determined the
change in tremor frequency with respect to the instantaneous frequency.
However, it is not mentioned how the presence of tremor in these
recordings is determined. Furthermore, to acquire 100 s of tremor
recordings, long recording times might be necessary in some patients due
to the intermittency of tremor. Additionally, the use of a tremor frequency
band between 2–9 Hz could make it difficult to use the method to detect
kinetic tremors, because ET patient can experience tremors of up to 12 Hz.
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Heida et al., in 2013 [15], divided data into tremor windows (TWs) and
non-tremor windows (NTWs) to determine the effect of deep brain
stimulation on tremor during rest and movement in patients with PD. In
that study, it was shown that, during a TW, almost all power is concentrated
around the tremor frequency, and in an NTW, the power distribution is
shifted to the movement (0.25–3.5 Hz) and physiological tremor (7.5–20
Hz) frequency bands [15].
Therefore, the aim of this study was twofold. Firstly, we developed a
transparent quantitative method to detect TWs in tremor disorder patients
with a straightforward technical setup using only two accelerometers
placed on the back of the hands and EMG recordings of the extensor carpi
radialis muscles of both forearms. For the tremor detection method, we
adopted the following criteria:
▪
▪

▪

Pathological tremors need to be detected and distinguished from
physiological tremors.
A large tremor frequency range needs to be adopted [16,17]. A frequency
range of 3.5–12 Hz covers most pathophysiological tremors [18],
including the most common ones: parkinsonian, essential and
physiological tremors.
Pathological tremors need to be detectable during various tasks.

We demonstrated that detection of tremors in accelerometer and EMG
data is possible using a single method. The advantage of using both types of
recordings is that different information is provided by them. EMG is related
to motor unit recruitment and may be used to detect synchronization
between the activation of (antagonistic) muscles, while accelerometer data
is related to movements, which is the effective output resulting from the
simultaneous (co-productive and counterproductive) activity of several
muscles.
Secondly, the TSI was determined by the TW and NTW to indicate the
importance of splitting data before further analysis was applied.
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2.2.

Materials and methods

2.2.1.

Subjects and clinical evaluation

Ten patients with ET (8 males), age 61.9 ± 13.0 years (mean ± standard
deviation), ten PD patients (7 males), age 64.6 ± 12.4 years, and ten healthy
controls (HC) (7 male), age 59.7 ± 6.5 years participated in this study. Table
2.1 provides patient details. All subjects were right-handed according to the
Edinburgh Handedness Inventory [19], and all patients were off tremorsuppressing medication (tapered on an individual basis). HC had no history
of neurological disorders or tremor. Furthermore, PD patients were
diagnosed according to the UK Brain Bank criteria for Parkinson’s disease
[20] and showed neither major fluctuation in symptoms nor suffered from
severe dyskinesia. ET patients were diagnosed according to the criteria
defined by the Tremor Investigation Group [21] and had a positive family
history of ET. All subjects gave written informed consent in accordance with
the Declaration of Helsinki prior to participation, and the study was
approved by the medical ethics committee of the Academic Medical Center
in Amsterdam, The Netherlands.
2.2.2.

Experimental protocol and data acquisition

All subjects were seated comfortably on a bed, with the back elevated
to an upright position. Voluntary and involuntary movements were
recorded with two 3D accelerometers (ACC) (TMSi, Oldenzaal, The
Netherlands), one placed on the back of each hand. Muscle activity was
recorded from the m. extensor carpi radialis of both arms using surface
EMG. Data acquisition was done using a custom-made program written in
LabVIEW (National Instruments, Austin, TX, United States) with a sampling
frequency of 2048 Hz. Subjects were asked to perform three tasks to evoke
either resting, postural, or kinetic tremors:
▪
▪
▪
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Resting task (RT): Subjects sit with both hands in supine position
resting in their lap; task duration: one min.
Postural task (PT): Subjects stretch out both arms, unsupported against
gravity, approximately parallel to the floor; task duration: one min.
Movement task (MT): Subjects perform an elbow flexion-extension task
(index finger from nose to knee) with the right arm at a self-paced
speed, and the left arm remains rested in the lap; task duration: one min.
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Table 2.1. Overview of patients’ details.
Subject

Gender

Age

Disease onset

Medication

*PD 1
*PD 2
*PD 3
*PD 4
*PD 5

M
M
M
F
F

58
69
67
81
62

50
64
63
76
60

Ϯ PD 6

M

49

47

Ϯ PD 7
Ϯ PD 8

M
F

71
43

71
40

Ϯ PD 9

M

78

76

Ϯ PD 10
*ET 1
*ET 2
*ET 3
*ET 4
*ET 5
Ϯ ET 6
Ϯ ET 7
Ϯ ET 8
Ϯ ET 9
Ϯ ET 10

M
M
F
M
M
F
M
M
M
M
M

68
45
81
85
65
51
49
54
70
64
55

60
Childhood
Childhood
Childhood
Teenager
Childhood
40
Teenager
Childhood
Teenager
Teenager

Levodopa, Trihexyphenidyl
Rasagiline, propranolol
Trihexyphenidyl
Levodopa-Carbidopa, metoprolol tartrate
Levodopa
Levodopa-Carbidopa, ropinirole
hydrochloride
Trihexyphenidyl, ropinirole hydrochloride
Levodopa-Carbidopa, Rasagiline,
perindopril, omeprazole, pravastatin
Levodopa-Carbidopa
Propranolol
Propranolol
-

(*) Training set. (Ϯ) Validation group. M = Male; F = Female.

2.2.3.

Data analysis

Data analysis was performed offline in MATLAB (MathWorks, Inc.,
Natick, Massachusetts, USA, R2013a). Prior to analysis the dominant tremor
axis of the 3D accelerometers was determined using principle component
analysis (pca routine in MATLAB R2013a). Accelerometer data was bandpass filtered (non-causal, zero-phase, 0.5–20 Hz, 2nd-order Butterworth
filter). EMG data was filtered (non-causal, zero-phase, 20–400 Hz, 4th-order
Butterworth), and the absolute value of the Hilbert transform was used as
the envelope of the signal for further analysis. For the detection of TWs and
NTWs, data was divided into 3-s windows with an overlap of 1.5 s.
Prior to objective classification, each window (accelerometer and EMG)
was classified as either TW or NTW by two raters (FL and TH), based on the
power spectral density (PSD) of each 3-s window, which was estimated
using the periodogram function in MATLAB (see Figure 2.1). Discrepant
ratings were discussed until consensus was reached.
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The following steps were taken for further data analysis:
▪

▪
▪

Accelerometer recordings of ET patients 1–5, PD patients 1–5, and HC
subjects 1–5 were used to evaluate the methods (Training set) and
parameter settings.
Accelerometer recordings of ET 6–10, PD 6–10, and HC 6–10 are used
to validate the selected method (Validation Group 1).
EMG recordings of all subjects were used to validate the selected method
(Validation Group 2).

2.2.4.

Tremor classification

The tremor classification method split the data into TW and NTW, based
on the power distribution within the tremor frequency band. For each 3-s
window, the PSD was estimated for the frequency range 3.5–12 Hz. Then,
the relative power of the tremor frequency Ptremor,rel was calculated
according to equation 2.1:
𝑃𝑡𝑟𝑒𝑚𝑜𝑟,𝑟𝑒𝑙 =

𝑃(𝑓𝑡𝑟𝑒𝑚𝑜𝑟 )
𝑃(3.5−12 𝐻𝑧)

(2.1)

With ftremor, the frequency range from 𝑓𝑝𝑒𝑎𝑘 − 0.5 𝐻𝑧 to 𝑓𝑝𝑒𝑎𝑘 + 0.5 𝐻𝑧.
𝑓𝑝𝑒𝑎𝑘 was the detected peak within the tremor frequency range [3.5 12] Hz.
A window was classified as a TW when the relative power within a 1 Hz
range around the peak frequency exceeded or was equal to the thresholds
defined in Table 2.2.
𝑻𝑾 𝑃𝑡𝑟𝑒𝑚𝑜𝑟,𝑟𝑒𝑙 ≥ 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑅𝑒𝑙𝑃
𝑵𝑻𝑾 𝑃𝑡𝑟𝑒𝑚𝑜𝑟,𝑟𝑒𝑙 < 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑅𝑒𝑙𝑃
In case an even power distribution existed within the tremor frequency
band, the relative power around the peak frequency was approximately
0.11. The thresholds to be tested were set to: 0.35, 0.40, 0.45, and 0.50 to
ensure that the power at the peak was at least three times higher compared
to the rest of the frequency band (3.5–12 Hz).
2.2.5.

Outcome parameters

The sensitivity, specificity and accuracy achieved with both methods
were calculated with respect to this visual classification using a confusion
matrix. For each task and hand, 36 windows were classified, resulting in a
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total of 3240 windows for the Training set and the same amount for
Validation Group 1. For Validation Group 2, 6480 windows were available.
𝑇𝑃
(2.2)
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃 + 𝐹𝑃
𝑇𝑁
(2.3)
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑁 + 𝐹𝑁
𝑇𝑃 + 𝑇𝑁
(2.4)
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
With TP, the correctly identified TW, FP, the windows falsely identified
as TW, TN, the correctly identified NTW and FN the windows falsely
identified as NTW. For the EMG data, 6480 windows were classified as
either TW or NTW using the most suitable method determined with the
accelerometer data. Furthermore, the following three parameters were
determined for TW and NTW: TSI, tremor power, and tremor frequency.
Compared to di Biase et al. [14], the method to calculate the TSI was
slightly adapted. Instead of calculating the instantaneous frequency from
the time signal, we calculated the peak frequency between 3.5–12 Hz
(periodogram routine in MATLAB 2013a) using a sliding window of 1 s over
each 3-s window with 75% overlap. The large overlap was chosen to
approximate the instantaneous frequency used by di Biase et al. [14]. The
TSI was calculated as the difference between 𝑓𝑝𝑒𝑎𝑘 of two successive
windows.
2.2.6.

Statistical analysis

To compare the TSI between groups during TW and NTW, the KruskalWallis test was used.

2.3.

Results

A paired-sample t-test reveals no significant differences in age between
groups (p < 0.05; PD – ET: p = 0.54; PD – HC: p = 0.22; ET – HC: p = 0.42).
Gender is not considered to have any influence on the results.
Figure 2.1 shows ten seconds of the accelerometer signal (left) and the
PSD of the 3-s windows of the whole signal (right). Data of a random tremor
patient (grey) and a typical HC (black) are displayed. From top to bottom,
data recorded during the RT, PT, and MT are visible. During the RT and PT,
the amplitude and amplitude fluctuations are larger in the tremor patient
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compared to the HC. The power is several times smaller in the HC subject
compared to the tremor patient. Therefore, an enlargement of the PSD of
the HC subject in the tremor frequency band is given in the right column.
During all three tasks, a clear peak around 5 Hz (and higher harmonics) is
seen in the tremor patient but not in the HC. During the MT, a peak is visible
in the lower frequency range in both groups, corresponding to the voluntary
movement made by the subjects. In the tremor patient, additional peaks
around 5 and 10 Hz are seen.

Figure 2.1. Time signals and corresponding power spectral densities (PSD) of a healthy control (black)
and a tremor patient (grey). From top to bottom, data recorded during rest (RT), posture (PT), and
movement (MT). On the right side, an enlargement of the PSD of the HC is given.

2.3.1.

Sensitivity, specificity, and accuracy

In Table 2.2, the results of the method using the training and validation
sets are given. In the training set, the highest accuracy (all three tasks
combined) is achieved with a threshold of 0.40 for the tremor classification
method, accuracy was 90.80% (Table 2.2. – mid column). Overall, the
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highest accuracy was achieved in Validation Group 2, at 94.38% (Table 2.2.
– right column).
Table 2.2. Tremor classification method – training and validation.
Threshold (Training Set)

ValGroup 1

ValGroup 2

Threshold

0.35

0.40

0.45

0.50

0.40

0.40

Sensitivity (%)

92.64

84.84

76.09

66.20

78.31

92.12

Specificity (%)

87.13

96.45

99.10

99.70

95.00

95.00

Accuracy (%)

89.81

90.80

87.90

83.40

90.06

94.38

TW HC (%)

7.22

1.20

0

0

6.76

1.62

Sensitivity, specificity, accuracy and tremor windows (TWs) detected in the Training set (middle
column) for all threshold settings. The right column contains the results of the validation groups:
accelerometer data of Validation Group 1 (marked with Ϯ in Table I) and EMG data of all subjects
(Validation Group 2). HC = healthy controls; TW = Tremor window; ValGroup 1 = Validation Group 1;
ValGroup 2 = Validation Group 2.

2.3.2.

The Tremor Stability Index

In Figure 2.2, the results of the TSI of each group (HC: left; ET: mid; PD:
right) during tremor (black) and non-tremor (grey) windows are given.
Results are displayed for the EMG (left side spider plot) and the ACC (right
side spider plot) during all tasks.
The TSI was significantly different between the HC group and the two
patient groups during the PT for TW (EMG) and NTW (ACC). An overview of
all significant p-values (p < 0.05) is given in Table 2.3.
Table 2.3. Results of the statistical analysis.
p-Value TW

Parameter

Task

TSI

RT

-

PT
MT

EMG

p-Value NTW
ACC

EMG

ACC

-

-

-

< 0.001Ϯ

-

< 0.001*

< 0.001Ϯ

0.004*

-

-

0.02*

An overview of the results of the statistical analysis of the TSI. Only statistically significant results are
given (p < 0.05). The asterisk (*) marks the results in which the HC group was significantly different from
the ET group. The (Ϯ) denotes the tasks/parameters in which the HC group is significantly different from
both patient groups.

23

TREMOR DETECTION IN MOVEMENT DISORDERS

Figure 2.2. Group mean tremor stability index (TSI) of the healthy control (HC), essential tremor (ET),
and Parkinson’s disease (PD) groups. In each spider plot on the left side are the results of the EMG data
(top to bottom: RT, PT, and MT), and on the right side are the results of the accelerometer data. In black,
the TW results are displayed, and in grey, the results of the NTW.

2.4.

Discussion

A transparent quantitative tremor detection method that reliably
detects tremor in accelerometer and EMG data recorded under different
movement conditions using a straightforward experimental setup was
introduced. In literature, several methods have been used [11,15,22–25],
but no objective golden standard has been determined yet. We showed that
the same method can be used for several types of tremors during different
tasks and for both EMG and accelerometer data. Second, we showed that
splitting data into TW and NTW is desirable when determining parameters,
such as the TSI.
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2.4.1.

Tremor classification method

The presented tremor classification method depends on the power
distribution within the tremor frequency band. It was found that the higher
the chosen threshold, the higher the specificity and the lower the sensitivity.
But with a threshold of 0.40, both remain sufficiently high to classify TW
and NTW. Some windows in the HC group are classified as TW
(approximately 6.34%). This is in accordance with a study of Elble [26], who
found that up to 8% of young and elderly adults have an EMG-acceleration
pattern which is indistinguishable from an essential tremor. Windows with
a clear peak in the tremor frequency band were classified as TWs. The
tremor classification method was able to classify 78.31–92.12% of all TWs
correctly, even those with a small amplitude. Low power physiological
tremors were detected in HC but can be distinguished from pathological
tremors based on their power distribution. The advantage of this method
over others is that is can be used for EMG and accelerometers and has been
tested in three different groups and during three different tasks.
Misclassification is most often due to a second peak in the frequency band.
Two reasons for a second peak are a slight shift in tremor frequency during
the 3 s and the presence of higher harmonics of the tremor frequency. If
these peaks have a high power, classification is difficult. Overall, small and
large amplitude tremors could be well detected. Due to its robustness, the
method could also be tested for ambulatory recording of tremors in a future
study.
2.4.2.

Tremor measures

For TWs and NTWs, the TSI were calculated (see Figure 2.2). The goal
was to prove the advantage of splitting data into TWs and NTWs. Analysis
of NTW showed that there are almost no significant differences between the
groups. The TSI in the ET group was significantly smaller compared to the
HC group (EMG data) during the PT, and it was significantly smaller in both
patient groups compared to the HC group for the accelerometer data.
During the MT, ET subjects also had a significantly smaller TSI during NTW
compared to the HC group. The tremor frequency during the RT in NTW was
significantly higher in the patient groups compared to the HC group. In the
HC group, the mean frequency was around 3.5 Hz. This was probably caused
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by decreasing power with increasing frequency (3.5 Hz being the lowest
frequency in the tremor band) and not by actual tremors.
During detected TWs, the only significantly different results found were
for the EMG data during the PT and MT. This is in contrast to the good
results of di Biase et al. [14], who were able to distinguish between ET and
PD using receiver operating characteristic analysis (area under the curve:
0.916). Differences might be the result of the definition of TWs and the
length of the recording. Di Biase et al. [14] used 100 s of tremor recordings,
and we used 60 s in total, splitting those 60 s into TWs and NTWs. This
resulted in a total of 2262 (ACC) and 1529 (EMG) TW over all subjects.
Another cause of the discrepancy might be that di Biase et al. [14] used the
instantaneous frequency determined from the time signal instead of the
frequency of a 3-s window determined from the periodogram. However, the
results also show that the differences between groups in TSI is a lot larger
in the TW compared to the NTW. This suggests that without splitting of the
data prior to determining tremor parameters, in this case the TSI, the
differences between groups would be even smaller. Furthermore, the
results showed that the value of the TSI, and probably other tremor
parameters as well, is sensor-type and task-dependent.

2.5.

Conclusion

Overall, the method used is suitable to split data into TWs and NTWs
using EMG and accelerometer data streams. Splitting data into TWs and
NTWs proved useful for the analysis of the TSI. During TWs, the differences
in parameters between groups was larger compared to NTWs. Furthermore,
the postural task is the most useful task to differentiate between groups. For
future analysis longer data sets should be used to be able to compare the
results of the TSI better to the results of di Base et al. [14]. However, this
study also shows the importance of reliable tremor detection for
parameters, such as the TSI. Especially in the early stages of the disorders,
tremor detection can be challenging and classification of TWs difficult. The
method used here proved reliable in detecting even small amplitude
pathological tremors.
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3. Cortical activity patterns during tremor
windows2
ABSTRACT
Parkinson’s disease (PD) and essential tremor (ET) can present with
tremor during rest, posture and/or voluntary movement. However,
identifying the underlying disorder may not be straight forward. From
pathological findings it is known that PD and ET involve different neural
networks in the brain. The purpose of this study is to determine differences
in cortical activity during the presence of tremor in PD and ET.
Sixteen ET and sixteen PD patients performed a resting, postural and
movement task. Data was split into tremor and non-tremor windows based
on the relative power of the tremor frequency recorded with
accelerometers placed on the hands. Regression analysis was used to
determine significant correlations between tremor of the hands and cortical
activity in the α- and β-band recorded with EEG.
Significant correlations were found at different cortical regions during
the occurrence of tremor in both groups. The resting task revealed
significant correlations between tremor and cortical activity in PD but not
ET. During the postural task, significant correlations were found at the
associate and primary visual cortex in ET suggesting that these patients rely
more on visual guidance for movement execution compared to PD patients.
The results of the resting task showed the clearest difference in cortical
activity between PD and ET. As the occurrence of resting tremor is one of
the causes for misdiagnosis, analysis of the correlation between hand
tremor and cortical activity in the α- and β-band might be a tool for the
diagnostic process of PD and ET.

2

Under review:
Luft, F., Sharifi, S., Mugge, W., Schouten, A. C., van Rootselaar, A. F., Veltink, P. H., Heida, T. “Identifying
tremor patterns in EEG of patients with Parkinson’s disease and essential tremor”
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3.1.

Introduction

Tremor is the most common symptom in movement disorders [47].
Since it occurs in several movement disorders, the diagnosis of the
underlying cause of tremor can be difficult. Parkinson’s disease (PD) and
essential tremor (ET) can present with a heterogeneous phenotype,
especially in the early stages of the disorder, with tremor occurring during
rest, posture and/or voluntary movement [6]. Identifying tremor
mechanisms in movement disorders is important for diagnostic purposes,
as well as for understanding the underlying pathological changes.
Several studies proposed objective methods to determine differences
between parkinsonian and essential tremor [48-50]. These studies
investigated kinematic parameters, such as the peak detected in the power
spectral density of EMG or accelerometer data within the tremor range, the
amplitude of this peak, tremor amplitude, time of occurrence and tremor
burst duration. The results of these studies have indicated that there is too
much overlap in the values of tremor parameters to find distinct markers
for either parkinsonian tremor or essential tremor [48-50].
Di Biase et al. [28] recently defined the tremor stability index (TSI). The
TSI is a measure of the variability of the tremor frequency. Based on this
index ET and PD patients could be classified with a sensitivity, specificity
and accuracy of up to 95%, 95% and 92%, respectively. Luft et al. [51]
introduced a method, RelP, to split EMG and accelerometer data
automatically into tremor (TW) and non-tremor (NTW) windows. The
introduced method is able to detect tremor between 3.5 – 12 Hz and is
independent of the underlying disorder. Tremor characteristics, such as the
TSI, result in an even better differentiation between PD and ET when
calculated after splitting data into TW and NTW [51].
Besides kinematic tremor analysis at the hands and arms, studies have
looked into tremor networks within the brain [52]. Networks involved in
PD tremor are the cerebello-thalamo-cortical (CTC) circuit and the basal
ganglia-thalamo-cortical motor loop[6]. In ET patients hyperactivity was
found in the cerebellum [12], indicating that the CTC circuit is also involved
in essential tremor. To link specific neural activity to tremor occurrence,
several studies [30-32, 36, 53] used coherence analysis. Cortico-muscular
coherence (CMC) analyses in ET and PD found significant coherence
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between muscle activity recorded with EMG and activity of the primary
motor and primary somatosensory cortex at the tremor frequency [30].
Deep brain stimulation (DBS) electrodes have been used for postoperative recordings, and coherences were estimated between local field
potentials (LFP) in deeper nuclei, at the cortical level and recorded muscle
activity [31]. In PD, an increase of LFP power in the subthalamic nucleus
(STN) around the tremor frequency during parkinsonian resting tremor has
been linked to a decrease in cortical power in the β-band (13 – 30 Hz) after
tremor onset [32]. This increased STN-cortex coupling correlates with an
increase in EMG power in the contralateral limb [36]. Furthermore, a
negative correlation has been found between the increase in α-power (8 –
12 Hz) and PD resting tremor at the centro-parietal cortex [54]. In ET the
thalamus, specifically the ventralis intermedius (VIM), is a more common
target for DBS. Kane et al. [53] found an increased coherence between the
θ-band (4 – 7 Hz) for the LFP’s in the VIM and tremor activity at the hands
recorded with accelerometers. Another study found desynchronization of α
and β activity during tremor in the primary motor and sensorimotor cortex
in ET [55]. Wang et. al [31] used regression analysis to prove a coupling
between tremor intermittency and LFP power in the STN in PD patients. As
DBS locations of recording and stimulation are different in ET and PD,
comparing DBS findings is difficult.
Comparing cortical or subcortical activity of ET and PD patients,
recorded at the same location and with the same method is desirable and
might be a useful tool to determine differences between parkinsonian and
essential tremor. Therefore, the aim of this study is to identify differences
in cortical activity during TW in PD and ET. As other studies have found
significant correlations and coherences between parkinsonian and essential
tremor and the α- and β-band at the cortical level, these frequency bands
will also be the focus in this study. Furthermore, since the sensorimotor
cortex is the final common pathway of voluntary and involuntary
movements [30], EEG seems to be a suitable tool to study and compare
cortical involvement in essential and parkinsonian tremor non-invasively.
For this purpose statistical significance of correlations between hand
tremor and cortical activity were assessed using regression analysis.
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3.2.

Methods

3.2.1.

Subjects

Sixteen ET patients (12 male), age 59±18 years (mean ± standard
deviation) and 16 PD patients (9 male), age 64±10 years, were included in
this study. A two-sampled t-test determined no significant differences in age
between the two groups. An overview of patient details is given in Table 3.1.
All patients were right-handed according to the Edinburgh Handedness
Inventory [56] and all patients were off tremor-suppressing medication
according to an individual scheme established by an experienced
neurologist. PD patients were diagnosed with Parkinson’s disease according
to the UK Brain Bank criteria for Parkinson’s disease [57] and showed
neither major fluctuation in symptoms due to medication, nor suffered from
severe dyskinesia. ET patients were diagnosed according to the criteria
defined by the Tremor Investigation Group [58] and had a positive family
history of ET. All patients gave written informed consent prior to
participation in accordance with the Declaration of Helsinki. The study was
approved by the medical ethics committee of the Amsterdam UMC, The
Netherlands.
3.2.2.

Experimental setup and data acquisition

Patients were seated comfortably on a hospital bed with the back
elevated to a sitting position. Movement was recorded using a 3D
accelerometer (TMSi, Oldenzaal, The Netherlands) placed on the back of
each hand, approximately in the middle of the third metacarpal bone with
the x-direction pointing towards the fingertips and the y-direction pointing
towards the thumb. Sensor size was 13mmx10mmx5mm and sensor weight
was 2 grams. Simultaneously, EEG was recorded with a 72-channel Refasystem and a 64-channel low noise shielded EEG head cap (TMSi, Oldenzaal,
The Netherlands) (resistance < 30 k). Data acquisition was done using a
customized program written in LabVIEW (National Instruments, Austin,
Texas, United States) with a sampling frequency of 2048 Hz.
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Table 3.1. Patient details
Gender
M

Age [years]
58

Duration [years]

Medication

Group

8

levodopa, trihexyfenidyl

PD

M

69

5

M

67

4

Monoamino-oxidase-B inhibitor,
propranolol
trihexyfenidyl

F

81

5

Levodopa, carbidopa, metoprolol

PD

PD
PD

F

62

2

levodopa

PD

M

49

2

Levodopa, carbidopa, ropinirol

PD

M

71

2

-

PD
PD
PD

F

54

12

Levodopa, benserazide

F

43

3

ropinirol

M

78

2

M

68

14

Levodopa, carbidopa, rasagiline,
perindopril
Levodopa, carbidopa

PD
PD

M

64

10

Levodopa, carbidopa, benserazide

F

72

2

-

PD
PD

M

67

8

F

56

5

Levodopa, carbidopa, amantadine,
entacapon, levothyroxine
levodopa, ropinirol

F

64

6

Levodopa, benserazide,

PD
ET

PD
PD

M

50

50

-

F

81

21

-

ET
ET

M

54

4

propranolol

M

85

>40

propranolol

ET
ET

M

65

>40

-

F

51

>30

-

ET

M

65

45

propranolol

ET

F

23

>5

-

ET

M

49

9

propranolol

ET

M

54

38

-

ET

M

70

>40

-

ET
ET

M

64

>40

-

M

55

>30

-

ET
ET

M

72

12

-

M

27

27

-

ET

61

-

ET

F

81

F = Female; M = Male; PD = Parkinson’s disease; ET = essential tremor.
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Patients were asked to perform three tasks with eyes open to evoke
either resting, postural or kinetic tremor:
1. Resting task (RT): Patients sat with both hands in supine position
resting in their lap. Three minutes of data were recorded during the
resting task.
2. Postural task (PT): Patients stretched out the right arm, unsupported
against gravity, approximately parallel to the floor. They performed the
task 3 times for one minute, while the left arm remained rested in the
lap.
3. Movement task (MT): Patients performed an elbow flexion-extension
task (index finger from nose to knee) with the right arm at a self-paced
speed and the left arm remained rested in the lap. Task duration was
one minute.
3.2.3.

Signal pre-processing and analysis

Data analysis was performed off-line in MATLAB (MathWorks, Inc.,
R2013, Natick, Massachusetts, USA). The dominant tremor axis of the 3D
accelerometers was determined using principle component analysis, and
this signal was used for further analysis. Afterwards accelerometer data was
band-pass filtered between 0.5 Hz and 20 Hz (non-causal, 4th order
Butterworth). EEG data was band-pass filtered between 0.5 Hz and 45 Hz
(non-causal, zero-phase, 4th order Butterworth). Eye movement artefacts in
the EEG data were removed using independent component analysis and a
local average montage was used to minimize reference and volume
conduction effects at distances of approximately the inter-electrode spacing
[59]. The montage is described by (3.1).
𝑉𝑟𝑒𝑓,𝑖 = 𝑉𝑖 −

1 𝑁
∑ 𝑉
𝑁 𝑗=1 𝑖𝑗

(3.1)

With 𝑉𝑖 is the potential at electrode i, 𝑉𝑖𝑗 are the potentials of the
neighbouring electrodes and N (N = 8) the number of neighbouring
electrodes for non-border electrodes. Border electrodes were excluded
from analysis as they often contain EMG artefacts and have fewer
neighboring electrodes to calculate the local average.
All data was resampled to 512 Hz and split into 3-second windows with
50% overlap to detect TW. Each window was classified as a TW using the
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accelerometer signal and the RelP method of Luft et. al [51]: a window is
classified as a TW when the relative power within a 1 Hz range around the
peak frequency within the tremor frequency band (3.5 – 12 Hz) is equal to
or greater than 40% of the total power (P) within the frequency band,
described by (3.2).
TW ≝

𝑃(𝑓𝑡𝑟𝑒𝑚𝑜𝑟 )
𝑃(3.5−12 𝐻𝑧)

≥ 0.40

(3.2)

With 𝑓𝑡𝑟𝑒𝑚𝑜𝑟 the frequency range between 𝑓𝑝𝑒𝑎𝑘 − 0.5 𝐻𝑧 and 𝑓𝑝𝑒𝑎𝑘 +
0.5 𝐻𝑧. 𝑓𝑝𝑒𝑎𝑘 is the detected peak within the tremor frequency range of 3.512 Hz. The relative tremor power was calculated using (3.3):
𝑃𝑟𝑒𝑙 =

𝑃(𝑓𝑡𝑟𝑒𝑚𝑜𝑟 )
𝑃(3.5−12 𝐻𝑧)

(3.3)

From the EEG data the relative power of the α- (8 – 12 Hz) and β-band
(13 – 30 Hz) with respect to the power over all frequencies was calculated
(0.5 – 45 Hz).
3.2.4.

Outcome parameters

To analyze the relation between tremor at the periphery and cortical
activity a regression analysis was used comparable to the method of Wang
et. al [31]. Regression analysis was performed on the windows classified as
TW, between the relative power in each frequency band of the EEG
electrodes and the relative peak power of the accelerometer of the
dominant hand. The dominant hand was not based on tremor severity, but
handedness. As this was done for both groups the effect was approximately
the same and no mirroring of the results was necessary for the analysis. This
was done for each subject, task and electrode. Afterwards, the significance
of the correlation was calculated using a t-distribution with n-2 degrees of
freedom [60], according to (3.4).
𝑡=𝑟∙

√𝑛−2
√1−𝑟 2

(3.4)

With r the correlation coefficient and n the number of tremor windows.
For t equal to or larger than 2 the correlation is considered to be significant.
For calculating inter-group differences, the EEG electrodes were
grouped into 5 areas (see Figure 3.1): frontal, left central, central, right
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central and posterior. The t-values in these areas were compared between
groups using the non-parametric Kruskal-Wallis test due to varying
standard deviation and post-hoc analysis using Bonferroni correction for
multiple comparison. A p-value smaller than 0.05 was considered
significant.

Figure 3.1. Overview of the EEG electrodes. Red regions indicate the border electrodes which were
excluded during analysis. Blue and non-circled regions indicate the 5 defined areas for statistical
analysis. Grey = frontal area; purple = central left area; beige = central right area; blue = central area and
green = posterior area.

3.3.

Results

Tremor windows were detected in both groups during all three tasks
(Table 3.2). Therefore, regression analysis between relative tremor power
and the power in EEG could be performed.
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Table 3.2. Overview of the number of detected tremor windows
Subject

RT (%)

PT (%)

MT (%)

PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD

7.6
93.2
55.6
78.6
100
2.6
5.1
97.1
3.1
100
1.7
34.5
5.1
100
95.7
98.3

100
99.0
18.3
86.5
91.3
22.1
6.7
94.2
2.9
95.2
9.6
33.7
8.7
54.8
41.3
100

33.3
92.7
5.6
32.4
100
20.5
8.1
16.2
2.8
67.6
8.3
2.8
13.5
7.5
16.2
30.6

ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET

7.6
50
0.9
36.8
78.0
69.6
12.7
3.4
0
94.1
3.4
21.2
100
10.2
1.8
100

19.2
71.2
0
35.6
52.9
94.6
9.7
2.9
4.8
72.1
23.1
24.0
100
19.2
4.8
100

8.1
27.0
0
15.8
10.5
10.5
7.9
23.7
15.8
63.2
0
63.2
2.6
8.3
2.8
36.1

Percentage of tremor windows (i.e. windows of 3 s with 50% overlap) per
task and subject; RT = Resting task; PT = Postural task; MT = Movement
task; PD = Parkinson’s disease; ET = essential tremor

The mean group results of the regression analysis during TW for the ET
and PD group are displayed in Figure 3.2. The RT revealed no significant
correlation within the α and β-band in the ET group. In the PD group
significant correlations were found in both bands. In the α-band significant
correlations with the dominant hand were found within the dorsolateral
prefrontal, intermediate frontal and associative visual cortex and the
angular gyrus ipsilateral to the dominant hand. Contralateral to the
dominant hand significant correlations within the somatosensory
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association cortex were found. Inter-group analysis revealed significant
differences in almost all areas in the α-band and three areas in the β-band
(Table 3.3).

Figure 3.2. Topo-plots of the group results of the significant correlations between tremor at the
dominant hand and cortical activity. From top to bottom the group results of the correlation between
EEG and accelerometer data during TW for the three tasks, resting, postural and movement are
presented, for both ET (left) and PD (right). Correlation is displayed between the relative power of the
alpha and beta band and the relative tremor power of the right hand. The color map indicates the t-value
at each electrode. Dark red areas are statistically significant (t>2).

36

CORTICAL ACTIVITY DURING TREMOR
Table 3.3. Results of the inter-group analysis
Frequency band
Task

Area

α

β

RT

Frontal

0.031*

0.022*

Left central

0.011*

-

Central

0.004*

-

PT

MT

Right central

-

0.043*

Posterior

0.002*

<0.001*

Frontal

-

0.0054¥

Left central

-

-

Central

-

-

Right central

0.037*

-

Posterior

0.014*

-

Frontal

-

-

Left central

-

-

Central

-

-

Right central

-

-

Posterior

-

-

Superscripts indicate which group showed a higher correlation between tremor
and cortical activity. * PD higher than ET; ¥ ET higher than PD; RT = resting task;
PT = postural task; MT = movement task; LC = central left, RC = central right.

During the PT a significant correlation with tremor was found in the EEG
of both groups in both frequency bands. In the ET group significant
correlations were found at the contralateral intermediate frontal and
dorsolateral prefrontal cortex in the α-band. The β-band showed significant
correlations at the intermediate frontal and dorsolateral prefrontal cortex.
In PD significant correlations were found at the ipsilateral supramarginal
gyrus in the α-band and the ipsilateral angular gyrus and contralateral
premotor cortex in the β-band. Inter-group analysis revealed significant
differences in the central right and posterior area in the α-band and frontal
area in the β-band.
The MT revealed a significant correlation between the contralateral
intermediate frontal, ipsilateral primary motor and somatosensory
association cortex in the α-band and tremor in ET. In the β-band similar
areas were found with a slight shift towards the associative visual cortex
contralateral to the dominant hand. In PD significant correlations were
found in the posterior transverse temporal cortex contralateral in the α37
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band and ipsilateral in the β-band. Furthermore, the ipsilateral
supramarginal gyrus in the α-band and in the contralateral somatosensory
association cortex in the β-band showed a significant correlation with
tremor. However, inter-group analysis revealed no significant differences.

3.4.

Discussion

Until now, tremor analysis of short (couple of minutes) EMG or
accelerometer data has not been sufficient to differentiate between ET and
PD due to similarities in the features and parameters retrieved from this
type of data. In this study we showed that adding EEG recordings to these
short-term recordings and splitting data into TW and NTW periods, prior to
further analysis, results in distinct cortical activity patterns during tremor.
These activity patterns were significantly different during rest and posture
between the two patient groups. In a future study, it should be tested
whether these patterns are already present in an early stage of the disease
and whether they can provide a tool for the diagnostic process.
Even though TW were found in both groups during the RT, no significant
correlations between EEG and accelerometer data were found in the α and
β-band for the ET group, whereas in the PD group significant correlations
were found in both frequency bands. From literature it is known that up to
50% of the ET patients present with resting tremor and that the appearance
of resting tremor seems to depend on the setting in which the patients are
evaluated [61]. Resting tremor in ET is often associated with longer disease
duration [62], but the underlying mechanism is still unclear. Other studies
have found cortical involvement in tremor genesis in ET, but these studies
focused on postural or grip force tasks [63, 64]. The results of this study
suggest no cortical involvement in ET with regard to resting tremor. The
dimmer-switch model of Helmich et al. [6] suggests that in PD resting
tremor is caused by malfunction of the basal ganglia, but its amplitude is
regulated by malfunction of the cerebellar-thalamo-cortical loop. It is
suggested that in PD the connection between the two circuits and final
output path of the tremor lies within the motor cortex [65]. Our results
support that the cortex is involved in the generation, or at least the
facilitation, of parkinsonian resting tremor, but not in ET, indicating
different mechanisms being responsible for resting tremor in ET and PD.
Intermittent cortical involvement in postural tremor generation in ET has
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been found by several studies [63, 66]. The findings in this paper suggest
that resting tremor involves other circuits than postural tremor in ET. In the
PD group significant correlations were found in areas responsible for
movement execution and initiation and eye movement during the RT. The
involvement of these areas would be expected during a movement task but
not a resting task, indicating that the tremor network in PD might involve
the same regions as voluntary movement. This may also explain the fact that
tremor in some cases disappears during voluntary movement as a result of
a selection process to facilitate one or the other.
During the PT ET patients showed significant correlation not only
within areas of motor planning and execution but also within areas of eye
movement. All patients were able to see their arm and hand during the task.
Finding significant correlations within areas of eye movement in the ET
group supports findings of other studies suggesting that patients with
cerebellar disorders might rely more on visual guidance for movement
execution [67]. The PD group showed significant correlation with the
angular gyrus, which is involved in processing visual information and
processing a sequence of actions. This may indicate that patients with PD
also need to rely on visual information to maintain a posture in the presence
of tremor. Furthermore, deficits in visuospatial perception in PD patients
have been related to freezing of gate [68]. The lateral activation of the
ipsilateral premotor area in PD could be a result of malfunction of the basal
ganglia [44].
During the MT more central areas are involved in ET compared to PD.
Since the cerebellum projects via the thalamus to the central areas of the
motor and premotor cortex, the findings suggest an involvement of the
cerebello-thalamo-cortical circuit in the ET group. In both groups areas
involved in processing and controlling movement guided by visuospatial
information are seen. Furthermore, in the ET group the primary motor
cortex, which is also involved in hand and wrist movement and rhythmic
motor tasks, is involved in tremor. However, activation patterns found
during the MT were not significantly different between the patient groups.
A concern with EEG data is that it often contains large artefacts caused
by muscle activity and electrode movement. We used ICA to remove these
artefacts. All regions, in which significant correlation has been found
between EEG and accelerometers with respect to tremor, are involved in
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movement initiation, planning or execution, or visual and sensory
processes. All regions are expected to be involved in a movement task and,
therefore, we believe artefact reduction was successful as otherwise a more
widespread correlation or none at all could be expected. Another limitation
of the study is that only group results are presented. ET is known to be a
heterogeneous group and individual differences might have been smoothed
out. In this study we chose to select the patients so that the groups were
approximately age-matched and not matched based on disease duration.
This was done because age is also known to affect movement performance
and we wanted to minimize this bias. The next step would be to focus on the
evaluation of individual subjects. The group analysis could also explain the
different findings in ET in other studies [12, 69]. However, in PD and in ET
specific locations were found that showed significant correlations with the
tremor recorded at the dominant hand of each subject. Therefore, the
findings of this study show that regression analysis on short term EEG and
accelerometer recording could be a valuable tool in the differentiation of ET
and PD tremor. A future study should also look at EMG of proximal and
distal arm muscles. This would provide more detailed information about
tremor origin (at the muscular level) and might provide even more localized
coherent activity at the cortical level.

3.5.

Conclusion

In conclusion the findings of this study suggest that especially resting
tremor involves different tremor networks in ET and PD. To determine the
underlying differences and identify the exact network more studies are
necessary. However, for differentiation between the two disorders the RT is
a promising task and regression analysis a promising tool in clinical practice
when the underlying cause of the occurring tremor is unclear.
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PART II
CUEING

4. Movement analysis during cued and non-cued
movement3
ABSTRACT
Parkinson’s disease (PD) and essential tremor (ET) are
neurodegenerative diseases characterized by movement deficits. Especially
in PD, maintaining cyclic movement can be disturbed due to pathological
changes in the basal ganglia and the cerebellum. Providing external cues
improves timing of these movements in PD and also affects ET. The aim of
this study is to determine differences in cortical activation patterns in PD
and ET patients during externally and internally cued movements.
Eleven PD patients, twelve ET patients and nineteen age-matched
healthy controls were included and asked to perform a bimanual tapping
task at two predefined cue frequencies. The auditory cue was an metronome
beat alternately switched on or off every 30 seconds. Cortical activity was
recorded using a 64-channel EEG cap. To establish the cortical activation
pattern in each group, the task related power (TRP) was calculated for each
subject. For inter-groups analysis, EEG electrodes were divided into 5
different areas.
Inter-group analysis revealed significant differences in areas
responsible for motor planning, organization and regulation and involved
in initiation, maintenance, coordination and planning of complex sequences
of movements. Within the area of the primary motor cortex the ET group
showed a significantly lower TRP than the HC group. In the area responsible
for combining somatosensory, auditory and visual information both patient
groups had a higher TRP than the HC group.
Different neurological networks are involved during cued and non-cued
movements in ET, PD and HC. Distinct cortical activation patterns were
revealed using task related power calculations. The results suggest that
including a cued/non-cued tapping task during clinical decision making
could be a valuable tool in an objective diagnostic protocol.
Published as:
Luft, F., Sharifi, S., Mugge, W., Schouten, A. C., van Rootselaar, A. F., Veltink, P. H., Heida, T.; Deficits in
tapping accuracy and variability in tremor patients. J Neuroeng Rehabil, 2019. 16(1): p. 54
3
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4.1.

Introduction

Movement disorders can affect all phases of movement, i.e. the
preparation, timing, execution and termination. Two of the most common
movement disorders are Parkinson’s disease (PD) and essential tremor
(ET) [70, 71]. PD is considered a disease of the basal ganglia, and for ET,
literature suggests pathological changes in the cerebellum [12]. However,
the classifications of the two disorders have been revised in recent years.
Classic PD is diagnosed based on bradykinesia and at least one of the
following symptoms: rigidity or resting tremor [14, 72]. ET is clinically
defined as a disorder presenting with a bilateral postural or/and kinetic
tremor [73-75]. However, it has been shown that ET is a rather
heterogeneous disorder making the diagnosis difficult when patients
present with a resting tremor as well as a postural or kinetic tremor [62,
74, 75]. On the other hand, PD patients may express a postural tremor,
similar to the one seen in ET and no resting tremor [76]. Furthermore,
rigidity and postural instability are two symptoms usually associated with
PD, but are also common in elderly [77], complicating the diagnosis of
elderly PD (most people with idiopathic PD develop symptoms at
50 years of age or older [78]) and late-onset ET patients (late disease
onset at age 46 and older [79]). Since tremor is a common disease
characteristic, many studies have attempted to distinguish PD and ET
based on quantitative characteristics of tremor such as tremor amplitude
and frequency [20]. However, the ranges of these tremor characteristics
show significant overlap despite the pathological differences and
differences in classic clinical presentation [80]. Therefore, the rate of
misdiagnosis in ET is up to 37% with the most common true diagnosis
either PD (15%) or dystonic tremor [17, 81].
The Unified Parkinson’s Disease Rating scale (MDS-UPDRS),
commonly used to rate the severity of PD, includes various finger and
hand movement tasks. The parameters of interest are the speed, amplitude
and regularity of these movements. These parameters have also been
studied quantitatively in several studies [37, 42] . PD patients often suffer
from a difficulty to initiate movements, including standing up or starting
to walk, and to continue rhythmic cyclic motion, including walking and
finger tapping [37, 38]. Other studies have shown that external cues
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enhance PD patients’ ability to start and continue movements [38-40].
Several studies have looked into patients’ ability to perform finger
tapping tasks when cueing was applied [ 3 7 , 3 9 ] . During these
experiments, PD patients, in particular tremor dominant PD patients,
tended to hasten movements when finger tapping tasks at lower
frequencies (<3 Hz) had to be performed. At higher frequencies (4-5 Hz)
patients tapped slower than the cue frequency [ 3 9 ] . Furthermore, studies
using a synchronization-continuation task also showed that PD patients
hastened movements at lower frequencies and that this deficit was greater
in PD patients with freezing of gait episodes [82]. A pilot study by Espay
et. al [ 4 2 ] found that patients with PD tapped with a smaller amplitude
and reduced speed during an index finger to thumb tapping task compared
to healthy controls (HC).
Fewer studies have been conducted on ET patients and rhythmic cyclic
movements. Farkas et. al [ 4 5 ] found an impairment of rhythm generation
and an increased variability of hand movement during externally cued
movements compared to HC. Furthermore, Avanzino et. al [46] found that
1 Hz-rTMS over the ipsilateral cerebellum affected the performance during
a finger movement task in patients with ET by reducing touch duration
values and normalizing the inter touch interval values.
The ability to perform a rhythmic cyclic movement has been evaluated
for both patient groups in comparison with healthy controls, but not in
comparison with each other or other neurological disorders. Additionally,
such a task is not included in any rating scale (MDS-UPDRS and Tremor rating
scale), even though differences between patients and healthy controls are
known and adding such a task might be useful during clinical decision making
or analyzing disease progression. Furthermore, the occurrence of kinetic
tremor during such a movement has not been evaluated, even though
kinetic tremor has been reported in both disorders and is the primary
symptom in ET. Therefore, the aim of this study is to evaluate and compare
the performance of ET and PD patients in performing a bimanual
synchronization-continuation tapping task to determine the usefulness of
such a task as a tool during clinical decision making. For this purpose we
evaluated movement characteristics during rhythmic cyclic movements at
different frequencies. Furthermore, we evaluated the effect of kinetic
tremor on these movement characteristics. An additional group of HC was
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included to evaluate overall deficits in both groups compared to HC. We
expected to find greater deficits in timing ability in the PD group and
more frequent occurrence of kinetic tremor in the ET group compared to PD
and HC.

4.2.

Methods

4.2.1.

Participants

Eleven PD patients (3 Female (F); Age: 66±11), seventeen ET patients
(4 F; Age 58±17) and nineteen HC (9 F; Age: 59±15) (mean ± std (years))
participated in the study. An overview of the patient details is given in Table
4.1. HC subjects were matched in age as good as possible to both groups (see
Table 4.1). No significant differences in age between the three groups was
found (PD – ET: p = 0.29; PD – HC: p = 0.28; ET – HC: p = 0.98). Gender was
not considered to have any influence on the results. For the patient groups
an overview of the tremor frequencies, recorded with accelerometers, of
resting, postural and kinetic tremor are given in Table 4.2. All subjects were
right-handed according to the Edinburgh Handedness Inventory [56] and
patients were willing to stop medication according to an individual scheme
prior to the experiment. Furthermore, the PD patients were diagnosed with
Parkinson’s disease according to the UK Brain Bank criteria for Parkinson’s
disease [57] and showed neither major fluctuations in symptoms nor
suffered from severe dyskinesia. Additionally, all PD patients presented
with a resting tremor during the intake. ET patients had essential tremor
according to the criteria defined by the Tremor Investigation Group [58],
and had a positive family history of ET. HC had no record of neurological or
other diseases affecting the motor system. The study was conducted in
accordance with the Declaration of Helsinki and was approved by the
Medical Ethical Committee of the Academic Medical Center, Amsterdam,
The Netherlands. All subjects signed written informed consent prior to the
experiment.
4.2.2.

Experimental setup

Subjects were seated on a bed, with head and back supported for a
sitting posture. They performed a bimanual, in-phase, tapping task at two
predefined cue frequencies, 2 and 4 Hz (equivalent to an inter-tap interval
of 500 ms and 250 ms, respectively). The forearm and proximal part of the
46

MOVEMENT ANALYSIS DURING CUED AND NON-CUED MOVEMENT
wrist joint were supported against gravity by the bed and tapping
movements were made by wrist flexion. At each frequency, subjects had to
tap on the bed next to their legs continuously with both hands for three
minutes. The three minutes were split into blocks of thirty seconds, with the
auditory cueing switched on and off, alternately. Instructions were given
verbally prior to the experiment and all subjects were able to perform the
task without further practice. During cued movement, subjects were able to
hear a metronome beat via computer speakers. Prior to the experiment
subjects were asked whether they were able to hear the sound clearly. The
three-minute tapping task was performed at both cue frequencies.
Hand movement was recorded with 3D accelerometers (TMSi,
Oldenzaal, The Netherlands – see Introduction for specifications). Muscle
activity was recorded from the m. extensor carpi ulnaris of both arms using
surface electromyography (EMG) electrodes. All signals were connected to
a physiological amplifier system (Porti, TMSi, Oldenzaal, The Netherlands)
to synchronize the data streams. Data acquisition was done with a sampling
frequency of 2048 Hz using a customized program written in LabVIEW
(National Instruments, Austin, Texas, USA).
In this study EMG and accelerometers were used to record movement
and tremor as they may provide complementary information.
4.2.3.

Data pre-processing

First the norm of the accelerometer vectors was calculated, giving one
acceleration signal for each hand. The acceleration signal for each hand was
filtered off-line (non-causal, 0.25 – 20 Hz bandpass, 4th order Butterworth).
Afterwards the data was split into cued and non-cued movement, the first
and last 2 s of each block were removed to avoid transition effects, giving 3
blocks of 26 s for each condition. This was done for the 2 Hz and for the 4
Hz tapping task. EMG data was filtered off-line (non-causal, 20 – 400 Hz, 4th
order Butterworth). Then the absolute value of the Hilbert transform was
used as the envelope of the EMG signal for further analysis.
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Table 4.1. Overview of included subjects
Subject Gender

Age

Duration (Years)

Medication

PD 1
PD 2
*PD 3
*PD 4
PD 5
PD 6
PD 7
PD 8
PD 9
*PD 10
PD 11
ET 1
ET 2
* ET 3
ET 4
* ET 5
ET 6
* ET 7
ET 8
ET 9
ET 10
ET 11
ET 12
ET 13
* ET 14
ET 15
ET 16
ET 17

69
67
81
62
71
43
68
64
67
56
64
50
81
54
85
65
51
65
23
49
54
70
64
55
72
27
81
45

5
4
5
2
2
3
8
15
11
9
7
50
21
4
Childhood
Childhood
Childhood
45
Childhood
9
Childhood
Childhood
Childhood
Childhood
12
Childhood
Childhood
Childhood

Levodopa, Trihexyphenidyl
Propranolol, Rasagilin
Trihexyphenidyl
Levodopa, Metoprolol succinat
Levodopa
Levodopa, Rasagilin, perindopril, omeprazole
Levodopa, Benserazid
Levodopa, Carbidopa, Amandatin
Propranolol
Propranolol
Propranolol
Propranolol
Propranolol
-

M
M
F
M
M
F
M
M
M
F
M
M
F
M
M
M
F
M
F
M
M
M
M
M
M
M
F
M

PD = Parkinson’s Disease; ET = essential tremor; M = Male and F = Female. The asterisk * marks the
subjects that were either excluded (essential tremor) due to technical failure or false execution of the
task or not able to perform the 4 Hz tapping task (Parkinson’s disease).
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Table 4.2. Overview tremor frequencies
Subject
PD 1
PD 2
*PD 3
*PD 4
PD 5
PD 6
PD 7
PD 8
PD 9
*PD 10
PD 11
ET 1
ET 2
* ET 3
ET 4
* ET 5
ET 6
* ET 7
ET 8
ET 9
ET 10
ET 11
ET 12
ET 13
* ET 14
ET 15
ET 16
ET 17

Rest (Hz) (R/L)
5/5
5/5
6/4
6/6
9/8
8/8
4/5
6/6
7/6
6/6
6/7
6/7
5/5
8/6
7/6
8/7
7/7
6/6
5/9
7/4
8/8
6/6
5/5
7/7

Posture (Hz) (R/L)
6/5
7/8
5/7
7/7
6/6
9/8
5/6
6/7
6/7
5/5
6/8
6/6
7/6
5/6
7/7
7/8
5/6
6/7
7/7
7/7
8/8
5/7
5/10
6/7

Tapping (Hz) (R/L)
6/6
-/6
-/5
7/7
-/6
-/6/6
-/5/-/-/-/6/5
-/7/7
-/8
7/6/6
-/9/8/7
-/7
6/6
-/-

PD = Parkinson’s disease; ET = essential tremor; R = Right hand; L = Left hand. The tremor frequencies
are given for each individual patient. For the postural tremor patients had both arms outstretched.

4.2.4.

Data analysis

Acceleration and EMG data were split into 3 second epochs with 50%
overlap. The power spectral density (PSD) of each epoch was estimated
using a periodogram with a rectangular window to maximize frequency
resolution. For each epoch the tapping frequency was calculated as the
highest peak in a range +/- 1 Hz of the cue frequency, resulting in the
spectrum between 1 – 3 Hz and between 3 – 5 Hz for the 2 Hz and 4 Hz
tapping tasks, respectively. These narrow frequency bands were chosen
after visual inspection of all epochs and subjects. To test the timing ability
and the consistency of tapping we used two measures that were retrieved
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from the acceleration data, the tapping accuracy (TA) and tapping
variability (TV).
TASubject =

∑N
n=1(fcue −ftap,n )

(4.1)

N

With 𝑓𝑐𝑢𝑒 the predefined cue frequency, 𝑓𝑡𝑎𝑝,𝑛 the tap frequency per
epoch, n the epoch number and N the total number of epochs. A TA of 0
resembles perfect synchronization with the cue frequency.
TVSubject =

∑N
n=1|(fmean −ftap,n )|
N

(4.2)

With 𝑓𝑚𝑒𝑎𝑛 the mean tapping frequency during cued and non-cued
movement, 𝑓𝑡𝑎𝑝,𝑛 the tapping frequency in epoch n, and N the total number
of epochs. TV = 0 indicates a perfectly constant tapping frequency. The
variability was calculated in addition to the accuracy to see whether
subjects tapped a constant rhythm independent of the predefined cue
frequency. TA and TV were also calculated from the EMG data. This was
done to determine whether the measurement signals provided
complementary information about movement characteristics.
The EMG data was analyzed with respect to the occurrence of kinetic
tremor. For this purpose a tremor frequency band was chosen between 5 –
14 Hz [83]. The presence of kinetic tremor was determined quantitatively
using a straight forward threshold method and by visual inspection of the
PSD of the EMG data of each subject. An epoch was classified as kinetic
tremor if the ratio of the average power in the tremor band (5 – 13 Hz) and
the average power in the movement band (1 – 4 Hz) exceeded a threshold
level of 0.8, according to equation 4.3:
Kinetic Tremor:

∑f<14
f=5 Pxx(f)/NTF
∑f<5
f=1 Pxx(f)/NMF

≥ 0.8

(4.3)

With Pxx(f) the power at each frequency f , 𝑁𝑇𝐹 the number of samples
in the tremor frequency band and 𝑁𝑀𝐹 the number of samples in the
movement band. The threshold of 0.8 was chosen based on the data of the
HC assuming that they did not show kinetic tremor. The mean ratio of the
power in the tremor band and the movement band was 0.41 in the HC, 0.86
in the ET and 1.01 in the PD group. The threshold was chosen as
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approximately twice the mean ratio of the HC group. Kinetic tremor was
only determined using the EMG data, because the occurrence of high-power
higher harmonics of the movement in the accelerometer data (see Figure
4.1) made the use of a straight forward threshold condition difficult.
All parameters were calculated for cued and non-cued movement
during the 2 and 4 Hz tapping task and for the left and the right hand.
4.2.5.

Statistical analysis

To determine differences in accuracy and variability during cued and
non-cued movements (movement condition) with the left and right hand
(hand) a multiway analysis of variance (ANOVA) is used. A p-value smaller
than 0.05 was considered significant. The following intra-group differences
were analyzed for the 2 Hz and the 4 Hz tapping task:
▪
▪
▪

Difference in TA and TV between the left hand cued, right hand cued, left
hand non-cued and right hand non-cued movement.
Difference in TA and TV: main factor hand
Difference in TA and TV: main factor movement condition

The inter-task difference between the 2 Hz and the 4 Hz tapping task
(left and right hand separately) was determined. In addition, the following
inter-group differences were analysed for the 2 Hz and the 4 Hz tapping
task:
▪
▪
▪

Difference in TA and TV: main factor group.
Difference in TA and TV: main factor group and interaction factor
movement condition
Difference in TA and TV: main factor group and interaction factors
movement condition and hand.

4.3.

Results

After visual inspection of the data 2 HC and 1 ET patient were excluded
due to technical failure of one or more accelerometers or EMG electrodes. 3
ET patients performed the tapping task by only using their index finger and
not their whole hand. These subjects were also excluded from further
analysis to prevent errors due to differences in task execution. 3 PD patients
(marked in Table 4.1) were not able to perform the 4 Hz tapping task due to
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fatigue or other reasons. Eventually, 17 HC, 12 ET subjects, 11 PD subjects
(2 Hz tapping task) and 8 PD subjects (4 Hz tapping task) were included in
the analysis.
In Figure 4.1, data of a HC (A), and a tremor patient ET (B) is given
(Figure 4.1 has been slightly adapted compared to publication). At the top,
10 seconds of the pre-processed EMG data and the corresponding PSD plots
are shown. The figure below shows the accelerometer data and
corresponding PSD plots for the same time frame of 10 seconds. In the PSD
plot (EMG and accelerometer) of the ET and PD patient two main peaks are
visible. One is located around the cue frequency of 2 Hz, the tapping
frequency, and the other around 6 Hz, the kinetic tremor frequency. In the
accelerometer data also a peak at 4 Hz is visible. This peak is most likely a
higher harmonic of the tapping frequency.
4.3.1.

Tapping accuracy

No significant intra-group differences in TA were found. Therefore, the
inter-group analysis was only done for the main factor “group” and
interaction factor “movement condition”. In Figure 4.2 the results that
showed significant inter-group differences are displayed: the results of the
accelerometer data for the 2 Hz (A) and the results of the EMG data for the
4 Hz tapping task (B). The bar plots give the absolute value of the deviation
from the cue frequency of each group and the error bars indicate the
standard deviations of the groups.
Inter-group differences for the 2 Hz tapping task were found in the
accelerometer data. The PD group tapped significantly less accurate than
the other two groups (PD: 0.12 and 0.08; ET: 0.02 and 0.08; HC: 0.01 and
0.02, for the 2 Hz and 4 Hz tapping task respectively) (indicated by
asterisks). Considering only cued movement, they tapped less accurate than
the HC group.
EMG data revealed significant differences between the patient groups
and the HC group (indicated by asterisks) during the 4 Hz tapping task. The
HC group tapped with greater accuracy than the two patient groups. Both
patient groups tapped slower (mean ± std: 3.99 ± 0.19 Hz and 3.98 ± 0.16
Hz for PD and ET, respectively) than the predefined cue frequency of 4 Hz,
whereas the HC group either tapped accurately at the cue frequency or
tended to tap faster than that (mean ± std: 4.02 ± 0.10 Hz).
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Figure 4.1. Example of the time signal (10 seconds) and corresponding power spectral density (PSD)
(of all epochs) of the EMG (top) and accelerometer (bottom) data. Time signals are presented in the left
figure and the PSD in the right figure. A) Data are of a representative healthy subject. B) Data are of a
tremor patient with high power kinetic tremor at 6 Hz.

4.3.2.

Tapping variability

In Figure 4.3 the significant results concerning the tapping variability
are displayed. The only significant intra-group difference found was in the
HC group between the right (dominant) and left hand during the 4 Hz
tapping task in the EMG data (see bottom part of Figure 4.3). Significant
differences were only found during the 4 Hz tapping task. The
accelerometer data found significant inter-group (main factor “group”)
differences during the 4 Hz task between all three groups.
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PD patients tapped with a significantly higher variability than the other two
groups. ET patients tapped with a greater variability than the HC group
(indicated by asterisks).
EMG data showed significant differences during the 4 Hz tapping task as
well (Figure 4.2). PD group tapped with greater variability than the other
two groups (indicated by asterisks). ET tapped with a greater variability
than the HC group.
4.3.3.

Kinetic tremor

Kinetic tremor was detected electrophysiologically in nine of the
thirteen ET patients using our tremor detection method. In three subjects
tremor occurred during both tasks, at both hands and during both tapping
conditions. In six subjects (46%) kinetic tremor was detected during the
cued movement at 2 Hz. During non-cued movement five ET patients (38%)
showed a kinetic tremor at the right and six at the left hand. During the 4 Hz
tapping task four subjects (31%) showed tremor at the right hand, during
the cued and non-cued movement. Five subjects presented with tremor at
their left hand.
In eight of the eleven PD patients tremor was detected
electrophysiologically during at least two of the eight hand-condition-task
combinations. Three subjects (27%) presented with a tremor in the right
hand during the 2 Hz tapping task. At the left hand one subject (9%) showed
a tremor during cued movement and three subjects during non-cued
movement. During the 4 Hz tapping task (only eight subjects) three subjects
(38%) experienced tremor during cued movement. Non-cued movement
caused a kinetic tremor in one subject (13%) at the right and in two subjects
(25%) at the left hand.
In Figure 4.4 it is shown that during the 2 Hz tapping task (A), the PD
subjects experiencing tremor tapped more accurate and with a smaller
variability compared to ET subjects with kinetic tremor. During the 4 Hz
tapping task (B) both groups tend to tap with a high variability when tremor
occurs. A trend is visible indicating that PD patients tend to tap slower than
the predefined frequency during non-cued movement, whereas the
presence of tremor does not seem to have an effect on the variability in the
ET group.
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Figure 4.2. Tapping accuracy determined with the accelerometers for the 2 Hz (top) and 4 Hz (bottom)
tapping task. Significant differences between individual task/hand combination are indicated by
asterisks. HC = Healthy controls; ET = essential tremor; PD = Parkinson’s disease.

Figure 4.3. Tapping variability determined with the accelerometers for the 4 Hz (A) and EMG data of
the 4 Hz (B) tapping task. Inter-group differences between individual task/hand combination are
indicated by asterisks. HC = Healthy controls; ET = essential tremor; PD = Parkinson’s disease; R = Right
hand; L = Left hand.
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Figure 4.4. Effect of kinetic tremor on the tapping frequency determined from EMG data, during the 2
Hz (A) and 4 Hz (B) tapping task. In black the results of the PD group are given and in grey the results of
the ET group.

4.4.

Discussion

We hypothesized that kinetic tremor would occur more frequently in ET
patients compared to the other two groups. However, kinetic tremor
occurred in both patient groups to the same extent. The second hypothesis
that PD patients suffer greater deficits in TA and TV compared to the other
two groups is accepted. There are differences between PD and ET patients
in performing rhythmic cyclic movements under cued and non-cued
conditions. First, the mean tapping frequency during the 4 Hz tapping task
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is significantly lower in the PD group than in the ET group. Second,
acceleration data revealed significantly less accurate tapping in the PD
group than in the ET group during the 2 Hz tapping task. Third, acceleration
and EMG data revealed a greater tapping variability in the PD group during
the 4 Hz tapping task compared to the ET group. Fourth, occurrence of
kinetic tremor had a different effect on TA and TV in the ET group compared
to the PD group.
4.4.1.

Tapping accuracy and variability

Overall, the PD group tapped less accurate than the other two groups.
This was the case for t h e cued and non-cued movement during the 2 Hz
tapping task and consistent with the findings of Freeman at. al [39].
These findings are consistent with the hypothesis that the basal ganglia play
mainly a role in the internal timing of voluntary repetitive movements, and
that to a certain extent, this dysfunction can be compensated for by external
cues. The PD group tapped at a lower frequency than the cue frequency
during the 4 Hz tapping task. This is in accordance with the findings of
Freeman et. al [14] and could be due to bradykinesia affecting these
patients.
In general, the ET subjects also tapped slower than the cue frequency
of 4 Hz. Therefore, it can be concluded that ET as well as PD patients
experience a timing problem during rhythmic, cyclic movements. Other
studies have shown that patients with cerebellar dysfunction or lesion
show a larger variability in rhythmic movement as was seen in the ET group
[84]. The cerebellum is involved in the timing of movement. It acts as an
internal timing system and this system is disturbed in ET patients [9].
Furthermore, differences in activity in the cerebellum exist during a finger
tapping task in ET compared to healthy controls as has been shown by
Buijink et. al [27]. In this study ET patients showed decreased activation in
widespread areas of the cerebellar cortical regions compared to healthy
controls. On the other hand, altered activity in the cerebellum is
thought to be the cause of kinetic tremor. Therefore, these
widespread changes might lead to a timing problem in the cerebellum in ET
patients, a timing problem between executing voluntary movement
(tapping) and causing involuntary movement such as tremor. In PD external
cueing is thought to take over the function of the basal ganglia as an internal
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clock by activating the cerebellum as a compensatory pathway. However,
the activation of the cerebellum due to the cue also causes an increased
kinetic tremor in some patients. Helmich et al [6] introduced the dimmerswitch model for parkinsonian resting tremor in which it is suggested that
the basal ganglia activates tremor (switch), and the cerebello-thalamocortical circuit modules tremor amplitude (dimmer). This concept might
also be applicable for kinetic tremor in case of cued movement. As a
compensatory mechanism the PD group can tap more accurately by
bypassing the basal ganglia, while this activation of the cerebellar circuit
also affects tremor. In the ET group the tapping frequency seemed
unaffected by the occurrence of tremor. This could explain the differences
in TA between PD and ET during the 2 Hz task. Cueing affects the activity in
the cerebellum, which in case of ET may have an adverse effect on motor
output due to the dysfunction of the cerebellum. In a future study we hope
to further explore these theories with the use of imaging data. The
differences seen between the 2 Hz and the 4 Hz tapping task is most likely simply
a consequence of the tempo subjects had to follow. At 2 Hz subjects are able to
react to each single cue as a separate event, whereas at 4 Hz a pattern generator
is most likely activated.
4.4.2.

Kinetic tremor

Kinetic tremor is commonly found in ET, but also in some PD patients
[85] which can cause confusion between the two, especially in early stages
of the disease when other symptoms of PD are not as distinctive as in
the later stages. Our results support the findings of others that kinetic
tremor is also found in PD patients, even though it is less common than in
the ET group. However, our findings show that the occurrence of tremor
influences the TA and TV of the patient groups differently. Where it did
not appear to affect the ET group, it affected the PD group during the 2 Hz
task. This is rather intriguing because the group analysis shows that
overall the PD group taps less accurate than the ET group, even though,
Figure 4.4 indicates that PD subjects with kinetic tremor tap more
accurate than subjects with ET showing tremor. To our knowledge these
finding have not been reported in other studies and suggests that
different tremor mechanisms exist in these two disorders.
Four ET patients did not suffer from kinetic tremor during the
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repetitive movements. Louis et al. [61] showed that the occurrence of
resting tremor in ET depends on the study setting. Our results suggest that
the same could be true for kinetic tremor in ET. Furthermore, the ET and PD
patients presenting with tremor during the tapping task had asymmetric
and symmetric tremor presentation (Table 4.2). This indicates that tremor
symmetry is not a good indicator for differentiation between PD and ET.
4.4.3.

Study limitations

Due to malfunctioning of the basal ganglia in PD patients the external cue
is thought to replace the missing internal cue [29]. However, no differences
were found between the two tapping conditions, neither at 2 Hz nor at 4
Hz. It could be that the paradigm used in this study was not suitable to
detect such differences. Thirty seconds of cued movement were immediately
followed by thirty seconds of non-cued movement. It is possible that cueing
has a wash-out effect which has a positive influence on the TA during the
non-cued movement task.
Another study [38] concerning the effect of cueing during
physiotherapy has found indications for such an effect. Therefore, it is
suggested to slightly adapt the paradigm of this study to yield a larger
intra-group effect by including a resting period between cued and noncued movement. This might also result in a larger inter-group difference as
not only the continuation of cyclic movement would be included in the
analysis but also the effect of initiating a cyclic movement without an
external cue. To determine differences between the dominant and nondominant hand in subjects, tapping with the left and right hand should be
separated into two different tasks. Furthermore, the current setup and
choice of sensors is based on a clinical setup in which the way of executing
the movement is known. Induced kinetic tremor was expected in the
extensor muscles and could therefore be measured by choosing these
muscles to record from. This allowed us to measure kinetic tremor from the
EMG data.
Movement was recorded using accelerometers placed on both hands
and EMG recordings from the m. extensor carpi radialis of the left and right
forearm. Accelerometers record the start of movement of an extremity
whereas EMG records the activation of a muscle that could result in
movement but not necessarily has to. Results were in no case
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contradicting each other. Differences could be caused by the activation of
additional or other muscles, not measured here with surface EMG,
influencing the net movement of the hand. Therefore, in addition to the
extensor muscle the flexor muscle might also be of interest. It could show if
the flexion movement of the hand, necessary for tapping, is caused by
activation of the flexor muscle or rather by the relaxation of the extensor
muscle. The results of this study show that the measurement techniques
can provide supplementary information as also shown in other disciplines,
such as prosthetics [86]. Especially in case of kinetic tremor, EMG might be
able to detect it earlier and locate its origin more accurate than
accelerometers. In some cases kinetic tremor was only visible in the EMG
data and not in the accelerometer data. This indicates that the occurrence
of a tremor in a muscle does not always have to cause visible tremor in an
extremity. It might be though that this tremor in the muscle leads to fatigue
of the muscle due to this overactivity [87] and therefore to less or no
movement. Another possibility is that the occurrence of tremor inhibits the
movement by inhibiting movement selection whenever the power in the
tremor frequency band is larger than in the movement band [88].
The results suggest that this method might be useful in a classifier model
for movement disorders. In this model step one would be to separate
patients from healthy controls. And the second step would be to separate
patient groups from one another using the mean tapping frequency during
a 4 Hz tapping task and the effect of kinetic tremor on TA and TV during a 2
Hz tapping task.

4.5.

Conclusion

This study showed that with a straightforward experimental setup
consisting of two accelerometers and two surface EMG electrodes,
differences between PD and ET patients can be revealed during a bimanual
tapping task. Furthermore, differences between both patient groups and HC
were found. Especially the finding that the occurrence of kinetic tremor did
not affect tapping accuracy of PD patients while it decreased tapping
accuracy in ET could be used in a classifier model to support clinical
decision making during the diagnostic process of PD and ET.

60

5. Cortical activity patterns during cued and noncued movements4
ABSTRACT
Parkinson’s disease and essential tremor
are
neurodegenerative
diseases characterized by movement deficits. Especially in PD, maintaining
cyclic movement can be significantly disturbed due to pathological changes
in the basal ganglia and the cerebellum. Providing external cues improves
timing of these movements in PD and also affects ET. The aim of this study
is to determine differences in cortical activation patterns in PD and ET
patients during externally and internally cued movements.
Eleven PD patients, twelve ET patients, OFF tremor suppressing
medication, and nineteen age-matched healthy controls (HC) were included
and asked to perform a bimanual tapping task at two predefined cue
frequencies. The auditory cue, a metronome sound presented at 2 or 4 Hz,
was alternately switched on and off every 30 seconds. Tapping at two
different frequencies was used, since it is expected that different brain
networks are involved at different frequencies as has been shown in
previous studies. Cortical activity was recorded using a 64-channel EEG cap.
To establish the cortical activation pattern in each group, the task related
power (TRP) was calculated for each subject. For inter-group analysis, EEG
electrodes were divided into 5 different areas.
Inter-group analysis revealed significant differences in areas
responsible for motor planning, organization and regulation and involved
in initiation, maintenance, coordination and planning of complex sequences
of movements. Within the area of the primary motor cortex the ET
group showed a significantly lower TRP than the HC group. In the area
responsible for combining somatosensory, auditory and visual
information both patient groups had a higher TRP than the HC group.
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Different neurological networks are involved during cued and non-cued
movements in ET, PD and HC. Distinct cortical activation patterns were
revealed using task related power calculations. Different activation patterns
were revealed during the 2 and 4 Hz tapping task indicating different
strategies to execute movements at these rates. The results suggest that
including a cued/non-cued tapping task during clinical decision making
could be a valuable tool in an objective diagnostic protocol.
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5.1.

Introduction

The basal ganglia and the cerebellum are brain structures involved in
the preparation, timing and execution of timed movements. In movement
disorders, such as Parkinson’s disease (PD) and essential tremor (ET), these
structures can be affected. PD is considered a disease of the basal ganglia,
and ET a disorder related to changes in the cerebellum [12]. Despite their
pathological differences, PD and ET can be difficult to distinguish from each
other, due to overlapping symptoms. Common diagnostic tools, such as
polymyography, movement disorder rating scales or SPECT scans are either
invasive (SPECT), time consuming, subjective (rating scales), expensive
and/or not widely available.
Several studies have investigated movement parameters and cortical
and subcortical changes in patients and healthy controls during hand and
finger movements. In a previous study [89] we showed that PD patients tap
significantly less accurately during a 2 Hz tapping task and with a greater
variability during a 4 Hz tapping task than ET patients and healthy controls
(HC). Furthermore, ET patients tapped less accurately and with a greater
variability than HC during a 4 Hz tapping task. Findings were similar for
cued and non-cued conditions. Most interestingly, the occurrence of kinetic
tremor during a tapping task did not seem to affect or even improve the
performance of PD patients, but seemed to decrease performance in ET.
Gerloff et. al [90] showed that different cortical activation patterns can be
recorded in healthy subjects during internally and externally cued finger
movements using task-related power calculations of two frequency bands:
part of the alpha (9-11 Hz) and part of the beta band (20-22 Hz). These
bands have previously been shown to be sensitive to movement-related
changes in cortical activity [90]. Changes in activation pattern were found
in the supplementary motor areas, primary sensory motor area and lateral
premotor cortex during internally timed and externally cued movements.
The mesial frontocentral cortex and the ipsilateral sensorimotor cortex
were primarily activated during internally cued movements. Another
frequency that is altered in PD is the gamma band [91]. Activity in the
gamma band is known to represent engaged networks and facilitate
movement [91].
Samuel et al. [44] found evidence that in PD patients the parietal-lateral
premotor circuits are activated instead of the striato-mesial frontal circuits
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to facilitate complex finger movements. A functional MRI study [43] showed
that PD patients exhibited an increased activation in the cerebellum and the
frontostriatal circuit during externally cued movements and a greater
involvement of the cerebello-thalamic circuit compared to HC during
internally timed movements.
In ET patients, a study has shown impairment of rhythm generation and
increased variability of rhythmic hand movements during cued movements
[45]. Furthermore, Avanzino et. al [46] found that 1 Hz-rTMS over the
ipsilateral cerebellum affected the performance during a finger movement
task in patients with ET, by reducing touch duration values and normalizing
the inter touch interval values.
However, comparing the cortical activation patterns of PD and ET
patients during cueing has not yet been done, let alone used for clinical
decision making. Therefore, the aim of this study is to determine if there are
differences in cortical activation patterns in PD and ET patients and HC
during cued and non-cued movements. For this purpose, all participating
subjects performed a bimanual tapping task at two frequencies, i.e. they
tapped with both hands simultaneously and in synchrony with the cue
frequency. The subjects were asked
to continue movement at
approximately the same pace after the cue was turned off. It is hypothesized
that PD patients show increased activation of the lateral cortical areas
instead of the striato-mesial frontal area during non-cued, internally timed
movements due to increased activity in the parietal-lateral premotor
circuits as a compensatory strategy using the cerebello-thalamic circuit
[44]. In ET patients, reduced activation of the motor cortex is expected
during cued movements as hyperactivity of the cerebellum increases the
inhibitory output of the thalamus to the motor cortex.

5.2.

Methods

5.2.1.

Participants

11 PD patients (3 Female (F); Age: 66±11 (mean ± std (years)), 12 ET
patients (4 F; Age: 58 ± 20) and 19 age-matched HC (9 F; Age: 59±15) were
included in the study. Gender was not considered to be of influence on the
results. Therefore, due to a higher incidence rate in men than in women in
both patient groups [92-94], more males were included than females, but
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the HC group was not gender matched. See Table 5.1 for an overview of
patient details. Tremor rating scores and tremor severity are not included
in this table as both, occurrence and severity, can be very task dependent.
Instead the tremor presence per task will be calculated. All subjects were
right-handed according to the Edinburgh Handedness Inventory [56] and
patients were willing to stop medication according to a personalized
scheme, established by an experienced neurologist, prior to the experiment.
Additionally, PD patients were diagnosed with Parkinson’s disease
according to the UK Brain Bank criteria for Parkinson’s disease [57] and
showed neither major fluctuations in symptoms due to medication nor
suffered from severe dyskinesia. ET patients had essential tremor according
to the criteria defined by the Tremor Investigation Group [58], expressed
moderate to severe tremor (Tremor Rating Scale Part A2 UE > 2) and had a
positive family history of ET. Healthy subjects had no record of a
neurological or other disorder. All subjects gave written informed consent
prior to participation and the study was approved by the Medical Ethical
Committee of the Academic Medical Center, Amsterdam, The Netherlands.
5.2.2.

Experimental setup

Subjects were seated on a bed, with head and back supported for a sitting
posture. Prior to the tapping task resting state EEG was recorded for 3
minutes. Afterwards, subjects performed a bimanual wrist flexion tapping
task at two cue frequencies, 2 and 4 Hz (equivalent to an inter-tap interval
of 500 ms and 250 ms, respectively). The cue was a metronome sound set
to the predefined cue frequencies. The forearm and proximal part of the
wrist joint were supported against gravity by the bed. At each frequency,
subjects had to tap the bed next to their legs continuously and in-phase with
the cue with both hands for three minutes. The three minutes were split into
blocks of thirty seconds, with the auditory cueing switched on and off
alternately. Instructions were given verbally prior to the experiment and all
subjects were able to perform the task without practice. During cued
movements, subjects were able to hear a metronome beat through
computer speakers. Prior to the experiment, subjects were asked whether
they were able to hear the sound clearly. The three-minutes tapping task
was first performed at 2 Hz and then at 4 Hz, with several minutes rest in
between. A schematic overview of the task is given in Figure 5.1. In addition
to the tapping task, subjects performed a three-minutes resting task with
hands resting comfortably in their lap, palms up.
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Hand movement was recorded with 3D accelerometers (TMSi,
Oldenzaal, The Netherlands – see Introduction for specifications). Muscle
activity was recorded from the m. extensor carpi ulnaris of both arms using
surface electromyography (EMG) electrodes. EEG was recorded with a 72channel Refa-system and a 64-channel low-noise shielded EEG head cap
(TMSi, Oldenzaal, The Netherlands) (resistance < 30kOhm). Data
acquisition was done using a customized program written in LabVIEW
(National Instruments, Austin, Texas, United States) with a sampling
frequency of 2048 Hz.
5.2.3.

Data pre-processing

To minimize transition effects (from cued to non-cued movement and
vice versa), the first and last 5 seconds of each block were excluded from
analysis (see Figure 5.1). Voluntary movement was analysed using the norm
of the accelerometer vectors, giving one acceleration signal for each hand.
The acceleration signal for each hand was filtered off-line (non-causal, zerophase, 0.25 – 20 Hz bandpass, 4th order Butterworth). EMG data was filtered
off-line (non-causal, zero-phase, 20 – 400 Hz, 4th order Butterworth). Then
the absolute value of the Hilbert transform was used as the envelope of the
EMG signal for further analysis.
The second minute of the resting state EEG data, recorded prior to the
tapping tasks, was used for further analysis and analyzed using the same
pre-processing steps as described below for the tapping task. The EEG data
recorded during the tapping tasks was split into cued and non-cued
movement segments. To minimize transition effects (from cued to non-cued
movement and vice versa), the first and last 5 seconds of each block were
excluded from analysis (see Figure 5.1). Each segment of the tapping task
and the resting state was filtered digitally off-line with a band-pass filter
(non-causal, zero-phase, 1-45 Hz; 4th order Butterworth). Eye movement
artefacts were removed prior to further analysis using independent
component analysis. To minimize reference and volume conduction effects
at distances of approximately the inter-electrode spacing [59], a local
average reference was used after artefact removal. The montage is
described by equation 5.1.
𝑉𝑟𝑒𝑓,𝑖 = 𝑉𝑖 −
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with 𝑉𝑖 is the potential at electrode i, 𝑉𝑖𝑗 are the potentials of the
neighbouring electrodes and N (N = 8) the number of neighbouring
electrodes for non-border electrodes. Border electrodes were excluded
from analysis as they often contain EMG artefacts and have fewer
neighbouring electrodes to calculate the local average, leaving 42 electrodes
for analysis (see Figure 5.2). Furthermore, the mean and the standard
deviation of the power of the entire time signal (time signal squared = P)
was calculated. Afterward the data was divided into 500 ms epochs with
50% overlap. Only epochs with a mean power, 𝑃𝑒𝑝𝑜𝑐ℎ , according to equation
5.2 were included:
𝑚𝑒𝑎𝑛(𝑃𝑒𝑝𝑜𝑐ℎ ) < 𝑚𝑒𝑎𝑛(𝑃) + 3 ∗ 𝑠𝑡𝑑(𝑃) (5.2)
5.2.4.

Data analysis

The presence of kinetic tremor during each task was calculated using the
EMG data and equation 5.3 [89].

Kinetic Tremor:

∑f<14
f=5 Pxx(f)/NTF
∑f<5
f=1 Pxx(f)/NMF

≥ 0.8

(5.3)

After preprocessing, the mean power at each electrode in the frequency
domain was calculated for frequencies, up to 45 Hz, using the power
spectral density (PSD). The PSD of all epochs was averaged per subject and
per task

Figure 5.1. Schematic presentation of the bimanual tapping task. 30 seconds of cued movements were
followed by 30 seconds of non-cued movements. This was repeated 3 times in total and at two and four
Hz as cueing frequencies. The red line indicates the data segment used for analysis.
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Table 5.1. Overview of patient details
Subject

Sex

Age

Duration (years)

Medication

ET

M

50

Since birth

-

ET

F

81

21

-

ET

M

85

Unknown

Propranolol

ET

F

51

Childhood

-

ET

F

23

Childhood

-

ET

M

49

9

Propranolol

ET

M

54

38

-

ET

M

70

Unknown

ET

M

64

Unknown

ET

M

55

Childhood

-

ET

M

27

Birth

-

ET

F

81

61

-

PD

M

69

5

Monoamino-oxidase-B inhibitor,
propranolol

PD

M

67

4

Trihexyfenidyl

PD

F

81

5

Levodopa, carbidopa, metoprolol

PD

F

62

2

Levodopa

PD

M

71

2

-

PD

F

43

3

Ropinirol

PD

M

68

14

Levodopa, carbidopa

PD

M

64

10

Levodopa, carbidopa, benserazide

PD

M

67

8

Levodopa, carbidopa, amantadine,

PD

F

56

5

levodopa, ropinirol

PD

M

64

7

Levodopa, benserazide

entacapon, levothyroxine

PD = Parkinson’s disease; ET = essential tremor; M = male; F = female
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5.2.5.

Outcome parameters

The percentage of tremor presence during each task was calculated for
each subject. From the accelerometer data the tapping accuracy [89] was
calculated for each task and tapping condition according to (5.4).
TASubject =

∑N
n=1(fcue −ftap,n )

(5.4)

N

The task related power (TRP) was calculated according to equation 5.5
for cued and non-cued movement.
𝑇𝑅𝑃𝑥,𝑖 =

𝑃𝑡𝑎𝑠𝑘𝑥,𝑖 − 𝑃𝑟𝑒𝑠𝑡𝑥,𝑖
max (𝑃𝑟𝑒𝑠𝑡𝑥,𝑖 )

(5.5)

For each of the following bands, x, the TRP was calculated for each
electrode, i, 9-11 Hz, 20-22 Hz and 30-45 Hz. TRP < 0 indicates a
desynchronization, a decrease in activity, during movement compared to
rest and TRP > 0 indicates synchronization, an increase in activity,
compared to rest.
5.2.6.

Statistical analysis

Statistical analysis was performed to determine differences between
groups. Differences in tapping accuracy were determined using
multivariate ANOVA analysis. To determine differences in cortical activity
EEG electrodes were grouped into 5 groups (see Figure 5.2): frontal, left
central, central, right central and posterior. TRP in these areas was
compared between groups (inter-group analysis) and within groups (intragroup analysis) using the non-parametric Kruskal-Wallis test due to varying
standard deviation and post-hoc analysis using Bonferroni correction for
multiple comparison. A p-value smaller than 0.05 was considered
significant.
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Figure 5.2. Overview of the EEG electrodes. Red regions indicate the border electrodes which were
excluded during analysis. Blue and non-circled regions indicate the 5 defined areas for statistical
analysis. Grey = frontal area; purple = central left area; beige = central right area; blue = central area and
green = posterior area.

5.3.

Results

The percentage of tremor windows per task and subject are given in
Table 5.2.
In Figure 5.3 the results of the tapping accuracy are given. Significant
differences were only found during the non-cued 2 Hz tapping task (NC2),
indicated by the asterisk. PD patients tapped significantly less accurate than
the other two groups.
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Table 5.2. Tremor presence during tasks
Subject

C2 (%)

NC2 (%)

C4 (%)

NC4 (%)

ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET
ET

1
5
0
27
31
0
99
0
0
37
8
21

0
82
0
52
0
0
90
1
18
78
0
37

0
6
0
7
3
0
19
0
0
17
12
0

0
21
0
12
0
17
12
0
0
13
0
0

PD
PD
PD
PD
PD
PD
PD
PD
PD
PD
PD

2
0
2
0
6
0
0
0
3
2
0

86
0
0
0
15
0
2
0
0
7
0

20
46
10
0
0
0
0
0
0
0
0

91
0
0
0
0
0
6
0
0
0
0

PD = Parkinson’s disease; ET = essential tremor; C2 = cued tapping task at 2 Hz; NC2 =
non-cued tapping task at 2 Hz; C4 = cued tapping task at 4 Hz; NC4 = non-cued tapping
task at 4 Hz.
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Figure 5.3. Group results of the tapping accuracy during the 2 and 4 Hz tapping task with and without
cue. Statistical differences are marked by an asterisk. HC = Healthy controls; ET = essential tremor; PD =
Parkinson’s disease; C2 = cued tapping task at 2 Hz; NC2 = non-cued tapping task at 2 Hz; C4 = cued
tapping task at 4 Hz; NC4 = non-cued tapping task at 4 Hz.

In Figure 5.4 the results of the TRP per task and frequency band are
given in topoplots for the HC (A), ET (B) and PD (C) group, respectively.
Results represent the mean group result.
In the HC group (Figure 5.4 A), during the 2 Hz cued (C2), the alpha and
beta band show a slightly positive TRP in the dorsolateral prefrontal,
intermediate frontal, middle frontal cortex and the pars opercularis. In the
gamma band a positive TRP is found around the pars opercularis, premotor
and posterior transverse temporal cortex. The 2 Hz non-cued task (NC2)
activity patterns were similar with a slightly more positive TRP seen in the
gamma band at the pars opercularis. During the 4 Hz tapping task with cue
(C4) an increase in TRP is again seen in the posterior transverse temporal
cortex in all frequency bands. In the beta and, even more so, gamma band,
additional activity is found around the pars opercularis. Cortical activity
recorded during the non-cued 4 Hz tapping task (NC4) shows a similar
pattern compared to the C4 task, but with a higher TRP, especially around
the anterior transverse temporal cortex in the beta and gamma band. No
significant intra-group differences were found.
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In the ET group (Figure 5.4 B), a positive TRP was found in all three
frequency bands during both tapping tasks. During the C2 and NC2 task, the
frontal areas around dorsolateral prefrontal, intermediate frontal and the
premotor cortex are activated in the beta and gamma band. In the alpha
band additional activation of the primary auditory cortex was found in the
ET group during the C2 task. The C4 task results in a positive TRP around
the primary somatosensory cortex, angular gyrus and somatosensory
association cortex in the alpha and beta band. In the gamma band activation
of the supramarginal gyrus is seen. During the NC4 task, activation of the
somatosensory association cortex is also found in all three frequency band.
Additional activation in all three bands is found around the primary
somatosensory and anterior transverse temporal cortex. Furthermore,
activation of the dorsolateral prefrontal, intermediate frontal and the
premotor cortex is found in the beta and gamma band, but to a lesser extend
compared to the C2 and NC2 task. Intra-group differences were only found
between the C2 and NC2 task in the alpha band in the frontal area, and in
the gamma band in the posterior area, with a higher TRP during the C2 task.
In the PD group (Figure 5.4 C) activity patterns in the C2 and NC2 are
almost the same. The alpha band shows slight activation of the dorsolateral
prefrontal cortex. In the beta and gamma band activation of the dorsolateral
prefrontal cortex increases compared to the alpha band contralateral to the
dominant hand. Additional activation of the premotor cortex is found in
both frequency bands. During the C4 task, activation of the dorsolateral
prefrontal cortex is also found. Furthermore, activation of the primary
auditory cortex is found in the beta and gamma band. During the NC4 task
similar activation of the dorsolateral prefrontal cortex is seen. Additionally,
activation of the angular gyrus is found, highest in the beta band. The only
significant intra-groups difference was found in the posterior area between
C4 and NC4 in the alpha band, with a higher TRP during the NC4 task.
The results of the inter-group analysis are displayed in Table 5.3.
Significant differences were most frequently found in the frontal (F), central
(C) and posterior (P) areas. Furthermore, the NC4 task resulted in the
largest differences between the two patient groups and the HC group.
However, significantly different results were not found between the two
patient groups.
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Figure 5.4. Mean group results of the HC (A), ET (B) and PD (C) group. TRP in the narrow alpha, narrow
beta and gamma band during the two tapping tasks with both tapping conditions. Green areas indicate
areas with no changes in power between the task and rest; yellow and red indicate an increase in power
during the tapping task and blue indicates a decrease in power during the tapping task compared to rest.
C2 = cued tapping task at 2 Hz; NC2 = non-cued tapping task at 2 Hz; C4 = cued tapping task at 4 Hz; NC4
= non-cued tapping task at 4 Hz.

74

CORTICAL ACTIVITY DURING CUED AND NON-CUED MOVEMENT
Table 5.3. Inter-group differences
Frequency band
Task

C2

NC2

C4

NC4

Area

alpha

beta

gamma

F

-

-

-

CL

-

0.0042

-

C

-

0.0192

-

CR

-

-

-

P

<0.0011

0.0152

<0.0013

F

-

-

-

CL

-

0.0392

-

C

0.0134

-

-

CR

-

-

-

P

<0.0011

-

-

F

<0.0011

<0.0011

<0.0011

CL

-

-

-

C

0.0124

-

-

CR

-

-

-

P

<0.0011

0.0032

<0.0013

F

<0.0011

<0.0011

<0.0011

CL

-

-

-

C

0.0174

-

-

CR

-

-

-

P

<0.0014

0.0032

<0.0013

Superscripts indicate which groups show significant differences. 1 HC higher TRP than ET
and PD; 2 ET higher TRP than HC; 3 PD and ET higher TRP than HC; 4 HC higher TRP than
ET; C2 = cued tapping task at 2 Hz; NC2 = non-cued tapping task at 2 Hz; C4 = cued tapping
task at 4 Hz; NC4 = non-cued tapping task at 4 Hz. F = frontal, CL = central left, C = central,
CR = central right, P = posterior.

5.4.

Discussion

PD and ET are degenerative neurological disorders involving different
parts of the brain. The overlapping symptom, tremor, and identifying
differences in tremor characteristics have been the focus of many studies
[27, 28, 95, 96]. The overall goal of this study was to determine different
cortical activation patterns during a bimanual tapping task at 2 and 4 Hz,
performed with and without an auditory cue. Significantly different
activation patterns were found between the HC group compared to both
patient groups and between the HC group and the ET group. Even though,
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no statistically significant differences were found between the two patient
groups, the results suggest that different activity patterns are involved
during cued and non-cued movements in ET and PD and HC.
5.4.1.

Tapping accuracy and kinetic tremor

The tapping accuracy was calculated to determine the ability of the
subjects to perform the task correctly. The only significant difference
between the groups was found during the NC2 task indicating that under all
other conditions all subjects were able to perform the task in a comparable
manner. It also shows that PD patients benefit from an auditory cue, as to
being able to perform the task more accurately with cue than without an
external cue.
Kinetic tremor was detected in both groups. The duration of the tremor
during a task varied per subject and task. Overall, kinetic tremor was
recorded more often and for a longer period of time in the ET group
compared to the PD group. This was to be expected as ET is characterized
by a postural and/or kinetic tremor. However, we also see a clear task
dependency of tremor occurrence in both groups.
5.4.2.

Task related power

Significant differences in activation patterns were found mainly in the
frontal, central and posterior area.
Healthy controls
The frontal area is mainly responsible for motor planning, organization
and regulation and is involved in initiation, maintenance, coordination and
planning of complex sequences of movements. In most cases the HC group
had a significantly higher TRP in this region indicating that these areas are
important for a high tapping accuracy and low variability in movement [89].
The primary motor cortex, areas responsible for selective attention to
rhythm and the somatosensory association cortex lay within the central
region. This area showed a significantly lower TRP in the ET group than in
the HC group in the alpha band during the NC2, C4 and NC4 task. This is in
accordance with our hypothesis that the hyperactivity of the cerebellum
results in less activation of the motor cortex. In the posterior area, areas
responsible for combining somatosensory, auditory and visual information
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and also areas that are involved in motor learning and bimanual
manipulation are located. In the gamma band both patient groups had a
higher TRP than the HC group. This might indicate that both PD and ET
patients have to make use of more than one peripheral feedback mechanism
to initiate and maintain a sequential movement. In the HC group a positive
TRP was found in the area of motor planning, organization and regulation
during the C2 and NC2 task in the alpha and beta band. Furthermore, areas
involved in initiation, continuation and coordination of movements were
active. In the gamma band areas responsible for selective attention to
rhythm and processing auditory stimuli were active. Additional activations
were found in the areas of motor response inhibition and bilateral object
manipulation during the C4 and NC4 task. Contralateral to the dominant
hand, activation of areas responsible for movement organization was found.
A study by Walsh et. al [97] suggests that the dominant hemisphere initiates
the activity responsible for bimanual movement. Likewise, we only found
an increase of the primary motor cortex on the contralateral side of the
dominant hand during the 4 Hz tapping task.
Other areas were found in the patient groups indicating pathological or
compensatory activation of cortical areas in order to perform the desired
task.
Essential tremor
In the ET group, an increased TRP was found in areas involved in motor
planning, movement initiation, maintenance, coordination and planning of
complex sequences during the C2 and NC2 task. These findings suggest that,
in contrast to HC, patients with ET need to plan and monitor simple bilateral
hand movements more closely than HC to be able to execute them correctly.
Furthermore, in the C4 task, areas responsible for combining
somatosensory, auditory and visual information were activated, indicating
that ET subjects need more feedback from the periphery to maintain
rhythmic movements. That visual information is important in cerebellar
disorders has been shown in other studies as well [98]. In the NC4 task,
additional activation of areas involved in movement organization, learning
motor sequences and the control of rhythmic motor tasks was found, which
is in contrast to our hypothesis. ET patients may need more control over
rhythmic motor tasks than HC. As we only record cortical activity we are not
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able to determine which underlying activity causes the increased primary
motor cortex activity we recorded. This will be investigated in a future
study.
Parkinson’s disease
In the beta and gamma bands a positive TRP was found in the PD group
in areas responsible for motor planning, organization and regulation,
contralateral to the dominant hand during the C2 and NC2 task. Activation
of the frontal areas might indicate a compensatory mechanism of PD to
perform a movement task by relying more on motor planning compared to
HC. During the C4 task, a positive TRP is seen in areas responsible for motor
response inhibition, auditory priming and basic processing of auditory
stimuli. As in the ET group, the area involved in combining somatosensory,
visual and auditory information was activated in the NC4 task indicating
that PD patients need more peripheral feedback to perform the task than
HC.
There could be several reasons why there was no difference in TRP
between the groups. First of all the group size was rather small.
Furthermore, tremor occurred in several subjects in both patient groups
(Table 5.2). Kinetic tremor in ET and in PD may have at least some common
pathways resulting in similar cortical activity during these tremor episodes.
In addition to this, freezing or hastening could have occurred in some
subjects adding to the heterogeneity within the groups.
5.4.3.

Used methodology

In this study, the TRP was calculated using the difference in cortical
activity of each subject with respect to his or her own resting activity. Other
studies showed that differences in resting activity between HC and PD [99]
and HC and ET [100] exist. These differences in activity during rest could
also be part of the findings we showed in this study. From literature it is
known that PD and ET subjects show pathological changes in cortical
resting activity [100-102] compared to HC. This could also have led to the
lack in activation of the lateral motor areas in PD with our method as these
might already have been pathologically activated during rest. However, the
increase in TRP found in this study was related to movement, auditory or
sensory processing which is to be expected when executing a movement
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task under different auditory conditions. Therefore, we conclude that the
determined changes are task related and not based on differences in
underlying resting activity.
Another limitation is the use of frequencies equal or larger than 2 Hz.
Stegemöller et al [103] showed that the tapping ability in PD patients was
not significantly different from HC below 2 Hz. The idea behind this
phenomenon is that below 2 Hz the cerebellum is mainly involved in
movement control and above 2 Hz the basal ganglia. Therefore, using
frequencies below 2 Hz could result in even greater differences between PD
and ET and it is suggested to use frequencies below and above 2 Hz in future
studies. Furthermore, this could also explain why we did not find increased
lateral activation in the PD group and why we did not find significant
differences between patient groups.

5.5.

Conclusion

The results of this study show significant differences in activation
patterns during a bimanual tapping task in patients with PD and ET
compared to a group of HC. Using TRP did not reveal the exact pathological
networks involved in movement generation in ET and PD, but revealed
distinct activation patterns during a bimanual tapping task. In contrast to
our hypothesis, primarily the frontal regions were activated during the
tapping task in PD. Therefore, we reject our hypothesis concerning PD.
Furthermore, reduced activation of the motor cortex was found in the ET
group compared to the HC group. Therefore, the hypothesis concerning
reduced activation of the motor cortex due to hyperactivity of the
cerebellum is confirmed. Even though no significant differences were found
between the two groups, the results suggest that including a simple tapping
task during clinical decision making could be a valuable tool. The beta band
during the C2 task and the alpha band in the NC4 task showed significant
differences between ET and HC but not HC and PD. Therefore, an activation
pattern similar to the HC group during clinical decision making is a more
likely indicator for PD than ET. Therefore, including a cued/non-cued
tapping task seems to provide a promising tool to an objective diagnostic
protocol.
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6. Networks during cueing5
ABSTRACT
Patients with either essential tremor and Parkinson’s disease have
deficits in movement accuracy and continuation and tremor. Determining
objective parameters to support clinical decision making has been the aim
of many studies. Analysis of cortical activity using EEG showed that
providing external cues during voluntary movement results in distinct
differences in activation patterns between PD and ET patients. The aim of
this study is to determine differences in activation patterns in deeper lying
brain structures.
Scans, obtained using functional magnetic imaging, of 11 ET, 14 PD and
17 healthy controls were included in this study. A Philips 3T Magnetic
Resonance scanner (Philips, Eindhoven, The Netherlands) with a standard
head receive coil was used and hand movement was recorded using 3Daccelerometer binders. Subjects had to perform a bimanual tapping task,
consisting of 6 blocks. Each block started with one minute of rest followed
by a minute of tapping at 2 Hz. A visual cue, a blinking dot, was presented
for half a minute each time (rest and tapping) and subjects were asked to
synchronize their movement with the cue during the tapping phase.
The results of this study showed large differences in activity patterns
between patients with PD and ET and between the patient groups and HC.
The contrast between cued movement and non-cued movement revealed
the most notable differences between the groups. In ET, cueing seemed to
have almost no effect on activation, whereas in the PD group crossmodelling between different areas seemed to occur. Furthermore, reduced
activation of the motor cortex was found in the ET group compared to the
HC group.
The results suggest that a bimanual tapping task with and without a cue
could be useful during clinical decision making and might be a valuable tool
in an objective diagnostic protocol.

5

To be submitted as:
Luft, F., Sharifi, S., Mugge, W., Schouten, A. C., van Rootselaar, A. F., Veltink, P. H., Heida, T. “Mapping
brain activation in movement disorders and healthy controls during a bimanual tapping task”
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6.1.

Introduction

The cerebellum and the basal ganglia are commonly affected in
movement disorders and are involved in two important circuits, the basal
ganglia-thalamo-cortical circuit (BGTC) and the cerebellar-thalamo-cortical
circuit (CTC). These circuits play a crucial role in movement initiation,
accuracy, timing, continuation and automaticity of movement. Essential
tremor involves hyperactivity in the cerebellum [12] and Parkinson’s
disease is known to be caused by pathological changes in the BGTC.
Additionally, pathological activity within the CTC is thought to be involved
in tremor generation in PD [6]. It is probably these overlaps in pathological
networks that cause similar symptoms, such as difficulties in movement
accuracy and continuation and tremor, leading to misdiagnoses of 10% and
higher [104, 105].
Previous studies showed that cueing, an external temporal or spatial
stimulus [106], results in distinct differences in PD and ET [89] (Chapter 5).
Luft
et
al
[89]
showed
that
PD
and
ET
patients
tapped significantly less accurately and more variably than healthy
controls (HC). Most interestingly, the tapping accuracy improved in PD
patients when kinetic tremor was recorded with EMG during the task, but
not in ET [89]. Additionally, differences in cortical activity were found
during tapping (Chapter 5). ET patients showed a significantly lower task
related power (TRP) in the primary motor cortex than HC. In the area
responsible for combining somatosensory, auditory and visual
information, both patient groups had a higher TRP than the HC group
(Chapter 5). Other studies showed that when providing PD patients with an
external cue or sufficient training, task performance is similar to healthy
subjects [106, 107]. Wu et al. [107] showed that hand movements can be
performed automatically by healthy subjects resulting in overall reduced
brain activation after initial training without cue. In PD patients, increased
activity was recorded in the cerebellum, premotor area, parietal cortex,
precuneus and prefrontal cortex compared to healthy subjects while
performing the same task. The underlying theory is that these external cues
allow movement to be mediated less by automatic processes and more by
attentional motor control processes [107]. Another theory is that cueing
activates the lateral system (including premotor and parietal cortex as well
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as, the cerebellum) to bypass the medial system, including the basal ganglia
[106]. In ET, reduced activation of the cerebellum, parietal and frontal
cortex, inferior olive nuclei and the left dentate nucleus was found during a
cued tapping task [108].
Studies have been done comparing both patient groups with HC.
However, comparing the patient groups with each other while performing
the same task might provide insight into the involved networks and, even
more important, provide differences in activity in these networks. The aim
of this study is to determine the effect of cues on brain activation in ET and
PD. We hypothesis that PD patients will have increased activity in the lateral
system during cued movement compared to non-cued movement. In the ET
group we expect to find reduced activation of the motor cortex (Chapter 5)
and fewer differences between cued and non-cued movement compared to
the PD group.

6.2.

Methods

6.2.1.

Subjects

Scans of 14 ET (62±17 years) (mean±std), 13 PD (65±11 years) and 15
HC (56±13 years) were included in this study. Table 6.1 shows an overview
of the patient details. Subjects were right-handed according to the
Edinburgh Handedness Inventory [56] and patients temporarily
interrupted tremor suppressing medication according to individualized
schemes prior to the experiment. PD patients were diagnosed according to
the UK Brain Bank criteria for PD [57] and showed neither major
fluctuations in symptoms due to medication nor suffered from severe
dyskinesia. ET patients fulfilled the criteria defined by the Tremor
Investigation Group and the recently revised Consensus criteria for
classifying tremor disorder [58, 75], were propranolol-sensitive and had a
positive family history of ET. Healthy subjects had no record of a
neurological, psychiatric or other disorder/disease affecting the motor
system. Exclusion criteria were pregnancy, age younger than 18 years,
neurological or psychiatric co-morbidities and other contra indications for
MRI research [109]. The study was conducted in accordance to the 1964
Declaration of Helsinki.
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All subjects signed written informed consent prior to the experiment
and the study was approved by the local medical ethics committee in
Amsterdam, The Netherlands.
Table 6.1. Overview patient details
Group

Gender

Age [years]

Duration [years]

Medication

ET

M

50

Birth

-

ET

F

81

21

-

ET

M

85

Unknown

Propranolol

ET

M

66

46

-

ET

M

49

9

Propranolol

ET

M

54

38

-

ET

M

70

Unknown

-

ET

M

64

Unknown

-

ET

M

55

Childhood

-

ET

M

27

Birth

-

ET

F

81

61

-

PD

M

58

8

Levodopa, Trihexyphenidyl

PD

M

72

15

-

PD

M

67

4

Trihexyphenidyl

PD

F

81

5

Levodopa, carbidopa, metoprolol

PD

F

62

2

Levodopa

PD

M

49

2

Levodopa, carbidopa, ropinirole

PD

M

71

2

-

PD

F

43

3

Ropinirol

PD

M

68

14

-

PD

M

73

3

-

PD

M

78

2

Levodopa, carbidopa, rasagiline,
perindopril

PD

F

73

Unknown

-

PD

F

56

5

Levodopa, ropinirole

PD

M

64

7

-

PD = Parkinson’s disease, ET = essential tremor; M = Male; F = Female
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6.2.2.

Materials and experimental setup

A Philips 3T Magnetic Resonance scanner (Philips, Eindhoven, The
Netherlands) with a standard head receive coil was used. Prior to the
bimanual tapping task, a structural T1 contrast scan was obtained with a
repetition time (TR) of 9ms, an echo time (TE) of 3.53ms and a voxel size
(VS) of 1mm³. The total acquisition time of the T1 contrast scan was 4
minutes. The experimental protocol is described in detail below. Blood
oxygenation level-dependent (BOLD) function images were obtained using
a gradient echoplanar T2*-weighted imaging (EPI) sequence (TR: 30ms; TE:
2000ms; VS: 3.5mm³). Thirty-nine axial slices for a total of 180 volumes
were obtained to cover the whole brain and the cerebellum. Head
movement was minimized using foam padding inside the head coil.
Hand movement was recorded using 3D-accelerometer binders (TMSi,
Oldenzaal, The Netherlands) attached with adhesive tape to the back of each
hand, approximately in the middle of the third metacarpal bone.
Accelerometers were connected to a Porti 32-channel system (TMSi,
Oldenzaal, The Netherlands), which was placed in a custom-made cage of
Faraday to minimize scanner artefacts. The Porti was connected to a
computer outside the scanner via an optical cable and data was
synchronized with the EPIs using an trigger signal. Data acquisition was
done using a custom-written program written in LabVIEW (National
Instruments, Austin, Texas, USA) with a sampling frequency of 2,048 Hz.
Figure 6.1 shows the experimental setup.
6.2.3.

Experimental protocol

Subjects had to perform a bimanual tapping task, consisting of 6 blocks.
Instructions were visible on a screen placed behind the scanner via a mirror
mounted on the head coil (see Figure 6.1). Each block started with one
minute of rest. This minute was split into two 30-second epochs with two
visual conditions. During the first 30 seconds subjects only saw a white
screen with the instruction to rest. In the following 30 seconds, subjects
were presented with a visual cue, a blue dot blinking at a rate of 2 Hz. The
minute of rest was followed by one minute of tapping with both hands
simultaneously. This was also done under two visual conditions. During the
first 30 seconds the visual cue, already presented during rest, was
presented and subjects were asked to synchronize their hand movements
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with the 2 Hz tempo of the cue (cued movement). Subsequently the cue was
withdrawn (non-cued movement) and subjects were asked to continue the
tapping at 2 Hz for 30 seconds as accurately as possible (see Figure 6.2 for
a schematic overview of the blocks). Correct task performance was assessed
by inspection of the accelerometer signals and visual monitoring during the
task. The order of the tasks was not randomized.

Figure 6.1. Schematic representation of the experimental setup. The screen shots show the screen as
presented to the subjects during the task. At the top of the screen the task was given in writing and below
the written instruction the cue was either shown (blinking rate 2 Hz) or not, for 30 seconds.

Figure 6.2. Schematic representation of one block. The block was repeated 6 times. Total duration of
the task was 12 minutes.
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6.2.4.

Data pre-processing and analysis

The norm of the accelerometer vectors was calculated, giving one
acceleration signal for each hand. The acceleration signal for each hand was
filtered off-line (non-causal, zero-phase, 0.25 – 15 Hz bandpass, 4th order
Butterworth filter).
Pre-processing and analysis of the data was done using SPM8
(Wellcome Trust Centre of Neuroimaging, UCL, London, United Kingdom)
implemented in MATLAB R2013a (Mathworks, Natick, Massachusetts,
USA). Pre-processing included first level single subject analysis, EPI image
realignment to the first image, applying motion correction, and
coregistration to the T1-weighted anatomical image.
6.2.5.

Data analysis

Second-level intra-group analysis was performed. The following
contrasts were calculated:
1) Cued movement versus rest with cue
2) Non-cued movement versus rest without cue
3) Cued movement versus non-cued movement
To determine statistically significant activity in the contrasts the tstatistic maps were used. For the intra-group analysis a familywise error
(FWE) rate of p < 0.001, a voxel threshold of 10 voxels and no mask were
used.

6.3.

Results

3 HC and 1 ET subject were excluded due to technical failure, 1 HC and
1 PD subject were excluded due to low image quality, leaving 13 HC, 12 PD
and 10 ET subjects for analysis.
Figure 6.3 shows the intra-group results and contrasts. Areas of t-values
(p < 0.001) calculated per 10 voxels are displayed. In each group, several
significant areas were found. Therefore, we focus on the regions with the
highest t-value in each group.
In the HC group (Figure 6.3 A), the primary somatosensory cortex
bilaterally, primary motor cortex bilaterally and temporal lobe showed an
increased BOLD response during the cued movement task compared to the
resting task with cue. During the non-cued movement task, an increased
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BOLD response was found in the primary somatosensory and motor cortex
and the supplementary motor area. An increase in BOLD was seen during
cued movement compared to non-cued movement in the visual cortex,
primary motor cortex, the middle frontal and supramarginal gyrus.
In the ET group (Figure 6.3 B), the primary somatosensory and primary
motor cortex, and the pars opercularis showed an increased BOLD response
during the cued movement task compared to the resting task with cue. The
non-cued movement task activated the primary motor and visual cortex and
the cuneus. Only few differences were found between cued and non-cued
movement. An increased BOLD response was seen in the middle occipital
gyrus and the superior frontal gyrus.
In the PD group (Figure 6.3 C), the primary auditory, motor and
somatosensory cortex and the angular gyrus showed an increased BOLD
response during the cued movement task compared to the resting task with
cue. During the non-cued movement task, an increased BOLD response was
found in the primary auditory, middle occipital gyrus, cingulate gyrus. An
increase in BOLD response was seen during cued compared to non-cued
movement in the pars orbitalis, primary auditory cortex, olfactory cortex
and the primary somatosensory cortex.
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Figure 6.3. Intra-group results. The first three images in each row display the significant areas within
the glass brain and the fourth image the results in the coronal plane through the point indicated by the
red arrow in the glass brains. A) Results of the healthy control group; B) Results of the essential tremor
group. C) Results of the Parkinson’s disease group.

6.4.

Discussion

In the HC group (almost) symmetric activation of the somatosensory
and motor cortex was found during the cued movement task as would be
expected during a bimanual tapping task. The BOLD response during the
cued movement task was larger compared to the non-cued movement task.
This could be a result of movement automation during non-cued movement
resulting in decreased activity of the motor cortex [110]. The middle frontal
gyrus which is responsible for motor planning, organization and regulation
showed a higher BOLD response in cued compared to non-cued movement.
This may be due to a more automatic performance of the task during noncued movement. Differences in the visual cortex are due to the absence of
the visual cue during non-cued movement. The same is true for the
differences found in the supramarginal gyrus, which is responsible for
controlling movements guided by visuospatial information.
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In the ET group, activation of the motor cortex is primarily ipsilateral to
the dominant hand and differences between cued and non-cued movement
are minimal. Furthermore, the area involved is smaller compared to the HC
group. This is in accordance with the findings of Chapter 5 that the motor
cortex is significantly less active during a bimanual tapping task compared
to HC subjects. Differences between cued and non-cued movement in the
middle occipital gyrus, which is responsible for visual processing, is the
result of the removal of the visual stimulus during non-cued movement.
The most interesting findings were detected in the PD group. Activation
of the primary auditory cortex cannot be explained by the presence of the
MRI scanner noise, as this is also present during the resting task. Studies in
healthy subjects [111, 112] have shown that visual stimuli also activate the
auditory cortex during lip-reading and visual language processing. It is
known that cues can improve gait and rhythmic cyclic movements in
patients with PD, but the exact underlying mechanism remains unclear
[113, 114]. The findings in this study suggest that PD patients make a
broader use of external cues by activating more areas involved in
processing external signals. This is also supported by the activation of the
olfactory cortex. Wesson and Wilson [115] suggested a cross-modelling
between the olfactory and auditory cortex. Additionally, the activated
angular gyrus during cued movement, which is involved in combining
somatosensory, auditory and visual information, is an indication for a
broader use of external input compared to the other two groups. Activation
of the pars orbitalis during cued movement could also be part of a
compensatory mechanism activated by the visual cue [116]. It may be that
cued movement is additionally facilitated by inhibition of unwanted or
involuntary movement. Another explanation for the activation of the
auditory and olfactory cortex could be loss of functional segregation [117].

6.5.

Conclusion

The results of this study show large differences in activated areas during
a bimanual tapping task in patients with PD and ET and between the patient
groups and HC. The contrast cued movement versus non-cued movement
revealed the most notable differences between groups. In ET, cueing
seemed to have almost no effect on activation, while in the PD group crossmodelling between different areas seems to occur. Furthermore, reduced
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activation of the motor cortex was found in the ET group compared to the
HC group. Therefore, the hypothesis concerning reduced activation of the
motor cortex is confirmed. The results suggest that a cueing task in
combination with fMRI could be used in an objective diagnostic protocol in
patients that are difficult to diagnose.
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7. General discussion and conclusion
Movement disorders affect approximately 28% of the general
population older than 50 years of age [8]. Two of the most common
movement disorders are discussed in this thesis, essential tremor (ET) and
Parkinson’s disease (PD). Diagnosis is often based on medical and family history,
visible symptoms and neurological and physical examination. However, due to
overlapping symptoms, such as tremor and deficits in movement initiation
and execution, initial misdiagnosis is up to 20-37% [15-17]. New diagnostic
tools are approaching, such as SPECT with dopamine transporter labeling [10], but
these tests are often invasive, expensive and not widely available. Small, lightweight,
and affordable sensors are readily available these days, enabling objective and
quantitative recording of movement [118]. Therefore, objective, non-invasive
quantification of symptoms for a faster and more accurate diagnosis, could become
a reality soon. In this thesis we used accelerometers, EMG, EEG and fMRI to evaluate
and quantify four simple movement tasks. Our results suggest that accelerometers
and EMG data can provide useful, objective information about tremor and other
movement parameters, and EEG and fMRI can be used to investigate the underlying
pathological networks in the brain that are involved in abnormal movement
performance.
The overall goal of this thesis was to determine the potential of
quantitative methods in aiding the diagnostic process of movement
disorders. The first research objective, quantifying tremor occurrence in ET
and PD subjects and identifying corresponding cortical activity, was the
topic of chapters 2 and 3. The second research objective, quantifying the
timing ability of ET and PD subjects during cued and non-cued repetitive
hand movements and identifying corresponding neuronal networks, was
the topic of chapters 4 through 6. Additionally, healthy control (HC) subjects
were included for comparison between parameters found in the patient
groups and the HC group. In the remainder of this chapter, specific aspects
of each research objective and future direction as well as associated
research topics are discussed.
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7.1.

Quantification of tremor severity and intermittency

As tremor is the most common symptom in movement disorders, many
classification schemes exist. However, tremor still complicates diagnosis of
movement disorders, because it can be caused by a variety of, some
probably still unknown, pathological changes in the central and peripheral
nervous system [119]. In chapter 2 and 3 a general method to split
accelerometer, EMG [51], and EEG (Chapter 2) data into tremor (TW) and
non-tremor windows (NTW) was introduced. The method reliably detects
pathological tremor, independent of the underlying cause or task. This is
especially useful in the early phase of the diagnostic process when
quantitative, objective assessment of a patient is needed. Bove et al. [120]
showed that using five diagnostic criteria of tremor recordings can yield
good differential diagnostic support. Splitting data into TW and NTW [51]
prior to the analysis performed by Bove et al. [120] could result in an even
higher sensitivity and specificity.
Pathological changes in the central nervous system have been identified
for PD as well as ET. However, the exact underlying mechanisms and
involved networks are still not fully understood. Therefore, studies
combining peripheral tremor recording with EEG or fMRI are important for
understanding and treating tremor, which might be the most peculiar
symptom in movement disorders. In Parkinson’s disease, it correlates only
poorly with the dopaminergic deficit in the substantia nigra [121], in
contrast to bradykinesia and other parkinsonian (hypokinetic) symptoms.
Furthermore, deep brain stimulation (DBS) targets to improve motor
functions are different for tremor (Vim DBS) and bradykinesia and akinesia
(STN and GPi) [122]. But even with the most suitable target the effect of DBS
on tremor suppression diminishes over time and with disease progression
[122]. Helmich et al. introduced the dimmer-switch theory for parkinsonian
resting tremor suggesting that the basal ganglia are acting as a switch for
tremor and that the cerebello-thalamico-cortical circuit acts as a dimmer on
tremor amplitude. This theory is supported by Duval et al. [123] who found
evidence that tremor in PD is induced by abnormal BG firing, generated by
the thalamus and modulated by the cerebellum. A recent study of Dirkx et
al. [124] showed that the basal ganglia influences the cerebello-thalamocortical circuit through the motor cortex. These studies show that there
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might be other target sites in PD for successful tremor suppression than the
STN. Our studies showed that studying these networks in the presence and
absence of peripheral tremor could result in new insight into the
intermittent phenomenon, and in several cases task dependency, of tremor.
Changes in cortical activity due to tremor presence or absence during a
short task are best recorded using EEG and DBS due to the high temporal
resolution. A disadvantage of EEG is that only superficial activity is
measured and activity changes in deeper brain structures cannot be
localized very accurately. High-density EEG could reduce the spatial
resolution limitations to some extend [125]. Due to its invasive nature DBS
cannot be studied in healthy subjects for comparison. Furthermore,
recordings are only possible from very limited regions and not the entire
network. In patients with a clear task dependent tremor fMRI could be used
to visualize the whole network instead of single nuclei.
Detecting tremor and other symptoms, reliably and objectively is not
only important for diagnostic purposes but, if integrated for example into
wearables or clothing, could be used to monitor, provide feedback to the
patient and evaluate therapeutic interventions [126].

7.2.

Quantification of timing ability

Patients with PD and ET experience difficulties with movement
initiation and continuation. A well-known phenomenon in PD is freezing of
gait [127]. That the timing ability in these patient groups is disturbed has
been demonstrated in several studies [39, 45, 46]. However, studies often
focus on a specific patient group. We showed that deficits in tapping
accuracy (TA) and variability (TV) exist in PD and ET patients [89]. For this
purpose patients performed a bimanual tapping task at two different cue
frequencies, 2 and 4 Hz (see Figure 3.1 for a schematic task overview). The
cue frequencies were presented using a digital metronome, which was
alternately turned on and off. The results suggest that the addition of a
straight forward bimanual tapping task with little equipment has the
potential to be used in clinical practice to support clinical decision making
during the diagnostic procedures of movement disorders. Especially, the
combination of TA/TV and the occurrence of kinetic tremor resulted in
interesting findings. Kinetic tremor seemed to have no influence in TA in PD
patients, but resulted in worsening of the TA in ET patients [89]. This will
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have to be evaluated in a larger population, but seems to have potential in
differentiating kinetic tremor in PD from kinetic tremor in ET.
Additionally, we have looked at cortical and subcortical activity patterns
during the bimanual tapping task to identify pathological changes in neural
activity in ET and PD. The network involved in timing motor tasks consists
of the cerebellum, basal ganglia, supplementary motor area and rightinferior frontal and parietal cortical areas [128]. The cerebellum projects to
the primary motor and premotor areas and is thought to be mainly involved
in synchronization tasks [128]. Our findings in the HC group during the cued
(synchronization) tapping task are in accordance with that. However,
similar activation patterns were found during the non-cued (continuation)
task. A possible explanation is that HC were able to perform the tasks
automatically or at least that automaticity increased in the course of the
task. Balsters et al. [129] showed that the cerebellar activity decreases with
increasing automation of movement. In PD primarily the frontal areas were
activated during both cued and non-cued movements. As the cerebellar
activity is increased during synchronization tasks and projections from the
cerebellum to the prefrontal cortex exist [130], it could be a compensatory
mechanism in PD patients. Furthermore, this would also explain the wide
area of activation seen in the ET group during the 2 Hz tapping task.
Hyperactivity of the cerebellum is thought to be the underlying cause of ET,
and a further increase of the activity of the cerebellum due to a motor task
could result in hyper-activation of the frontal areas. One of the things we
have not looked into in the second study, due to the limited population size,
is a possible difference in the cortical activity pattern in patients with and
without kinetic tremor. Further dividing each task into TW and NTW would
be of interest, but requires a larger population. This could lead to more
insight into the pathological nature of kinetic tremor and its influence on
movement accuracy in PD and ET.
In chapter 6, patients performed the bimanual tapping task in the MRI
scanner. In contrast to the EEG study, the cue (2 Hz) was presented visually
instead of auditory because of the noise produced by the MRI scanner.
Furthermore, the task design was slightly different. The block design of the
task consisted of 1 minute of rest, 30 seconds without cue and 30 seconds
with cue and 1 minute of continuous tapping, the first 30 seconds with cue
followed by 30 seconds without cue (see Figure 6.2). Even with the adapted
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task design, less activation of the motor cortex was found in the ET group
compared to the HC group. This supports the findings of the EEG study
(Chapter 5). The contrast of cued movement versus non-cued movement
showed the most notable differences between groups. In ET, cueing seemed
to have almost no effect on activation patterns, but in the PD group crossmodelling between different sensory areas seemed to occur (Chapter 6).
The cross-modelling seen in the PD group could be part of the underlying
neural mechanism that facilitates movement initiation and continuation in
this patient group when an external cue is presented.
In this thesis PD and ET subjects were included, who were diagnosed
with PD or ET, respectively according to the current clinical diagnostic
process. As mentioned before the rate of misdiagnosis could result in a
potential bias of the outcomes of the studies included in this thesis. Only
post mortem studies can give 100% certainty of the correct diagnosis. To
minimize the changes of such a bias all subjects were included by an
experienced movement specialist who was not involved in the diagnostic
process. Also videos for rating the MDS-UPDRS and TRS were evaluated by
a third specialist.

7.3.

Outlook

The aim of this thesis was not so much determining underlying
pathological networks and exact pathological mechanisms in PD and ET, as
determining objective parameters that are different between these two
groups. The overall idea behind this study was to develop an objective
diagnostic system for movement disorders. A complete diagnostic system
has not been established, but we showed that unique, objective parameters
and patterns for specific movement disorders exist. New diagnostic,
therapeutic and monitoring methods, such as machine learning [126, 131,
132], closed-loop DBS [133-135], other home-based monitoring systems
[136] and ambulatory systems could make use of some of these objective
parameters and patterns. Possible applications of our findings will be
discussed briefly below.
Machine learning algorithms using kinetic parameters are often used in
gait analysis [137, 138] for diagnostic purposes and monitoring of disease
progression during medical interventions. Furthermore, machine learning
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algorithms for tremor evaluation are being developed [139]. Tremor
parameters in the frequency domain used for machine learning are
amplitude, power distribution, frequency dispersion and median frequency
[139]. Our method to split data into TW and NTW could be used prior to
feature extraction for machine learning. Parameters such as the tapping
variability and accuracy could be used as new parameters for machine
learning algorithms.
DBS is a treatment option for patients without significant cognitive or
psychiatric problems who suffer from severe motor fluctuations due to
medication or severe tremor which is non-responsive to medication [140].
It involves uni- or bilateral placement of electrodes in the brain, with the
STN being the most effective and most commonly used target site.
Postsurgical programming of the DBS can take 3 to 6 months for optimal
results [140]. Re-programming can be done, but it does not happen
automatically, based on for example symptom (re-)occurrence. Closed-loop
DBS systems are still in the experimental stage. The idea is that they can
measure electrophysiological signals of PD motor symptoms and
automatically adapt the stimulation [141]. The introduced method for
tremor detection is not suitable in its current form for closed-loop DBS.
However, we showed that cortical patterns are different during tremor
windows compared to non-tremor windows. The next step could be to
determine cortical activity patterns prior to tremor onset allowing to
prevent tremor to occur. If a reliable pattern can be found, this could be used
for closed-loop DBS. Additionally EMG and accelerometer data could be
reevaluated with respect to finding distinct changes in, for example, the
power distribution of a signal prior to tremor onset or during a tremor
episode. In case of finding such patterns, these could be used for adaptation
of DBS stimulation. Such patterns could be used as input for machine
learning algorithms in closed-loop DBS.
Another treatment option for movement disorders is lesion therapy
[142]. It is one of the oldest treatments in movement disorders, but has run
out of favor with the upcoming of DBS. Due to the irreversible nature of
lesion therapy, DBS seemed the better solution for some time. However,
with the emergence of magnetic resonance-guided high-intensity focused
ultrasound it has once more captured the attention of researchers and
clinicians. Using this method highly precise lesions can be induced without
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the need for open brain surgery. Its effectiveness has been shown in ET and
PD when applied unilaterally. Long-term effects are yet to be looked at, but,
as it is an incisionless approach with fewer risks of hemorrhaging, it seems
to become an interesting treatment option once again. [142]. To determine
the exact underlying pathological networks is of special interest, as possible
new target sites may be found that are more easily accessible.
Data collected from home monitoring systems are often analyzed offline
and after tasks have been performed. In such a setting our method for
tremor detection could be used, for example for evaluating ON- and OFFtimes of Parkinson’s disease patients, as it detects tremor during multiple
tasks. Furthermore, we showed that cortical activity is different for TW and
NTW. The same technique could be used to investigate other symptoms and
in case of successful symptom reduction it could be used to determine
whether a specific intervention results in more normal/healthy activity or
in activation of compensatory pathways. Ambulatory systems are often
used for symptom monitoring [143-145]. However, with the emerging
technology of, for example, augmented and virtual reality, ambulatory
systems for therapeutic interventions are becoming more and more
interesting. Smart-glasses have been used to provide external auditory and
visual cues to patients with Parkinson’s disease [145, 146]. The findings of
our studies show that cueing has an effect on the movement abilities and
cortical and subcortical activation patterns in PD but not so much in ET.
These patterns, in addition to the TA and TV could be used to investigate the
optimal cue for a system such as smart glasses to provide non-invasive
therapeutic treatment for patients with PD, especially to support
performing daily activities.
The cortical and subcortical activation patterns found in this thesis
contribute to a better understanding of the underlying pathophysiology of
PD and ET patients. Furthermore, we have found several quantitative and
objective parameters that could be used to support clinical decision making
during the diagnostic process of patients with movement disorders. To
establish and determine these parameters (chapters 2 through 5) straight
forward experimental setups were used. The equipment used in these
studies is widely available and does not require specially trained personal,
with exception of the MRI scanner. This is important, because establishing
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new diagnostic parameters with equipment that is hardly available, time
consuming, expensive or only useable by highly trained personal, will not
likely result in clinical usage.

7.4.

Conclusion

At the beginning of this thesis two objectives were formulated. In
chapters 2 and 3 the first objective, quantifying tremor occurrence in ET and
PD subjects and identifying corresponding cortical activity, was discussed.
The method introduced in chapter 2 to detect tremor in accelerometer and
EMG data, is able to detect tremor occurrence in both data streams and
during different motor task. Using this method, we were able to quantify
tremor occurrence in PD and ET patients. This method provides a good basis
for a more complete quantification of tremor and not just the occurrence.
The next step should be to test this method in other patient groups and to
recalculate more tremor parameters, other than the TSI for the detected
tremor and non-tremor windows. The results of chapter 3 support the
usefulness of splitting data into tremor and non-tremor epochs prior to any
further analysis. The cortical activation patterns suggest a distinct
difference in the underlying pathophysiology of parkinsonian and essential
tremor. Therefore, it can be stated that the first objective has been met.
The second objective, quantifying the timing deficits of ET and PD
subjects during voluntary movement under different conditions and
identifying corresponding neuronal networks, was discussed in chapters 4
through 6. The main finding was that auditory and visual cues effect patients
with ET and PD differently. In chapter 4 we showed that the movement
parameters TA and TV did not result in clear differences between the
groups, but the co-occurrence of kinetic tremor effected the groups
differently. In future studies, that focus on kinematic parameters, this effect
should be analyzed in more depth. Chapters 5 and 6 showed that the
differences in cortical and subcortical activity patterns are much clearer
compared to the kinematic parameters alone. For future studies, we suggest
to analyze whether the presence of tremor causes the differences found in
the cortical and subcortical structures, or the presence and absence of the
cue. Concluding, it can be said that objective 2 has been met, but that our
findings also give cause for future studies.
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