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Abstract

In this study, we quantify the severity of drug-induced dyskinesias in the arms of Parkinson’s disease (PD) patients using digitised spiral-
drawing tasks. Two spiral drawings, namely a circular and a square spiral, are designed to, respectively, represent the continuous and discrete
arm motions, and the size of the spiral is decided so that both the distal and proximal arm joints are involved. Fifteen PD patients, average
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isease duration 14.4± 7.4 years, were assessed 30 min after a levodopa challenge whilst performing circular and square spiral-draw
he velocity of drawing movements was computed and the amplitude of the involuntary dyskinetic movements was measured as t
eviation of the drawing velocity (SD-DV). The mean amplitude of dyskinetic movements was compared between arms and task
orrelated with clinical measures including the Bain dyskinesia scale and the total unified Parkinson’s disease rating scale (UPD
he results showed that there was no statistically significant difference in the amplitude of dyskinesias either between the arms

he continuous (circular) and discrete (square) spiral drawings in this group of PD patients, but interestingly the interaction betwee
rawing pattern was significant. Significant correlations were found between the magnitude of dyskinesia measured from the spir

asks and both the ‘on’ or ‘off’ UPDRS and also the Bain dyskinesia scale. We conclude that the drawing tasks may be used to
bjective method of quantifying the severity of drug-induced dyskinesias in the arm in PD patients.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Drug-induced dyskinesias (Hallett, 2000; Nutt, 2001) in
arkinson’s disease (PD) can be very disabling. Dyskinesias

n the arms usually appear as irregular involuntary move-
ents involving the shoulder, elbow and wrist, and can be in-

ermingled with other involuntary movements such as tremor.
he effective characterisation and quantification of dysk-

nesia not only improves our understanding of its patho-
hysiological mechanisms, but also helps diagnosis and the
valuation of treatments. Several quantitative instrumental
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techniques have been used to quantify dyskinesia in
ing accelerometers, electromyography, force gauges, po
transducers, and Doppler ultrasound (for a review, seeHoff
et al., 1999). Depending on whether the purpose was clin
or research both ambulatory multi-axial accelerometer (Hoff
et al., 2001; Manson et al., 2000) and the laboratory-bas
movement monitor (Burkhard et al., 1999) techniques hav
been deployed.

We have previously attempted to quantify involuntary
movements in PD using visually guided wrist-tracking ta
originally developed to evaluate the efficacy of surgica
tervention on action tremor associated with multiple s
rosis (Liu et al., 1997). We found that, following levodop
administration, the drug-induced dyskinesias (mainly in
frequency range of 1–5 Hz) showed an increase in am
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tude whereas the action tremor (frequency range of 6–8 Hz)
showed a decrease (Tubbesing et al., 1999). Furthermore,
even though these two types of involuntary arm movement
were intermingled during tracking, we were able to selec-
tively study the drug-induced dyskinesias (Liu et al., 2001)
and action tremor (Liu et al., 1999) of the wrist in PD pa-
tients by testing during a selected medication condition and
differentially extracting the component using a proper filter
around 5 or 6 Hz on the compound tracking signal.

Various drawing tasks have been studied (Fukushi and
Ashe, 2003; Lacquaniti, 1989; Mergl et al., 1999; Moran and
Schwartz, 1999; Reina and Schwartz, 2003) and clinically,
scoring the patient’s drawing performance is a convenient
and effective way to assess the severity of motor dysfunc-
tions such as tremor of the upper limb (Bain et al., 1993).
Digitising tablets can be used to quantify normal (Lacquaniti
et al., 1987; Mergl et al., 1999) and tremulous arm move-
ments (Elble et al., 1996; Erasmus et al., 2001; Pullman,
1998). Spiral drawing may be particularly suited to quan-
tifying involuntary arm movements involving more than just
a single joint, as in order to draw a spiral in 2D both the
distal and proximal arm joints must be used. In addition, the
degree of involvement of the arm joints alters as the diam-
eter of the drawing movements changes; so that the larger
the limb movement, the smaller the magnitude of the con-
tributions obtained by motions at distal relative to proximal
j 3
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spiral-drawing tasks were also correlated with a dyskinesia-
specific assessment, the Bain dyskinesia scale.

2. Method

2.1. Subjects and clinical assessments

Sixteen patients, aged 18–78, with a clinical diagnosis of
idiopathic PD and average disease duration 14.4± 7.4 years,
were recruited from PD outpatient clinics in Devon and Corn-
wall, UK. Inclusion criteria were levodopa-induced dyskine-
sia rated at≥2 (out of 12) on questions 32–34 of the UPDRS
and fixed anti-Parkinsonian medication for at least 1 month
prior to the study, which was primarily a clinical trial ex-
amining the effect of cannabis on PD dyskinesia (Carroll et
al., 2004). The study received ethical approval from the Ply-
mouth Local Research Ethics Committee, UK, and written
informed consent was obtained from all participants prior to
enrollment. Six healthy subjects, aged 25–45, were recruited
to serve as controls.

The following clinical assessments were carried out: (i)
the total UPDRS score was recorded whilst patients were
in the off-medication and then on-medication state and
(ii) dyskinesia-specific assessments using the Bain dyski-
nesia scale, whilst the patients were in the on-medication
s
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iven that in PD, drug-induced dyskinesias may involve

he joints in the arm the dyskinesias are better represen
spiral-drawing task rather than our previous tracking

n which the patient’s movements were largely restricte
he wrist (Liu et al., 1999, 2001; Tubbesing et al., 199),
ecause with spirals there are changes in the overall siz
ection and velocity of the drawing movements that wid
ecruit muscle groups and joints in the arm.

Another issue that needs to be considered in using dra
asks to quantify dyskinetic arm movements for PD pati
s the effect of their Parkinsonism on their voluntary draw

ovements; as these may in turn influence the asses
f dyskinesias during drawing (Brown et al., 1999; Wenze
urger et al., 2003). In particular, PD patients may have m
ifficulty performing drawings in which changes of mo
ent direction and velocity are discrete compared to gra
nd continuous. To assess the possible interaction be

he voluntary movement involved in drawings and the d
nesias, two patterns, namely a circular and a square s
ere designed to, respectively, represent the continuou
iscrete motions.

In the present study, we assessed the clinical relev
f drawing tasks as a method of quantifying drug-indu
yskinesia by correlating the indices derived from the d

ngs, representing dyskinesias, with the clinical assessm
hat were also performed simultaneously. The total un
arkinson’s disease rating scale (UPDRS) score was rec
hilst patients were in the ‘off-medication’ and then ‘o
edication’ state. Furthermore, the results obtained wit
t

tate.

.2. Drawing tasks and signal acquisition

Templates of a circular and a square spiral were mad
A4-size paper and placed underneath a transparent p

heet fixed on the surface of a digital graphic tablet (Eas
6, Netway Components Limited, Kent, UK) which w

onnected to a laptop PC. The circular spirals had m
al outside diameter of 100 mm and the square spira
maximum outside length segment of 100 mm. Both

als involved four cycles each with an incremental cha
f 14 mm in diameter between turns (Fig. 1a). Before eac
ecording, the centre point of each spiral was registered
y placing the pen onto the centre of the template. The

ients and normal controls were instructed to hold a
nd trace the spiral templates at a self-paced velocity.
rawing was performed from the centre outwards and

nwards back to the centre. Thus the drawings were
ormed in both clock- and anti-clockwise directions. T
rawings were made without allowing the forearm to
n the drawing board and both arms were tested altern
he pen position was continuously recorded and the d

ng signal was digitised at a rate of 50 Hz. Drawings w
isplayed on-line on the PC screen and the data were
nto a hard disk for analysis off line. For the PD patie

he drawings were recorded when an examiner (PGB)
idered the dyskinesias to be prominent, which was us
t least 30 min after the levodopa challenge. The test
f levodopa used the dispersible formulation (normal e



X. Liu et al. / Journal of Neuroscience Methods 144 (2005) 47–52 49

Fig. 1. (a) Templates of circular and square spirals; (b) examples of spiral drawing of a healthy control; and (c) examples of spiral drawing of a patient with
levodopa-induced dyskinesias.

morning dose + adjustment for normal dose of dopamine ag-
onist + 25%).

2.3. Signal analysis

The signals obtained from the spiral drawings were filtered
with a zero phase, four-pole Butterworth filter with corner fre-
quency 25 Hz. The position signals of the pen in horizontal,
vertical, radial and tangential directions were differentiated
to yield velocity signals. The power spectrum of the veloc-
ity signal in each drawing direction was obtained using fast
Fourier transform over segments of 5 s. The velocity signals
were then bandwidth filtered in the range of 1–5 Hz to ex-
tract the dyskinetic movement so that contamination by the
accompanying voluntary drawing movements (<1.0 Hz) and

action tremor (>5 Hz) could be eliminated. Then the standard
deviation of drawing velocity (SD-DV) for each direction
was computed from the extracted velocity signals represent-
ing dyskinesias. All signals were processed using MATLAB
(Version 6.5, MathWorks, Inc., Natick, MA, USA).

2.4. Statistical analysis

The mean SD-DV value averaged across two directions
was used to represent each of the two drawing patterns. The
difference in the SD-DV between the drawing patterns and
hand sides were tested using analysis of variance (ANOVA)
across 16 patients with a completely-within design as all of
the measurements were obtained from the same patient group.
Correlations between the SD-DV and clinical assessments
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Fig. 2. A power spectrum of a patient’s spiral drawing. Voluntary drawing
movements (<1.0 Hz), drug-induced dyskinesias (1–5 Hz) and action tremor
(6–10 Hz) can then be differentially extracted.

were analysed using linear regression with a confidence range
of 95% and its statistical significance was tested on the cor-
relation coefficients.

3. Results

The drawings of normal controls (Fig. 1b) were smoother
with much less error than the drawings of the patients
(Fig. 1c), which were characterised by irregular errors around
the defined trajectories of the drawing templates (Fig. 1a).
Power spectra of the drawing velocity data in the normal
controls showed the voluntary drawing movements were pre-
dominantly located in the frequency range of <1.0 Hz. Among
the PD patients, drawings showed three distinct components
in the frequency spectrum: (1) similar to normal drawings,
the voluntary drawing movements with a frequency range
<1.0 Hz; (2) irregular dyskinetic movements with a broad
peak ranging from 1 to 5 Hz; and (3) action tremor oscillating
around 6–10 Hz and usually having a sharp peak (Fig. 2). A
filter with a bandwidth of 1–5 Hz was then added before com-
puting the SD-DV in order to subtract the dyskinetic move-
ments and reduce contamination by the co-existing voluntary
drawing movements and action tremor.

The averaged SD-DV values of the circular and square spi-
ral drawings made by the left (11.75± 5.85 mm/s, circular;
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Fig. 3. Significant correlations of the mean standard deviation of move-
ment velocity (SD-DV) of the drawings with the UPDRS medication-on
(A), medication-off (B) and Bain dyskinesia (C) scores.

4. Discussion

In this study, we quantified drug-induced dyskinesias in
the arms of PD patients whilst they were drawing circular
and square spirals in 2D using a digital tablet. The following
aspects of upper limb Parkinsonian dyskinesias were con-
sidered in the design of this method. First, the spiral-drawing
tasks involved changes in drawing diameter and direction that
allow deficits in the movement and coordination of all the
joints in the arm to be detected and the movement in 2D (for
instance, radial/tangential in circular or horizontal/vertical in
square spiral drawings) to be analysed. Second, the position
of the drawing pen was continuously recorded and digitised
at a fixed rate, allowing temporal in addition to spatial infor-
mation of the arm movement to be obtained and analysed in
the time and frequency domains. In addition, the method re-
quires very limited hardware which is readily transportable,
so that patients could even be assessed in their own homes.

We designed two patterns of spiral, namely the circular
and square spirals, equivalent in overall size, number of turns
and increment distance. By comparing drawings performed
.52± 4.04 mm/s, square) and right (9.89± 4.30 mm/s, cir
ular; 11.00± 6.37 mm/s, square) arms of the 16 PD pati
ere statistically tested using two-factor ANOVA. No sign
ant difference was found between: (i) the left and right a
P< 0.47); (ii) the circular and square drawings (P< 0.84);
ut (iii) a significant difference was found in the interact
etween arm and drawing pattern (P< 0.02). This result in
icates that the left arm has higher SD-DV scores for circ
rawings than the right arm, whereas the right arm has h
D-DV scores for square drawing than the left arm. The h
ifference appears to be most obvious for the circular d

ngs specifically.
Significant correlations were found between the SD

nd the scores obtained from the on-medication UP
r = 0.63,P< 0.02,n= 16; Fig. 3A) and off-medication UP
RS (r = 0.64,P< 0.02,n= 16;Fig. 3B), and the Bain dysk

nesia scale (r = 0.65,P< 0.01,n= 16,Fig. 3C).
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on these two patterns, we examined the possible difference in
dyskinesia amplitude that may be induced by the pattern of
voluntary drawing movements. As a result of bradykinesia,
PD patients might have displayed more deficits when drawing
a spiral in which changes in movement direction and veloc-
ity are discrete compared to when a gradual and continuous
motion is required. However, our results showed that no sig-
nificant difference was found in the SD-DV score between
these two patterns of spiral drawing in this group of PD pa-
tients. This may imply that bradykinesia in the patients that
we studied were largely overcome by dopaminergic medi-
cation, as patients were tested for dyskinesias during their
on-medication state. On the other hand, one factor that might
have compromised detection of a differential bradykinetic
effect was that visual guidance was provided throughout the
test as the patients were essentially tracing a visually pre-
sented template. Bradykinesia, a consequence of dysfunction
of the basal ganglia, is more profound when no visual cues
are available as the involvement of the cerebellar pathways
are then largely redundant (Jueptner and Weiller, 1998). Fur-
thermore in our drawing tasks the overall amplitude of dyski-
nesias may have been overestimated because of the presence
of visually dependent voluntary error correcting movements
(around 1.7–2 Hz). These are a common feature associated
with on-line visual feedback control of normal slow manual
movements in healthy subjects (Miall et al., 1993), and in
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ing task results obtained in each patient showed significant
correlation not only to the overall UPDRS scores both on-
and off-medication, representing Parkinsonism in general,
but also the scores on the Bain dyskinesia scale which specifi-
cally scores dyskinesias. On the other hand, depending on the
specific purpose of the assessment, a more detailed analysis
would be appropriate, e.g. to study the interaction between
voluntary drawing and involuntary dyskinetic movements.

The methods described in this paper were applied to the
assessment and quantification of upper limb drug-induced
dyskinesia in a randomised double-blind clinical trial of
cannabis for dyskinesia in PD (Carroll et al., 2004). In ad-
dition to all the available patient- or physician-based clinical
assessments for dyskinesias, the method described here pro-
vided specific quantitative information about dyskinesias in
the arms whilst drawing. These drawing tasks can potentially
be used to quantify other involuntary movements that involve
the whole arm such as intention tremor or chorea and may
assist in their diagnosis as well as the evaluation of medical
or surgical treatments.
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