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1.1. Parkinson’s disease 

Parkinson’s disease (PD) was first described in 1817 by James Parkinson. There 
is ample knowledge regarding the symptoms and characteristics of PD, but the 
cause of PD is still largely unknown. PD is a neurodegenerative disorder that is 
often characterized by motor symptoms. The four cardinal motor symptoms are 
bradykinesia (slow movement), resting tremor (trembling of a body part in rest), 
rigidity (muscular stiffness), and balance problems[1]. In addition, other motor 
symptoms can be observed, such as freezing, shuffling gate, hypomimia (loss of 
facial expression) and micrographia (reduction in size of handwriting)[2]. PD has 
a prevalence of approximately 1.8 per 1000 in the European population and is 
primarily a disease of the elderly and middle-aged, but can occur in all age 
groups[3]. The average age at onset is 60 years. PD is a chronic and progressive 
disease and current treatment options are symptomatic. Unfortunately, signs of 
PD can be misdiagnosed by ascribing the signs of disability to normal aging or 
other movement disorders[4–6]. Current clinical diagnostic strategies are mainly 
based on the physician performing an assessment of motor and non-motor 
symptoms. Diagnostic accuracy clearly improves with increasing clinical 
experience[2,4,7]. As patients not always have access to movement disorders 
specialists diagnosis can be delayed. Yet, early diagnosis is important, as it allows 
early intervention and management toward an improved overall outcome for the 
patient[8]. 

1.2. Clinical assessment of Parkinson’s disease 

According to diagnostic criteria, developed by the UK Parkinson’s Disease 
Society Brain Bank, probable PD can be diagnosed when bradykinesia and one 
other cardinal motor symptom are present[2]. PD is a clinical diagnosis and the 
accuracy and reliability of assessing motor symptoms depend on the experience 
and interpretation of a clinician[2,9]. The most widely used clinical method to 
assess motor symptoms of PD is the motor part (part III) of the Unified 
Parkinson’s Disease Rating Scale (UPDRS-III)[10] or the Movement Disorder 
Society (MDS)-sponsored revision (MDS-UPDRS-III)[11]. However, the UPDRS-III 
has several limitations. Firstly, the UPDRS-III has limited sensitivity in mild 
stages of the disease and subtle motor signs could easily be missed[12]. Secondly, 
the inter-rater reliability is high for movement disorder specialists, but 
unfortunately not all patients have access to specialized movement disorder 
centres[13,14], which negatively influences the accuracy and reliability of the 
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UPDRS-III. Thirdly, the UPDRS-III needs to be evaluated by a trained assessor, 
which makes it less suitable for home-based monitoring. To add, when the 
UPDRS-III is used as monitoring tool, UPDRS scores between regular visits to a 
neurologists are compared[15]. However, PD patients are often seen by different 
clinicians during their regular visits, making comparison of UPDRS scores 
between visits less reliable. To potentially overcome these limitations and to aid 
in the assessment of Parkinsonian symptoms, quantitative assessment of these 
symptoms would be useful.  

1.3. Quantitative assessment of Parkinson’s disease 

The overall objective of the work described in this thesis was to design and 
evaluate quantitative measures to assess motor symptoms of PD. Quantitative 
assessment of motor symptoms of PD could be used to aid in the diagnostic 
process, by enabling general practitioners, nurses, or others not specialized in 
neurology and movement disorders to timely identify potential cases of 
Parkinsonism. However, such methods cannot replace the clinical evaluation, 
since diagnosing PD involves more than the assessment of motor symptoms. It 
includes careful history taking and the assessment of non-motor symptoms[1]. 
Therefore, quantitative assessments of motor symptoms of PD could serve as a 
screening tool or as add-on in the diagnostic process. The first important step to 
test whether such assessments could be useful in the diagnostic process is to 
investigate whether test results in PD patients differ from those in HC 
participants[16]. Second, it is important to assess the reproducibility of test 
results, which refers to the ability of a method to obtain the same test result on 
repeated testing[17]. Reproducibility tests should initially be performed in HC 
participants, since performance on the test is not influenced by medication or 
disease state in this group. 

If patients do have timely access to neurologists, quantitative 
assessment of motor symptoms of PD could be of additional value in the 
differentiation between PD and other movement disorders. Therefore, the next 
step would be to test whether quantitative assessment of motor symptoms can 
be used to discriminate between typical and atypical Parkinsonism and essential 
tremor (ET). It is thus important to investigate whether test results in PD 
patients differ from those in patients with other movement disorders (MD[16]). 
Furthermore, the diagnostic accuracy of a new method should be determined, 
which refers to the ability of a method to correctly detect or exclude PD[17]. This 
can best be done by comparing results of the new method to the results of a 
reference standard, such as the UPDRS, in a group of clinically relevant 
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patients[17]. Not only the diagnostic process could be improved, but quantitative 
assessment of motor symptoms of PD could also be used for monitoring 
treatment effects, by investigating changes in performance after medication 
intake. 

In the next sections of this chapter we will review the existing literature 
regarding quantitative assessment of motor symptoms of PD (see Table 1.1). The 
most important findings of previous studies regarding the validation steps 
described in the previous paragraphs are summarized and discussed. 
Quantitative assessment of motor symptoms of PD is mostly done by observing 
upper limb function[18,19]. In the next sections we focus on the quantitative 
assessment of the cardinal motor symptoms bradykinesia and tremor in the 
upper limb. Rigidity, which refers to an increased muscle tone noticed during 
subjective assessment by a physician during passive movements of, for example, 
the affected arm[1], is very hard to quantify. Additionally, we discuss the 
quantitative assessment of micrographia. Micrographia refers to a reduction in 
the size of handwriting, is common in PD[1], and also involves impairment of 
upper limb function.  

1.4. Quantitative assessment of bradykinesia 

The term bradykinesia means ‘slow movement’. The term was first used by 
James Parkinson to describe one of the motor symptoms of PD. During clinical 
examination bradykinesia of the upper limb is typically assessed by observing 
the patient perform finger tapping, opening and closing hand movements, and 
pronation and supination movements of the hand (‘diadochokinesis’). A clinician 
rates performance on these tasks according to the UPDRS, where a score of 0 is 
given when performance is normal and a maximum score of 4 is given when the 
patient is severely impaired on the task. The clinician evaluates speed, 
amplitude, hesitations, halts and decrementing amplitude for each side 
separately. Quantification of performance on the UPDRS task ‘finger tapping’[20–

26] and the ‘diadochokinesis’ task[22,27,28] was studied previously. In these studies 
movement sensors, such as accelerometers, gyroscopes and magnetometers, 
were attached to the index finger and/or thumb to investigate the kinematics of 
the finger tapping movement or to the wrist or back of the hand for the 
‘diadochokinesis’ task. 

As described previously in this chapter, several important steps should 
be followed in diagnostic research. Individual studies that described quantitative 
assessment of the ‘finger tapping’ and ‘diadochokinesis’ task, investigated some, 
but usually not all of these steps. For example, differences were found between 
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PD patients and HC participants in speed and amplitude of the finger tapping 
task[20,24–26] and in angular velocities during the ‘diadochokinesis’ task[22,27,28], 
when assessed by movement sensors. Three studies[21,22,24] found high 
correlations between the output of movement sensors and other clinical 
measures, such as UPDRS scores on the ‘finger tapping’ task[21,22,24] or the Purdue 
pegboard test[21]. Furthermore, high test-retest reliability was found for using 
movement sensors to quantify the ‘finger tapping’ task[23]. To show that 
movement sensors to assess bradykinesia could also be used to monitor 
treatment effects, Espay et al.[21] investigated changes in speed and amplitude of 
the finger tapping task after taking medication in PD patients and showed 
improvement. 

Thus, movement sensors can be used for the quantitative assessment of 
bradykinesia. However, such methods all involve attaching sensors to the skin, 
which might be inconvenient for the patient and could be time-consuming. For 
this reason, other tasks and methods have also been investigated for their ability 
to provide objective measures of bradykinesia. For example, performance on 
graphical tasks, such as handwriting and drawing, could provide information on 
the slowness of movement in PD patients and thus about bradykinesia. The 
recent introduction of relatively cheap digital tablets enables kinematic analysis 
of movements during graphical tasks. Recordings of pen-tip movement on a 
digital tablet, for example, can be used to analyse the duration of and velocity 
during graphical tasks. Recently, Letanneux et al.[29] provided an overview of 
previous studies that investigated graphical tasks employing a digital tablet. 
Many of the studies that were included in their review, reported measures to 
assess bradykinesia, such as duration and velocity. Graphical tasks mainly 
included the writing of a sentence or repeated letter patterns (‘e’ and ‘l’)[30–35], 
but some studies also included figure tracing and drawing tasks, involving 
circles[30,36], spirals[37] or lines[30,38]. Letanneux et al.[29] reported that only half of 
these studies found a significant difference between PD patients and HC 
participants based on the duration of graphical tasks. In contrast, almost 80% of 
these studies showed significant differences between PD patients and HC 
participants for velocity measures. The fact that half of the studies found that 
duration was similar for PD patients and HC participants could be due to the fact 
that many of these studies included free drawing and writing tasks, where there 
was no restriction in size of drawing and writing. In such tasks, PD patients might 
have compensated their slowness by reducing the size of writing and drawing[29]. 
Hence, velocity of graphical tasks seems to be a better measure to assess 
bradykinesia than duration. Or, when investigating duration of graphical tasks, 
patients should trace or copy figures rather than perform free writing or drawing 
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tasks. Additionally, Letanneux et al.[29] reported some studies that investigated 
differences in performance on graphical tasks between PD patients off and on 
treatment. The studies that investigated the change in duration (n=7) and 
velocity (n=4) of graphical tasks after taking medication in PD patients, all 
showed significant differences between off and on treatment measurements. 
Thus, duration and velocity are both important measures to take into account, 
when using graphical tasks to monitor disease progression and treatment effects 
in PD patients. Finally, Banaszkiewicz et al.[37] investigated the validity of a spiral 
drawing task to assess bradykinesia by comparing it to the UPDRS scores and 
showed a high correlation. 

1.5. Quantitative assessment of tremor 

Tremor is another cardinal symptoms of PD[1]. However, not all PD patients 
suffer from tremor. Often, PD is divided into tremor dominant and non-tremor 
dominant subtypes[39]. Tremor dominant PD patients initially present with 
tremor and relatively mild bradykinesia and rigidity[40]. Tremor, in general, is 
defined as a rhythmical, involuntary oscillatory movement of a body part[41]. 
Resting tremor is typical for PD and occurs in a body part that is not voluntarily 
activated and is completely supported against gravity[41]. Overall, PD and other 
tremor syndromes can be diagnosed by a specialist based on their clinical 
presentation[42], if this clinical presentation is typical. However, in many cases 
the symptoms are not typical and do not lead to a clear diagnosis, which makes 
it difficult to find a suitable treatment. For example, ET sometimes shows a 
continuation into the resting condition, which makes it difficult to distinguish ET 
from Parkinsonian tremor. For that reason, computerized tremor analysis 
methods have been proposed to quantify important tremor characteristics in PD 
patients and in other patients presenting with tremor to aid in the diagnostic 
process or to monitor disease progression and treatment effects. 

Similar to the quantification of bradykinesia, tremor has been 
quantitatively assessed in PD patients using movement sensors[28,43–47]. Two 
studies used a ‘tremor pen’, which was held by the patient[43,44]. Salarian et al.[28] 
used a gyroscope attached to the forearms, while Muthuraman et al.[45] used 
accelerometers attached to the forearms and Wile et al.[46] used a combination of 
accelerometers and gyroscopes in a wrist-watch. These studies all included 
tremor recording during rest and during posture, which involved holding the 
arms outstretched. The outcome measures included tremor frequency, tremor 
intensity and tremor amplitude, which were significantly different between PD 
and ET patients[44,47] or between PD patients and HC participants[28,43]. Two 
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studies reported that mean harmonic peak power could be used to distinguish 
PD from ET patients[45,46]. 

Although these movement sensor-methods provide useful measures to 
assess tremor, these methods are time-consuming and might be inconvenient for 
the patient when sensors have to be attached to the skin. Therefore, other 
methods have also been investigated to assess tremor, such as graphical tasks 
employing a digital tablet. Spiral drawing, for example, has extensively been 
investigated to assess tremor[48–58]. However, some of these studies used a ‘spiral 
severity’ score to assess tremor and since scores are provided by raters, this 
method is not objective[50,56–58]. Other studies that investigated a spiral drawing 
task involved the assessment of tremor frequency and amplitude[48,51,53,54], 
tremor intensity[55], tremor magnitude[52] or mathematical spiral indices[49,53]. 
Such methods have been shown to provide features that correlate with other 
(clinical) measures to assess tremor in PD patients, such as accelerometry[48] or 
UPDRS-tremor scores[53]. Most studies focused on tremor patients (other than 
PD) and showed, for example, that tremor patients were different from HC 
participants based on quantitative tremor assessments during a spiral drawing 
task[51,52]. Kraus and Hoffman[54] and Haubenberger et al.[55] validated the 
assessment of tremor frequency, amplitude and intensity in groups of tremor 
patients, by showing correlations with a visual spiral rating method. 

Besides the spiral drawing task, other graphical tasks have been 
investigated to quantitatively assess tremor. For example, the writing of 
repeated patterns of the letter ‘e’ and/or ‘l’[48,52] and figure drawing tasks, such 
as line drawing[52,59], circle drawing[52] and triangle drawing[59,60] have been 
studied to assess tremor. Elble et al.[48] showed that tremor frequency and 
amplitude could be quantitatively assessed during writing of the letters ‘e’ and ‘l’ 
in ET patients and Ulmanova et al.[52] showed differences in tremor magnitude 
between ET patients and HC participants during writing of the letter ‘l’, drawing 
lines and circles. Accardo et al.[59] described that several parameters, including 
tremor frequency, calculated from line and triangle drawing tasks were different 
between pathological tremor patients and HC participants. In addition, Geny et 
al.[60] observed that tremor was less intense during the ascending phase of a 
triangle drawing task in ET patients.  

1.6. Quantitative assessment of micrographia 

Holding a pen and performing handwriting is an important skill in daily life, but 
also one of the most complex fine motor functions of humans[61]. 
Neurodegenerative movement disorders, like PD, could cause deterioration in 
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handwriting ability[2,62]. Typically, impairments in handwriting in PD patients are 
characterized as ‘micrographia’[29,63]. Micrographia refers to a reduction in 
writing size in general (‘consistent micrographia’) or to a progressive reduction 
in writing size (‘progressive micrographia’), which is caused by an inability to 
maintain a certain writing size for more than a few letters or words[29]. 
Consistent micrographia is generally assessed by calculating average width, 
height and/or length of written samples and progressive micrographia is 
typically assessed by calculating the difference in width, height and/or length 
between the first and last sample of a writing task. Several approaches have been 
used to define micrographia. For example, in some studies micrographia was 
defined as writing size of PD patients being 50% or 2 standard deviations smaller 
than the average writing size of HC participants[25,64]. Other studies assessed 
micrographia by investigating whether writing size was significantly different 
between PD patients and HC participants[31,33–35,65,66]. According to a few 
studies[25,63,64,66,67], the prevalence of micrographia in cohorts of PD patients 
varies between 15% and 60%. 

Micrographia (both consistent and progressive) can be detected with 
conventional paper-and-pencil methods, by measuring width, height and/or 
length of written sentences, words[68] or letters[64,66,69] on paper. However, these 
methods are time consuming and the use of digital tablets allows a much quicker 
and easier assessment of micrographia[29]. Consequently, most of the studies, 
which have been performed during the last 10–20 years, used a digital tablet to 
record and analyse graphical tasks[29]. The assessment of micrographia was often 
based on the analysis of a repetitive pattern of the letter ‘l’[30,34,70–75], or the 
analysis of a sentence writing task, which included words containing the 
(repetitive patterns of the) letters ‘l’ and ‘e’[31,33,65,76–80]. The analysis was typically 
based on stroke size, by separating the data in up- and downward strokes of 
which the width and/or height was calculated[30,31,33,34,65,70–80]. Additionally, two 
studies investigated sentence length[65,68] and one study investigated the size of 
the letter ‘a’[25]. 

To examine whether the assessment of micrographia might be useful in 
the diagnostic process of PD, several studies investigated the differences in 
writing size between PD patients and HC participants. According to Letanneux et 
al.[29] 58% of these studies found significant differences between PD patients and 
HC participants. To our knowledge, no studies investigated test-retest reliability 
of micrographia assessments and only one study compared writing size between 
PD patients and patients with other MD and showed that micrographia was more 
present in PD patients than in patients with other MD[69]. One study reported that 
micrographia, defined by a 50% smaller writing size than the average writing 
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size of HC participants, was more common in progressive supranuclear palsy 
(PSP) (75%) than in PD patients (15%), which is probably due to the fact that 
PSP patients are more severely impaired compared to PD patients. To investigate 
whether micrographia assessments are useful to monitor disease progression 
and treatment effects, differences in writing size between PD patients off and on 
medication were studied. Letanneux et al[29] reported that 50% of these studies 
found significant changes in writing size after taking medication in PD patients. 
Only one study investigated the correlation between the UPDRS motor score and 
micrographia assessments[64]. They investigated consistent micrographia and 
progressive micrographia separately, and found no significant correlation 
between the UPDRS and consistent micrographia. They did find a weak, but 
significant correlation between the UPDRS and progressive micrographia. To 
add, Ondo and Satija[68] showed that micrographia significantly improved when 
performing a writing task with eyes closed compared to performing the task with 
eyes open and Ma et al.[81] showed that progressive micrographia was present in 
horizontal writing but not in vertical writing.



 

 
 

Table 1.1. Reviewed literature on studies regarding quantitative assessment of movement disorder symptoms.*  
    Outcome measures related to: 
Author Year Measurement system Tasks Bradykinesia Tremor Micrographia 
Sensor systems       
Farkas et al.[43] 2006 Tremor pen CATSYS Resting  x  
Salarian et al.[28] 2007 Gyroscopes Posture x x  
Koop et al.[27]  2008 Gyroscopes Finger tapping and Diadochokinesis x   
Shima et al.[26] 2008 magnetic sensors Finger tapping x   
Espay et al.[21] 2009 Electromagnetic sensors Finger tapping x   
Papapetrepolous et al.[44] 2010 Tremor pen CATSYS Resting  and Posture  x  
Heldman et al.[22] 2011 Kinesia Hand movements UPDRS x   
Kim et al.[24] 2011 Gyrosensor Finger tapping x   
Muthuraman et al.[45] 2011 Accelerometry Posture  x  
Ling et al.[25] 2012 Infrared-emitting diodes Finger tapping x  x 
Lacy et al.[20] 2013 Electromagnetic sensors Finger tapping x   
Bhidayasiri et al.[47] 2014 Accelerometry & Gyroscopes Resting and Posture  x  
Heldman et al.[23] 2014 Kinesia Finger tapping and Tremor tasks UPDRS x   
Wile et al.[46] 2014 Accelerometry Resting and Posture  x  
       

Graphical tasks       
McLennan et al.[63]  1972 Paper & pen Sentence, signature   x 
Teulings and Stelmach[76] 1991 Digital Sentence 'ellehell'   x 
Contreras-Vidal et al.[67]  1995 Digital Sentence   x 
Eichhorn et al.[36] 1996 Digital Circles x   
Elble et al.[48] 1996 Digital Spiral, ‘l’, '---', 'OOO'  x  
Oliveira et al.[70] 1997 Digital  'llll'   x 
Teulings et al.[71] 1997 Digital lines, circles, 'llll' patterns   x 
Contreras-Vidal et al.[77] 1998 Digital Repeated 'le' and 'hell'    x 
Poluha et al.[32] 1998 Digital Repeated 'le' and 'hell'  x   
Pullman et al.[49] 1998 Digital Spirals  x  
Van Gemmert et al.[78] 1998 Digital Sentence   x 



 

 
 

Siebner et al.[79] 1999 Digital Sentence   x 
Van Gemmert et al.[30] 1999 Digital  '8', circle, 'llll' x  x 
Van Gemmert et al.[72] 2001 Digital Sentence   x 
Contreras-Vidal et al.[73] 2002 Digital  'llll'   x 
Teulings et al.[74] 2002 Digital  'llll'   x 
Van Gemmert et al.[75] 2003 Digital  'llll' and 'lililili'    x 
Kim et al.[64] 2005 Digital Luria loops   x 
Ondo et al.[50] 2005 Digital Spiral  x  
Caligiuri et al.[80] 2006 Digital  'hellohello'   x 
Lange et al.[33] 2006 Digital Sentence x  x 
Miralles et al.[51] 2006 Digital Spiral  x  
Tucha et al.[31] 2006 Digital Sentence x  x 
Ondo and Satija[68] 2007 Digital Sentence   x 
Ulmanova et al.[52] 2007 Digital Spiral and 'elel'  x  
Ponsen et al.[65] 2008 Digital Sentence   x 
Saunders-Pullman et al.[53] 2008 Digital Spiral  x  
Banaszkiewicz et al.[37] 2009 Digital Spiral x   
Broderick et al.[38] 2009 Digital ‘^^^' x   
Accardo et al.[59]  2010 Digital  '---', triangle, square  x  
Kraus and Hoffman et al.[54] 2010 Digital Spiral  x  
Bidet-Ildei et al.[34] 2011 Digital  'lll' and 'lle'  x  x 
Haubenberger et al.[55] 2011 Digital Spiral  x  
Bajaj et al.[69] 2012 Paper & Pen Sentence (paper pen)   x 
Geny et al.[60] 2012 Digital writing, triangle, '8'  x  
Louis et al.[56] 2012 Digital Spiral  x  
Wagle Shukla et al.[82] 2012 Paper & Pen writing 'p' and 'd' (paper pen)   x 
Ma et al.[81] 2013 Digital chinese character   x 
Rosenblum et al.[35] 2013 Digital Name and adress x   x 
Louis et al.[57] 2014 Digital Spiral  x  
Michalec et al.[58] 2014 Digital Spiral  x  

*This table is partially based on the literature review of Letanneux et al.[29] 
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1.7. Main findings previous literature 

Based on the most important findings of previous studies described above, we 
conclude that the use of graphical tasks employing a digital tablet seems a 
suitable method especially to assess bradykinesia and micrographia. When using 
this method to assess these two important symptoms, 3-dimensional aspects of 
tremor could also be assessed simultaneously if movement sensors are placed 
inside the pen which is used to perform the graphical tasks. With regard to 
graphical tasks, the spiral drawing task seems the most useful to assess tremor. 
To assess bradykinesia, tracing and copying figures of a predefined size might be 
most appropriate, because smaller drawing and writing (micrographia) could 
compensate for the slowness of movement during free drawing and writing 
tasks. Both duration and velocity are important measures to assess bradykinesia. 
Micrographia can best be assessed by stroke width and height of the letters ‘l’ 
and/or ‘e’ during sentence writing or during the writing of repeated patterns of 
these letters. Micrographia is an important symptom in PD patients, however it 
is not a cardinal symptom. Hence, micrographia should be assessed in 
combination with other important, cardinal, motor symptoms, such as 
bradykinesia and tremor. 

1.8. Outline of this thesis 

In this thesis we study whether a set of graphical tasks can be used for 
quantitative assessment of motor symptoms of PD, especially to aid in 
diagnosing and monitoring PD. The main literature findings, as described in the 
previous section (section 1.3.4), were used to design the standardized tasks and 
clinical validation studies described in this thesis. Through these activities, we 
supported the development of the DiPAR handwriting recording system in our 
studies in the European project ‘DiPAR’. Chapter 2 provides an overview of the 
DiPAR project. 

The DiPAR system consists of a sensor-pen (the DiPAR-pen), a digital 
tablet and an operator computer. The DiPAR-pen was used to perform the 
standardized graphical tasks, such as handwriting, drawing, and other upper 
limb tasks, suitable to assess bradykinesia and micrographia. Motion sensors 
inside the pen allowed 3-dimensional assessment of tremor as well. To improve 
on previous studies we assessed bradykinesia, tremor and micrographia 
simultaneously. In four experimental studies we investigated whether our set of 
standardized graphical tasks, performed with the DiPAR-pen, could be used to 
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aid in diagnosing and monitoring PD. Several important validation steps in 
diagnostic research, as described previously (section 1.3), were executed and 
their results described in the chapters of this thesis. The outline of the chapters 
in this thesis is as follows: 

 
Chapter 2 – The DiPAR project 
This chapter provides an overview of the European research project ‘DiPAR’ 
(European 7th Framework programme, Grant agreement 262291). The 
experimental studies described in this thesis were performed as part of this 
research project. The full title of the DiPAR project is ’Diagnosing Parkinson’s 
disease by neuromuscular function evaluation’.    

 
Chapter 3 – Standardized handwriting to assess bradykinesia, micrographia 
and tremor in Parkinson’s disease 
In this chapter, we investigated whether performance on a set of standardized 
handwriting and drawing tasks (graphical tasks) differed between PD patients 
(n=10) and gender and age-matched healthy control (HC) participants (n=10), 
which is the first important step in diagnostic research[16]. In this study we 
calculated measures to assess two cardinal motor symptoms of PD, bradykinesia 
and tremor, and another common symptom in PD patients, micrographia. 

 
Chapter 4 – Reproducibility of standardized fine motor control tasks and age 
effects in healthy adults 
A second important step in diagnostic research is to assess the reproducibility of 
test results[17]. This chapter describes the results of a reproducibility study. We 
studied the test-retest reliability of our set of graphical tasks in healthy adults of 
different ages (20–75 years, n=36). Participants performed the tasks twice at the 
same time and day, with one week in between. 

 
Chapter 5 – Tremor presence and movement time measures help in 
distinguishing between Essential tremor and Parkinson’s disease 
Quantitative assessment of motor symptoms of PD could be of additional value 
in the differentiation between PD and other movement disorders. Therefore, we 
investigated in this chapter whether our set of graphical tasks can be used to 
discriminate between PD (n=12), essential tremor (ET, n=13), enhanced 
physiological tremor (EPT, n=10), functional tremor (FT, n=8), and healthy 
controls (HC, n=23). Similar to Chapters 3 and 4, we used measures to assess 
bradykinesia, tremor and micrographia to investigate differences between 
groups. 
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Chapter 6 – Graphical tasks to measure upper limb function in patients with 
Parkinson’s disease: Validity and response to dopaminergic medication 
In this chapter we validated our set of graphical tasks, by comparing the test 
results of PD patients  (n=14) to their performance on a reference measure. The 
Purdue pegboard test was chosen as reference, because it is an already validated 
test to assess upper limb function. To investigate whether our set of graphical 
tasks could be used to monitor treatment effects, we studied the changes in 
performance after medication intake in PD patients. Measures to assess 
bradykinesia, tremor and micrographia were used again to examine 
performance and changes in performance in PD patients. 

 
Chapter 7 – Discussion and future directions  
In this chapter the advantages and disadvantages of our approach and the results 
of the experimental clinical studies are discussed in a broader perspective. 
Recommendations for future research are given to improve the use of graphical 
tasks for clinical application.   
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2.1. Introduction 

The experimental studies described in this thesis were performed as part of the 
European research project, titled ‘DiPAR’ (‘Diagnosing Parkinson’s Disease by 
neuromuscular function evaluation’). The aim of the DiPAR project was to 
develop and evaluate a novel tool for the early identification, confirming of 
diagnosis and monitoring of Parkinson’s disease (PD), based on a concept by 
Manus Neurodynamica Ltd (Manus). Manus is a high tech enterprise, based in 
England that instigated and led the project in which eight partners collaborated. 
The project received funding under the European 7th Framework programme 
(Grant Agreement 262291). UMCG was invited into the consortium to support 
the development and validation of clinical assessment of motor symptoms with 
the DiPAR system. This chapter provides a more detailed overview of the DiPAR 
project.  

2.2. Background 

Zietsma[1], owner of Manus, described in his PhD thesis the development of a 
comprehensive system for investigation of biomechanical and neuromuscular 
processes involved in handwriting and drawing within the context of 
unanswered questions on neuromotor control in healthy individuals and those 
with impaired motor function.  Based on understanding of research questions in 
the field, along with new upcoming technologies, such as more accurate and 
miniaturized motion sensors and various types of writing tablets as well as 
demands of the healthcare systems, Zietsma recognized an opportunity to 
continue his work. In 2008, backed by commercial funding, a proof of concept 
project was started to develop a second system for handwriting analysis that 
could help to improve understanding of PD and that may be implemented in PD 
management. The proof of concept was successful and two prototypes were 
delivered and the concept was patented in 2010. In the DiPAR project the 
research and development (R&D) was continued.   

2.2.1. DiPAR collaborators 

Manus composed a consortium for the implementation of the research in the 
DiPAR project in 2009. The consortium consisted of the following Research and 
Technology Development (RTD) performers and the small and medium-sized 
enterprises (SMEs): 
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• University Medical Center Groningen, The Netherlands (RTD) 
• VTT Technical Research Center, Finland (RTD) 
• Fraunhofer, Germany (RTD) 
• University of Glasgow, United Kingdom (RTD) 
• Manus Neurodynamica Ltd, United Kingdom (SME) 
• Inotec Forschungs- und Entwicklungsgesellschaft mbH, Germany 

(SME) 
• Pattern Expert, Germany (SME) 
• Hispafuentes, Spain (SME) 

2.2.2. Role of each partner 

Partners Manus, Inotec and Fraunhofer took responsibility for developing, 
testing and improving the hardware and the data acquisition software of the 
DiPAR system. The novel tool was evaluated and tested in several experimental 
studies, by researchers from the UMCG. Taking the lead in designing the 
experimental studies, designing the set of standardized graphical tasks and 
executing the experimental studies, UMCG was responsible for requesting 
medical ethical approval, recruitment of the relevant patient groups and data 
collection. UMCG also performed data analysis in cooperation with VTT and was 
responsible for the statistical analyses regarding group differences. The main 
results of these experimental studies and analyses are provided in Chapters 3–6 
of this thesis. The role of each of the other partners is shortly mentioned in the 
following paragraph. 

VTT was involved in the data analysis, together with UMCG and was also 
responsible for developing signal processing techniques to extract useful 
features from the raw data. Additionally, they were involved in developing 
automatic classification algorithms. The University of Glasgow was responsible 
for developing a patient data communication platform for the secured 
transmission of the data to a centralized database, which was hosted by the 
University of Glasgow. This platform was intended to be used as a ‘live’ platform 
to be managed by partner Hispafuentes for Manus, where recorded data during 
measurements should be transmitted to a data processing centre to analyse the 
data. This process should result in an easy interpretable outcome measure for 
health care workers. Manus, as lead partner, also facilitated the R&D to enable 
integration of the various hardware and software components developed by the 
other partners and took the lead in the exploitation and dissemination of the 
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project activities. In addition, Manus was responsible for finance, consortium and 
project management with support from partners Hispafuentes and Fraunhofer. 

2.3. The DiPAR prototype systems 

The DiPAR system was used to perform and record graphical tasks, such as 
handwriting and drawing. The DiPAR system consists of a hand-held device (the 
DiPAR-pen), a digital tablet and an operator computer. Signals are recorded 
during the graphical tasks, such as pen displacement and pen grip force. A patent 
is associated with the pen (patent WO/2011/141734: Apparatus for use in 
diagnosing and/or treating a neurological disorder). For the DiPAR project 
different progressive prototypes were used. The first prototype of the pen (V1) 
had a wired connection to a writing-tablet. This prototype recorded pen-tip 
displacement and pen-grip force and was used for the first experimental study 
described in Chapter 3 of this thesis. The second prototype (V2) was re-designed 
by partner Fraunhofer, based on recommendations resulting from earlier 
designs and studies. This prototype consisted of a sensor-pen (the DiPAR-pen), 
that incorporated accelerometers and gyroscopes, with a wired connection to a 
digital tablet (ASUS Eee Slate EP121). With this prototype pen-tip displacement 
and pressure, pen-grip force, acceleration and gyration (both in three 
dimensions) were recorded. The V2 prototype was used for the experimental 
studies described in Chapter 4 and 5 of this thesis. The third and final prototype 
in the DiPAR project (V3) recorded the same signals as V2, but the pen-tablet 
connection was now wireless and the pen had improved grips to hold it. The V3 
prototype was used for the experimental study described in Chapter 6 of this 
thesis. In summary, the following prototypes were used within the DiPAR project 
(Figure 2.1): 

 
V1. DiPAR Prototype I: recording pen-tip displacement and pen-grip force 

 
V2. DiPAR Prototype II: recording pen-tip displacement and pressure, pen-grip 

force, accelerometer and gyroscope signals 
 
V3. DiPAR Prototype III: similar to V2, but with a wireless pen-computer 

connection.
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Figure 2.1. The different prototypes of the DiPAR system. The photos in row A represent 
prototype V1, the photos in row B prototype V2 and the photos in row C prototype V3. 

The V2 and V3 DiPAR pens thus contain a comprehensive integrated sensor and 
data acquisition system for highly accurate recordings of graphical tasks, such as 
handwriting and drawing. All signals were recorded at a sampling frequency of 
200 Hz, and were synchronized and saved in one ‘logfile’ allowing easy and 
reliable analysis of the data. The raw data in the logfiles can be used to develop 
algorithms to analyse the data. Within the DiPAR project, an algorithm was 
developed by VTT, which uses the logfiles as input and provides many features, 
including movement time and writing size. These features are ready to be used 
in research projects to perform statistical analyses. Further, the developed 
software enables the examiner to control the tablet from another operator 
computer or laptop. The operator software can be installed easily on a desktop 
computer or laptop. Using this software the examiner also verifies whether the 
sensor-pen has a proper connection to the tablet to ensure that data is actually 
recorded and logfiles are created. Since the V3 pen is wireless, the pen needs to 
be charged in a charging station. It takes about an hour for the pen to be fully 
charged. When the pen is fully charged, it can be used actively for about an hour, 
which is sufficient to perform all tasks in the task battery. Although the wired 
pen can generally be handled well, the wireless pen is more comfortable and 
much easier to handle. The pen-grips to hold the pen were improved during the 
project. The V3 prototype has symmetrically distributed pen-grips for the index 
finger, middle finger and thumb, which makes the pen easy to hold correctly. 
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Furthermore, the digital tablet allows easy and quick uploading of new templates 
which can be used for the graphical tasks. The final, V3, prototype is thus very 
suitable for research purposes, because it is portable, easy to use and provides 
synchronized data. Researchers can choose to work with the raw data or use the 
features which are provided by the developed algorithm.  

2.4. Experimental studies 

The DiPAR system was tested and evaluated in the experimental studies, which 
are described in Chapters 3–6 of this thesis. In Chapter 1 an outline of each of the 
chapters was provided. To summarize, the following prototypes of the DiPAR 
system were used for the experimental studies, described in the chapters of this 
thesis: 

 
• Chapter 3:  PD vs HC  Prototype V1 
• Chapter 4:  Reproducibility in healthy adults  Prototype V2 
• Chapter 5:  Differences between tremor disorders  Prototype V2 
• Chapter 6:  PD OFF vs ON medication  Prototype V3 

 
In addition to the experimental studies described in this thesis, some other 
studies were performed within the DiPAR project to test and evaluate the DiPAR 
system. To get a first impression of the performance of the DiPAR system in a 
real clinical setting, a prospective study was performed. This study was 
performed with prototype V2. Unselected patients visiting the movement 
disorders outpatient clinic of a tertiary referral centre executed the graphical 
tasks with the DiPAR-pen. This study was performed to investigate whether PD 
patients could be distinguished from patients with other MD, based on the 
definite diagnosis, which was obtained later from the patient file. This study was 
performed at the Dublin Neurological Institute (DNI) in Ireland and at the UMCG. 
At the DNI 39 patients were included and at the UMCG 40 patients were included. 

Additionally, the DiPAR system might be useful as an aid in the 
diagnostic process, by distinguishing PD patients from patients with other MD 
resulting in Parkinsonian symptoms. For example, dystonia may results in 
Parkinsonian symptoms and could therefore enter the differential diagnosis of a 
PD patients[2]. For that reason a few dystonia patients (writer’s cramp, n=8) from 
the Academic Medical Center (AMC) in Amsterdam were asked to perform the 
graphical tasks with the DiPAR-pen.  

Furthermore, the experiments described in Chapter 3 and a part of the 
experiments described in Chapter 5 included the recording of muscle activity, 
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using surface electromyography (EMG) measurements. During the graphical 
tasks, performed with the DiPAR-pen, EMG signals were obtained from eight 
muscles of the right upper limb, which were expected to be active during such 
graphical tasks (Extensor Carpii Radialis Brevis, Extensor Carpii Ulnaris, Flexor 
Carpii Radialis, Biceps Brachii Longus, Triceps Brachii Medialis, Deltoideus 
Anterior/Medialis/Posterior). EMG signals were recorded to allow comparison 
of EMG measures for rigidity[3,4] with features derived from the DiPAR system.  

Besides testing the DiPAR system in different patient groups, the 
experiments within the DiPAR project were also used to acquire knowledge on 
usability of the DiPAR-pen for patients with MD, and on usability of the DiPAR 
system from the examiner’s point of view. For example, we interviewed 
participants to find out whether the size and weight of the pen was acceptable 
allowing them to hold the pen correctly to perform several graphical tasks in a 
row. Additionally, we noted the time necessary to set-up the experiment and the 
time it took for patients to complete all tasks. 

The usability results, as well as the results of the EMG study, the 
prospective study and the dystonia patients are not reported in this thesis. 
However, in Chapter 7 we will shortly discuss our experiences with the DiPAR 
system (hardware and software related) during the DiPAR project and give some 
recommendations for improvement of the DiPAR system for (future) clinical 
applications. 

2.5. Task selection 

At the start of the DiPAR project, the UMCG, in collaboration with partners Manus 
and VTT, designed the graphical tasks used in the experiments based on previous 
literature, as described in Chapter 1. During the DiPAR project the graphical 
tasks were evaluated and discussed and some tasks were added or removed from 
the experimental set-up between the different studies. Each of the Chapters 3–6 
of this thesis provides a more extensive description and background of the set of 
tasks used in that chapter. Using the main findings of previous literature (see 
section 1.3.4) the following graphical tasks were designed during the DiPAR 
project: 

 
• Tracing and drawing figures: a circle, a spiral, lines (in a star and zigzag 

figure, see Figure 2.2) 
• Handwriting: ‘elelelel’ writing and a complete (Dutch) sentence (see 

Figure 2.2)
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In addition, some other tasks were designed during the DiPAR project. Firstly, a 
resting task was designed to assess resting tremor, since this is one of the 
cardinal signs of PD[5]. In this task, the participant was seated in front of a table 
with the elbow resting on the table and the pen-tip touching the tablet. Secondly, 
a ‘diadochokinesis’ task was designed. One of the tasks which is clinically used to 
assess bradykinesia is the ‘diadochokinesis’ task. In this task the patient 
performs rapid alternating movements of the wrist (pronation and supination). 
In the experimental set-up of the DiPAR project a similar task was included. The 
patients performed the diadochokinesis task while holding the pen. Thirdly, a 
modified Fitts’ task was designed in the DiPAR project after the first 
experimental study (Chapter 3). Fitts[6] described that movement time varied 
systematically with changes in movement amplitude and target width (when 
accuracy was held constant). Performing smaller movements or movements to a 
larger target are easier and therefore performed more rapidly. This relationship 
is currently known as ‘Fitts’ law’. Previous literature showed that there are 
differences in performance on a Fitts’ task between PD patients and HC 
participants[7–9]. In general, PD patients had difficulty in producing larger 
movements (for a constant target size) and movements to smaller targets (when 
the distance between targets was held constant). The original Fitts’ task was 
adapted to the size of the digital tablet which was used in the DiPAR project. 

Furthermore, some of the drawing and handwriting tasks were 
extended by adding an extra condition. Previous studies regarding micrographia 
in PD showed that micrographia was expressed more strongly in PD patients 
during tasks with visual feedback of their handwriting[10,11]. To investigate this 
phenomenon in the DiPAR project, the writing and zigzag drawing tasks were 
performed with and without online feedback on the screen of the digital tablet. 
These tasks were only included in the experimental studies which were 
performed with the V2 and V3 prototypes, since those prototypes incorporated 
a digital tablet which could provide visual feedback on the screen during writing. 
In the V1 prototype a writing tablet was used which could not provide visual 
feedback during writing. Besides the zigzag task being performed with and 
without feedback, one more condition was added to the zigzag drawing task. This 
condition consisted of drawing the zigzag figure vertically, while the zigzag 
figure template was presented horizontally on paper above the tablet. This task 
was added, because de Jong et al.[10] observed that PD patients had difficulty 
drawing a zigzag figure in a different orientation than the presented example of 
the zigzag figure.
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During the DiPAR project the tasks were evaluated and tested regarding their 
usability in finding differences in performance between PD patients and patients 
with other MD. In addition, during the experiments we could observe whether 
the instructions of the tasks were easy to understand by participants and 
whether participants were able to perform the tasks correctly with the DiPAR-
pen. Since the time in the DiPAR project was limited, not all results of all tasks 
have been analysed. To summarize, the following graphical tasks were used 
within the DiPAR project (Figure 2.2 provides the templates of the tasks):  

 
• Resting task (with the pen-tip touching the tablet) 
• Diadochokinesis task (while holding the pen) 
• Circle tracing  
• Spiral tracing  
• Line tracing in different directions (Star tracing) 
• Zigzag tracing and drawing (with and without feedback, and rotated) 
• ‘elelelel’ writing (with and without feedback) 
• Modified Fitts’ task (eight subtasks) 
• Sentence writing (Dutch sentence: ‘Veel te veel felle schelle zon’) 
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Figure 2.2. The templates of the graphical tasks which were mainly used in the experiments 
which were performed as part of the DiPAR project. The two filled circles represent the targets 
of the modified Fitts’ task, which are touched alternately with the pen-tip. 
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3.1. Abstract 

The objective of this study was to assess whether standardized handwriting can 
provide quantitative measures to distinguish patients diagnosed with 
Parkinson’s disease from age- and gender-matched healthy control participants. 
In this exploratory study, pen-tip trajectories were recorded during circle, spiral 
and line drawing and repeated character ‘elelelel’ and sentence writing, 
performed by Parkinson patients and healthy control participants. Parkinson 
patients were tested after overnight withdrawal of anti-Parkinsonian 
medication. The measurements were performed at a tertiary hospital, the 
University Medical Center Groningen in the Netherlands. Ten patients with 
Parkinson’s disease (mean age 69.0 years; 6 male) and ten gender and age-
matched healthy control participants (mean age 68.1 years; 6 male) were 
included. The main outcome measures are movement time and velocity to detect 
bradykinesia, and the size of writing to detect micrographia.  A rest recording 
was included to investigate the presence of a resting tremor, by frequency 
analysis. Mean disease duration in the Parkinson groups was 4.4 years and the 
patients were in modified Hoehn-Yahr stages 1–2.5. In general, Parkinson 
patients were slower than healthy control participants. Median time per 
repetition, median velocity and median acceleration of the sentence task and 
median velocity of the ‘elel’ task differed significantly between Parkinson 
patients and healthy control participants (all p<0.0014). Parkinson patients also 
wrote smaller than healthy control participants and the width of the ‘e’ in the 
‘elel’ task was significantly smaller in Parkinson patients compared to healthy 
control participants (p<0.0014). A rest-tremor was detected in the three patients 
who were clinically assessed as having rest-tremor. To conclude, this study 
shows that standardized handwriting can provide objective measures for 
bradykinesia, tremor and micrographia to distinguish Parkinson patients from 
healthy control participants.   
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3.2. Introduction 

Parkinson’s disease (PD) is a neurodegenerative disorder which generally 
results in several motor symptoms. The cardinal signs of the disease are 
bradykinesia (slowness of movement), rest-tremor, rigidity (muscular stiffness 
throughout the range of passive movement in a limb segment) and postural and 
gait impairment[1]. Not all PD patients present these classical symptoms and 
several other motor symptoms can be observed, such as freezing, shuffling gate, 
hypomimia and micrographia (small handwriting)[2]. Clinical examination can be 
expressed in rating scales, e.g. the Unified Parkinson’s Disease Rating Scale 
(UPDRS) or the Hoehn and Yahr scale (H&Y)[2,3]. The UPDRS is the most widely 
used and tested scale and consists of an impairment and disability section. The 
H&Y scale is the most commonly used method to assess the severity of the 
disease[4]. However, rating scales highly depend on the experience and 
interpretation of the physician performing the assessment and have limited 
precision for quantifying upper limb motor skill. To support the clinical 
diagnosis, a trial dose of levodopa should result in an improvement of the clinical 
symptoms. The clinical diagnosis can also be supported by radiotracer 
neuroimaging techniques such as positron emission tomography or single 
photon emission computed tomography, in which a presynaptic dopaminergic 
deficit can be demonstrated[5].  

Early diagnosis of PD is very important, because it allows early 
intervention and management toward an improved overall outcome for the 
patient[6]. Currently, no definite methods for an early, objective and quantitative 
diagnosis are available, but several methods that provide quantitative measures 
for motor symptoms of PD have been studied. For example, handwriting tasks 
and systems have been used for this purpose[7–13]. Bajaj et al.[7] used handwritten 
samples to differentiate PD patients from patients with other tremors. They 
provided an objective measure for micrographia, but their analysis was time 
consuming, because script height and length were measured manually. An 
electronic pen and digitizer tablet were used in other studies to distinguish PD 
from healthy control (HC) participants[10,12]. However, Alty et al.[8] only studied 
bradykinesia and Van Gemmert et al.[12] only studied micrographia. Broderick et 
al. [10] studied both micrographia and bradykinesia, but the shoulder and elbow 
of participants were fixated, which resulted in a constrained, rather unnatural 
movement. Ünlü et al.[9] used an electronic pen as well and showed that several 
features can be computed to distinguish PD from HC. One of the features was 
related to tremor, but the remaining features were not related to a symptom of 
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PD. Rosenblum et al.[13] also used handwriting to distinguish PD from HC 
analysing movement speed and size of writing. They did not assess tremor. Thus, 
each of the systems provided useful measures to distinguish PD from HC 
participants, but most of them focused on just one of the motor symptoms of PD 
and none of these studies included a task to measure rest-tremor. For early 
differential diagnosis a system which provides quantitative measures for several 
motor symptoms of PD simultaneously would be beneficial[14]. 

The aim of the present study was to determine whether standardized 
handwriting can provide quantitative measures to assess multiple important 
motor symptoms simultaneously to distinguish patients diagnosed with PD from 
age- and gender matched HC participants. The study focused on two important 
motor symptoms of PD, bradykinesia and micrographia. Additionally, rest-
tremor was investigated. The design of the present study was exploratory and 
therefore a small group of PD patients and HC participants was included and a 
large number of features was produced, to examine which features can best be 
used to distinguish PD from HC. 

Several handwriting and geometric tasks, based on tasks used in 
previous studies, were evaluated. Ünlü et al.[9] used the writing of ‘l’-loops and a 
complete sentence. In a study of Ponsen et al.[15] participants wrote a complete 
sentence and the authors showed that letter height decreased in PD patients as 
writing progressed. Also Bajaj et al.[7] assessed micrographia in PD by analysing 
a handwritten sentence. The present study includes the writing of ‘e’- and ‘l’-
loops and a complete sentence to assess micrographia. 

Besides writing tasks, geometric tracing tasks were included in this 
study, based on previous findings. For example, Keresztényi et al.[11] used a circle 
tracing task to show that PD patients were significantly slower than HC. Other 
studies[16,17] also investigated a circle drawing task to compare PD with HC. 
Saunders-Pullman et al.[18] showed a correlation between spiral analysis and the 
UPDRS score and Stanley et al.[19] described that spiral analysis may be more 
sensitive than the UPDRS for detecting early changes in motor performance. 
Dounskaia et al.[16] showed that drawing lines in different directions 
differentiated between PD and HC. For example, line drawing variability was 
higher in PD than in HC. Therefore, in the present study line drawing in eight 
different directions was included in addition to circle and spiral tracing tasks. A 
rest task was added as well, based on the task used by Scanlon et al.[20] to 
measure rest-tremor. 

To summarize, the present study aimed to provide quantitative 
measures to evaluate bradykinesia, micrographia and tremor in one assessment 
by recording pen-tip movement during handwriting tasks, including tracing 
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geometric figures and actual writing. We additionally assessed whether these 
features allowed distinguishing PD patients from HC participants. 

3.3. Methods 

3.3.1. Ethics Statement 

The study protocol was approved by the Medical Ethical Committee of the 
University Medical Center Groningen. 

3.3.2. Participants 

Ten patients with PD (mean age 69.0 years; range 63–81, 6 male) and ten gender- 
and age- matched HC participants (mean age 68.1 years; range 61–78, 6 male) 
participated. Patients, who are clinically diagnosed with PD by a neurologist 
(according to the United Kingdom Parkinson's Disease Society Brain Bank 
Diagnostic Criteria for Parkinson’s Disease[21]) and who are under treatment at 
the movement disorders clinic in the University Medical Center Groningen 
(UMCG) were contacted retrospectively. Since the patients had to be able to hold 
a pen for 30 minutes and perform tracing and writing tasks, PD patients in 
relatively early stages of the disease (modified H&Y stage 1–2.5[3,22]) were 
selected. The first ten patients who replied positively and met the inclusion 
criteria were included. The healthy participants were recruited from the general 
population and were matched to the patients by their age and gender. All 
participants were right-handed according to the Annett handedness scale[23] and 
signed informed consent before participation. All PD patients complied with 
overnight withdrawal of PD-related medication. Exclusion criteria were a history 
of epileptic seizures, head injury, neurological disorders (other than PD for the 
patients), the use of medication affecting movement, or a low (< 26) score on the 
Mini Mental State Examination (MMSE). Patients who suffered from a severe 
tremor in the hands (score ≥ 3 on the UPDRS-III) were excluded from the study, 
because this study mainly focused on bradykinesia and micrographia. Table 3.1 
shows a summary of the patient characteristics.  
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Table 3.1. PD patient characteristics 
Patient 

no. 
Age 

(years) Gender 
Disease duration 

(years) 
Modified Hoehn and 

Yahr scale 
UPDRS score 

(last visit) 
1 63 M 5 2 6 
2 81 M 5 2.5 35 
3 79 M 3 2 20 
4 78 M 4 2 18 
5 62 F 4 1 11 
6 64 M 4 1.5 12 
7 67 F 8 1.5 13 
8 67 M 5 1 * 
9 65 F 2 1.5 11 

10 64 F 4 1.5 11 

* No UPDRS score was available for this patient   

3.3.3. Experimental design 

Participants were seated in front of a table in a comfortable position to write. As 
was shown before[9,14,16], a digitizer pen and tablet are suitable to record 
handwriting. A graphic tablet (WACOM Intuos 2) and a modified digitizer pen 
were used. The position of the pen-tip on the tablet during movement was 
recorded using the MovAlyzeR software (Neuroscript LLC, USA) with a sampling 
frequency of 100 Hz. The pen had a wired connection to an operator computer 
where MovAlyzeR was installed. Participants performed five drawing and 
writing tasks (see below) using the digitizer pen. The examiner was seated 
behind the operator computer and determined whether the participants 
executed the tasks correctly. If a task was executed incorrectly, the recording was 
stopped and restarted after re-instruction. An example of incorrect task 
execution would be moving the pen in the wrong direction or starting the task 
too early. 

3.3.4. Tasks 

Each participant performed five tasks in the same order, to limit variability in 
task results. 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 
write and draw as smoothly as individually possible. First, a rest recording 
(30 seconds) was performed prior to the writing and drawing tasks to measure 
pen movement at rest. The participants were instructed to touch the tablet with 
the pen-tip, with the lower right arm resting on the table[20]. Next, the 
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participants traced geometric shapes on templates; a circle, a star and a spiral 
(Figure 3.1). The templates were printed on A4 paper and placed on the tablet 
under a transparent sheet.  
• Circle drawing: In this task, participants had to continuously trace a 

circle ten times in a clockwise direction starting from the 12 o’clock 
position (Figure 3.1). 

• Star drawing: Straight lines orientated in eight different directions, set at 
45 degrees to each other and forming an eight pointed star, were traced 
in this task (Figure 3.1). The lines had to be repeatedly traced from the 
central point of the star to each endpoint and back, ten times without 
interruption, starting with the upward direction and then proceeding 
clockwise. 

• Spiral drawing: In this task the participants traced a spiral (Figure 3.1) 
clockwise from inside to outside. Each participant performed ten 
consecutive spiral tracing trials.  

 
During the last two tasks, the participants wrote a particular phrase ten times. 
The texts were chosen such that symbols and words were written repetitively 
and texts were nonsensical in one case and meaningful in the other.  
• ‘elel’ character writing: In this task the participant wrote the 8 character 

text sequence ‘elelelel’ ten times with each phrase starting at the left side 
of the tablet. 

• Sentence writing: In this task, the participant wrote the sentence: ‘veel te 
veel felle schelle zon’ (‘way too much bright, shrill sun’ in Dutch), ten times.  

 

 
Figure 3.1. Templates used for tracing geometric shapes; circle, star and spiral. The 
dimensions of the templates are indicated in the figure 
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3.3.5. Data analysis 

Using custom made scripts in Matlab 7.4.0 (R2007a) the drawing and writing 
tasks were analysed to evaluate the speed of movement to assess bradykinesia 
and the size of writing to assess micrographia. Additionally, a frequency analysis 
was performed to assess rest-tremor. The data were preprocessed to allow for 
evaluation of each separate trial as well as of the whole task (see Appendix 1 and 
2). The pen position data for the star task were divided into four main directions, 
for comparison. Directions 1 and 5 (see Figure 3.1) were taken together as the 
vertical direction, 3 and 7 as the horizontal direction, 2 and 6 as diagonal1 and 4 
and as diagonal2. The data points were assigned to the main directions (see 
Appendix 1). Separating each line of the ‘elel’ task and recognizing the individual 
letters was done using a state vector machine (see Appendix 2). The start and 
end points of each sentence were selected manually. 

 

Bradykinesia assessments 
To assess bradykinesia, features concerning movement speed were defined. 
Total movement time was calculated for the circle, spiral and star task. Median 
time for each trial was calculated for the circle, spiral and sentence task. Median 
velocity and acceleration were calculated for all tasks. For the star task median 
time for each line was calculated for the whole task as well as for the four main 
directions. Finally, for the ‘elel’ task median times for writing an ‘e’ or an ‘l’ were 
calculated yielding 23 bradykinesia features in total. 

 

Micrographia assessment 
To assess micrographia, writing size was investigated. For the ‘elel’ task median 
width and height of the individual letters ‘e’ and ‘l’ were calculated. For the 
sentence task median script height and median sentence length were calculated, 
yielding six micrographia features in total. 

 

Tremor assessment 
Data collected during the rest task were used to investigate the presence of a 
rest-tremor. To detect the tremor, the data of the pen-tip location (x and y) were 
analyzed. First, the difference signals, dx and dy, for x and y were computed 
according to: 
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where n is the signal’s sample index. Then a principal component analysis was 
performed and the first principal component of dx and dy was selected to take 
into account all possible directions for rest-tremor. The first principal 
component is the linear combination of dx and dy with the highest variance. The 
power spectrum of the first principal component was computed using Welch’s 
method. Finally, the spectral maximum was identified and the power spectral 
density (PSD) and frequency at the peak were determined.  

3.3.6. Statistical analysis  

Statistical analyses were conducted using SPSS 20.0.0.1. First, it was tested 
whether features were normally distributed by the Shapiro-Wilk test. For both 
groups, all features were described by their mean and standard deviation when 
normally distributed, or median and interquartile range (iqr), when not normally 
distributed. Since the goal was to derive quantitative measures for bradykinesia, 
micrographia and rest-tremor, and to assess whether these features could be 
used to distinguish PD patients from HC participants, the bradykinesia and 
micrographia features were compared between the two groups. Since only a few 
patients had rest-tremor, related features were not compared further. To 
compare the bradykinesia and micrographia features between the two groups, 
multiple independent t-tests were performed for the features which were 
normally distributed and the Mann Whitney test was used when normality 
assumptions were violated. The statistical analyses were corrected for multiple 
comparisons by applying a Bonferroni correction. After Bonferroni correction a 
probability value (p) of ≤ 0.0014 (0.05/35) was considered significant for the 
bradykinesia and micrographia assessments. Additionally, to investigate the 
progressive reduction in writing size the difference between the first and last 
trial was computed for the width and height of the letters ‘e’ and ‘l’ and the length 
and height of the sentence and also compared between the two groups with 
multiple independent t-tests. After Bonferroni correction a probability value (p) 
of ≤ 0.0014 (0.05/35) was considered significant. Median time per line, which 
was normally distributed over participants, was compared between the four 
main directions of the star task according to a repeated measures ANOVA with 
between-subjects factor Group (PD and HC) and within-subject factor Direction 
(four main directions).
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3.4. Results 

All participants completed each of the writing and drawing tasks. Median disease 
duration of the PD patients was 4.4 years (range 2–8) and nine PD patients 
normally used Parkinsonian medication. 

3.4.1. Bradykinesia assessments 

Table 3.2 provides the test statistics for the bradykinesia features. Four 
bradykinesia features (median time per repetition, median velocity and median 
acceleration of the sentence and median velocity of the ‘elel’ task) differed 
significantly between PD and HC (all p≤0.0014). The remaining features also 
showed large differences between the two groups, although significance did not 
survive correction for multiple comparisons. Median time per line differed 
significantly between the four main directions of the star (F(3,16)=9.35, 
p=0.001), because median time per line was significantly higher in diagonal2 
(0.81 s.) compared to diagonal1 (0.71 s.). No significant interaction was found.  

3.4.2. Micrographia assessments 

The test statistics for the micrographia assessments are also shown in Table 3.2. 
Sentence length and sentence script height did not differ significantly between 
PD and HC. The width of the letter ‘e’ was significantly smaller in PD than in HC 
(p ≤ 0.0014). The height of the letter ‘e’ and the width and height of the letter ‘l’ 
in the ‘elel’ task were smaller in PD compared to HC, although significance did 
not survive correction for multiple comparisons (see Figure 3.2 for an example 
of writing). No other significant effects were found concerning writing size and 
progressive reduction in writing size. 

3.4.3. Tremor assessments 

The PSD at the peak was higher (>30 (mm/s2)/Hz) for three PD patients who 
were clinically assessed as having rest-tremor than for all other participants 
(<2 (mm/s2)/Hz). The peak frequencies for these patients were between 4.4 and 
8.0 Hz (PD2 8.0 Hz; PD3 5.3 Hz; PD7 4.4 Hz).   
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Figure 3.2. An example of the ‘elel’ task is shown for a HC participant (left) and a PD patient 
(right). Each line of the writing task was shifted vertically so that individual trials are visible. 
Note the differences in the x-axis and y-axis between the left and right figure. For full-scale 
examples of the ‘elel’ task, see Appendix 2. 
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Table 3.2. Summary of test statistics of the bradykinesia and micrographia features, mean (SD) values for both 
groups are provided in case of a normal distribution, otherwise Median (iqr) values are shown; for the normal 
distributed features an independent t-test was performed, otherwise a Mann Whitney U test was performed. 

 

Task Feature PD HC t-value # p-value 
Circle  Total Movement time (s) 37.27 (13.08) 22.87 (5.99) 3.17 0.0077 
Circle  Median time per repetition (s) 3.24 (2.26)° 2.19 (0.59)° 18 # 0.0150 
Circle  Median velocity (m/s) 0.11 (0.05) 0.18 (0.06) −2.94 0.0087 
Circle Median Acceleration (m/s2) 0.29 (0.32)° 0.47 (0.40)° 19 # 0.0190 
Star Total Movement time (s) 175.76 (66.55) 106.38 (36.52) 2.89 0.0098 
Star Median time per line (all) (s) 0.94 (0.34) 0.56 (0.21) 3.04 0.0070 
Star Median time per line (diagonal 1) (s) 0.89 (0.29) 0.54 (0.20) 3.09 0.0067 
Star Median time per line (diagonal 2) (s) 1.03 (0.43) 0.58 (0.25) 2.82 0.0112 
Star Median time per line (horizontal) (s) 0.91 (0.29) 0.62 (0.22) 2.58 0.0187 
Star Median time per line (vertical) (s) 0.98 (0.40) 0.53 (0.20) 3.20 0.0072 
Star Median Velocity (m/s) 0.11 (0.06) 0.17 (0.06) −2.48 0.0234 
Star Median Acceleration (m/s2) 0.41 (0.44)° 0.96 (1.44)° 22 # 0.0350 
Spiral Total Movement time (s) 122.69 (59.00)° 83.39 (40.00) ° 14 # 0.0050 
Spiral Median time per repetition (s) 10.36 (5.36)° 6.79 (3.79)° 16 # 0.0090 
Spiral Median velocity (m/s) 0.10 (0.05) 0.15 (0.05) −2.40 0.0274 
Spiral Median Acceleration (m/s2) 0.29 (0.27)° 0.54 (0.79)° 19 # 0.0190 
Sentence Median time per repetition 16.30 (4.94)° 11.18 (2.92)° 3 # 0.0000* 
Sentence Median velocity (m/s) 0.05 (0.02) 0.08 (0.02) −4.22 0.0005* 
Sentence Median Acceleration (m/s2) 0.78 (0.32) 1.77 (0.39) −6.23 0.0000* 
Elel Median velocity (m/s) 0.07 (0.04) 0.15 (0.04) −4.18 0.0006* 
Elel Median Acceleration (m/s2) 0.61 (0.36) 1.52 (0.71) −3.62 0.0030 
Elel Median duration letter e (s) 0.48 (0.13) 0.37 (0.10) 2.17 0.0441 
Elel Median duration letter l (s) 0.74 (0.26) 0.51 (0.14) 2.53 0.0209 

 Micrographia features     
Elel Median Width of the e (mm) 7.67 (3.42) 14.16 (3.34) −4.29 0.0004* 
Elel Median Height of the e (mm) 16.30 (6.57) 24.29 (5.90) −2.86 0.0104 
Elel Median Width of the l (mm) 12.82 (4.83) 19.15 (5.40) −2.76 0.0129 
Elel Median Height of the l (mm) 42.64 (15.45) 59.86 (13.82) −2.63 0.0171 
Sentence Median Script Height (mm) 13.46 (5.91) 18.03 (4.41) −1.96 0.0660 
Sentence Median Sentence Length (mm) 228.36 (116.19)° 275.96 (30.20)° 25 # 0.0630 

Elel 
Difference first-last trial 
Width e (mm) 

0.0030 (0.36) 0.13 (0.28) −0.89 0.3870 

Elel 
Difference first-last trial 
Height e (mm) 

−0.032 (0.44) 0.37 (0.38) −2.21 0.0410 

Elel 
Difference first-last trial 
Width l (mm) 

−0.12 (0.69) 0.25 (0.38) −1.48 0.1560 

Elel 
Difference first-last trial 
Height l (mm) 

−0.89 (1.48) −0.13 (0.71) −1.46 0.1620 

Sentence 
Difference first-last trial Script Height 
(mm) 

−28.82 (23.88) −8.99 (21.38) −1.96 0.0660 

Sentence 
Difference first-last trial Script Length 
(mm) 

−2.71 (2.98) 0.49 (4.11) −1.99 0.0620 

° Median (iqr); # The values which are marked with a # are the U-values of the Mann Whitney U test, otherwise a t-
value is shown. * indicates a Bonferroni corrected significant result at α=0.0014. SD=Standard Deviation; 
iqr=interquartile range. 
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3.5. Discussion 

The present study showed that handwriting tasks can provide objective 
measures for bradykinesia, micrographia and rest-tremor that distinguish PD 
from HC. Corresponding to earlier studies[8,10,11,13,15] results from the current 
study showed that PD patients perform movements significantly slower than HC. 
PD patients were likely slower than HC, because of bradykinesia[10]. However, 
some caution is needed when drawing this conclusion, because it is crucial to 
distinguish bradykinesia from simple age-related slowness[1]. However, the 
groups were age-matched, which suggests that the decreased movement speed 
in PD patients reflects bradykinesia rather than just age-related slowness. All 
bradykinesia features showed large differences between the two groups, but 
only four features were significantly different between the two groups. These 
four features were derived from data obtained during the writing tasks, which 
were more complex than the tracing tasks. Moroney et al.[24] also showed in a 
simulation model that PD patients were slower than HC in both simple and 
complex movements, but slowness increased with increased movement 
complexity.  

Writing size was examined to find objective measures for micrographia. 
Micrographia is a symptom frequently associated with PD and is reflected in 
smaller sized writing patterns[25,26], but has also been defined as a progressive 
reduction in amplitude during a writing task[26]. In the current study PD patients 
produced smaller handwriting than HC as represented by smaller average width 
and height of the letters ‘e’ and ‘l’ in the ‘elel’ task (note that only the width of the 
letter ‘e’ differed significantly between groups). This result was similar to the 
findings of Van Gemmert et al.[12] and Rosenblum et al.[13]. They showed reduced 
stroke sizes in PD patients compared to HC participants who performed 
handwriting tasks. We investigated the progressive reduction in writing size 
during a task as well, and there was a small reduction in size of different letter 
features, but there were no significant differences between the two groups. This 
result is in contrast with observations by Ponsen et al.[15], who showed a 
progressive reduction in writing size in PD patients. The fact that the present 
study showed no progressive reduction in writing size during the tasks might be 
due to the lack of visual feedback on the tablet during the tasks as the stylus is 
non-inking. De Jong et al.[27] described that PD patients drew larger when no 
visual feedback was available. Ondo et al.[28] also showed that withdrawal of 
visual feedback during actual writing improved micrographia in PD patients. 
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Therefore, in future studies handwriting with visual feedback should be 
analysed, because this might improve the sensitivity of micrographia measures.  

In addition, participants were asked how frequently they practiced 
handwriting in their daily lives to investigate whether the differences between 
groups are not a result of a lack of practice. The participants, both PD and HC, 
only wrote small amounts in their daily lives, such as a shopping-list, so we 
assume that the differences between the two groups in this study are a result of 
PD rather than a lack of practice. 

Furthermore, rest-tremor was detected in the patients who were 
clinically assessed as having rest-tremor by the handwriting system described in 
this paper. The strength of combining handwriting tasks as was done in the 
present study is that three important motor symptoms of PD are assessed 
simultaneously. Handwriting tasks could be useful for screening PD in patients 
with mild symptoms: they are easily applicable in the clinic, since only a digitizer 
pen and tablet are needed to perform the measurements. Before such a 
handwriting system would be implemented in the clinic a future longitudinal 
study should investigate which participants with a high risk to develop PD, based 
on the handwriting measurements, will actually develop PD. Furthermore, future 
studies should investigate whether PD can be distinguished from other 
movement disorders using these handwriting tasks. Additionally, the custom 
made Matlab-scripts should be converted to automatic methods, which generate 
simple outcome measures for the clinician. Finally, handwriting analysis could 
also be useful for monitoring the effects of rehabilitation programs or other 
interventions. 

One of the limitations of this study was the small sample size, which 
limits the number of statistically significant results. However, almost all features 
showed a clear difference between the groups (p<0.05), although they did not all 
survive Bonferroni correction. In addition, this study does not include a 
comparison with the clinical examination of the motor symptoms of PD. 
However, previous studies have already demonstrated correlations between 
separate handwriting tasks and clinical examinations[8,18]. The handwriting test-
battery presented in this study might be further improved by including a 
measure for rigidity, which is one of the classical symptoms of PD[1]. However, 
rigidity is a symptom which is very hard to quantify, because it refers to an 
increased muscle tone noticed during subjective assessment by a physician 
during passive movements of, for example, an affected arm[1].  
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3.6. Conclusions 

In the present study we showed that standardized handwriting tasks can provide 
quantitative measures for the assessment of bradykinesia, micrographia and 
tremor. Several of these measures distinguished clinically diagnosed PD from HC.  
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4.1. Abstract 

Standardized handwriting and drawing tasks provide objective measures of 
important motor symptoms of Parkinson’s disease (PD) and allow distinguishing 
PD patients from age-matched healthy controls. Such tasks could potentially be 
useful in clinical settings for (early) diagnosis and monitoring purposes. The aim 
of this study was to assess the reproducibility of a set of standardized graphical 
tasks including age effects in healthy adults (20–75 years). Overall, movement 
time and accuracy on circle, spiral and zigzag drawing tasks and a modified Fitts’ 
task showed good reproducibility (intraclass correlation coefficients>0.7). 
Reproducibility was similar to the reproducibility of the Purdue pegboard task, 
which is an already validated fine motor control task. Reproducibility was higher 
in older participants (56–75 years) compared to younger participants (20–
55 years). To conclude, performance on this set of standardized graphical tasks 
was reproducible in healthy adults, which is essential for future diagnostic and 
monitoring use in patients.  
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4.2. Introduction 

Despite the increased use of computers, the use of a pen for handwriting 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 Parkinson’s disease (PD)[3] or trauma could cause deterioration in 
handwriting and drawing ability[2]. Typically, handwriting and drawing becomes 
smaller (bradykinesia) and slower (micrographia) due to PD[3–8]. Even though 
handwriting and drawing are complex functions, these graphical tasks entail 
overlearnt skills[9]. Therefore, once mastered, performance on such tasks is 
expected to not considerably improve or deteriorate over time anymore[9]. 
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 PD[4,6,10], to evaluate treatment effects[11,12] or to 
study fine motor control in general[1,13–17]. Additionally, graphical tasks have 
been investigated in several studies as an aid in the diagnostic process of PD, to 
distinguish PD from healthy controls (HC)[5,7,18,19], or PD from other movement 
disorders[8]. Before such tasks can be used clinically for diagnosis or screening, 
their characteristics and added value should be assessed[20]. According to Van 
den Bruel et al.[20], several steps should be followed in this process. One of these 
steps is to examine the reproducibility of the results, defined as the ability to 
achieve the same test results on repeated testing[20]. Only one of the previously 
mentioned studies examined reproducibility of handwriting tasks[17]. Two other 
studies investigated the reproducibility of drawing and tapping tasks employing 
a graphic tablet[21,22]. However, the scope of these previous studies was limited. 
Mergl et al.[17] investigated reproducibility in young adults (n=21) only and their 
measures focused on movement speed. Erasmus et al.[21] only investigated 
reproducibility of drawing precision between two consecutive days. Finally, Feys 
et al.[22] focused on tremor measures and only investigated short-term test-retest 
reliability for a spiral drawing task in MS patients with tremor. Therefore, the 
goal of the present study was to investigate the reproducibility of a set of 
standardized graphical tasks, executed with the same pen and tablet, with a one-
week interval in healthy participants of different ages. Additionally, in the 
present study intraclass correlation coefficients (ICC) were used to determine 
the reproducibility, instead of Pearson or Spearman correlations which were 
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used in the earlier studies. For the ICC, the data are centred and scaled using a 
pooled mean and standard deviation, whereas for the Pearson or Spearman 
correlation coefficient, each variable is centred 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.  

In a previous study[5] we investigated whether a specific set of tracing 
tasks could be used to distinguish PD patients from age-matched HC participants. 
Performance on these tracing tasks was not significantly different between PD 
patients and HC participants, however, this might be due to the very strict 
Bonferroni correction which was used to correct for multiple comparisons. 
Uncorrected, the movement time on the simple tracing tasks did show a 
significant difference between PD patients and HC participants (p<0.01 for all 
tasks). Therefore the reproducibility of some of these tracing tasks and 
additional fine motor control tasks using a digital pen and tablet was investigated 
for the present study in healthy adults of different ages. The additional fine motor 
control tasks were added to the task-battery of our previous study, which only 
included simple circle, line and spiral tracing tasks, to cover a larger range of 
upper limb functions. The line drawing task was replaced by a zigzag tracing and 
drawing task, because for the zigzag tasks movements must be made in different 
directions, which require more complex movements of the fingers, wrist and 
arm[4] than the line tracing task. A modified Fitts’ task was also added to the set 
of tasks. Fitts’ task is an extensively used task to study fine motor control of the 
upper limb. Fitts[23] and others[24,25] reported that when healthy participants 
performed rapidly alternating movements of the upper limb, movement time 
varied systematically with changes in movement amplitude and target width 
(accuracy was held constant). This relationship is currently known as ‘Fitts’ 
law’[23]. Changes in this so-called speed-accuracy trade-off could reflect changes 
in fine motor control of the upper limb and therefore Fitts’ task offers a useful 
framework in which movement processes can be studied, both in general and at 
clinical level[26]. For example, Sanes[27] and Rand et al.[28] showed that movement 
time and inaccuracy of PD patients were larger compared to HC participants in a 
modified Fitts’ task. Here, we explored which of these tasks showed the best 
reproducibility.  

To show that the new task-battery is able to serve its intended goal, it is 
important to compare its performance to that of an existing test of fine motor 
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control[20]. Therefore, the reproducibility on the tracing and drawing tasks and 
the modified Fitts’ task was compared 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[29] and has been shown to be reliable[29–

31].  
To summarize, the present study investigated the reproducibility of 

several tracing tasks and a modified Fitts’ task. The reproducibility of these 
graphical tasks was compared to the reproducibility of an independent measure 
for manual dexterity, the Purdue pegboard task. Additionally, the influence of age 
on all tasks was investigated. 

4.3. Methods 

4.3.1. Participants 

Thirty-six healthy volunteers, recruited from the general population, 
participated in this study. The participants were divided over three age-groups 
of 12 participants each: 20–29 years (mean age 26.3, sd 2.5, 7 males), 30–
55 years (mean age 42.0, sd 6.4, 8 males) and 56–75 years (mean age 64.7, sd 6.2, 
8 males). All participants signed 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.  

4.3.2. Experimental design 

Participants were seated in front of a table in a comfortable position to write. A 
digital tablet (ASUS Eee Slate EP121) and custom made digital pen were used. 
The position of the pen-tip on the tablet during movement was recorded at a 
sampling frequency of 200 Hz, using custom developed software. The pen had a 
wired connection to the tablet. Participants performed eight tasks (see below) 
with the digitizer pen on the tablet. Additionally, participants performed the 
Purdue pegboard test. The examiner was seated behind an operator computer to 
start and stop the recordings. The examiner also determined whether the 
participants executed the tasks correctly. If a task was executed incorrectly, the 
recording was stopped and restarted after re-instruction. An example of 
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incorrect task execution would be moving the pen in the wrong direction or 
starting the task before recording was started. 

4.3.3. Tasks 

Each participant performed eight tasks in the same order to limit variability in 
task results. 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 draw 
as smoothly as individually possible. The participants traced geometric shapes; 
a circle, a spiral and a zigzag figure (see Figure 4.1). Templates of these shapes 
were shown on the tablet.  
• Circle tracing: In this task, participants had to continuously trace a circle 

ten times in a clockwise direction starting from the 12 o’clock position (see 
Figure 4.1). 

• Spiral tracing: In this task the participants traced a spiral (see Figure 4.1) 
clockwise from inside to outside. Each participant performed ten 
consecutive spiral tracing trials.  

• ZigZag tracing and drawing: In this task participants had to trace and 
draw a zigzag figure (four repeats of a right up line followed by a right down 
line, see Figure 4.1) from left to right and right to left without lifting the pen. 
The task consisted of four different conditions and participants performed 
ten consecutive zigzag drawing trials in each condition. In the first condition 
(zigzag tracing) participants had to trace the zigzag figure template, which 
was presented on the tablet. The second condition (zigzag copying) 
consisted of drawing the zigzag figure with the zigzag figure template 
provided on paper on the table above the tablet. In the third condition 
(zigzag blinded) participants had to draw the zigzag figure with their eyes 
closed and in the fourth condition (zigzag rotated) they had to draw the 
zigzag figure vertically, while the zigzag figure template was presented 
horizontally on paper on the table above the tablet. 

• Modified Fitts’ task: The next task was similar to Fitts’ original task and 
adapted for use with the pen and tablet. Two targets, both filled circles, 
were shown on an imaginary horizontal line in the middle of the tablet. 
Participants were asked to touch the targets with the pen-tip alternately as 
fast and as accurately as possible during 20 seconds. In eight subtasks the 
difficulty of the tasks were 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 of the tablet. In the first 
four subtasks (1 to 4), the distance between the centre of the targets was 
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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 to 8), the distance between the 
centre 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). 

• Purdue pegboard test: The Purdue pegboard test employs 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 the 
first three subtests the participant was instructed to place as many pins as 
possible in the holes within 30 seconds, 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 seconds. An assembly consisted of a pin, 
washer, collar and a second washer. In accordance with the instructions, the 
participants were allowed to practice before each subtest[29].  
 

 
Figure 4.1. Templates and their dimensions for the tracing and drawing tasks: a circle, spiral 
and zigzag figure. 
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4.3.4. Data analysis 

The drawing and tracing tasks were analysed 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[5], in the present study we 
also calculated mean MT per repetition for the circle, spiral and zigzag tracing 
and drawing tasks. Additionally, we 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 Fitts’ task movement time (MT) and accuracy (Acc) were calculated 
as well to investigate performance on the task. Movement time was determined 
as the average time needed to move the pen from one target to the other. To 
determine accuracy, first each touch was scored according to the distance 
between the outline of the target and the touch location. The score ranged from 
0–1, where a score of 1 was given to the touches inside the target and a score of 
0 was given to the touches for which the distance to the outline of the target was 
more than the radius of the target. The score of the remaining touches was 
calculated by linear interpolation of the scores between 0 and 1 with distance. 
Finally, accuracy was expressed as the total accuracy, by summing up the 
accuracy scores of all touches.  

Finally performance on the Purdue pegboard test was analysed. The 
score on the first two subtests was equal to the number of pins inserted in the 
holes within 30 seconds. The score on the third subtest equalled the number of 
pairs of pins inserted in the holes and the assembly score equalled 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)[29].  All measures were determined for the first and second measurement.  

4.3.5. Statistical analysis 

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 degree of 
agreement between the two measurements for all tasks was determined by the 
intraclass correlation coefficient (ICC) for the whole group as well as for each 
age-group separately. In this study we used ICC(C,1) as defined by McGraw and 
Wong[32] (see Appendix 3 for the estimation of ICC(C,1)). The ICC was calculated 
in Matlab 7.4.0 (R2007a) and ranges from 0 to 1. According to Andresen[33] an 
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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.  
 
Differences between measurement days and age-groups 
Before testing whether differences between measurement days and between 
age-groups for all measures were significant, a Shapiro-Wilk test was used to test 
whether the data was normally distributed. If normally distributed, a repeated 
measures ANOVA with between subject factor ‘group’ (3 levels; younger, middle-
aged and older) and within subject factor ‘time’ (2 levels; measurement day 1 
and day 2) was used to test whether differences between measurement days and 
age-groups were significant. Otherwise, a Wilcoxon signed rank test was used to 
test whether differences between the two measurement days were significant. If 
the data of each of the three age-groups was normally distributed, a one-way 
ANOVA was used to test whether significant differences between age-groups 
were present, followed by a post-hoc Bonferroni to determine which groups 
were significantly different from each other. Otherwise, a Kruskal-Wallis test 
was used to test whether age-groups were significantly different, with post-hoc 
Mann Whitney U tests to determine which groups differed significantly from 
each other. Additionally, difference scores between the two days were calculated 
for all measures. If the difference scores were normally distributed according to 
the Shapiro-Wilk test, a one-way ANOVA was used, otherwise a Kruskal-Wallis 
test was used to investigate whether the age-groups were significantly different 
from each other. Post-hoc, Mann Whitney U tests were used to determine which 
groups were significantly different from each other. 

4.4. Results 

All participants (n=36; mean age: 44.3; sd: 16.8; 23 male; 13 female) completed 
each of the tracing and drawing tasks 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. For one participant the MT of the zigzag rotated task on day 1 was missing 
because of technical problems, so this participant was excluded from further 
analysis on this task. 

 
Reproducibility 
Mean MT and mean error for each of the tracing and drawing tasks are given in 
Table 4.1 and 4.2 for the total group and for each of the age-groups. Agreement 
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between the first and second measurement for the total group was high for mean 
MT on the circle, spiral and zigzag tasks (circle tracing: ICC=0.78; spiral tracing: 
ICC=0.84; zigzag tracing: ICC=0.93; zigzag copying: ICC=0.92; zigzag blinded: 
ICC=0.91; zigzag rotated: ICC=0.93). In general, mean MT decreased at the 
second measurement day compared to the first. Agreement for the total group 
between the first and second measurement for mean error was high for spiral 
and zigzag tracing (ICC=0.87 and ICC=0.87) and moderate for circle tracing 
(ICC=0.47).  

The descriptive values for MT and Acc for the modified Fitts’ task are 
shown in Tables 4.3 and 4.4, for the total group, as well as for each age-group 
separately. In general, accuracy increased with an increase in target size and with 
a decrease in distance between targets. On average, the time to move between 
targets increased with an increase in distance between targets and decreased 
with an increase in target size. Additionally, high accuracy was associated with 
slower movements and vice versa. Agreement between the two measurement 
days for time was moderate for subtask 1 (ICC=0.72) and high for the other 
subtasks (all ICC>0.75, see Table 4.3). Agreement between the two measurement 
days for accuracy was high for subtasks 3 and 7 (ICC=0.82 and ICC=0.80) and 
moderate for subtask 1, 2, 4−6 and 8 (ICC=0.58, ICC=0.73, ICC=0.74, ICC=0.50, 
ICC=0.71 and ICC=0.70, respectively, see Table 4.4). 

Mean values for the scores on the Purdue pegboard task are shown in 
Table 4.5. Agreement between the first and second measurement was high for 
the sum-score (ICC=0.86) and the assembly score (ICC=0.91) (see Table 4.4). The 
scores for the right hand resulted in an ICC of 0.56, for the left hand in an ICC of 
0.80 and for both hands in an ICC of 0.78 (see Table 4.4). All five scores increased 
slightly on the second measurement day compared to the first. Overall, ICC for 
most of the measures increased with an increase in age. 

 
Differences between measurement days and age-groups 
For the MT on the tracing and drawing tasks a Wilcoxon signed rank test showed 
a significant difference between measurement days (all p<0.05, see Table 4.1). 
MT on all tracing tasks was significantly lower on day 2 compared to day 1. There 
was a significant difference between the age-groups for some of the MT 
measures on the tracing tasks (indicated in Table 4.1). Post-hoc tests showed 
that the older group had significantly higher MT, compared to the younger and 
middle-aged group (p<0.05). 

For the mean error on the zigzag tracing task a repeated measures 
ANOVA showed that mean error was significantly higher on the measurement 
day 2 compared to day 1 (see Table 4.2). There was also a significant group effect, 
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for which the post-hoc tests showed that the middle-aged group had a 
significantly higher mean error than the older group (p<0.05). No significant 
interaction effect was found. The mean error on the spiral tracing task was also 
significantly higher on day 2 compared to day 1 according to a Wilcoxon signed 
rank test (p<0.05, see Table 4.2). No significant difference between the 
measurement days was found for the mean error on the circle tracing task. There 
were no significant differences between the groups for the mean error on the 
circle and spiral tracing task. 

For the movement time on subtasks 5, 6 and 7 of the modified Fitt’s task 
a repeated measures ANOVA showed that the average time needed to move 
between the targets was significantly lower on day 2 compared to day 1 (all 
p<0.05, see Table 4.3). There was also a significant group effect and post-hoc 
tests showed that the older group needed significantly more time to move 
between targets compared to the younger and middle-aged group (p<0.05). No 
significant interaction effect was found. 

For the movement time on subtask 1,2,3 and 8 of the modified Fitts’ task, 
a Wilcoxon signed rank test showed that movement time was significantly lower 
on day 2 compared to day 1 (all p<0.05, see Table 4.3). For subtask 4 no 
significant difference was found between the movement time on day 1 and day 
2. For subtasks 1,2,3,4 and 8, the age-groups were significantly different 
(indicated in Table 4.3) and post-hoc tests showed that the older group needed 
significantly more time to move between the targets than the younger and 
middle-aged groups (p<0.05). 

For the total accuracy on subtasks 1,2,3,6,7 and 8 of the modified Fitts’ 
task, a repeated measures ANOVA showed that total accuracy was significantly 
higher on day 2 compared to day 1 (see Table 4.4). For all subtasks, except 
subtask 7 there was a significant difference between the groups. Post-hoc tests 
showed that the older group was significantly less accurate than the younger and 
middle-aged group for subtask 1, 4 and 5, for subtask 2 the middle-aged group 
was significantly more accurate than both the younger and older group and for 
subtask 3 and 8 the older group was significantly less accurate then the middle-
aged group (all p<0.05). There was no significant interaction effect. 

For all the time and accuracy measures for both tracing and the modified 
Fitts’ task the difference scores between day 1 and day 2 did not show significant 
differences between the age-groups. 

For the scores on the Purdue pegboard test a repeated measures ANOVA 
showed that there was a main effect of time (p<0.05, see Table 4.5) for all scores, 
except for the score with both hands. The scores on day 2 were significantly 
higher compared to day 1. Also a main effect of group was found for almost all 
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scores, except for the score with the left hand. Post-hoc tests showed that the 
older group scores significantly lower than the younger and middle-aged group 
(p<0.05, see Table 4.5). There were no significant interaction effects. 

Table 4.1. Statistic measures for the movement time (MT) on the tracing tasks. Intraclass correlation 
coefficients (ICC) and mean movement time per repetition were displayed for the whole group as well 
as for the three groups separately. Also the results of the Wilcoxon signed rank tests are shown in this 
table. 

 
MT(s) Day 1 
(Mean(sd)) 

MT(s) Day 2 
(Mean(sd)) ICC Z-value p-value 

Circle Tracing      
Group I (20–29 years) 3.6 (1.3) 2.3 (0.8) 0.34   
Group II (30–55 years) 3.1 (1.2) 2.3 (1.1) 0.90   
Group III (56–75 years) 4.5 (2.6) 3.1 (1.8)a 0.81   
Total 3.2 (2.0)a 2.5 (1.5)a 0.78 −4.07 0.00 
Spiral tracing      
Group I (20–29 years) 7.4 (1.9) 6.0 (1.2) 0.57   
Group II (30–55 years) 7.5 (2.4) 5.9 (1.7) 0.80   
Group III (56–75 years) 8.8 (3.6)a 9.1 (4.4) 0.83   
Total 7.9 (3.1)a 6.6 (2.5)a,b 0.84 −4.15 0.00 
ZigZag tracing      
Group I (20–29 years) 7.4 (1.6) 6.3 (1.5)a 0.72   
Group II (30–55 years) 7.5 (2.4) 5.9 (1.3) 0.84   
Group III (56–75 years) 10.2 (6.5)a 8.6 (6.5)a 0.94   
Total 7.6 (3.7)a 6.3 (2.8)a 0.93 −4.12 0.00 
ZigZag copying      
Group I (20–29 years) 6.4 (0.9) 5.5 (1.7)a 0.52   
Group II (30–55 years) 6.4 (1.4) 5.5 (1.0) 0.89   
Group III (56–75 years) 8.4 (6.9)a 7.0 (5.1)a 0.92   
Total 6.6 (2.2)a,c 5.6 (1.9)a,c 0.92 −4.60 0.00 
ZigZag blinded      
Group I (20–29 years) 6.3 (0.8) 5.7 (1.1)a 0.37   
Group II (30–55 years) 6.1 (1.2) 5.6 (0.8) 0.84   
Group III (56–75 years) 9.4 (3.8) 8.1 (3.6) 0.94   
Total 6.6 (2.0)a,b 5.8 (1.6)a 0.91 −4.04 0.00 
ZigZag rotated      
Group I (20–29 years) 5.9 (0.8) 5.3 (0.9) 0.61   
Group II (30–55 years) 6.1 (1.1) 5.4 (0.7) 0.76   
Group III (56–75 years) 9.4 (3.2) 7.9 (3.1) 0.95   
Total 6.7 (1.9)a,b 5.6 (1.4)a,b 0.93 −4.50 0.00 
a) Median(iqr) values are displayed; b) Significantly different between the groups according to a one-way ANOVA 
analysis (p<0.05); c) These measures were significantly different between the groups according to a Kruskall Wallis 
test (p<0.05); sd=standard deviation; iqr=interquartile range; Z=Wilcoxon signed rank test for differences between 
measurement days. 
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Table 4.2. Statistic measures for the mean error on the tracing tasks. Intraclass correlation coefficients 
(ICC) and mean error (mean deviation (mm) from template per repetition) are displayed for the whole 
group as well as for the three groups separately. Also the results of the statistical analysis for differences 
between measurement days and between groups are shown. 

 
Error(mm) Day 1 
(Mean(sd)) 

Error(mm) Day 2 
(Mean(sd)) ICC 

Test 
statistic p-value 

Circle tracing      
Group I (20–29 years) 2.11 (0.39)a 2.10 (1.29)a 0.27   
Group II (30–55 years) 2.31 (0.61) 2.24 (1.39)a 0.56   
Group III (56–75 years) 1.97 (1.83)a 2.08 (1.33)a 0.65   
Total 2.11 (0.84)a 2.12 (1.38)a 0.47  −1.05b 0.29 
Spiral tracing      
Group I (20–29 years) 2.41 (0.17)a 2.49 (0.39)a 0.75   
Group II (30–55 years) 2.47 (0.54) 2.62 (0.61) 0.87   
Group III (56–75 years) 2.58 (0.73) 2.69 (0.91) 0.92   
Total 2.41 (0.41)a 2.49 (0.63)a 0.87  −2.29b 0.02 
ZigZag tracing      
Group I (20–29 years) 2.08 (0.41) 2.36 (0.54) 0.68   
Group II (30–55 years) 2.44 (0.84) 2.78 (0.77) 0.96   
Group III (56–75 years) 1.81 (0.65) 2.01 (0.83) 0.79   
Total 2.11 (0.69)d 2.38 (0.77)d 0.87  18.69c 0.00 
a) Median(iqr) values are displayed; b) The Z-values as a result of the Wilcoxon signed rank test for differences between 
measurement days; c) The F-value as a result of the main effect of time of the repeated measures ANOVA; d. The age-
groups were significantly different according to a repeated measures ANOVA (p<0.05). 
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Table 4.3. Statistical results for time on the modified Fitts task. Intraclass correlation coefficients (ICC) 
and average time needed to move from one target to the other (time(s)) were calculated for the whole 
group as well as for the three groups separately. 

  
Time(s) Day 1 
(Mean(sd)) 

Time(s) Day 2 
(Mean(sd)) ICC Test-statistic P-value 

Condition 1 
Group I (20–29 years) 0.39 (0.07) 0.35 (0.07) 0.11   
Group II (30–55 years) 0.36 (0.06) 0.32 (0.06) 0.32   
Group III (56–75 years) 0.51 (0.14) 0.44 (0.13) 0.83   
Total 0.40 (0.13)a,e 0.37 (0.10) e 0.72 −3.03b 0.00 
Condition 2      
Group I (20–29 years) 0.32 (0.06) 0.30 (0.05) 0.23   
Group II (30–55 years) 0.29 (0.05) 0.26 (0.04) 0.62   
Group III (56–75 years) 0.42 (0.11) 0.38 (0.10) 0.88   
Total 0.32 (0.11)a,e 0.29 (0.09)a,e 0.81 −3.10 b 0.00 
Condition 3      
Group I (20–29 years) 0.27 (0.03) 0.26 (0.04) 0.29   
Group II (30–55 years) 0.24 (0.05)a 0.21 (0.04)a 0.72   
Group III (56–75 years) 0.35 (0.10) 0.32 (0.09) 0.89   
Total 0.26 (0.08)a,f 0.25 (0.07)a,f 0.87 −3.1 b 0.00 
Condition 4      
Group I (20–29 years) 0.24 (0.02) 0.23 (0.03) 0.49   
Group II (30–55 years) 0.22 (0.02) 0.21 (0.03) 0.69   
Group III (56–75 years) 0.30 (0.08) 0.30 (0.07 0.77   
Total 0.24 (0.05)a,e 0.23 (0.05)a,e 0.83 −1.26 b 0.21 
Condition 5      
Group I (20–29 years) 0.54 (0.08) 0.54 (0.09) 0.44   
Group II (30–55 years) 0.54 (0.11) 0.49 (0.11) 0.76   
Group III (56–75 years) 0.68 (0.12) 0.61 (0.17) 0.87   
Total 0.59 (0.12)d 0.55 (0.13) d 0.79 13.36 c 0.00 
Condition 6      
Group I (20–29 years) 0.49 (0.05) 0.46 (0.07) 0.51   
Group II (30–55 years) 0.47 (0.09) 0.43 (0.10) 0.70   
Group III (56–75 years) 0.58 (0.10) 0.53 (0.15) 0.84   
Total 0.51 (0.09) d 0.47 (0.12) d 0.80 10.24c 0.00 
Condition 7      
Group I (20–29 years) 0.43 (0.05) 0.39 (0.06) 0.57   
Group II (30–55 years) 0.40 (0.06) 0.37 (0.08) 0.74   
Group III (56–75 years) 0.51 (0.09) 0.45 (0.13) 0.86   
Total 0.44 (0.08) d 0.40 (0.10) d 0.83 8.14c 0.01 
Condition 8      
Group I (20–29 years) 0.37 (0.05) 0.35 (0.05) 0.56   
Group II (30–55 years) 0.36 (0.05) 0.33 (0.06) 0.68   
Group III (56–75 years) 0.46 (0.17)a 0.42 (0.10) 0.88   
Total 0.38 (0.09)a,f 0.34 (0.12)a,e 0.84 −3.41b 0.00 
a) Median(iqr) values are displayed; b) Z-values as a result of the Wilcoxon signed rank test for differences between 
measurement days; c) F-values as a result of the main effect of time of the repeated measures ANOVA; d) The age-
groups were significantly different according to a repeated measures ANOVA (p<0.05); e) The age-groups were 
significantly different according to a one-way ANOVA (p<0.05); f) The age-groups were significantly different according 
to a Kruskall Wallis test (p<0.05). sd=standard deviation; iqr=interquartile range. 
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Table 4.4. Statistical results for the accuracy measure of the modified Fitts’ task. Intraclass correlation 
coefficients (ICC) and total accuracy (Acc; sum of the accuracy scores of all touches) were calculated for 
the whole group as well as for the three groups separately. 
  Acc Day 1 (Mean(sd)) Acc Day 2 (Mean(sd)) ICC F(1,33)b p-value 
Condition 1      
Group I (20–29 years) 46.0 (6.0) 50.7 (6.4) 0.00   
Group II (30–55 years) 48.2 (7.1) 54.8 (8.9) 0.62   
Group III (56–75 years) 39.0 (8.5) 39.0 (14.1)a 0.69   
Total 44.4 (8.1)c 49.5 (9.5) c 0.57 13.49 0.00 
Condition 2      
Group I (20–29 years) 59.4 (9.5) 60.6 (9.9)a 0.10   
Group II (30–55 years) 69.4 (11.7) 75.8 (10.1) 0.51   
Group III (56–75 years) 49.3 (11.4) 55.0 (14.8) 0.86   
Total 59.4 (13.5) c 64.8 (14.4) c 0.73 9.34 0.00 
Condition 3      
Group I (20–29 years) 73.0 (9.2) 77.4 (12.2) 0.20   
Group II (30–55 years) 83.4 (12.3) 90.0 (10.1) 0.77   
Group III (56–75 years) 60.2 (16.8) 65.9 (17.3) 0.90   
Total 72.2 (16.0) c 77.7 (16.5) c 0.82 10.72 0.00 
Condition 4      
Group I (20–29 years) 83.3 (7.8) 87.6 (9.5) 0.33   
Group II (30–55 years) 91.9 (9.6) 95.4 (12.0) 0.55   
Group III (56–75 years) 70.3 (17.3) 70.0 (15.1) 0.67   
Total 81.8 (14.9) c 84.3 (16.1) c 0.74 1.79 0.19 
Condition 5      
Group I (20–29 years) 32.2 (2.6) 32.4 (3.8) 0.39   
Group II (30–55 years) 32.1 (4.4) 33.9 (4.9) 0.60   
Group III (56–75 years) 28.0 (3.8) 28.8 (5.9) 0.21   
Total 30.8 (4.1) c 31.7 (5.3) c 0.50 1.38 0.25 
Condition 6      
Group I (20–29 years) 40.5 (3.9) 41.5 (4.0) 0.55   
Group II (30–55 years) 41.2 (6.7) 42.5 (6.1) 0.48   
Group III (56–75 years) 35.0 (5.9) 37.9 (8.4) 0.86   
Total 38.9 (6.1) c 40.7 (6.6) c 0.71 4.66 0.04 
Condition 7      
Group I (20–29 years) 47.1 (4.7) 49.2 (5.8)a 0.63   
Group II (30–55 years) 49.3 (7.4) 50.7 (7.1) 0.69   
Group III (56–75 years) 41.1 (7.8) 45.6 (10.8) 0.90   
Total 45.8 (7.5) 49.0 (8.8) 0.80 13.42 0.00 
Condition 8      
Group I (20–29 years) 54.2 (6.9) 58.3 (8.4) 0.58   
Group II (30–55 years) 56.0 (6.5) 60.8 (9.6) 0.38   
Group III (56–75 years) 44.4 (18.5)a 48.4 (9.2) 0.79   
Total 52.2 (8.9) c 55.8 (10.4) c 0.70 8.05 0.00 
a) Median (iqr) are displayed; b) F-values as a result of the main effect of time of the repeated measures ANOVA; c) The 
age-groups were significantly different according to a repeated measures ANOVA (p<0.05). sd=standard deviation; 
iqr=interquartile range. 



 

 
 

Table 4.5. Descriptive and statistic measures for the scores of the Purdue Pegboard task. Intraclass correlation coefficients (ICC) and mean and standard deviation 
(sd) of the scores are displayed for the whole group as well as for the three groups separately. Also the results of the repeated measures ANOVA are shown in this 
table, which indicate whether significant differences were present between the two measurement days and between the three groups.  
  Right hand scorea Left hand scorea Both hands scorea Sum-scoreb Assembly scorec 
 Day 1     
Group I (20–29 years) 14.9 (1.8) 13.2 (1.0) 11.2 (1.0) 39.3 (3.0) 37.7 (4.4) 
Group II (30–55 years) 14.4 (2.0) 13.9 (2.1) 11.6 (2.2) 39.9 (5.6) 34.3 (8.4) 
Group III (56–75 years) 13.7 (1.3) 12.8 (1.3) 9.8 (1.3) 36.3 (2.6) 29.2 (4.0) 
Total 14.3 (1.8) 13.3 (1.6)  10.9 (1.7) 38.5 (4.2) 33.7 (6.8) 
 Day 2     
Group I (20–29 years) 15.9 (1.2) 13.9 (1.1) 11.7 (0.9) 41.5 (2.7) 39.4 (4.1) 
Group II (30–55 years) 15.1 (1.9) 14.9 (1.9) 11.5 (2.2) 41.5 (5.6) 34.9 (7.2) 
Group III (56–75 years) 14.5 (1.4) 13.5 (1.7) 10.3 (1.3) 38.3 (3.5) 29.8 (4.8) 
Total 15.2 (1.6) 14.1 (1.7) 11.1 (1.6) 40.4 (4.3) 34.7 (6.7) 
 ICC     
Group I (20–29 years) 0.27 0.58 0.43 0.59 0.73 
Group II (30–55 years) 0.81 0.93 0.88 0.93 0.94 
Group III (56–75 years) 0.19 0.59 0.59 0.76 0.80 
Total 0.56 0.80 0.78 0.86 0.91 
 Repeated Measures ANOVA 
Main effect of Time F(1,32)=9.027; p=0.005 F(1,32)=18.758; p=0.000 F(1,32)=1.978; p=0.169 F(1,32)=22.995; p=0.000 F(1,32)=8.349; p=0.007 
Main effect of Group F(2,32)=9.167; p=0.001 F(2,32)=1.137; p=0.333 F(2,32)=8.013; p=0.002 F(2,32)=6.753; p=0.004 F(2,32)=7.883); p=0.002 
Group 1 vs 2 p=1.000  p=1.000 p=1.000 p=1.000 
Group 1 vs 3 p=0.001  p=0.003 p=0.005 p=0.003 
Group 2 vs 3 p=0.009   p=0.007 p=0.018 p=0.009 
a) Number of pins inserted in the holes with the right hand; left hand and both hands simultaneously; b) Sum-score=Right hand score + Left hand score + Both hands score; c) Assembly 
score=Number of assembled pins, collars and washers. 
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4.5. Discussion 

The aim of this study was to investigate the reproducibility of a set of 
standardized graphical tasks using a digital 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 
measures aspects of fine motor control, was similar to the reproducibility of an 
already validated fine motor control task, the Purdue pegboard test. This 
suggests that the set of graphical tasks studied here provides a reliable method 
to measure aspects of fine motor control. Mean MT and mean error per repetition 
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[17] and mean drawing error on a tracing task[21], although 
Pearson or Spearman correlation coefficients were used in those studies to 
assess reproducibility[17]. In our study, participants were significantly faster on 
the second measurement day compared to the first, which suggests a learning 
effect. According to Longstaff and Heath[9] handwriting and drawing are 
overlearnt 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 accuracy. In the present study, the most complex tracing and 
drawing task – the zigzag task – indeed showed better reproducibility than the 
simpler circle and spiral tracing tasks. This confirms that there is a smaller 
learning effect for the zigzag task. 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.  

We showed that reproducibility for movement time on a modified Fitts’ 
task was good for all subtasks, and reproducibility was moderate to good for the 
accuracy measure for all subtasks. Movement time seems more reliable than 
accuracy as a measure of performance on a modified Fitts’ task. However, 
accuracy was least reproducible for the most complex subtasks of the modified 
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Fitts’ task, which indicates that these subtasks might be too difficult and could be 
removed from the task-battery.  

Movement time on all tasks increased with age, consistent with previous 
studies[17,34]. 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 reproducibility of the speed at which fine motor control tasks are 
executed in the older group indicates that these tasks might be particularly 
suited for application in movement disorders such as PD, which is typically 
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 were highly reproducible and did not 
significantly differ between age-groups, suggesting that drawing error 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 
diagnostic work-up of movement disorders, since differences in performance on 
these tasks have been found between patients with movement disorders and 
healthy controls[4–7,10,18,19] and between patients with different movement 
disorders[8]. However, none of these studies included reproducibility testing, 
which is a necessary step before introducing a test in clinical practice[20]. In the 
present study we showed high reproducibility of a set of graphical tasks executed 
with the same pen and tablet, and for the tracing tasks we have already shown 
differences between PD patients and HC participants[5]. Further testing of the set 
of graphical tasks used in the present study is still needed with additional 
analysis, 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 suitable to evaluate treatment effects, the measurements 
should be repeated with additional analysis in patients before and after being 
treated with medication or other therapies. 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 (UPDRS). 
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4.6. Conclusions  

To conclude, this study shows that a set of graphical tasks, which measure fine 
motor control, has high reproducibility and that reproducibility is similar to the 
reproducibility of another fine motor control task, the Purdue pegboard task. We 
propose that more complex tasks, such as zigzag drawing and Fitts’ task are more 
suitable for clinical testing, because such tasks are more reliable than simple 
tasks. The time and accuracy measure of the Fitts’ task seem to be specifically 
useful for testing in movement disorders which are common in older age-groups, 
such as PD, since these measures showed superior reliability in the older group 
compared to the younger and middle-aged group. 
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5.1. Abstract 

Clinical presentation of movement disorders, such as Parkinson’s disease and 
essential tremor, is complex and often variable. Therefore, correct diagnosis can 
be difficult. To aid in the clinical assessment of movement disorders, quantitative 
assessment of motor symptoms could be useful. A newly developed tool, 
consisting of a digital tablet and pen, could be used for this purpose. This tool 
records performance on graphical tasks, such as handwriting and drawing. In the 
present study we investigated whether this tool can also be used to differentiate 
between several tremor disorders. Patients with essential tremor (n=13), 
enhanced physiological tremor (n=10), functional tremor (n=8), tremor-
dominant Parkinson’s disease (n=12), and healthy control participants (n=23) 
were included. They performed a set of graphical tasks, including figure tracing 
tasks, a writing task and a modified Fitts’ task. Gyroscope sensors in the pen were 
used to extract tremor characteristics, such as tremor frequency, power and 
amplitude. Movement time and writing size were calculated to assess other 
aspects of upper limb function. We showed that relative tremor power could be 
used to determine whether tremor was present during each of the tasks with 
high sensitivity and specificity (>0.8). We found that ‘tremor presence on four 
graphical tasks’ could be used to distinguish patients with essential tremor from 
other tremor patients with high sensitivity (1.00). Tremor amplitude was 
significantly lower in patients with enhanced physiological tremor compared to 
patients with essential tremor and functional tremor. Furthermore, Parkinson 
patients were generally slower on the graphical tasks than the other patients. 
Writing size did not differ between the groups. This study showed that our newly 
developed device, which is portable and non-invasive, can be used to detect 
tremor, with the advantage that multiple upper limb functions can be assessed 
simultaneously.  
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5.2. Introduction 

Movement disorders, such as Parkinson’s disease (PD) and essential tremor 
(ET), are common conditions, especially in the elderly. In general, the prevalence 
of PD is 1% and of ET 14% in people over 65 years[1]. The clinical presentation 
of movement disorders is complex and often variable[1].  Therefore, correct 
diagnosis can be difficult. For example, Jain et al.[2] reported that one out of three 
patients with essential tremor (ET) was misdiagnosed, based on clinical 
diagnosis by a non-movement disorders specialist. The most frequent false 
diagnosis of ET was Parkinson’s disease. Especially if motor symptoms are not 
typical and show overlap between different movement disorders the clinical 
evaluation does not lead to a clear diagnosis. Additionally, clinical evaluation 
depends on the experience and interpretation of the physician. To aid in the 
clinical assessment of movement disorders, a method for quantitative 
assessment of motor symptoms could therefore be useful. An example of an 
objective motor assessment device is Kinesia (Great Lakes NeuroTechnologies, 
USA)[3,4]. The Kinesia system involves movement sensors that need to be worn 
on the index finger and has been used to assess upper limb function in patients 
with movement disorders[3–6]. Another tool which might be useful for objective 
assessment of motor symptoms employs a digital tablet and pen that can be used 
to perform and record graphical tasks, such as handwriting and drawing[7]. 
Previously, we used such a tool, which was newly developed in a European 
research project (‘DiPAR’, FP7-SME-201001 programme, grant agreement 
262291) for the objective assessment of motor symptoms of PD patients[8]. We 
showed differences in performance on graphical tasks, employing this newly 
developed tool, between PD patients and HC participants[8]. Additionally, we 
showed that measures obtained with this tool were reproducible in healthy 
adults (Chapter 4 of this thesis) and we established the validity and the response 
to dopaminergic medication of these tasks (Chapter 6 of this thesis). In this 
chapter, we further explored the clinical possibilities of this newly developed 
tool by comparing performance on graphical tasks between patients with 
different movement disorders.  

As mentioned before, PD and ET may show overlapping clinical 
presentations[2], particularly when a PD patient first presents with motor 
symptoms such as tremor. In addition, it can be difficult to clinically distinguish 
between ET or PD and other tremor syndromes, including enhanced 
physiological tremor (EPT) and functional tremor (FT). Therefore we focus on 
comparing PD, ET, EPT and FT patients in the present study. Tremor is defined 
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as a rhythmical, involuntary oscillatory movement of a body part[9], often the 
upper limb[10]. Tremor can be classified as resting or action tremor[11]. Resting 
tremor is one of the cardinal symptoms of Parkinson’s disease and occurs in a 
body part that is not voluntarily activated and is completely supported against 
gravity[9]. ET, EPT and FT, however, are action tremors and occur with voluntary 
contraction of a muscle[9]. Yet, ET patients could be wrongly diagnosed with PD, 
because early tremor-dominant PD patients can present only with tremor and 
advanced ET patients sometimes show a continuation of the tremor into the 
resting condition[12]. In addition, ET, EPT and FT are all action tremors and have 
similar frequencies[9,10], which might render establishing the correct diagnosis 
difficult. In clinical settings a polymyography recording that provides specific 
characteristics of tremor can aid in differentiating between tremor 
disorders[13,14]. For example, low tremor amplitude is often seen in EPT 
patients[10] and entrainment or a change in tremor frequency with distraction is 
typical for FT patients[15,16]. However, these tremor characteristics are not 
present in all patients, can be difficult to assess during a polymyography and are 
therefore not always helpful in correctly diagnosing a tremor patient. For this 
study we compared other measures of upper limb function between disorders in 
addition to traditional tremor characteristics. 

An advantage of the newly developed tool, used in the present study, is 
that several aspects of upper limb function can be assessed simultaneously[8]. 
The tool consist of a sensor-pen with a built-in gyroscope, which can be used to 
assess traditional tremor characteristics[17,18]. Since the graphical tasks are 
performed with the sensor-pen, tremor characteristics can be obtained during 
all of these tasks. Importantly, pen-tip movements during the graphical tasks are 
recorded, which allows to derive movement time and writing size[7,8], measures 
which are related to the parkinsonian symptoms bradykinesia and 
micrographia[19]. The graphical tasks consisted of circle, line and spiral drawing 
tasks and a writing task, because such tasks have been used previously to assess 
tremor characteristics and upper limb dysfunction of tremor patients[7,8,20–26]. 
Additionally, a modified Fitts’ task was included to assess the speed-accuracy 
trade off[27], which might be impaired in patients with movement disorders[28,29]. 

To summarize, the aim of the present study was to explore whether a 
newly developed tool, consisting of a sensor-pen and digital tablet, can be used 
to differentiate between ET, EPT, FT and PD patients. Performance on several 
graphical tasks was recorded and analysed to assess differences in upper limb 
function between the groups. 
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5.3. Methods 

5.3.1. Participants 

The aim of this exploratory study was to include groups of ten patients with 
different upper limb tremor disorders. In addition, healthy control (HC) 
participants were included to define a cut-off value for the variable (see the next 
paragraph) which was used to determine whether participants had tremor or 
not during the graphical tasks. Patients with ET, EPT, FT and tremor-dominant 
PD (PDtd) were recruited from the University Medical Center in Groningen 
(UMCG) and the Martini Hospital (MH) in the Netherlands. In addition, 2 ET and 
5 PDtd patients were added from another study in the European research project 
DiPAR, performed at the Dublin Neurological Institute (DNI) in Ireland. As 
inclusion criterion, all patients had a clinical diagnosis by a movement disorders 
specialist. PD patients were diagnosed according to the United Kingdom 
Parkinson’s Disease Society Brain Bank criteria[30]. ET patients were diagnosed 
according to the criteria defined by the Tremor Investigation Group[31]. Exclusion 
criteria for all participants were neurological or motor disorders other than they 
were included for, the use of medication affecting movement (other than for ET, 
EPT, FT or PDtd), or a low (< 26) score on the Mini Mental State Examination 
(MMSE), the latter to ensure understanding of task instructions. HC participants 
were recruited from the general population by advertisements and their average 
age was matched to the average age of the tremor groups. All participants were 
right-handed according to the Annett handedness scale[32] and signed informed 
consent before participation. The study protocol was approved by the Medical 
Ethical Committee of the University Medical Center Groningen and the Medical 
Ethical Committee of the Dublin Neurological Institute.  

5.3.2. Experimental design  

Patients were seated in front of a table in a comfortable position to write. A tablet 
computer (ASUS Eee Slate EP121) and a newly developed digital pen with 
custom software, based on a concept by Manus Neurodynamica Ltd, were used. 
The pen contains a comprehensive integrated sensor and data acquisition 
system for highly accurate recordings. All recordings had a sampling frequency 
of 200 Hz. Position of the pen-tip on the tablet and gyroscope signals in three 
directions (pitch, yaw and roll) were analysed. The pen had a wireless 
connection to the tablet. Patients performed six tasks (see below). The examiner 
was seated behind an operator computer to start and stop recordings and 
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determined whether patients executed the tasks correctly. If a task was executed 
incorrectly, the recording was stopped and restarted after re-instruction. An 
example of incorrect task execution would be moving the pen in the wrong 
direction or starting the task before recording was started. 

5.3.3. Tasks 

Patients were instructed to start each task at a signal of the examiner. First, a 
recording of posture (30 seconds) was performed. Patients were seated with the 
elbow resting on the table, the hand resting on the tablet and the pen-tip 
touching a target (filled circle, 0.7 cm in diameter) in the centre of the tablet. 
Subsequently, the patients traced circle, spiral and zigzag figures which were 
displayed on the tablet (see Figure 5.1). 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. The next task consisted of writing ‘elelelel’ five times with each phrase 
starting at the left side of the tablet, once with visual feedback (WFB) and once 
without visual feedback (NFB). An example was provided on paper on the table 
above the tablet. Next, a modified Fitts’ task was performed, which was similar 
to Fitts’ original task[27] and adapted to the dimensions of our system. Patients 
touched 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 (20 seconds). The distance between the targets was 7 cm for subtasks 1 
to 4 and 20 cm for subtasks 5 to 8, while the diameter of the targets increased 
(0.7, 1.3, 1.9, 2.5 cm).  
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Figure 5.1. Templates and their dimensions for the tracing tasks: a circle, spiral and zigzag 
figure. 

5.3.4. Data analysis 

The recorded data were analysed to assess different aspects of upper limb 
function. Spectral analysis was used to analyse tremor presence and tremor 
characteristics. In addition, movement time during the tracing and writing tasks, 
writing size during the ‘elelelel’ task, and speed/accuracy trade-off during Fitts’ 
task were investigated. 

 
Tremor analysis 
For the posture, circle, spiral and zigzag tasks, the gyroscope signals were pre-
processed and analysed to assess the tremor characteristics peak frequency (PF), 
relative power around the peak frequency (RP), and tremor amplitude (TA) (see 
Appendix 4). These calculations were automatically applied to all data, so that 
for all participants PF, RP and TA were determined for the posture, circle, spiral 
and zigzag tasks, even if a patient did not exhibit tremor. Presence of tremor can 
be variable in tremor patients and certain tasks might be more influenced by 
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tremor than others[10]. It was therefore expected that tremor presence could also 
be variable across the tasks used in this study. For that reason, we subsequently 
determined whether tremor was present during each of the tasks for all 
participants by inspecting the power spectral density plots (PSD, see Appendix 
4) for all tasks and participants, individually. We verified by visual inspection 
whether a clear peak between 4 and 12 Hz (frequency range for the different 
tremor disorders[10,33]) was present in the plot. This procedure resulted in a 
binary variable, where a score of 1 indicated that a tremor peak was present in 
the PSD plot and a score of 0 that no tremor peak was present in the PSD plot. A 
more objective measure for the absence of tremor would be a low value for RP[34]. 
However, this requires a cut-off value for RP which is unknown a-priori. For 
future reference, we therefore determined such a cut-off value on the basis of the 
visual inspection results. Based on the binary variable, a cutoff value for RP was 
determined for the posture, circle, spiral and zigzag task separately, using 
receiver-operator-curve (ROC) analyses in SPSS (IBM SPSS Statistics 22). The 
cut-off values were chosen such that they resulted in the highest area under the 
ROC. Furthermore, for each participant who showed tremor on at least one of the 
tasks, the number of tasks on which they showed tremor was determined. 
Finally, TA was compared between patients with different types of tremor who 
showed tremor on at least one of the tasks. 

 
Other motor control features  
Mean movement time (MT) per trial was calculated for the tracing tasks 
(CircleMT; SpiralMT and ZigzagMT). The data of the ‘elelelel’ task were 
preprocessed to evaluate characteristics of each separate letter (see Appendix 
2). For both conditions of the ‘elelelel’ task mean MT for each letter was 
calculated (E_MT(WFB), E_MT(NFB), L_MT(WFB) and L_MT(NFB)), as well as 
mean width and height (E_Width(WFB); E_Height(WFB); L_Width(WFB); 
L_Height(WFB); E_Width(NFB); E_Height(NFB); L_Width(NFB); L_Height(NFB)). 
The modified Fitts’ task was analysed according to Fitts’ law (Fitts, 1954) (see 
Appendix 5), yielding the measures FittsSlope and FittsR2. FittsSlope represents 
the extent to which performance becomes slower with an increase in difficulty 
of the task and FittsR2 represents the degree of compliance with Fitts’ law. 

 
Statistical analysis 
Statistical analyses were conducted using SPSS (IBM SPSS Statistics 22). First, 
normality of features was assessed by the Shapiro-Wilk test. For all groups, 
features were described by their mean and standard deviation(sd) when 
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normally distributed, or median and interquartile range(iqr), when not normally 
distributed. The goal of this study was to investigate whether features derived 
from tracing, drawing and other fine motor control tasks differed between the 
tremor disorders and HC. For the features which were normally distributed a 
one-way ANOVA with post-hoc testing when appropriate (Bonferroni-corrected 
for multiple comparisons) was used to test for differences between groups. 
Otherwise a Kruskall-Wallis test was used to test whether groups differed and 
separate Mann-Whitney U tests were used for post-hoc testing when 
appropriate. Width and height of the ‘e’ and ‘l’ were compared between the two 
conditions of the ‘elelelel’ task according to a repeated measures ANOVA with 
between-subjects factor ‘Group’ (5 groups: ET, EPT, FT, PD and HC) and within-
subjects factor ‘Feedback’ (2 levels: with and without feedback), since 
micrographia has been found to improve in PD patients when writing without 
visual feedback[35]. 

5.4. Results 

In total 66 participants completed all tasks (Table 5.1). The participants were 
divided in five groups: ET (n=13), EPT (n=10), FT (n=8), PDtd (n=12) and HC 
(n=23). For some of the ET, EPT and FT patients a polymyography report was 
available. Information on traditional tremor characteristics was extracted from 
these files and, if available, from the clinical patient file. The patient 
characteristics are summarized in Table 5.1. For 7 of the 12 PDtd patients a 
UPDRS-III-motor score was available which ranged from 10–42. The UPDRS-
tremor sub score ranged from 0–4 for these PDtd patients. There was a 
difference in age across groups (F(4,61)=3.5; p=0.01); EPT patients were 
younger than ET (p=0.04) and PDtd patients (p=0.001). For one ET patient, data 
were missing for the modified Fitts’ task due to a technical problem, so this 
patient was excluded from further analysis of this task. 
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Table 5.1. Participant characteristics  
  ET EPT FT PDtd HC 
N 13 10 8 12 23 
Male/Female 9/4 4/6 2/6 5/7 15/8 
Age in years (mean(range)) 60 (34–81) 42 (21–75) 59 (27–76) 68 (49–88) 53 (30–75) 
Years since diagnosis (mean(range)) 32 (5–60) 10 (1–25) 13 (0.5–40) 5 (1–10) na 
Polymyography (present/not present) 3/10 8/2 6/2 0/12 na 
High frequency tremor (8–12 Hz)* na 8 na na na 
Frequency change upon loading* na 6 na na na 
Low amplitude* na 7 na na na 
Variable frequency* na 2 6 na na 
Change in tremor freq when distracted*  na na 7 na na 
Entrainment* na na 3 na na 
Postural tremor* 7 9 6 na na 
Action tremor* 7 2 3 na na 
Intention tremor* 3 1 1 na na 
Resting tremor* na na 4 na na 
Medication for tremor no no no yes** no 
Time since last medication (hours) na na  na 0.5 – 5 na 

N=number of participants; ET=Essential tremor; FT=Functional tremor; EPT=Enhanced Physiological 
tremor; PDtd=tremor-dominant Parkinson's disease; HC=Healthy Control participants; UPDRS=Unified 
Parkinson’s Disease Rating Scale; na=not applicable. *Number of patients who showed the 
characteristic are displayed. The clinical patient file and polymyography report, if available, were used 
to determine the presence of these characteristics. **11 PDtd patients used dopaminergic medication 
and for 1 PDtd patient medication use was unknown. 

5.4.1. Tremor analysis 

Visual inspection of the PSD plots revealed that 40 of the 66 participants 
exhibited tremor on at least one of the tasks. During the posture task 28 
participants exhibited tremor and during the circle, spiral and zigzag task 31, 32 
and 30 participants exhibited tremor, respectively. We investigated whether a 
high value of RP could be used to indicate the presence of tremor. Based on the 
results of the visual inspection, the following cut-off values for RP were 
determined by ROC analysis; posture task: RP=23.7, circle task: RP=31.4, spiral 
task: RP=31.8, and for the zigzag task: RP=30.8. A score above these cut-off 
values would mean that tremor is present during the task and a score below the 
cut-off would indicate the absence of tremor during the task. Using the 
established optimal cut-off values, the presence of tremor was detected with a 
sensitivity of 0.96 and a specificity of 0.97 for the posture task, for the circle task 
with a sensitivity of 0.87 and a specificity of 0.91, for the spiral task with a 
sensitivity of 0.88 and a specificity of 0.91, and for the zigzag task with a 
sensitivity of 0.73 and a specificity of 0.81. For each of the patients who exhibited 
tremor on at least one of the tasks the TF, RP, and TA were averaged over the 
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tasks on which they exhibited tremor. These mean values were compared 
between the groups (see Table 5.2). A one-way ANOVA showed that TF and RP 
were significantly different between the groups (F(4,35)=4.0 for TF and 4.3 for 
RP, p<0.01). TF was significantly higher in EPT patients compared to ET patients 
(p=0.04), and PDtd patients (p=0.02), and RP was significantly higher in ET 
compared to EPT (p=0.009) patients. A Kruskall-Wallis test showed that TA was 
also significantly different between the groups (Chi square(4)=19.1, p=0.001, see 
Figure 5.2). Post-hoc Mann Whitney U tests showed that TA was significantly 
lower in EPT patients compared to ET patients (p=0.001) and FT patients 
(p=0.002), and significantly lower in HC participants compared to ET patients 
(p=0.002). We observed that all 12 ET patients who showed tremor during at 
least one of the tasks, exhibited tremor on all four tasks. Therefore, the variable 
‘showing tremor on four tasks’, allows to distinguish ET patients from other 
tremor patients, with high sensitivity (1.00), but lower specificity (0.57). 
Additional details about the results of the tremor analysis, are illustrated in 
Figure 5.3.  

Table 5.2. Tremor characteristics       
 Tremor presence    
  ≥ 1 task (n)a 4 tasks (n)b TF(mean(sd)) RP(mean(sd)) TA (mean(sd)) 
ET (n=13) 12 12 6.3 (1.2) 60.0 (15.5) 0.31 (0.29)#,f 
EPT (n=10) 10 4 8.0 (1.4)c 33.4 (12.8) d 0.08 (0.03)#,e 
FT(n=8) 7 5 6.5 (1.0) 56.7 (25.1) 0.25 (0.51) # 
PDtd(n=12) 6 3 5.9 (1.0) 34.4 (15.1) 0.15 (0.14) 
HC(n=23) 5 0 7.4 (1.9) 36.7 (9.1) 0.10 (0.02) 
ET=Essential tremor; EPT=Enhanced Physiological tremor; FT=Functional tremor; PDtd=tremor 
dominant Parkinson's Disease; HC=Healthy Control participants; TF=Tremor frequency (in Hz); 
RP=Relative power around tremor frequency (in percentage of total power); TA=Tremor amplitude (in 
angular degrees); sd=standard deviation. a) The number of patients for each group who exhibited 
tremor on at least one of the graphical tasks (Posture task, circle tracing task, spiral tracing task, zigzag 
tracing task). b) The number of patients for each group who exhibited tremor on all four graphical tasks. 
c) Significantly different from ET and PDtd, at α=0.05. d) Significantly different from ET, at α=0.01. e) 
Significantly different from ET an FT, at α=0.01. f) Significantly different from HC, at α=0.01. # for these 
groups TA was not normally distributed, so median (interquartile range) is shown. 
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Figure 5.2. Boxplot of tremor amplitude (TA, in angular degrees) for each of the groups. TA 
was averaged over all graphical tasks: Posture and circle, spiral, zigzag tracing. Only patients 
who exhibited tremor on at least one of the tasks are included. Significant differences are 
shown in the graph (* significant at α=0.01). ET=Essential Tremor, EPT=Enhanced Physiological 
Tremor, FT=Functional Tremor, PDtd=Tremor-dominant Parkinson’s disease, HC=Healthy 
controls. 
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Figure 5.3. Additional details about the results of the tremor analysis. HC=Healthy control; 
PSD=Power Spectral Density plot; ET=Essential Tremor; EPT=Enhanced Physiological tremor; 
FT=Functional tremor; PDtd=Tremor dominant Parkinson’s disease. 

5.4.2. Other motor control features 

Movement time (MT) for the circle, spiral, zigzag and ‘elelelel’ tasks was 
significantly different between groups (Kruskall-Wallis, all p<0.05, see Table 
5.2). Post-hoc Mann Whitney U tests showed that MT was significantly higher in 
PD patients compared to ET patients for all drawing and writing tasks (all 
p<0.05) and compared to EPT patients only for the circle tracing task (p=0.02). 
MT on the circle tracing task was also significantly higher in FT patients 
compared to ET patients (p=0.04). The duration of writing an ‘e’ in both ‘elelelel’ 
tasks was significantly higher in PD patients compared to FT patients (p=0.03 
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and p=0.01). The duration of writing an ‘e’ in the ‘elelelel’ task without feedback 
was significantly higher in EPT patients compared to FT patients (p=0.04). Since 
PD patients on average had the highest MT on the tracing tasks, we used ROC 
analyses to investigate whether PD could be distinguished from the other groups 
based on MT measures. A cut-off value for CircleMT of 4.7 s, showed that PD 
patients could be distinguished from the other patients with a sensitivity of 0.83 
and a specificity of 0.70. There were no significant differences in writing size for 
the ‘elelelel’ task between any of the groups. For all groups writing size of the 
‘elelelel’ task was significantly higher in the NFB condition compared to the WFB 
condition (all p<0.001). Only L_Width showed a significant interaction effect for 
group and feedback (F=2.7; p=0.04). 

Table 5.3. Descriptives for movement time features for each of the groups. Median (iqr) 
values are displayed, because the features were not normally distributed. 
  ET EPT FT PDtd p-value* 
CircleMTa,b,d 3.1 (2.3) 3.9 (1.4) 5.4 (2.8) 5.9 (1.7) 0.003 
SpiralMTa 9.7 (6.6) 10.3 (5.9) 12.1 (5.6) 15.7 (8.1) 0.004 
ZigzagMTa 8.4 (6.4) 13.2 (4.6) 10.9 (8.0) 15.2 (13.2) 0.006 
EMT (WFB)a,c 0.3 (0.1) 0.5 (0.2) 0.4 (0.2) 0.5 (0.3) 0.001 
LMT (WFB)a 0.4 (0.1) 0.6 (0.1) 0.5 (0.2) 0.7 (0.6) 0.004 
EMT (NFB)a,c,e 0.4 (0.1) 0.5 (0.2) 0.3 (0.1) 0.5 (0.4) 0.001 
LMT (NFB)a 0.5 (0.2) 0.7 (0.1) 0.6 (0.2) 0.8 (0.6) 0.007 
FittsSlopeb 0.1 (0.1) 0.1 (0.0) 0.1 (0.1) 0.2 (0.1) 0.007 
ET=Essential tremor; EPT=Enhanced Physiological tremor; FT=Functional tremor; PDtd=tremor-
dominant Parkinson' disease; HC=Healthy control participants, iqr=inter quartile range. *A Kruskall-
Wallis test was used to investigate whether there was a difference between the four groups, p-values 
are shown in this table. a) Significant difference between PD and ET, at α=0.05. b) Significant difference 
between PD and EPT, at α=0.05. c) Significant difference between PD and FT, at α=0.05. d) Significant 
difference between ET and FT, at α=0.05. e) Significant difference between EPT and FT, at α=0.05. 

5.5. Discussion 

The aim of this study was to explore whether a newly developed tool, consisting 
of a sensor-pen and digital tablet, can be used to differentiate between ET, EPT, 
FT and PD patients. The strength of this study is that four tremor disorders were 
included and that multiple upper limb functions, in addition to traditional tremor 
characteristics, were assessed. Tremor presence on all four graphical tasks 
seems a useful variable to distinguish ET patients from the other tremor 
disorders. Tremor amplitude might be useful to distinguish EPT patients from 
other tremor patients. Movement time on all graphical tasks differed between 
PD and ET patients and might be useful to distinguish PD from other tremor 
patients. 
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First, we showed that relative power (RP) around the peak frequency 
(PF) could be used to determine whether tremor was present during each of the 
tasks, with high sensitivity (0.73–0.96) and specificity (0.80–0.97). Since the 
sensitivity and specificity were the lowest for the zigzag task, we suggest that RP 
on the zigzag task is less suitable to determine whether tremor is present than 
RP on the posture, circle and spiral tasks. Previously, graphical tasks, similar to 
our posture, circle and spiral tasks have been used to assess tremor, as 
well[12,17,20–22,34,36]. Interestingly, we found that almost all ET patients showed 
tremor on at least one of the tasks, and all of these ET patients showed tremor 
on all four tasks. ‘Showing tremor on all four tasks’ could thus be used in this 
study to distinguish ET patients from other tremor patients with high sensitivity 
(1.00). In the EPT, FT and PD group only a few patients showed tremor on all 
four tasks (see Table 5.2 and Figure 5.3).  

Secondly, our results regarding traditional tremor characteristics were 
similar to results in previous literature. In agreement with van der Stouwe et 
al.[41], tremor frequency was significantly higher in the EPT group compared to 
the ET and PD groups. However, individual tremor frequencies were too much 
overlapping, so this variable could not be used to clearly distinguish EPT from 
other tremor patients. In line with previous literature[10,11], tremor amplitude 
was significantly lower in the EPT group, especially compared to the ET and FT 
groups. However, some ET and FT patients also showed low tremor amplitude, 
so we could not determine a cut-off value for tremor amplitude to distinguish 
EPT patients from the other tremor patients with high sensitivity and specificity. 
Hence, tremor amplitude might be used, but only in combination with other 
performance measures, to distinguish EPT from other tremor disorders. 

Besides tremor characteristics, we investigated differences in other 
aspects of upper limb function between ET, EPT, FT and PD patients. As expected, 
PD patients generally performed the tasks slower than the other patients and 
these differences were significant when comparing PD patients to ET patients 
(see Table 5.3). Since the most common misdiagnosis of ET is PD[2], we suggest 
that MT on drawing tasks should be taken into account when assessing a possible 
ET patient. As expected, performance on the modified Fitts’ task was most 
impaired in PD patients[28,29]. Especially the extent to which the movement 
became slower with an increase in difficulty (FittsSlope) was significantly higher 
in PD patients compared to EPT patients. No further differences were found 
between the tremor groups based on the modified Fitts’ task in this study. The 
modified Fitts’ task could be improved in future studies[37], for example, by 
(considerably) increasing the distance between the targets to allow investigation 
of intention tremor. Intention tremor is common in ET patients[38,39] and is 
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defined as an increase in tremor amplitude toward the termination of a visually 
guided goal-directed movement[9]. Analysis of intention tremor during a 
modified Fitts’ task might therefore be helpful to distinguish ET from other 
tremor patients.  

Another aspect of upper limb function which could be impaired in 
tremor patients and is easy to assess with a digital tablet and a sensor-pen, is the 
size of writing. Reduction in writing size is a symptom called micrographia which 
is often found in PD patients[7,40]. In this study, we did not find significant 
differences in writing size between the groups. This could be explained by the 
fact that PD patients do not always suffer from micrographia[7]. In addition, the 
surface of the tablet is smoother than normal paper, which could make it easier 
for patients to write. Remarkably, all groups, not just the PD patients[35], showed 
a significant increase in writing size when writing without visual feedback 
compared to writing with visual feedback. Previously, this phenomenon has, to 
our knowledge, not been investigated in other tremor groups. Our results 
suggest that this effect cannot be used to distinguish between different tremor 
disorders.  

Furthermore, we did not find clear differences in upper limb function 
between FT patients and other tremor patients. This might be due to the fact that 
FT patients may have various clinical presentations[9]. Future studies could 
include a distraction or entrainment task[41]. Distractibility and entrainment 
tests have been shown to have high sensitivity and specificity to clinically assess 
FT[41]. Besides investigating characteristics for FT, van der Stouwe et al.[41] also 
investigated specific characteristics to identify EPT patients. They described that 
change in tremor frequency upon loading of the tremulous arm was specific for 
EPT. Loading of the tremulous arm while performing the graphical tasks might 
therefore help to distinguish EPT from other tremor disorders.  

One of the limitations of this study is that only a small number of 
patients was included in each group, which limits power. Especially after 
identifying the patients who had tremor during the tasks, only a few patients 
remained in each group. Despite these small groups, we observed interesting 
differences in, for example tremor amplitude or the number of tasks during 
which tremor was present. These findings should be further investigated in 
larger groups. Another limitation in the experimental set-up used in this study is 
that no resting task was included. Resting tremor is a cardinal symptom of PD[9] 
and could therefore further improve distinguishing between PD and other 
tremor disorders. A resting task should thus be included in future studies and 
could, for example, be similar to the posture task, but without touching the tablet 
with the pen-tip. 
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5.6. Conclusions 

This study showed that our newly developed device, which is portable and non-
invasive, can be used to detect tremor, with the advantage that multiple upper 
limb functions can be assessed simultaneously. Differences in performance on 
graphical tasks were found between tremor disorders, however these 
differences should be confirmed in larger studies. Based on the results of this 
study we recommend using more than one graphical task when assessing tremor 
patients, since the presence of tremor can be variable. Showing tremor on all 
tasks could then be used as a variable to identify ET patients. Low tremor 
amplitude is suggested to be most useful to identify EPT patients. Movement 
time on simple drawing and writing tasks, in addition to tremor characteristics, 
seems the most suitable measures to distinguish PD from ET patients.  
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6.1. Abstract 

The most widely used method to assess motor functioning in Parkinson’s disease 
(PD) patients is the Unified Parkinson’s Disease Rating Scale-III (UPDRS-III). The 
UPDRS-III has limited ability to detect subtle changes in motor symptoms. 
Alternatively, graphical tasks can be used to provide objective measures of upper 
limb motor dysfunction. The present study investigated the validity of such 
graphical tasks to assess upper limb function in PD patients and their ability to 
detect subtle changes in performance. Fourteen PD patients performed graphical 
tasks before and after taking dopaminergic medication. Graphical tasks included 
figure tracing, writing and a modified Fitts’ task. The Purdue pegboard test was 
performed to validate these graphical tasks. Movement time (MT), writing size 
and the presence of tremor were assessed. MT on the graphical tasks correlated 
significantly with performance on the Purdue pegboard test (Spearman’s rho > 
0.65; p < 0.05). MT decreased significantly after the intake of dopaminergic 
medication. Tremor power decreased after taking dopaminergic medication in 
most PD patients who suffered from tremor. Writing size did not correlate with 
performance on the Purdue pegboard test, nor did it change after taking 
medication. Our set of graphical tasks is valid to assess upper limb function in PD 
patients. MT proved to be the most useful measure for this purpose. The 
response on dopaminergic medication was optimally reflected by an improved 
MT on the graphical tasks in combination with a decreased tremor power, 
whereas writing size did not respond to dopaminergic treatment. 
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6.2. Introduction 

Correct diagnosis of Parkinson’s disease (PD), a neurodegenerative movement 
disorder, is essential for optimal treatment and prognosis. Diagnosis is based 
upon the cardinal motor symptoms of PD: bradykinesia (slow movement), 
rigidity (muscle stiffness), resting tremor (trembling of a body part in rest) and 
postural and gait impairment[1]. The motor part (part III) of the most recent 
revision of the Unified Parkinson’s Disease Rating Scale by the Movement 
Disorder Society (MDS-UPDRS-III) is the most widely used scale in clinical 
practice to assess parkinsonian symptoms[1,2]. However, the MDS-UPDRS-III has 
several limitations. Firstly, the MDS-UPDRS-III needs to be evaluated by a trained 
assessor, which makes it less suitable for home-based monitoring. Secondly, the 
inter-rater reliability is high for movement disorders specialists, but 
unfortunately not all patients have access to specialized movement disorder 
centres, which negatively influences the accuracy and reliability of the MDS-
UPDRS-III. Thirdly, the MDS-UPDRS-III has limited ability to detect subtle 
changes in motor function, which are common in early PD. Therefore, an 
objective, sensitive, reliable and accurate assessment system could potentially 
overcome these limitations of the existing MDS-UPDRS-III scale. 

Objective motor assessment systems have been developed previously, 
such as Kinesia (Great Lakes NeuroTechnologies, USA)[3,4] and Parkinson’s 
KinetiGraph (PKG, Global Kinetics Corporation, Australia). These systems 
involve movement sensors that need to be worn on the index finger (Kinesia) or 
wrist (PKG) and are used to assess and monitor movement of the upper limb. 
Another tool which might be useful for monitoring employs a digital tablet and 
pen and can be used to perform and record graphical tasks, i.e. handwriting and 
drawing[5]. Similar to the Kinesia and PKG systems, the pen and tablet tool is non-
invasive, portable, and can be used easily at home without an examiner. An 
advantage of Kinesia and a digital tablet compared to PKG is that specific short-
term tasks can be performed several times a day and that patients don’t have to 
wear a sensor for multiple days. An advantage of a digital tablet when compared 
to Kinesia is that a clinician can obtain feedback on how tasks were performed, 
because pen-tip movements are recorded. On the contrary, if a patient performs 
a task while wearing the Kinesia-sensor, like holding the arms in a specific 
posture, there is no way to verify whether the task was performed correctly. 

Graphical tasks employing a digital tablet provide objective measures of 
important motor symptoms of PD and were used previously to show differences 
between PD patients and healthy control (HC) participants[6–10]. Medication 
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effects have also been investigated in PD patients using such a set-up[11–15]. In 
general, these studies investigated one graphical task. However, to assess and 
monitor PD, it is important to measure several aspects of motor behaviour, 
because PD patients do not always suffer from the same combination of 
symptoms, and treatment could have variable effects on different aspects of 
motor functioning of PD patients. Therefore, the assessment battery of the 
current study consists of several graphical tasks, providing useful measures for 
bradykinesia, tremor and micrographia[6].  A newly developed system consisting 
of a pen and tablet and custom software, based on a concept by Manus 
Neurodynamica Ltd, was used. The advantage of this system is that it includes an 
integrated comprehensive sensor and data acquisition system for highly 
accurate recordings and analysis. The aim of the current study was to investigate 
the validity of these graphical tasks to assess upper limb function in PD patients. 
Validity of comparable methods in the literature is mostly determined by their 
correlation with the total UPDRS-III[11,16–19]. However, our graphical tasks only 
involve movements of the upper limb, and since the MDS-UPDRS-III score 
involves more than just upper limb functioning, it is less suitable for validation. 
Therefore, a validated test for upper limb functioning[17,20,21], the Purdue 
pegboard test (PPT), was used as reference, in addition to MDS-UPDRS-III scores, 
involving hand items only.   

Graphical tasks in this study include simple tracing and writing tasks 
and a modified Fitts’ task, which are easy to perform and cover a large range of 
upper limb functions. A resting task was included to measure resting tremor, 
because PD tremor is typically a resting tremor[22]. Furthermore the modified 
Fitts’ task was used to assess the speed-accuracy trade off, which may be 
impaired in PD patients[23]. This exploratory study investigated which of the 
tasks could be used most optimally to assess upper limb motor functioning and 
to detect changes in motor performance after use of dopaminergic medication in 
PD patients. 

6.3. Methods 

6.3.1. Participants 

Fourteen PD patients performed the tasks with their right hand. PD patients 
were diagnosed by a movement disorders specialist (according to the UK 
Parkinson’s Disease Society Brain Bank criteria[24]) and were treated at the 
movement disorders clinic of the University Medical Center Groningen (UMCG). 
Since the patients had to be able to hold a pen for at least 30 minutes and perform 
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tracing and writing tasks, PD patients in relatively early stages of the disease 
(Hoehn and Yahr stages 1–2[25]) were selected. Table 6.1 provides a summary of 
the PD patient characteristics. Patients agreed with overnight withdrawal of 
their usual dose of dopaminergic medication. Exclusion criteria were a 
neurological or motor disorder other than PD and a low score <26) on the Mini 
Mental State Examination (MMSE) to ensure understanding of task instructions. 
All patients signed informed consent and the protocol was approved by the 
Medical Ethical Committee of the UMCG. 

6.3.2. Experimental design 

Patients were seated in front of a table in a comfortable position to write. A tablet 
computer (ASUS Eee Slate EP121) and a newly developed digital pen with 
custom software were used. Position of the pen-tip on the tablet and gyroscope 
signals in three directions (pitch, yaw and roll) was recorded. All recordings had 
a sampling frequency of 200 Hz. The pen had a wireless connection to the tablet. 
Patients performed seven tasks (see below). The examiner was seated behind an 
operator computer to start and stop recordings and determined whether 
patients executed the tasks correctly. If a task was executed incorrectly, the 
recording was stopped and restarted after re-instruction. The OFF measurement 
was performed in the morning, after overnight withdrawal of medication. 
Thereafter, patients took their medication and had a one-hour break, to allow for 
an optimal medication effect. After one hour the ON measurement was 
performed. The hand items of the MDS-UPDRS-III were assessed and videotaped 
and scored by a clinician from the UMCG (RWKB), who was blinded to the 
medication status of the patients. 

 

 

 

 

 

 

 

 



 

 
 

Table 6.1. Summary of PD patient characteristics 
     

Years since 
diagnosis 

 MDS-UPDRS-III Purdue pegboard 
      Bradykinesia subscore Tremor subscore Right hand 

ID Gender Age MMSE Diagnosis H&Y OFF ON OFF ON OFF ON 
PD001 M 73 26 PD 3 2 1a 0b 0c 0c 9 9 
PD002 M 78 29 PD 4 1 0a 0 0c 0 11 11 
PD003 M 60 28 PD 2 2 6 0 0c 0 7 8 
PD004 M 81 29 PD 0 2 0 1 0 0 8 8 
PD005 F 70 29 PD 3 2 1 0 0d 0 12 13 
PD006 M 69 28 PD 10 2 1 1 0 0 8 4 
PD007 F 76 30 PD 1 2 0 0 0 0 8 9 
PD008 F 68 26 PD 1 2 3 ** 0 ** 7 7 
PD009 M 69 30 PD 10 2 2 0 0 0 7 8 
PD010 M 67 29 PD 6 1 0 0 0 0 11 11 
PD011 F 50 28 PD 8 2 0 0 2 0 12 13 
PD012 M 66 30 tdPD 5 2 0 1 0 0d 7 11 
PD013 M 73 27 tdPD 7 2 0 2 3 3 8 7 
PD014 M 61 26 tdPD 5 2 2 3 0 0 10 11 
MMSE = Mini Mental State Examination;PD = Parkinson's disease; tdPD = Tremor dominant Parkinson's Disease; H&Y = Hoehn and Yahr score; OFF = off medication, 
after overnight withdrawal of anti-parkinsonian medication; ON = on medication, 1 hour after taking medication; Med = Medication; MDS-UPDRS-III = the motor 
part (part III) of the Movement Disorder Society revision of the Unified Parkinson's Disease Rating Scale; Bradykinesia subscore = sum of right hand items on 'finger 
tapping', 'hand movements', and 'pronation-supination movement of the hand'; Tremor subscore = sum of right hand tremor-items. a) For these patients the ‘Hand 
movements’ score of the right hand was missing. b) For this patients the ‘Finger tapping’ score of the right hand was missing. c) For these patients the 'Kinetic 
tremor' scores for the right hand were missing d. For these patients the 'Postural tremor' score of the right hand was missing. **For this patient too many items 
were missing. 
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6.3.3. Tasks 

Patients were instructed to start each task after a signal of the examiner. Firstly, 
a recording at rest (30 seconds) was performed. Patients were seated with the 
right elbow resting on the table, the hand resting on the tablet and the pen-tip 
touching a target (filled circle, 0.7 cm in diameter) in the center of the tablet. 
Next, the patients subsequently traced circle, spiral and zigzag figures which 
were displayed on the tablet (see Figure 6.1). 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. 

 
Figure 6.1. Templates and their dimensions for the tracing tasks: a circle, spiral and zigzag 
figure. 

The next task consisted of writing ‘elelelel’ five times with each phrase starting 
at the left side of the tablet with visual feedback on the screen. An example was 
provided on paper on the table above the tablet. Thereafter, a modified Fitts’ task 
was performed, which was similar to Fitts’ original task[26] but adapted to the 
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dimensions of our system. Patients touched 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 (20 seconds). The distance between the 
targets was 7 cm for subtasks 1 to 4 and 20 cm for subtasks 5 to 8, while the 
diameter of the targets increased (0.7, 1.3, 1.9, 2.5 cm). Finally, the PPT was 
performed, which employed a board with a vertically oriented row with 25 holes 
and metal pins located in a reservoir at the top. We limited the PPT to the right 
hand task, similar to the other graphical tasks. Patients were instructed to place 
as many pins as possible in the holes within 30 seconds. Participants were 
allowed to practice before the test[27].  

6.3.4. Data analysis 

Graphical tasks were analysed using Matlab (R2014A). Mean movement time 
(MT) per trial was calculated for the tracing tasks (CircleMT; SpiralMT and 
ZigzagMT), using the x and y coordinates of the pen-tip. 

 
‘elelelel’ writing task 
The pen-tip position data (x and y coordinates) were preprocessed. 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[6], see Appendix 2). For each detected letter ‘e’ and ‘l’, movement 
time (MT) was calculated by counting the samples and dividing it by 200 (since 
the sample frequency was 200 Hz). MT was averaged over all detected ‘e’s’ and 
‘l’s’, resulting in the features E_MT and L_MT. The mean width and height of the 
letters was also calculated, using the x and y coordinates of the pen-tip (E_Width; 
E_Height; L_Width; L_Height). 

 
Modified Fitts task analysis 
The modified Fitts’ task was analysed according to Fitts’ law[26]. The tradeoff 
between speed and accuracy was modelled by Fitts[26] in the time required for 
movement (T): 

𝑇𝑇 = 𝑎𝑎 + 𝑏𝑏 �log
2𝐴𝐴
𝐷𝐷
� 
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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 consists of eight subtasks, with 
varying difficulty. For each patient 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 determination of the relationship between movement time and 
ID. A linear curve was then fitted to the data points and a least squares 
calculation was used to determine the goodness of fit (FittsR2). FittsR2 refers to 
the degree of compliance with Fitts’ law and was determined for each patient. 
The slope of the fitted curve (FittsSlope) describes the extent to which the 
performance becomes slower with an increase in ID and was calculated for each 
patient, as well.  

 
Tremor analysis 
For the resting, circle, and spiral tasks the gyroscope signals were analysed to 
assess tremor. In detail, the procedure to extract tremor features consists of the 
following steps: 
• The gyroscope signals were filtered with a 5 samples long running median 

filter to remove artefactual peaks. 
• To dampen the lowest frequencies (<3 Hz) to remove the frequency 

components not related to tremor, the gyroscope signals were filtered by 
removing the output of a second order Savitzky-Golay filter. The frame size 
of the filter is 0.33 times the sample rate of the signal for the circle and spiral 
tasks and 0.5 times the sample rate for the rest task. This filtering process 
increases the signal to noise ratio for the determination of the dominant 
tremor frequency. 

• A principal component analysis was performed on the three filtered 
gyroscope signals (pitch, yaw and roll) only for the periods in which the 
patient was performing the task. Then, the first principal component was 
selected. 

• Next, the power spectral density (PSD) of the first principal component was 
estimated using Welch’s method (3 s segments with 2 s overlap, Fourier 
transform length of 2048 samples) and the band power in a 1 Hz band 
around each frequency (overlapping bins) was computed. 

• The PSD plots were inspected to determine whether PD patients showed 
tremor during the tasks. This was done by visually checking whether a clear 
peak between 4 and 9 Hz (typical tremor band[28]) was present in the PSD 
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plot. Only the PD patients who did show a clear peak were selected for 
further analysis. 

• The frequency with the highest band power was selected as the tremor 
frequency for the PD patients who were selected in the previous step. The 
relative power (RT) band was calculated by dividing the power in the 1 Hz 
band around the peak frequency by the total power. 

 
Statistical analysis 
Statistical analyses were conducted using SPSS (IBM SPSS Statistics 22). 
Normality of measures was assessed by the Shapiro-Wilk test. Validity was 
estimated by analysing the correlation between performance on the graphical 
tasks and on the PPT. The PPT yields scores of ordinal level and therefore the 
correlation between PPTright and the tracing, writing and modified Fitts’ task 
measures was analysed by Spearman’s rank correlation. The correlation 
between performance on the graphical tasks and the MDS-UPDRS-III-
bradykinesia subscore was also assessed. A Spearman’s rank correlation 
coefficient between 0.90 and 1.00 was regarded as a very high correlation, 
between 0.70 and 0.90 as a high correlation, between 0.50 and 0.70 as a 
moderate correlation, between 0.30 and 0.50 as a low correlation and below 0.30 
as a negligible correlation[29]. Response to dopaminergic medication was 
determined by a significant improvement on the movement time, writing size, 
FittsSlope and FittsR2 and tremor measures after taking dopaminergic 
medication, by a paired t-test for normally distributed measures or a related-
samples Wilcoxon signed rank test, otherwise.  

6.4. Results 

All PD patients (N=14, mean age 68 years, 10 male; see Table 6.1) completed the 
tasks OFF and ON medication. Some patients, who had missing data due to a 
technical problem, were excluded from statistical analysis (see Table 6.2). There 
was no significant difference between the MDS-UPDRS-III-bradykinesia 
subscore OFF and ON medication.  

6.4.1. Validity  

MT on the circle, spiral and zigzag tasks correlated significantly with the 
PPTright score: CircleMT (ρ=−0.69, p<0.001), SpiralMT (ρ=−0.63, p<0.001) and 
ZigzagMT (ρ=−0.66, p<0.001). The MT measures of the ‘elelelel’ writing task 
showed low correlations with the PPTright score (E_MT: ρ=−0.33, p=0.08 and 



GRAPHICAL TASKS: VALIDITY AND RESPONSE TO DOPAMINERGIC MEDICATION 

111 
 

L_MT: ρ=−0.37, p=0.05). None of the writing size measures correlated with the 
PPTright score. FittsSlope correlated moderately with the PPTright score 
(ρ=0.64, p<0.001) while FittsR2 did not correlate with the PPTright score. Figure 
2 shows two examples of the relationship between the PPTright score and 
graphical task measures. None of the graphical task measures correlated with 
the MDS-UPDRS-III-bradykinesia subscore. 

 

Figure 6.2. Scatterplots and regression lines for the right hand score on the Purdue pegboard 
test against movement time on the circle tracing task (Upper plot; Spearman’s rho = −0.69) 
and against movement time on the spiral tracing task (Bottom plot; Spearman’s rho = −0.63). 

6.4.2. Response to dopaminergic medication 

Table 6.2 provides the test statistics for the response to dopaminergic 
medication.  CircleMT, SpiralMT, E_MT, L_MT and FittsSlope were significantly 
lower at ON medication as compared to OFF medication (related-samples 
Wilcoxon signed rank test, p<0.05). The other measures did not respond to 
dopaminergic medication. 
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6.4.3. Tremor assessment 

If patients did not suffer from tremor during the graphical tasks, the tremor 
(peak) frequency could not be determined. Further analysis was therefore only 
performed on patients exhibiting tremor during at least one of the tasks, 
indicated by the availability of tremor frequencies. This group was too small to 
perform statistical analysis, so we investigated each of the patients individually. 
Table 6.3 shows the results of the tremor analysis. Two patients exhibited tremor 
during the resting task at OFF medication, six patients during the circle task at 
OFF medication, and five patients during the spiral task at OFF medication. In 
general, RP decreased after taking medication and for most of the patients no 
tremor frequency was seen during the ON medication phase. Patient PD008 
showed tremor during the resting task at ON medication, while RP clearly 
decreased. Tremor frequencies for PD013 during the circle and spiral tasks were 
available at ON medication, while RP did not clearly decrease. Only PD011 and 
PD013 had a MDS-UPDRS-III-tremor score higher than 0 (see Table 6.3).  

 

 

 

 

Table 6.2. Test statistics of the response to dopaminergic medication. Median and 
interquartile range (iqr) values are provided for both ‘on’ (ON) and ‘off’ medication (OFF) 
 OFF ON Z-valuea p-value 
CircleMT (s) b 4.16 (5.56) 4.12 (3.39) −2.55 0.01* 
SpiralMT (s) 11.42 (10.12) 9.74 (10.93) −2.61 0.01** 
ZZMT (s) c 11.92 (3.81) 11.55 (8.04) −1.18 0.24 
E_MT (s) 0.39 (0.12) 0.36 (0.14) −2.17 0.03* 
L_MT (s) 0.52 (0.22) 0.48 (0.13) −2.67 0.01** 
E_width  (mm) 9.23 (2.83) 7.79 (4.46) −0.41 0.68 
E_height  (mm) 14.87 (7.79) 15.26 (11.06) −0.22 0.83 
L_width  (mm) 12.84 (7.58) 12.81 (11.05) −0.03 0.97 
L_height  (mm) 39.14 (18.86) 41.20 (26.12) −0.03 0.97 
FittsSlope d 0.14 (0.09) 0.12 (0.08) −2.22 0.03* 
FittsR2  d 0.89 (0.16) 0.93 (0.08) −1.87 0.09 
MT = Movement Time. a) Results of the related-samples Wilcoxon signed rank test. b) Data of PD007 
was missing, due to a technical problem. c) Data of PD002 and PD006 are missing, due to a technical 
problem. d) Data of PD001, PD002 and PD003 was missing, due to a technical problem. *statistically 
significant at α = 0.05; **statistically significant at α = 0.01 



 

 
 

 

Table 6.3. Tremor variables for PD patients who exhibited tremor on at least one of the tasks 

 Rest Circle Tracing Spiral Tracing 
UPDRS Tremor Score 

(Right hand) 
 OFF ON OFF ON OFF ON OFF ON 

ID Freq RP Freq RP Freq RP Freq RP Freq RP Freq RP   
PD002 n/a n/a n/a n/a 6.8 46.8 n/a n/a 6.9 30.5 n/a n/a 0 0 
PD004 n/a n/a n/a n/a 6.3 70.3 n/a n/a 6.5 63.9 n/a n/a 0 0 
PD007 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0 0 
PD008 4.9 84.9 n/a n/a 5.1 66.5 n/a n/a 5.2 62.5 n/a n/a 0 0 
PD009 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0 0 
PD011 5.7 87.8 n/a n/a 7.6 24.3 n/a n/a 5.6 48.2 n/a n/a 2 0 
PD012 n/a n/a n/a n/a 7.4 30.6 n/a n/a n/a n/a n/a n/a 0 0 
PD013 n/a n/a n/a n/a 7.1 33.8 7.0 37.0 6.5 43.1 6.3 42.0 3 3 
n/a = not available. If no value is available for the tremor measures, no tremor was detected during this task. Freq = Tremor (peak) frequency; RP = Relative 
Power.  
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6.5. Discussion 

This study explored whether a set of graphical tasks could be used for monitoring 
PD by assessing its validity and response to dopaminergic medication.  Moderate 
correlations between performance on graphical tasks and the PPT suggest that 
this set of graphical tasks is valid to assess and monitor upper limb function in 
PD patients. The advantage of using these graphical tasks, instead of, for instance, 
the PPT is that no examiner is needed, which makes the graphical tasks suitable 
for home-based monitoring.  

Additionally, this study showed that this set of graphical tasks can be 
used to detect subtle changes, which are barely visible by observing the patient, 
in performance after taking medication in PD patients. We investigated the 
validity and response to dopaminergic medication of different measures of MT 
on graphical tasks to assess bradykinesia. Moderate correlations with the PPT 
score suggest that MT measures for the tracing tasks are valid for assessing and 
monitoring upper limb function in PD patients. In contrast, MT measures for the 
writing task showed only weak correlations with the PPT and seem to be less 
valid. FittsSlope, referring to the extent to which a patient becomes slower with 
increasing difficulty of Fitts’ task, also correlated significantly with the PPT score, 
which means that FittsSlope can be used as a proper measure of bradykinesia. In 
agreement with previous studies regarding medication effects on performance 
of graphical tasks in PD[12,14,15], MT on the writing task improved after taking 
medication (see Table 6.2). In addition, FittsSlope and MT on the simple circle 
and spiral tracing tasks also improved after taking medication in PD patients. 
Simple circle and spiral tracing tasks might be easier to perform correctly than a 
writing task in home-based settings without an examiner present. We also 
studied the validity and response to dopaminergic medication of different 
measures of tremor (presence or absence of tremor, tremor frequency and 
relative power around the tremor frequency) during the resting task and circle 
and spiral tracing tasks. The present study showed that tremor power generally 
decreased after medication intake in PD patients, which was reported previously 
as well[28]. Since tremor often is a prominent and disabling symptom of PD that 
may be influenced by treatment, a useful monitoring tool should include a 
measure to assess tremor. Previous studies investigating medication effects on 
graphical tasks did not include a measure to assess tremor[11,12,14,15]. Remarkably, 
MDS-UPDRS-III-tremor scores were 0 for almost all patients, although a tremor 
was detected during the graphical tasks. This suggests that graphical tasks might 
be more sensitive to detect a subtle tremor than the UPDRS. The difference in the 
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presence of tremor between the UPDRS and the graphical tasks could be 
explained by the fact that tremor scoring during the UPDRS involves observing 
movements of the upper limb different from the movements which are involved 
in the graphical tasks. For example, a clinician observes whether tremor is 
present during a simple flexion movement of the upper limb, whereas the 
graphical tasks require more complex movements of the upper limb. In addition, 
a tremor with a low amplitude and high frequency could be difficult to observe 
during a neurological assessment, while graphical tasks performed with a sensor 
pen could capture such tremors. 

Besides bradykinesia and tremor, micrographia is a common symptom 
in PD patients[5,22,30], which refers to a reduction in writing size and could be 
assessed quantitatively[5]. For screening PD, assessing micrographia has been 
shown to be useful, because differences were found between mildly affected PD 
and HC participants[31]. Our data showed that writing size measures correlated 
weakly with the PPT, suggesting that writing size, as assessed in this study, is not 
a valid measure to assess and monitor upper limb function in PD. 

Additionally, writing size measures did not change after taking 
medication in PD patients, in agreement with previous studies that investigated 
writing size ON and OFF medication[11–13]. However, duration and size of writing 
are related[5,8], so bradykinesia could compensate for micrographia. Therefore, 
micrographia assessments could be improved by writing a fixed number of 
letters or words in a particular time frame. 

No significant correlations were found between performance on 
graphical tasks and the MDS-UPDRS-III-bradykinesia score. This could be 
explained by the fact that the MDS-UPDRS-III-bradykinesia items entail different 
movements of the arm and hand than graphical tasks and therefore involve other 
upper limb functions. Hand function of most PD patients in this study was only 
mildly affected, according to the MDS-UPDRS-III-bradykinesia subscore. Subtle 
improvements of hand function after taking medication were therefore hard to 
detect according to the MDS-UPDRS-III. In contrast, performance of almost all PD 
patients improved on graphical tasks after taking medication, which suggests 
that graphical tasks are more suitable to detect subtle changes in upper limb 
function than the MDS-UPDRS-III.  

To use the current system as a home-based monitoring tool, the analysis 
methods should and could be converted to automatic methods, which generate 
simple outcome measures for the clinician. In addition, a home-based system 
should include a clear instruction manual for patients and error detection and 
feedback to ensure correct task execution and allow use of the system without 
an examiner present. Once the system is fully automated, a new study would be 
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needed to re-assess validity. To further investigate long-term disease 
progression and treatment effects, a longitudinal study should be performed in 
which PD patients will be followed for a longer time-period. 

As a limitation, the medication effects in this study may have been 
influenced by a learning effect, because the measurements ON medication were 
performed approximately 1.5 hours after the measurements OFF medication. 
However, since the tasks were easy to perform and not all patients improved at 
the second measurement, it is assumed that this learning effect is not substantial. 
Another limitation of this study is that the resting task involved holding the pen-
tip at a certain location, which makes it a postural rather than a resting task. 
Therefore this task is not suited to assess resting tremor. Since resting tremor is 
typical for PD patients, another resting task should be included in future studies 
that actually measures resting tremor. Furthermore, it would be interesting to 
assess the responsiveness of the graphical tasks. This could be done by 
comparing the change in performance on the graphical tasks with the clinically 
accepted change between ON and OFF medication. The clinically accepted 
change for PD patients would be a change in the UPDRS score. Since the patients 
in our study were only mildly affected and showed low UPDRS scores, a clear 
change in UPDRS was often not seen between ON and OFF medication. Therefore 
we did not compare the changes in graphical tasks to the small and often absent 
changes in UPDRS score, but only compared performance on the graphical tasks 
ON and OFF medication and pooled measurements ON and OFF medication to 
allow assessment of the validity of the graphical tasks. 

6.6. Conclusions 

In conclusion, the present study showed that our set of graphical tasks using a 
digital tablet and sensor-pen is valid to assess and monitor upper limb 
functioning in PD patients, especially with respect to the circle, spiral and 
modified Fitts’ task and their derived measures of MT and tremor. Our method 
is non-invasive, portable and can be used easily at home without an examiner, 
which offers great opportunities as an endpoint for future medication trials. 
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7.1. Introduction 

The objective of the work described in this thesis was to design and evaluate 
measures for the quantitative assessment of motor symptoms of Parkinson’s 
disease (PD). Currently, clinical assessment of PD mainly depends on the 
experience and interpretation of a clinician and diagnostic accuracy improves 
with increasing clinical experience[1]. Therefore, quantitative assessment of 
motor symptoms of PD might be useful to aid in diagnosing and monitoring PD. 
In this thesis we explored whether graphical tasks, such as handwriting and 
drawing, could be used to quantitatively assess motor symptoms of PD. Several 
important validation steps in diagnostic research, as described in section 1.3, 
were executed and their results described in the chapters of this thesis. The 
graphical tasks were performed and recorded with the DiPAR system, consisting 
of the DiPAR-pen, a digital tablet and operator computer, which was developed 
and evaluated in the European research project DiPAR (see Chapter 2 of this 
thesis). In the following paragraphs the results of the experimental studies are 
summarized and discussed, current and future clinical applications of the DiPAR 
system are discussed, and recommendations for future research are given. 

7.2. Main results 

The results described in Chapters 3, 4 and 5 show that standardized graphical 
tasks, as performed with the DiPAR system, could be used as an aid in the 
diagnostic process of PD. In Chapter 3, a proof of principle study is described that 
shows differences in performance between PD patients and healthy control (HC) 
participants. This is one of the first important steps in diagnostic research[2] to 
show that a new diagnostic test may be potentially useful clinically. As a second 
important step, we showed in Chapter 4 that the measures, which differed 
between PD patients and HC participants, were also highly reproducible in 
healthy adults. This means that measures are consistent over time, when no 
change in performance is expected. This result allows assuming that atypical 
performance of patients can be attributed to the disorder, rather than to a 
measurement error or learning effect[3]. Of course, for a test to be useful in the 
diagnostic process of PD, it is very important that it allows distinguishing 
between PD and other diseases with similar clinical symptoms. As early 
symptoms of PD could overlap with symptoms of other movement disorders 
(MD), the third step in assessing the diagnostic value of the new test was 
therefore to investigate differences between PD patients and patients with other 
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MD[2]. The results of this study are reported in Chapter 5 and confirm that a set 
of graphical tasks, as executed with the DiPAR-pen, can be used to assess 
differences in upper limb function between PD patients and patients with other 
tremor disorders. In addition to the evaluation of the diagnostic value of the 
graphical tasks, we also investigated the monitoring potential of such tasks in 
Chapter 6. We here showed that graphical tasks as performed with the DiPAR 
system provided valid measures to assess upper limb function in PD patients, 
and allowed detecting a response to dopaminergic medication. 

Since the aim of this thesis was to develop and evaluate measures for the 
quantitative assessment of PD, we investigated whether specific graphical tasks 
and analyses provided clinically relevant information to assess the presence and 
severity of common motor symptoms of PD. In Chapter 3 we investigated 
measures related to two cardinal motor symptoms of PD, bradykinesia and 
tremor[4]. In addition, measures related to micrographia were studied, since 
micrographia is also a common symptom in PD[1,5]. These measures were 
subsequently used, improved and extended in the later experimental studies, 
described in Chapters 4–6.  

Bradykinesia refers to slow movement and as a related measure we 
investigated movement time (MT) on the graphical tasks. According to the 
results described in Chapter 3, MT, especially on the writing tasks, showed 
significant differences between PD patients and HC participants. Writing tasks 
are more complex than simple tracing and drawing tasks and slowness of PD 
patients increases with increased movement complexity[6]. This does not 
necessarily mean that the simple tracing and drawing tasks are less useful than 
the writing tasks. The simpler tasks in fact also showed differences in MT 
between PD and HC participants and might be easier to perform correctly than 
the writing tasks, especially if such tasks are used for home-based monitoring. 
MT on the tracing and drawing tasks also showed high reproducibility in healthy 
adults, who performed the graphical tasks twice with one week in between, as 
described in Chapter 4. However, MT decreased on the second measurement day, 
which suggests a learning effect. This effect seems stronger in the easiest tracing 
task, the circle task, compared to the more complex tracing and drawing tasks, 
the spiral and zigzag tasks, which makes the circle task less reliable. In addition, 
MT on the simple tracing and drawing tasks, but also on the ‘elelelel’ writing task, 
was significantly different between the four tremor groups, as described in 
Chapter 5. PD patients were slower, particularly in comparison with ET patients. 
Hence, MT on graphical tasks may be especially useful in distinguishing PD from 
ET patients, which can be clinically difficult[36]. Furthermore, Chapter 6 showed 
that graphical tasks were valid to assess bradykinesia in PD patients. In 
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particular, MT on the tracing and drawing tasks showed high correlations with 
an already validated measure for upper limb function, the Purdue pegboard test. 
Correlations for MT on the writing task with the Purdue pegboard test were 
weak and thus MT seems less valid. MT showed a response to dopaminergic 
medication in PD patients for all graphical tasks, as described in Chapter 6. 
According to their validity, reproducibility and ability to distinguish between PD 
and ET, the more complex tasks, like spiral and zigzag tracing and drawing, are 
suggested to be useful for assessing bradykinesia in PD patients. MT on writing 
as well as tracing and drawing tasks could probably be used to monitor 
treatment effects in PD patients. 

Besides bradykinesia, we also investigated whether a second cardinal 
symptom of PD, tremor, can be assessed using a set of graphical tasks. We showed 
in Chapters 3, 5 and 6 that tremor can be detected during graphical tasks, as 
executed with the DiPAR-pen. Spectral analysis was used to investigate whether 
tremor was present during the tasks. The gyroscope sensors which were built in 
the second and third prototypes of the DiPAR-pen (see Chapter 2 for a 
description of the different prototypes) were especially useful to detect tremor. 
In line with previous studies[7,8], tremor frequency turned out not to be suitable 
to distinguish between different tremor disorders, because tremor frequencies 
overlapped too much between patient groups (Chapter 5). However, we did 
obtain some interesting results in Chapter 5, especially regarding the presence 
or absence of tremor during the graphical tasks (see Figure 5.3). We observed 
that all ET patients showed tremor on all tasks (posture task and the circle, spiral, 
and zigzag tracing tasks), whereas only a few EPT, FT and PD patients showed 
tremor on all four tasks (see Figure 5.3). Therefore the variable ‘showing tremor 
on all four tasks’, could be used to distinguish ET patients from the other tremor 
patient with high sensitivity (1.00). Additionally, in Chapter 5 we showed that 
tremor amplitude was low in EPT patients, in correspondence with previous 
literature[9,10]. In our study, tremor amplitude was significantly lower in the EPT 
group compared to the ET and FT groups. However, a few ET and FT patients 
also showed low tremor amplitude, so tremor amplitude could, in this study, not 
be used to distinguish EPT patients from the other tremor patients with high 
sensitivity and specificity. Furthermore, in Chapter 6 we investigated the effect 
of dopaminergic medication on tremor in PD patients performing the graphical 
tasks. In line with a study of Connoly et al.[11] we observed a decrease in tremor 
after taking dopaminergic medication in the PD patients who suffered from 
tremor during the graphical tasks.  

Another common symptom of PD is micrographia. The DiPAR system 
can record performance during handwriting, and is therefore specifically useful 
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to quantify aspects of handwriting. Typically, handwriting difficulties in PD 
patients are characterized as micrographia, which refers to a reduction in 
writing size[5]. We have shown that the DiPAR system indeed allows to quantify 
writing size (Chapters 3–6). The ‘elelelel’ task that we studied consisted of 
writing repeated patterns of the ‘e’ and ‘l’, which could automatically be 
recognized by a computer algorithm (developed by partner VTT in the DiPAR 
project, see Appendix 2). Subsequently, the size of the letters was calculated and 
used for statistical analysis. Such measures are expected to be useful in the 
diagnostic process of PD[5]. However, we observed that writing size was not 
always impaired in PD patients. While the PD patients in Chapter 3 wrote 
significantly smaller than HC participants, another group of PD patients showed 
a similar writing size compared to other tremor patients and HC participants in 
Chapter 5. This was in line with previous studies regarding micrographia, 
reporting that the prevalence of micrographia in cohorts of PD patients varies 
between 15% and 60%[12–16]. In addition, different prototypes of the DiPAR 
system, with different pens and tablets were used between the studies reported 
in Chapters 3 and 5, which may also have influenced the proportion of patients 
exhibiting micrographia. 

The results of Chapter 5 suggest that writing size is not suited to aid in 
distinguishing different tremor disorders. Moreover, Chapter 6 showed that 
writing size measures only weakly correlated with the Purdue pegboard test 
making them less valid for assessing fine motor control and, corresponding to 
previous studies[15,17–19], they did not show a response to dopaminergic 
medication in PD patients. Yet, interestingly, most of the PD patients studied in 
Chapter 3 did not notice impairments of their handwriting in terms of writing 
size, even though we found a significant difference on this measure with HC. We 
therefore suggest that writing size could potentially be useful for the early 
detection of PD, but probably only in addition to other early symptoms of PD. 

7.3. Towards clinical application 

As shown in Chapters 3–6, graphical tasks provide measures to quantitatively 
assess upper limb function in PD patients. Such measures, obtained with the 
DiPAR system, could be used as an aid in diagnosing and monitoring PD. 
However, before a set of graphical tasks can actually be used in clinical settings, 
further validation studies are necessary and some improvements of the 
graphical tasks and the current prototype of the DiPAR system could be helpful. 
In this respect there are also some limitations of the experimental studies 
described in this thesis that need to be discussed. Firstly, the results of the 
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experimental studies described in this thesis cannot be generalized to the 
general population as the design was exploratory and only small groups of 
patients were included. This limits power and therefore the number of 
statistically significant results, but also reduces the probability that a significant 
result reflects a true effect[20]. Therefore, future adequately powered studies are 
needed to confirm and extend our results. However, for the DiPAR project, it was 
important to first show differences between small groups of PD patients, patients 
with other forms of tremor, and HC participants, before continuing development 
and production of the system on a larger scale. Additionally, the results of these 
exploratory studies were useful to investigate the usability of the tasks and to 
determine the average time needed to perform the tasks. 

Secondly, as mentioned before, we found some conflicting results 
between studies. In Chapter 3 we found a difference in writing size between PD 
patients and HC participants. While we also studied handwriting in PD patients 
and HC participants in Chapter 5, we did not see a significant difference in writing 
size between these groups in that study. This contrast could be explained by the 
fact that a different prototype of the system was used for the studies in Chapters 
3 (prototype V1) and 5 (prototype V2). None of the participants in our studies 
performed the graphical tasks twice with different prototypes of the system and 
therefore we were not able to investigate whether the differences in design 
indeed influenced performance on the graphical tasks. A cause for the observed 
differences could be that the surface of the tablet used for prototype V2 was 
smoother than the surface of the tablet used for prototype V1, which could make 
it easier for PD patients to perform smooth handwriting movements. Another 
difference between the studies described in Chapters 3 and 5 is that for the study 
described in Chapter 5 only tremor-dominant PD patients were included, while 
in Chapter 3 PD patients with severe tremor in the hands were excluded. Tremor-
dominant PD is suggested to be a subtype of PD[21], and patients with this form 
of PD might therefore perform differently on graphical tasks than patients with 
other subtypes of PD. To our knowledge, no studies investigated the difference 
in presence of micrographia between different subtypes of PD. We expected that 
patients with tremor-dominant PD would show even more micrographia than 
patients with other forms of PD, since tremor in the hands supposedly influences 
activities performed with the hands. This was not the case, however (Chapter 5), 
which suggests that micrographia is actually less present in tremor-dominant PD 
patients. Nevertheless, we only studied a small group of tremor-dominant PD 
patients, so it would be interesting to further investigate the presence of 
micrographia in patients with different forms of PD in a larger study. An 
additional reason for the differences in findings between Chapters 3 and 5 might 
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be that PD patients in Chapter 5 were ON medication, while PD patients in 
Chapter 3 complied with overnight withdrawal of their medication. PD patients 
in Chapter 5 might therefore show similar performance to HC participants. On 
the other hand, in Chapter 6 we showed that micrographia measures (writing 
size) did not show a response to dopaminergic medication. The differences 
(medication status and subtype of PD) between the included PD patients studied 
in Chapter 3 and 5 can therefore not fully explain the conflicting results in 
Chapters 3 and 5. Hence, we propose that the differences between the hardware 
versions of the system largely explain the conflicting results. For future 
development of the system we thus suggest that the possible influence of 
different hardware on performance on graphical tasks should be taken into 
account.  

7.4. Recommendations for future research 

The experimental studies in this thesis indicate that the DiPAR system is reliable. 
It is valid to assess and monitor upper limb function in PD patients and it 
identifies differences between PD patients, patients with other tremor disorders 
and HC participants. All these steps are important in diagnostic research 
(Chapter 1). Nevertheless, future studies with larger groups of participants that 
are performed with the same final DiPAR system, to limit the influence of the 
hardware on performance, are needed to confirm these results. 

Future studies could also investigate whether a set of graphical tasks, 
performed with the DiPAR-pen, may be used by non-specialists as triage test. 
Triage tests are used to increase the number of patients who will enter the 
clinical pathway, by picking up cases that otherwise could have been missed[3]. 
Triage tests need very high sensitivity to ensure that no cases are missed, 
because triage-negative persons will not be further tested[3]. Sensitivity of a 
clinical test refers to the ability of a test to correctly identify those patients with 
the disease[22]. For application as a triage test, future studies should investigate 
the sensitivity of the DiPAR system and it would be especially interesting to 
examine whether the DiPAR system allows to correctly identify patients with and 
without PD from a group of participants in whom it is clinically sensible to 
suspect PD[2]. This could involve patients with a family member with PD, which 
is one of the risk factors of PD, or patients with rapid eye movement sleep 
behavior disorder (RBD), which is one of the premotor markers of PD[23,24]. 
Several other risk factors, premotor markers and early motor symptoms have 
been described for PD by Lerche et al.[23] and are summarized in Figure 7.1. For 
example, age is a risk factor, because PD is more common in elderly people[25]. It 
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would thus be interesting to study and follow up elderly people with the DiPAR 
system and to assess its sensitivity for detecting PD in an early phase. With this 
application in mind, it would be interesting to add graphical tasks, performed 
with the DiPAR-pen, to large longitudinal cohort studies like ‘Lifelines’, in which 
individuals will be followed-up for 30 years[26]. Individuals older than 50 years 
could be asked to perform the DiPAR test battery in addition to the other 
Lifelines tests. Subsequently, these individuals could be followed-up to 
investigate who develops PD. However, such a longitudinal study takes many 
years to complete. As a more feasible alternative, one could first investigate 
whether patients with RBD or another premotor marker of PD can be 
distinguished from healthy persons (Figure 7.1), based on performance of 
graphical tasks using the DiPAR-pen. 

 
Figure 7.1. Adapted from Lerche et al.[23] Risk factors, premotor makers and early motor 
symptoms associated with loss of neurons (neurone density) in the prodromal phase of 
Parkinson’s disease, based on the hypothesis of Braak et al.[27]. The decrease in neurone 
density is indicated in green, the increase in clinical rating scores in red. RBD=rapid eye 
movement sleep behaviour disorder; MPS =Mild parkinsonian signs[28]. 

Future longitudinal studies could also investigate how performance on the 
graphical tasks, performed with the DiPAR-pen, changes with time and which 
change is related to the development of PD and which change is related to 
healthy aging or other changes in lifestyle. This is an important step in evaluating 
whether graphical tasks performed with the DiPAR-pen could provide possible 
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biomarkers. Previously, it has been suggested that graphical tasks might provide 
biomarkers for PD[5]. Since the DiPAR system is non-invasive, easy to use and 
provides reproducible measures, it might provide suitable biomarkers, but more 
evaluation studies are necessary. For example, the values of a potential 
biomarker should be determined in the most healthy persons and the people 
who are most affected by a disease, in this case PD[29]. Chapter 4 of this thesis 
provides values for the most healthy persons and Chapters 3 and 5 provide 
values for PD patients. However, the measurements described in these chapters 
were not performed with the final, wireless prototype of the DiPAR system. 
Chapter 6 did provide values for PD patients who performed the tasks with the 
wireless DiPAR system, but these patients were generally only mildly affected. 
Our results should thus be confirmed and extended in future studies using the 
final product that Manus intends to launch, including larger groups of 
participants and more severely affected PD patients to determine standard 
values for the different groups of interest. As a start, we performed a prospective 
pilot study as part of the DiPAR project (the results of this study are not reported 
in this thesis), that included PD patients at different stages of the disease. 
However, these patients were all ON medication, while standard values of a 
biomarker should be determined for PD patients OFF medication.  

It should be noted in this respect that although our results and previous 
studies suggest that kinematic analysis of handwriting and drawing tasks[5] 
indeed provides possible biomarkers for PD, it is unlikely that the assessment of 
(early) motor symptoms alone would be sufficient to diagnose PD in the 
prodromal phase (see Figure 7.1). An optimal early identification of PD will 
probably include non-motor measurements as well, such as a smell test, since 
hyposmia is one of the premotor markers of PD[23] (Figure 7.1). Such an approach 
is already common in clinical practice. 

Besides being useful as an aid in the diagnosis of PD, our results suggest 
that graphical tasks performed with the DiPAR-pen, could be useful for 
monitoring purposes. Monitoring tools should accurately detect a change when 
it has occurred, which is the responsiveness of the tool[30,31]. In Chapter 6 we 
established a response to dopaminergic medication as a change in the 
performance on graphical tasks using the DiPAR system. However, we did not 
examine whether adequate doses of dopaminergic medications were given to the 
PD patients. Although it is common knowledge that dopaminergic medication is 
an efficacious treatment in PD, so that a response may be expected, a 
supramaximal dose should be given to PD patients to reliably assess 
responsiveness in future studies. Additionally, responsiveness of graphical tasks 
using the DiPAR-pen should be related to a change in a reference measure. 
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A change in the reference measure should be viewed as an accepted indication 
of a change, which is widely regarded by clinicians as meaningful and important, 
in the condition of a patient[32]. For PD, a change in UPDRS is widely regarded by 
clinicians as meaningful and important, if this change is large enough. In Chapter 
6 we did assess UPDRS scores for PD patients OFF and ON medication, however, 
the changes in UPDRS scores between OFF and ON medication were not large 
enough to be used as a reference measure to investigate responsiveness of the 
graphical tasks, performed with the DiPAR-pen. For future studies, the minimal 
detectable change in UPDRS could be used as reference[33,34] to further determine 
the responsiveness of the graphical tasks performed with the DiPAR-pen. 
Furthermore, a monitoring tool should be able to detect a long-term change[35]. 
To investigate whether the DiPAR system can be used for long-term monitoring, 
PD patients should be followed for a longer time period in which they regularly 
perform the graphical tasks with the DiPAR-pen.  

7.5. Conclusions 

The results of the experimental studies described in this thesis show that 
graphical tasks, performed with the DiPAR-pen, can provide a quantitative 
assessment of upper limb function and motor symptoms in PD patients and 
patients with other MD. A set of standardized graphical tasks was shown to be 
useful as an aid in the diagnostic process of PD, to be valid to assess upper limb 
function in PD patients, and to be useful in monitoring short-term treatment 
effects. Bradykinesia and tremor measures were most helpful for both screening 
and monitoring of PD. Writing size measures might be useful for the early 
diagnosis of PD, but not for monitoring PD. According to their validity, 
reproducibility, and ease of use in the experimental studies, the circle, spiral, 
zigzag, ‘elelelel’, and modified Fitts’ tasks are recommended for use in future 
studies. The main advantage of using several graphical tasks, was that different 
motor symptoms of PD (bradykinesia, tremor, and micrographia) could be 
assessed simultaneously. In addition, such graphical tasks are non-invasive and 
easy to execute and the DiPAR system is portable, thus allowing home-based use 
without an examiner, which offers great opportunities for future clinical 
applications. 
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APPENDIX 1. SEGMENTATION OF THE DATA 

Circle task 

For the circle task a start and end sector were defined as shown in Figure A1.1. 
One repetition of the circle task was considered to end and the next one to start 
when the pen tip moved from the end sector to the start sector. For this study 
this simple rule was sufficient for unambiguously defining the start and end 
times of each repetition since none of the participants crossed this border 
multiple times per circle.  

Spiral task 

In the spiral task a repetition was considered to start when the pen tip left the 
start circle and to end when the pen tip entered the end circle (see Figure A1.1 
for illustration). Similar to the circle task this simple rule was enough to 
unambiguously define the start and end points of each repetition.  

 
Figure A1.1. Illustration of the start and end areas in the circle and spiral task. A: Circle task; 
B: Spiral task. Green: start area; Red: end area. 
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Star task 

For the star task each individual line-segment drawn by the participant was 
detected automatically using the following procedure: 
1) The distance travelled by the pen-tip was estimated for each data point by 

computing the cumulative sum of distances between two successive data 
points. 

2) New time series of x and y coordinates in which the data points were equally 
spaced in distance travelled by the pen were constructed from the original 
time series, in which the data points are equally spaced in time, using linear 
interpolation. This transformation removes variation due to varying 
drawing speed within participants and between participants. The 
transformation is illustrated in Figure A1.2. 

3) A function which consists of two straight line segments, 25 mm each, joined 
together at one end was fitted locally to each data point in the x and y time 
series minimizing the least squares error. This function fits nearly perfectly 
to the data when the participant is drawing a straight line or an angle 
(Figure A1.2). 

4) The local minima within 25 mm of the fitting error of this function were 
searched and the minima in which the angle, which can be computed from 
the parameters of the functions (line segments) fitted to the x and y 
coordinates, was larger than 0.8*pi were classified as points where the 
participant drew an acute angle (Figure A1.2). 

5) The complete line segments drawn by the participant were found by 
searching for segments that start by the participant drawing an acute angle 
in the origin and end by the participant drawing an acute angle in one of the 
end points of the star, or vice versa.
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Figure A1.2. Illustration of the star task segmentation method. A: the original x (blue) and y 
(green) coordinate time series recorded by the digitizer. B: the x and y coordinates as a 
function of the distance travelled by the pen tip. The function fitted to the coordinates is 
shown in red for two points, one of which is a point where the subject has drawn an acute 
angle and the other is slightly after such a point. C: turning angle estimated from parameters 
of the functions fitted to the coordinate series (green) and fitting error of the functions (blue); 
the local minima of the fitting error are shown as red circles in the angle series. D: the turning 
points detected by the algorithm are marked in the original time series by red squares. 
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APPENDIX 2. ‘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 preprocessed. 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.*). The data was processed according to the following steps. 

 

1) The direction of change (∆x, ∆y) 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 milliseconds, because the signals 
were sampled at 200 Hz. 

2) The signs of ∆x and ∆y were used to drive a state machine. For a ‘perfect 
signal’, the states cycle through the following states in order (see also Figure 
A2.1): 

State 1: ∆x>0, ∆y>0: the pen is moving right and up, from the start of 
the curve toward the rightmost point. 

State 2: ∆x<0, ∆y>0: the pen is moving further up but leftward, from 
the rightmost point to the top. 

State 3: ∆x<0, ∆y<0: the pen is moving further left but downward, from 
the top to the leftmost point. 

State 4: ∆x>0, ∆y<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:
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During normal operation the state can only change from state N to state N+1 (or 
from state 4 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 ∆x 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 ∆x and ∆y 
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. 
 

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 for the analysis in Chapters 5 and 6, 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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Figure A2.1. 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). Below: full-scale examples 
of ‘elel’ writing by a PD patient (top) and HC participant (bottom). 

 
* Smits, E. J., Tolonen, A. J., Cluitmans L., van Gils, M., Conway B.A., Zietsma, R. C., 

Leenders K.L., Maurits N.M. Standardized handwriting to assess bradykinesia, 
tremor and micrographia in Parkinson’s disease. PloS ONE 9: e97614 (2014). 
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APPENDIX 3. ICC ESTIMATION 
The variance model used for ICC(C,1) is (McGraw and Wong*): 
 

      (1) 
 

According to this equation, each variable (VAR) from each participant p at measurement day m 
(VARp,m) can be modelled by the mean of the variable for all observations (μ) plus rp, which depends 
on the participant, plus cm, which depends on the measurement day, plus a residue, ep,m. The definition 
of ICC with this model is the ratio of the variance due to the time effect and the total variance: 
 

       (2) 
  

In ICC(C,1), the C stands for ‘consistency’ and for consistency measures the column variance 
(variance corresponding to cm  in this case) is excluded, because it is considered to be an irrelevant 

source of variance (McGraw and Wong, 1996). In equation 2, 
2
rσ and 

2
eσ are the variances 

corresponding to rp and ep,m, respectively. The variances in equation (2) can be estimated by using 
mean squares: 

 
       

       (3) 
 

 
MSr is the mean variation between the measurement days and MSe is the mean variation which cannot 

be explained by the effect of measurement day. If 
2
rσ or 

2
eσ  was negative, it was set to zero in 

further calculations. The mean squares are calculated by: 
 

   (4) 
 

 
 

where k is the number of participants. The variables in equation (4) were calculated by: 
 

      
      

      (5) 
 

 
 

Combining equation (2) with equation (3) results in: 
     (6) 
 

* Mcgraw, K.O., Wong S.P. Forming Inferences About Some Intraclass Correlation 
Coefficients. Psychological Methods  l, 30–46 (1996).
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APPENDIX 4. PROCEDURE FOR TREMOR FEATURE 

EXTRACTION 
For the resting, circle, and spiral tasks the gyroscope signals were analysed to 
assess tremor. In detail, the procedure to extract tremor features consists of the 
following steps: 
1) The gyroscope signals were filtered with a 5 samples long running median 

filter to remove artefactual peaks. 
2) To dampen the lowest frequencies (<3 Hz) to remove the frequency 

components not related to tremor, the gyroscope signals were filtered by 
removing the output of a second order Savitzky-Golay filter. The frame size 
of the filter is 0.33 times the sample rate of the signal for the circle and spiral 
tasks and 0.5 times the sample rate for the rest task. This filtering process 
increases the signal to noise ratio for the determination of the dominant 
tremor frequency. 

3) A principal component analysis was performed on the three filtered 
gyroscope signals (pitch, yaw and roll) only for the periods in which the 
patient was performing the task. Then, the first principal component was 
selected. 

4) Next, the power spectral density (PSD) of the first principal component was 
estimated using Welch’s method (3 s segments with 2 s overlap, Fourier 
transform length of 2048 samples) and the band power in a 1 Hz band 
around each frequency (overlapping bins) was computed. 

5) The frequency with the highest band power was selected as the peak 
frequency (PF). The relative power (RP, in %) was calculated by dividing 
the power in a symmetric 1 Hz band around the peak frequency by the total 
power. 

6) In addition to PF and RP, tremor amplitude (TA) was calculated. For this 
purpose, the filtered gyroscope signals were integrated over time to obtain 
angular displacement (in degrees) due to tremor. The tremor amplitude for 
each sample was obtained by computing the root mean square of the 
integrated signals in a 1 second window around that sample. The mean TA 
was determined for the posture, circle, spiral and zigzag tasks.  
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APPENDIX 5. MODIFIED FITTS’ TASK ANALYSIS  
The tradeoff between speed and accuracy was modeled by Fitts* in the time 
required for movement (T): 
 

𝑇𝑇 = 𝑎𝑎 + 𝑏𝑏 �𝑙𝑙𝑙𝑙𝑙𝑙
2𝐴𝐴
𝐷𝐷
� 

 
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 consists of eight subtasks, with 
varying difficulty. For each patient 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 determination of the relationship between movement time and 
ID. A linear curve was then fitted to the data points and a least squares 
calculation was used to determine the goodness of fit (R2). The R2 refers to the 
degree of compliance with Fitts’ law and was determined for each patient. The 
slope of the fitted curves describes the extent to which the performance becomes 
slower with an increase in ID and was calculated for each patient, as well. These 
calculations resulted in two measures: FittsSlope and FittsR2. 

 

 

 

 

 

 

 

 

 

 

 

* Fitts, P. M. The information capacity of the human motor system in controlling the 
amplitude of movement. 1954. J. Exp. Psychol. Gen. 121, 262–269 (1992). 



 

 
 

 



 

 
 

 
 
NEDERLANDSE SAMENVATTING 
DUTCH SUMMARY 
 
 
 



 

150 
 

Introductie 

De ziekte van Parkinson werd als eerste beschreven door James Parkinson in 
1817. Inmiddels is er veel onderzoek gedaan naar de ziekte van Parkinson, maar 
de oorzaak ervan is vooralsnog onbekend. De ziekte van Parkinson is een 
neurodegeneratieve ziekte, waarbij zenuwcellen langzaam afsterven en er een 
dopaminetekort ontstaat. Dit tekort leidt tot stoornissen van de motoriek, maar 
ook tot stoornissen van het autonome zenuwstelsel, zoals psychische en 
cognitieve stoornissen. Dit proefschrift is gericht op de motorische symptomen 
van de ziekte van Parkinson. De vier voornaamste, kardinale, motorische 
symptomen die optreden bij de ziekte van Parkinson zijn: bradykinesie 
(langzaam bewegen), rusttremor (trillen van lichaamsdelen in rust), rigiditeit 
(stijfheid) en balans- en loopproblemen. Andere motorische symptomen die 
regelmatig voorkomen zijn micrografie (kleiner schrijven), maskergelaat 
(uitdrukkingsloos gezicht), ‘freezing’ (moeite om te starten met een beweging of 
een beweging aan te passen) en een afwijkend looppatroon (voorovergeboven 
houding en kleine passen). Volgens de diagnostische criteria, ontwikkeld door de 
‘United Kingom Parkinson’s Disease Society Brain Bank’, kan de ziekte van 
Parkinson gediagnosticeerd worden wanneer bradykinesie en één van de andere 
kardinale motorische symptomen aanwezig zijn.  

De meest gebruikte klinische methode om de motorische symptomen 
van de ziekte van Parkinson te beoordelen is deel drie van de ‘Unified 
Parkinson’s Disease Rating Scale (UPDRS)’. Met behulp van deze schaal wordt 
beoordeeld in hoeverre de uitvoering van verschillende motorische taken is 
verstoord bij een patiënt. De arts geeft voor elke taak een score van 0 (niet 
aangedaan) tot 4 (ernstig aangedaan) door de patiënt te observeren. Echter, in 
vroege stadia van de ziekte van Parkinson kunnen milde symptomen 
gemakkelijk over het hoofd gezien worden. Daarnaast zijn de nauwkeurigheid en 
betrouwbaarheid van de UPDRS afhankelijk van de ervaring en interpretatie van 
de arts. Een arts die gespecialiseerd is in bewegingsstoornissen zal bijvoorbeeld 
gemakkelijker (milde) motorische symptomen kunnen herkennen dan een 
huisarts. Om de diagnostische procedure van de ziekte van Parkinson te 
ondersteunen en verbeteren zou het goed zijn om objectieve maten te hebben 
van vroege symptomen van de ziekte van Parkinson. Zulke kwantitatieve maten 
zouden vooral nuttig kunnen zijn wanneer een patiënt geen snelle toegang heeft 
tot een bewegingsstoornissen specialist. Een arts, die niet gespecialiseerd is in 
bewegingsstoornissen, zou aan de hand van deze maten dan gemakkelijker 
kunnen beoordelen of een patiënt doorverwezen moet worden naar een 
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specialist. Dit kan de diagnostische procedure versnellen, waardoor een patiënt 
eerder behandeld kan worden. Daarnaast zouden zulke objectieve maten 
gebruikt kunnen worden voor het monitoren van de ziekteprogressie en 
behandelingseffecten. In dit proefschrift wordt een nieuw systeem beschreven 
en geëvalueerd dat gebruikt kan worden voor het kwantificeren van (vroege) 
motorische symptomen van de ziekte van Parkinson.  

Methode 

Het systeem dat gebruikt is in dit proefschrift is ontwikkeld binnen het Europese 
onderzoeksproject ‘DiPAR’ (Diagnosing Parkinson’s Disease by neuromuscular 
function evaluation). Dit project is toegelicht in hoofdstuk 2. Verschillende 
Europese onderzoeks- en zakelijke partners hebben samengewerkt binnen dit 
project en het Universitair Medisch Centrum Groningen in Nederland was 
voornamelijk verantwoordelijk voor het uitvoeren van de experimentele studies. 
Deze studies waren bedoeld om de bruikbaarheid en prestatie van het nieuwe 
systeem te evalueren en zijn beschreven in dit proefschrift (hoofdstuk 3–6). 

Het ontwikkelde systeem (het ‘DiPAR-systeem’) bestaat uit een digitaal 
tablet en een sensor-pen, die gebruikt worden om grafische taken, zoals het 
schrijven van zinnen en het overtrekken en tekenen van figuren, uit te voeren en 
op te nemen. Tijdens het schrijven worden verschillende gegevens opgeslagen, 
zoals de positie van de pen op het tablet en de bewegingen van de pen. De sensor-
pen bevat een accelerometer en een gyroscoop voor het meten van de 
versnellingen en rotaties van de pen in verschillende richtingen. De tablet word 
gebruikt om figuren op weer te geven die overgetrokken kunnen worden. De 
visuele feedback van de schrijfbeweging op het tablet kan aan- en uitgezet 
worden. Het systeem werd gedurende het project verbeterd en aangepast en in 
dit proefschrift zijn verschillende prototypes gebruikt, welke beschreven zijn in 
hoofdstuk 2. De exploratieve data analyse genereerde veel verschillende maten 
die gerelateerd waren aan de uitvoering van de schrijf- en tekentaken. Om iets te 
kunnen zeggen over toekomstige klinische toepassingen van het systeem is er in 
dit proefschrift vooral gekeken welke taken en maten het meest bruikbaar zijn 
voor de beoordeling van het motorisch functioneren van de arm en hand bij 
patiënten met de ziekte van Parkinson. Er is onderzocht of bepaalde taken en 
maten klinisch relevante informatie kunnen geven, bijvoorbeeld over de 
aanwezigheid en ernst van kardinale motorische symptomen van de ziekte van 
Parkinson. In dit proefschrift ligt de focus vooral op het meten van bradykinesie, 
tremor en micrografie. Het belangrijkste doel van de experimentele studies was 
om te onderzoeken of het DiPAR-systeem bruikbaar is voor (toekomstige) 



 

152 
 

klinische toepassingen. Hoofdstuk 3, 4 en 5 beschrijven de studies die gedaan 
zijn om te onderzoeken of het systeem gebruikt kan worden als ondersteuning 
bij het diagnosticeren van de ziekte van Parkinson. Daarnaast hebben we in 
hoofdstuk 6 onderzocht of het systeem valide resultaten geeft en of het gebruikt 
zou kunnen worden voor het monitoren van de ziekte van Parkinson. 

Resultaten 

De studies beschreven in de hoofdstukken 3, 4 en 5 laten zien dat een aantal 
gestandaardiseerde grafische taken, uitgevoerd met het DiPAR-systeem, 
gebruikt kunnen worden als ondersteuning bij het diagnosticeren van de ziekte 
van Parkinson. Hoofdstuk 3 beschrijft een ‘proof of principle’ studie welke laat 
zien dat patiënten met de ziekte van Parkinson te onderscheiden zijn van 
gezonde proefpersonen op basis van de uitvoering van grafische taken. Patiënten 
met de ziekte van Parkinson waren langzamer en schreven kleiner. Daarnaast 
kon er een tremor gedetecteerd worden bij de patiënten die ook klinisch met een 
tremor gediagnosticeerd waren. Dit is een belangrijk resultaat, aangezien het 
cruciaal is voor een diagnostische test dat patiënten (zieken) in ieder geval 
onderscheiden kunnen worden van gezonden.  Daarnaast is het belangrijk 
voor een diagnostische test dat resultaten herhaalbaar zijn. Daarom hebben we 
in hoofdstuk 4 de reproduceerbaarheid van de verschillende maten, die 
gebruikt werden om patiënten met de ziekte van Parkinson te onderscheiden 
van gezonde proefpersonen, getest in gezonde proefpersonen van verschillende 
leeftijden. De proefpersonen voerden de schrijf- en tekentaken tweemaal uit, met 
één week ertussen. De resultaten van deze studie laten zien dat de maten zeer 
reproduceerbaar zijn in gezonde volwassenen. Hierbij waren de moeilijkere 
taken beter reproduceerbaar dan de makkelijkere taken. We denken dat dit komt 
omdat de makkelijkere taken iets gevoeliger zijn voor een leereffect dan de 
moeilijkere taken. De conclusie van dit hoofdstuk was dat de maten consistent 
zijn over tijd, wanneer er geen verandering in prestatie verwacht wordt. Dit 
suggereert dat atypische prestatie op de taken in patiënten toegeschreven kan 
worden aan de ziekte in plaats van aan een meetfout of leereffect. 

Een andere belangrijke eigenschap van een diagnostische test is dat de 
test patiënten met de ziekte van Parkinson kan onderscheiden van patiënten met 
andere, vergelijkbare, bewegingsstoornissen. Dit is onderzocht in hoofdstuk 5. 
Deze studie beschrijft de verschillen op basis van de grafische taken gemeten met 
het DiPAR-systeem, tussen patiënten met de ziekte van Parkinson en patiënten 
met een andere vorm van tremor. Wanneer de tremor bij de ziekte van Parkinson 
erg op de voorgrond staat, kan dit gemakkelijk verward worden met essentiële 
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tremor (ET). Ook komt een essentiële tremor soms voor in rust waardoor ET ook 
verward kan worden met de ziekte van Parkinson. Daarnaast is het soms lastig 
om ET te onderscheiden van versterkt fysiologische tremor (VFT) of functionele 
tremor (FT). Dit komt voornamelijk door vergelijkbare eigenschappen van de 
verschillende tremoren, zoals de snelheid van de tremor (tremor frequentie) en 
de uitslag van de tremor (tremor amplitude). In hoofdstuk 5 zijn patiënten met 
de ziekte van Parkinson, ET, VFT of FT geïncludeerd. Op basis van de uitvoering 
van een aantal schrijf- en tekentaken hebben we gekeken of we de verschillende 
groepen konden onderscheiden. De tremor frequentie bleek, net als in eerdere 
literatuur, ook in deze studie erg te overlappen tussen en binnen de groepen en 
kon niet gebruikt worden om de verschillende tremoren van elkaar te 
onderscheiden. Wel vonden we dat het aantal taken waarop patiënten een 
tremor lieten zien gebruikt kon worden om patiënten met ET te onderscheiden 
van patiënten met andere tremoren. Bijna alle ET patiënten lieten namelijk 
tremor zien op alle taken, terwijl er in de andere groepen meer variatie was in 
het aantal taken waarop tremor aanwezig was. Daarnaast lijkt de tremor 
amplitude bruikbaar om VFT patiënten te onderscheiden van andere tremor 
patiënten, omdat de tremor amplitude in VFT patiënten lager is vergeleken met 
de rest van de patiënten. De bewegingstijd lijkt een geschikte maat om patiënten 
met de ziekte van Parkinson te onderscheiden van ET patiënten, aangezien 
patiënten met de ziekte van Parkinson duidelijk langzamer waren dan ET 
patiënten. 

De grafische taken beschreven in dit proefschrift zouden niet alleen 
waardevol kunnen zijn voor het stellen van de diagnose van de ziekte van 
Parkinson, maar ook voor het monitoren van de ziekte. Daarom hebben in 
hoofdstuk 6 een aantal patiënten met de ziekte van Parkinson de schrijf- en 
tekentaken uitgevoerd voor en na het nemen van dopaminerge medicatie. Deze 
patiënten werden gevraagd om hun dopaminerge medicatie te stoppen de nacht 
(ca 12 uur) voor de eerste meting. Na deze meting namen de patiënten hun 
medicatie weer in en een uur later voerden de patiënten de taken voor de tweede 
keer uit. Vooral de bewegingstijd op de verschillende taken verbeterde na het 
nemen van de medicatie. Ook was de tremor in mindere mate aanwezig of zelfs 
afwezig na het nemen van de medicatie. De grootte van het handschrift werd niet 
beïnvloed door de medicatie. Naast het bestuderen van de effecten van medicatie 
op de uitvoering van de grafische taken is in hoofdstuk 6 ook  de validiteit van 
de grafische taken onderzocht. De uitvoering van de grafische taken werd 
vergeleken met een bestaande maat voor het motorisch functioneren van de arm 
en hand, namelijk de Purdue pegboard test. Bij deze test wordt de motoriek van 
de arm en hand getest door middel van het plaatsen van zoveel mogelijk 
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pinnetjes in een bord met gaten. De bewegingstijd op de grafische taken 
correleerde goed met de Purdue pegboard test, terwijl de grootte van het 
handschrift nauwelijks correleerde. 

Discussie 

Zoals beschreven in hoofdstuk 3–6 kan het DiPAR-systeem gebruikt worden om 
objectieve maten te genereren die kunnen helpen bij het stellen van een diagnose 
en het monitoren van de ziekte van Parkinson. Echter, de studies in dit 
proefschrift waren exploratief en alleen kleine groepen proefpersonen zijn 
geïncludeerd en onderzocht. Dit kan leiden tot het vinden van minder 
significante resultaten, maar ook verkleint het de kans dat een significant 
resultaat een echt effect weerspiegelt. Toekomstige, grotere, studies zijn daarom 
nodig om onze resultaten te bevestigen. Binnen dit project was het vooral van 
belang om allereerst aan te tonen dat er verschillen zijn tussen kleine groepen 
patiënten en gezonde proefpersonen, voordat het systeem op grotere schaal 
geproduceerd kan worden. Ook konden deze studies goed gebruikt worden om 
de hanteerbaarheid van het systeem en de uitvoerbaarheid van de taken te 
evalueren. Toekomstige studies zouden tevens gericht moeten worden op het 
testen van de sensitiveit van het DiPAR systeem in een grote groep. De 
sensitiviteit van een klinische test verwijst naar het vermogen van een test om 
patiënten correct te identificeren. Dit zou het beste getest kunnen worden in een 
groep mensen bij wie de kans op het hebben van de ziekte van Parkinson groter 
is. Wanneer je dit namelijk zou testen in de algemene populatie, waar de kans op 
het krijgen van de ziekte van Parkinson relatief klein is, heb je een erg grote 
groep nodig voor een betrouwbaar resultaat. Een voorbeeld van mensen met een 
hogere kans op de ziekte van Parkinson zijn familieleden van mensen met de 
ziekte van Parkinson. Daarnaast komt de ziekte vaker voor bij ouderen. Verder 
zullen longitudinale studies nodig zijn om te onderzoeken of veranderingen in 
de uitvoering van de schrijf- en tekentaken op de langere termijn een gevolg zijn 
van de ziekte van Parkinson of van willekeurige variatie in de uitvoering.   

Conclusie 

De resultaten van de experimentiele studies die beschreven zijn in dit 
proefschrift laten zien dat grafische taken gebruikt kunnen worden voor een 
kwantitatieve beoordeling van de motoriek van de arm en hand in patiënten met 
de ziekte van Parkinson en patiënten met andere bewegingsstoornissen. Deze 
beoordeling kan gebruikt worden als ondersteuning bij het diagnosticeren van 
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de ziekte van Parkinson en om korte termijn effecten van behandeling te 
monitoren. Hierin zijn vooral de maten voor bradykinesie en tremor van belang. 
Het beoordelen van de grootte van het handschrift zou bruikbaar kunnen zijn 
voor vroege diagnostiek van de ziekte van Parkinson, maar niet voor het 
monitoren van de ziekte. Vooral het overtrekken van simpele figuren en het 
schrijven van letters zijn geschikte taken voor vervolg studies, want deze taken 
bleken valide, reproduceerbaar en gemakkelijk uit te voeren. Het grootste 
voordeel van het gebruiken van een aantal grafische taken ten opzichte van 
slechts één taak is dat verschillende motorische symptomen van de ziekte van 
Parkinson (bradykinesie, tremor en micrografie) tegelijkertijd gemeten kunnen 
worden. Tenslotte is het meten van grafische taken niet invasief en is het systeem 
draagbaar, waardoor het in principe gemakkelijk bij mensen thuis gebruikt kan 
worden zonder dat er een arts of onderzoeker aanwezig hoeft te zijn. Dit biedt 
veel mogelijkheden voor toekomstige klinische toepassingen.
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