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Abstract

Background: The basal ganglia and cerebellum are brain structures involved in movement initiation, execution and
termination. They are thought to be involved in the tremor generation and movement deficits in Parkinson’s
disease (PD) and essential tremor (ET). Especially in PD, maintaining cyclic movement, such as walking or tapping
can be significantly disturbed. 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 is to evaluate the usefulness of a bimanual tapping task
as a tool during clinical decision making.

Method: Hand movements and tremor was 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 tapping task at two different frequencies, 2 Hz and 4 Hz, with and without the presence of auditory cues.

Results: No significant intra-group differences were found in the patient groups. Acceleration data revealed significantly
less accurate tapping and more variable tapping in PD than in ET and healthy controls. ET subjects tapped less accurate
and with a greater variability than healthy controls during the 4 Hz tapping task. Most interestingly the tapping accuracy
improved in PD patients when kinetic tremor was recorded with EMG during the task.

Conclusion: 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.
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Background

Movement disorders can affect all phases of movement,
i.e. the preparation, timing, execution and termination.
Two of the most common movement disorders are Par-
kinson’s disease (PD) and essential tremor (ET) [1, 2].
PD is considered a disease of the basal ganglia, and for
ET, literature suggests pathological changes in the
cerebellum [3]. 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 [4, 5]. ET
is clinically defined as a disorder, presenting with a
bilateral postural or/and kinetic tremor [6—8]. However, it
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has been shown that ET is a rather heterogeneous dis-
order making the diagnosis difficult when patients present
with a resting tremor as well as a postural or kinetic
tremor [7-9]. On the other hand, PD patients may express
a postural tremor, similar to the one seen in ET and no
resting tremor [10]. Furthermore, rigidity and postural in-
stability are two symptoms usually associated with PD, but
are also common in elderly [11], complicating the diagno-
sis of elderly PD (most people with idiopathic PD develop
symptoms at 50 years of age or older [12]) and late-onset
ET patients (late disease onset at age 46 and older [13]).
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 amp-
litude and frequency [14]. However, the ranges of these
tremor characteristics show significant overlap despite the
pathological differences and differences in classic clinical
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presentation [15]. Therefore, the rate of misdiagnosis in
ET is up to 37% with the most common true diagnosis
either PD (15%) or dystonic tremor [16, 17].

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 [18,
19]. PD patients often suffer from a difficulty to initiate
movements, including standing up or starting to walk,
and to continue rhythmic cyclic motion, including walk-
ing and finger tapping [19, 20]. Other studies have
shown that external cues enhance PD patients’ ability to
start and continue movements [20-22]. Several studies
have looked into patients’ ability to perform finger tap-
ping tasks when cueing was applied [19, 21]. 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 (4-5Hz)
patients tapped slower than the cue frequency [21]. Fur-
thermore, 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 [23]. A pilot
study by Espay et al. [18] 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. [24] found
an impairment of rhythm generation and an increased
variability of hand movement during externally cued
movements compared to HC. Furthermore, Avanzino et
al. [25] found that 1 Hz-rTMS over the ipsilateral lateral
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 compari-
son 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 (TETRAS)),
even though differences between patients and healthy
controls are known and adding such a task might be
useful during clinical decision making or analyzing dis-
ease 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
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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 move-
ment characteristics. An additional group of HC was in-
cluded 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 occur-
rence of kinetic tremor in the ET group compared to the
other two groups.

Methods

Participants

Eleven PD patients (3 Female (F); Age: 66 + 11) (mean +
std. (years)), seventeen ET patients (4 F; Age 58 + 17)
and nineteen HC (9 F; Age: 59 + 15) participated in the
study. HC subjects were matched in age as good as pos-
sible to both groups (see Table 1). No significant differ-
ences in age between the three groups was found (PD —
ET: p=0.29; PD — HC: p=028; 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 2. All sub-
jects were right-handed according to the Edinburgh
Handedness Inventory [26] 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 [27] and
showed neither major fluctuations in symptoms nor suf-
fered from severe dyskinesia. Additionally, all PD pa-
tients presented with a resting tremor during the
intake. ET patients had essential tremor according to
the criteria defined by the Tremor Investigation
Group [28], 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.

Experimental setup

Subjects were seated on a bed, with head and back sup-
ported 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 wrist joint were supported against gravity by
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Table 1 Overview of included subjects
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Table 2 Overview tremor frequencies

Subject Gender Age Duration (Years) Medication Subject Rest (Hz) (R/L) Posture (Hz) (R/L) Tapping (Hz) (R/L)
PD 1 M 69 Levodopa, Trihexyphenidyl PD 1 5/5 6/5 6/6
PD 2 M 67 4 Propranolol, Rasagilin PD 2 5/5 7/8 /6
*D3 F 81 5 Trihexyphenidy! *PD 3 6/4 5/7 ~/5
D4 M 62 2 Levodopa, Metoprolol succinat *PD 4 6/6 7/7 7/7
PD 5 M 712 Levodopa PD 5 9/8 6/6 /6
PD 6 F 43 3 - PD 6 8/8 9/8 —/=
PD 7 M 68 8 Levodopa, Rasagilin, PD 7 4/5 5/6 6/6
perindopril, omeprazole PD 8 6/6 6/7 .
oM o - PD9 7/6 6/7 5/-
PD 9 M 67 11 Levodopa, Benserazid D 10 6/6 55 -
*PD10 F 56 9 ;%/:ggst?HCarbidopa, PD 11 6/7 6/3 .
011 M @ 7 - T 6/7 6/6 -/~
ET 1 M 50 50 _ ET 2 5/5 7/6 6/5
T2 F 81 21 - TR - - -
*ET3 M 54 4 Propranolol ET 4 8/6 >/6 /=
ET4 M 85  Childhood Propranolol TETS B - -
“ET5 M 65 Childhood - Ere 776 " "
(6 F 51 Childhood - TR - -
*ET7 M 65 45 Propranolol ET8 8/7 78 /8
T8 F 23 Childhood - Ero " o6 "=
ETO9 M 49 9 Propranolol ET10 6/6 6/7 6/6
ET10 M 54 Childhood - BT o9 " /=
T M 70 Childhood - BTz "4 " o=
ARPIY 64 Childhood - ET13 &/8 8/8 8/7
ARERERY 55 Childhood - TETla - - -
*ET14 M 7212 Propranolol ET 15 6/6 >/7 /7
ET15 M 27 Childhood - ET16 o5 >/10 o/6
ET16 F 81 Childhood - i i o7 -
17 M 45 Childhood B PD = Parkinson’s Disease, ET = Essential Tremor, R = Right hand, L = Left hand.

PD = Parkinson’s Disease, ET = Essential Tremor, M = Male and F = Female,

R =Right hand, L = Left hand. The asterisk * marks the subjects that were
either excluded (Essential Tremor and Healthy Controls) due to technical
failure or false execution of the task or not able to perform the 4 Hz tapping
task (Parkinson’s disease)

the bed and tapping movements were made by wrist
flexion. Subjects had to continuously tap with both
hands on the bed next to their legs for three minutes at
each frequency. The three minutes were split into blocks
of thirty seconds, with alternately the auditory cueing
switched on and off. 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.

The tremor frequencies are given for each individual patient. For the postural
tremor patients had both arms outstretched in front of them at shoulder level

Hand movement was recorded with 3D accelerometers
(TMSi, Oldenzaal, The Netherlands) attached to the
back of each hand, approximately in the middle of the
third metacarpal bone. Sensor size is 13x10x5 mm and
sensor weight is 2 g.

Muscle activity was recorded from the m. extensor
carpi ulnaris of both arms using surface electromyog-
raphy (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, Woerden,
The Netherlands).
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In this study EMG and accelerometers were used to
record movement and tremor as they may provide
complementary information.

Data pre-processing

First the norm of the accelerometer vectors was cal-
culated, 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 2s of each
block were removed to avoid transition effects, giving
3 blocks of 26 s for each condition. This was done for
the 2Hz 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.

Data analysis

Acceleration and EMG data were split into 3 s 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 +/-1Hz of the cue fre-
quency, resulting in the spectrum between 1 and 3 Hz
and between 3 and 5Hz 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 use two measures that are retrieved from the acceler-
ation data, the tapping accuracy (TA) and tapping
variability (TV).

The tapping accuracy (TA):

N
Z( fcue_ ftap7 n)

TASubject = N (1)

With f,. the predefined cue frequency, f,, . 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.

The tapping variability (TV):

N
Z;| (fmean_ftap, n) |

TVSubject == N

(2)

With f,,.., the mean tapping frequency during cued
and non-cued movement, f,,, , the tapping frequency in
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epoch n, and N the total number of epoch. 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 in-
dependent of the predefined cue frequency. TA and
TV were also calculated from the EMG data. This
was done to determine whether the measurement sig-
nals 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 and 14
Hz [29]. 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 (5-14 Hz) and the average
power in the movement band (1-5Hz) exceeded a
threshold level of 0.8, according to Eq. 3:

f<14
> Pxx(f)/Nrr
=5

_— f
Kinetic Tremor : -—————— >0.8 (3)

> Pxx(f) /Nyr
f=1

With Pxx(f) the power at each frequency, f, Nz the
number of samples in the tremor frequency band and
Nyr the number of samples in the movement band
(1-5Hz). 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 approximately twice the
mean ratio of the HC group. Kinetic tremor was only
determined using the EMG data, because the occur-
rence of high-power higher harmonics of the move-
ment in the accelerometer data (see Fig. 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.

Statistical analysis

To determine differences in accuracy and variability dur-
ing cued and non-cued movements (movement condi-
tion) 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:
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Fig. 1 Example of the time signal and corresponding power spectral density. Time signal (10's) and 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 Fig. a) Data are of a
representative healthy subject. b) Data are of an ET patient with high power kinetic tremor at 6 Hz. ¢) Data are of a PD patient with high power

kinetic tremor at 4 Hz

A Time signals and PSD of a healthy control: 2 Hz Tapping Task

01

s
o
o a

Acceleration (mis?)
s
&

o o
= o

Amplitude (mV)
°
S

e e

9

o
o

Accelerometer: Time signal

4 6
Time (sec)

EMG: Time signal

4
Time (sec)

Power ((m/s?)/Hz)
©

Power ((m/s?)iHz)

x10* Accelerometer: PSD

a

»

~

Frequency (Hz)

x10° EMG: PSD

6 8 10 12 14
Frequency (Hz)

B Time signals and PSD of an essential tremor patient: 2 Hz Tapping Task

Accelerometer: Time signal

e

Acceleration (mis?)

Amplitude (mV)

4
Time (sec)

EMG: Time signal

4 6
Time (sec)

Power ((m/s?)/Hz)

Power ((m/s?)/Hz)

x10° Accelerometer: PSD

8
Frequency (Hz)

C Time signals and PSD of a Parkinson's disease patient: 2 Hz Tapping Task

Accelerometer: Time signal

015

Acceleration (mis?)
°
° o

o

4
Time (sec)

EMG: Time signal

Amplitude (mV)
o o 4 I
8 8 % 8§

°

4
Time (sec)

Power ((m/s?)iHz)

Power ((m/s?)iHz)

1410 : Accelerometer: PSD

12

10 12 14

6 8
Frequency (Hz)




Luft et al. Journal of NeuroEngineering and Rehabilitation

e Difference in TA and TV between the left hand cued,
right hand cued, left hand non-cued and right and
non-cued movement.

e Difference in TA and TV: main factor hand

e 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:

e Difference in TA and TV: main factor group.

e Difference in TA and TV: main factor group and
interaction factor movement condition

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

Results

After visual inspection of the data 2 HC and 1 ET pa-
tient 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 1) were not able to perform the 4 Hz tapping
task due to fatigue or other reasons. Eventually, 17 HC,
12 ET subjects, 11 PD subjects (2 Hz tapping task) and 8
PD subjects (4Hz tapping task) were included in the
analysis.

In Fig. 1, data of a HC (A), an ET (B) and PD (C) pa-
tient is given. At the top, 10s of the pre-processed EMG
data and the corresponding PSD plots are shown. The
figure below shows the accelerometer data and corre-
sponding PSD plots for the same time frame of 10s. 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 2Hz, the tapping fre-
quency, 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.

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 “move-
ment condition”. In Fig. 2 the results that showed
significant inter-group differences are displayed: the re-
sults 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
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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 2Hz and 4 Hz tapping task respectively) (indi-
cated by asterisks). Considering only cued movement,
they tapped less accurate than the HC group.

EMG data revealed significant differences during the
4 Hz tapping task between the patient groups and the
HC group (indicated by asterisks). 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: 4.02 + 0.10 Hz).

Tapping variability

In Fig. 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 Fig. 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. 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. PD group tapped with greater
variability than the other two groups (indicated by
asterisks). And ET with a greater variability than the HC

group.

Kinetic tremor

Kinetic tremor was detected electrophysiologically in
nine of the thirteen ET patients using our tremor detec-
tion method. In three subjects tremor occurred during
both tasks, at both hands and during both tapping con-
ditions. 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 move-
ment. Five subjects presented with tremor at their left
hand. In eight of the eleven PD patients tremor was de-
tected electrophysiologically during at least two of the
eight hand-condition-task combinations. Three subjects
(27%) presented with a tremor in the right hand during
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Fig. 2 Tapping accuracy. Tapping accuracy determined with the accelerometers for the 2 Hz (a) and 4 Hz (b) tapping task. Significant differences
between individual task/hand combination are indicated by asterisks. HC = Healthy controls (light grey); ET = Essential Tremor (dark grey);

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
Fig. 4 it is shown that during the 2 Hz tapping task (A),
the PD subject 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 move-
ment, whereas the presence of tremor does not seem to
have an effect on the variability in the ET group.

Discussion

We hypothesized that kinetic tremor would occur more
frequent 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. Differences exist

between PD and ET patients in performing rhythmic cyc-
lic movements under cued and non-cued conditions. First,
the mean tapping frequency during the 4 Hz tapping task
is significantly lower in the PD group than the ET group.
Second, acceleration data revealed significantly less accur-
ate tapping in the PD group than the ET group during the
2 Hz tapping task. Third, acceleration and EMG data re-
vealed 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.

Tapping accuracy and variability

Overall, the PD group tapped less accurate than the other
two groups. This was the case for the cued and non-cued
movement during the 2 Hz tapping task and consistent
with the findings of Freeman at. al [21]. 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 this dysfunction can to some extent
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 find-
ings of Freeman et al. [14] and could be due to bradykine-
sia affecting these patients. In general, the ET subjects also
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tapped slower than the cue frequency of 4 Hz. Therefore,
it can be concluded that ET as well as PD patients experi-
ence a timing problem during rhythmic, cyclic move-
ments. 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 [30].
The cerebellum is involved in the timing of movement. It
acts as an internal timing system and this system is dis-
turbed in ET patients [31]. Furthermore, differences in ac-
tivity 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 de-
creased 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 wide-
spread changes might lead to a timing problem in the
cerebellum in ET patients, a timing problem between exe-
cuting voluntary movement (tapping) and causing invol-
untary movement such as tremor. In PD external cueing
is thought to take over the function of the basal ganglia as
an internal clock by activating the cerebellum as a com-
pensatory pathway. However, the activation of the cerebel-
lum due to the cue also causes an increased kinetic
tremor in some patients. Helmich et al. [32] introduced
the dimmer-switch model for parkinsonian resting tremor
in which it is suggested that the basal ganglia activates
tremor (switch), and the cerebello-thalamo-cortical circuit
modules tremor amplitude (dimmer). This concept might
also be applicable for kinetic tremor in case of cued move-
ment. As a compensatory mechanism the PD group
can tap more accurately by bypassing the basal gan-
glia, 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 ad-
verse effect on motor output due to the dysfunction
of the cerebellum. In a future study we hope to fur-
ther 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 4Hz a pattern generator is most
likely activated.

Kinetic tremor

Kinetic tremor is commonly found in ET, but also in
some PD patients [33] which can cause confusion be-
tween 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
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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 seemed to have no effect on the ET
group it influenced 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, Fig. 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 repetitive movements. Louis et al. [34]
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 2). This indicates
that tremor symmetry is not a good indicator for differ-
entiation between PD and ET.

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 suit-
able to detect such differences. Thirty seconds of cued
movement was 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 [20] 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
non-cued 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 non-dominant 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 where the
way of executing the movement is known. Induced kin-
etic tremor was expected in the extensor muscles and
could therefore be measured by choosing these muscles
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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. exten-
sor carpi radialis of the left and right forearm. Acceler-
ometers 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. Re-
sults were in no case contradicting each other. Differ-
ences could be caused by the activation of additional or
other muscles, not measured here with surface EMG, in-
fluencing 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 move-
ment of the hand, necessary for tapping, is caused by ac-
tivation 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 supple-
mentary information as also shown in other disciplines,
such as prosthetics [35]. 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 al-
ways 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 [36]
and therefore to less or no movement. Another possi-
bility 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 [37].

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 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 2Hz tapping
task.

Conclusion

This study showed that with a straightforward experi-
mental 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 de-
creased tapping accuracy in ET could be used in a
classifier model to support clinical decision making
during the diagnostic process of PD and ET.

(2019) 16:54

Page 10 of 11

Acknowledgments

We would like to thank all patients and healthy controls, who participated in
this study. Furthermore, thanks to Twente Medical Systems International B.V.
(TMSi, Oldenzaal, The Netherlands) for providing all hardware components
used in this study. Thanks go to Thijs Boerée for writing the customized
LabVIEW software. We would like to thank Dr. J.D. Speelman for evaluating
and scoring (UPDRS and TRS) all patient videos and Thijs Boeree for
providing the LabVIEW script for data recording.

Funding
This work was supported by the Dutch Technology Foundation STW,
NeuroSIPE Project 10739.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

FL made substantial contributions to data acquisition, analysis and
interpretation, and was responsible for drafting and revising the manuscript.
SS made substantial contributions to data acquisition and revising the
manuscript. WM made substantial contributions to data acquisition and
revising the manuscript. AS, AvR, LB, PV and TH have been involved in
revising the manuscript and gave final approval for publication.

Ethics approval and consent to participate

All subjects gave written informed consent in accordance with the
Declaration of Helsinki prior to participation and the study is approved by
the medical ethics committee of the Academic Medical Center in
Amsterdam, The Netherlands.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Biomedical Signals and Systems, University of Twente,
Enschede, The Netherlands. “Department of Neurology, Amsterdam
Neuroscience, Amsterdam UMC, University of Amsterdam, Amsterdam, The
Netherlands. *Department of Mechanical, Maritime and Materials
Engineering, Delft University of Technology, Delft, The Netherlands.

Received: 11 January 2019 Accepted: 30 April 2019
Published online: 07 May 2019

References

1. Louis ED, Ferreira JJ. How common is the most common adult movement
disorder? Update on the worldwide prevalence of essential tremor. Mov
Disord. 2010;25(5):534-41.

2. Pringsheim T, et al. The prevalence of Parkinson'’s disease: a systematic
review and meta-analysis. Mov Disord. 2014;29(13):1583-90.

3. Sharifi S, et al. Neuroimaging essentials in essential tremor: a systematic
review. Neuroimage-Clinical. 2014,5:217-31.

4. Parker KL, et al. Executive dysfunction in Parkinson’s disease and timing
deficits. Front Integr Neurosci. 2013;(7):75.

5. Postuma RB, et al. MDS clinical diagnostic criteria for Parkinson'’s disease.
Mov Disord. 2015;30(12):1591-601.

6. Elble RJ. Essential tremor is a monosymptomatic disorder. Mov Disord.
2002;17(4):633-7.

7. Espay AJ, et al. Essential pitfalls in “essential” tremor. Mov Disord. 2017;32(3):
325-31.

8. Bhatia KP, et al. Consensus statement on the classification of tremors. From
the task force on tremor of the International Parkinson and Movement
Disorder Society. Mov Disord. 2018,33(1):75-87.



Luft et al. Journal of NeuroEngineering and Rehabilitation

20.

21.

22.

23.
24.
25.
26.
27.

28.

29.

30.

31

32.
33.

34.

35.
36.

37.

(2019) 16:54

Cohen O, et al. Rest tremor in patients with essential tremor: prevalence,
clinical correlates, and electrophysiologic characteristics. Arch Neurol.
2003,60(3):405-10.

Shahed J, Jankovic J. Exploring the relationship between essential tremor
and Parkinson's disease. Parkinsonism Relat Disord. 2007;13(2):67-76.
Salzman B. Gait and balance disorders in older adults. Am Fam Physician.
2010;82(1):61-8.

de Lau LM, Breteler MM. Epidemiology of Parkinson's disease. Lancet
Neurol. 2006;5(6):525-35.

Hopfner F, et al. Early- and late-onset essential tremor patients represent
clinically distinct subgroups. Mov Disord. 2016;31(10):1560-6.

Mansur PH, et al. A review on techniques for tremor recording and
quantification. Crit Rev Biomed Eng. 2007;35(5):343-62.

Hess CW, Pullman SL. Tremor: clinical phenomenology and assessment
techniques. Tremor Other Hyperkinet Mov (N Y). 2012;2.

Jain' S, Lo SE, Louis ED. Common misdiagnosis of a common neurological
disorder: how are we misdiagnosing essential tremor? Arch Neurol.
2006;63(8):1100-4.

Elble RJ. What is essential tremor? Curr Neurol Neurosci Rep. 2013;(13, 6):
353.

Espay AJ, et al. Impairments of speed and amplitude of movement in
Parkinson’s disease: a pilot study. Mov Disord. 2009;24(7):1001-8.

Yahalom G, et al. Hand rhythmic tapping and timing in Parkinson’s disease.
Parkinsonism Relat Disord. 2004;10(3):143-8.

Rubinstein TC, Giladi N, Hausdorff JM. The power of cueing to circumvent
dopamine deficits: a review of physical therapy treatment of gait
disturbances in Parkinson'’s disease. Mov Disord. 2002;17(6):1148-60.
Freeman JS, Cody FW, Schady W. The influence of external timing cues
upon the rhythm of voluntary movements in Parkinson'’s disease.

J Neurol Neurosurg Psychiatry. 1993;56(10):1078-84.

Willems AM, et al. The use of rhythmic auditory cues to influence gait in
patients with Parkinson’s disease, the differential effect for freezers and non-
freezers, an explorative study. Disabil Rehabil. 2006;28(11):721-8.

Tolleson CM, et al. Dysrhythmia of timed movements in Parkinson’s disease
and freezing of gait. Brain Res. 2015;1624:222-31.

Farkas Z, Szirmai |, Kamondi A. Impaired rhythm generation in essential
tremor. Mov Disord. 2006;21(8):1196-9.

Avanzino L, et al. Cerebellar involvement in timing accuracy of rhythmic
finger movements in essential tremor. Eur J Neurosci. 2009;30(10):1971-9.
Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia. 1971;9(1):97-113.

Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease.

Arch Neurol. 1999;56(1):33-9.

Chouinard S, Louis ED, Fahn S. Agreement among movement disorder
specialists on the clinical diagnosis of essential tremor. Mov Disord.
1997,12(6):973-6.

Carboncini MC, et al. The relation between EMG activity and kinematic
parameters strongly supports a role of the action tremor in parkinsonian
bradykinesia. Mov Disord. 2001;16(1):47-57.

Franz EA, Ivry RB, Helmuth LL. Reduced timing variability in patients with
unilateral cerebellar lesions during bimanual movements. J Cogn Neurosci.
1996,8(2):107-18.

Bares M, Husarova |, Lungu OV. Essential tremor, the cerebellum, and motor
timing: towards integrating them into one complex entity. In: Tremor Other
Hyperkinet Mov (N Y), vol. 2; 2012.

Helmich RC, et al. Cerebral causes and consequences of parkinsonian
resting tremor: a tale of two circuits? Brain. 2012;135(Pt 11):3206-26.
Teravainen H, Calne DB. Action tremor in Parkinson’s disease.

J Neurol Neurosurg Psychiatry. 1980,43(3):257-63.

Louis ED, Hernandez N, Michalec M. Prevalence and correlates of rest
tremor in essential tremor: cross-sectional survey of 831 patients across four
distinct cohorts. Eur J Neurol. 2015;22(6):927-32.

Gijsberts A, Caputo B. Exploiting accelerometers to improve movement
classification for prosthetics. IEEE Int Conf Rehabil Robot. 2013:6650476.

Ziv |, et al. Enhanced fatigue during motor performance in patients with
Parkinson’s disease. Neurology. 1998;51(6):1583-6.

Heida T, Wentink EC, Marani E. Power spectral density analysis of
physiological, rest and action tremor in Parkinson'’s disease patients treated
with deep brain stimulation. J Neuroeng Rehabil. 2013;10:70.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Method
	Results
	Conclusion

	Background
	Methods
	Participants
	Experimental setup
	Data pre-processing
	Data analysis
	Statistical analysis

	Results
	Tapping accuracy
	Tapping variability
	Kinetic tremor

	Discussion
	Tapping accuracy and variability
	Kinetic tremor
	Study limitations

	Conclusion
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

