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SUMMARY

Neurorehabilitation is an active process by which individuals affected by neurological
impairments achieve a full recovery or, when this is not possible, realize their optimal
physical, mental and social potential. The rehabilitaimtess can be considered successful
when it improves daily activities of patients treated and, therefore, their quality of life. The
essential components of an effective motor rehabilitation process include an expert
multidisciplinary assessment, a rait and goabriented programs and the evaluation of the
patientOs achievements through clinically appropriate, scientifically sound outcome measures.
The main aim of this thesis was to develop quantitative methods and tools for the clinical
treatment andssessment of patients with neurological impairments.

Conventional rehabilitation treatments typically require neurological patients to execute
repetitive exercises over a long period, with consequences in their engagement and
motivation. Mrtual reality and augmentedeedback are tools recently applied to motor
rehabilitation, which have shown to involve patients, allowing repeatability and
standardization of protocoléin augmented feedback tool based on the use of IMU for trunk
control was developed artlde evaluation of its usability gresented in this work

Moreover, virtual reality allows individualizing the treatment according to the patient needs
gradually adapting the difficulty level to the progress. A virtual redéged application for

gait rehabilitation was developed and tested in-ae@ks training program on patients
affected by multiple sclerosis. Usability, feasibility and acceptance of both system and
training protocol were evaluated and the effectiveness of the treatment demonstrated.
Traditionally, the quantitative assessment of motor skills has been performed using motion
capture systems. Unfortunately, their effective use in clinical practice is still limited by their
cost, and the space, time and expertise required operating. \Mordbe application of
markers on the body of patients may influence their natural movements. To overcome these
limitations the use of inertial sensors has been introduced in the figttetihodology based

on their use in assessing the arm swing in stbjaéfected by ParkinsonOs disease is



proposed and preliminary results show their ability in distinguishing healthy from
pathological subjects.

Inertial sensors, which are small, accurate, flexible and portable, have the drawback to
accumulate significandrift during long measurements. This particular issue has been
analyzed in this work and findings suggest that drift and its consequences in determining gait
parameters can be contained if the inertial unit is placed on the foot and accelerations are
integrated starting from the mid stance phase of gait.

Finally, a validation of the Microsoft Kinect in tracking gait in a virtual redi@ged training

is presented. Preliminary results allow defining the range of use of the sensor for applications

in rehabilitation.



SOMMARIO

La neuroriabilitazione « un processo attivo attraverso il quale gli individui affefatiz@ogie
neurologichemirano al conseguimento di un recupero completo o, quando ci”enon
possibile,ala realizzazione del loro potenziabtimale benessere fisico, mentale e sociale. I
processo di riabilitazione pu™ essere considerato effettivo quando migliora le attivit®
guotidiane dei pazienti trattati e, di conseguenza, la loro qualit”™ di @Gta.elementi
essenziali di un processo dabilitazione motoria efficaceomprendonouna valutaone
clinica da parte di un teamultidisciplinare, un programma riabilitativo realistico e orientato
a pochi specifici obiettivi e la valutazione dei risultati consegidli pazienteattraverso
IOinerventomediantemisure scientifiche e clinicamente appropriate.

L'obiettivo principale di questa tesi ¢ stato sviluppare metodi quantitativi e strumenti per
IOintervento riabilitativo e la valutazione clinica di pazienti affetti da deficit neurologici.

| trattamenti riabilitativi convenzionali tipicamente richiedono a pazienti neurologici
IGesecuzione di esercizi ripetitivi per un lungo periodo, andeindaere negativamente sul
loro impegno esulla loro motivazione. La realt” virtuale e i feedbacknaentati sono
approccirecentementadottati dalla riabilitazione motoria, in gradoatiinvolgere i pazienti

nel trattamentopermettendo la ripetibilit™ e la standardizzazione dei protocalliquesto
lavoro ¢ stato sviluppataino strumento basato sull'utilizzo fdiedback aumentaé sensori
inerziali per 1 controllo del tronco @ ¢ statapresentataina valutazione sullauaefficaciae
usabilit™.

Inoltre, la realt”™ virtuale permette individualizzare il trattameimdase alleesigenze del
paziente,adeguandaradualmente il livello di diicolt” ai suoi progressiUn@pplicazione
basata sulla realt” virtuale per la riabilitazione del cammistata sviluppatad « stata poi
testatasu pazienti affetti da sclerosi multipdurante un programmariabilitativo di sei
settimane Sono state valutate Kbilit™, la fattibilit” e IGccettazione sia del sistersia del

protocollo riabilitativo ed  stata dimostrata I'efficacia del trattamento.
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Tradizionalmente, la valutazione quartiita delle capacit®™ motoriedei pazienti viene
effettuata utilizzando sistemi diotion capture Purtroppo, il loro uso nellaratica clinica ¢
ancora limitatoa causa debro costo,dello spazio, del tempo e delle competenze necessari
per il loro funzioramento. Inoltre, I'applicazione di marcatori sul corpo dei pazienti pu”
influenzareil loro movimento naturalePer superare queste limitazienstato introdottoin
guesto campdutilizzo di sensori inerzialiln questa tesi, viene propostaametodologia
basata suloro uso nella valutazione dellQoscillazione delle braccisoggetti affetti da
morbo di Parkinson, ei mostra come essa sia in gradodditingueretra soggettisani e
patologici.

I sensori inerziali, che sono picéolaccurati, flessibili e portatili presentanoper”
l'inconveniente di accumulamrift rilevanti durante ingke misurazioniln questo lavore
stato affrontato gesto particolare problemai gisultati ottenutisuggeriscono chesel'unit”
inerziale « posizionatau piede ele accelerazioni sono integratdziandodalla fasedi mid
stancedel cammino,il drift e le sue conseguenze nella determinazione dei paraneétri d
cammino son@ontenuti.

Infine, « stata presentatana validazionedel Microsoft Kinect in unOapplicazione per il
tracking del cammino in ambiente virtual®isultati preliminari consentono di definire il

campo di utilizzo del sensore per applicazioni in riabilitazione.
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1. Introduction

1.1.Rationale

The essential components of an effective motor rehabilitation program for subjects affected
by neurological impairments include expertiltidisciplinary assessment, realistic and goal
oriented interventions, and the evaluation of the impact of the rehabilitation through the use
of clinically appropriate, scientifically sound outcome measures. Traditionally laboratory
based motion captursystems have been used to assess the patient before and after the
rehabilitative intervention. This approach usually requires the use of markers to be positioned
on the patientOs body surface. In some occasions, the presence of markers may represent a
souce of uneasiness and discomfort, influencing and interfering with the natural movements
of the subject. Moreover, motion capture systems, which are generally very expensive,
require expertise, space and a long time forupetfurther increasing the cosf the
evaluation. All the above reasons help to explain the limited use of these systems in clinical
practice, where the evaluations are mostly qualitative.

Rehabilitative interventions of neurological patients typically aim at recovering motor skills.

It has been demonstrated that motor recovery is promoted by intensive skillful practice
(ShumwayCook, 2007)and increasing difficultyMalouin, 2003) Therefore conventional
physical therapiesn clinical practice are often characterized by the regular and intense
repetition of exercises over a long period, consequently limiting patientsO engagement and
motivation.

Recently, innovative technology and approaches have been proposed to overcabuwé¢he
mentioned limitations. The main goal of the project described in this thesis was to develop
new quantitative rehabilitation methods and tools to be used in the clinical assessment and

treatment of patients with neurological deficits.

1.2.Outline

The thesis is organized as follows.



Chapter2 is an overview of the process of rehabilitation for people affected by neurological
impairments.

Chapter 3 describes some of the limitations a@bnventional motor rehabilitation and
proposes new methods and tools to overcome them.

Chapter 4 presents a study on the estimation of the estridngth using an inertial
measurement unit (IMU). The study evaluates the error associated with the zero velocity
assumption in estimating stridength usingseveral locations of the IMU on the foot and on
the shank.

Chapters presents a study focusing owigual reality (VR)-based system for gait trainitig
subjects affected by multiple sclerosis (MS) using IMUs. The propsgstém andraining
areexplained in detail antheir feasibility, acceptance and effectivenassevaluated.

Chapter6 presents a study on the measuremenh@éarm swing in Parkinson@isease (PD
patients using IMUsThe proposed methodology has been us®H on patients ankdealthy
subjects and preliminary results are presented.

Chapter7 desribes a tracking methodology based on the use of the Microsoft Kinect for the
reproduction of gait in a VR application. The proposed methodology is validated using
stereephotogrammetry.

Chapter8 describes an augmented feedback tool for trunk contreldbas the use of inertial
sensing. Preliminaryesults on the usability of the tool on young healthy subjects are
presented.

Chapter 9 summarizes advantages landations of thedevelopedools and the methods and

suggestoptions for future research.



2. Rehabilitation in neurological impairments

2.1.Neurological impairments

The World Health OrganizatiofWHOQO) definesimpairmentas any loss or abnormality in
body structure or of a physiological or psychological func{dforld Health Orgaization,

2001) Specifically, all the disorders originating from structural, biochemical or bioelectrical
abnormalitiedn the central and peripheral nervous system lead to neutaldgipairments.

They may cause physical or mental problems, affgaim individualOs speech, motor skills,
vision, memory, muscle function or learning abilities. Not all neurological impairments are
present from birth. A neurological impairment can be acquired as a result of some form of
brain or spinal cord injury. Oftenthe results are very similar; the only difference is the way

in which a given part of the brain becomes damaged. Because of its various forms,
neurological impairment can be classified in many different ways.

Neurological disorderare diseasesof the central and peripheralnervoussystem,which

affect learning and behavioral abiliti@&/orld Health Organization, 2007)

Some of the morecommon neurological diseasédirtz, 2007) include multiple sclerosis
(MS) and Parkinson's disease (P@)th a crude ncidence raterespectivelypf 2.5 (with a

range of 1.B4) and 4.019 per 10@00 population per yeamnd amedian estimated
prevalence respectively,of 30 (with a range of B80) and 106200 per 100000 (World

Health Organization, 200{World Health Organization, 2008MS and PDare considered
neurodegenerative disorddirapp, 1999)(World Health Organization, 2001()Gao, 2008)

and will be particularly considered in the present thadsurodegenerative diseases are
defined as conditions characterized by progressive nervous sybtefunction. These
disorders are often associated with atrophy of the affected central or peripheral structures of
the nervous system.

MS is an inflammatory demyelinating condition of the central nervous system that is

generally considered to be autoimmeuim nature(World Health Organization, 2007)n



people with MS, the immune trigger is unknown, but the targets are myelinated central
nervous system tracts. MS can lead to a wide variety of motor and cognitive symptoms,
depending on the affected part of the body and on the severity.

Approximately80% of individuals affected by MS initially present a form of this pathology
called relapsing/remittingHfgure 1), which is characterized by unpredictable attackbeda
relapses, during which new symptoms appear or those existing become more severe
(Lidcombe, 2003) They can last for long periods (days or months) and are followed by a

partial or total recovery, i.e., the remission.

A

Disability

Time

Figure 1 Example of o possiblecourses of MS in relapsing/remitting form.

The disease may appear clinically inactive for mordhs/ears, though a more frequent
asymptomatic inflammatory activity is usually present. Over tinmvever, symptoms may
become more severe with less complete recovery of function after each attack.

MS is usually accompanied by physical disability, complicated by fatigue, depression and
possibly cognitive impairment and can lead to a functional decline. Typically disease onset is
around 30 years of age, hence the loss in functional ability of patietitsM® can be
substantial and often prevents MS subjects from performing their customary roles.

PD is a chronic progressive neurodegenerative disorder of insidious (Wedtl Health
Organization, 2007)(Gao, 2008) The motor symptoms become readily apparent and
diagnosis is made based on cardinal predominate motor signs, howeverptworfeatures

of the disease are increasingly recogni@@daudhuri, 2006)PD is alscassociated with late



onset mtor symptoms, such as pogl instability and falls, freezing of gait, speech and
swallowing difficulties(Jankovic, 2008)

The pathophysiology of PD involves the progressive loss of doparoim@hing neurons of

the pars compacta of the substantia nigral#@at to denervation of the nigrostriatal tract and

a significant reduction of dopamine at the striatal level. The consequence of this denervation
process is an imbalance in the stripadlidal and pallidethalamic output pathways, which is
respongble for the major motor deficitlbin, 1989)

Beyond motor and cognitive impairmengsiality of life in PD also deteriorated significantly

with increasing disease seitgrparticularly in those aspects related to physical aacial

functioning(Schrag, 2001)

2.2.Neurological rehabilitation

2.2.1.The rehabilitation cycle
The WHO defines rehabilitation as an active process by which those affected by injury or
disease achieve a full recovery or, when this is not possible, realize their optimal physical,
mental and social potential and are integrated into their most appropriatenemsit(\World
Health Organization, 1981)Consequently, a rehabilitation process can cbesidered
successful when iimproves independence and quality of life of treated subjects, by
maximizing their ability and participation.
The essential components of an effective rehabilitation include expert multidisciplinary
assessment, realistic and goalented programs and evaluation of impact on the patientOs
rehabilitation achievements through the use of clinically appropriatentificiglly sound
outcome measures incorporating the patientOs and the familyOs persfiectivesan
Multiple Sclerosis Platform and Rehabilitation in Multiple Sclerosis, 2004)
The rehabilitation process shouieé provided bya multidisciplinary team, usually including
doctors, nurses, therapists, clinical neuropsychologists and social workerainThod the
rehabilitation team is to treat impaired body structures to overcome diminished functions,

while maximizing patientsCtivity and participation in their social setting and minimizing



the risk of further symptoms and disability, the patientOs pain and the stress of the family
and/or caregiver&Stucki, 2002)
The rehabilitation process, seleath from the guidance and from the service perspective, can
be thought as an iterative process involving the following elemEigare?2):

1. assessment of the natwkthe patientOs problems and needs;

2. assignment to an intervention program;

3. plan and implementation of the assigned intervention;

4. evaluation of the intervention.

r> Assessmentw

¢ Evaluation Assignmen

t

€

i Intervention
i

Figure 2 The rehab-cycle (Stucki, 2002) (World Health Organization, 2007)
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ASSESSMENT

The assessmentdludes the identification of the impairments of patients, which contribute to
the difficulties in function, the estimation of rehabilitation potential and prognosis and the
definition of the goals of the intervention program. Since neurological subjgtds fom a
combination of multipléempairmentsijt is crucial to identify target problems, which may be
treated andelieved ina reasonable amount of time. In this phase, information is collected
through both standardized assessment and interviews.

The most commonlyused measures of impairment in neurological patients include: a) the
Motricity and the Ambulation Index for motor deficits; b) the Berg Balance(Best, 1995)

and Timed Up and G@¢Podsadlo, 1991)for balance; clthe Beck Depression Index for

depression(Lykouras, 1998) d) the Short Orientation Memory Concentration Test



(Katzman, 1983)@nd Mini Mental State Examinatioffolstein, 1975)or brief cognitive
screening e) the Frontal Assessment Bat(Brybois & Slachevsky, 2000jor neurological

and cognitive featuresand the Montreal Cognitive Assessmer{iNasreddine, 2005n
cognitive screening toolThe two most widely used measures of disability are the Barthel
Activities of Daily Living index(Collin, 1988)and the Functional Independence Measure
(Dodds, 1993)

ASSIGNMENT

The assignment is the determination of a realistic intervention program, identifying and
addressing it toward the factors with the greatest potential for improvemenfirst aim of

the assignmentsito makethe patient conscious aboher/his disability and to stimulate
her/himto have an active role on ithe second aim is to define the compensatory strategies
for cognitive and behavioral deficits. The third aim consists in planning interventions aiming
to generalize the compensatory strategies in the environf#attive teamwork requires

that all team rambers work towards common goals. Good rehabilitation practice should
involve the patient (and the family, when appropriate) in the setting of meaningful,
challenging and achievable shtetm and longerm goals.

INTERVENTION

The taskoriented approachrefers to the specification of the rehabilitative techniques,
indicator measures and the target values to be achieved in a predefined time period. Practice
of an impaired function usually involves repetition, starting with simple tasks and slowly
increasingthe level of difficulty (Malouin, 2003) An alternative approach is to use
compensatory techniques, to help the patient to achieve the goal by different means. There
has been a shift from exercising isolated impairmeotgatds tastoriented therapy for
activities of daily living(Horak, 1990)

EVALUATION

The evaluation refers to the assessment of goal achievement with respect to predefined
treatment goals. In rehabilitation, the measuremenfunétioning and health is not only

relevant to evaluate intervention outcomes, but the assessment and interventional



management as well. Thus these measures are examined much more closely both at the level
of individual problems and at the level of instrented scales.

Although all the phases of the cycle are present in the choice and implementation of a
rehabilitation treatment, in this thesis, the foowmdl be prevalentlyon the stages of
assessment and rehabilitation intervention, in the effort to rgakatitative the outcome

coming from them

2.3.Rehabilitation methods

Rehabilitation should start as soon as possible after the diagnosis of dogieato
impairmentand should focus on the community rehabilitation persped¢iiverld Health
Organization, 2007)Neurological patients can present a wide number of complexities
including physical functioning limitations, cognitivand communication impairments,
behavioral problems;ompromised basic daily living activities and psyawal limitations.
Consequently, intervention programs and services have been developed, showing to
contribute effectively to the optimal functioning of people with neurological conditions. Here

we will briefly discuss those aiming to treat motor and npsyohological deficits.

2.3.1Motor deficits
The motor activity in neurological diseassesjuires importance fahe neuremotor features
of the movement that, although impaired, can be used to recondition and reach a new balance
on coordinative pre&xistingmovement patterng.he physical exercise has shown to provide
beneficial effectsn neurodegenerative diseases like FBergen, 2002but ako in MS
where endurance exercises have been showed to Imgtker the thresholdof the fatigue
perceived by the patiem{Gutierrez, 2005)contributing to improvetheir quality of life
(Petajan, 1996)Brown, 2005)
Rehabilitation in neurodegenerative disorders stands as its primary objective the
improvement of the neurmuscleskeletal diseases, but alfte enhancemertf the global

motor performancewith the consequentduction of fall risk(Valobra, 2000) Therapeutic



approachesdnclude stretching and strength training, rehitddibn of postural transitions,
reeducatiorof postural instability andait, and trainingo cognitive strategies.

One of the most common motor dysfunction encountered in the motor rehab ofiSdie
weakness with onset in 96100% of casegValobra, 2000) It is thereforeimportant to
maintain the level of physical performance for as long as possible, by a process that does not
generate fatigue or changes in body temperature.

Postural instability islso a disorder consently reported by MS patientajith onset in 23

82% of cases (Valobra, 2000),and can be addressedith specific or norspecific
rehabilitative approaches, which are based on intensive, repetitive tasks and augmented
feedback Specfic treatmens aimto learn patientsof motor stategiespointing toimprove

their residual potential in postural controlNonspecific treatmerst include generic
mobilization and stretchingxercises, in order to maintain range and muscle elasticity,
espeially in the lower limbs.

Moreover, about the 55% of individuals with MS identify fatigue as one of the major
symptoms affecting their mobilityFisk, 1994) The exact origin of fatigue is unclear,
although it could be sought the association of weakness, spasticity, ataxia, depression, and
heat(Jacobs, 1986)

Other common motor symptoms S are spasticityparesis, stiffness, sensory impairments
andfasciculation(Zuvich, 2009) Spasticity onset 75% of cases) cardbome a problem as it
often interferes with rehabilitation. Afteghat the sources of nociceptive input have been
identified and treated the patient should bénstructedto perform appropriate muscle
stretchingexercisesaiming atexparm the range of motion of the affected joir(tderritt,

1981) After, the facilitation of motor strength can be accomplished by ugiagsive and
activetherapis, advancing to progressive resistance trainingactive therapy the patient is
encouraged to perform aaxercise while the therapist provideer/him a feedback about
her/his performance, in order to avoid unnecessary muscle activity and to ackieeotive
control of specific musclesPassive therapies include positioning patients on their side,

sitting, or standing in a support frame, and stretching exercises.



Recurrentmotor symptoms in PDon which the rehabilitation has shown to be mostly
effective, are radykinesia, rest tremor, rigidity, and postural disturbances and, ioratt,
postural instability and falls and freezing of g@iinkovic, 2008) The hypertonic muscles

and bradykinesia aggravate the conditionthaf muscleskeletal system, already altered by
age (Valobra, 2000) Muscle stretaing is definitely a basitreatmentalsoin PD andthe
districts where it is prevalently needed are tlexor muscle groups of trunk and limbs.
Stretching has the effect #ngthening the slow and progressive soft tissues and in presence
of severe flexion contractures, where traditional stretching is not effective, prolonged statics
stretching sessions could be required. This technique consists in maintaining tolerable
posures for long periods, in order to act more markedly on shortened connective tissues.
Joint mobilization is an imperative treatment modality for a disease that has immobility as
the main effect. This method can be performed in passive mode,-astigtedr preferably

active, depending on the degree of autonomy of the patient in the execution of exercises.

2.3.2 Reduced mobility and gait deficits
Neurological disorders, due to the characteristics of the disease, such as type, location,
extension, stability ornqogressivity and age of onset, are characterized by an extreme variety
of clinical manifestation, resulting in alterations of the motor control which cause, during
walking, different changes in the kinematics of the upper and lower limbs and trunk.
Regardéss of the pathology, the ability of gait is modified in terms of:

I effectivenessreduction in the rate of spontaneous and maximum sustainable speed;

I security: the need for assistance and / or supervision and / or direct assistance;

I €efficiency: increase afnergy cost
with consequent limitations of autonomy and participation in social and working life.
The observational analysis and the global clinical segmental assessment allow defining the
main problems of gait in terms of global imbalances, focal pneblend coordination.
Reduced mobility is one of the most frequent impairment in MS patients and may be due to

motor, sensory, balance and exploratory deficits. The aim of the rehabilitation project may be

10



restoration or maintenance of the residual skillsing also orthoses or assistive devices.
Trunk stability represents a fundamental prerequisite for locomotor rehabilitation; therefore a
preparation program to standing, performing exercises on the mat, usually precedes any gait
treatment. Most of thesectivities aim at the reduction of the base support, the
verticalization, the maintenance of postural stability, in both static and dynamic conditions.
Once that a good alignment trutiknbs is reached in the standing position, dynamic stability
will be traned and obtained with destabilizatistabilization movements of the trunk. As
soon as a suitable motor control in the upright poshiasmbeemeached, it is possible to start

to walk handling the bars, trying to reset the motor patterns of gadgtrdinating the
movement of the lower limbs with the pendular synkinesis of the.arm

Gait reduction plays an important raoddso in the rehabilitation of PD subject¥alobra,

2000) The patient is trained to use the most correct gait pattern as possitich is the

more stable and theds energetically expensive. In Pharticular attentiorshouldbe paidon
direction changesoftenusually carried out pivoting on a limb and causing instability. The
patient should be instructed to change directicartiqularly when turning back, touring
enoughlargelyto prevent the two legs stepping on each other. The path must be trained not
only on smooth terrain such as gyms, but also on uneven surfaces. To make the rehabilitation
treatment as effective as podsiin real life, it is important to include also exercises upward
and downward by a step, and training aiming at negotiating obstacles of different height and
shape.

In treadmill (TM) training with partial bodyeight support (BW¥the patient is securadto

a harness hanging above a TM on which she/he walks. The use of TM finds in PD a
beneficial application because it forces the subject to a rhythmic path. Indeed, this
intervention has shown to improve gait in individuals affected by neurodegenerative
disorders, such as PMehrholz, 2010) (Miyai, 2002) and MS(Benedetti, 2009)(Pilutti,

2011)

For a further diagnostifunctional inspectionclinical examination can be extended to

instrumental analysis, which is addressed to quantify:
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- The dynamic neuromuscular pattern using dynamic electromyography;
I The global and segmental kinematic characteristics using optoelectronic systems;
I The global and segmental kinetic through force platforms and optoelectronic
systems;
I The energy cost of ambulation through systems of measurement of oxygen
consumption.
The threedimensionabptoelectroni@nalysis quantifies the spati@mporal gait parameters,
kinematics and kinetics segmentd@he three main categories of problems cansbalel
according tahe deviation from normay data and aréBowden, 2008)
- Reduced loadaeptance;
- Reduced propulsion;

- Reduced load acceptance and reduced propulsion.

2.3.3Neuropsychological deficits
Most neuropsychological interventions are related to the treatment or optimization of
cognitive deficienciesincluding also emotional, behavioral angersonality alterations,
aiming at the best cognitive, neurobiological and socialdaptatior(Valobra, 2000)
Problems in memory and concentration are very common reported 4gmp in
neurodegenerativelisordersand affect tasks such as decisimaking, planning, sensory
integration and dual taskingy ogewv-Seligmann, 2008)The memory is now considered as a
function consisting of several components thatrk sequentially and tegrally. We can
distinguish between a shedrm memory perspectivanemory, which relates to knowledge
skills that are implicitly acquired, and a loeteym memory (Valobra, 2000) The
rehabilitation intervention should take intonsideratiorthe specificity of patieistand the
level of their deficit, distinguishingsubjed¢s ableto learn and apply new compensation
strategiesfrom subjectsable toacquireonly implicit behaviors According toliterature of
recent years, about half of MS patieat® affected bymemory disorders, as well as by

attention, executive and vidugpatial functiongRao, 1991) Disorders in longand shor
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term memory, savintheimplicit memory, characterize these patieatsl are, with attention
functions and speed processing, the first symptoms of the disasafically, like in PD,

the main cognitive affected areas include memory, executive functions and attention
(Chiaravalloti, 2008)(Caballol, 2007)

Attention constitutes a phenomenon with more ponents including selectivity and
intensity. The firstdimension includes two separate processéle focused attention,
generally tested by asking to the subject to find a specific target stimulus among several
distractors, and divided attention, assedsedual task, where the individual must respond to
two stimuli interfering with each other. The intensity does include the warning and physical
alertness. The aledims to implement a response following a warning sigmehjle the
supervisory indicatethe ability to maintain the appropriate response for a certain period of
time. Batteries are standardized to highlight any shorfllending orattentionprocesses.

The rehabilitation protocols can be gathered in two groups: the first one aims to rbeover
lost capacity, while the second aims to develompensatory strategies.

Also neuropsychiatric and behaviodibordersare common in neurodegenerative disorders
Depression, for exampleseriously affec the autonomy and quality dfoth individuals

affected by MSArnett, 2008)and PD(Mayeux, 1984)(Taylor, 1986)

2.3.4Dual task during walking
Performing two tasks simultaneously (dual tasking) is a frequent acitiviéyeryday life,
which requires divided attentiofndeed, when people attempt dual task, performance is
generally impaired, characterized by more errors or longer reaction times than the same task
performed without @oncurrent taskWu, 2008) The capaity to executea second task (dual
task performance) is highly advantageous during walking because it allows for
communicating with people transpoling objectsand monitoringhe environment
The effects of dual taskon gait(dual task costhave beentadied inseveral populations,
from healthy young and older adults neurologicpatients.In healthy adults, dual tasking

hasdemonstratedo reducethe performanceof the concurrenttaskandto decrease thgait
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speed highlightinghow deficits inattention and executive functions are associated with fall
risk, postural instability and impairments in daily life activiti@ogewSeligmann, 2008

The dual task codtas been studiedlsoin elderly people(Woollacott, 2002) showingan
increasen the reaction times of theoncurrentcognitive task ora decreasén gait speed
(Chen, 1996) (Ebersbach, 1995)and an nicreased gait variabilityDubost, 2006) Age-
related gait changes are more pronounced in people with cognitive impaitdansdorff,
1997) (Holtzer, 2006) (Lindenberger, 2000and are accentuateshderdual task condition
Lundin-Olsson et al. showed that the instability to maintain a conversation during walking
constitutes a marker of future falin older adult§Lundin-Olsson, 1997)Several studies
have also demonstrated that dual taskingessly affected gait parameters in populations
prone to falls, much more then in a healthy elderly e(@®oem, 2001) (Beauchet, 2005)
(Toulotte, 2006)(Springer, 2006)(Verghese, 2002 aulkner et al. observed thatanges in
performance while duahsking could be used to identify subjects at risk for recurrent falls
(Faulkner, 2007)A recent study on a large sample of older adults found that the dual task
cost of 18% or more predad falls in individuals alking faster than a specifgait speed
threshold(Yamada, 2011)

Typically, the dual taskcost is largerin neurological patientghan healthyagematched
controls (Sheridan, 2003)This has been largely investigated in PD patients eard be
explained by thie impairment inattention andin executive functionprocessegDubois,
1996 and by their altered gait, typically characterizgdstow gait speed, shostrides,high
double support time(Yogev, 2005) (Morris, 1994) (O'Shea, 2002) (Bond, 2000)
(Camicioli, 1998) (Hausdorff, 2003)(Lewis, 2011) decreased symmetry and coordination
between left and right sted®lotnik, 2008) (Yogev, 2007) and increased strice-stride
variability (Plotnik, 2011) (Yogev, 2005) (Hausdorff, 2003)

Contrarily to PD, he dual task cost during gait in MS has been poexjylored In a recent
casecontrol study(Hamilton, 2009)on MS subjects, walking and attention interaction have

been investated. Compared to healthy controls, MS subjects demonstrated slower speed and
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elevated swing time variability in gait performance under cognitive dual task condiiums.
authors suggested that fatigue and general cognitive ability contribute to this.

These results seem to be consistent with the differentiattdsialdecrements reported in
another study on MS patien(®@OEsposito, 1996)vhen compared to controls, during the
execution of two cognitive tasks simultaneoughfferent interpretations can explain these
findings including reduced working mmory capacity, task demand, use of different
strategies, confounding factors and a divided attention deftitreover another study
(Sosnoff, 2011)investigatedthe effect of a cognitive task on gaierformance in MS
individualswith mild, moderate, and severe disabilifyhe findings showed thatompared

to patients withmild and moderate disability, tlggoup withsevere disability walked slaaw,

with shorter steps, and spent a greater percentage of the gait cycle in double support.

The growing evidence that instability and falls increase during the performance of multiple
tasks suggests the need of training balance and gait in duaintasurological patients.
Dualttask training involves the execution of the primary task (maintaining postural control or
walking speed) while performing a secondary tdsk examplea cognitive challenge such as
counting backwards, or a manual taskch & carrying an itenm{Woollacott, 2002) Few
studies haveried to specifically address this issue, and the findings have not always been
consisten{You, 2009) (Yang, 2007)(Canning, 2008)(Silsupadol, 2009)XSchwenk, 201Q)
(YogewSeligmann 2012) (PlummerDOAmato, 2012)Still, promising results suggest that
training improvesdual taskgait in older adlis with balance impairmern(Silsupadol, 2009)
patients with dementiéSchwenk, 201Q)poststroke individuals(Yang, 2007) (Plummer
DOAmato, 2012and PD subject§YogewSeligmann 2012) (Canning, 2008) suggesting

that even among patients with neurodegenerative disease, intensive and repetitive practicing

of DT while walking can lower duahsk costs.
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3. Technological tools for designing new motor rehabilitation

methods

The aim of the bioengineering research in mogétabilitationis to develop new methods for

the assessment of impaired patients and, simultaneously, on the basis of the responses
gathered from them, to provide cliniciangmtools to tailor or facilitate motor rehabilitative
interventions (Bonato, 201Q) These new approaches must be made with a view to
overcoming current limitations in routine clinical practice, where qualitative scales and
functional tests are still lartye preferred, due to practicedasons, and where treatments are
prevalently based on repetition. In this sense, the relevance recently gained by pervasive
solutions and personalized interventions for healthcare among researchers and clinicians had
a highimpact on rehabilitation. New approaches have been primarily possible thanks to the
recent progresses in several fields, such as telecommunications, electronics, computer science
and realtime data analysis. In particular, a wide range of new technolagé@isding inertial

sensors and low cost video technology, and tools, such assen#tory interfaces and virtual

reality (VR) have been recently experimented, and in some case combined, opening new
perspectives for relevant applications in motor rehabitin. In this chapter we will
introduce them, presenting their potential application in motor rehabilitation of neurological

subject.

3.1.Measuring human movement in clinical practice: inertial sensing

The ability to measure human movement quantitativgdyasents an essential part of clinical
assessment and evaluation, thus either allowing for a more complete diagnosis or determining
the efficacy of motor rehabilitation interventions.

Motion capture systes) using instruments such as optical motion capturd force plates,

are considered as the gold standard in the field of motion analysis for assessing joint
kinematics and kinetics. For kinematics, optical motion capture system consists in tracking

the position of markers attached to specific locationghe subjectOs body using a set of
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cameras, and reconstructing their 3D position. Technology is either based on active or
passive markers and uses the red and infrared light range. For kinetics measurements, the
reference system used in laboratory setimdorce platforms. They measure the ground
reaction forces generated by a body standing on or moving across them. They can provide
also accurate temporal parameters such as foot initial and terminal contact.

Measuring body movements in laboratory settimder controlled conditions allows getting
precise, accurate and reliable measurements of the movement pattern of the subject, and add
guantitative and objective figures to the clinical gait assessment. Nevertheless, motion
capture systems present alsveral disadvantages, such as the costly equipment and the
need of technical expertise to operate. Another drawback is represented by the confinement
of such a system inside the laboratory setting, where the volume of measurement is limited.
This aspect aa strongly influence the natural behavior of the subjects and does not allow
observing them in their everyday life. More importantly, ititerpretation of the outcomes is

not straightforwardand require further processing and analysis by clinical expgetti
Consequently, the use thiesedevices inthe routine clinical practice is limited and it is
mostly used for research purpose. In order to overcome fhetine last two decadesew
methods (e.g. markerless technig(@sutscher, 200(have been successfully implemented.
Wearable technology overcomes the limitatiohsettings and cosbffering an inexpensive,

and efficient manner of performing motion analysis in several heglihed applications,
outside the laboratorynertial wearable sensingTeng, 2008)(Bonato, 2010may be used

in in the motion analysis of neurological individuéBonato, 2009) These sensors, based on

a technique for measurirtge motion of an object without the need of an external reference,
are named Inertial MeasurementitdnIMUs) and are comgsed by different inertial sensor
technologies, including accelerometers, gyroscopes and magnetor@gtescopes provide

a measurement of the angular velocity applied to the object and thus an estimation of the
rotated angle and actual orientation if buitial reference is providedThough they are
usually based on the concept of measuring the Coriolis force, gyroscopes based on other

operating principles also exist (electronic, microepgckaged MEMS gyroscope devices,
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solid-state ring lasers, fiber tp gyroscopes, and the extremely sensitive quantum
gyroscope)They can be used for the measurement of the motion and posture of any human
body segmenfAyrulu-Erdem & Barshan, 2011jCatalfamo, Ghousgni, & Ewins, 2010)
(Tuncel, Altun, & Barshan, 2009%ince gyroscopes have different sources of dynamic drift,
the estimation ofthe orientation deteriorates with time. To correct these effects,
accelerometers @nrmagnetometers are added to the system through data fusion algorithms so
that external references are provided for drift correction.

Accelerometers are inertial sensors measuring the linear acceleration along their sensitive
axis. Their common operatigrrinciple is based on a mechanical sensing element consisting
of a proof mass attached to a mechanical suspension system. According to NewtonOs second
Law, under the influence of external accelerations the proof mass deflects from its neutral
position and,using the physical changes in the displacement of the proof mass, the
acceleration can be measured electrically. Three common types of accelerometers are
available, namely, piezoelectric, piezoresistive, differential capacitive accelerometers
(...berg, 2004 Mathie, 2004)

Magnetometersare usually based on the magnetoresistive effect. If a magnetic field is
applied, a Lorentz force proportional tb will deflect the current pathincreasingthe
resistance. Since the resistance change is proportional to the tilt angle in relation to the
magnetic field directiofGraham, 2004)magnetoresistive sensors can estimate changes in
the orientation of a body segment inatén to the magnetic North or the vertical axis in the

gait analysis(Dai, 1996) (OODonovan, 20Q7JChoi, 2008) providing information that
cannot be determige by accelerometers or the integration of gyroscope signals.
Accelerometers give a measure of the direction of the gravity vector, and magnetometers
provide measurements of the direction of the EarthOs magnetic field. With this technology,
IMUs are able to accately estimate their own orientation with respect to a fixed reference
frame formed by gravity and the EarthOs magnetic North vectors

IMUs have great potential for measurement of human movement in rehabilitation. They can

be usedfor kinematic measuremé (Mayagoitia, 2002) (Luinge, 2005)in ambulatory
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circumstancesMathie et al. (Mathie, 2004)reviewed the accelerometbased systems
applied to human movement, digjuishing between monitoring of specific movements (e.g.
gait, fall, sitto-stand transfer etc.), assessment of physical activity and classification of
movements. Godfrey et diGodfrey, 2008ompared all theechniques thahave been used
using accelerometers since the early 1990s to 2006 for human movement analysis. To obtain
more information on human kinematics, gyroscopes and magnetoresistive sensors have been
combined with accelerometers. Gyroscopes are usually usedasure the angular rate and
the jointsO range of motigiTong, 1999) (Coley, 2005) (Miyazaki, 1997) while the
magnetoresistive sensoprovide a additional referencemeasure for body orientation.
Recently, Altun et al(Altun, 2010)compared the different techniques of classifying human
activitiesusing wearable inertial and magnetic sensors.
Following MathieOs classificatidiM Us can beusedin rehabilitationto:
a) Monitor specific movementsuch gai{Tong, 1999)(Menz, 2003)(Sabatini, 2005)
(Tao, 2012) sitto-stand transfefNajafi, 2002) falls (Williams, 1998) (Doughty,
2000) (Bourke, 2007)(Wu, 2008 )
b) Measureandassess human motiofor clinical assessmerftWade, 2010)(Parnandi,
2010) (Mancini, 2010) (Palmerini) (Mancini, 2012) for tracking purposesLee,
2003) (Zhu, 2004) (Foxlin, 2005) (Zhou, 2008) (Guo, 2009) (Hussain, 2012)and
for treatment evaluatiofLorincz), (Jovanov, 2005)
c) Detectand classifyactivities (Aminian, 1999) (Najafi, 2003) (Bao, 2004) (Ravi,
2005) (Parkka, 2006)(Preece, 2009)Yang, 2010)
All these purposes are even more important for individaffiscted by neurodegenerative
disorders. An increasing interest toward inertial sensing has been recognized in measuring
mobility or walking impairment in neurological populatioriffearson, 2004)ncluding
persons with MS(Weikert, 2010) (Snook, 2009) For example, quantitative measures
coming from inertial unitsmay assist clinicians in assessing g@tlarian, 2004)and
evaluating the abovmentionedurning difficulties of PD subjects, especially in hotmesed

assessmenté@oonstra, 2008)(Salarian, 2007)Zampieriet al. has showd that theTimed
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Up and Gaest, extensively used to assess balance and mobility in motieisseere stage

PD, measured with the sole stopwatch was not sensitive enough to detect abnormalities in
earlyto-mid stage PD and used inertial sensors to mhketaést more reliabléZampieri,

2010)

In Chapter0 an application based on the usdMfJs for motor assessment of PD patients is

preented.

3.2.Virtual Reality in motor rehabilitation interventions

One of the main goals of motor rehabilitation is to increase the quantity and quality of
patientsO daily activities to improve their independent liisgentiafor motor recoverys a
taskoriented treatment characterized by intensdfgkpractice(ShumwayCook, 2007)and
increasing difficulty (Malouin, 2003) Consequently physical tkerapies usually request
patients toregularly executenovement patterns repetitively over extended periodeften

limiting their engagement and motivation in rehabilitati®Motivation is an important factor

in rehabilitation and is frequently used as a determinant of rehabilitationomg. In
particular, active engagement towards a treatment/training intervention is usually equated
with motivation, and passivity with lack of motivatio@olombo, 2007)VR is a relatively
recent approach in rehabilitatiowhich demads focus and attentionpdgreasing patientsO

motivation, and providethemwith a sense of achievemghiange, 2011)

3.2.1What is Virtual Reality
Coates in 1992 defined VRs OEelectronic simulations of environmen(& ) enabling the
end user to intact in realistic thregimensionalsituations.@Coates, 1992)To date,VR
refers to the use of interactive simulations created with computer hardware and software to
present users with opportunities engage themselves imwronments reproducing the real
world, (Weiss, 1998)Users interact with the environmenp&rforming actionsnside them
and/or moving and manipulating virtual objects, in a way that attempts to OimmerseO them
within the simulation. Immersion is an important concept and relates to the extent to which

the VR system succeeds in delivering an environment, which refocuses the userOs sensations

20



from the real to a virtual worl¢Slater, 1999)A semnd key concept of VR is the sense of
presence which characterizeghe userOmteraction withinthe VR environment Whereas
immersion is an objective measure referring to the VR platform, it does not immediately
correspond to the level of presence (whikibjective) VR environments may be delivered

to the user via several technologies that differ in the extent to which they are able to
OimmerseQhere is considerable evidence indicating that a high sense of presence may lead
to deeper emotionatesponse(Weiss, 2005) increased motivation and, in some cases,
enhanced performancéschuemie, 2001)To provide to the users augmented sensorial
feedback (discussed in paragregB.4) about their performance, helps to achieve a stronger
feeling of presenci the virtual world.

VR environments are usually experienced with the aid of special hardware and software for
input (transfer binformation from the user to the system) and output (transfer of information
from the system to the user). The selection of appropriate hardware is important since may
greatly influence the way users respond ¥Raenvironmeni{Rand, 2005)The output to the

user can be delivered lay§fferent modalities inelding visual, auditory, haptic, vestibular and
olfactory stimuli. Visual information is commonly displayed by Head Mounted Displays
(HMDsY), projection systems or flaticreens Sophisticated VR systems employ more than
specializedvisual displays, such asudio and haptfdisplay, engaging the user in the VR
environment. Other, less frequently used ways of making the virtual environment more life
like are by letting theiser stand on a platform capable of perturbations and thpretigling
vestibular stimuli such athe multisensory systel@AREN (Motek, Amsterdam Even less
frequentis the provision of olfactory feedback to addor to a virtual environmerfiVeiss,

2006).

! An HMD is composed of two small screens positioned at eye level within special goggles or a helmet. Thus
users view the virtual environment in very close proximity. Advanced HMDs even provide stereoscopic 3D
displays of the environment and usually are referred to as more immersive systems (Weiss P. K., 2005)

2 Haptic feedback enables users to experience the sensation of rmléhg the systems more immersive and
closer to the real world experien@&'eiss P. K., 2005)
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Equally important to achieving a realistic exeage within a virtual environment is the
ability of the user to navigate and manipulate objects within it. Thus the user must be able to
interact (directly or indirectly) with the environment via ingathnologies. One class of
input technologies may bewsidered as direct methods since users behave in a natural way,
and the system tracks their actions and responds accordingly. Geneaaking (discussed

in paragraph3.2.3 is achieved by using special sens@menvisual basedsystem} or by

visual tracking(visual baseadystem¥. A second class consists of indirect ways for users to
manipulate and navigateithin a virtual environment. These incle activation of computer
keyboard keys, a mouse or a joystick or even virtuatdms appearing as part of the
environmeni{Rand, 2005)

Beyondspecialized hardware, application software is also necessary. In recentGpéfars,
the-shelld Qeadyfor-clinical-us€d VR software has becomeommercially available
However, more frequently, special software development tools are required in ordsigio d

and code an interactive simulated environment that will achieve a desired rehabilitation goal.
In many cases, innovative intervention ideas may ertag#tomized programming to
construct a virtual environment from scratch, using traditional prograqrtdnguages
(Weiss,2005.

VR hardware, combined with virtual environments, provides engineers tools for designing
rehabilitation interventions customized on patients. When creating a specific VR application
for rehabilitation the clinician and technicédam face the challenge of choosing and
integrating the software and hardwar&ese decisions are made taking into account budget,
physical space, mobility of the system, patient population, complexity of the task with
respect to the patient population and the extent of immersion desired from the dgpstem.

Chapter5 a VR application for motor rehabilitatios de<ribed in detail.

3.2.2Virtual Neurorehabilitation
Virtual rehabilitation is the use of VR within rehabilitatit@urdea, 2002)It allows creating

environments for assessing and rehabilitating patients, where controlled pressnédition
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stimuli, motion traking and performance recordiagepossible(Rizzo & Kim, 2005)

The rationale for using VR in rehabilitation is based on a number of unique attributes of this
technology (Riva, 1999) (Schultheis, 2001) These include the opportunity for active
learning which ergages the participant in two or more cognitive and motor activities
simultaneouslyi(e., dual tasking)This involves and motivates the participghantovani,

2003) and enhances motor learning through problem solving andsieainaking. It has

been shown that people with impairments seem able to both learn motor skills in VR and
transfer the learnt abilities to their real I{fdolden, 2005)

In addition, VR allows to objectively quantifying changes and measuring behavior in
challenging but safe environments, while maintaining strict experimental control over
stimulus delivery and measureme(Rizzo, 2002 ) VR also offers thepossibility to
individualize treatmentandto standardizessessent andtraining protocolq{Weiss, 2005)

VR environments provide the opporttinfor repeated learningials and offer the capability

of gradually increasing the complexity of tasks while decreasing the support and feedback
provided by the therapi¢Bchultheis, 2001)Moreover,VR offers the opportunity to provide
multi-sensory feedback simultaneously in order to broaden usersO rehabilifdgon.
assumption is that, by displaying and augmenting the same informatiifferent sensest

is possible to increase the amount of knowledge availabparticipantsand consequently
assist their performancé&inally, the automated nature dééedbackdelivery during a VR
treatmentenables a therapist to focus on the provisibmaximum physical support when
needed withouteducingthe complexity of the task.

Among thedisadvantages factor that may limit the use of VR for patients is cybersickness,
which refers to side effects experienced by some users during and follexyingure to VR
environments(Kennedy, 1997) (Kennedy, 1996) Effects noted while using some VR
systems can include nausea, -sym@in and other ocular disturbances, postural instability,
headaches and drowsiness. Effects noted up to d@shafter using VR include
disorientation, flashbacks and disturbances in Beyel coordination and kece(Kennedy,

1997) (Stanney, 1998)Many of these effects appear to be caused by incongruities between
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information received from different sensory modali{leswis C. a., 1998)Other factors that

may influence the occurrence and severity of side effectsdeatharacteristics of the user

and the display, the userOs ability to control simulatettbns and interactivityith the task

via movement of the head, trunk or whole b¢dgwis C. a., 1998)

VR has successfully been usedassessment and rehabilitation of in the neuropsychological
and motor deficits in peoplaffected by neurologicaimpairments.Specifically, several
studies have been used VR application aiming to train balance and posture, gait, upper and
lower extremityfunction (Sveistrup, 2003)Bisson et al. measured attentidemands and
functional balance scores before and after a VR balance training programs with augmented
biofeedback, demonstrating an improvement of functional balant®umatic brain injury
survivors (Bisson, 2007) VR-based motor training for lower limb has shown encouraging
resultsin poststroke populationgLaver, 201}, such as improvements in gait spgédng

2006) (Yang 2008) (Walker, 2010)and stride lengthJaffe DL, 2004) (Mirelman A.,

2009) and in PD individuals(Mirelman A. M., 2011) For what concem the virtual
rehabilitation of the upper limkthe majority of the literature isaddressed tgoststroke
populatiors and has shown encouraging resiltevin, 2009)(Henderson, 2007)Holden,

2005)

3.2.3Motion tracking in virtual environments
In order to involve patients in thartual motor rehabilitation treatment, it is necessary to
immerse them into the simulation, reproducing their limbs movement itimealinside the
virtual environment. A god tracking of the head also contributes to enhance the sense of
presence in thesimulation, recording the head orientation and moving the virtual
environmentaccordingly(Baillot, 2001)
Features that are usually required tgand realtime tracking are the high accuracy, low
encumbrance, high robustness, low invasiveness (users should be unrestricted in their

mobility) and minimunlatency(Ribo, 2001)
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The existing human limb tracking systems &enclassified as newision based and visien

based systemd$\Nonvision based systesnuse inertial, mechanical and magnetic sensors to
collect movement signals. Magnetic tracking systems do not require much space but they
tend to have limited accuracy duerhagnetic field distortions caused by large metal objects
common o industrial environmentdnertial measurement systems can be used in many
circumstances without limitations (i.e. illumination, temperature, or space, etc.) and show
better performance in accuracy against mechanical seN§idrsthis sensor agpach, such

as used by lersensglnterSense Inc., Billerica, MA, USA)nterTrax2, a three degreef
freedom, inertial orientation tracker used to track pitch, roll and yaw movements, the user
wears a tracking device that transmits position and orientation data to the VR skiseem.
main drawback of using inertial sensors is that accumulating errors (or drift) can become
significant after a short period of tim€his issue igliscusedin detail in Chapted, while a
tracking methodology for VR based thre use of IMUSs described in Chdpr5.

In vision-based systemghe userOs motion is recorded by video cameras, where special
software processes the video image, extracts the userOs figutkdrbackground in real

time, and identifies any motion of the body. Unfortunately #pproachto human motion
tracking often involve intensive computations, such as temporal differencing, background
subtraction or occlusion handlit§en, Leo, Tan, & and Tham, 2011)

The Microsoft Kinect for Windows is a low cost sensor belonging to the visagad class

since it exploits an infrared (IR) structured light to calculate the distances between the IR
camera and points in thevdronment. It consists of three maionrmponents, such as IR laser
emitter, an IR camera, constituting the depth sensor, and an RGB camera. The inventors
describe the measurement of depth as a triangulation prgaessiman, 2010)The Kinect
sensor captures depth and color images simultaneously at a frame rate of up to 30 fps. In
Chapter7 an application using the Microsoft Kinect fordking gait and reproducing it in a

VR environments illustrated.

Remarkableimprovements have been achieved by using hybrid tracking systems, which

combine the strengths, eliminating the disadvantages, of complementary sensing systems
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(e.g. optical and inertial trackingrou, 1999) optical and magnetic trackinguer, 1999

(Baltadjieva, 2006)Behrman 1998)

3.2.4 Augmented feedback
Reliable sensory information and correct integration of sensory information are necessary for
motor control. In neurological impairments, and alsa astural consequence of ageing, this
information may kb inadequate and, consequently, the control results impéedza
2007)
OBiofeedback can be defined as the use of instrumentation to make covert physiological
processes more over(Buang, 2006) A sensory feedback, augmenting or substituting the
sen®ry movement information, gives to neurodegenerative patients the opportunity to
observe a physiological function otherwise not perceptible and regain the ability to better
assess different physiological responses and possibly to leaitoe&ifl of thos responses
(Hilgard, 1975)
During the learning process of a motor skill, feedback is the positive or negative response
that can inform the learner how well she/he performed the task. The term feedback can be
divided in two classes: the inherent (or iimsic) feedback and augmented (extrinsic)
feedback. Inherent feedback is the sensory information that tells the learner how well the task
was completeda basketball player will understand that he/she made a mistake when the ball
misses the hoop. In consta augmented feedback is information that supplements or
OaugmentsO the inherent feedback: for example, when a person is driving over the speed limit
and a beep sound is generated by the car. Although the car did not do any harm, the beep
gives augmentefitedback to the driver in to increase saf@ghmidt, 2008)
The augmented feedback can assuntegh numberof independent dimensions: it can be
concurrent or terminal, immediate or delayed, accumulated or distinct, verbal-we i,
An important category of the augmented feedback is the knowledge of resultsuii&t) is
defined terminal augmented feedkaabout the goal achieved and not about the movement

itself. In experimental studies, KR usually refers to a score or, in any case, to information
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provided over and above those sources of feedback that are naturally received when a
response is madédams,Response feedback and learning, 1968)

Knowledge of performance (KP) refers, instead, to information about the quality or
patterning of a movement. It may include information such as displacement, velocity or joint
motion. KP tends to be distinct fromtiimsic feedback and more useful in readrld tasks. It

is a strategy often employed by rehabilitation practitioffmstein, 1991)

In the next chapters several applications of augmented feedbaiokueld environments are

describedln particular, in Chapte8, a visual feedback tool for trunk contislpresented.
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4. Estimation of stride length using an IMU: a validation of the zero

velocity assumption

This chapter was written on the basis of the publishgidle @&stimation of stride
length in level walking usingn IMU attached to the foot: A validation of the zero velocity
assumption during stance{®eruzzi, Della Croce, Cereatti; Journal of Biomechanics

2011).

4.1. Introduction

WearablelMUs, including accelerometerand gyroscopes, allow measuring and tracking
human locomotionSabatini, 2005)(Yun X., 2007) along with the estimation of spatial
parameters (such as the stride length), both outdooroindod in non-controlled
environment and for prolonggaeriodsof time. Once estimated the IMU orientation in the
global reference framdéSabatini, 2005) (Schepers, 2007)linear displacements can be
obtained by double integrating the IMU linear coordinate acceleration in the global reference
frame and by removing the gravitational contribution from the accelerometer signals
However, the described procedure is complicated by éxe factors: (a) a drift commonly
present when integrating the accelerometer and gyroscope signals introducing an error in the
displacement estimations, which is nonlinearly related to the integratior{Dijnec, 2000)
(Thong, 2004) (b) the determination of the IMU orientation with respect to the global
reference frame from gyroscopic and accelerometer data is not (tieldman, 2007and

(c) in the integration othe coordinate accelerations an estimate of initial velocity needs to be
provided.

Exploiting the cyclical nature of gait typically reduces the detrimental effects of the drift.
This allows reduction of the interval of integratiome to a single gait cye but requires the
identification in the cycle of an instant of known velocity to be used as initial velocity in the

integration of the acceleration in the global reference frame.
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Despite the fact that during stance in level walking the foot rolls frarotiter edge to the
inner edggRodgers, 1988and the paths of movement of the forefoot and heel differ both in
shape and timéWinter, 1984) the velocity of the sensor placed on the different faad

shank locations is often set to zero at the beginning of the integration interval (zero velocity
assumptiofl (Veltink, 2003) (Sabatini, 2005)(Foxlin, 2005) (Yun X., 2007) (Schepers,
2007) (Ojeda, 2007) (Bamberg, 2008) (Feliz, 2009) (Li, 2010) (Mariani, 2010) In
particular, the foot velocity has been assumed to be zero: (a) throughout the stance phase
(Yun X., 2007) (b) during a portion of i{Sabatini, 2005)(Ojeda, 2007)r (c) only in a
specific instan{Li, 2010).

While the zero velocity detection issue has been recently st(ied), 2010and both drift
reduction and IMU orientation determination have been extensively st(\itihk, 2003)
(Foxlin, 2005) (Sabatini, 2005)(Ouinge, 2005)in literature there is no study analyzing the

validity of the zero velocity assumption.

4.2. Methods

This study aimed at determining the minimum velocity of progression of various points of
the foot and shank during the stance phase ofditeycle while walking at different speeds.
Such an analysis allowed estimation of the magnitude of the errors in determining the stride
length due to the zero velocity assumptioheTanalysis of other factors affecting the stride
length estimate, suchs accelerometer and gyroscope drifts and biases, IMU orientation
errors and identification of the time epochs when the inertial sensors are not moving, was
beyond the scope of this study.

Twenty subjects (9 femaleage 35.9 + 8ears h 168 £ 9 cm), wit no history of major
injuries or gross lower limb musculoskeletal abnormalities, were enrolled.

Eight retroreflective markers (14 mm) were placed on selected locations of the right foot and
shank (Fig. 1)reproducing the IMU placements adopted in vagistudieqSabatini, 2005)
(Schepers, 2007)Ojeda, 2007)(Li, 2010). Subjects were asked to walk at three different

self-selectedspeeds (slow, comfortable and fast) wearing sneaker shoes.
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Figure 3 Marker locations for the right foot and shank and the global reference frame.

For three trials at each speed, marker positions were reconstructed using a stereo
photogrammetric system (sbamera Vicon T20, 2Mpixel). The frame rate was set to 100
frames/s to preserve signal powAntonsson, 1985)The neasurement volume was a 1.5 m
sided cube. The global reference frame was formed by a vertical axis (V), by an antero
posterior axis (AP) coincident with the direction of progression of gait and an axis
perpendicular to the V and AP ax&sdgure3) The beginning and the end of the stance phase
were identified, setting a threshold of 5 N to the vertical component of the ground reaction
force measured with a-¢hannel foce platform (AMTI). For each trial, gait speed (s), gait
cycle duration (T) and stride length (SL) were determined from marker positions. Trials were
then reorganized in three equally populated groups {stmmf, fast) based on the s values.

The velocity of markers along APv() was estimated by applying a finite difference
calculation of the relevant coordinates. At the times when the number of cameras used for
reconstructing marker position changed due to loss/gain of marker visibility, abtifipiah

marker velocity changes were observed. To remove such outliers, for each marker, at any
instant!;, ! (!;) was considered reliable only if both the differended,)! !!!,,,!| and

'ty ) ! I were smaller than 0.005 m/s (0.015 nofsthe shank markers).

The accuracy of estimates was assessed from the acquisition of a still marker positioned on
the ground.

For each trial and each marker the minimum AP velocity during stdnge)(and the

relevant instant of occurrence, ex@es as percentage of the stance phtse (, ), were
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determined. Wherv reached negative numbets,;, was set to zero and the relevant
", was setto the instant of zero crossing. For each walking speed group, the average of
thell . | lvalues (4 ) and the average of thie, ., values [",,,, ) along with their
standard deviations"() were computed for all markers.

From noisefree coordinate acceleration data, SL camlétermined by double integrating the

AP coadinate acceleratioh!!! over! :

N RTG I
wherev, is the AP velocity at the beginning of the integration interval. Under the zero
velocity assumption, the stride length estimdte J is obtained when the integration interval
begins at an instant whén=0. To quantify the influence of the zero velocity assumption on
the!" estimation), was set equal to tHe.; value found for each trial, a stride length
estimate (' ') was obtained and the stride length estimation etrpwés calculated as the
difference betweeHl , andSL' (1 ! 11" (1" 1 1L, 1),
The average percent errdi) was computed for each marker and for each walking speed

group as follows:

Plew 'y ! !
ot !:_!Zi!! ,#I -pml ;—!ZE:! ﬁ' "
where! represents the number of trials included in each walking speed group.

4.3.Results

The error in estimating the AP velocity of a still marker was lower than 0.002 m/s.

Stride duration s  Stride Lenght mm  Gait speed mm/s

slows 1.3(0.2) 1122 (118) 846 (106)
comf, 1.1 (0.2) 1300 (165) 1164 (99)
fast, 0.9 (0.2) 1324 (345) 1576 (192)

Table 1 Average and sd values of stride duration (T), stride length (SL) and gadipeed (s) for
each walking speed group (N=20).

Gait trials were reorganized in three equally populated groups (60 trials per group) based on

the effective! value (slowg, !' ! ! m/s; com§ ! ! 11 1l mfs; fasg, ! | 'lIl m/s).

31



Average values of gait speesfride length and stride duration and relevantor each
walking speed group are reportedTiable 1.

Minimum velocityT-; , percentage errofs and their! are reprted for each marker and
for each walking speed groupfigure4aand b, respectively. For each marker and for each

walking speed groug,P, ., values and” are reported ifrigure5.
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Figure 4 Average and sd of the minimum velocity' ,,» (2) and of the percent stride length
error ey, (b) for each marker location and speed group.
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Figure 5 Average and sl of the instant of minimum velocity" .i,, expressed as percentage o
the stance phase SP%y, for each marker location and speed group.

4.4.Discussion

To determie the stride length in level walking with an IMU positioned on the foot (or the
shank) a doubleintegration of the IMUOs coordinate acceleration is needed and,
consequently, a velocity value at the beginning of the integration interval must be specified.

In this context, velocities of foot and shank have been assumed, with no exception, to be
equalto zero sometimes during the stance phase regardless of the sensor location and the gait
speed. In this study, the validity of such assumption was tested by evaluating its isolated
effects on stride length estimation for various IMU positions. Results eshown average,

that none of the tested points on foot and shank had zero velocity at any time during stance.
However, the high" values observed for some tested points indicate the high sensitivity of
I to minor changes in foot contact mechaniEke minimum velocity of the foot points

was always lower than that of the shank but still lar§eg (< 0.011 m/s) than the estimate

of velocity of a still marker!(! 10.002 m/s).

For foot points, the zero velocity assumption applied to-diifte coordinate acceleration

data introduces an average stride length underestimation errorQ@%a. For a shank point

(0.03 m above the ankle joint) the; value resulted to be up to 0.049 m/s, causing stride

length underestimation errors up 48.3% For all locations analyzedly; resulted to be
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dependent on gait speed. These results are consistent with the representation of the foot
during stance as a deformable rolling body for which an increase of the gait speed would
presumably cause an m@ase of the angular velocity. Since none of the observed points were

in contact with the ground during stance, their AP velocity is expected to increase as the gait
speed increases.

Higher gait speeds resulted also in larger stride length values andsimmnee durations. As

a consequence, the increase of the stride length estimatiori,€mloie to the increase of the
minimum velocity was partially counterbalanced by the decrease of the stance duration and
by the increase of the stride length.

The instat of occurrence of the minimum velocity’ ( ., ) ranged between 31% (CA2)

and 57% (TOE) of the stance phase duration and no dependency on gait speed was observed,
except for the TOE point.

In conclusion, the results of the study suggest that IVt is positioned on the calcaneus

(CA1) or on the lateral aspect of the réawt (CA2) the influence of the error in estimating

the stride length, associated with the zero velocity assumption, is minimized since during
stance these points showed (a) aimum velocity, (b) a limited dependency on gait speed

and (c) a limited timg variability. Overall the assumption that the velocity of the IMU can

be set to zero at some point during stance may be acceptable if the IMU is attached to the

foot, whereas itnay cause critical errors if it is attached to the shank
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5. Virtual reality and inertial sensing in motor training: application

to multiple sclerosis

This chapter was written on the basis of a preliminary study of VR+TM training for
MS patientsThe results of the study have been divided in three articles. The first of them is
OFeasibility and acceptance ofvértual reality, treadmill and wearable inertial sensors
system for gait training of individuals with Multiple Scleros{®@ruzzi, Ceredit Mirelman,

Della Croce) and has been submitted to IEEE Transactions on Neural Systems and
Rehabilitation. The second article is about the effectiveness of this kind of gait intervention
on MS patients and will be submitted to the Journal of NeuroEngsgeand Rehabilitation.

The third article will be on theutcomes ofmobr and cognitive testswhose choice and
analysis has been performed by the cliniciaf® collaborate with my group. The methods

and results will be reported for a complete overviathe study.

5.1.Introduction

Many of he common motoimpairmentsof MS could lead to gait disturbances and difficulty

in walking (Swinnen, 2012) About 85% of patients with MS develop gait problems
(Armutlu, 2001) Individuals with MS frequently show, compared with the healthy controls,
a greater variability in lower limb kinematics during gait, reduced stride length and walking
speed, prolonged double limb support tif@eenshaw, 2006YMartin, 2006) Approximately

75% of individuals with MS experiences mobility proble¢8svingler, 1992)(Lord, 1998)

such as a reduced walking abil{ffhoumie, 2005)Moreover, about the 55% of individuals
with MS identify fatigue, and, consequently, functional walking endurance, as one of the
major symptoms affecting their mobiliffFisk, 1994) Additionally gait impairments can lead
also to an increased risk of fallingattaneo, 2002)lt is therefore importanto develop
effective rehabilitation interventions to address dladtlanceand endurance in individuals
with MS. As mentionedin paragraph2.3.1 conventionaltherap@tic interventions for

patients with MS usually includmusclestrengthening exercises, gait and balance control
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techniques(OOSullivan, 1988Different studies have compared the effectiveness of task
oriented interventions to facilitation approaches to improve walking ability atehde in
individuals with MS(Lord, 1998) (Wiles, 2001) Both methods have shown to improve
functional mobility, walking speed and balance, demonstrating no significant differences in
effectivenesbetween the two methods.

Locomotortraining using a BWS and TM system is a tasiented intervention that has
shown to improve walking ability in individuals who have experienced neurological injuries
such as spinal cord injuifrield-Fote, 2001)(Behrman 2005) PD (Mehrholz, 2010)stroke
(Laufer, 2001) (Nilsson, 2001) (Sullivan, 2002)and MS (Swinnen 2012) This training
modality allows for repetitive trainingf locomotionthroughout a complete gait cycle
Althoughtraining of locomotioncombined with the use of VRas shown promising results

on neurdogical populations (Paragsh 3.2.2 to my knowledge, only a singlease study on

MS has been found in literature. Fulk et el a BWS system and TM for tiaing gait
combined with a VRoasedsystem for balance purpog€ulk, 2005) suggesting that a
rehabilitation intervention combining the use of TM and VR were appropoateprove
walking, balance, and endurance outcowesnindividual with MS

Cognitive impa@ments are also common (4365%) in MS (Rao, 1991) often associated
with depression(Arnett, 2008) Specifically the main cognitive affected areas include
memory, executive functions and attenti@hiaravalloti, 2008) In a recent caseontrol

study (Hamilton F, 2009)in MS, interaction betweerwalking and attention has been
investigated.Compared to healthy controls, MS subjects demonstrated slower speed and
elevated swing time variability in gait performance under a dual task condsioce daily

life is often characterized by walking withcancurrent cognitive task, a treatment of gait in
MS should incorporate motor as well as cognitive training, in order to optimally enhance
mobility in dual tasking and reduce fall risk, with a consequent improvement on quality of
life. It is our hypothesighat a rehabilitation intervention combining TM training and VR will

produce changes in gait aaddurancef MS individuals.
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Moreover, the success of a rehabilitation intervention relies on the patientOs engagement,
motivation and satisfactiofLewis, 2QL1) (Jovanov, 2005)VR-based rehabilitation tools
applied to upper extremity training of pestoke patients have shown a high level of
acceptance. Camed et al.(Cameir<o, 2010used a questionnaire to assess the usability and
acceptance of a VRased neurorehabilitation system for controlling two virtual limbs in
individualized tracking tasks. They evaluated the enjoyment in performing the task, the
understanding and ease of ttask and the subjective performance. Similar questionnaires
have been sed to assess enjoyments and level of challenge during VR training as well as
selfconfidence and demonstrated high levels of satisfaction of these sytwnis, 2011)
(Schwickert, 2011) Numerous studies underlined the importance of motivation and
participation of patients involved in \Based training. Zimmerli and colleagu@smmerli,
2009)showed that augmented feedbagpkléacations for gait training (a VR environment and

a Lokomat- Hocoma, AG, Switzerland)increased the subjectOs motivation and activity
level. In a second work they showed that the presence of a virtual opponent in a VR
environment produced higher paipiation and enjoyment of children with gait impairment
(Koenig, 2008) (BrYtsch, 2010)In Girone et al.,(Girone, 2000)subjects with ankle
disorders responded favorgblo a training combining a VR environment with an ankle
rehabilitation device. Ease of use of the device and perceptibmitdd fatigue during the
training resulted in high acceptance and satisfa¢fmutsch, 2001)(Deutsch, 200%.

The first aim of this study was tmiild a VR sysém using wearable inertial sensargl a VR
environmentfor gait training on TM.The second aimvasto assess the acceptance and the
feasibility of usingthe VR-based gait training approacbombining motor and cognitive
aspectsfor patients with MSFinally, the last aim was demonstrate the efficacyhef 6

weeks gait interventiowith TM and VR in patients with MS, evaluating possible gains over

ground immediately after the end of the tiag period.
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5.2.Methods

5.2.1Experimental setup
The following equipment was used to administer the proposed gait training program: a
conventional TM, a BWS, three IMU (MTx Xsens, Enschede, The Netherlands) and a Head
Mounted Display (HMD- Z800 Emagin, BellevueWA, USA) D or alternatively a large
screen. The TM allowed controlling the patientOs walking speed. Patients wore the harness to
guarantee a safe experimental setup. The HMD was used to deliver the specifically designed
VR environment. Two IMUs were attaeth to the patient shoes and the data recorded during
the walking trails were used to generate in real time, the motion of a pair of shoes in the VR
environment. An additional IMU was placed on the patientOs head to monitor its rotation in

the horizontal @ne.

5.2.2VR environment

Figure 6 (a) A screen shot of the VR environment: a tre¢ined road presenting obstacles and road
bifurcations. The movement of the shoes reproduces in real time the patientOs feet movement. (b
positive visual feedback (green circle) is returned when the patiésuccessfully passed an obstacle (:
log) and (c) a negative visual feedback (red circle) is returned when the patient unsuccessful
negotiated an obstacle (a puddle). (d) A bifurcation as seen by the patient: the road sign shows t
directions. The patient chooses a direction by turning her/his head towards it. The head rotation is
captured by an IMU and a blinking arrow appears pointing at the selected direction just prior to the
turn.
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The software platform implementing the VR environment was baseBytmon (Python

v2.4). The data extracted from the IMUs were streamed in real time into the VR environment
at the sampling rate of 50 Hz. The VR environment was generated with the Vizard software
(WorldViz, Santa Barbara, CA, USA)

The VR environment coisted in a tredined road presenting obstacles (puddles and logs).

In addition, to evaluatelecisionmaking attention and problem solving, road bifurcations
featuring street signs indicating both the-pssigned destination and alternative destinations
were included. As visual feedback, the subject could see her/his shoes while walking along
the trial Figure6a).

While walking on the TM, when virtually approachiag obstacle, the patient was expected

to negotiate the obstacle without colliding with it. This required motor abilities as well as
cognitive function, specifically planning and information processing.

Environmental changes were also introduced as distsaén order to challenge divided
attenton. These included different modalities in the form of auditory (chirping birds, barking
dogs, ambulance sirens, etc.) and visual stimuli (change in weather conditions or animals and
vehicles crossing the walkway).

The VR environment had five levels of complexity. These were determined by the number of
bifurcations, density of trees and road width. The trainer could set size, position and
frequency of the obstacles in the walkway, according to the subjectOs ne@ism®te

motor learning, visual and auditory feedbacks were provided upon success or failure
(Schultheis, 2001)Fung,2004) (Levin, 2010) A KR, expressed as the amount of passed
obstacles, washewn on the display at the end of the training trial reflecting knowledge of
results.

Gait replication

The identification of gait cycles was obtained from IMU pitch angle data: heel strikes and the
toe off corresponded to IMU pitch angle minima and maxialaes, respectivelfFigure7).

The pitch angle data were used to reproduce the patientOs shoes movement in the VR

environment, which was made to move towardgh#ent's point of view depending on the
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TM speed. The veloty of the patientOs shoes in the VR environment during the swing phase
I'w lwas set under the assumption that when walking on atfidédistance traversed during

the stance phadd - lis equal to the distance traversed during swing :

[ [ [T
| TR T S T WA

TSWR e T e T T !
Where! |« is the TM speed! !+ lis the duration of the swing phase, whizhs assumetb
be equal to the difference between the mean stride!tl(oalculated over the previous 5
cycleg and the current stance phase tine ! |«

a) Stance b) Toe off c) Heel strike
pitch angle reference pitch angle maximum pitch angle minimum

Figure 7 Gait cycles were identified from IMU pitch angle data: heel strikes and toe off instants
corresponded to the instants of pitch angle minima and maxima, respectively. The gray solid lin
represents the longitudinal axis of the IMU, whereas the black dottetine represents the pitch angle
reference of the IMU defined by the foot flat on the ground
Therefore, to replicate gait in the VR, a shoe was made to move forward when a maximum
pitch value was detected and backward when a minimum pitch value veatedetherefore

traversing a forward distance equal to! ! » during swing and a distance equal to !"

during the stance phade.,- and! !+ are defined as:

Obstacles and bifurcations

Obstacleqpuddles or logs) along the walkway appeared at variable intervals of time, while
their number, size and orientation were adjusted by the trainer on -byttidhl basis.
Patients had to raise their foot, when encountering a log, and lentjbienstep, when

encountering a puddle. In both cases the duration of the swingMameised as an indirect
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measurement fadiscriminating successful tasks and an audio/visual feedback was generated
(Figure6b and c).

When in the proximity of a bifurcation, patients were insted to express the chosen
destination by turning their head accordingly. A blinking arrow pointing at the chosen
direction, identified from theecording of the head mounted IMU, appeared just before
encountering the bifurcation to allow a direction change if nedeigdre6d).

If successful, a positive auwglvisual feedback was provided immediately after the turn.

5.2.3.Study design and participants
This study used a repeated measures desigrtrginéng B Pre, postraining b Post, and
follow-up at 4 week®F-Up), evaluating gait during single (ST) and duakt@3T) after a 6
week intervention using TM with VR in a single group of patients with MS.
Ten subjects affected by Relapsing Remitting type of &d¢Sording to McDonaldt al.'s
criteria (McDonald, 2001)were recruited fronthe Operative Unit of Neurology unit at the
Sassari University Hospital amghrticipated in this feasibility stud{® femalesmean age:
443 + 8.1years) Patients had aBxpanded Disability Status Scal&DSS(Kurtzke, 1983)
score between 3 and 6 and an Ambulation Ind&k (Rose, 2006)between 3 and 5. They
had adequate cognitive ability to participate in the studyli(d-Mental Sate Examinationb
MMSE (Folstein, 1975) score of 24 or above), and had stable medical conditions with no
relapses in the last 6 months prior to the study. Exclusion criteria included serious chronic
medical illneses (e.g., orthopedic, psychiatric or neurological) and severe visual sigficit
depression. All participants provided an informed written consent prior to the beginning of

the study.

5.2.4Rehabilitation intervention
The VR environment required the participants to walk on a TM while processing multiple
stimuli simultaneously and makindecisions about obstacle negotiatidthese decisions
weremade more difficult by a memory task, by distractarthe simulatiorto challenge the

divided attentiorand by adjustment of the frequency and size of the virtual obstacles.
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The intervention lastedix weeks (with two sessions per week for a total of 12 sessions).
Training progression was based on an earlier study protocol of intensive progressive
individualized TM training with VR in patients with P@Mirelman, 2011) In both studies,
participants walked on the TM with a safety harness that prevented falls but did not provide
BWS. The subjects were required to lift their legs high enough and far enough to pass the

virtual obstacles. Sessions consisted of three trials of t@inutes of walking followed by five

minutes of rest, for a total time of about 45 minutes (30 minutes of training and 15 minutes of
resting). The Borg Rating Scale of Perceived Exeroaleb Borg Scale(Borg, 1982)was
administered at the beginning and end of each session to assess and monitor the level of

exertion andatigue.

. Difficult Hand . Number of
Week Goal Session Speed y Distracters | , . :
level support bifurcations
1 Familiarization 1 1.5/2.0 km/h . 1
and adaptation 2 80%
i 3
2 Increasing motor 90% 2 None 2
load 4
3 Increasing 100%
cognitive load 6 3 3
Increasing both 7
4 motor . Easy
and cognitive load 8 110%
9 4 4
5 Improve balance Medium
10 1
11 120%
6 Reach to the 5 Hard 5
maximal potential 12 0

Table 2 Training progression milestones per week and setting ranges.

The VR training allows for an individual progressioutline, whichwould fit each patient

and their specific abilities and difficulties, and would be based on their performance during
previous trials and sessionn.order to keep a standardized training progfamall patients,
general progression should be kept withiie setting ranges framework and according to
specific weekly goal§Table 3. The patientOs balance during training could be challenged by
asking her/him to remove one or both hands from the handrail. The level of complexity of the

VR environment was raed when the trainer considered the patient ready for a more intensive
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cognitive taskDuring the first session the TM speed was sdbwatvalues in order to let

people to familiarize with the training. In the second session TM speed wa®6@ét &wer

than thepatients oveground walking spee{Brooks, 2003)In the following sessionshé

TM speed was adjusted based on the fatigue, the balance and the VR complexitpAlsvels.

orientation, size, frequency of appearance]d ahape of the obstaclegere manipulated

according to individual needsrying tofollow the guidelines for training progressjomhich

gas beerdesigned to achieve a success rate of 80% in clearing the obstacles to promote

engagement and motor learnifggedback was given to the participant in multiple ways

includingthe scoring on the obstacle avoidance tasks and auditory and visual feedhack abo

the motor and the cognitive performance.

5.2.50utcomes
Evaluationof the VRbased systeniThe VRbased system, including hardware and VR
environment, has beerssesad in terms of usabilitye@ase of usand safetyof the system,
accuracyof the userOs task)
Evaluation of setup and administration of the gait training progrdine setup and the
proposed training program were evaluated in terms of feasibility and acceptance.
! Feasibility: a) number of patients completing the training program, b) number of
unexpected events or accidents during the training, c) number of system crashes, d)
number of uncompleted trials, €) TM speed progression associated to the fatigue, balance
challenge and VR environment complexity levels.
Acceptance: a questionnaire basedpoevious studie§Cameir«o, 2010)(Chang, Chen,
& Huang, 2011) (Zimmerli, 2009) (Girone, 2000) (Deutsch, 2001was administered
(Table 7). The questionnaire included aspects such as the ease and understanding of the
task (statements-4), attitudes relating to the techogly (statements-3), the subjective
performance (statement-1®) and enjoyment from the training (statementsl4)l
Responses were recorded usingpoft Likert scale with Ostrongly disagreeO, rated as a

1, to Ostnogly agreeO, rated as 5.
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| Gait analyss- Patients were asked to walk osgnound in the gait analysis laboratory
under two conditions: 1) comfortable speed (ST), 2) while serially subtracting 3 from a
pre - defined number (DT)A stereephotogrammetric system (stamera Vicon T20,
frame ratel00 frames/s)two force platforms (AMTI OR&, frame rate 1000 frames/s)
and the Vicon Plugn Gait marker set have been used to asspasial temporal gait

parameters, low limb joint kinematics and kinetics (dyitasin

Parameter Gait cycle phase

Ankle Flexion Angle Min deg Double support
Ankle Flexion Angle Max de¢ Single support

Ankle Flexion Angle Min deg Swing
. . Knee Flexion Angle Max de¢ Double support
Kinematics . .
Knee Flexion Angle Min deg Stance
Knee Flexion Angle Max dec Swing
Hip Flexion Angle Max deg  Double support
Hip Flexion Angle Min deg  Single support
Ankle Moment Max Nm/Kg Terminal Stance
Dynamics Hip Moment Min Nm/Kg Terminal Stance
Ankle Power Max W/Kg Toe-Off
Ankle Power Min W/Kg Single Support
Hip Power MaxXW/Kg Swing

Gait speed mean m/s -

Spatial-temporal Stride length mean m -

Table 3 List of the analyzed parameters.

In Table3 all the analyzed paragters hae been reportedlhreetrials were evaluated for
each condition. Since some of the patients exhibited bilateral impairfiafiie 4) both
data regarding themost and the lessfatted side has been reported.
Endurance The Sixminute walk test (6MWTpassessed endurance measured as the total
distance walked in six minutg8rooks, 2003) In this measure of walking endurance,
subjecs were instructed to cover as much distance as possible.

I Disease severity of MSwill be measured using EDSS.

I Cognition Standardizeatognitive tests will be used to assess executive function, visual

processing and attention. These tests a) theMontreal Cognitive AssessmefMOCA)



to assess several cognitive domaiNssreddine, 2005); b) theTrail Making Test (TMT)
to evaluate visual search speed, scanning, speed of processing, mental flexibility, as well
as executie functioning(Tombaugh, 2004{Tombaugh, 2004)c) the Stroop ColewWord
Test(STROOP§ to measuraselective attentiorcognitive flexibility ard processing speed,
and it is used as a tool in the evaluatiorexécutive functiongHowieson, 2004)d)
frontal assessment battery (FAB)hich includes simple tests of sequencibghavioral
inhibition, planning and frontal release signs, can be used as a screening test to elicit
typical neurological and cognitive featuréBubois & Slachesky, 2000) e) Serial
Subtraction Dual TasKSSDT) performance. Subjects will be asked to walk while
systematically subtracting three fromtlaeedigit number. Performanci DT will be
measured by the number of subtractions achi€mgdandthe nunber of mistakesnade

(ern).

I Dynamic Stability a) The Timed UgndGo (TUG) test to assess the ability to perform
sequence movements of functional mobi(iBodsiadlo, 1991)Patients are timed as they
stand up from a standadtair, walk a distance & meters at a normal pace, turn, walk
back and sit down; byhe Four Square Step Test (FSST), a measure for dynamic balance
involving stepping over low objects and movement in four directiander time
constraints has been usetbb assess overground olsdta negotiation and fall risk
(Blennerhassett, 2008)he time to complete the test is used as performance metric.

| Berg Balance ScalBBS)- To assess balanao@erg, 1995) It consists of 14 different
balance tasks such as standing, reaching, bendingiramsferring abilities, and has an

overall score range from O (severely impaired) to 56 points (excellent). Although

3 The TMT includes two versionf the TMT A the targets are numbers and the test taker needs to connect them
in sequential order, while, in the TMT B, the subject alternates between numbers and letters (1, A, 2, B, etc.). The
goal of the test is for the subject is to finish the pa@ndl part B as quickly as possible; the time taken to
complete the test is used as the primary performance metric

4 The STROOPcontains a word page (the names of colors printed in black ink), a color page (rows of X's printed
in colored ink) and a wordolor page (the words from the first page are printed in the colors from the second

page. The subject's task is to look at each sheet and move down the columns, reading words or naming the ink

colors as quickly as possible, within a given time limit (45 sdspnThree scores, as well as an interference

score, are generated using the number of items completed on each page, with higher scores reflecting better

performance and less interference on reading ability
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primarily used with geriatric clients and individuals with stroke, the BBS is a valid
measure of balance for individuals with MS.
I The BeckDepression InventoryBDI) - is widely used to assess emotional wellbeing

(Beck, 1974)

5.2.6.Statistical analysis
Cognitive and motor (dynamic stability and balanam)tcomes DBI, endurance, matiat
temporal parameters, kinematicsdadynamics of hip, knee and ankle were analyzed and
descriptive statistics we calculated. Changes between Pre and Postlaaigesbetween
Pre and FUp were analyzed using the Wilcoxon Signed Ranks test with a significance level
of 0.05. The EDSS measments at FollowJp were compared to those at baseline using the
Wilcoxon Sigred Ranks with a significance level of 0.05. All the statistical analyses were

performed using SPSS (version 21).

5.3.Results
None of the subjects had a relapse within the period nobllment. A summary of

demographic and baseline gait characteristics of the study population is shbabiert.

Disease| . . .
q
PatientAgelGenderDuration EDShAm-buIatlon DistanceGait SIC)eecMMSE Clinical
Pre index |Pre [m]|Pre [m/s]
[years]
POl |40| F 17 5 3 403 11 29 moderate cerebellar ataxia

left hemiparesis
moderate cerebellar and proprioceptive right a|
P02 |60 F 17 5.5 4 270 0.8 30 very mild right hemiparesis
antereposterior bilateral knee instability
mild cerebellar ataxia

P03 |38| F 5 35 3 249 0.7 28 ) )
left hemiparesis
po4 |43] F 5 4 3 3218 0.9 29 mild proprlocgptlve gtaxm
right hemiparesis
PO5 |34| F 5 6 5 212 0.6 29 cerebellar andl proprl.oceptlve. ataxia
double hemiparesis left > right
Po6 |50| F 18 4 3 391.6 11 30 ataxia mild tomoderate proprioceptive

mild right hemiparesis

proprioceptive ataxia

P07 (42| F 11 6 4 187.6 0.5 27 double hemiparesis left>right

very anxious depressive syndrome

cerebellar and proprioceptive ataxia
double hemiparesis leftight

P08 (48| M 15 4.5 3 372 1.0 22

Table 4 Participants characteristics.
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Half of patients were bilaterally impaired (five of them have the left as the most affected
side). Only one subject used an assistive device (crutches) for gait. During the study,
participants did not receive concurrent physiotherapy. All subjects tolerated the training
sessions well, and no incidences of falling occurdedthe initial training sesens, all

patients walked clinging to the handrails with reduced TM speed, and were impaihed in
negotiationof obstacles. However, during the training they learned to walk under multi
modal conditions and to divide their attention within the VR enviemmDuring the initial
session, indeed, TM speed was 0.53 m/s and patients had a mean of 18% errors in negotiating
the virtual obstacles (as a percent of the total obstacles in the session). In the last session, five
of eight patients walked without tlidgiand on the handrails, the TM speed was 0.81 m/s and

the mean error percent increased to 67%. The mean value of the EDSS improved

significantly from 4.8 in Pre to 4.3 inBp (p = 0.04).

5.3.1Evaluation of the VR-based system
The VR based rehabilitation syste was built according to the requirements of the
rehabilitation protocol and tested during -avéeksgait interventiorwith TM in patients with
MS. No crashes and adverse events or complications occurred during the entire training period.
The evaluation fothe timing performance of the \&/stem was also performed and the latency
between the real movement and the virtual output in the environment was lower than 100
milliseconds. The speed inside the VR environment was constant and set égualvudile
the subject inevitability moved on the TM in medideral direction, introducing a variability
that was not reported in the VR environment. Moreover, similar consideratigasd gait,
which was reproduced, as described in the methods section, acctdimaxima and minima
pitch values. Finally, a consideration should be made on the unrealistic view of the subject of
her/his shoes. Nevertheless, none of these discrepancies have been reported by subjects, who
perceived the environment as plausible. &djefour of them became familiar with the VR
environment after the first session, while the remaining, needed an extended acclimation time

(two more sessions), probably due to the lack of experience in video gaming.
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5.3.2Evaluation of setup and administration d the gait training program
Feasibility
All patientscompleted the training, except for twdo dropped ougfter the first sessiofor
personal reasons
TM speed progression for all training sessions and for all patients is repofiabl®5. The
table also reports the VR environment complexity levels and the training sessions carried out

without using the handrails.

™ Session no.

speed

km/h 1 2 3 4 5 6 7 8 9 10 1 | 12
1/20 |28 |28 28 28 26 26 26 4
2|20 |20 |21 (23 |26 (26 (26 8 8 8 8

s |3/20 |20 |20 (21 (3.0 8 0 0 0

o [4]20 |25 |26 29 47 3.4

% 5(1.5 |17 |18 |22 8 3 8

& |6|20 |31 31 (31 34 6 0 0
7|20 |15 |17 18 25 (26 8 8 8 8
8(2.0 |20 |23 |25 (29 (29 0 0

COMPLEXITY LEVEL

I

Table 5 Progression of the TM speed across the training sessions. The asterisks indicate trials i

which patients took off one (*) or both (**) hands from the handrails. The gray tone of the cells

indicates the complexity level. Bold numbers highlight the occasis when the trainer decided to

lower the TM speed (when starting a higher level of complexity, or asking to remove hands from

handrails or when fatigue increase was assessed as excessive.

Table 6 reports the mean (and standard deviation) oBthrg Scale scores at the beginning of each

training session (§ and their increments at the end of the training sedBiBaR;-B,) averaged wer

patients Thepercentage of uncompleted trials due to fatigue in each training session is also reported.

Session no.
mean (std)| 1 2 3 4 5 6 7 8 9 10 11 12
Bo 8(3) 8(2) 8(2) 8(3) 8(2) 9(3) 8(3) 8(3) 9(3) 9(3 8(2) 93
#B 7(3) 5(2) 4(2) 3(2) 4(3) 3(2) 4(3) 3(3) 2(2) 3(3) 3(2 3(3

% incompletg

21 0 8 4 4 8 0 4 4 4 0 O

Table 6 Average and standard deviation over subjects of the Borg Scale score at the beginning

training sessions (BO) and difference between Borg Scale scores at the end (Bf) and at the beginning

each training session (DB = Bf BO0). In the last row of the &ble the percentage of the incomplete

trials due to fatigue is reported for each training session.
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Acceptane
Table 7 reports the results of the satisfaction questionnaire. The number of patients who

provided the same score to each of the statements is reported in the last columns of the table.

Statement/Score 1 2 3 4 5
1. | had no trouble understanding what to do in the training - 1 1 1 5
2. Itwas easy for me to learn how to move my feet and the head inthe} 1 - 3 1 3
3. Itwas easy for me to learn how to pass the obstacles 1 - 3 1 3
4. The visualand the audio feedbacks were helpful - - - - 8
5. Wearing the HMD was comfortable - - - 3 5
6. Wearing the IMUs was comfortable - - - 1 7
7. Wearing the harness was comfortable - - - 1 7
8. The exercise was simple 3 2 3 - -
9. The exercise was not tiring 1 2 1 2 2
10. I made few mistakes - - 3 3 2
11.1 have noticed some improvements in my daily life performing the training | 1 - 3 1 3
12.1 enjoyed the training 1 - - 1 6
13. Participating to the training was important for me - - 1 2 5
14.1 would like to participate to the training again 1 - 1 1 5

Table 7 The administered questionnaire with the responses given by the patients. The questionnaire
includes statements regarding the understanding of the task, the acceptance of the technology, th
subjective performance and the enjoinment of the training. PatietsO responses were recorded using a

5-point Likert scale from Ostrongly disagreeO, rated as a 1, to Ostrongly agreeO, rated as 5.

5.3.3.Gait analysis
Since a patient could not walk autonomously during the gait assessment, eight (N=8) subjects
were considered inthe analysis of the lower limb kinematics and spdgaiporal
parameters, while seven (N=7) for the dynamics.
Gait in single task
Gait speed during usual walking inased by 10.9% immediately after the training (Pr&7
+0.24 m/sPost: 0.85:0.25 mis, p = 0.12) and 15.2% after one month (Rx§:7+0.24 m/s,
F-Up: 0.88+ 0.23 m/s, p = 0.07 Stride length also increased in Post (Pre: @9619 m,
Post: 1.04+ 0.20 m, p = 0.09) improving up to 12.1% inUp (Pre: 0.96+ 0.19 m, FUp:

1.08+ 0.16 m p = 0.03).Kinematics and kinetics in ST have not shown significant changes
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after the training, except to thminimum value of the knee flexion angle during the stance
phase of the most affected side, which increased by about two degrees (Rr&.9.8eg,
Post: 2.8 + 4.8 degy = 0.04). For what concerns the less affected side, the maximum value
of the ankle plantaflexion angle during the swing phase increased: (@t 8.3 deg Post:
15.3+ 8.3deg, p = 0.02) and the maximum value of theekfiexion angle during the mid
stance significantly decreased in Post (Pre: £3%2 degPost: 12.% 5.2deg, p = 0.04) and

in F-Up (Pre: 15.2+ 6.9 deg FUp: 11.6+ 5.8deg, p = 0.05). About the dynamics, the
maximum value of the flexor hip momentr¢?0.62+ 0.29 Nm/kg, Post: 0.87 + 0.50m/kg,

p= 0.13) and power (Pre: 1.1 0.65 W/kg, Post: 1.26 + 0.A%//kg, p= 0.4) showed a
positive trend after the trainirig the mat-affected side.

Gait in dual sk

Gait speed during DT significantly increag@te: 0.65t 0.19 m/s, Post: 0.720.24m/s, p =
0.04) by 17.7% after training, reaching the 25.1%-b&tpHPre: 0.65t 0.19m/s, Post: 0.82
0.21 m/sp = 0.01). Stride legth increased by 9.1% immediately after the intervention (Pre:
0.91+ 0.15 m, Pos 1.00£0.21 m,p = 0.05) improving up to 16.1% after one month (Pre:
0.91+ 0.15 m, Post: 1.0 0.10 m p = 0.01) Also under this condition, th@inimum value

of the knee angle flexion during the stance phase increased in the most affected side (Pre: 0.4
+ 4.1 deg, Post: 3.62 5.0 degp = 0.03).For what concerns the dynamics, the maximum
values of the ankle moment (Pre: 12®.23 Nm/kg Post:1.28+ 0.14 Nm/kgp = 04,

Up: 1.36+ 0.16 Nm/kgp = 0.0§ and power increased in the most affected side (Pre:+1.25
0.69 W/kg, Post: 1.9Gt 1.02 W/kg,p = 0.03, FUp: 2.14+ 0.76 W/kg, p = 0.02 A not
significant positive trend has been also repbfte the ankle moment (: 1.26+ 0.21, Post:
1.30+ 0.25 FUp: 1.32+ 0.23Nm/kg) and power (Pre: 1.470.61 W/kg, Post: 2.0% 1.20
W/kg, p = 0.18, FUp: 2.09+ 1.01 W/kg, p = 0.09) in the less affected sidéso in DT
condition, the maximum valud the flexor hip momentRre: 0.5 0.26 Nm/kg, Post: 0.82

+ 0.48Nm/kg, p= 0.13) and power (Pre: 0.28.43 W/kg, Post: 1.02 + 0.88/kg, p= 0.18)

of the mostaffected side showed a positive trend immediately after the training.
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Figure 8 Effects of the TM+VR intervention on overground gait speed and stride length under ST

and DT condition.

5.3.4Endurance, balance and obstacle negation

Endurance, as measured by the distance walked dsisinginutes, improved after training

by a mean of 8% in distance walked (p = 0.12), amounting to an increase ofT2® e8],

while gait speed during the 6MWT incredséom 0.83m/s to 0.90 m/sin F-Up, the

distance walked increased by%2, amounting to an increase of 71 m (p = 0.03) and gait

speed improved to 1.03 m/s.

Dynamic stability and functional mobility improved after the training, as assessed by the

significant decreaes of time in performing the TUG test (Post: 17%, p = 0.06pF29%, p =

0.02). An additional significant improvement of balance, assessed by the BBS, was also

observed (Post: 7%, p=0.02Up: 15%, p=0.02).

p value p value
Test Pre Post F-Up
(Pre-Post) (Pre-F-Up)
6MWT [m] 301+ 83 324+ 77 0.12 372+ 67 0.03
TUG [s] 14+5 12+ 4 0.05 10+ 3 0.02
FSSTIs] 23+ 10 18+ 6 0.01 14+ 4 0.01
BBS 41+10 44+ 12 0.02 47+ 8 0.02

Table 8 Average and standarddeviation of the motor tests results for each evaluation.

Obstacles mgotiation, expressed by the FSST, revealed that time for executing the

coordination task significantly decreased by a mean of 22% (p = 0.01) after therititerve

and bythe 37% after one month (p = 0.01).
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5.3.5Neuropsychologicaltests
For what concemthe cognitive sphere, the resu({fBable9), in generalare not significant
even if several trends may be observiedieed score in FAB and MOCA slightly increased.
The time spent in performing tIBTROOPslightly decreased, as well as the mean number of
errors and time spent in performing the TNBT while the time spent in perfoing the
TMT-A increased.Patients made 636 fewer mistakes on the cognitive task F-Up
compared withvaluesin Preon theSSDT.
In addition, the training appeared to have a positive influence on psychosocial aspects such as

the level of depression assessed by the BDI.

Pre Post F-Up

Test Mean Std Mean Std p value Mean Std p value
TMT A [s] 80 30 85 33 0.14 96 71 0.53
TMT B [s] 142 111 138 63 0.74 129 49 0.89
FAB 15 2 15 2 0.34 16 2 0.09
MOCA 23 5 24 4 0.78 26 4 0.02
STROOP[s] 18 8 16 9 0.33 16 7 0.67
STROOP[err] 1 2 0 1 0.34 0 0 0.07
SSDTI[nj] 14 7 15 7 0.33 17 3 0.21
SSDT(err] 2 1 2 2 0.52 1 1 0.39
BDI 20 14 19 12 0.57 13 8 0.18

Table 9 Average and standard deviation of theneuropsychologicaltests results for each evaluation.

5.4.DISCUSSION

The firstaim of this study was tbuild a systemanda VR environment so thahey could be

used to implement a rehabilitation protocol for gait on TM. The usability of both the system
and the VR environmeritas beerverified by theirsafe and intensive use, which lasted six
weeks, with no adverse event. Secondly, although the discrepancies between real world and
the VR environment, patients got familiar with it and had fun during the training, suggesting
thatthe differences were negligible for our rehabilitation application

Moreover, the evaluation of the experimental set up and administration of a novel VR based
gait trainingprogram for patients with MS was conducted in this pilot study. The findings
reveded that the patients tolerated the technology without major difficulties and

demonstrated a high level of acceptance throughout the progression of the training program.
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Eight of the nine patients were able to complete all training sessions without ctiopkc

The protocol allowed to effectively tune the TM speed based on: 1) the level of the VR
environment complexity, 2) the amount of challenge of the patientOs balance when asked to
remove hands from handrails, and 3) the increase fatigue level aftetraming session. For

all patients but one the trainer reduced the TM speed either when starting a higher level of
complexity or at the same level of complexity. TM speed was generally kept constant or
reduced when handrails were not being used. TheageeBorg Scale scores reported at the
beginning of each session had limited variability across sessions (avgragevBen 8 and 9

and std between 2 andE3Table 6) signifying that, overall, training sessions begun at a
similar level of fatigue. More importantly, the values of the ayeramcrements of the Borg
Scale scores were almost constant acressiens (average varied between 2 and 5 except for
the first sessio® Table6) with a limited variability across subject$g std between 2 and 3

b Table 6), showing that an appropriate choice of the TM speed can also keep the fatigue
increase at the end of the training session within a limited range. Moreover, the limited
percemage of uncompleted trials due to fatigue in every traisggpion (between 0 and 8%

Table 6), except for the first session, confirms that the tuning on TM speagdeael of
complexity was properly set. Bo#B and the number of incomplete trials in the first session
were higher than in the following sessions, suggesting that without reference to information
regarding past sessions, the setting of the TM speedksah in excessive fatigue and higher
number of incomplete trials.

The results obtained from the administration of the questionnaire revealed that the highest
ratings were obtained for the usefulness of feedbacks and the acceptance of technology
(Table 7). High ratings werealso found for the ease and enjoyment from the use of the
system and the training: all patients found the training easy to learn and most of them
enjoyed it and would have liked to continue it. There was a high variability in the subjective
responses relating to performance, highlighting the differences among patients in terms of

task execution and perception of fatigue.
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For what concerns the gaibhaysis, he results of this study showed that thewseek VR

based TM training was safe for the eight MS patients. They concluded the rehabilitation
program without difficulties, enjoying every session and asking to continue the training after
its end.

The main clinical findings demonstrate improved gait speed and stride length in ST condition
between Pre and Post, as a result of the specific traifiggré 8). The intervention was
directed at obstacle negotiation, which required the patients to take larger steps; hence the
results demonstrate a specific training effect. The mechathiamallowed for this change
probably lies in the kinematic analysis that dematstt improved knee control during the

mid stance in the most affected side. This in turn allowed for a more stable position that
enabled a larger swing. Interestingly, most of the gains were maintained for one month, with
some parameters even slightly imping from Post to fUp. However, while taking into
account the different starting values, the more impressive effects were reflected in the DT
walk. The VR training is in fact a mot@ognitive DT training that implicitly improves gait.
During the over gyund DT evaluation, patients demonstrated improspdtialtemporal
parametergFigure8) after training, and these changes are maintained andirepeoved in

F-Up. These improvements were probably possible by increased moment and power
generation in the ankle during push off that enabled the forward progression.

Moreover, the DT effect, measured as the difference in stride time duration b&@Wesrd
ST,decreased from 0.15 seconds in Pre to 0.06 secondb/jn emonstrating an improved
ability of patientsin dividing attention and cdpg with complex activities during gait. The

fact that increased attention positively impacted on DT ability is confimtexby the FSST
(Table 8). In the present study, indeed, the serial subtraction executed by the patient during
the evaluation of the intervention, as well as tisk &xecuted during the FSST, was not part

of the training. Nevertheless after the ¥WBsed TM training, patients walked faster under the
DT condition, with longer strides compared with baseline and employed less time to execute
the FSST, suggesting an atyilto adapt the learned strategy to different taskshaigh,

betweenrtask transfer after Vidased TM training has been already shown in neurological
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diseases, such as strofdaffe, 2004 Mirelman 2009)and PD(Mirelman, 2011) this was

not previously reported in patients with MS. Probably, the cognitive requirements
characterizing the training in the VR environment allowed subjects to develop new
movement strategies which are reflected in their naturalombehavior and that are
maintained also aftehe end of the training.

This kind of intervention, as proved by the kinematics data, does not instruct to perform a
specific walking pattern, but rather trains subjects to a more controlled gait also under DT
conditions. Since mobility in everyday lifeequently requires walking while performing
simultaneous cognitive or motor tasks, this approach indirectly reduces the risk of falls of
trained people and, consequently, positively impacts their qualitfeof |

Comparing the results of this study to skoobtained by Mirelmaat al. (Mirelman, 2011)

the average overground speed gain during ST (0.11 m/s) and DT (0.17 m/s) are lower and
less significant than those malgPD patients (ST: 0.12 m/s, DT: 0.21 m/s), but while in the
current study the effeett training time was 6 hours, in that case the training duration was 12
hours with a sample size of 20 instead of 8.

This pilot study has several limitations. Beyond théuced sample size, the study design did
not include a control group in order to uneacally exclude the possibility that gains may
have not been due to the training. The heterogeneity of the sample was another issue.
Although the chosen criteria were very strict, a wild range of motor symptoms characterizes
MS and, consequently, patisnhad different gait kinematics. Nonetheless, the results of the
first study VRbased TM training applied to MS are quite promising and the more significant
improvements during DT suggests that important gains were likely attributable to the VR and

not toTM alone.

5.5.CONCLUSIONS

In this pilot study we evaluated the usability, feasibility and acceptance of a gait training

setup including a TM and a VR environment created for gait training of patients with MS.
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The resultshave shown a high level of feasibility and acceptance of the VR system and the
gait training program.

This study is the first to examine the effects of TM with VR on the mobility of patients with
MS. The results reported here are preliminary and the gtiloty had a reduced and relatively
homogeneous sample of people, therefore should be considered with caution. Nevertheless,
the results indicate that intensive and progressive TM with VR training is viable for patients
with MS and may positively affect omplex gait conditions such as walking during dual
tasking, endurance and obstacle negotiation. Larger scale, randomized controlled studies with
long term followup are needed to confirm efficacy and retention of YW&sed TM training

on motor and cognitivaspects and quality of life of MS patients.

The training allowed for some flexibility (setting the TM speed and increasing level of
complexity in the VR environment), which was shown to be highly important for providing
tools for customizing sessions ardgaging the patients whilst enhancing motivation and

acceptance
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6. Inertial sensing in motor assessment: assessment of reduced arm
swing in ParkinsonOs disease

This chapter was written on the basis of the waakied out in Tel Aviv, during my

PhD period abroad, in the Laboratory for Gait and Neurodynamics of Ichilov

Sourasky Medical Centelhe preliminary results of ta study have beepublished on

several conference abstracts

6.1. Introduction
PD is the second most common agkated, neurodegenerative disordeewek, 2010)
Tremor, rigidity, bradykinesia, and postural instapibtre hallmarkdor the diagnosis of PD
(Gelb, 1999) (Calne, 1992Wwith abnormal gait (e.g., short, shuffling steps, stooped posture,
shorter stride length, reduced gait speed and arm s{Muogris, 1994) Although in PD
reduced arm swingsithe most fquently reported motor dysfunctigNieuwboer, 1998and
it is associated with elevated fall rigW/ood, 2002) there have been only several studies
aiming to quantify the arm swingf PD patients ding walking. Most of them investigated
shoulder kinematics in the sagittal plane using vidased(Knutsson, 1972)(Carpinella,
2007) (Zijlmans, 1996) (Behrman 1998) or ultrasounebased system¢Roggendorf J,
2012) Since the total amount of arm swing during walking incorporates both €Kz
Buschbeck J. P., 2008nd trunk kinematics, it is important examining the trajectory of the
end effector (e.g., wrist/hand) when quantifying arm swirgwek et al. defined the arm
swing amplitude during walking as the distance traveled by the wrist in the aptesterior
and medial/lateral directions with respect to the pelvis within a stride and measured it trough
a motion analysis systefhewek, 2010) They demonstrated a significant difference in the
asymmetry of arm swing grlitude between by PD and healthy control subjects.
Wearable inertial sensors are relatively inexpensive and easier to implement in a clinical
setting than videdased motion analysis and, therefore, ideal to assess the human motion of

PD patients. Inded, the same grpyHuang, 2012)recently, attached accelerometers to each
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forearm and collected angular accelerations, demonstrating that PD subjects have reduced
bilateral coordination of arm swing during walking. Zampéiral. (Zampieri, 2010yeported
asymmetries in peak arm swing velocity, measured using wearable sensoig theifidG

test.

The main objective of this study was texplore howinertial sensors could be used to
guantify arm swing movements during gaiitd to develop tools for analyzing the trials to be
easily used by cliniciang he secondim of the study was tquantify arm swing amplitude

during normal oveground walking in patients with PD using wearable sensors and to

compare it to the movemenbsgerved in healthy controls.

6.2. Methods
Eleven patients with PQPDG - 7 females, 56.6 + 8.0 years, mean disease duration 3.5+2.0
years, Hoehn and Yahr Scalellll) and thirteen healthy controls (CTR® females, 52.1 +
9.5) participated in this study. Th&ere recruited from the Movement Disorders Unit at Tel
Aviv Sourasky Medical Center in Israel. Two synchronized IMUs (Xsens, MTx, Enschede)
were placed on the wrists of the subjeétatients walked at their sedélected comfortable
speed for one minuta a weltlit 25-meter corridor.Orientation éta was extracted from
sensors and processed &ycustoramade algorithm in MatLab (se®ppendiy to calculate
parametersf arm swing such as theange of motion antheasymmetryof selected trials
Comparisons were made between left and right arms, affected and less affected arms and

results were compared to data collected from a healthy control group.

6.3. Preliminary results
As reported ifFigure9a, arm swing range was significantly lowertire PD group (p=0.03).
Figure9b illustrates that, in the CTRG, there is a tendencygfeater arm swing range of the
dominant arm than the nadominant arm (p=0.08), while PDG demonstratejure 9c) a
significantly higher degree of lefight asymmaty (p=0.04). Peak amplitude was moderately

correlated to disease duration (r=0.61, p=0.05).

58



70

60
p=0.03

50 1
40

30
20
10

mean arm swing [deg]

PDG CTRG a)

p=0.04

p=0.08

E‘ 60 | ——| 30 | |
=50 25

£

z 40 20

§ 30 15

S 20 10

g0 5

0 0 -

dominant arm not dominant arm affected side not affected side

b) c)

Figure 9 a) Comparison of the armswing amplitude of PDG and CTRG; b) arm swing range in CTRG;
¢) swing asymmetry in PDG between affected and not affected side arm.

6.4.Conclusiors
In this studyit was demonstrated that an automated algorithm based on data fronbileeara
sensors is able to meaningfully quantify arm swing amplitude and asymmetry. In patients
with PD this feature distinguishes between the more affected and less disease affected arms.
Additional studies are needed to more fully evaluate clinical utility #tae potential of this

new approach.
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7. Low cost video technology for tracking in virtual reality

applications: the Microsoft Kinect

VR-based exercises have the potential to revolutionize therapy for people with neurological
impairments and older adults at risk of fatlowever, to immerse these individualsninvR

it is necessary to reproduce their movements inties within thevirtual environment

Current tracking systems are based on optical, electromagnetic, mechanical, and inertial
measurements. Usually in motor rehabilitatiome immersion in virtual environments is
obtained through expensive optical systems, which diffecult to use, time and space
requiring

In the past years, low cost depth sensing cameras have also become commercially available,
including the widely publized Microsoft Kinect, which allows detecting human movement

and pose without the use of marker handheld devicékange, 2011)

The Microsoft Kinect is a motion sensing input device, using an RGB camera combihed wit
an infraredbased 3D depth sensor, which comprises actively emitted structured infrared (IR)
light and a single IR sensitive caraeto estimate distance between the sensor and the
environment. The Kinect sensor captures depth and color images simultaneously at a frame
rate of up to 30 fps. The 3D depth accuracy of the Kinect camera has been evaluated,
showing an accuracy of depthcomstruction in the order of-4 cm in the range of 0:5 m
(Khoshelham, 2012)

Amongst its advantages, Kinect is inexpensive, easy to set up, and can be used in both home
and clinical environment¢éChang 2012) Though the Kinect was originally designear f
interactive entertainment, the features of the device, such as the easy interfacing with a
variety of operating systems and measurement of the performance, have soon interested
researchers from the rehabilitation fielddeed, several studies have saenognized the
advantages of using an inexpensive depth camera, such as the Microsoft Kinect, for
rehabilitation and assessment of body functictually, a system to calculate the kinematics

of 20 joints of human body in real time mode has been recpriposedWarade, 2012)A
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further study(Suma, 2011jried to address the problem of skeletal tracking buman body

using the Microsoft Kinect device. The authors, using a bottom up approach, developed a
skeleton toolkit that allows a programmer to add-fudy control to games and VR
application.

The same group implemented an interactive ghased rehdlitation tool, based on the
Kinect, for training balance in adults after neurological inj(lrgnge, 2011)

Change eal. (Chang, 2011§leveloped a Kinedbased system to invohstudents with motor
impairments in rehabilitation training. The system, blage upper limb tracking and gesture
recognition, has been also evaluated in terms of effectiveness by the same authors.

Zhange and colleagues proposed a flexible motion tracking approach that can be used with a
combination of Kinectlevices demonstratig its robustness and accuracy, and a significantly
better performance in the presence of occlusions than currerbttaiart implementations

of singlesensor trackergZhang, 2012) Based on the Microsoft Kinect, non rd¢mhe
applications providing accurate and robust tracking have been also implemented
(Oikonomidis, 2011)

The Microsoft Kinect has been used successfully also for tracking applicatiorthenf o
clinical fields, including medical imagingNoonan, 2011) robotics (Bimbo, 2012)

(Loconsole, 2012and home monitorinéStone, 2011)Satyavolu S., 2012)

7.1.Kinect-based gait tracking for VR clinical applications

In this study, a new, low cost motion tracking methodology, based on the use of the
Microsoft Kinect is proposed and evaluated against optoelectrontindémgy. Several
attempt have been already done in this directiduatta captured four cubes in a static
position with the Microsoft Kinect and the muitamera based system, to avoid the
synchronization issuéDutta, 2012) The 3D coordinates of the centers of the target cubes
have been then compared through the RAiA8jcating that the accuracy of that Kinect
motion capture system would be at least an order of magnitude less than that of a

optoelectronic systentin a recehwork, Chang et al. validated the motion tracking capability
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of the Kinect with respect to a muttamera based system on three differentomtasks
(Chang, 2012)They compared the trajectories and measured the relative latency between the
outputs of tle two systems, concluding that Microsoft Kinect is a promising VR neurological
rehabilitation toolboth for clinical settings and home environmeinsanother study, Clark

et al, assessed the validity of the anatomical landmarks collected using of ¢ot &Gainst a
multi-camera 3D motion analysis systé@lark, 2012)during three standing postural control
assessment tests. Specifically, they assessed the anatomical landmark displacements
calculated by the two systems, confing the potential for the Kinectto be used in clinical

screening programs for a wide range of patient populations.

. 3D coordinates
RGB conversion/ centroid

data color filtering (global SOR)

YES

centroid @ control

mapping

extraction

3D coordinates
centroid
(Kinect SOR)

passed?

3D image
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depth Region Of frame
data Interest

filtered depth
image

drop out

Figure 10 A representation of a new methodology based on the use of Kinect for tracking gait in a VI
environment
Since in our VR application we were interested in gait, we decided to track the feet.
Considering that the accuracy of the Microsoft Kinect decreases with the distance from the
sensor and that the Skeleton Tracker needs to see the headsobjéa, we would need a
large room, therefore losing in tracking accuracy. For these reason, it hademided to
implement a new methodology (INITIQNLondon, UK), which did not consider the upper
part of the body, but focusing on feet. The methodolsgynthetically illustrated ifrigure
10 and it is currently used in a multhodal rehabilitation intervention, centered arotine

use of TM and VR, which aims to enhance mobility and reduce fall risk in a large sample of
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PD and Mid Cognitive Impairment patients anddetly fallers [V\TIME - EU funded

research projedEuropean Union, 201P)

7.1.1. Methods
A healthy subject (male, 35 years old) walked on a TM ab®3n/s, in six different ways:
a) foot-dragging walk (Drag), b) asymmetric gait §yam), c¢) avoiding vertical obstacles
(Vert), d) with minimum clearance (Minclear), e) short steps (Short) f) normal gait (Normal).
A Kinect for Windows™ (Microsoft, USAY was placed 1m above the ground, an@5fn
frontally from the TM, so that it had an unobstructed view of the TM surfacecdntera
(2MPixel) optoelectronic system (Vicon, UK) was used as gold standard.
Two green patches were placed on each shoe as markers for the Kinect: the smaller one
(5x35 cnf) was placed on the anterior part of the shoe and the second (8x3)3mthe
tarsus Figure11). Four retrereflective markers (14 mm diameter) were placecdach koe

on the patches extremities.

Figure 11 Retro reflective markers and green patchesocations on the foot. The yellow circles indicate
the position ofthe centroids(RDP, RPP, LDP, LPB.

The Kinect captured the raw RGB and depth data at 30Hz, while the S{stem captured

at 100Hz. The two systems were synchronized. A standard color filter was used to isolate the
green patches on the shoes, and then the 3D trajectories of the centh@dafches were
extracted and compared to those of the-podt of the optical markers placed at the side of

the patches (RDP, RPP, LDP, LEAFigure 11). The compeson was carried out through

estimation of the Root Mean Square DeviafiBMSD).

® http://www.microsoft.com/ems/kinectforwindovs/
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7.1.2. Preliminary results

The RMSD between the optical markers miint and the patches centroid is reported for
each gait pattern and for each compondiab(e 10): vertical (V), medielateral (ML) and

anteraposterior (AP).

Gait
RMSD mm ) ]
Drag Asim Vert Minclear Short Normal
Marker AP V MLJAP V MLJAP V MLJAP V MLJAP V MLJAP V M
RDP 11 2 2114 4 3|14 2 2)15 2 2§14 3 2|13 3 =
RPP 11 2 1Q312 3 2|14 4 6§15 3 1§13 4 2|14 5 =
LDP 11 3 2|20 3 3|13 5 2§16 2 210 3 2|14 4 :
LPP 12 4 3315 6 3|13 3 4)16 3 310 4 2|15 5 =

Table 10 The RMSD between the optical markers miepoint and the patches centroid for each gait

pattern and for each compornt

7.1.3. Discussion

The preliminary results of the study showed a limited RMSD, between 2 and 6 mm, along the
V and ML directions, while the reconstruction of the centroid of the green patches along the
AP direction was about 3 to 5 times less accurate witRMSD value from 10 to 20 mm.

This appears to be consistent with previous stu@édsoshelham, 2011)(Khoshelham,
2012) which have shown that the random error of depth measurements increasésewith
square of the distance from the sensor, reaching 4tcits maximum range. Moreover,
Khoshelham and ElberinkKhoshelham, 2012)ndicated also that the depth resolution
decreases quadratically with increasing distance from the sensor, specifying thainthe p
spacing in the depth direction (along the opteds of the sensor) is as large as 7 cm at the
maximum range of 5 meters. Moreover, among their final and general indications about the
use of the Kinect for mapping applications, the authors alscestitiy acquire data withirbl

3 m distance to the seams because at larger distances the quality of the data would be

degraded by the noise and by the low resolution of the depth measurements.
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8. Augmented biofeedback: a tool for trunk motor control

Feedback has been defined as any sensory information that is available to an individual
during or after the execution of a movemgthmidt 20(8).

Augmented (extrinsic) feedback is sensory information about a movement provided in
addition to intrinsic feedback, which is delivered through the sensory systema tiéhi

body. The external source may be a therapist or a device such as a biofegditark
Traditionally the role of augmented sensory feedback in learning of motor skills has been
considered satisfying, motivational, or informational in naidams, 2001.)Augmented
sensory feedback has been shown to facilitate muscle activation during the early stages of
learning (Kim, 1997) (Mulder T., 1984) (Henry, 2007) The impact offeedback on motor
learning varies as a function of the frequency, delay, and precision with which information is
provided(Winstein, 1991)

Augmented feedback has been used in thegmattraining tool that enables peopléetarn

how to change physiological activity or behavior for the purposes of improving performance
(Henry, 2007) There are two main goals for feedback motor training. One is to &tlew
central nervous system to-establish appropriate sensanptor loops under volitional
control that may have been damaged by injury, disease, or surgery; the second goal is to
assist in the development of greater cognitive awareness and controplofsialogical
process that has been previously considered OinvoluntaryO or beyond the consciousness

(Kenneth R., 1981)

8.1. Augmented feedback in neurological impairments

Augmented feedback training of balance, posture and motor control has shown to be effective
in people affected by neurological impairments, such as peripheral neurdpaihy1997)
vestibular loss(Tyler, 2003) (Kentala, 2003) (Dozza 2007) stroke (Van Vliet, 2006)
(Dursun, 1996)(Langhorne, 2009)Stanton, 2011jraumatc brain injury(Guercio, 1997)

(Wong, 1997) cerebral palsyTalbot, 1981) (Nash, 1989)(Metherall, 1996)(Wooldridge,
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1976) incomplete spinal cord injuryKohlmeyer, 1996) (Brucker, 1996)and PD
(Verschueren, 1997jMirelman, et al., 2011YMarchese, 2000)

A systematic review on augmented feedback in motor recovery in subjects with neurological
disorders found that extrinsic feedback was commonly provided in the form of biofeedback,
kinetic feedback and kinematic feedbadk/an Vliet, 20®). While biofeedback concerns
physiological processes,oth kinetic and kinematic feedback is related to movement
variables measured during task performance: kinetic feedback variables may be related to
force and torque, while kinematic feedback ahlés are usually derivatives of distance and
time (e.g., displacement, velocity, movement time, trajectory straightness). Kinematic and
kinetic feedback can be provided in relation to either the outcome of the movement or the
movement pattern itse{f.evin, 2010)

Moreover, the effects of biofeedbaaksisted performance of balance and motor tasks have
been explored using a variety of sensory feedbautdsiding visual, auditory and tactile
modality (Dozza, 2005) (Dozza, 2007) (Verhoeff, 2009) (Vuillerme, 2007) (Wall &
Kentala, 2005) (Dursun, 1996) Adamovichet al. (Adamovich, et al., 20043eveloped a
multi-feedback system for VR hand rehabilitation improving perforoein patients with

neurological impairments.

8.2.Inertial -based visual feedback tool for trunk control

Numerous tools aiming to improve trunk posture and control are based on inertial sensing:
Wall et al., combining accelerometers and gyroscopes, developed a wearable vibrotactile
feedback device based on trutilk improved balance performance in healitWall, 2001)

and vestibular(Kentala, 2003)subjects. A system consisting of three inertial sensnd
estimating the spinal curvature changes during trunk movements was shown to improve the
subjectOs posture when feedback sigwal® provided(Huang, 2006)Using the inertial
sensors of a smartphagnieranco et al., developed an integrated audibiofeedback tool
estimating the ® orientation of the userOs trunk during bipedal stance to improvedalan

(Franco, 2012)
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In particular, feedback signals based on the distance from a speqifit {error detection /
error correction) have shown to facilitate learning proce@gegill, 2003) Several recent
studies haveleveloped and assessed feedback systems for motion guidance that use a control
signal proportioniato the error between the target and subject. In Sergi éBatgi, 2008)

and Kapur et al(Kapur, 2010)the kinesthetic guidance systems is obtained employing
magnetic motion tracking teaologies and provide tactile feedback allowing patients to feel
limb con!guration errors continuously. Lieberman and Breagki@berman, 2007)using an
optoelectronic system, developed a +trale wearable vibrotactile feeddasui to facilitate
upper limb motor learning. The feedback, representing the difference, in terms of joint
angles, between the target and the subjectOs motioribett to decrease the error and
accelerated motor tad&arning rate. Also inertial sensors have been widely used for tracking
body segments in applications for motion guidacanobile virtual trainer, developed by
Lee et al., is able to map the traéds movements and return both instructions andimesl
feedbacks based on inertial sensors dlage, 2011) Redd et al. developed a multisensory
(visual, audible, or vibrotactijefeedback system for correcting gait informati(Redd,
2011)

Chiari et al.developeda portableauditory feedback basexystem thatencoding the signals
provided by an accelerometer on the trunk into a stereo sound, improved h&arag
2005) Based on the lattestudy, we designed and implemented a -tisa¢ visual
biofeedback tool.

The aim of the present wonkas to provide a preliminary evaluation of the usability and
effectiveness of a rediime visual biofeedback (VBF) tool to assist the execution of specific
motor tasks. The tool is designed to possibly become a component of abhsetk
rehabilitation system, relying on ICT systems aiming at providingtiea feedbacks for
rehabilitation of PD patientgCuPiD FP7/20072013- EU funded research proje(furopen

Union, 2011).
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8.2.1Methods
The hardware of the developed tool is composed by an IMU (MTx Xsens, Enschede, The
Netherlands) recording inertial signals and a PC providing visual feedback.
The IMU featuring a aaxis acceleromet, a 3axis gyroscope and adkis magnetometer,
was placd on the traineeOs lower back (approximately on L5). Trunk inclination on the
sagittal plane, computed on the device through an embedded Kalman filter, was recorded.
The Graphical User Interface (B providing the feedback has been implemenisiohg a

Python-based commercial software (Vizard 3.0, WorldViz, Santa Barbara, CA, USA).

Figure 12 The VBF is a spherethat is: a) green, if the subject is in thélarget Zone red b) and blue c) if

trunk inclination exceeds respectively backward or forward.

The GUI guides the trainee in executing specific motor tasks, by providing-tinmealisual
feedback (Figure 12) of the difference €rr) between a awoputer generated reference
orientation Re) and the measured trunk orientatiohelr is within a specific rangeT@arget
Zong, the sphere is green and the cursor is centred on the -potgryior direction; iferr
increases, the sphere moves on therargosterior direction toward thiemit Zonesgetting
red (excessive backward trunk inclination) or blue (excessive forwamtl inclination). The
raising of the sphere indicates the subject when to lift from the chair.

Amplitudes of theTargetZoneand of thelimit Zonesare subjecspecific and are based on a
simple initial calibration phagg&hiari, 2005) (Nicolai, 2010)

The effectiveness and usability of the tool was evaluated in a preliminary experimental
session, during which eight healtbybjects  males,25-35 years) were asked to perform

three types of exerciseBigurel13), lasting 20 seconds each, for five times:
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I Sit-to-stand without VBF (S2SVBF);
I Trunk flexion (range 2R0j) by sitting with VBF, as preparatoagct to raise (PrepS2S +
VBF);

I Sit-to-stand (in the range d@iexion of the trunk 8; 16;) with VBF (S2S + VBF)

1) S2S - VBF
L f
n } Va ] r
5s TW=2-6s (15-TW) s
2) PrepS2S + VBF y.
8
. ;
L |
-
5s 5s 5s S5s
3) S2S + VBF
v
L '—' ‘/
5s TW=2-6s (15-TW) s

Figure 13 Representation of the Ref during the phases of three motor exercises. The time window (TW

in which the subject is asked to perform the movement, varies from 2 tosgconds for task 1 and 3.

For every task, subjectgere instructed, to try to follow theef maintaining the slider cursor

within the Target ZoneBefore recording theials, subjects performed a practice trial.

8.2.2. Preliminary results
All subjects were able to move the trunk reachingTtheget Zoneand keep it for the time
required. The residence time in Target Zone for each motor Tamiggt Time Zongis
shown inFigure14. Contrary to what happens in S28BF, subjects in PrepS2S + VBF and
in S2S +VBF are able to achieve and maintain the desired inclination of the trunk. The
permanence in the target zone is greater in S2S + VBF comparedSte BRF and,
generally, increases with the increase of TW, showing the effectiveness of the instrument
VBF.
In this preliminary study, the effectiveness of a new toa$¢ed on the use of augmented
visual biofeedbacko assisimotor tasks, such ast-to-stand in real timehas been evaluated
The results showed the intuitiveness and ease of use of the VBF and its flexibility, resulting

from the ability to adjust the time window TW and the amplitude of the target Ztwee
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instrument VBF thereforellaws you to customize the motion exerciseording to the
residual capabilities of the patient and to the movement to. traithe future we intend to
apply the tool VBRo pathological populationsn particular in subjects coming from a leng
term bedrest in which the motor control of the trunk is usually compromised. Additionally,
the control of the trunk in the mediateral direction will be added.
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9. Conclusions

The tools and methods presented in this thesis are all based on new technologies, such as
miniature inertial sensors anidw-cost video systems, and le|vas primary aim, the
inclusion of a quantitative approach in the rehabilitation cycle that takes place in the clinical
practice. A methodology based on the use of IMUs for the estimation of the arm swing in PD
patients wagroposed and applied in a pilstudy. More needs to be done to elevate the
method at the level of a clinical tool.

The use of VR and augmented feedback in rehabilitation aims at overcoming the lack of
engagement and motivation of patients involved in eational physical therapies,
controlling the specifics of the training administerddhe preliminaryresults about the
usability and flexibility ofa newly developed augmented feedback tool for trunk control
based on the use of IMUs are presenfde tool will be adapted to be usadtraining the

motor control of the trunk in neurologic patients after a period of bed rest.

VR allows the rehabilitation in dual task (motor and cognitive task at the same time, typical
of daily life), crucial in neurolgical impairments, and the transfer of the acquired skills to
the real life. In this work we have shown how a-Y&sed intervention is effective in gait
rehabilitation of MS patients, especially in dual task. Nevertheless, to ascribe these gains
solely tothe VR-based training, it is necessary to include a control group in the study.

Finally, two tracking systems for immersive environments have been explored in this work.
We have used both non visirased systems, such as inertial sensors, and low cest vid
technologies, such as the Microsoft Kinect. Inertial sensors are small, accurate, flexible,
portable, but show a drift during extended measurements. This particular issue has been
analyzed in this work and solutions proposed. Vidiased systems, likdhe Kinect, are
low-cost, flexible, easy to set up, but less accurate than non daged systems.
Nevertheless, the preliminary results of a validation study show a limited error within three
meters from the sensor, therefore acceptable for trackingRimehabilitation. In the near

future, a more complete validation analysis will be carried out.
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Appendix
I. Armswing GUI

I Once the file Armswing.fig has been opened, the GUI will be displayed on the screen.

I In the OSelect a fileO panel, load the right demafid its name will be displayed in the
string below while the data contained in it will appear in a table on the right.sidéalso
the left arm file and, eventually, the back file.

—Selectafle —— —
— | e |
Load right arm file

o S PROVDDATApaliertsp1 1 Counter Acc X Acc Y Acc Z Gyr X Gyr.Y Gyr.Z Mag_X Mag_¥ Mag_Z Roll

ase_right_S11 1 32305 -0.5698 0.8338 87131 0.4829 -0.9865 13948 -0.6955 0.0499 03275 16196

2 32306 -0.4128 06872 87205 0.4959 -0.9694 12635 06969 00413 03205 19327

wah-ms 3 32307 -0.3201 06815 87458 04792 -0.9865 11164 -0.6980 -0.0359 03149 22138

4 32308 -0.2555 07164 86815 0.5064 -0.9680 0.9602 -0.7001 00292 03076 25183

5 32309 -0.4182 06479 83203 05882 41,001 0.7674 07024 -0.0256 02995 28463

6 32310 05720 05837 7.9765 06274 -0.9885 0.5944 0.7048 -0.0227 02922 32089

Load back fie 7 32311 -0.5615 0.5662 76883 06762 -0.9683 0.4162 -0.7045 -0.0223 0283 35864

8 32312 -0.4830 0.6459 75143 0.7456 09712 0.2624 07074 -0.0208 02763 40133

9 32313 04111 0.8050 7.33m 08203 09478 0.1359 -0.7068 -0.0225 02884 44755

10 32314 -02538 10328 72518 0.8941 -0.9081 0.0630 -0.7096 -0.0243 02620 49908

Sgnal 11 32315 -0.0329 12685 7.3067 0.9460 -0.8889 0.0370 -0.7098 0.0270 02533 55284

12 32316 0.2405 15329 76315 0.9402 08399 0.0865 07109 -0.0282 02479 60713

— . e 13 32317 05182 17069 7.8846 08969 -0.8314 0.1615 07113 0.0295 02412 65774

14 32318 07191 17940 81125 0.8227 07811 0.3279 07126 00293 023% 70417

e e [ 15 32319 0.7258 17375 8.2287 07325 07011 0.5271 07132 -0.0265 02298 74331
16 32320 05793 14813 83419 06129 08452 06681 27115 00228 0223% 77560 .

Anguiar Veocty q m

I When all the files loaded are displayed in the sttipgsh the button OShow graphsO in the
panel OSignalO and you will see the orientation graphs of the two arms in the right side of

the GUI.

—Selectafle E
Load right arm file

D:\Documents\PhDPDIDATApatients'p11hase
tight_S11.64 ‘ # Right A # Lef Am  # Back ‘

- | T R

D:'DocumentsPhDIPDIDAT Alpatientsip1 1 hase
10 I | | | | 10

_back_S11txt
@ Orientation 0 10 20 30 40 50 60

o time o
Show graphs | () Acceleration T ' ' ' I — Right
Left

=]

o

Roll[deg]

=g Wun il @ MR

Average | 157682 347127
Std Dev 40627 37164
Maximum | 245087 45.0630
Minimum 92181 272118
N.picks % %

it

m | | | | I

40
o 0 10 20 30 40 50 60
Ampltude distribution time

I If you want to see also acceleration and angular velocity graphs you can switch them in the

Yaw([deg]

8 3

T T
—
e
—_—
—_——
—

panel OSignalO.



I In the OCutO panel you can cut your signal, writing the time of the start and of the end and
pushing the button OUpgradeO.

I If you also chose a back file you can also see the OBackOs orientationO button in order to
display also the backOs graphs.

I Pushing the Process and SaveO button you will display the OAmplitude TableO and saving
data in an excel file that you will find in the folder of the patient analyzed. The Amplitude
data contains the average and the standard deviation of the ROM for every arm, the max
and minvalues and the number of peaks.

I If the number of picks(N.picks) of the two arms (last row) is the same, the OAmplitude
distributionO button will appear belowfter pushedit, the amplitude distribution graph

will be showed

Back's Orientation Process & save
Right Left
Average 15.8308 34.7568
Std Dev 41223 36407
Maximum | 24.5087 45.0630
Minimum 9.2181 27.2118
N.picks 104 104
Amplitude distribution

I Once the analysisasaccomplishedpush the ExitO button to close the window

I You will find the excelfile in the folder called as the pati€rhame of thexnalyzedrial.
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[I. Trials Analysis GUI

I Oncethe file TrialsAnalysis.fichas been opened, the GUI will be displayedhmnscreen.

I In the OGaitO panel, chodise gait modality to analyze and all the trials will appear in
the list box on the right.

I You can decide to analyze all the data display&el€ot allO) or to choose ordgme of
them Once the file hebeen chosn push the OAnalysis buttonO.

I A histogramwill showyou the mean values and relative standard deviations of the range
of amplitudeof both arms forthe chosen subjest On the righta table containing the

processedatawill appear Everything will be saved in an excel file.

Right Arm
Gait
nue;: Jun-2011.xis = Select al mean std dev max
o Base ey yraba 03 146668 50817 208539
base2_S09.xis
- base_S03.xis 06 14.4203 19128 18.8923
o base_S04 xis 07 125831 46482 311159
Fast base_SOS xis . Analyze S08 27.3002 10.4647 70.0668
base_S06.xs = e | s ez
Dusi Task base_SO7.xis s 6208 225 248087 8218
base_S08.xis s12 60 4643 3.0775 67.2056 492580
Backward base_S09.xs
base_S11xs 1
hase S17xk
I ignt
left
60 Left Arm
mean std dev
— 50 S03 234746 4.4204
o 06 7.1441 18583
% 40 07 \e 122: ;90»;5
= S08 s f_, 1 1|_4
=2 s11 347568 3.6407
g_ 30 s12 57.4241 43024
20
10
0
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Patients

I Once the analysis was accomplishpdsh the OEXxitO button to close the window.

I You will find the excelfile in the folder cakkd as thehosengait modality.
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