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Abstract. The disability deriving from stroke impacts heavdp the economic
and social aspects of western countries becaus&esturvivors commonly
experience various degrees of autonomy reductighdractivities of daily living.
Recent developments in neuroscience, neurophysi@od computational science
have led to innovative theories about the brainhaeisms of the motor system.
Thereafter, innovative, scientifically based theratic strategies have initially
arisen in the rehabilitation field. Promising reésudtom the application of a virtual
reality based technique for arm rehabilitationreorted.
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Introduction

Stroke is a leading cause of death and disabdityrfen and women of all ages, classes,
and ethnic origins worldwide. Several epidemiolagisurveys were conducted on
cerebro-vascular disease, especially in the Uritedes, where 500,000 new strokes
occur each year causing 100,000 deaths and leaegsidual disability for 300,000
survivors. Moreover, approximately 3 million Ameaaits have survived a stroke with
some degree of residual disability [1, 3].

Within 2 weeks after stroke, hemiparesis is present0-85% of patients and a
percentage, between 40 to 75%, is completely depenic their activities of daily
living [4]. There is a lack of epidemiological ddta European countries, although in
the United Kingdom the Oxfordshire Community StrdReoject (1983) reported an
annual incidence of 500 new cases in a 250,000 I@empmmunity, with a peak in
people older than 75 years [5]. In a recent stumhydacted in Norway, a total annual
incidence of 2.21 strokes per 1000 people was tegoil his rate is congruent with
other European countries showing that there areegimnal variations within Western
Europe [6].

The estimates of the total cost of stroke are weagiable in relation to the
difficulty of calculating the indirect cost resuigj from disability and mortality. A 1993
estimate placed the total annual cost of strok$3at billion in the United States, of
which $17 billion are direct costs (hospital, pleyan, rehabilitation, equipment) and
$13 billion are indirect costs (lost productivify).
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The main cost of stroke survivors is related tarthesidual motor disabilities that
interfere with personal, social and/or productie#ivities. Surprisingly, there are few
therapeutic approaches to restore lost functiomsvadiays the available rehabilitative
therapies are currently working to develop treatts¢imat are closely related to motor
learning principles.

Recently the development of tools for quantitawelysis of motor deficits gave
the opportunity to increment the amount of dateclinical practice to better study
human motor behavior with consequent importanttpralcimplications. First of all, it
will be possible to infer the anatomical structutieast modulate the different elements
of motor control. Furthermore, it may help to bettbaracterize motor deficits and, as
a consequence, to plan individually modified ther#jr approaches. Finally, the
guantitative analysis of movement may allow to nmmpharmacological therapies (i.e
drugs interacting with the central neurotransnsttéevels) that could modify the
human motor behavior [8, 9].

1. Rationale
1.1 Neurophysiology of motor learning

Research on the physiological underpinnings of mmam dynamics has traditionally
focused most extensively on the primary motor cofM1) pointing out that neurons
in M1 are modulated by external dynamic perturbetioSome investigators [10]
indicate that several premotor areas feed M1 wkhem projects to the spinal cord.
These areas are intensely interconnected with ethen, with a parallel contribution to
the control of movement [11].

Other work on primates demonstrated that sevendicabcells in motor and pre-
motor areas responded selectively to kinematicatians during motor adaptation
tasks. These cells, clearly identified in the mgn8&A, are involved in the process of
kinematics-to-dynamics transformation, hence in neator task learning [11]. Doya et
al. [11, 12] proposed other correlations betwees mhmotor learning problem and
circuitry at the cortical level, suggesting thdfetient brain areas are involved in three
different kinds of learning mechanisms: supervigeatning, reinforcement learning
and unsupervised learning.

The cerebellum is supposed to be involved in riead-tfine tuning of movement
by means of its feed-forward structure based onsiwassynaptic convergence of
granule cell axons (parallel fibers) onto Purkimgells, which send inhibitory
connections to deep cerebellar nuclei and to iofesiive. The circuit of the cerebellum
is capable of implementing the supervised learmagadigm which consists of error
driven learning behaviors. Reinforcement learnimdpased on the multiple inhibitory
pathways of the basal ganglia that permit the rdwaedicting activity of dopamine
neurons and change of behavior in the course of divacted task learning. The
extremely complex anatomical features of the costeggest that information coding is
established by an unsupervised learning paradigmhich the activity is determined
by the Hebbian-rule of synaptic updating. In thégguligm the environment provides
input but gives neither desired targets nor anysmeaof reward or punishment [11,
12].

Recent neurophysiologic studies demonstrated tiraesatural complex systems
have discrete combinatory architecture that uslifieite numbers of primary elements



to create larger structures, such as motor prigstiin spinal cord [13]. Poggio and
Bizzi [14] hypothesized a hierarchical architectudeere the motor cortex is endowed
with functional modular structures that change rthdirectional tuning during
adaptation, visuo-motor learning, exposure to meicla&load and reorganization after
lesions, i.e. the circuit of interneurons as cdnpattern generators, unit burst
generators, and spinal motor primitives contribgitio motor learning. In the latter case
the force fields stored as synaptic weights ina&jpdord may be viewed as representing
motor field primitives from which, through lineaugerimposition, a vast number of
movements can be fashioned by impulses conveyedifnaspinal and reflex pathways
[14]. Computational analysis [15] verifies thatsthiroposed mechanism is capable of
learning and controlling a wide repertoire of mdbehaviors. This hypothesis suggests
that the cortical lesion induced by a stroke caulodify the hierarchical architecture
with negative influences on learning and contrgllirew motor behaviors.

1.2 Neurophysiopathology of stroke lesion

From the physiopathologic perspective, much evidesemonstrated that the location
of the stroke lesion is related to upper limb maleficit severity. Specifically it is
argued that patients with cortical stroke have teebenotor outcome than patients with
subcortical stroke. Furthermore, patients with miartical plus subcortical stroke
tended to improve more than patients with pure erilmal stroke despite the expected
larger size of mixed lesions. Although subcortisabkes are normally smaller than
cortical strokes, they are more likely to involvanpary (from M1) and secondary
motor pathways (from SMA and premotor area, PMAM)e Tdescending fibers from
primary and secondary motor areas converge inrttegrial capsule maintaining their
somatotopic distribution. Consequently, even smmlbcortical lesions produce
devastating motor effects. The probability of upj@b motor recovery after stroke is
hence linked strictly with the anatomical lesioB% for patients with lesions restricted
to the cortex (MI, PMA, SMA); 38.5% for those wislubcortical or mixed cortical plus
subcortical lesions not affecting the posteriordinf the internal capsule (PLIC); and
3.6% for those with involvement of the PLIC plusjea@ént corona radiata, basal
ganglia or thalamus [16].

1.3 Computational approach to the upper limb rehabilitation.

The computational approach to the motor systempisveerful analysis, in the field of

neuroscience, which offers the opportunity to unifie experimental data in a
theoretical framework. In the computational persipecthe motor behavior is intended
as the manifestation of an engineering system, ahmssic task is to manage the
relationships between motor commands and sensedgbéek. This management is
necessary for two reasons:

1. it ensures that our movements achieve their goals;
2. it enables us to learn by experience to make mooeirate and effective
movements.

Recently, Han et al. developed a computational ineddilateral hand use in arm
reaching movements to study the interactions betvesaptive decision making and
motor learning after motor cortex lesion [17]. Tmedel combines a biologically
plausible neural model of the motor cortex withanmeural model of reward-based



decision making and physical therapy interventiime model demonstrated that in the
damaged cortex, during therapy, the supervisednilegr rules ensured that
underrepresented directions of movement were “reladgd”, thereby decreasing
average reaching errors.

The authors suggested that after stroke, if noatheis given, plasticity due to
unsupervised learning may become maladaptive, lilgeeigmenting the stroke’s
negative effect. They also indicated that thera fhreshold for the amount of therapy
based on three types of learning mechanisms (ungspd, supervised and
reinforcement) required for the recovery processow this threshold motor retraining
is “in vain”. In other words, there is an absentgiguous use of the arm exhibiting the
“learned non-use” phenomenon. In the absence arsiged or reinforcement learning,
subsequent motor performance worsens with any anafuehabilitation trials. On the
contrary, if unsupervised learning is not preserdtor performance improves with any
amount of rehabilitation trials in the late period.

1.4 Virtual reality as an emerging therapy

Virtual Reality (VR) is an innovative technology r=isting of a computer based
environment that represents a 3-D artificial woNéR has been already applied in
many fields of human activity. New computer plathgr permit human-machine
interactions in real time, therefore the possipitf using VR in medicine has arisen.
The present level of technical advances in the edempinterface allows the
development of VR systems as therapeutic tool®omesneurological and psychiatric
pathology. For example, stroke survivors may underghabilitative therapeutic
procedures with different VR systems [18, 19]. Tise of a VR-based system coupled
to a motion tracking tool allows us to study theedhatics of arm movement in the
restorative process after stroke. Furthermore ptigsibility of modifying the artificial
environment, where the patients could interact, mxloit some of the mechanisms of
motor learning.

We know from physiological studies that humans qrenf a large variety of
constrained and unconstrained movement in a smathgraceful way because the
CNS enables us to rapidly solve complex computatipnoblems. One hypothesis is
that the CNS needs little information in order ttapt movements to the changing of
the external requirements, providing that it algeedntains preprogrammed algorithms
for function [20]. These algorithms produce regitiles in biological movements that
are not in any way implied by the motor task. Adtingly with this view, a given
movement can be characterized by variant and iantglements. For instance, the
variant part of a reaching movement is the distaridbe targets (corresponding to the
amplitude of the movement). The invariant part ¢stesof straight paths with a bell-
shaped speed profile in all movements [21, 22].

In our laboratory, we experimented with a VR basetting for the assessment and
treatment of arm motor deficit in patients afteroke. We compared a VR based
(reinforced feedback in virtual environment, RFV&)d traditional physical therapy
technique (conventional therapy, CT) in the treatin& arm motor impairments in
post-stroke patients. The studied population met fillowing inclusion criteria: a
single ischemic stroke in the region of the middégebral artery at least six months
before the study (proven by means of CT scan or)M®Inventional physical therapy
treatment received in the early period after strokeéld to intermediate motor
impairments of the arm assessed as a Fugl-MeyeeiUpgtremity score (F-M UE)



between 20 and 60, at baseline [23]. Clinical histor evidence of memory
impairments, neglect, and apraxia or aphasia mied with verbal comprehension
were all considered exclusion criteria.

The experimental intervention was the RFVE treatnaenl the control procedure
consisted of conventional physical therapy treatm8&oth therapies were oriented
towards upper extremity motor rehabilitation. le first one, the subject was requested
to perform different kinds of motor tasks while thmovement of the entire
biomechanical arm system’s end-effector was simebasly represented in a virtual
scenario by means of motion-tracking equipment. &épgipment included a computer
workstation connected to a 3D motion-tracking syst@olhemus 3Space FasTrak,
Vermont, U.S.A) and a high-resolution LCD projectwhich displayed the virtual
scenarios on a large wall screen. The electromag8Bt motion-tracking sensor was
positioned on a manipulable object (rubber ballygtyrene cube etc.) held by the
subject, or, alternatively, was attached to a ghveen by the patient in cases of severe
grasping deficits. The physical therapist couldatgenumerous virtual motor tasks for
the arm through the use of flexible software, depetl at the Massachusetts Institute
of Technology (Cambridge, MA, U.S.), which procesHge motion data coming from
the end-effector receiver. The therapist seledtedcharacteristics and the complexity
of the motor tasks in order to suit each patieatis deficit. In the virtual scenario, the
therapist determined the starting position andctharacteristics of the target, such as
target orientation, for each task or the additibrothier virtual objects to increase the
task’'s complexity. A simple reaching movement coattomplish some tasks, while
others required more complicated movements, suchusting the envelope in the
mailbox, hitting the nail, or pouring the glasstlie carafe. The subject moves the real
envelope, hammer, or glass and sees on the sdredrajectory of the corresponding
virtual object toward the virtual mailbox, nail, carafe.

During the RFVE therapy, patients were asked téoper motor tasks according to
constraints specified beforehand by the theraf8shbjects were given information
about their arm movements during the performancenofor skills (knowledge of
performance, KP) by the movement of the end-efféctairtual representation. The
therapist’s movement and trajectory could also ispldyed in the background of the
virtual scene in order to facilitate the subjeqisrception and adjustment to motion
errors (learning by imitation) [24]. Moreover, kniedge of the results (KR) regarding
motor task correctness was supplied to patientsarform of standardized scores and
by displaying arm trajectory morphology on the serelnitially, the above mentioned
KP and KR were provided at a frequency of more tB@f% and were gradually
decreased as performance improved.

In the CT group the subjects were asked to perk&petific exercises for the upper
limb with a strategy of progressive complexity.dEirthe patients were requested to
control isolated motions without postural contraith physical therapist support if
necessary, then postural control was included dindjly, complex motion with
postural control was practiced. For example, p&ievere asked to touch different
targets arranged upon a horizontal plane in frdnthem; to manipulate different
objects; to follow trajectories displayed on a glato recognize different arm positions.

The physical therapists chose the exercises inigeléo functional assessments
and patient needs.

The aim of this study was to compare the RFVE amdaproaches towards the
treatment of arm motor impairments in post-strok¢igmts. We hypothesized that a
rehabilitation technique based on motor learnintgsu specifically the kinematic



information about arm movements in a virtual enviment, could significantly
improve the motor outcome scores better than CTaflye Before and after the
treatment, the degree of motor impairment and iaddpnce in daily living activities
were evaluated in both groups with the F-M UE s@oré the Functional Independence
Measure scale (FIM) [25]. At the same evaluatianes, for all of the patients, we
determined the mean duration (MD) in sec, mearatinelocity (MLV) in cm/sec, and
the number of sub-movements (SM) in 36 motor tratganized into four tasks.

The patients’ starting position was the same inddlthe trials. The different
orientation of the target (horizontal, vertical atidgonal on the subject’s frontal plane)
determined the complexity of the movement in tewhsnvolving the activation of
different muscles. The patients were randomly asesiginto the 2 groups and both
groups underwent the therapy for 1 hour treatmessisens daily, 5 days a week for 4
weeks.

Analyzing clinical (F-M UE and FIM) variables, weund, in both groups, a
statistical significance within the groups for tHeM UE (p-values<0.00, p-
values<0.016, respectively) and for the FIM (p-esk0.00, p-values<0.009,
respectively) scales. The robust regression armalgsiealed that the F-M UE values
after the treatment were systematically higherhi@a RFVE patients than in the CT
subjects [§ =-4.26, p-value<0.005). We observed the same tredsb for the FIM
values after the treatmerft £-4.59, p-value<0.02). The kinematic (MD, MLV, SM)
parameters changed significantly after the treatroaly in the experimental group (p-
value = 0.01, 0.00 and 0.02 respectively), in @msitto those of the control subjects (p-
value = 0.18, 0.11 and 0.15 respectively). Finallype of patients who underwent the
RFVE therapy complained of any discomforts duenteraction with the virtual world,
such as cybersickness, altered eye-motor coordmatir postural disequilibrium,
thereby demonstrating that this VR-applicationafedor neurological patients.

Our results confirm that late therapy may improwaon performance as suggested
in others studies using different rehabilitatiochieiques [26, 27]. The kinematic
results were coherent with the RFVE rationale basethe amplification of kinematic
feedback to promote motor recovery; furthermore fihgrovement in motor
performance occurred concurrently with kinematicgatéon. In our opinion, the higher
results achieved with RFVE treatment were connegigld the rationale of the VR
based technique which exploits the motor learnirghmanisms.

2. Conclusion

In our VR setting, patients were given informatamout their arm movements during
the performance of motor skills (KP) that consistédhe representation of their end-
effector, and “virtual teacher” movement which sleomthe actual kinematics of the
hand path in order to practice “learning by imaati. The teacher, as other relevant
feedback, realizes an ideal environment to impldénmew predictors or to modify

disrupted forward models. These mechanisms ardajge by means of amplification

of the actual state. On the other side, new orbetntrollers can be developed by
means of different sensorimotor context presentedevery scenario, as by the
utilization of graphic models that reproduce thsual objects’ appearance, giving
coherent contextual information. Furthermore, indions imparted by the therapist
during the experimental procedure and the virtugresentation of the correct
movement contributed to providing information abambtor performance, thereby



exploiting so-called “supervised learning”. Moreovethe object's trajectories
displayed on-screen allowed patients to evaluaetturacy of their movement (KR),
thereby promoting the identification of successhdtor strategies through the “trial
and error” paradigm. A second kind of KR providedpatients was a reward delivered
when the task performance score surpassed a p@iglisised threshold. These two
phenomena contributed to generating the basis Her “teinforcement learning”
mechanism.

In our experience, the synergistic activity of swmed, reinforcement and
learning by imitation facilitates faster developmef the kinematic internal models
essential for motor learning. The opportunity foupglying patients with a
measurement of motor performance generated an canmtpetitive stimulus for
progressively improving the correctness of armettgries session by session. The
above aspect, combined with the novelty and thgimality of the VR-based therapy,
motivated the patients to enthusiastically partitgin the rehabilitation sessions.
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