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Relationship between tremor and the onset of
rapid voluntary contraction in Parkinson's disease

MM Wierzbicka, G Staude, W Wolf, R Dengler

Abstract
It has been suggested that initiation of
voluntary movement in Parkinson's dis-
ease (PD) is synchronous with tremor
beats. This hypothesis was tested by
examining quantitatively the onset of
voluntary contraction in relation to the
tremor cycle. Five PD patients with
tremor at rest produced fast isometric
abduction of the index finger in reaction
time and selfpaced trials. For each trial,
the time interval from last tremor peak
to contraction onset was evaluated and
its frequency distribution was compared
with proposed statistical models. It was
found that patients most often initiated
contractions during the descending
phase of the tremor oscillation and that
the phasic EMG burst most commonly
occurred after the mid-point of the EMG
tremor cycle in both selfpaced and reac-
tion time conditions. These results indi-
cate that voluntary contraction is not
initiated arbitrarily with respect to the
tremor oscillation. Rather, there is a
systematic phase relationship between
the onset of the voluntary response and
tremor. Thus attraction of voluntary
movement to the tremor oscillator in PD
results from abnormally synchronised
motor units and failure to activate the
motor neuron pool voluntarily soon after
the tremor discharge.

(7 Neurol Neurosurg Psychiatry 1993;56:782-787)

Tremor is common in Parkinson's disease
(PD). It is classified into different categories
and named according to the condition that
precipitates it as in resting tremor, action
tremor, postural tremor, etc. Although clini-
cally obvious tremor might not be seen under
one condition it can appear, even in akinetic
patients,' when the muscle state is voluntarily
changed-for example, from rest to active
contraction. Because tremor is often present
during performance of voluntary motor
actions it could contribute to the impairment
of voluntary motor behaviour in PD. Some
observations have already been made on the
possible interaction between tremor and
voluntary movement. Hallett et a12 suggested
that "some delay in initiating movement in
patients with tremor at rest might come from
'waiting to get into correct time of the cycle' ".
Studies of repetitive finger tapping move-
ments showed that at certain cue frequencies

approaching tremor frequencies, PD patients
produce movements faster (hastening phe-
nomenon) or slower than intended.'4 Since
hastened voluntary responses were performed
at tremor frequencies, this effect was
assumed' to be caused by an attraction of vol-
untary movements to the tremor oscillator.
To provide direct evidence that tremor has

an effect on the voluntary motor response,
the relationship between tremor and the onset
of the response has to be examined quantita-
tively. The purpose of this study was to inves-
tigate the phase relationship between
isometric resting tremor and the onset of the
rapid voluntary contraction to determine
whether the initiation of a voluntary response
is arbitrary with respect to tremor, or occurs
during a certain phase of the tremor cycle.

Methods
DATA ACQUISITION
We studied five patients, aged 55-76 years,
with tremor at rest. All patients followed their
normal schedule of medication and experi-
ments were performed just before the next
dosage. During the experiment the patient
was seated comfortably in a chair with hand
and forearm supported on a table and
strapped to a heavy metal plate. The index
finger was immobilised in a metal rail which
was attached to a bipolar pull-push force
transducer (capacity 10 kg). Actual contrac-
tion force was displayed on a colour video
monitor in front of the subject as a vertically
moving bar. At the beginning of the experi-
ment, the subject was instructed to maintain
this bar at a horizontal broken line indicating
resting position and then to produce a con-
traction "as fast as possible" to a target shown
with a solid line. These resting and target
lines were displayed on the screen at all times
during the experiment.

Patients performed fast isometric index fin-
ger abductions in both reaction time (RT)
and selfpaced (SP) conditions. In RT trials
the subject was asked to react "as soon as
possible" when the screen background colour
changed from bl-ack to red. There was no
visual stimulus used in SP trials (screen
stayed the same colour) and the only verbal
instruction given to the subject was "respond
when ready". After a short practice session,
the patients produced 50-100 contractions
for each condition. Force and electromyo-
graphical (EMG) signals were acquired for
six seconds with 1 kHz sampling rate. The
EMG was recorded from the first dorsal
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Figure 1 (A) Single trial offorce recording. For each contraction two time intervals were
calculated tpp, peak to peak interval before voluntary contraction and tpo, peak to onset
interval; (B) The corresponding EMG recording. The tBB interval between the gravity
centres of the two last tremor bursts and the tBo intervalfrom the last tremor burst to the
first phasic burst were determined.

interosseous muscle (FDI) with surface
Liberty Mutual electrodes (MYO-1 11, 3dB
bandwidth of 120-500 Hz). Data were
analysed offline on a MicroVax II system.

DATA EVALUATION
The force signal was smoothed using a
Gaussian low-pass filter with a bandwidth of
50 Hz. For each contraction the time inter-
vals between the last two tremor peaks before
the voluntary contraction (t,p = peak to peak
interval) and from the last tremor peak to the
response onset (tpo = peak to onset interval)
were evaluated (fig IA). For each corre-
sponding EMG recording, time intervals tBB
between the gravity centres of the two last
EMG tremor bursts and tBo from the last
tremor burst to the first phasic burst were cal-
culated (fig iB). The tpo and tBo intervals
were then normalised with respect to the
length of tremor cycle and expressed in
degrees to indicate phase relationship

(po = tpoJtp x 3600
(PBO = tBOItBB x 360

where 3600 corresponds to the full length of
the tremor cycle.
The contraction onset was detected with

an automatic routine which is described in
the Appendix. The effectiveness of the onset
detection algorithm was tested on computer
simulated force trials. The discrepancies
between distributions of real and detected
onset are discussed in the Appendix. In gen-
eral, error of the onset detection in simulated
trials was very small. For five tested statistical
distributions of the onset (see section below,
models 1 to 5) the rate of the correct onset
detections by the automatic routine was high-
er than 95%. Nevertheless, in each experi-
mental trial, automatic onset detection was
additionally confirmed by visual inspection.
More than 70% of all voluntary contractions

were included in the final statistical evalua-
tion. The reason for rejection of a trial was
either lack of an evident resting tremor before
voluntary contraction (about 10%) or poor
quality EMG recordings (about 20%).

MODELLED DISTRIBUTIONS
In order to investigate the phase relationship
between contraction initiation and resting
tremor the measured frequency distribution
of (pDi phases was compared with five mod-
elled distributions. Each modelled distribu-
tion was generated with computer simulated
force data of 500 trials (Appendix). The
statistical distribution of the onset phase for
simulated data was different for each model.
Model 1 postulated no relationship between
tremor and the onset of voluntary contraction
and was represented by a uniform distribu-
tion of the onset over the tremor cycle (fig
2A). Model 2 assumed the voluntary contrac-
tion to be initiated with equal probability over
the entire descending phase of the tremor
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Figure 2 Onset phase distributions resultingfrom
different statistical models. (A) model 1 postulates uniform
distribution throughout the tremor cycle; (B) model 2
assumes uniform distribution on the descending phase of
the tremor cycle; (C) model 3 represents Gaussian
distribution on the descending phase of tremor centred at
1200 (SD 90°).
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cycle and was represented by uniform distrib-
ution over the first half of the tremor cycle
(fig 2B). Models 3, 4, and 5 proposed more
exact phase relationships between the onset
of voluntary contraction and tremor. Model 3
assumed a Gaussian distribution over the
descending slope with mean of 1200 (SD 90°)
(fig 2G), model 4 Gaussian distribution cen-
tred at the valley of the tremor cycle (mean
1800, SD 90°), and model 5 Gaussian distrib-
ution on the ascending slope (mean 2700,
SD 900).

Results
The force tremor frequency (reciprocal of
median tpp interval) for combined SP and RT
data ranged in patients from 2-4 to 5-3 Hz
and almost identical values were obtained
with EMG measurements (reciprocal of
median tBB interval, table 1). We found no
significant differences in the initiation of the
voluntary contraction in relation to the
tremor cycle among patients and in between
SP and RT trials within each patient (table
2). In addition, the statistical analysis of the
EMG data showed that the phasic EMG
burst was timed in relation to the EMG
tremor cycle in a similar way in all patients
under both SP and RT conditions (except
patient 4 in whom SP/RT difference reached
borderline significance (table 2). The PpO
median values tended to fall (table 2) into
the second quarter of the tremor cycle
(90°-1800) and median values of (PBO into the
last quarter (270°-360°). In general, 70% of
the 562 voluntary contractions that were
analysed were initiated on the descending
slope during the first half of the peak to peak
tremor cycle (0°-1800). In 90% of trials, the
phasic voluntary EMG burst was generated
after the mid-point of the EMG tremor cycle

Table 1 Median values and 95% confidence intervals of
EMG and the force tremor cycle length for combined SP
and RTdata

Patient EMG intval Force intval
No tBB (ms) tpp (Ms)

1 188 [183 194] 188 [184 191]
2 191 [188 195] 190 [186 193]
3 213 [209 218] 210 [204 217]
4 268 [256 275] 263 [253 270]
5 411 [380 433] 409 [377 430]
Mean 217 [211 222] 217 [210 222]

Table 2 Median values, 95% confidence intervals and results of non-parametric tests for
comparison between experimental conditions (SP vs RT) for each patient (U test,
Wileoxon-Mann-Whitney2') and across patients (H test ofKruskal-Walis2').

EMG phase pBO (deg) tfference Force phase pBO (deg) Dfferences
Patient SPIRT SPIRT
No SP RT U test SP RT U test

1 324 [294 348] 300 [280 313] 1-31 125 [103 176] 149 [107 175] 0-32
2 348 [292 362] 320 [290 341] 1-29 171 [144 196] 141 [114 172] 1-37
3 273 [248 344] 281 [271 327] 0-78 143 [116 187] 202 [192 207] 0-64
4 282 [238 307] 313 [295 337] 2-18* 172([121 208] 179 [142 215] 0-41
5 297 [236 329] 304 [233 337] 004 130 [79 183] 148 [108 178] 0-82

Differences between patients for SP andRT trials
H test 8-97 4-26 3-08 5-75

*Significant difference (U test and H test critical values at 5% level are 1-96 and 9-49
respectively).

(180°-360°). The difference in percentages of
the EMG and force evaluation is produced by
the onset detection procedure which biases
both (pq and qpao distributions but in different
ways (Appendix).
The frequency distributions of qpo and qBo

phases for all data combined are shown in fig-
ure 3. It is noteworthy that the force distribu-
tion ((po) is right-skewed. The asymmetry in
force distribution is seen (fig 3A) because the
contraction onset occurs at an early part of
the tremor cycle. Therefore onsets which
would belong to the left hypothetical tail of
the distribution (negative onset phase 9pO) are
referred to one tremor peak earlier and
appear in the right tail of the distribution (see
Appendix). For example, the onset occur-
rence at - 1000 is transformed to 2600. The
force was also analysed in the trials rejected
because EMG recordings were not of ade-
quate quality. However, these results were
not included in the final statistics for the sake
of consistency in data presentation, thus
allowing for direct comparison of force and
EMG distributions (fig 3). In general, the dis-
tribution of contraction onset phase in these
rejected trials was similar to that shown in
figure 3A.
The most important information contained

in both the EMG and force distributions is a
distinct preference to initiate voluntary con-
traction during certain phases of the tremor
cycle. As can be seen in the EMG distribu-
tion (fig 3B) there is a very small probability
of the occurrence of the phasic EMG burst
before the mid-point ofEMG tremor cycle. A
comparison of the empirical (pO distribution
(fig 3A) with modelled distributions shows
that only the distribution proposed with
Model 3 (fig 2C) fits the experimental data;
all other distributions differ significantly
(table 3). Model 3 assumes that the onset of
voluntary contraction has a Gaussian distrib-
ution over the tremor cycle with mean value
of 1200 (SD 90°). This result implies that
there is a systematic phase relationship
between the onset of voluntary contraction
and tremor.

Discussion
Our data indicate that the initiation of volun-
tary contraction tends to occur during the
descending phase of the tremor cycle. More-
over, the onset is not uniformly distributed
during this phase (as proposed by model 2).
Rather, there is a systematic phase relation-
ship between tremor and the onset of volun-
tary contraction as in model 3, which
provides a good fit to the experimental data.
The phasic EMG burst is most commonly
generated during the second half of the EMG
tremor cycle. It occurs slightly earlier (most
often at 3000) than expected from the resting
tremor burst (3600 fig 3b). The shorter inter-
burst interval might reflect the transition from
resting to faster action tremor.

Current data provide quantitative evidence
that the initiation of a voluntary motor
response is attracted to the tremor oscillator
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in PD. This finding confirms the observation
of Hallet et al2 that single rapid voluntary
movements are timed in relation to tremor.
The existence of a systematic phase relation-
ship between tremor and voluntary response
may account for the observation of Logigian
et aP that hastening or slowing of paced vol-
untary alternating motor responses are forced
to tremor frequencies (basic frequency and its
subharmonics). An attraction of voluntary
movement onset to tremor was also reported
for normal subjects5 even though physiologi-
cal tremor is much weaker than Parkinsonian
pathological tremor. Goodman and Kelso5
found that ballistic movements are initiated

Table 3 Comparison between the empirical distribution of
the contraction onset phase (fig 3a) and modelled
distributions (X2 goodness offit test).

Model Distribution %2

1 uniform, whole interval 0-360° 141-9*
2 uniform, descending phase 0-180° 433.0*
3 normal, descending phase 1200 (90°) 24-4
4 normal, valley 1800 (900) 69-3*
5 normal, ascending phase 2700 (900) 280.7*

*Significant difference (X2 = 25 is the critical value for signifi-
cance at 5% level,21 15 degrees of freedom, range 0-4500).

around the point of maximum angular veloci-
ty (at the ascending phase of tremor oscilla-
tion) which is mechanically the most energy
efficient time to start the movement.
Although we observed the voluntary response
onset to be during the descending rather than
the ascending phase of the tremor cycle, it is
difficult to compare our results directly to
those of Goodman and Kelso5 because of
differences in the paradigm used (isometric vs
isotonic) and in the nature of the tremor
being investigated (pathological vs physio-
logical).

It could be argued that changes in muscle
length or Ia discharge from muscle spindles
might play a role in enhancing onset of the
voluntary contraction during the descending
phase of tremor oscillation. Since these
experiments were performed in an isometric
condition, variation in muscle length was
small and should not have a significant effect
on force generated during voluntary contrac-
tion. It is also unlikely that discharge from
muscle spindles would increase probability to
start the voluntary contraction at the
descending slope. Microneurographic record-
ings from finger flexors (isometric condition)
during tremor at rest in patients with PD
showed that, most often, firing of spindles
occurred during both the relaxation and con-
traction phases, and rarely during the relax-
ation phase alone.6
We suggest that attraction to the tremor

oscillator in PD results from the discharge of
abnormally synchronised motor units and
failure to activate the motor neuron pool vol-
untarily soon after the tremor discharge.
Slower firing rates and, in general, prolonged
post-excitatory inhibition between synchro-
nous discharges have been previously report-
ed in PD patients.79 Since an attraction
phenomenon can produce some delays in
response initiation it may account for pro-
longed intermovement times in movement
sequences'011 and also for the slow rise in
force in PD.'2-'6 In rapid voluntary motor
responses of bradykinetic PD patients the first
EMG burst is often of insufficient magnitude
and additional EMG bursts are required to
accomplish the task.'21617 ThUS to initiate
each consecutive contraction the necessary
"waiting" time (presumably shorter when
larger forces are reached because action
tremor is faster than resting tremor) may
explain lack of smoothness and force irregu-
larities, such as characteristic staircase pro-
files, observed in both slow'5 and fast
contractions. 16

Since, in general, PD patients underesti-
mate the muscle activity required for a task,
Berardelli et al 12 suggested that in PD the link
between "perceptual appreciation" of the task
and "delivery of appropriate instructions" to
the motor cortex is broken. However, other
studies showed that PD patients have an ade-
quate internal model of the forces required to
produce movements'5 and that the overall
motor programme seems to be intact.'6 820

The present study supports the view that
abnormal voluntary motor behaviour in PD
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Figure Al Automatic
onset detection procedure.
Theforce signal, and its
first and second derivatives
are shown. The tolerance
window around each
waveform is marked with
broken lines. The earliest
departure ofone of these
signals from the window
was defined as a
contraction onset.
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Force (ms)
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Appendix
THE AUTOMATIC ONSET DETECTION
PROCEDURE
The contraction onset searching algorithm
was based on detection of the departure of
force and its higher derivatives from the
extrapolated tremor waveform (fig Al). The
force tremor signal was approximated by a
third order polynomial with a superimposed
sinewave as follows:

y(t) = a t3 + a t2 + alt +
ao + A cos (27rt/tpp + d) (1)1000 For each experimental trial the coefficients

(at, A, d) were determined so as to minimise
mean square error between the measured and
modelled force tremor (1) within a time inter-
val of three tremor cycles before the voluntary
contraction. The onset of contraction was
considered to occur when the signal exceeds a
window of certain width (± maximum error
during last three tremor periods, fig Al). To
increase the accuracy of onset detection (in
particular during ascending tremor phase) the
same procedure was applied to the first and
second force derivatives. The earliest of three
detected onsets (force F, dF/dt, d2F/dt2 was

1000 defined to be the onset of the voluntary
contraction.

TEST OF THE ONSET DETECTION PROCEDURE
ON COMPUTER SIMULATED DATA
In a simulated force trial, the tremor was rep-
resented by a sinewave with variability in the
length/amplitude parameters of the cycle sim-
ilar to that observed in PD subjects (length
SD = 30 ms, amplitude SD = 0-2 N) and a
voluntary contraction was modelled by a
cubic spline function (fig A2). For each test-
ed statistical distribution of the contraction

_~ onset (models 1 to 5) there was always a
1000 strong correlation (r > 0-97) between the real

onset (merging point between sinewave and
spline function) and computer detected onset
as indicated by the main diagonal cluster of
points (fig A3). However, in addition to the
main cluster, two smaller clusters of points

might be related to a deficit in control of
motor unit firing.'5 16 This deficit includes
failure to produce phasic EMG bursts of
sufficient magnitude'6 17 and, as shown in the
present study, inability to initiate voluntary
muscle activity in a continuous way.
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Figure A3 Test of the onset detection procedure performed
on 500 simulatedforce trials with onset having Gaussian

I distribution at 120° (SD 90'). The relationship between
200 real (merging point between sinewave and spline function)

and detected onset is shown. Note a strong correlation
between both onsets indicated by the main diagonal cluster
ofpoints. SmaUl corner components are consequences of the
methodology usedfor onset evaluation in periodic data
(Appendix).
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contraction with a cubic spline function.
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were also formed (fig A3). To explain the
upper left cluster, assume the real onset has a
Gaussian distribution centred at 1200 on the
descending tremor slope with SD = 900, as
proposed in model 3. The onsets which hap-
pen at a distance larger than 120° to the left
of centre of the distribution would occur
before the last tremor peak. This left tail of
Gaussian distribution (negative phase, (pO <
0) is detected by the applied procedure at
3600 + (pO because it is referred to one
tremor peak earlier (which in this case is the
last tremor peak before contraction, fig A3).
Thus our methodology for onset evaluation

transforms the original symmetric Gaussian
distribution into an asymmetric distribution.
The amount of symmetry distortion depends
on the position of the centre of the distribu-
tion in relation to the tremor cycle. The low
right cluster of points in fig A3 can be
explained by random fluctuations in the
length of the tremor cycle. It is then statisti-
cally possible that in some trials the length of
the last tremor cycle (t,p) can be shorter than
peak to onset interval (tpo). In such cases the
onset is detected at phases greater than 3600
(fig A3). It is worth emphasising that neither
of these effects contributes to error in the
evaluation of onset but they do indicate dif-
ferences between real and detected onset dis-
tributions which are consequences of the
methodology used to evaluate periodic data
with random variability of the cycle. This fact
has to be taken into account in order to
compare modelled distributions with those
obtained from experiments. Thus modelled
distributions shown in fig 2 represent
frequency distributions of the automatically
detected onset in simulated force data in
which real onset had statistical distributions
as postulated with models 1 to 3.

These effects are also present in the EMG
evaluation. However, the results of force and
EMG analysis are biased in different ways
because there is a phase difference between
EMG and force as well as in the location of
the onset in relation to the tremor cycle.
Therefore onset evaluation based on EMG
and force can differ somewhat, as can be seen
in the results section.
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