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Abstract. Here we present a virtual reality system developed for the rehabilitation 
of motor deficits following stroke. A virtual reality augmented feedback system or 
the Rehabilitation Gaming System (RGS), presents the patient with a training 
scenario that is designed to promote the rehabilitation of the upper extremities. 
RGS allows rapid and online diagnostics of the patient’s capabilities and the 
dynamic personalization of the rehabilitation scenario. We present the basic design 
considerations between RGS, its neuroscientific roots and preliminary results 
obtained with stroke patients that illustrate the main properties of the system.  
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Introduction 

Disorders of the motor system lead to movement dysfunction, sometimes with life-long 
impairments. Stroke represents a particularly problematic case, with about 60% of the 
patients experiencing long term disabilities [1]. Consequently, stroke leads to high 
societal costs in rehabilitation expenses and loss of productivity. In addition, the 
psychological impact on the patient and their social environment must not be 
underestimated, i.e. many patients regress into depression [2]. 
After stroke, the recovery of the motor capacity of the hand is of particular interest 
since it is very relevant in overall functionality and the ability to perform activities of 
daily living. However, the optimal physiotherapy for recovery is still unclear. There is 
a considerable variety of treatment concepts and therapies, but their effectiveness is 
difficult to measure and compare due to the number of variables to be taken into 
account. In case of stroke, most rehabilitation techniques are dominated by 
occupational and physical therapy, that focus on guided limb manipulation and task-
oriented exercises. However, the impact and effectiveness of these techniques on the 
affected regions of the central nervous system is currently not clear. Hence, there is a 
need to develop cognitive rehabilitation scenarios that directly impact the neuronal 
structures that are directly or indirectly affected by stroke. One of the newest 
approaches consists in using virtual reality (VR) technology that combines game based 
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scenarios with specific interface devices [3-6]. Usually, the patients are immersed in a 
computer generated virtual environment where they can see, hear and navigate in a 
dynamically changing scenario in which they participate as active users by modifying 
the environment according to their actions. 
Several virtual reality environments have been developed for the motor rehabilitation 
of the upper and lower extremities following stroke, although there is an emphasis on 
the upper limbs [3]. Several preliminary results with stroke patients and related 
neurological disorders show motor function improvement, strongly suggesting that the 
motor recovery of these patients results from their interaction with virtual environments 
[3]. Different methods and therapy concepts have been applied in VR, like for example: 
training reaching movements through imitation of a virtual instructor [4]; training 
individual hand and finger properties such as range of motion and strength by means of 
intense exercising of skilled movements [5]; and training general upper limb 
movements by mental rehearsal and the imitation of movements of the non-paretic arm 
[6]. Although the results achieved to date show some promise, little work exists on the 
quantitative assessment of the clinical impact of VR based approaches and their effects 
on neural reorganization that can further inform the design of these systems and their 
application. 
Together with developing an automated environment for neurorehabilitation our main 
goal is to evaluate the hypothesis that VR based systems might induce enhanced 
activity of the central motor system. RGS is based on the hypotheses that it is possible 
to promote cortical reorganization by means of action observation and imitation, 
recruiting the mirror neuron system. The mirror neurons are a special group of neurons 
that are active during the performance of goal oriented movements and during the 
observation of others performing the same action [7]. They were originally discovered 
in monkeys and there is now evidence that humans also possess such a system [9]. So 
far, areas in the human brain with mirror neuron like properties have been identified in 
the pre-motor cortex and in the inferior parietal lobe [7-9]. We believe that through the 
mirror neuron system we can induce functionally consistent changes in the activity of 
the motor system that will facilitate structural and functional recovery. Indeed, it seems 
to be possible to use action observation and imitation as an approach to the systematic 
training and the rehabilitation of patients with motor impairment after brain lesion [10]. 
We hypothesize that virtual reality techniques combined with specific gaming 
paradigms represent a possible way to achieve this goal. Moreover, embedding the 
action observation in a goal oriented task will further mobilize learning modulating 
systems. Preliminary data collected with stroke patients, using a former version of our 
system, suggests that our approach may have a positive impact on recovery [11]. 

1. The Virtual Reality System Prototype 

1.1. The System 

The RGS consists of a number of elements. On one hand we make use of the Torque 
Gaming Engine (www.garagegames.com) to define rehabilitation scenarios and the 
user interaction.  Torque is versatile and can be easily adapted to different rehabilitation 
scenarios. Arm movements are tracked by means of a custom vision based motion 
tracking system (called AnTS) that detects color patches located on specific points of 
the real arms, i.e., wrist and elbow. The subject wears data gloves equipped with bend 



sensors to measure finger flexure while arm position is tracked allowing for a complete 
and realistic capture of the movements of the upper limbs (Figure 1). The tracked real 
arm movements are reconstructed onto the movements of virtual arms in the VR 
system. 

1.2. The Task 

The subject sits in a chair, facing a computer screen (Figure 1). Both forearms are 
placed on a table with the hand palms facing downwards to help the subject to act 
against gravity. The table surface allows the subjects to move their arms, without 
constraints, for the entire range of motion of the forearm. On the display, the subject 
observes the two virtual arms that mimic the motion of their own arms. Initially, the 
scenario is a landscape where virtual spheres move towards the patient and that they are 
asked to intercept with the hands of the virtual arms. Every time there is a successful 
interception the subject is rewarded with a “positive” sound and points are accumulated 
for a final score. The difficulty of the task is defined by a set of game parameters 
including: speed of the moving balls, time interval between consecutive ball 
appearance, left/right dispersion of the balls and radius of the balls. The system can 
automatically set and update the task difficulty during the task, depending on the 
capabilities and performance of the subject. In this way the task can be maximally 
challenging and motivating for the subject. For upper extremity rehabilitation RGS can 
present a number of different levels with increasing difficulty and specificity. When the 
subject scores above threshold in the interception of the spheres, there is a second level 
with higher difficulty that consists of simultaneous interception and grasping. A third 
level would include a precision grasp. During all trials the detailed arm position and 
event data is recorded for subsequent analysis to provide a record of improvement over 
training sessions and to provide for detailed diagnostics and monitoring. 

 
 

 
Figure 1. The Rehabilitation Gaming System. A subject sits in a chair with her arms on a table, facing a 
screen; on the display two virtual arms mimic the movements of the subject’s arms. Arm movements are 
tracked by the camera mounted on top of the display. The tracking system determines in real-time the 
position of the color patches and maps these onto a biomechanical model of upper extremities. Data gloves 
are used to detect finger movements. The markers on the table top are used for calibration tasks. 



2. Results 

In order to assess the impact of RGS, we performed some trials with a small group of 
stroke patients (N=6) that used our system during single trials. The RGS allows real 
time data capture, providing robust raw data with a high resolution. The recorded time 
stamped game event data contains among others the measured hand positions and the 
position of the touched and missed spheres, suitable for different types of analysis 
(Figure 2). This graphic provides a general overview of the performance of the patient 
during the task. On the y-axis we have the positions of the virtual limbs, 0 
corresponding to the centre of the display. For this specific example, we can see that 
the right hand (red line) performed movements of larger amplitude than the left one 
(blue line). Consequently, there is a larger number of missed spheres on this side, 
especially closer to the edge. This is in accordance with the limitations of the patient, 
who was presenting a left side paresis. 
Additionally, the system allows us to measure range of motion of the arms, velocity, 
hitting precision (how close the hand was to the ball when touched) and overall 
performance; this way we can have measures not only related to movement 
performance but also to  motor control. 
Summarizing, the different measures provided by the RGS allow assessing 
quantitatively the motor deficits of the patients following stroke. Moreover, during the 
rehabilitation period, this is a system that can be used simultaneously for therapy and 
for monitoring motor functionality recovery over time. 
 
 

 
Figure 2. Recorded time stamped game event data of patient 2. This plot shows over time the position of 
both the left (blue line) and right hand (red line), and events (touched and missed spheres) during a trial. The 
right hand was more active than the left one; this is accordance with the patient deficits (left side paresis). 



3. Conclusion 

We have presented the Rehabilitation Gaming System which is a second generation of 
a novel virtual reality interactive environment for the motor and cognitive 
neurorehabilitation of patients with brain damage. The system has been tested with 6 
stroke patients and we have shown that it is effective in measuring the range of motion, 
movement precision, patient performance, etc. Although these and previously obtained 
results are promising [12], experimentation in a longitudinal with a large population is 
required before making definitive statements concerning the efficacy of the method and 
its potential applications in areas such as telerehabilitation. We are currently 
performing such a study with stroke patients and selected control groups in a clinical 
environment. We expect our system to have an impact in functional motor recovery, as 
well as in the management of the overall quality of life. Additionally, to consider 
engagement and effort in the task we will carry out non-invasive physiological 
measures, namely, heart rate and electrodermic response to assess the affective state of 
the patients. This allows us to integrate implicit real-time physiology into the 
optimization of the rehabilitation scenario. 

Acknowledgments 

This research is supported by the European project Presenccia (IST-2006-27731). 

References 

[1] V. M. Parker, D. T. Wade, and R. Langton Hewer, "Loss of arm function after stroke: measurement, 
frequency, and recovery," Int Rehabil Med, vol. 8, pp. 69-73, 1986. 

[2] S. A. Thomas and N. B. Lincoln, "Factors relating to depression after stroke," Br J Clin Psychol, vol. 45, 
pp. 49-61, 2006. 

[3] M. K. Holden, "Virtual environments for motor rehabilitation: review," Cyberpsychol Behav, vol. 8, pp. 
187-211; discussion 212-9, 2005. 

[4] L. Piron, T. Paolo, F. Piccione, V. Laia, E. Trivello, and M. Dam, "Virtual environment training therapy 
for arm motor rehabilitation.," Presence, vol. 14, pp. 732-40, 2005. 

[5] A. S. Merians, H. Poizner, R. Boian, G. Burdea, and S. Adamovich, "Sensorimotor training in a virtual 
reality environment: does it improve functional recovery poststroke?," Neurorehabil Neural Repair, vol. 
20, pp. 252-67, 2006. 

[6] A. Gaggioli, F. Morganti, R. Walker, A. Meneghini, M. Alcaniz, J. A. Lozano, J. Montesa, J. A. Gil, 
and G. Riva, "Training with computer-supported motor imagery in post-stroke rehabilitation," 
Cyberpsychol Behav, vol. 7, pp. 327-32, 2004. 

[7] G. Rizzolatti and L. Craighero, "The mirror-neuron system," Annu Rev Neurosci, vol. 27, pp. 169-92, 
2004. 

[8] G. Buccino, F. Binkofski, G. R. Fink, L. Fadiga, L. Fogassi, V. Gallese, R. J. Seitz, K. Zilles, G. 
Rizzolatti, and H. J. Freund, "Action observation activates premotor and parietal areas in a somatotopic 
manner: an fMRI study," Eur J Neurosci, vol. 13, pp. 400-4, 2001. 

[9] M. Iacoboni and M. Dapretto, "The mirror neuron system and the consequences of its dysfunction," Nat 
Rev Neurosci, vol. 7, pp. 942-51, 2006. 

[10] D. Ertelt, S. Small, A. Solodkin, C. Dettmers, A. McNamara, F. Binkofski, and G. Buccino, " Action 
observation has a positive impact on rehabilitation of motor deficits after stroke,"  NeuroImage vol. 36, 
pp. T164-T173, 2007. 

[11] K. Eng, Siekierka, E., Cameirao, M.S., Zimmerli, L., Pyk, P., Duff, A., Erol, F., Schuster, C., Basseti, 
C., Kiper, D., and Verschure, P.F.M.J., "Cognitive Virtual-Reality Based Stroke Rehabilitation.," World 
Congress on Medical Physics and Biomedical Engineering 2006, Seoul, Korea, 2006.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


