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A B S T R A C T

Graphical tasks can provide objective measures of important motor symptoms of movement disorders such as
Parkinson’s disease (PD). These tasks could potentially be useful in clinical settings for (early) diagnosis and
monitoring of such diseases. However, before such tasks can be used clinically, reproducibility needs to be
investigated. The present study assesses the reproducibility of these graphical tasks including age-effects in
healthy adults. Overall, performance on circle, spiral and zigzag tracing tasks and a writing task showed good
reproducibility (intraclass correlation coefficients (ICC) > 0.7). Reproducibility was similar to the reproduci-
bility of the Purdue pegboard task, which is an already validated fine motor control task. Reproducibility for the
modified Fitts’ task was moderate (ICC = 0.6). Reproducibility was higher in older participants compared to
younger participants. To conclude, performance on graphical tasks, especially tracing and writing tasks, was
reproducible in healthy adults, which is essential for future diagnostic and monitoring purposes in patients.

1. Introduction

Despite the increased use of computers, the use of a pen for hand-
writing and drawing is still an important skill in daily life that everyone
is expected to master. Holding a pen and performing handwriting and
drawing is one of the most complex fine motor functions of humans [1],
involving a cooperation between the central nervous system (CNS) and
the musculoskeletal system [2]. Therefore, deficits in brain function or
in the musculoskeletal system due to a disease, such as movement
disorders [3] or trauma could cause deterioration in handwriting and
drawing ability [2]. Even though handwriting and drawing are complex
functions, these graphical tasks entail overlearned skills [4]. Therefore,
once mastered, performance on such tasks is expected to not con-
siderably improve or deteriorate over time anymore [4]. Because of this
expected stability in performance, graphical tasks are interesting to
study to gain more insight into the changes in motor control due to a
movement disorder, such as Parkinson’s disease (PD) [5–7], to evaluate
treatment effects [8,9] or to study fine motor control in general
[1,10–14]. A system to record graphical tasks, like handwriting and
drawing, was developed in a European project to aid in the diagnostic

process of PD (the DiPAR project: funded by the EC under the FP7-SME-
201001 programme, grant agreement 262291). This system consists of
a pen and tablet and custom software, based on a concept by Manus
Neurodynamica Ltd. In a previous study we showed that a set of stan-
dardized graphical tasks, recorded with this newly developed system,
could provide objective measures of important motor symptoms of PD
and allowed distinguishing between PD patients and gender and age-
matched healthy control participants [15]. In addition, we showed that
performance on these tasks improved after taking dopaminergic medi-
cation in PD patients [16], indicating validity/responsiveness of the
tasks. Before graphical tasks such as those used in the newly developed
system can actually be used clinically for diagnosis, screening or
monitoring, their characteristics and added value should be assessed
[17]. According to Van den Bruel et al. [17], several steps should be
followed in this process. Besides assessment of validity, another im-
portant step is to examine the reproducibility of the results, defined as
the ability to achieve the same test results on repeated testing [17].
Therefore, the goal of the present study was to investigate the re-
producibility of this set of graphical tasks, executed with the newly
developed system, with a one-week interval in healthy participants of
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different ages.
Previously, reproducibility of similar graphical tasks has been in-

vestigated [14,18,19]. However, the scope of these previous studies was
limited. In addition, reproducibility needs to be investigated for each
newly developed system. Mergl et al. [14] investigated reproducibility
in young adults (n = 21) only and their measures focused on movement
speed. Erasmus et al. [18] only investigated reproducibility of drawing
precision between two consecutive days. Finally, Feys et al. [19] fo-
cused on tremor measures and only investigated short-term test-retest
reliability for a spiral drawing task in multiple sclerosis patients with
tremor. Additionally, in the present study intraclass correlation coeffi-
cients (ICC) were used to determine the reproducibility, instead of
Pearson or Spearman correlations which were used in the earlier stu-
dies. For the ICC, the data are centered and scaled using a pooled mean
and standard deviation, whereas for the Pearson or Spearman correla-
tion coefficient, each variable is centered and scaled by its own mean
and standard deviation. Because measurements on repeated testing are
of the same quantity and unit, the ICC is a better measure to examine
reproducibility than the Pearson or Spearman correlation coefficient.
Furthermore, since some movement disorders are typically diagnosed in
specific age groups - e.g., PD is typically diagnosed in persons older
than 60 years - in this study also the influence of age on reproducibility
of these tasks was examined.

The graphical tasks which appeared to be the most useful (in terms
of their ability to distinguish between PD patients and controls and
their validity) in our previous studies [15,16] were included in the
present study. This set of tasks consisted of circle, spiral and zigzag
tracing tasks, an ‘elelelel’ writing task and a modified Fitts’ task. These
tasks are easy to perform and cover a large range of upper limb func-
tioning. The modified Fitts’ task was included to assess the speed-ac-
curacy trade off, which may be impaired in PD patients [20]. We ex-
plored whether these tasks, performed with the newly developed
system, show good reproducibility in healthy adults. To show that this
set of graphical tasks is able to serve its intended goal, it is important to
compare its performance to that of an existing test of fine motor control
[17]. Therefore, the reproducibility on the graphical tasks was com-
pared to the reproducibility of the Purdue pegboard test, since both
tests measure aspects of fine motor control. Over the years, the Purdue
pegboard test has been used in neuropsychological assessments and
rehabilitation contexts [21] and has been shown to be reliable [21–23].

To summarize, the present study investigated the reproducibility of
a set of graphical tasks employing a newly developed system. The re-
producibility of these graphical tasks was compared to the reproduci-
bility of an independent measure for manual dexterity, the Purdue
pegboard task. Additionally, the influence of age on performance of
these tasks was investigated.

2. Methods

2.1. Participants

Thirty-six healthy volunteers, recruited from the general popula-
tion, participated in this study. The handwriting and drawing tasks in
this study entail overlearned skills, and once mastered, performance on
such tasks is expected to not considerably change over time. Given the
small expected variability in the healthy population, the sample size
was considered adequate. The only inclusion criteria were perceived
health and being 18 years or older. After data collection was completed,
the participants were divided into three age-groups to investigate the
effect of age on reproducibility. The age ranges of the groups were
chosen to generate three equally-sized groups of 12 participants. The
young group consisted of participants aged 20–29 years (mean age
26.3, sd 2.5, 7 males), the middle-aged group was aged 30–55 years
(mean age 42.0, sd 6.4, 8 males) and participants in the older group
were aged 56–75 years (mean age 64.7, sd 6.2, 8 males). All partici-
pants provided informed consent and completed the tasks twice with

one week in between. Exclusion criteria were a history of epileptic
seizures, head injury, neurological or motor disorders, the use of
medication affecting movement, or a low (< 26) score on the Mini
Mental State Examination (MMSE). The study protocol was approved
by the Medical Ethical Committee of the University Medical Center
Groningen.

2.2. Experimental design

Participants were seated in front of a table in a comfortable position
to write. A tablet computer (ASUS Eee Slate EP121) and a newly de-
veloped digital pen with custom software were used. The position of the
pen-tip on the tablet during movement was recorded at a sampling
frequency of 200 Hz. The pen was not inking and had a wired con-
nection to the tablet. The pen has a length of 170 mm and a barrel
width of 20 mm. The pen-tip was a custom-made resonant circuit which
communicates with the Eee Slate, similar to the original Eee Slate
stylus. The size of the pen-tip was similar to the tip of a normal inking
pen to resemble writing on paper. The spatial resolution of the pen was
0.01 mm and the temporal resolution 0.005 s. The system made use of a
“Wacom enabled” touchscreen that incorporates an electromagnetic
array in the screen for highly accurate tracking of a stylus. The Wacom
technology along with appropriate Linux device drivers and a pro-
prietary software implementation allowed to monitor the variability of
the sampling rate of pen-tip tracking and subsequently oversample by
“latching” into 200 Hz. The resulting constant temporal accuracy was
validated by comparing event markers for contact between pen-tip and
tablet, for concurrent recording from the touchscreen with those from
the proprietary digital pen, over the full duration of trials. Participants
performed eight tasks (see Section 2.3.) with the digitizer pen on the
tablet using their dominant hand. Additionally, participants performed
the Purdue pegboard test. The examiner was seated behind an operator
computer to start and stop the recordings. The complete experiment
lasted approximately thirty minutes and participants were allowed to
have a break in between tasks. The participants were allowed to per-
form a few practice trials to get used to the system.

2.3. Tasks

Each participant performed several graphical tasks in the same
order to limit variability in task results. In addition, task order was
maintained because the newly developed system is intended to be used
in clinical practice, where a fixed task order will be used. Participants
were instructed to start the task at a signal of the examiner and to
perform the tasks at a comfortable speed, allowing them to move as
smoothly as individually possible. The newly developed system might
be used in the future in home-based settings for testing and monitoring
and therefore the instructions were kept as simple as possible. In ad-
dition, in a home-based situation it is difficult to implement and verify
an unnatural way of writing and thus the participants were not in-
structed to keep their arm in a specific orientation, to not interfere with
their natural way of writing. The participants first traced geometric
shapes; a circle, a spiral and a zigzag figure which were displayed on
the tablet (see Fig. 1). The circle and spiral were traced ten times in a
clockwise direction, starting from the 12 o’clock position (circle) or
from inside to outside (spiral). The zigzag was traced five times, from
left to right and back. During the tracing tasks the participants did not
receive visual feedback on the screen of the tablet, since we intended
for them not to be distracted by the traces of previous trials. In addition,
since the goal was to perform the tasks as smoothly as individually
possible, the participants were instructed to trace the figures, but were
not explicitly told to trace the figures as accurate as possible.

The next task consisted of writing ‘elelelel’ five times with each
phrase starting at the left side of the tablet. During this task the parti-
cipants were provided with visual feedback on the screen to resemble
natural writing on paper. An example of the ‘elelelel’ sentence was

E.J. Smits et al. Measurement 114 (2018) 177–184

178



printed on paper and placed on the table above the tablet. Thereafter, a
modified Fitts’ task was performed, which was similar to Fitts’ original
task [24] but adapted to the dimensions of our system. Participants
were asked to tap into two targets (filled circles, placed on an imaginary
horizontal line in the middle of the tablet) alternately with the pen-tip
as fast and as accurately as possible during 20 s. In eight subtasks the
difficulty of the tasks was altered by varying the distance between
targets and varying the diameter of the targets. The varying distances
and diameters were chosen according to the dimensions, to allow de-
termination of the relationship between movement time and difficulty
of tasks (see Section 2.4). In the first four subtasks (1–4), the distance
between the center of the targets was kept constant at 7 cm, while the
diameter of the targets was increased (0.7, 1.3, 1.9, 2.5 cm). In another
four subtasks (5–8), the distance between the center of the targets was
kept constant at 20 cm, while the diameter of the targets was increased
(0.7, 1.3, 1.9, 2.5 cm). Finally, the Purdue pegboard test (PPT) was
performed, that employed a board, pins, collars and washers. The board
contains two vertically oriented parallel rows with 25 holes in each row
and the pins, collars and washers are located in reservoirs at the top of
the board. Four subtests were performed in an order according to the
instructions [21]. In the first three subtests the participant was in-
structed to place as many pins as possible in the holes within 30 s, first
with the dominant hand, then with the other hand and finally with both
hands simultaneously. In the last subtest (assembly) the participant
used alternate hands to make as many assemblies as possible within
60 s. An assembly consisted of a pin, washer, collar and a second
washer. In accordance with the instructions, the participants were al-
lowed to practice before each subtest [21].

2.4. Data analysis

The drawing and tracing tasks were analyzed using custom made
scripts in Matlab 7.4.0 (R2007a). Since movement time (MT) was an
important measure of speed to distinguish PD patients from HC

participants [15], in the present study we also calculated mean MT per
repetition for the circle, spiral, and zigzag tracing tasks. MT in seconds
was calculated by dividing the total number of samples for each re-
petition by 200 (sampling frequency was 200 Hz). Mean MT was then
calculated as the average MT over all repetitions per participant. We
also calculated the mean deviation (in mm) from the template for the
circle, spiral and zigzag tracing tasks (mean error) as a measure of
accuracy. For each sample the pen-tip position (x and y coordinates)
was compared to the x and y coordinate of the template and the Eu-
clidean distance was calculated in mm. The deviation from the template
was calculated for each sample and repetition of the circle, spiral and
zigzag, and then averaged over all samples and repetitions for each
participant to derive the mean error for each task. The pen-tip position
data (x and y coordinates) of the ‘elelelel’ writing task were pre-
processed to detect the letters ‘e’ and ‘l’. For each letter MT was cal-
culated and then averaged over all ‘e’s’ and ‘l’s’, separately (see
Appendix A). Similarly, the mean width and height of the letters was
calculated.

The modified Fitts’ task was analyzed according to Fitts’ law [24].
The tradeoff between speed and accuracy was modeled by Fitts [24] in
the time required for movement (T):

= + ⎛
⎝

⎞
⎠

T a b A
D

log 2

Here, A is the distance between targets and D the target diameter. The
part log(2A/D) is known as the index of difficulty (ID). When multiple
IDs are available, a and b can be estimated by linear regression. In our
modified Fitts’ task eight IDs could be determined, since the task con-
sists of eight subtasks, with varying difficulty. For each participant the
mean T for each ID (each subtask) was calculated as the average time
needed to move the pen from one target to the other, to allow de-
termination of the relationship between movement time and ID. A
linear curve was then fitted to the data points and a least squares cal-
culation was used to determine the goodness of fit (R2). The R2 refers to

120 mm 

start 
x 

12 
mm 

120 mm 

60 mm 

Fig. 1. Templates and their dimensions for the
tracing and drawing tasks: a circle, spiral and
zigzag figure.
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the degree of compliance with Fitts’ law and was determined for each
participant. The slope of the fitted curves describes the extent to which
the performance becomes slower with an increase in ID and was cal-
culated for each participant, as well. These calculations resulted in two
measures: FittsSlope and FittsR2.

The results of the Purdue pegboard test were analyzed in ac-
cordance with the instructions [21]. The score on the first two subtests
was equal to the number of pins inserted in the holes within 30 s. The
score on the third subtest equaled the number of pairs of pins inserted
in the holes and the assembly score equaled the sum of the number of
assembled parts. Also a sum score was computed by adding the scores
obtained in the first three subtests (right hand + left hand + both
hands).

All measures were determined for the first and second measurement
day.

2.5. Statistical analysis

2.5.1. Reproducibility
Statistical analyses were conducted using SPSS 20.0.0.1. Since the

goal was to investigate the reproducibility of the tasks, the scores on the
first and second measurement day were compared for each task and
subtask. The handwriting system was primarily designed for diagnostic
purposes and therefore, the relative reliability for all tasks was de-
termined by the intraclass correlation coefficient (ICC). This was done
for the whole group as well as for each age-group separately. In this
study we used the two-way random ICC with absolute agreement, to
take into account systematic and random errors [25]. The ICC ranges
from 0 to 1. According to Andresen [26] an ICC between 0 and 0.40
signifies poor reliability, between 0.40 and 0.74 moderate reliability
and an ICC between 0.75 and 1.00 signifies excellent reliability.

2.5.2. Differences between measurement days and age-groups
Differences between measurement days and age-groups were tested

with a mixed factors ANOVA, with between subjects factor group (3
levels; younger, middle-aged and older) and within subjects factor time
(2 levels; measurement day 1 and day 2). Even though not all variables
were normally distributed an ANOVA was performed as ANOVAs are in
general quite robust for distribution violations and especially since the
data on day 1 was assumed to have the same distribution as on day 2,
this test was chosen. A Bonferroni correction was applied to correct for
multiple comparisons, which resulted in an alpha of 0.0036 (0.05/14)
for the graphical tasks and an alpha of 0.01 (0.05/5) for the pegboard
tasks.

3. Results

All participants (n = 36; mean age: 44.3; sd: 16.8; 23 male; 13 fe-
male) completed each of the tracing and writing tasks, the modified
Fitts’ task and the Purdue pegboard test twice with exactly one week in
between. The two measurements were performed at approximately the
same time, but at least within a range of three hours on both days. None
of the participants indicated that they were fatigued during the tasks or
that they needed a break in between tasks.

3.1. Reproducibility

Mean MT and mean error for each of the tracing and drawing tasks
are given in Table 1 for the total group and for each of the age groups.
Agreement between the first and second measurement for the total
group was moderate to excellent for mean MT on the circle, spiral and
zigzag tasks (circle tracing: ICC = 0.69; spiral tracing: ICC = 0.77;
zigzag tracing: ICC = 0.89). Agreement for the total group between the
first and second measurement for mean error was excellent for spiral
and zigzag tracing (ICC = 0.85 and ICC = 0.82) and moderate for
circle tracing (ICC = 0.47).

Table 1
Statistical results for the tracing tasks. Intra Class Correlation (ICC) coefficients and mean
movement time per repetition are displayed for the whole group as well as for the three
groups separately (mean(sd)). The results of the mixed factors ANOVA (F-value and p-
value) are also shown in this table.

Day 1 (mean
(sd))

Day 2 (mean
(sd))

ICC F p

Circle mean MT (s)
Group I (20–29 years) 3.6 (1.3) 2.3 (0.8) 0.21
Group II (30–55 years) 3.1 (1.2) 2.3 (1.1) 0.76
Group III (56–75 years) 4.5 (2.6) 3.7 (2.4) 0.78

Total 3.7 (1.9) 2.8 (1.7) 0.69 22.96 0.00

Spiral mean MT (s)
Group I (20–29 years) 7.4 (1.9) 6.0 (1.2) 0.41
Group II (30–55 years) 7.5 (2.4) 5.9 (1.7) 0.61
Group III (56–75 years) 10.8 (6.6) 9.1 (4.4) 0.81

Total 8.6 (4.4) 7.0 (3.1) 0.77 18.91 0.00

ZigZag mean MT (s)
Group I (20–29 years) 7.4 (1.6) 6.6 (1.9) 0.66
Group II (30–55 years) 7.4 (2.2) 5.9 (1.7) 0.62
Group III (56–75 years) 11.8 (7.1) 10.1 (6.1) 0.91

Total 8.9 (4.8) 7.5 (4.1) 0.89 22.45 0.00

Circle mean Error (mm)
Group I (20–29 years) 2.1 (0.5) 2.5 (1.0) 0.26
Group II (30–55 years) 2.3 (0.6) 2.6 (1.1) 0.54
Group III (56–75 years) 2.7 (1.5) 2.7 (1.8) 0.51

Total 2.4 (1.0) 2.6 (1.3) 0.47 1.10 0.30

Spiral mean Error (mm)
Group I (20–29 years) 2.5 (0.4) 2.6 (0.6) 0.73
Group II (30–55 years) 2.5 (0.5) 2.6 (0.6) 0.85
Group III (56–75 years) 2.6 (0.7) 2.7 (0.9) 0.92

Total 2.5 (0.6) 2.6 (0.7) 0.85 6.05 0.02

ZigZag mean Error (mm)
Group I (20–29 years) 2.1 (0.4) 2.4 (0.5) 0.59
Group II (30–55 years) 2.4 (0.8) 2.8 (0.8) 0.89
Group III (56–75 years) 1.8 (0.7) 2.0 (0.8) 0.77

Total 2.1 (0.7) 2.4 (0.8) 0.82 18.69 0.00

Table 2
Statistical results for the modified Fitts task. IntraClass Correlation coefficients (ICC) and
descriptive values for both measures of the Fitts' task (FittsSlope and FittsR2) are dis-
played for the whole group as well as for the three groups separately (mean(sd)). The
results of the mixed factors ANOVA are also shown (F-value and p-value).

Day1 (mean
(sd))

Day2 (mean
(sd))

ICC F p

FittsSlopea

Group I (20–29 years) 0.09 (0.02) 0.09 (0.02) 0.53
Group II (30–55 years) 0.09 (0.03) 0.08 (0.03) 0.62
Group III (56–75 years) 0.11 (0.02) 0.09 (0.04) 0.58

Total 0.10 (0.03) 0.09 (0.03) 0.58 5.06 0.03

FittsR2b

Group I (20–29 years) 0.91 (0.12) 0.93 (0.05) 0.05
Group II (30–55 years) 0.94 (0.04) 0.90 (0.09) 0.33
Group III (56–75 years) 0.93 (0.05) 0.88 (0.15) 0.00

Total 0.93 (0.08) 0.90 (0.10) 0.02 1.17 0.29

a FittsSlope represents the extent to which performance becomes slower with an in-
crease in difficulty of the task (scores range from 0.02 to 0.14, where a lower score means
that performance becomes less slow with an increase in difficulty compared to a higher
score, i.e. lower scores indicate better performance).

b FittsR2 represents the degree of compliance with Fitts' law (scores range from 0.55 to
0.99, where a higher score indicates better compliance with Fitts’ law, i.e. better per-
formance, than a lower score).
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The descriptive values for FittsSlope and FittsR2 are shown in
Table 2, for the total group, as well as for each age group separately.
Agreement for the total group between the two measurement days for
FittsSlope was moderate (ICC = 0.58) and poor for FittsR2 (IC-
C = 0.02, see Table 2).

The descriptive values for mean MT, width and height of the letters
‘e’ and ‘l’ for the ‘elelelel’ task are shown in Table 3 for the total group,
as well as for each age group separately. Agreement between the two
measurement days was moderate for the width of the letter ‘e’ and ‘l’
(ICC = 0.73 and ICC = 0.70, respectively) and excellent for mean MT
of the letters ‘e’ and ‘l’ (ICC = 0.81 and ICC = 0.82, respectively) and
height of the letters ‘e’ and ‘l’ (ICC = 0.90 and ICC = 0.89, respec-
tively).

Mean values for the scores on the Purdue pegboard task are shown
in Table 4. Agreement between the first and second measurement was
excellent for the both hands score, the sum score, and the assembly
score (ICC = 0.77, ICC = 0.78 and ICC = 0.90, respectively) (see
Table 4). The scores for the right hand and left hand resulted in a
moderate ICC (ICC = 0.50 and ICC = 0.71, respectively) (see Table 4).

3.2. Differences between measurement days and age-groups

The mixed factors ANOVA showed that there was a significant dif-
ference between measurement days for mean MT on the circle, spiral
and zigzag tracing tasks (all p < 0.0036, see Table 1). Mean MT on all

tracing tasks was significantly lower on day 2 compared to day 1. Mean
Error on the circle and spiral tracing task was not significantly different
between the two measurement days. Mean Error on the zigzag tracing
task was higher on the second measurement day compared to the first
(p < 0.0036, see Table 1). FittsSlope and FittsR2 were not significantly
different between the two measurement days. Mean MT of the letters ‘e’
and ‘l’ for the ‘elelelel’ task was significantly lower on the second
measurement day compared to the first (p < 0.0036, see Table 3). The
width and height of the letter ‘e’ and ‘l’ were not significantly different
between the two measurement days (see Table 3). There were no sig-
nificant differences between age-groups on all of the graphical tasks.

The right hand score, left hand score and the sum score on the
Purdue pegboard test were significantly higher on the second mea-
surement day compared to the first, according to the mixed factors
ANOVA (p < 0.01, see Table 4). The both hands score and assembly
score were not significantly different between the two measurement
days. The assembly score was significantly lower in the older age group
compared to the younger age group (p < 0.01, see Table 4). The other
scores on the Purdue pegboard test were not significantly different
between age groups.

4. Discussion

The aim of this study was to investigate the reproducibility of a set
of graphical tasks using a newly developed system, consisting of a di-
gital pen and tablet. Overall, the performance measures derived for the
tasks showed moderate to excellent test-retest reliability. Additionally,
this study showed that in general test-retest reliability increased with
age.

We showed that reproducibility on this set of graphical tasks, which

Table 3
Statistical results for the elel writing task. ICC coefficients and descriptive values for
performance on the elel task are displayed for the whole group as well as for the three
groups separately (mean(sd)). The results of the statistical analysis for differences be-
tween measurement days are also shown (mixed factors ANOVA (F-value and p-value)).

Day1 (mean
(sd))

Day2 (mean
(sd))

ICC F p

Mean MT (s) letter ‘e’
Group I (20–29 years) 0.32 (0.06) 0.26 (0.03) 0.32
Group II (30–55 years) 0.29 (0.06) 0.24 (0.05) 0.56
Group III (56–75 years) 0.35 (0.15) 0.32 (0.13) 0.94

Total 0.32 (0.10) 0.27 (0.09) 0.81 46.0 0.00

Mean MT (s) letter ‘l’
Group I (20–29 years) 0.41 (0.09) 0.35 (0.07) 0.59
Group II (30–55 years) 0.41 (0.09) 0.36 (0.07) 0.67
Group III (56–75 years) 0.49 (0.19) 0.46 (0.17) 0.90

Total 0.44 (0.13) 0.39 (0.12) 0.82 23.2 0.00

Width letter ‘e’ (mm)
Group I (20–29 years) 11.69 (3.03) 13.14 (3.50) 0.27
Group II (30–55 years) 12.19 (3.88) 11.24 (2.86) 0.78
Group III (56–75 years) 8.80 (4.11) 8.92 (3.68) 0.93

Total 10.89 (3.90) 11.10 (3.71) 0.73 0.21 0.65

Height letter ‘e’ (mm)
Group I (20–29 years) 23.53 (10.12) 24.92 (10.50) 0.89
Group II (30–55 years) 21.06 (9.21) 20.15 (7.78) 0.93
Group III (56–75 years) 16.40 (7.43) 18.13 (8.65) 0.87

Total 20.33 (9.23) 21.07 (9.25) 0.90 0.21 0.65

Width letter ‘l’ (mm)
Group I (20–29 years) 18.33 (5.36) 21.82 (7.70) 0.30
Group II (30–55 years) 19.73 (5.59) 19.70 (4.56) 0.83
Group III (56–75 years) 13.01 (6.53) 14.13 (6.84) 0.92

Total 17.03 (6.39) 18.55 (7.12) 0.70 3.31 0.08

Height letter ‘l’ (mm)
Group I (20–29 years) 48.07 (20.30) 51.42 (22.82) 0.88
Group II (30–55 years) 50.91 (16.69) 51.54 (15.75) 0.91
Group III (56–75 years) 38.62 (17.75) 43.15 (20.37) 0.90

Total 45.87 (18.56) 48.70 (19.70) 0.89 3.31 0.08

Table 4
Statistical results for the Purdue pegboard task (PPT). ICC coefficients and descriptive
values for performance on the PPT task are displayed for the whole group as well as for
the three groups separately (mean(sd)). The results of the statistical analysis for differ-
ences between measurement days are also shown (mixed factors ANOVA (F-value and p-
value)).

Day1 (mean
(sd))

Day2 (mean
(sd))

ICC F p

Right hand score
Group I (20–29 years) 14.92 (1.78) 15.92 (1.24) 0.23
Group II (30–55 years) 14.42 (2.02) 15.08 (1.93) 0.77
Group III (56–75 years) 13.67 (1.30) 14.50 (1.45) 0.17

Total 14.33 (1.76) 15.17 (1.63) 0.50 9.34 0.00

Left hand score
Group I (20–29 years) 13.17 (1.03) 13.92 (1.08) 0.48
Group II (30–55 years) 13.92 (2.11) 14.92 (1.93) 0.84
Group III (56–75 years) 12.83 (1.34) 13.50 (1.68) 0.56

Total 13.31 (1.58) 14.11 (1.67) 0.71 20.9 0.00

Both hands score
Group I (20–29 years) 11.17 (1.27) 11.67 (0.89) 0.41
Group II (30–55 years) 11.58 (2.15) 11.50 (2.20) 0.88
Group III (56–75 years) 9.83 (1.27) 10.25 (1.29) 0.57

Total 10.86 (1.74) 11.14 (1.64) 0.77 2.14 0.15

Sum Score
Group I (20–29 years) 39.25 (3.05) 41.50 (2.68) 0.46
Group II (30–55 years) 39.92 (5.63) 41.50 (5.57) 0.90
Group III (56–75 years) 36.33 (2.57) 38.25 (3.52) 0.65

Total 38.50 (4.18) 40.42 (4.28) 0.78 24.8 0.00

Assembly score
Group I (20–29 years) 37.67 (4.44) 39.42 (4.12) 0.69
Group II (30–55 years) 34.25 (8.36) 34.92 (7.22) 0.94
Group III (56–75 years) 29.17 (4.04) 29.83 (4.80) 0.80

Total 33.69 (6.77) 34.72 (6.69) 0.90 4.52 0.04
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measures aspects of fine motor control, was similar to the reproduci-
bility of an already validated fine motor control task, the Purdue peg-
board test. This suggests that the set of graphical tasks studied here
provides a reliable method to measure aspects of fine motor control.
Mean MT for the tracing and writing tasks and mean error per repeti-
tion for the tracing tasks were well reproducible, in line with previous
studies which also reported high test-retest reliability for MT on a circle
drawing task and some handwriting tasks [14] and mean drawing error
on a tracing task [18], although Pearson or Spearman correlation
coefficients were used in those studies to assess reproducibility [14]. In
our study, participants were significantly faster on a few tasks on the
second measurement day compared to the first, which suggests a
learning effect. According to Longstaff and Heath [4] handwriting and
drawing are overlearned skills and are not expected to considerably
improve or deteriorate over time. However, a possible learning effect
could be stronger in simple tasks compared to more complex tasks. It is,
for example, easier to increase speed on a simple circle tracing task than
on a spiral tracing task, as the spiral tracing task requires more accu-
racy. In the present study, the more complex tracing tasks – the spiral
and zigzag task - indeed showed better reproducibility than the simpler
circle tracing task. This confirms that there might be a smaller learning
effect for the spiral and zigzag tasks. In addition, the mean error for the
spiral and zigzag tracing tasks showed higher reproducibility than the
mean error for the circle tracing task. Similar results were found for the
Purdue pegboard test, for which reproducibility was also better on the
complex task than on the simple tasks. This finding suggests that
complex tasks are more reliable than simple tasks to assess fine motor
control, since learning effects between two measurements are smaller.
However, the tasks were performed in a fixed order and ‘getting used to
the system’ could also be a reason for the circle task being less re-
producible than the spiral and zigzag tasks. However, since the parti-
cipants were allowed to perform a few practice trials before the actual
experiment and indicated not to need any more practice trials at the
second measurement, we believe that ‘getting used to the system’ is not
the reason for the circle task being less reproducible. For the Purdue
pegboard task it was also allowed to practice before the actual mea-
surement started.

A seemingly conflicting finding in this study is the moderate to
excellent reproducibility as expressed by the moderate to high ICC
values while performance on some of the tasks was significantly dif-
ferent between measurement days. This could be explained by the fact
that the differences were in the same direction for almost all partici-
pants, i.e. all improved a bit on the second day. In such cases, when all
participants behave similarly, even small mean differences can be sta-
tistically different [25], but might be less relevant. However, these
small differences could indicate a learning effect and should be in-
vestigated further in clinical populations if the system would be used
for monitoring purposes.

The modified Fitts’ task was analyzed according to Fitts’ law, de-
riving two measures ‘FittsSlope’ and ‘FittsR2’. FittsSlope, representing
the extent to which performance becomes slower with an increase in
difficulty of the task, showed moderate reproducibility. FittsR2 re-
presents the degree of compliance with Fitts’ law and showed poor
reproducibility. This suggests that FittsSlope is a better measure for
performance on the modified Fitts’ task than FittsR2. However, the low
ICC on FittsR2 could also be explained by the fact that all scores are
very close to the maximum value of 1.00. A very small difference be-
tween the measurement days would have great impact on the ICC,
which might make the ICC less suitable to investigate reproducibility
for FittsR2. Furthermore, the modified Fitts’ task could be improved by
a larger range of difficulties of the different subtasks, which could lead
to an improvement in the reproducibility. However, the modified Fitts’
task was already adapted to the size of the tablet and adding more
varying subtasks, which are significantly more or less difficult than the
current subtasks, is not possible with the current system. More difficult
subtasks could for example be generated by creating a larger distance

between the targets, but this would only be possible by using a larger
tablet than the current tablet. This indicates that the modified Fitts’
task, performed with the current system, is less suited for diagnostic
and monitoring purposes in patients with movement disorders.

Movement time on all tasks increased with age, consistent with
previous studies [14,27]. However, the results of the older group were
generally more reproducible than the results of the other two groups,
which suggests that performance (in terms of speed) in the older group
is more stable over time. An explanation may be that older adults payed
more attention to performing the tasks correctly while the younger and
middle-aged groups were more focused on finishing the tasks quickly,
which may cause a larger learning effect in the latter groups. High re-
producibility of the speed at which fine motor control tasks are exe-
cuted in the older group indicates that these tasks might be particularly
suited for application in movement disorders such as PD, which is ty-
pically diagnosed in people older than 60 years, but less suited in
movement disorders which are diagnosed at very young or across all
ages. On the contrary, mean error for the spiral and zigzag tracing tasks
and writing size for the ‘elelelel’ tasks were highly reproducible for all
ages suggesting that drawing error and writing size might be more
suited for diagnostic or monitoring applications in movement disorders
that occur across all ages.

Graphical tasks have previously been proposed as an aid in the di-
agnostic work-up of movement disorders, since differences in perfor-
mance on these tasks have been found between patients with movement
disorders and healthy controls [5–7,15,28–30] and between patients
with different movement disorders [31]. However, none of these studies
included reproducibility testing, which is a necessary step before in-
troducing a test in clinical practice [17]. In the present study we
showed high reproducibility of several graphical tasks executed with a
newly developed system. Previously we already showed differences
between PD patients and HC participants based on these graphical tasks
[15] and that performance on these tasks improved after taking dopa-
minergic medication in PD patients [16]. Further testing of the set of
graphical tasks and the system used in the present study is still needed
with additional analyses, for example to show that PD patients can be
distinguished from patients with other movement disorders, such as
essential tremor. To investigate whether these graphical tasks are sui-
table for long term monitoring a longitudinal study should be per-
formed in which PD patients will be followed for a longer time-period.
Additionally, performance on such graphical tasks should be validated
against current gold standards in movement disorders, such as the
Unified Parkinson’s Disease Rating Scale.

5. Conclusions

To conclude, this study shows that a set of graphical tasks, which
measures fine motor control, has moderate to high reproducibility and
that reproducibility is similar to the reproducibility of another fine
motor control task, the Purdue pegboard task. The modified Fitts’ task
seems less suitable for clinical testing with the newly developed system
since the measures in the current setup only showed poor to moderate
reproducibility. We propose that more complex tracing tasks, such as
spiral and zigzag tracing and a letter writing task are more suitable for
clinical testing, because such tasks provide measures which are more
reliable than the measures provided by the simpler tasks.
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Appendix A

Elelelel writing task: Letter shape recognition analysis

To calculate the mean width and height of each letter in the ‘elelelel’ writing task, the pen tip position data (x and y coordinates) were pre-
processed. First, the data were split into separate segments, where each segment represented one line of text. This was done using an ‘in range’ signal,
which indicates whether or not the pen is in detection range of the tablet employing that, after writing one line of text, the patient lifts the pen so that
it is outside the detection range of the tablet. Subsequently, the segments corresponding to an ‘e’ or an ‘l’ were identified. The shapes in each line
were recognized by using a state machine that employs the direction of change of the pen tip position as input (similar to the method used in Smits
et al. [15]).

The data was processed according to the following steps.

1. The direction of change (Δx, Δy) of the pen tip position was approximated by dividing the difference between samples that are 20 samples apart
by 20. A sample distance of 20 rather than 1 is used as a data smoothing method thereby filtering irregularities in the input signal. The distance of
20 samples corresponds to a time span of 100 ms, because the signals were sampled at 200 Hz.

2. The signs of Δx and Δy were used to drive a state machine. For a ‘perfect signal’, the state’s cycle through the following states in order (see also
Fig. A1):
● State 1: Δx > 0, Δy > 0: the pen is moving right and up, from the start of the curve toward the rightmost point.
● State 2: Δx < 0, Δy > 0: the pen is moving further up but leftward, from the rightmost point to the top.
● State 3: Δx < 0, Δy < 0: the pen is moving further left but downward, from the top to the leftmost point.
● State 4: Δx > 0, Δy < 0: the pen is moving further down but rightward again, from the leftmost point to the bottom.

Since not all signals were perfect, the actual state machine was designed to detect errors and correct for these imperfections. Several additions
were implemented:

● During normal operation the state can only change from state N to state N + 1 (or from state4 to state 1). For each of these state changes there is
only one component that changes, and that is the only change the algorithm looks for. For example, in state 1 the algorithm only searches for a
time point when Δx becomes negative, and then the state changes to state 2.

● If the algorithm would try to go back one state (moving in the wrong direction) it stays in the current state; if it would try to go back yet another
state (both x and y going in the wrong direction) an error state is entered. If it recovers from the initial “wrong direction” it updates the starting
point of the current state.

● A fifth state, state 0, was included which indicates an error or initial state. When in this state, the next state (1, 2, 3 or 4) is selected based on the
signs of Δx and Δy directly (the state machine stays in state 0 in case either or both components are 0).

● If the direction component that is not expected to change in a state does change, the state changes to the error state, and recognition of the current
shape is cancelled: the ‘current’ curve is skipped. For instance, this error handling mechanism is evoked if the state is in state 1 (the pen is in the
lower right quadrant of the shape, moving right and up) and a downward move is detected.

Fig. A1. Left: A sample of text containing one ‘e’ and one ‘l’, including the recognized characteristic points (red dots). The numbered black arrows show the states of the state machine.
Right: An example of a real detected letter ‘e’. The light blue box indicates detected letters ‘e’. The line color indicates the state of the algorithm; black: state 1, dark blue: state 2, light
green/cyan: state 3, green: state 4, red: state 0/error. Markers indicate state changes; blue upward arrow indicates transition from state 1 to 2, blue leftward arrow indicates transition
from state 2 to 3, blue downward arrow indicates transition from state 3 to 4, a green circle indicates a transition from state 4 to state 1 and a red cross indicates a transition from any state
to state 0 (the points where an error is recognized). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.A shape is considered recognized if it went through states 1, 2, 3, 4 and into the next state 1 without errors. The four characteristic points are at
the four samples where the state changes occurred.

4.Recognized “shapes” that are very narrow (width < 0.7) or low (height < 2.0) are discarded. These limits were empirically determined. This
step was added to the algorithm to discard small movements that were sometimes classified as a letter.

For each recognized segment in the line the rightmost, leftmost and bottommost points were saved and each of these points was characterized by
an x coordinate, y coordinate and a timestamp. Then the letters were classified as an ‘e’ or an ‘l’ according to the height of the segment. A letter was
classified as an ‘e’ when the height of the segment was below the mean letter height and a letter ‘l’ was classified when the height of the segment was
above the mean letter height. To finish the analysis, width and height were calculated for each letter.
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