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Background
Human hand function is determined by a number of aiming 

movements with different degrees of freedom involving the shoulder, 
elbow, wrist and fingers. Most important are elevations of the hand 
and arm as produced by movements at the shoulder joint, grip 
force exertion with the hand, pinch grip of index finger and thumb, 
fractionated finger movements for object exploration, as well as 
rotating movements of the hand resulting in a supination or pronation 
of the wrist. These movements can be affected differentially by diseases 
of the central and peripheral nervous system. 

Weakness of limb movements is usually assessed by the semi-
quantitative scale of the medical research council (MRC-scale [1]). 
Computations of the MRC values of proximal and distal muscles both 
in the arm and leg provide a comprehensive score value for the entire 
motor system [2]. However, for assessing the functional impairment 
of the hand, manual tests have been developed such as the nine hole 
peg test [3], the Tayler-Jebsen test [4], and the Fugl-Meyer test [5] 
that investigate the use of the hand in different conditions providing 
semiquantative data on the quality of performance and quantitative 
data concerning the time needed to complete the task items. In patients 
with Parkinson’s disease slowing of movements due to bradykinesia, 
rigor and tremor are assessed semiquantitatively predominantly with 
the unified Parkinson disease ranking scale (MDS-UPDRS [6]). For 
longitudinal studies in the clinical field as well as in neurorehabilitation, 
however, quantitative measures of arm and hand movements are 
mandatory to monitor the effect of therapeutic interventions. 

For therapeutic interventions the acquisition of visuomotor skills 
appears as a potential model. In skill acquisition different phases 

including sequence learning of movements, sensorimotor association 
and consolidation of performance have been described [7-9]. An 
important aspect of motor learning is that expertise requires many 
repetitions of task performance on consecutive days [10]. Notably, 
there is evidence that sleep promotes the consolidation of such memory 
[11]. As was shown in neurophysiological and neuroimaging studies, 
prefrontal, premotor and parietal cortical areas as well as subcortical 
structures such as the basal ganglia and cerebellum participate in these 
processes in a task-specific manner [12-14]. However, it is unclear 
if such findings in healthy volunteers translate into the processes of 
brain plasticity in brain diseases. For example, in stroke the location 
of the brain lesion may interfere with the motor circuitry and, thus, 
the ability to acquire new skills [15]. Interestingly, in acute stroke the 
motor function of the ipsilateral non-affected hand is also impaired 
[16]. Likewise, the abnormal Dopa-transmission in the nigrostriatal 
pathway in patients with Parkinson’s disease was reported to impair 
the acquisition of new motor skills [17]. Accordingly, acute stroke 
and chronic Parkinson’s disease are characterized by well defined but 
different changes interfering with motor performance in man. 

Abstract
Background: Visuomotor performance can be improved by repetitive training on consecutive days. The aim of this 

study was to assess the training effect of visuomotor tracking in healthy subjects and hemiparetic patients with stroke 
and in moderately impaired patients with Parkinson’s disease. 

Methods: 39 healthy right-handed subjects, 15 patients after acute cerebral artery stroke, and 15 patients with 
mid-stage Parkinson’s disease were trained with the commercially available, multifunctional PABLOR-device. This 
handhold device is equipped with force and acceleration sensors and connected to a personal computer for on-line 
data display and data storage. On three consecutive days the subjects were trained to navigate a target through 
obstacles in a virtual reality environment. Performance was assessed by modulation of force production and rotation 
of the hand in a visuomotor tracking paradigm using the PABLOR-device. 

Results: The main findings were that training of the right dominant hand improved visuomotor coordination of hand 
rotation movements in both hands in the healthy subjects (p=0.0015). Training of the right affected hand improved 
visuomotor coordination of hand rotation movements in either patient group (p=0.026). In contrast, training improved 
the visuomotor coordination of force tracking of the dominant hand only in the healthy subjects (p<0.01).

Conclusions: The visuomotor training scenario was effective to improve visually guided hand coordination within 
three days in the healthy controls and both patient groups. The improvement of hand rotation generalized to the non-
trained hand in healthy subjects. 
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In a proof of principle study, we sought to monitor the effect of 
visuomotor training using the commercially available multi-purpose 
PABLOR-device. This multifunctional, handhold device contains 
pressure and acceleration sensors which allow measuring vertical, 
horizontal and rotating limb movements and grip force exertion with 
the hand and with the index finger and thumb. It has the option to 
assess definite motor functions in a user-independent quantitative 
manner. In addition, gaming scenarios can be used for the training 
of visuomotor tracking skills. In this study, we aimed at testing the 
following hypotheses:

1.	 Training over consecutive days improves grip force 
modulation and rotation of the hand and generalizes to the contralateral, 
non-trained hand in healthy subjects.

2.	 Training of grip force modulation and rotation of the hand 
over consecutive days improves the affected hand in patients suffering 
from brain diseases e.g. after stroke and in Parkinson’s disease. 

Methods
Subjects

39 healthy right-handed subjects were recruited for the study. 
Subgroup A of 19 subjects included 9 men and was aged 39 ± 15 (SD) 
years and was trained with their right hand (see below). Subgroup B of 
20 subjects included 11 men and was aged 25 ± 2 (SD) years and was 
trained with their left hand (see below). Handedness as assessed with 
the Edinburgh handedness questionnaire [18] showed a right-handed 
score of 96 ± 4 percent.

In addition, 15 consecutive patients aged 61 ± 12 (SD) years who 
were treated at our stroke unit because of an acute mild hemiparetic 
brain infarction mainly affecting the hand motor function (5 ± 3 days 
after stroke) were included as one patient group (Table 1). There were 
4 women and 2 left-handed patients. As verified by cranial magnetic 
resonance imaging 13 patients had an infarct in the middle cerebral 
artery territory, one in the basal ganglia and one in the pons. At the 
time of investigation they were moderately affected with a median NIH 
Stroke scale [19] of 3. Four patients had been treated with thrombolysis. 
A second group comprised 15 consecutive right-handed male patients 
aged 70 ± 6 (SD) who suffered from Parkinson‘s disease for 7 ± 4 (SD) 
years and were treated in our clinic (Table 1). They were at the mid 
stage of the disease having a moderate disability corresponding to stage 
3 in the scale of Hoehn and Yahr [20]. This involved a pronounced 
rigor affecting arm function on both sides of their body and postural 
instability when off dopaminergic medication. They were on treatment 
with L-DOPA, rasagilin and dopamine agonists such as peripidil, 
pramipexol etc. At the time of investigation the patients were in a 
stable “on”-state which allowed them to perform the task. In particular, 

none of the patients had a severe tremor which precluded performance 
of the task. The study was approved by the local Ethics Committee (# 
3221) and participation in the study followed informed consent of the 
patients.

PABLOR-device

The commercially available PABLOR-device (Tyromotion, Graz, 
Austria) is a multi-purpose device designed for visuomotor training and 
for monitoring the learning effect during performance of the same task 
(Figure 1). The device has a handle like shape and is connected via USB 
to a 1.6 GHz PC for operation. It comprises four sensors three of which 
are acceleration sensors working in the three dimensions of space. In 
addition, there is one force sensor. Data are recorded with a 50 Hz 
resolution as quantitative measures of force (N) and angle (degree) and 
are stored as data files in ASCII format. Accordingly, the device allows 
quantitative measurements of an isometric grip force production with 
the hand, isometric force production with the pinch grip, and isotonic 
hand rotations leading to supination and pronation of the wrist. The 
measuring range for the isometric grip force production with the hand 
is 1000 N, for the force production with the pinch grip it is 200N, and 
for hand rotations it is 180 degrees. In addition, it is designed to allow 
for assessing vertical and horizontal movements as for example during 
movements of the arm at the shoulder joint. Each of the movements 
can be calibrated to allow for a maximal range of action. 

Experimental procedure

For the training sessions the healthy subjects were split into a 
subgroup A who was trained with their right hand and a subgroup 
B was trained with their left hand to assess the possible differences 
between the dominant and non-dominant hand. The stroke patients 
were trained with their affected hand, and the Parkinson patients with 
their right dominant hand only. Training consisted of one session on 
three consecutive days. 

In the test sessions the subjects and patients were tested using 
the apparatus before and after the training sessions to assess their 
consequent movement performance in six measurements. The subjects 
and patients were requested to perform consecutive movements of 
their hand of 1 minute duration as described below. Half of the healthy 
subjects performed the measurements with their trained hand first, 
while the other half performed the measurements with their non-
trained hand first. In the stroke patients training and measurements 
were performed with their affected hand, while Parkinson’s patients 
measurements were performed with their trained right hand. 

Training session

For training a number of different virtual reality gaming scenarios 
were available. In this project, the healthy subjects and patients viewed 
a virtual landscape on a computer screen displaying mountains, houses, 
trees and clouds (Figure 1). Also, there was a hot balloon which could 
be steered by the PABLOR-device. The subjects’ task was to act on the 
device such that the cursor moved up or down on screen. The calibration 
of the device before the trial made sure that the hot air balloon made a 
full vertical path in correspondence with the maximal range of action of 
the device. The motor task was either grip force of the hand, pinch grip 
of the index finger and thumb or hand rotation of the wrist (pro- and 
supination movements). During the training session the hot air balloon 
travelled from the left to the right passing by at houses, tries, mountains 
and clouds. The subjects’ task was to steer the hot air balloon such that 
it would not bump into a mountain or cloud. When the subject was 
successful, movement speed of the balloon increased. The order of the 

Stroke Patients

Age (ys) Gender Neurological Deficit Time since 
stroke (d)

61 ± 12 11m/4f NIHSS 3 (1-9) 5 ± 3
Parkinson Patients

Age (ys) Gender Neurological 
Disability

Disease duration 
(ys)

L-DOPA 
dosage

70 ± 6 15m Stage 3 7 ± 4 388 ± 96 mg

NIHSS: Stroke Scale of the National Institute of Health [19] with median and range; 
stage 3 of Parkinson patients means a mild to moderate bilateral disability, postural 
instability but physical independence [20]. d = days, f = female, m = male, ys = 
years, mean ± SD.

Table 1: Patient Demographics
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different movement trials was pseudorandomly intermixed across the 
subjects. When the hot air balloon bumped into an obstacle, the travel 
speed of the balloon decreased. In each training session the subjects 
and patients performed 4 trials of 3 minutes duration for each of the 
three motor functions lasting for in total 36 minutes.

Test session

The subjects saw two coloured columns on the screen which were 
the motion of the target and the actual performance data generated 
with the PABLOR-device, respectively (Figure 2). The subjects’ task was 
to act on the device such that the column representing the performance 
data followed the height modulation of the target as closely as possible. 
The target data and the performance data had a 50 Hz resolution. The 
height modulation of the target was given by a sinusoidal increase and 
decrease of the column’s size at a rate 0.5 Hz (Figure 2). The calibration 
of the device before testing guaranteed that the maximal height of the 
column representing the performance data was within the range of 
maximal possible movements of the target column. As in the training 
session, the motor task was either a grip force of the hand, a pinch grip 
of the index finger and thumb or a supination-pronation movement 
at the wrist (hand rotation). The test session lasted for one minute 
in which the subjects performed 30 movements of either of the three 
motor tasks. The test session was presented once before and after the 
training on each of the three days of training.

Data analysis

Data were analysed offline on a personal computer after transfer 
into Excel (Microsoft). In a first step, the performance data (actual 
tracking paths) were subtracted from the target data to provide an 
estimate of the deviation of the actual performance data from the 
sinusoidal target data. These data were force data in N or angles in 
degrees. In addition, the individual performance data were correlated 
with the target data using the Pearson correlation for the one-minute 
recording time of each test session. These correlation coefficients 
provided robust measures of the tracking accuracy of the subjects’ hand 
movements.

Thereafter, the data of the actual tracking paths, deviation of the 
actual tracking path from the sinusoidal target data, and of the tracking 

accuracy were analysed by inferential statistics using the program 
STATVIEWR. First, it was investigated that the data were normally 
distributed using the Komolgorov-Smirnov test. Thereafter, the data 
were investigated using repeated measures ANOVA for the four 
experimental groups. Finally, group comparisons were calculated using 
the post-hoc t-test corrected for multiple comparisons. Only results 
surpassing a t-threshold of<0.05 corrected were accepted as significant.  

Results

The healthy subjects and patients successfully performed the 
visuomotor tracking task in the gaming scenario and in the test sessions 
(Figure 2). ANOVA testing revealed that there was no change of the 
mean hand grip force and the mean pinch grip force as well as of the 
mean angle of hand rotation between the test sessions in either group 
(F-value 0.01; p=0.975, DF 38 for healthy volunteers, DF 14 for either 
patient group). Likewise, the mean deviation of the actual performance 
data and the target data did not change across the test sessions. 

In contrast, the tracking accuracy as indicated by the correlations of 
the actual tracking performance with the target data provided sensitive 
measures for the change of performance both in the healthy controls 
and stroke patients across the six consecutive test sessions. ANOVA 
testing showed that there was a significant group effect (F-value 14.437; 
p<0.0005, DF 38) but no effect for the training sessions (F-value 4.311; 
p<0.07, DF 38) for grip force modulation. There was no interaction of 
groups and training sessions. Post-hoc t-testing revealed that the force 
modulation in the trained hand of the healthy controls (groups A and 
B) improved from the naive trial before the first training session to the 
final training session on the third day (p<0.01). But here was no change 
in the stroke or Parkinson patients. Notably there was no change for 
the pinch grip force (p>0.05).

An ANOVA of the tracking accuracy data showed that there was 
a significant group effect (F-value 12.825; p<0.02, DF 14) as well as a 
significant effect for the training sessions (F-value 22.060; p<0.0001, 
DF 14) for the hand rotation task. There was a significant interaction 
between groups and training sessions (F-value 4.159, p<0.01, DF 14). 
Post-hoc t-testing revealed a significant improvement of hand rotation 
in the healthy controls (groups A and B) both for the trained right 
and the non-trained contralateral hand (p=0.0015; Figure 3). Also, the 

a) b)

Figure 1: PABLOR-device with manual grip (a), gaming application (b).
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Figure 2: a) Screen shot of the display of the visuomotor tracking paradigm: Left column is the target, right column reflects the subject’s movement. The bright 
portions indicate the ranges of motion, the dark grey portions indicate the actual state of movement. b) Display of the sinusoidal target movement (grey) and of the 
actual movement performance (white) during a recording of 0.5 Hz for 60 seconds. Ordinate (angle), abscissa (time). Note, the virtual overlay of both curves except 
for the turning points.

patients had a significant improvement in the trained affected hand 
(p=0.0266; Figure 4). Note that the healthy subjects (group A) had 
a better performance of their right hand before and after training in 
comparison to the trained affected hand of both patient groups over 
the three consecutive days (p=0.009, Figure 4). Note, that the patients 
performed far more heterogeneously initially as evident from the large 
standard deviations when compared with the healthy subjects. But the 
patients’ performance became more similar particularly in the two 
measurements on the third day of training as evident from decreased 
standard deviations (Figure 4).

Discussion
Our study reports the first application of the multifunctional 

PABLOR-device for monitoring movement performance in healthy 
volunteers and in neurological patients. Since this device can easily 
be applied, it is expected to be useful in the clinical environment and 
in neurorehabilitation. In this study we made two novel observations. 
Although we addressed some important neurophysiological issues 
of human motor control in an exploratory manner, we feel that 
interesting perspectives may be derived from our preliminary results. 

First, longitudinal measurements on three consecutive days revealed 
that hand rotation improved in healthy subjects and neurological 
patients both after acute hemiparetic stroke and with mid-stage 
Parkinson’s disease, respectively. Second, in healthy subjects training 
of hand rotation resulted in improved visuomotor coordination also 
of the contra-lateral, untrained hand. But this was not the case in the 
patients.

Concerning the healthy subjects we found that, apart from an 
actual gain in the performance quality, the visually guided modulation 
of hand rotation generalized from the trained dominant to the non-
trained non-dominant hand. This corresponds to the earlier observation 
that after four weeks of training of a pegboard task there was a practice 
effect both for the trained and non-trained hand [21]. While our data 
showed a similar effect for the right and left hand, different types of 
manual performance and kinematic properties have ben found to 
be related to different types of hemispheric specialization [22,23]. 
Furthermore, handedness was shown to affect the transfer of sequence 
learning between the hands and of a drawing task [24,25]. Similarly, 
in learning of a signal reaction sequence task, transfer to the same 
stimulus sequence was possible without costs when the right hand was 
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Figure 3: Visually guided modulation of hand rotation at the six different measurement points expressed as correlations of the actual performance with the target 
motion: 1 naïve, 2 after first training session, before training (3) and after training (4) on the second day, before training (5) and after training (6) on the third day. 
Improvement of the trained affected hand of the stroke patients (p = 0.026) is similar to the trained right hand in the healthy subjects (p = 0.0015). Ordinates: 
correlation coefficient, error bars = SD.
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correlation coefficient, error bars = SD. 
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trained, while transfer to the homologous finger sequence of the right 
hand was successful when the left hand was trained [26]. Critical for 
the interhemispheric transfer is the supplementary motor area (SMA) 
and may be involved in suppressing unwanted mirror movements as 
evidenced by transcranial magnetic stimulation [27,28]. Also, a stroke 
lesion may disconnect the two hemispheres which may preclude spread 
of a new skill to the opposite hemisphere and, thus, ipsilesional hand 
[29]. Conversely, recruitment of the non-affected hemisphere during 
recovery in the chronic phase after stroke has been advocated to 
facilitate generalization of a re-learned or new motor skill to the non-
affected hand by altered interhemispheric competition [30,31]. 

Training of force modulation resulted in a significant improvement 
in the healthy subjects, while there was no improvement of force 
modulation in the two patient groups. This was likely due to the fact 
that force control is a function of the corticospinal tract whose damage 
in stroke is a limiting factor for recovery [32,33]. Notably, the stroke 
patients were only slightly or moderately affected and were studied a 
few days after the insult. Most prominently, in the pinch grip task the 
isometric force production often resulted in pressing the index finger 
against the tip of the thumb rather than in performance of a gentle 
pinch grip of the tips of the first and second finger. This led to fatigue 
and a lacking improvement even in the healthy subjects. In contrast, 
modulation of isotonic hand rotation was a task both the healthy 
subjects and the patients could well comply with and the performance of 
which improved following training. Isotonic and isometric movements 
go along with similar patterns of electromyographic activity [34] and 
show the same effect on cortical excitability in healthy subjects and 
stroke patients [35]. Thus, they are likely to benefit in a similar way 
from dedicated training. While hand rotation movements are a fine 
motor skill that are subserved by a widespread cortical and subcortical 
circuit [13], its diadochokinetic character is expected to involve the 
cerebellum in accordance with clinical practice [14]. 

Recently, it was found that in Parkinson’s disease the attentional 
resources are reduced which are mandatory for the control of 
visuomotor tracking [36]. Notably, target tracking is impaired in a 
bilateral fashion in Parkinson’s disease even if the clinical presentation 
suggests a unilateral impairment [37]. In correspondence to the 
hypokinetic deficit in patients with Parkinson’s disease, our patients 
showed a profound impairment in the hand rotation task before 
training. Training, however, resulted in a dramatic improvement 
such that the patients reached normal levels of task performance. 
This suggested that dedicated rehabilitative training in addition to 
pharmacotherapy is effective in Parkinson’s disease to reverse the 
disease-related motor impairment.

Our data accord with a recent study that showed that in visuomotor 
power grip force tracking chronic stroke patients had an increased 
error, force variability and release duration [38]. Notably, patients 
and controls improved their tracking performance across repeated 
training blocks. Thus, continuous, explicit visuospatial finger-tracking 
was not sensitive to the post-training level of activity. Rather, sleep-
dependent consolidation likely occurred for tasks that were discrete 
in nature and did not rely on perceptual processing or reaction time 
[39]. It was found that visually guided corrective processes play a role 
especially for the generation of slow movements [40]. In fact, in a 
visuomotor tracking task the percentage of correct tracking increased 
upon cathodal stimulation of visual area V5 [41], but not when motor 
cortex, or visual cortex were stimulated. Improvement of visuomotor 
tracking was associated with a slow negative potential over the anterior 
frontal midline [42]. Improved feedforward control of visuomotor 

tracking correlated with activity in dorsal premotor cortex, inferior 
parietal lobule, supplementary motor area and cingulate motor area 
[43]. Modulation of feedback was associated with activity bilateral in 
posterior parietal lobule and right ventral premotor cortex. Trial by 
trial changes of kinematics correlated with activity in motor cortex 
and anterior cerebellum. Conversely, prefrontal lesions induced 
impairments in sequence learning both in pursuit tracking and serial 
reaction time tasks [44]. Moreover, patients with mild cerebellar 
dysfunction showed a significantly delayed performance when they 
were required to make coordinated eye and arm movements [45]. 
Accordingly, visuomotor tracking engages a widespread cortico-
subcortical network and, thus, influences the corticospinal motor 
output system. 

From a technical point of view, training with the multifunctional 
PABLOR-device offers the possibility to make the recorded data 
immediately available for inspection and off-line quantitative analysis 
for monitoring clinical interventions. Similarly to a dynamometer 
[46] grip force can be recorded with PABLOR. But in contrast to the 
mechanical dynamometers, PABLOR is a multifunctional digital device 
offering many other options including the continuous, standardized 
measurements of visually controlled arm and hand movement data. 
Also, the PABLOR device is more versatile than accelerometers which 
are intended to record the amount of movement activity of a limb 
during wakefulness and sleep [47,48]. Moreover, PABLOR can be used 
for on-line performance control in virtual reality environments as for 
instance the Rehabilitation Gaming System [49]. Importantly, PABLOR 
provides a platform with different training scenarios in which subjects 
can learn to tune movements to greater precision by playing games in a 
virtual reality environment similarly to Wii devices [50]. Thus, training 
scenarios using PABLOR may impact also on activities of daily living  -  
particularly when used in training schedules of some weeks rather than 
just three consecutive days as in this study. Possibly, different recovery 
dynamics may become apparent in longer training periods as well.

This study has limitations. The subject groups cover different age 
ranges. Notably, the subjects behaved in a similar manner with similar 
performance rates among the younger controls and older stroke and 
Parkinsonian patients. Thus, there is no indication that efficacy of 
training tasks is substantially less in elderly as compared to young 
people. Specifically, the improvement of performance did not reveal 
a correlation with the age of the subjects. Moreover, since the test 
sessions were one minute short and not repeated, they are unlikely 
to induce a training effect as compared to the extensive visuomotor 
training sessions. In this study the range of action was adjusted to 
the actual performance level before the test session on each day. This 
resulted in an optimal recording of the performance data but may 
have obviated the possibility to use absolute performance measures. 
One may wonder if the improvement in the acute stroke patients was 
purely due to recovery. While this cannot be excluded entirely, the 
improvements in the healthy subjects and the patients with mid-stage 
Parkinson’s disease who were in a stable “on”-situation during testing 
cannot be explained by recovery mechanisms. A randomized control 
trial with comparison to a different intervention will help to assess the 
magnitude of the training effect specific to the PABLOR-device.

Conclusion
In this study we aimed at studying the improvement of visuomotor 

control of modulation of grip force, pinch grip and hand rotation 
with the multi-purpose PABLOR-device. Data evaluation involved no 
complex modelling of the patient data but relied on the correlation of 
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the target and the actual behavioural data that was a robust parameter 
usable in the clinical environment. Operator given ranges of action 
allowed us to monitor improvements of force production and hand 
rotation movements in healthy subjects and patients with either 
acute stroke or Parkinson’s disease. Our positive results reinforce a 
recommendation of the PABLOR-device for larger clinical trials with 
longer training periods.
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