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ABSTRACT

Introduction: Parkinson’s disease (PD) is a neurological disorder that affects body

movements and causes symptoms such as bradykinesia and tremor. Bradykinesia, char-

acterised as slowness of movement, is the main motor symptom of PD; while tremor, a

rhythmic and involuntary oscillatory movement of a body part, is usually the first and the

most troublesome motor symptom of the disease. Currently, Movement Disorder Society–

Unified Parkinson’s Disease Rating Scale (MDS–UPDRS) is the most widely used clinical

scale for assessing both symptoms. However, this type of assessment has limitations, such

as subjectivity and dependence on experienced assessors. These problems can be overcome

with the use of inertial sensors for objective measurements of movement, incorporated, for

example, in control devices for serious games (SGs), increasingly promising tools for reha-

bilitation and movement assessment. Objectives: To develop a serious game with high

usability and accessibility to individuals with PD, and, by using the signals recorded from

the movements made during the game, to objectively assess bradykinesia and tremor.

Methods: First, a literature review was carried out to identify existing technologies

related to games for individuals with PD. Subsequently, a questionnaire was developed

to assess multidimensional aspects of patients and guide the development of the game.

Based on this research, a serious game about bees, so-called RehaBEElitation, was de-

signed in Unity 3D. The game presents four phases, each one representing a bee’s task

in the real world. The user has to control the movements of a bee in a 3D environment,

executing the same movements found in the MDS–UPDRS. Fifteen individuals with PD

and fifteen healthy individuals interacted with the game, constituting the experimental

group (EG) and the control group (CG), respectively, with matched ages and sexes. Data

was collected in the ON and OFF states of the medication for the EG. The usability

of the game was assessed using the Nielsen-Shneiderman heuristics and user-centred ap-

proaches (evaluation questionnaires and semi-structured interview); and the accessibility,

using the performance (scores) of the players in each phase. Bradykinesia was evalu-

ated by detecting the trend of the gyroscope signals using Singular Spectrum Analysis

(SSA), a time series decomposition method. The response time (RT) and angular veloc-

ity (AV) of the participants while playing RehaBEElitation were then estimated. Tremor

was detected by removing the trend from the original signal and assessed by estimating

the mean absolute value (MAV), root mean square (RMS) and power spectral density

(PSD) of the gyroscope signals. In game usability evaluation, the paired-samples t-test

and Wilcoxon test were used to confirm differences for questionnaire responses before and

after game improvements. While assessing game accessibility and bradykinesia, one-way

analysis of variance (ANOVA), t-test with Bonferroni correction, Kruskal-Wallis test and

Wilcoxon test with Bonferroni correction were used to confirm the differences between

groups. Results and Discussion: The heuristic evaluation contemplated all the 14

heuristics proposed by Shneiderman, which allowed the implementation of improvements
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in the game. The questionnaires and the semi-structured interview also contributed to

improve the usability of the game. The accessibility evaluation revealed no statistically

significant differences (p<0.05) between groups, except for the healthy group and the PD

group in both states of medication during Phase 3. In bradykinesia assessment, significant

differences were found between groups for all comparisons (p<0.05). In most phases, CG

participants obtained the best results for RT and AV, followed by EG in the ON state

and EG in the OFF state. Regarding tremor, the probability that the peak frequencies of

the PD–OFF signals fall within the frequency range of Parkinson’s tremor (4-7 Hz) was

higher than for the PD–ON group, which in turn was higher than for CG. For both MAV

and RMS, the chance that the distribution having a bimodal aspect, which represents the

presence of PD tremor, was higher for the EG in the ON and OFF states than for the

CG. The PD–OFF group had the highest probability of having the highest peak power in

the signal than the other groups. In summary, MAV and RMS showed strong correlation

with MDS–UPDRS. Conclusion: The RehaBEElitation serious game is an alternative

tool for assessing the main motor symptoms of PD in an objective and entertaining way.

The game is compatible with the mental models of the target audience, which allowed

users to easily interact with the developed system. In general, the EG participants in the

OFF state showed increased bradykinesia and tremor compared to the ON state.

Keywords: Parkinson’s disease; bradykinesia; tremor; objective evaluation; serious game
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1

Introduction

1.1 Problem formulation

Individuals with Parkinson’s disease (PD) need physical training to relieve the motor

symptoms caused by the disease (107). However, the low levels of dopamine in the brain of

these patients can cause demotivation, depression, and apathy, hindering their adherence

to rehabilitation programs (130).

An alternative and more motivating way to perform physical training is by using se-

rious games and virtual reality (77). Several games are currently developed, but most of

them do not consider the experiences of the target audience. Many are not designed ac-

cording to real needs of professionals and patients, and therefore may not present effective

results when used for clinical purposes (93). Thus, the development of a user-centered tool

capable of motivating players during motor exercises, as well as enabling the monitoring

and objective assessment of the main motor symptoms of the disease, became necessary.

1.2 Relevance of the thesis

PD is the second most typical chronic neurodegenerative disorder among the elderly

(after only Alzheimer’s) (122). PD affects approximately 2-3 % of the population aged

over 65 years (133), increasing to up to 5 % in people aged over 85 years (2). The crude

incidence rate of PD ranges from 4.5 to 19 per 100,000 person-years. As it is a chronic

disorder with a prolonged course, the prevalence is much higher than the incidence, being

between 100 and 200 per 100,000 inhabitants (117). It is estimated that in Brazil there

are approximately 220 thousand individuals with PD and this number may double by the

year 2030 (26).

In recent years PD has become one of the leading causes of disability worldwide, and

has shown the fastest growth in prevalence among all other neurological disorders (45).

Disability reduces people’s quality of life and generates substantial expenses in the world
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health system with consultations, rehabilitation therapies, medications, and general care

(118).

Studies aimed at understanding and evaluating motor symptoms of PD can contribute

to technological advances in the health domain and improve the well-being of people suf-

fering from the disease. The evaluation of cardinal signs of PD in an objective manner, for

example, can assist health professionals to perform an accurate diagnosis of this disorder.

Moreover, a playful and motivating interaction tool for motor training can provide a more

pleasurable therapeutic experience for patients.

1.3 Research objectives

To develop and validate a serious game for rehabilitation and monitoring of individuals

with Parkinson’s disease; and, using the developed system, to evaluate bradykinesia and

tremor, two motor symptoms of the disease.

1.4 Thesis objectives

To meet the research objectives, the following goals were formulated:

• To develop a literature review on the use of serious games for rehabilitation of

individuals with PD

• To develop a questionnaire for multidimensional assessment of individuals with PD

• To design a serious game that presents a coherent and compatible narrative with

the mental models of the target audience

• To define a data collection protocol with patients with PD and healthy individuals,

allowing the comparison of results

• To evaluate the usability of the serious game at the design stage using the Nielsen-

Shneiderman heuristics, and using user-centered approaches

• To evaluate the accessibility of the serious game comparing the players’ performance

(scores) in each phase of the game

• To objectively assess bradykinesia and tremor using the collected motor signals

1.5 Desired outcome of the thesis

It was expected that the serious game developed would be simple, smart, customizable,

self-explanatory, easy to use, and that it would provide to users a playful and pleasant
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experience. In addition, the game should be compatible with the mental models of the

target audience to enable easy interaction. Thus, it would be possible to improve patients’

motivation during a physiotherapy session and/or assessment of disease progression.

It was also intended that the signals recorded by the human machine interface (HMI)

device, specifically developed for the interaction of players with the serious game described

in this study, could be used for the evaluation of bradykinesia and tremor. As these signals

represent information coming from the own neuromuscular system of the individuals, it

would be possible to perform a robust and objective evaluation of these symptoms. No

study was found in the literature that used the signals recorded by the HMI device during

the interaction of users with a serious game to objectively evaluate motor symptoms of

PD, being this a great differential of this research. The study of bradykinesia and tremor

would be possible thanks to the use of signal processing techniques for extracting features

sensitive to both symptoms.

Another important result would be finding correlation between the extracted charac-

teristics and the clinical evaluations and difference between the control group (CG) and

the experimental group (EG), proving the efficiency of the applied processing methods.

1.6 Research methodology

This study was divided into five stages. First, for a better understanding of the general

aspects of PD, research was conducted in scientific databases and academic repositories.

This stage was fundamental for comprehending the pathophysiology, etiology, diagnosis,

main motor and non-motor symptoms of the disease, and also to understand how the

clinical assessment of a patient performed by a doctor or therapist occurs.

Then, a literature review was conducted on the use of serious games focused on the

rehabilitation of individuals with PD, which allowed a better understanding about the

most current technologies aimed at this application. The searches were performed in eight

different databases, and 38 articles were included in the review.

The third step consisted in the development of a questionnaire for multidimensional

evaluation of individuals with Parkinson’s disease. This instrument was created aiming

at a better understanding of the real needs of patients and to guide the serious game

development. The questionnaire was answered by 302 people with PD, and its structure

was validated using the factor analysis (FA) method. The questionnaire responses revealed

that domestic activities involving the use of the hands were one of the most difficult for

people with PD to perform.

Based on the results of the literature review and the questionnaire, a serious game

for hand and wrist training was designed. The game is about bee tasks, and the main

movements required from patients during a clinical evaluation using the gold standard

method of evaluating individuals with PD were incorporated into the game. Furthermore,
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in this stage, the usability and accessibility of the system were evaluated. Five people

with PD participated in the game usability evaluation; and 15 individuals with PD in

the ON and OFF medication states and 15 healthy individuals participated in the game

accessibility evaluation.

The fifth stage consisted in the evaluation of the main motor symptoms of PD: bradyki-

nesia and tremor. They were objectively evaluated using the signals recorded by the HMI

device. Fifteen individuals with PD in the ON and OFF medication states and 15 healthy

people, age and sex matched, participated in this stage. For comparison purposes, the

inertial data analyses of the individuals with PD were compared with those of the healthy

individuals.

1.7 Scientific novelty of the thesis

The scientific novelties highlighted in this thesis are:

• Development and validation of a new multidimensional assessment tool for people

with PD, the so-called "Multidimensional Assessment Questionnaire of Individuals

with Parkinson’s Disease". This questionnaire assesses multiple and important fac-

tors, such as motor, non-motor, and pain aspects. In addition, this questionnaire is

able to identify activities that PD patients face more difficulties in executing, mak-

ing it possible to direct research focused on improving the individual’s performance

when carrying out such activities.

• Design, implementation, and validation of an original serious game for training and

monitoring individuals with PD. It was designed to meet real demands of profession-

als and patients, and presents simple and intuitive narrative and interface, different

from the games described in published studies. These characteristics facilitate the

interaction of players with the system, contributing to the high acceptance of the

instrument.

• Innovation in the signal decomposition method used for the objective assessment of

bradykinesia. This was the first study, as far as we know, that applied the Singular

Spectrum Analysis (SSA) method to the collected signals for separating voluntary

movements from involuntary movements (tremor).

• Objective assessment of motor symptoms of PD using the signals recorded by the

HMI device during users’ interaction with the game. Again, to our knowledge, no

study described in the literature has used inertial sensor signals recorded during an

interaction with a serious game to assess PD motor symptoms.
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1.8 Practical value of the research findings

First, the serious game presented in this study can contribute to the advancement

of technological innovations in games designed for health. The description of the game

architecture and organization may facilitate the system reproduction and extend its ap-

plication to other scenarios. Thus, healthcare professionals and patients can benefit from

the use of increasingly robust and efficient technologies capable of providing a pleasant

experience to users.

The experimental protocol executed in this study resulted in a large amount of data

and information collected. In addition, new data collections using the game are currently

being carried out. These data will be shared/made available worldwide (as approved

by UFU’s research ethics committee), contributing to the Open Science policy. Sharing

and making scientific data available brings numerous advantages to science as a whole: (i)

increases the impact and visibility of research internationally, (ii) promotes innovation and

new potential uses of data, (iii) drives new collaborations between users, (iv) maximizes

transparency and responsibility, (v) encourages validation of research methods, and (vi)

reduces the cost of data collection (17, 129).

Furthermore, the study carried out to evaluate bradykinesia and tremor contributes to

improving the reliability of the PD diagnosis. For an individual to be diagnosed with PD,

he must necessarily present bradykinesia and another symptom (73). Thus, the objective

evaluation of these cardinal signs helps the specialist in his decision making, ensuring a

safe diagnosis of the disease.

1.9 Dissemination of the research results

The survey findings were published in nineteen scientific vehicles, five of which were

papers in peer-reviewed journals and thirteen in conference proceedings. The developed

technology was also disseminated in several digital media, listed below. In addition, the

system was registered at the National Institute of Industrial Property (INPI).

Articles published in scientific journals:

1. Mendes, L. C. ; De Sá, A. A. R. ; Marques, I. A. ; Morère, Y. ; Andrade, A. de O.

RehaBEElitation: the architecture and organization of a serious game to evaluate

motor signs in Parkinson’s disease. PeerJ Computer Science (JCR 2.410), v. 9, p.

e1267, 2023.

2. Mendes, L. C. ; Marques, I. A. ; Alves, C. M. ; Vieira, M. F. ; Júnior, E. A. L.

; Pereira, A. A. ; Naves, E. L. M. ; Oliveira, F. H. M. ; Bourhis, G. ; Pino, P. ;

Morère, Y. ; Andrade, A. de O. Multidimensional Assessment of Individuals with
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Parkinson’s Disease: Development and Structure Validation of a Self-Assessment

Questionnaire. Healthcare (JCR 3.160), v. 10, p. 1823, 2022.

3. Alves, C. M. ; Rezende, A. R. ; Marques, I. A. ; Mendes, L. C. ; Vieira, M. F. ;

Júnior, E. A. L. ; Pereira, A. A. ; Oliveira, F. H. M. ; De Souza, L. P. S. ; Bourhis,

G. ; Pino, P. ; Andrade, A. de O. ; Morère, Y. ; Naves, E. L. M. Wrist Rigidity

Evaluation in Parkinson’s Disease: A Scoping Review. Healthcare (JCR 3.160), v.

10, p. 2178, 2022.

4. Marques, I. A. ; Alves, C. M. ; Rezende, A. R. ; Mendes, L. C. ; Paiva, T. S. ;

Cyrino, G. F. ; Souza, J. T. ; Silva, M. A. M. ; Souza, L. A. P. S. ; Naves, E. L. M.

Virtual reality and serious game therapy for post-stroke individuals: A preliminary

study with humanized rehabilitation approach protocol. Complementary Therapies

in Clinical Practice (JCR 3.577), v. 49, p. 101681, 2022.

5. Oliveira, L. ; Mendes, L. C. ; Lopes, R. A. ; Carneiro, J. A. ; Cardoso, A. ;

Junior, E. A. L. ; Andrade, A. de O. A systematic review of serious games used

for rehabilitation of individuals with Parkinson’s disease. Research On Biomedical

Engineering, v. 35, p. 1-17, 2021.

Articles published in conferences:

1. Mendes, L. C. ; Cabral, A. M. ; Alves, C. M. ; Morere, Y. ; Andrade, A. de O.

Objective Assessment of Tremor in Parkinson’s Disease Using the RehaBEElitation

Serious Game. In: 2023 IEEE International Conference on Metrology for eXtended

Reality, Artificial Intelligence and Neural Engineering (IEEE MetroXRAINE), 2023,

Milan. 2023. p. 1-6.

2. Mendes, L. C. ; Cabral, A. M. ; Alves, C. M. ; Morere, Y. ; Marques, I. A.

; Andrade, A. de O. Objective Evaluation of Bradykinesia Using the RehaBEEl-

itation Serious Game. In: 2022 IEEE Workshop on Complexity in Engineering

(COMPENG), 2022, Florence. 2022 IEEE Workshop on Complexity in Engineering

(COMPENG), 2022. p. 1-5.

3. Mendes, L. C. ; Alves, C. M. ; Marques, I. A. ; Pereira, A. A. ; Morere, Y. ;

Andrade, A. de O. . Singular Spectrum Analysis: A Signal Decomposition Method

Applied for Parkinson’s Disease. In: XIV Simpósio de Engenharia Biomédica, 2022,

Uberlândia. Anais do XIV Simpósio de Engenharia Biomédica, 2022.

4. Alves, C. M. ; Mendes, L. C. ; Rezende, A. R. ; Marques, I. A. ; Andrade, A.

de O. ; Morere, Y. ; Naves, E. L. M. mlr3 Package in R to Classify and Interpret

Data. In: XIV Simpósio de Engenharia Biomédica, 2022, Uberlândia. Anais do

XIV Simpósio de Engenharia Biomédica, 2022.
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son’s disease”

https://filipedeschamps.com.br/newsletter

5. MGTV – MG TEC (Brazilian television broadcaster)

Title: “Treatment for Parkinson’s disease developed at the Federal University of

Uberlândia”

https://globoplay.globo.com/v/11813814/

Received awards:

1. The developed serious game won the prize at the eleventh edition of the "Challenge

Handicap & Technologie" event in Metz on 12 May 2023. The first-place prize was

awarded in the "Autonomy" category, related to promoting the autonomy of people

in situations of dependency.

2. The project also received the SBEB Boston Scientific Award for Innovation in

Biomedical Engineering 2023. The award, created in a partnership between the

Brazilian Society of Biomedical Engineering (SBEB) and Boston Scientific, aims to

value and encourage the academic production of projects and work in biomedical

engineering aimed at tackling the difficulties of the Brazilian health system and

public health services in Latin America.

1.10 Thesis structure

This thesis is divided into seven chapters:

• Chapter 1: dedicated to present the introduction of this work, in which the formu-

lation of the problem, relevance of the thesis, objectives, expected results, structure

of the manuscript and vehicles for disseminating the thesis findings were described.
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• Chapter 2: presents several aspects related to PD, such as the most common symp-

toms, and the methods used for diagnosis, assessment, and treatment.

• Chapter 3: presents the systematic review developed, whose objective was to iden-

tify and evaluate the scenario of the use of serious games for the rehabilitation of

individuals with PD.

• Chapter 4: presents the development and validation of the multidimensional assess-

ment questionnaire for individuals with PD.

• Chapter 5: describes in detail the architecture and organization of the designed

serious game, as well as presents its usability and accessibility evaluation.

• Chapter 6: presents the objective evaluation of bradykinesia and tremor.

• Chapter 7: describes the final considerations of the study.

This thesis contains a section of bibliographical references and Appendices (A to G).

The volume of the document is 143 pages, in which 38 figures and 23 tables are found.

Additionally, 176 items are cited in the thesis.

1.11 Relevant considerations

This study was the result of a cotutelle doctorate between the Federal University

of Uberlândia (Brazil) and the University of Lorraine (in Metz, France), funded by the

CAPES— COFECUB programme. The doctoral student conducted her research at UFU

from August/2019 – September/2021 and from February/2023 – December/2023, and at

UL from September/2021 – February/2023.

The research was carried out with the support of the National Council for Scientific and

Technological Development (CNPq), Coordination for the Improvement of Higher Edu-

cation Personnel (CAPES) (CAPES - Program CAPES/DFATD-88887.159028/2017-00,

Program CAPES/COFECUB-88881.370894/2019-01) and the Foundation for Research

Support of the State of Minas Gerais (FAPEMIG). Adriano de Oliveira Andrade is fellow

of CNPq, Brazil (302942/2022-0 and 304818/2018-6); and Luanne Cardoso Mendes and

Yann Morère are fellow of the Program CAPES/COFECUB (88887.612297/2021-00 and

MA957/20 2019-2023, respectively).

It is important to emphasise that this research was carried out as part of a collaborative

project between undergraduate, master’s, doctoral and post-doctoral students. Thus,

each student acted more actively at different stages, for example: Rodrigo Ramos Rosa,

a master’s student, focused on developing the HMI device; Luanne Cardoso Mendes, the

author of this thesis, worked more actively on creating the game’s narrative, designing

each phase, evaluating usability and accessibility, and objectively assessing bradykinesia
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and tremor; Carlos Tobias Machado, an undergraduate student, developed the phases’

scenarios and modelled the bee and other game objects; and Angela Abreu Rosa de Sá, a

post-doctoral student, coded the game.
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2

Parkinson’s Disease

An overview of Parkinson’s disease will be presented in this chapter.

Parkinson’s disease (PD) was first defined in 1817 by the British physician James

Parkinson (1755-1824) in a paper entitled “An Essay on the Shaking Palsy”. The physi-

cian described the disease as an involuntary trembling movement with decreased muscle

strength, with a propensity to bend the trunk forward, tending to change from a walking

pace to a running pace. James Parkinson stated in his work that PD was a different form

of paralysis, named “agitating paralysis”, characterised by tremors and gait festination,

but without any sensory impairment (124).

It is currently known that PD is a chronic neurodegenerative disorder caused by

the progressive loss of dopaminergic neurons of the mesencephalon’s substantia nigra

(117). These neurons, under normal conditions, are responsible for producing and stor-

ing dopamine, a neurotransmitter that acts on a complex neuronal network regulating

the execution of movements (133). As this neurotransmitter is responsible for conducting

information for correct movement control, its deficiency predominantly affects the individ-

ual’s motor function, with interference in cognitive systems (111). Figure 2.1 illustrates

the mesencephalic substantia nigra degeneration in an individual with PD.

The main motor symptoms of the disease are: bradykinesia, which is manifested as

slowness of movement; rest tremor, defined as a repetitive movement of any limb or body

part, which occurs when it is not actively moving; muscle rigidity, defined as a muscle

tone increase when the limb is moved passively; and postural instability, which refers to

an impaired reaction when balance is disturbed (81, 134). Delayed onset motor symptoms

include freezing of gait, speech difficulty, falls, and difficulty swallowing (117).

In addition to the motor symptoms of the disease, some non-motor symptoms can

be manifested even before the motor symptoms. The main non-motor symptoms of PD

are sleep behaviour disorder, constipation, pain, orthostatic hypotension (drop in blood

pressure), paresthesia (abnormal sensory symptoms, characterised by itching, tingling,

and burning), erectile dysfunction, depression, sleepiness, low olfactory sensitivity, rapid

eye movements and changes in personality (117, 61). All these symptoms significantly
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and the organism’s response to medications indicated to treat the motor symptoms of PD

(164).

The most widely used clinical tool for assessing patients with PD is the Movement

Disorders Society–Unified Parkinson’s Disease Rating Scale (MDS–UPDRS) (101). It

was introduced in 1987 by movement disorder experts and updated in 2008 (2, 111). The

MDS–UPDRS was designed to follow the longitudinal course of the disease and assesses

motor and non-motor characteristics of the patient. It is divided into four parts: Part I -

non-motor experiences of daily living; Part II – motor experiences of daily living, Part III

– motor condition; and Part IV – motor complications (58). In this type of assessment,

the examiner analyses the patient and assigns a score between 0 (normal) and 4 (severe)

to indicate the disease level of impairment, i.e., scores are given according to the visual

perception of the examiner (110).

Another scale frequently used to assess PD is the Hoehn and Yahr (H&Y), created in

1967. This scale is a simple staging that evaluates the overall severity of the disease based

on bilateral motor dysfunction, motor disability, gait impairment and balance impairment

(2). Such features are assessed and rated from 1 to 5 to indicate the disease severity.

There is no cure for PD until now. However, the treatment of the symptoms is

fundamental so that the functional independence of patients can be improved and/or

maintained, besides reducing the discomfort suffered by these individuals. The motor

symptoms of PD have been optimized using pharmacotherapy, neurosurgery, and sup-

portive therapy (107).

The pharmacological treatments are mainly based on dopamine, and the most used

drug is levodopa. Its use is recommended in all stages of the syndrome, and although

it doesn’t delay the progression of the disease, the medication has a very efficient action

in reducing motor symptoms (3). It penetrates the haemato-encephalic barrier and is

converted into dopamine by the dopa decarboxylase enzyme, exerting the effects of this

neurotransmitter (133).

Deep brain stimulation (DBS) is the most common neurosurgical method for the

treatment of PD symptoms and is very useful for individuals who do not respond to

the effects of medication. DBS consists of implanting electrodes unilaterally or bilaterally

in the subthalamic nucleus or in the inner globus pallidus, connected to a stimulator. This

device produces electrical impulses that stimulate the region of the brain responsible for

causing the motor symptoms of PD, instantly relieving symptoms such as tremor. DBS

is an adjustable and reversible procedure (3).

Supportive therapies include physiotherapy, speech therapy, occupational therapy, di-

etary measures, among others (107). All these various approaches can benefit different

motor aspects of PD and should be combined to achieve better results (3).

Rehabilitation for individuals with PD is important because, even with optimal med-

ical treatment, patients suffer deterioration in body function. Therefore, the inclusion of
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rehabilitation therapies to pharmacological and neurosurgical treatment is highly recom-

mended (165).

Physiotherapy allows patients to maintain their mobility and independence. It involves

posture, balance, strength, and gait exercises, using cognitive strategies to optimize the

individual’s well-being, improving their quality of life (107). These exercises stimulate the

brain allowing neurons to create new connections to alleviate symptoms and overcome the

difficulties imposed by the disease (24).

However, traditional physiotherapy exercises can be tiring, repetitive and time-consuming,

causing lack of motivation in patients (who already suffer from depression and apathy due

to low levels of dopamine in their brains) (130). Moreover, conventional training is only

effective when the exercises are done daily and intensively (49, 160). These are the major

problems of traditional physiotherapy and can contribute to a drop in patient adherence

to treatment or even patient dropout from therapy programmes.

Thus, other approaches for movement rehabilitation are being increasingly explored,

including the use of serious games (SGs) and virtual reality (VR) (160, 4). According to

(14), SGs and VR favour the absorption of concepts and psychomotor skills in patients

during rehabilitation. The ludic stimulates players’ creativity and interaction, and asso-

ciated with SGs and VR, enables the practice of activities considered impossible to be

performed in a clinical environment (4, 65).
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3

Serious Games for Individuals with Parkinson’s
Disease

The purpose of this chapter is to present a systematic review that aims to identify and

evaluate the scenario of the use of serious games in the rehabilitation of individuals with

Parkinson’s disease.

3.1 Introduction

As previously mentioned, Parkinson’s disease (PD) is one of the most common neu-

rodegenerative diseases in individuals over 60 years of age (2). The motor symptoms of

PD cause functional limitations and dependence in patients, which can lead to depression

and isolation. Consequently, there is a need to conduct research that promotes patients’

quality of life by providing them with greater independence to perform activities of daily

living (116).

The use of serious games (SGs) and virtual reality (VR) to treat the motor symptoms of

PD have been increasingly widespread in healthcare. SGs are games that combine serious

intentions with educational, professional, or medical purposes (that are not primarily

for entertainment), capable of generating some specific knowledge or skills (30). When

used for rehabilitation, SGs can improve or train the movement and cognition of patients

suffering from a variety of diseases, such as PD, stroke, spinal cord injury, among others

(10).

As exercise through games is perceived as fun and not as therapy by the user (4),

they are considered very promising and effective tools that can be exploited for rehabil-

itation (10). The use of game-based therapy does not simply enhance performance in

tasks execution, but also positively affects the physical and mental condition of patients

(160). This is because SGs enable a greater patient immersion in the activity and a

greater sense of accomplishment and joy, improving their whole experience (160, 4). SGs

strengthen patients’ participation in rehabilitation programs because of the motivational

and engagement aspects provided by the game (30).
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3.2. Methods

VR is a 3D interface technology that involves simulation and real-time interactions

using multiple sensory channels for acting or feedback (19). This technology allows navi-

gation and manipulation of objects in a realistic 3D environment (21). Physical rehabili-

tation performed with the aid of VR has presented several advantages over conventional

physical rehabilitation (65). VR can provide interactive feedback on patient performance,

while giving to the patient a more stimulating and motivating experience than a tradi-

tional rehabilitation session (19). Moreover, studies that compared systems that used

VR with systems without this technology for rehabilitation demonstrated that versions

with VR present better results compared to versions without VR (38). This is because

such technology facilitates motor learning and neuroplasticity, as well as exploiting users’

cognitive abilities (65, 19, 109).

More recently, a deeper interest has been noted in developing alternative methods

based on SGs for evaluation and monitoring of PD. However, the incorporation of this

type of technology into the clinical scenario needs to be implemented more effectively. As

a result, this review aims to identify and evaluate the scenario of the use of SGs in the

motor rehabilitation of people with PD.

3.2 Methods

To develop this study, the methodology defined in (76) was adopted, which proposes

comprehensive guidelines for creating a systematic literature review.

3.2.1 Planning the systematic literature review

The main research question in this study was "How have serious games contributed

towards helping to treat the symptoms in individuals who suffer from Parkinson’s disease?”

The specific research questions to guide the selection of primary studies were:

RQ01 – What types of games were implemented to help in the treatment of symptoms

associated with Parkinson’s disease?

RQ02 – What types of technologies (virtual reality – VR, augmented reality – AR, 3D,

2D) were identified in the games?

RQ03 – Are the identified games currently used in conjunction with any multimodal de-

vice? Which one(s)?

RQ04 – Were the identified games based on any protocol or treatment? Which one(s)?

RQ05 – Did the proposed solutions present any instrument for assessing the game and

monitoring the results obtained by the patient with Parkinson’s disease? Which

one(s)?
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RQ06 – Did the games help in the treatment of any specific symptom presented by indi-

viduals with Parkinson’s disease? Which one(s)?

RQ07 – Did the assessment of the technologies consider experiments with patients?

3.2.2 Systematic literature review

The main stages for conducting the systematic review were:

• Stage 1 – Identification of keywords: The keywords were defined based on the

guiding question of the study, namely: “Serious Game” and “Parkinson”.

• Stage 2 – Definition of the search string: The search strings were assembled through

the association of keywords in English. String: (“Serious Game” and “Parkinson”).

• Stage 3 – Publication period: The searches were performed between February 2020

and February 2021. The publication period of the papers was from 2010 to 2021.

• Stage 4 – Databases: The review was performed considering papers belonging to the

following indexed databases: Web of Science, Scopus, PubMed, Bireme, ScienceDi-

rect, IEEE Digital Library, ACM Digital Library and Google Scholar.

• Stage 5 – Selection of primary studies: For this selection, inclusion and exclusion

criteria were defined.

– Inclusion Criteria (IC): [IC01] – Studies that addressed the development and/or

use of a serious game capable of assisting people in the treatment of any symp-

toms caused by Parkinson’s disease.

– Exclusion Criteria (EC): [EC01] – Studies that were not in English; [EC02] –

Studies that presented only commercial aspects of the developed game; [EC03]

– Studies that did not answer any of the research questions specific to this

study; [EC04] – Duplicate or redundant papers (for studies of the same au-

thorship or related to the same solution, only the most recent and/or most

complete was included, unless it presented some complementary information);

[EC05] – Studies that presented the development of games for entertainment

only; [EC06] – Studies that did not have the full-text available with open ac-

cess; [EC07] – Studies that did not address the development or use of a serious

game as an aid in the treatment of symptoms of Parkinson’s disease; [EC08]

– Studies that did not correspond to the publication of a full article (poster,

book, technical note, patent, etc.).

The study selection process was conducted as follows:
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3.3. Profile of Selected Studies

• Stage 6 – Studies quality evaluation: In addition to the inclusion and exclusion

criteria, the quality of the selected articles was also considered. This measure was

obtained based on the recommendations indicated in (37), which suggests the fol-

lowing criteria to obtain a qualitative evaluation:

A – Is the article based on research (or is it merely a lesson extracted based on expert

opinion)?

B – Is there a clear statement of the research objectives?

C – Is there an adequate description of the context in which the research was con-

ducted?

D – Was the methodology used adequate in terms of meeting the research objectives?

E – Was the participant recruitment strategy adequate for the research objectives?

F – Was there a control group for comparing the results?

G – Was data collected to address the research question?

H – Was the data analysis sufficiently rigorous?

I – Was the relationship between researcher and participants considered to an appro-

priate degree?

J – Was there a clear statement of the results?

L – What was developed in the study, can be applied in clinical practice?

The quality criteria were scored as follows: YES = 1 point; NO = 0 point; PARTIALLY

= 0.5 point.

3.3 Profile of Selected Studies

After conducting database searches and reading the titles and keywords, 169 studies

were selected. Of these, after applying the exclusion criteria, 38 papers were selected.

Most of the studies presented the development and evaluation of SGs as an auxil-

iary tool in the treatment of some symptoms caused by PD. These symptoms included

difficulties in speech (79); gait with some disability (68, 155); motor weakness in upper

limbs (46, 148) and lower limbs (4); loss of balance (155, 82, 135, 175); impairment of

fine movements of fingers and hands (27, 115); cognitive problems (155, 47, 170); and low

range of motion (152).

Some studies described projects that include more than one SG, as in (97), which

presented the ReMoVes platform (Remote Monitoring Validation Engineering System)
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Reasoning (46); (121); (126); (148); (155)

Haptic (148)

Balance (106); (175)

Race (170)

Table 3.1 – Types of games.

Some studies are classified in more than one type of game. This fact occurs as the

developed game presents phases, levels or approaches that fit in more than one classifica-

tion. The game presented in (4), for example, is classified as exergame, musical/rhythmic

and memory. In (155), the game is classified as exergame and reasoning; in (46), memory,

simulation and reasoning games; in (148), simulation, reasoning, and haptic games; in

(175), exergame and balance; in (170), memory, simulation and race; in (126), exergame

and reasoning; in (147), exergame and memory; and in (121), memory and reasoning.

On the other hand, the studies (158, 55, 6, 169, 166) did not address the development

of a game or did not present sufficient information about the games. Therefore, it was

not possible to categorize them according to the type of game implemented.

RQ02 – What types of technologies (virtual reality - VR, augmented reality - AR, 3D,

2D) were identified in the games?

Table 3.2 presents the interfaces used in the games.

Type of interface Study

2D (4); (34); (52); (79); (106); (121); (150); (152); (170)

3D (119); (135); (143); (153); (175)

VR (5); (6); (22); (27); (38); (46); (97); (114); (115); (123); (126); (147); (148);
(155)

AR (47); (94)

Table 3.2 – Interfaces used in the games.

The studies (30, 10, 68, 82, 158, 55, 169, 166) did not present the development of a

SG. Although the study (158) also did not address the development of a SG, it appears in

Table 2 classified as VR as it presents a literature review on the use of SGs that employ

VR.

RQ03 – Are the identified games currently used in conjunction with any multimodal

device? Which one(s)?

The studies used several multimodal devices, as shown in Table 3.3.

Multimodal devices Study

Leap Motion (5); (46); (47); (52); (97); (114); (115); (148); (150)
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Microsoft Kinect (5); (97); (119); (135); (147); (152); (155); (158)

Microsoft Band (97)

Nintendo Wii (97); (123); (126)

RGB 360 cameras (94); (158)

Smart bracelet (158)

Binary sensors (158)

Inertial sensors (106); (126)

WSN sensors (68); (153); (158)

HTC Vive (38)

Optical-See Through Head Mounted Display (OST-

HMD) with haptic controller

(94)

Oculus Rift (114); (148)

Sony PlayStation Eye camera (4)

Traditional devices (notebook, tablet, mouse and

keyboard)

(30); (79); (121); (143); (170)

HMD (5); (22); (27); (47)

XaviX (dance mat) (175)

Table 3.3 – Multimodal devices used by the games.

Some studies used more than one device. In (148, 114), for example, Leap Motion and

Oculus Rift were used. In (47), Leap Motion and HMD were used; in (97), Leap Motion,

Microsoft Kinect, Microsoft Band and Nintendo Wii; in (126), Nintendo Wii and inertial

sensors; in (158), Microsoft Kinect, RGB 360 cameras, smart bracelets, binary sensors

and WSN sensors; in (94), RGB 360 cameras and Optical-See Through Head Mounted

Display (OST-HMD) with haptic controller; and in (5), Leap Motion, Microsoft Kinect

and HMD were used.

Other studies used only traditional devices, such as notebook and projector (79, 143);

tablet (30, 121); and mouse and keyboard (170). Alternatively, in some studies specific

devices were created, such as in (68, 153, 106). The studies (82, 34) did not mention the

multimodal devices used. Finally, all studies that performed a systematic review (10, 55,

6, 169, 166) did not report or use multimodal devices.

RQ04 – Were the identified games based on any protocol or treatment? Which one(s)?

Table 3.4 presents the treatment protocols used.

Protocol Study

Exercises based on traditional physiotherapy tasks (22); (27); (46); (115); (143); (148)

Logopedic therapy (79)

Multidirectional and target-directed stepping tasks (175)
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Training of daily activities (47); (153)

Modified Constraint Induced Therapy (mCIT) (38)

Guide for exercise and Parkinson’s disease by the PD

Society of UK

(123)

Box and Blocks Test (BBT) (114)

Train BIG to move faster (119)

Rhythmic training via rhythmic auditory stimulation (30)

Table 3.4 – Protocols used by the games.

Several studies, although not reporting the use of a protocol, stated that the exercises

proposed by the games were recommended/accompanied by doctors/therapists (97, 147,

52, 5). Moreover, the studies (46, 148, 27, 115, 22, 143) reported that the games tried to

imitate exercises included in traditional physiotherapy, such as palm grip, finger flexion

and extension, hand supination and pronation, and gait exercises. The other studies did

not mention whether the games were based on any protocol or treatment.

RQ05 – Did the proposed solutions present any instrument for assessing the game and

monitoring the results obtained by the patient with Parkinson’s disease? Which one(s)?

Table 3.5 shows the instruments for evaluating games and monitoring patients.

Instrument Study

Game Experience Questionnaire (GEQ) (4); (79); (94)

VHI: 10 (Voice Handicap Index: 10) (79)

Observation of occupational therapists (27); (47); (153)

Recording of patients playing (38); (47); (147);
(152)

Mini Mental State Examination (MMSE) (47); (143); (147)

Time Up and Go Test (TUG) (22); (68); (82); (106)

10-Meter Walk Test (10WT) (82); (155)

6 minute Walk test (82)

Berg Balance Scale (BBS) (68); (106); (175)

Short-Form Health Survey (SF-36) (175)

Multi-Directional Reach Test (MDRT) (175)

Maximum Step Length (MSL) test (175)

Modified Falls Efficacy Scale (MFES) (175)

Nottingham Health Profile (NHP) (106)

Jamar® hydraulic hand dynamometer (46); (115); (148)

Task Load Index (TLX) (94)

System Usability Scale (SUS) (4); (5); (27); (94)

Box and Blocks Test (BBT) (46); (114); (115);
(148)

Purdue Pegboard Test (PPT) (46); (115); (148)
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Client Satisfaction Questionnaire (CSQ-8) (46); (148)

Action Research Arm Test (ARAT) (148)

Movement Disorder Society–Unified Parkinson’s Disease Rating Scale (MDS–
UPDRS)

(30); (126)

Suitability Evaluation Questionnaire (SEQ) (30)

Battery for the Assessment of Auditory Sensorimotor and Timing Abilities
(BAASTA)

(30)

Montreal Cognitive Assessment (MoCA) (30); (155)

Parkinson’s Disease Questionnaire–39 (PDQ–39) (30); (126); (155)

9 hole peg test (46); (126)

Test d’Évaluation des Membres Supérieurs de Personnes Âgées (TEMPA) (126)

Functional Gait Assessment (FGA) (155)

Dynamic Gait Index (DGI) (155)

Mini Balance Evaluation Systems Test (Mini-BESTest) (155)

Five times Sit-to-Stand Test (SST) (155)

Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) (143)

Free and Cued Selective Reminding Test (143)

Trial Making Test A (TMT A) (143)

Stroop test (143)

Digit Symbol Substitution Test (DSST) (143)

Frontal Assessment Battery (FAB) (143)

Neuropsychiatric Inventory (NPI) (143)

Apathy Inventory (AI; clinician version) (143)

Manual Muscle Testing (MMT) (22)

Fugl-Meyer Assessment (FMA) (22)

Motor Assessment Scale (MAS) (22)

Barthel Index (22)

Parameters of gait kinematics (22)

Table 3.5 – Instruments for evaluation and monitoring.

Several studies presented more than one instrument for assessment and monitoring.

This fact is quite coherent, as the assessment instrument refers to the game itself, while the

monitoring instrument refers to the assessment of clinical and psychological/psychosocial

aspects of patients. The other studies did not provide information on the use of an in-

strument for assessing the game and monitoring the patient.

RQ06 – Did the games help in the treatment of any specific symptom presented by

individuals with Parkinson’s disease? Which one(s)?

Table 3.6 presents the symptoms addressed in the studies.

Symptom Study

Bradykinesia (6); (27); (46); (52); (68); (79); (94); (115); (119); (147); (148);

(150); (152)
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Postural instability (82); (119); (135); (155); (158); (175)

Gait impairments (22); (30); (68); (82); (119); (155); (158); (175)

Rest tremor (27); (97); (126)

Rigidity (27); (38); (46); (106); (148)

Cognitive impairments (47); (135); (143); (147); (155); (166); (170)

Visuospatial disability (166)

Table 3.6 – Symptoms treated by the games.

Some studies have proposed treating more than one symptom of PD, as in (68), which

proposed the treatment of bradykinesia and gait impairments; in (155), postural instabil-

ity, gait impairments and cognitive impairments; in (46, 148), bradykinesia and rigidity;

in (82, 175, 158), postural instability and gait impairments; in (135), postural instabil-

ity and cognitive impairments; in (27), bradykinesia, rest tremor and rigidity; in (119),

bradykinesia, postural instability and gait impairments; in (147), bradykinesia and cog-

nitive impairments; and in (166), cognitive impairments and visuospatial disability. The

other studies did not specify which symptom the game was aimed at treating.

RQ07 - Did the assessment of the technologies consider experiments with patients?

Table 3.7 shows the studies’ classification in terms of conducting experiments with

real patients.

Experiments with patients Study

Yes (4); (5); (22); (27); (30); (38); (46); (47); (52); (68); (79); (82);
(94); (97); (106); (114); (115); (121); (123); (126); (135); (143);
(147); (148); (150); (152); (153); (155); (170); (175)

No/Not informed (6); (10); (34); (55); (119); (158); (166); (169)

Table 3.7 – Experiments with patients.

3.4.2 Qualitative Evaluation

Table 3.8 shows the qualitative evaluation results of the studies, described in Stage

6 (Section 2.2). The “Total” column refers to the sum of scores for the evaluated items

in each study, and the “Total” row refers to the sum of scores over all studies for each

evaluated item.

Study Items for qualitative evaluation

(Reference) A B C D E F G H I J L Total

(4) 1 1 1 1 0.5 0 0.5 0.5 0 1 0.5 7.0

(5) 1 1 1 1 0.5 1 1 1 1 0.5 0.5 9.5

(6) 1 1 1 1 0.5 0 1 0.5 0 1 1 8.0
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(10) 1 1 1 1 0 0 0.5 0 0 0.5 0 5.0

(22) 1 1 1 1 0.5 1 1 1 1 1 1 10.5

(27) 1 1 1 0.5 0.5 0 1 0.5 1 0.5 0.5 7.5

(30) 1 1 1 1 0.5 0 1 0.5 0 0.5 0.5 7.0

(34) 1 1 1 0.5 0.5 0 0.5 1 0 0.5 0.5 6.5

(38) 1 1 1 1 0.5 0 1 1 0 1 1 8.5

(46) 1 1 1 1 0.5 1 1 0.5 1 1 0.5 9.5

(47) 1 1 1 0.5 0.5 0 0.5 0.5 1 0.5 0.5 7.0

(52) 1 1 1 1 0.5 0 1 1 0 1 0.5 8.0

(55) 1 1 1 1 0 0 1 1 0 1 0 7.0

(68) 1 1 1 1 0.5 0 1 1 0.5 1 0.5 8.5

(79) 1 1 1 1 0.5 0 1 1 0 1 0.5 8.0

(82) 1 1 1 1 1 0 0.5 0.5 0.5 0.5 0.5 7.5

(94) 1 1 1 0.5 0.5 0 0.5 1 0 1 0.5 7.0

(97) 1 1 1 0.5 1 0 0.5 1 0 0.5 0.5 7.0

(106) 1 1 1 1 0.5 1 1 1 1 1 0.5 10.0

(114) 1 1 1 1 1 0 1 1 0 0.5 0.5 8.0

(115) 1 1 1 1 1 0 1 1 0 1 0.5 8.5

(119) 1 1 1 1 0 0 0 0 0 0.5 0.5 5.0

(121) 1 1 1 0.5 0.5 0 0.5 0 0 0 0 4.5

(123) 1 1 1 1 1 0 0.5 0.5 0 1 0.5 7.5

(126) 1 1 1 1 0.5 1 0.5 0.5 1 1 1 9.5

(135) 1 1 1 1 0.5 0.5 0.5 0 1 0.5 1 8.0

(143) 1 1 1 0.5 0.5 0.5 0.5 1 1 1 1 9.0

(147) 1 1 1 1 0.5 0 1 1 0 1 0.5 8.0

(148) 1 1 1 1 0.5 0 1 1 1 1 0.5 9.0

(150) 1 1 1 1 1 0.5 1 1 0 1 0.5 9.0

(152) 1 1 1 1 0.5 0 0.5 0.5 0 0.5 0 6.0

(153) 1 1 1 0.5 0.5 0 0.5 0 0 0.5 0.5 5.5

(155) 1 1 1 1 1 1 1 0.5 1 0.5 0.5 9.5

(158) 1 1 1 1 0.5 0 0.5 0.5 0 1 0.5 6.0

(166) 1 1 1 1 0.5 0.5 0.5 0.5 1 0.5 1 8.5

(169) 1 1 1 1 1 0.5 0.5 0.5 0.5 1 1 9.0

(170) 1 1 1 0.5 0.5 0 1 0 0 1 1 7.0

(175) 1 1 1 1 0.5 1 1 1 0.5 1 1 10.0

Total 38 38 38 33 21 9.5 28 25 14 29 22

Table 3.8 – Qualitative evaluation results.

3.5 Discussion

This section presents a discussion of the results obtained from this study, which will

be guided and separated according to the addressed research questions.

Table 3.1 shows the types of games presented in the studies included in this review.
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The majority (52.63%) of the studies proposed the development and/or use of games that

train players’ physical movements (exergames). Keeping in mind information regarding

the research questions RQ03 and RQ06 (Table 3.3 and Table 3.6, respectively), it is pos-

sible to establish a relationship between the type of the exergame with Kinect, Nintendo

Wii and Leap Motion devices and the symptoms bradykinesia, postural instability, gait

impairments and rest tremor. The availability of devices capable of capturing body move-

ments combined with physical problems caused by PD may be factors that contribute to

the preference in developing games classified as exergames.

According to (78), games can exercise the brain and as more patterns are learned,

more novel approaches are needed to make a game attractive. Inevitably, at some point,

a game can become boring and disposable. When this happens, it is necessary to change

over to another game, highlighting the importance of having different games to treat a

particular symptom. In this sense, by crossing the information presented in Table 3.1

and Table 3.6, one notes that by considering the type of game exergame, six studies were

found that used different games for the treatment of the same symptom – bradykinesia.

Thus, there is a need to have a wide variety of games with different characteristics and

properties (scenarios, narratives, and mechanics) to support people with PD, when the

desire or interest in a game is lost or diminished.

It is extremely important that games be developed considering some aspects related

to the patients who will use them. Individuals affected by PD are, in general, elderly

people. They are attracted by casual games that represent life experiences, rather than

complex games with adventure and science fiction themes. Therefore, games based on

themes such as country life and nature tend to be better accepted by these individuals,

increasing the efficiency of the game for the treatment of symptoms (52).

In addition, games should be created specifically for people with PD, and it is very

important to keep in mind the variations in cognitive and motor ability of patients (126).

According to (149), depending on the demands of the game, people with PD show deficits

compared to healthy elderly people. Thus, these games should not be difficult or complex,

but rather present achievable challenges to the players.

Another important factor related to SGs for rehabilitation is the need to adapt and

customize them to align with the target group’s demands (9). The lack of customization

and the need of engagement for sustainable use is one of the main issues existing in health

oriented SGs. Different personalities are attracted to different games, and not just because

of a particular problem in the brain (38, 52). Therefore, it is necessary to encourage the

creation and availability of as many games as possible, to increase the number of people

who can benefit from using games.

Table 3.2 shows that studies which used VR are more numerous (36.84%) compared to

other interface technologies. This is certainly due to the positive potential demonstrated in

using virtual technologies that keep the player immersed and engaged in healthy activities
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(38, 126, 52). According to (126), VR increases the focus on tasks and requires cognitive

interaction of the patient, thus contributing to the achievement of therapeutic benefits.

As VR is an instrument that includes visual, auditory, and tactile feedback, it is able to

meet the demands of PD patients and can be added to neurorehabilitation (126). Thus,

physiotherapy based on VR is important for exploring not only motor skills of patients,

but also cognitive skills, facilitating repetition and motor learning. Moreover, both VR

and AR can create new scenarios, narratives, and mechanics for existing games. This

reutilization can decrease the time needed to make a game available, compared to the

time spent developing a new game from initial stages.

However, some negative factors may have contributed to 23.68% of the studies (a

considerable proportion) featuring 2D interface technology. Many patients suffer from

dizziness, headaches, mental confusion, and nausea when using virtual games with im-

mersive characteristics (95); the exercise to be performed is prioritized, rather than the

technology used; lack of technical knowledge to use VR or AR; and the development of

2D games is simpler than games with virtual interfaces.

Table 3.3 shows different devices and sensors that can be used to capture body move-

ments in SGs for rehabilitation, especially Leap Motion and Microsoft Kinect. The phys-

ical impairment caused by PD can prevent people from being able to handle traditional

game controls, contributing to the development of alternative types of input devices. As

discussed in RQ01, this preference may be related to many games classified as exergames

in this study.

Furthermore, there is an observed tendency for using traditional devices that already

exist, i.e., devices that were not created considering the limitations of PD patients. Cost

reduction may explain this choice. However, those with PD have severe limitations,

especially in advanced stages of the disease. Therefore, the development of devices that

improve player experience, while observing their limitations, can contribute to a better

acceptance, as well as better results when using games. Only three studies (68, 153, 106)

mentioned the creation of specific and adapted devices for individuals with PD.

The presence of a doctor or therapist accompanying the SGs development, as well as

its use, was confirmed in most of studies. In contrast, the development of a game based on

a rehabilitation protocol for people with PD was identified in only 15 studies (39.47%), as

shown in Table 3.4. The use of a formal rehabilitation protocol can contribute positively

towards evaluating and monitoring the results obtained by a SG in the treatment of PD

symptoms.

The game evaluation and the monitoring of results obtained by patients are important

for validating the solution. Some studies evaluated game usability and game experience,

characteristics used to qualify and measure aspects related to games. However, the player

can evaluate the game well, but not have satisfactory results in treating a symptom.

Hence, it is important to use instruments to evaluate the results obtained by patients,
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verifying whether the game was effective in treating a given symptom. As seen in Ta-

ble 3.5, a wide variety of specific tools were used to assess patient outcomes regarding the

treatment of a given symptom.

Table 3.6 presents the symptoms treated in the studies. The solutions used for physi-

cal rehabilitation were more numerous than for cognitive rehabilitation, and the two most

treated symptoms were bradykinesia and gait impairments. Despite a wide variety of

symptoms addressed in these papers, there is a lack of solutions that treat more than one

symptom (only 12 studies treated two or more symptoms with the games). Among all

studies included in this review, only (147) concluded that, although the addressed symp-

tom (cognitive impairments) did not evolve, there was no improvement in its treatment

using SG.

Most studies conducted experiments with real patients (78.95%). However, due to

the small number of participants, the short follow-up time and the lack of experimental

methodological rigidity, the authors did not provide any specification regarding the results

obtained (they only described preliminary results). They only reported that a level of

efficiency was achieved in treating the symptoms caused by PD. The need for long-term

tests with a statistically representative population is evident to produce comprehensive

results that can be validated with a high degree of precision.

Regarding qualitative evaluations, as illustrated in Table 3.8, the scores of each paper

for the evaluated items ranged between 4.5 and 10.5 points. The mean score was 7.80 and

standard deviation 1.48, showing that, in general, the studies presented approximately

3.20 points less than a total of 11 points for the quality factor. Only the studies (10, 119,

121, 153) obtained scores less than or equal to 50% of the total points distributed for qual-

ity evaluation, characterizing studies with more inconsistencies/failures when compared

to the others. However, it is important to emphasize that, among these four studies,

the ones (10, 119) did not perform experimental procedures. This is reflected in the final

scores of the studies, since items E, F and I are related to the performing of an experiment.

The first three items evaluated in qualitative analysis (A, B and C) received the highest

score in all included papers, presenting 38 points in the sum of the scores. However, two

items (F and I) stood out for obtaining a sum of points below 50% of the total points

added in relation to the other items. Therefore, in general, the selected studies presented

two main deficiencies, a non-recruitment of people to form a control group, and a lack of

care when dealing with possible bias that can affect the research regarding the relationship

between researcher and participant. Two other items that obtained lower evaluation scores

were those related to a recruitment strategy of individuals to perform the tests (E), and

failure to apply what has been developed in practical situations (L).
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3.6 Conclusions

This review evaluated the use of SGs for rehabilitation of individuals with PD. Several

research initiatives proposed the use of these tools to assist in the treatment of symptoms

arising from the disease. The solutions described in the studies assessed PD symptoms

using physical tests such as the BBT, TEMPA, PPT and TUG; questionnaires/scales such

as the PDQ–39, MDS–UPDRS, Barthel Index and MoCA; and observational analyses.

No studies used recorded data of movements performed by players (provided by inertial

sensors, for instance) during their interaction with the SG to assess any PD symptoms.

Designing SGs for health is a challenging process because they need to meet the

demands of therapists and players, which are often complex and diverse. A successful

game must be simple, enjoyable, customizable, have effectiveness in terms of therapy,

and its design must consider the experiences of the users rather than the developers.

Furthermore, the development of long-term studies with a statistically representative

population is necessary for validating and generalizing the results obtained with the use

of SGs. These characteristics are extremely important for the good acceptance of games

by users and for the incorporation of these tools in outpatient settings.
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4

Multidimensional Assessment Questionnaire for
Individuals with Parkinson’s Disease

The aim of this chapter is to present the development and structure validation of a self-

assessment questionnaire that can be used remotely to assess the respondents’ health

condition. One of the objectives of this questionnaire was to identify the respondents’

main motor limitations in order to guide the development of the serious game.

4.1 Introduction

Parkinson’s disease (PD) has the potential to affect an individual on multiple levels,

including motor, cognitive, social, and/or emotional aspects (134). As a result, individuals

with PD should be evaluated on a regular basis (174).

Questionnaires are effective tools for multidimensional evaluation (56). They offer

respondents the opportunity to reflect on themselves and provide information that con-

tributes to a better understanding of their health status (75). Other advantages include:

relatively low costs for both instrument development and data collection; the potential

to be answered by a large number of people because they can be applied in person or

remotely; no need for an interviewer; temporal flexibility for data collection (66); and

the ability to measure and discriminate the actual needs of individuals, allowing for the

development of new technologies designed to solve real problems (44).

Several instruments are being developed to assess general aspects of health and quality

of life in people with PD. However, widely used questionnaires and scales, such as the

Movement Disorder Society–Unified Parkinson’s Disease Rating Scale (MDS–UPDRS)

(58) cannot be conducted remotely because they require the physical presence of a clini-

cian (146). Furthermore, in a pandemic situation, remote assessment would be useful for

disease prevention, assessment, and patient condition monitoring. The study (57) em-

phasized the importance of using MDS–UPDRS to continuously assess individuals with

PD, even in situations with limited physical contact. However, this and no other scales

or questionnaires have yet been validated to be applied remotely.
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The Parkinson’s Disease Questionnaire–39 (PDQ–39) (72) is another widely used ques-

tionnaire that has limitations in evaluating some aspects, such as pain, which is a symptom

closely linked to quality of life and is present in approximately 85% of people with PD

(31). Since PDQ–39 contains only 39 items, it may not favor a more in-depth assessment,

particularly if used remotely.

The Barthel Index (99) and Katz Index (112) are two other scales used to assess people

with PD. Nonetheless, aside from not evaluating different aspects, neither scale is specific

for PD. The Barthel Index was created to assess post-stroke individuals (15), and the

Katz Index to assess elderly people (112). Therefore, using these scales to assess people

with PD may result in inaccurate assessments.

In summary, most of the instruments used to assess individuals with PD have the

following limitations: they require the physical presence of a clinician to perform the

assessment (which is impractical during emergency situations, such as COVID–19), were

not designed specifically for patients with PD, and/or have not been validated to be

self-administered or applied remotely. As a result, the need for developing a self-applied

instrument capable of being used remotely, which can provide a detailed assessment of

the overall health status of people with PD, was identified.

The goals of this study were to create and validate the structure of a multidimensional

self-assessment questionnaire for people with PD that can be used remotely, to propose a

model for calculating the final score and the respondents’ level of disability, to assess the

scale’s accuracy, and to identify the most common limitations of individuals with PD. In

short, this questionnaire was developed to allow the remote assessment of an individual

with PD, and also to enable the identification of the main limitations of the respondents

to direct the development of the game.

4.2 Methods

4.2.1 Questionnaire development

The questionnaire development and application were approved by the Ethics Commit-

tee for Human Research at the Federal University of Uberlândia.

Validated questionnaires and assessment scales such as MDS–UPDRS (58), PDQ–39

(72), Barthel Index (99), Katz Index (112), and Multidimensional Pain Inventory (MPI)

(154) were used in the instrument development. Food, Mobility, Sanitation, Clothes,

Miscellaneous, Memory/Concentration, Social and family conviviality, Personality, En-

ergy, Emotion/Humor, Severity of pain, Interference, Perceived life control, and State of

mood-affectivity were created as subgroups of questions.

The “Multidimensional Assessment Questionnaire for Individuals with Parkinson’s Dis-

ease” (MAQPD) questionnaire was proposed, with a total of 83 evaluation questions (Ap-
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pendix A). The language of the questionnaire was Portuguese, it was created using Google

Forms (a survey administration software), and it was applied to Portuguese speakers from

Brazil. MAQPD was divided into three sections:

1. Section A – Research presentation. This section presents the aims of the research,

describes the risks and benefits, as well as the importance of the participation of

people with PD.

2. Section B – Questions about daily activities (Module 1), related to self-care and the

capacity of individuals to live independently; and questions concerning cognitive

aspects (Module 2), related to the individuals’ feelings about life and society. This

section presents 66 questions for evaluation by the respondents, of which 43 are

distributed to the subgroups of Module 1 (7 for Food, 12 for Mobility, 7 for Sanita-

tion, 7 for Clothes and 10 for Miscellaneous), and 23 distributed to the subgroups

of Module 2 (2 for Memory/Concentration, 6 for Social and family conviviality, 3

for Personality, 6 for Energy and 6 for Emotion/Humor).

3. Section C – Multidimensional Pain Inventory. This section presents four subgroups

of questions taken from the MPI (Portuguese version) (154), which refer to the

impact of pain on the life of individuals. In this section there are 17 questions for

assessment by the respondent, of which 3 are for the subgroup Severity of pain, 9

for Interference, 2 for Perceived life control, and 3 for State of mood-affectivity.

MAQPD uses two response scales: a LIKERT scale with five classification levels

(0—Totally disagree; 1—Disagree; 2—Neutral; 3—Agree; and 4—Totally agree) used

in Section B, and a LIKERT scale with seven classification levels ranging from 1 (little

pain) to 7 (a lot of pain) used in Section C. In addition, the questionnaire presents op-

tional open-ended questions so that respondents have the opportunity to express in detail

complaints or aspects not mentioned in the questionnaire. The average time it took to

respond to MAQPD was 18 minutes.

4.2.2 Questionnaire’s structure validation

Research participants

People with PD were invited to participate in the study through a variety of chan-

nels, including email lists, discussion forums, PD webinars, interviews for local television

stations, and WhatsApp groups. The inclusion criteria for the study were: having a

confirmed diagnosis of PD from a neurologist or geriatrician; and being able to fill out

the questionnaire independently. Individuals whose responses to the questionnaire were

incomplete were excluded from the analysis. MAQPD was completed by 310 people, but

8 of them did not have PD. As a result, 302 answers were analyzed.
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Factor analysis

Factor analysis (FA) was used to validate the structure of MAQPD. FA is a mul-

tivariate statistical method used to define underlying structures in data matrices. FA

investigates the interrelationships between multiple variables to derive a reduced linear

structure from the original data (168). As a result, in a questionnaire with many variables

(83 in this study), FA seeks to group such variables into reduced sets described by factors

(87).

In short, FA can be performed in two stages: factor extraction and factor rotation.

Factor extraction involves choosing the number of factors to be extracted, and factor

rotation aims to obtain a simple structure to improve data interpretability. One approach

to factor extraction is principal component analysis (PCA), which explains correlations

by explaining (common) variance (87).

PCA analyzes a data set in which observations are described by several quantitative

dependent variables that are intercorrelated. The aim of this method is to express im-

portant information extracted from the data set as a set of new orthogonal variables. In

addition, PCA represents the pattern of similarity of observations and variables (1).

PCA calculates new variables obtained as linear combinations of the original variables,

called principal components. The first principal component is required to have the highest

possible variance, and in this way, this component explains the largest part of the data

set. The second and other components are computed under the restriction to have the

biggest variance possible and to be orthogonal to the previous component. The values of

these new variables for the observations are called factors scores, which can be interpreted

in a geometric way as the observation’s projections on the principal components (87). The

number of factors retained can be observed using the Scree Plot (1).

First, the data were normalized to convert the response scale of Section C to the re-

sponse scale of Section B. The normalization was done to satisfy the following relationship:

a low score indicates severe impairment, whereas a high score indicates less impairment.

Equation 4.1 was used to normalize questions 67 to 78 and 81 to 83, as these items have

an inverse relationship with the response scale from 0 to 4. Equation 4.2 was applied to

questions 79–80 because they are directly related to the response scale of 0–4. For both

equations, X1 represents the normalized variable on a scale of 0 to 4, and X2 represents

the variable on a scale of 1 to 7.

X1 = −4 ∗ ((−X2 + 7)/6) (4.1)

X1 = 4 ∗ ((X2− 1)/6) (4.2)

The Bartlett sphericity and Kaiser–Meyer–Olkin (KMO) tests were used to determine

whether the dataset met the requirements of FA. The Scree Plot was used to determine
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the number of retained factors that were rotated (oblimin) to improve their interpretation

and relationship with the original variables.

To improve the overall solution of FA, the following criteria were used to exclude

irrelevant variables that satisfied at least one of the three criteria:

1. Variables with factor loadings less than 0.35 were considered insignificant based on

the size of a sample between 250 and 349 individuals (87).

2. Variables with very similar factor loadings, i.e., difference between factor loadings

less than 0.10, in more than one factor (62).

3. Variables with communality under 0.30 (89, 48). Low communality indicates they

are not linearly correlated and, therefore, should not be included in FA.

After excluding variables that did not meet these criteria, FA was performed again to

re-evaluate the need for additional variable exclusion.

4.2.3 Data analysis

Assessment of respondents’ level of impairment

FA assigns a factor loading to each item of the questionnaire, which reflects the im-

portance of the item in representing a given factor. To compute the final score for each

respondent, the factor loadings were multiplied by the score given by the respondent in

each question, and the sum of these values was calculated.

The Spearman’s correlation coefficient between variables was estimated to determine

whether the proposed model is consistent. The correlation coefficient was classified into

four categories: very weak (0.00–0.19), weak (0.20–0.39), moderate (0.40–0.59), strong

(0.60–0.79), and very strong (0.80–1.00) (110).

The final scores of individuals were analyzed using descriptive statistics such as mean,

standard deviation, median, and minimum and maximum values. These measures were

computed for the entire instrument as well as for each of the FA-defined factors. The violin

plot was shown, which reveals additional details about the data distribution. To gain a

better understanding of the distribution of the respondents’ final scores, the histogram

and cumulative distribution function of the entire instrument, as well as the measures of

skewness and kurtosis, were examined.

Scale accuracy assessment

The floor and ceiling effects, as well as Cronbach’s alpha, were used to assess the

scale’s precision. When a proportion of respondents achieves the lowest possible score

across a given domain, the floor effect occurs, preventing the identification of changes in

situations where the health condition deteriorates. The ceiling effect is interpreted in the

37



4.3. Results

opposite way as the floor effect (11). When the floor and ceiling effect rates were less

than 15%, they were considered satisfactory (64, 103).

Cronbach’s alpha is a coefficient that can be used to determine whether the question-

naire items are homogeneous and whether the scale consistently measures the character-

istic for which it was designed. If it was larger than 0.75 it was deemed adequate (80).

Floor and ceiling effect rates, as well as Cronbach’s alpha, were calculated for the entire

instrument and for each domain.

Identification of motor difficulties and limitations related to cognition and

pain

The most common answer (i.e., mode) for each question was identified to find the

basic activities of daily living that the respondents had more difficulty performing, as well

as the cognitive and pain aspects most affected in these individuals. The responses from

the optional open-ended questions were also evaluated.

In addition, the main motor, cognitive, and pain limitations were identified and dis-

criminated for each group of respondents according to their diagnosis time, also calculating

the most common answer for each question.

4.3 Results

4.3.1 Questionnaire structure validation

As shown in Table 4.1, the majority of those who responded to the questionnaire

(28.48%) had been diagnosed with PD for more than ten years, while the minority (4.30%)

had been diagnosed for two to four years.

Diagnosis time Number of respondents Percentage of respondents(%)

less than 2 years 59 19.54
2 to 4 years 13 4.30
4 to 6 years 51 16.89
6 to 8 years 64 21.19
8 to 10 years 29 9.60

more than 10 years 86 28.48

Table 4.1 – Diagnosis time.

The adequacy of the data for the application of FA was verified. The results of the

Bartlett’s test of sphericity (X2 = 28247.25; df = 3403 degrees of freedom; p < 0.001) and

KMO test (overall Measure of Sampling Adequacy of 0.95) suggested a good adequacy of

the data to FA. Figure 4.1 shows the data correlation matrix of the questionnaire.

PCA was used to confirm that three factors should be retained because the Scree Plot

showed a linear decreasing trend at Component 3.
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Figure 4.1 – Data correlation matrix before FA.

To improve the interpretation of the factors, the oblique rotation oblimin was used,

and the factor loadings and communality were analyzed to eliminate twelve irrelevant

variables. Question 45, 52, 57, 59, 66, and 80 had factor loadings less than 0.35; question

44 had factor loadings for two factors that were very similar; and questions 45, 52, 57,

58, 59, 60, 65, 66, 79, 80, and 81 had communalities less than 0.30. After these variables

were removed, the questionnaire presented 71 items rather than 83.

FA was performed once more to ensure that the items in the new MAQPD (Appendix

B) met any of the defined variable exclusion criteria. The results showed that the data

was adequate for FA, as confirmed by the Bartlett’s test of sphericity (X2 = 26020.98; df

= 2485 degrees of freedom; p < 0.001) and the KMO test (overall Measure of Sampling

Adequacy of 0.95). Figure 4.2 depicts the new questionnaire’s data correlation matrix.

Three factors should be retained because their proportion of variance explained was

larger than 60% (62) and the Scree Plot showed a decreasing linear trend at Component

3. Oblique rotation oblimin was used to improve the interpretation of the factors, and

the variables were reorganized into three different groups:

1. FACTOR 1: Comprised of 43 variables related to the activities of daily living (ADL).

39



4.3. Results

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

Q
8

Q
9

Q
1
0

Q
1
1

Q
1
2

Q
1
3

Q
1
4

Q
1
5

Q
1
6

Q
1
7

Q
1
8

Q
1
9

Q
2
0

Q
2
1

Q
2
2

Q
2
3

Q
2
4

Q
2
5

Q
2
6

Q
2
7

Q
2
8

Q
2
9

Q
3
0

Q
3
1

Q
3
2

Q
3
3

Q
3
4

Q
3
5

Q
3
6

Q
3
7

Q
3
8

Q
3
9

Q
4
0

Q
4
1

Q
4
2

Q
4
3

Q
4
6

Q
4
7

Q
4
8

Q
4
9

Q
5
0

Q
5
1

Q
5
3

Q
5
4

Q
5
5

Q
5
6

Q
6
1

Q
6
2

Q
6
3

Q
6
4

Q
6
7

Q
6
8

Q
6
9

Q
7
0

Q
7
1

Q
7
2

Q
7
3

Q
7
4

Q
7
5

Q
7
6

Q
7
7

Q
7
8

Q
8
2

Q
8
3

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18
Q19
Q20
Q21
Q22
Q23
Q24
Q25
Q26
Q27
Q28
Q29
Q30
Q31
Q32
Q33
Q34
Q35
Q36
Q37
Q38
Q39
Q40
Q41
Q42
Q43
Q46
Q47
Q48
Q49
Q50
Q51
Q53
Q54
Q55
Q56
Q61
Q62
Q63
Q64
Q67
Q68
Q69
Q70
Q71
Q72
Q73
Q74
Q75
Q76
Q77
Q78
Q82
Q83

Figure 4.2 – Data correlation matrix after FA. The questions are numbered in accordance
with the original questionnaire.

2. FACTOR 2: Comprised of 14 variables related to pain.

3. FACTOR 3: Comprised of 14 variables related to cognitive aspects.

No other variables needed to be excluded.

4.3.2 Assessment of respondents’ level of impairment

The factor loadings of each questionnaire item are shown in Table 4.2.

The model in Equation 4.3 was used to compute the sum of each respondent’s final

score.

Final Score = 0.57SQ1
+ 0.63SQ2

+ 0.60SQ3
+ 0.57SQ4

+ · · ·+ 0.64SQ83
(4.3)

where SQ is the score given by the individual for each question.

Figure 4.3 shows the correlation plots for the variables of each factor and the total

scores of each domain. The correlation between the total score of the entire questionnaire
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Variable Factor loadings Variable Factor loadings Variable Factor loadings Variable Factor loadings

Q1 0.57 Q19 0.57 Q37 0.59 Q62 0.72
Q2 0.63 Q20 0.91 Q38 0.80 Q63 0.79
Q3 0.60 Q21 0.91 Q39 0.78 Q64 0.72
Q4 0.57 Q22 0.92 Q40 0.65 Q67 0.84
Q5 0.50 Q23 0.94 Q41 0.55 Q68 0.85
Q6 0.57 Q24 0.91 Q42 0.65 Q69 0.75
Q7 0.59 Q25 0.92 Q43 0.62 Q70 0.92
Q8 0.71 Q26 0.87 Q46 0.48 Q71 0.93
Q9 0.65 Q27 0.88 Q47 0.60 Q72 0.94
Q10 0.84 Q28 0.89 Q48 0.60 Q73 0.93
Q11 0.83 Q29 0.82 Q49 0.56 Q74 0.89
Q12 0.84 Q30 0.88 Q50 0.66 Q75 0.92
Q13 0.50 Q31 0.87 Q51 0.60 Q76 0.71
Q14 0.67 Q32 0.84 Q53 0.69 Q77 0.80
Q15 0.68 Q33 0.91 Q54 0.55 Q78 0.90
Q16 0.60 Q34 0.80 Q55 0.55 Q82 0.61
Q17 0.76 Q35 0.70 Q56 0.61 Q83 0.64
Q18 0.80 Q36 0.63 Q61 0.69

Table 4.2 – Factorial loadings of the 71 questionnaire items. The questions are numbered
in accordance with the original questionnaire.
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Figure 4.3 – Correlation plots showing the correlation between variables of Factor 1 (A),
Factor 2 (B), and Factor 3 (C), and the final scores.

and the total score of each of the three domains was 0.89 (ADL), 0.54 (Pain), and 0.72

(Cognition).

Individuals’ final scores could range from 0 to 209.36 points if they answered “0” and

“4” to all questions, respectively, according to the model. In addition, the lower the score,

the more impaired the individual is.

Table 4.3 shows the descriptive statistics of the final questionnaire scores for the entire

questionnaire as well as for each domain.

Domain Mean (Sd) Median Min–Max

Entire MAQPD (range: 0–209.36) 128.25 (43.60) 130.78 7.31–206.36
ADL (range: 0–126.84) 86.21 (32.91) 90.91 0–126.84

Cognition (range: 0–35.24) 16.16 (8.25) 15.57 0–35.24
Pain (range: 0–47.28) 25.87 (15.03) 25.71 0–47.28

Table 4.3 – Descriptive analysis of MAQPD scores.

Figure 4.4 presents the violin plot of the final scores.
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Figure 4.4 – Violin plot of the final scores.

The histogram and cumulative probability distribution function of the individuals’

final scores are depicted in Figure 4.5.

The frequency distribution of the data is shown by the histogram. Most scores ranged

from 100 to 180 points, and only a few people had low scores, i.e., less than 50 points.

The cumulative distribution function expresses the likelihood that a random observation

sampled from the population will be less than or equal to a given value. The probability

of an individual’s final score being between 100 and 180 points was approximately 62%,

and the probability of the score being less than half of the possible score (approximately

105 points) was approximately 30%. The skewness was −0.37 and the kurtosis was −0.30.

4.3.3 Scale accuracy assessment

Table 4.4 shows the estimated floor and ceiling effects of the final scores, as well as

Cronbach’s alpha, for the entire questionnaire and for each domain.

Domain Floor effect(%) Ceiling effect(%) Cronbach’s alpha

Entire MAQPD 0.28 3.77 0.9767
ADL 0.44 10.85 0.9839

Cognition 2.50 1.04 0.9270
Pain 4.32 8.20 0.9736

Table 4.4 – Analysis of the accuracy of the MAQPD scale.
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2 to 4 years none Mood changes – Q54

(1); Lack of disposition –

Q55 (1); Lack of future

prospects – Q64 (1)

Experiencing severe

chronic pain – Q67 (1),

Q68 (1); Interference of

pain in different aspects

of life (e.g., participa-

tion in social and leisure

activities, ability to do

housework) – Q70 (1),

Q71 (1), Q72 (1), Q73 (1),

Q75 (1); Mood changes –

Q82 (1), Q83 (1)

4 to 6 years Difficulty in driving – Q13

(0)

Lack of social interaction

– Q51 (0)

none

6 to 8 years Difficulty in driving – Q13

(0); Difficulty in dancing –

Q16 (0)

Lack of social interaction

– Q49 (0), Q51 (0)

Experiencing severe

chronic pain – Q67 (1),

Q68 (1); Interference of

pain in different aspects

of life (e.g., participa-

tion in social and leisure

activities, ability to do

housework) – Q70 (1),

Q71 (1), Q72 (1), Q73

(1), Q75 (1), Q76 (1);

Mood changes – Q83 (1)

8 to 10 years Difficulty in walking – Q9

(1), Q19 (1); Difficulty

in dressing oneself (loss

of independence) – Q28

(1); Difficulty in holding a

child – Q40 (1)

Lack of social interaction

and leisure – Q48 (1), Q49

(1), Q50 (1), Q51 (1);

Mood changes – Q53 (1),

Q54 (1); Lack of disposi-

tion – Q55 (1), Q56 (1);

Lack of future prospects –

Q64 (1)

Experiencing severe

chronic pain – Q67 (1),

Q68 (1), Q69 (1); Mood

changes – Q83 (1)

More than

10 years

Difficulty in driving – Q13

(0); Difficulty in dancing –

Q16 (0)

Lack of social interaction

and leisure – Q48 (1),

Q49 (1), Q50 (1), Q51

(1); Mood changes – Q53

(1); Lack of disposition –

Q55 (1), Q56 (1); Lack

of happiness and future

prospects – Q61 (1), Q64

(1)

Interference of pain in dif-

ferent aspects of life (e.g.,

participation in job, abil-

ity to do housework) –

Q75 (0), Q76 (0)

Table 4.5 – Main motor, cognitive, and pain limitations of the groups defined by the

diagnosis time of the disease.

* To simplify the interpretation and summarize the amount of information present in Table 13, when a

given factor presented at least one question with a score equal to 0, the questions of the same factor with
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a score equal to 1 were omitted from the table.

4.4 Discussion

This work was created in response to the lack of an instrument for remotely assessing

the health of people with PD. No validated alternatives based on questionnaires or scales

for remotely assessing individuals with PD have been fully validated so far.

Motolese et al. (100) aimed to monitor individuals with PD remotely, during the social

isolation caused by COVID–19. To monitor the cognitive and motor performance of PD

patients, Motolese et al. (100) applied five assessment questionnaires and proposed the

use of a smartphone application. The five questionnaires totalized 91 items for evaluation

that should be answered by the participants. Falla et al. (43) assessed, longitudinally,

motor and non-motor aspects using nine structured questionnaires, which resulted in a

total of 148 questions.

First, the questionnaires applied by Motolese et al. (100) were not developed and

validated to be applied remotely. Furthermore, answering this large amount of questions

may be unfeasible – especially if dealing with individuals with neurological disorders

– and demands time from both study participants and researchers. In addition, these

questionnaires were administered via telephone and remote web-based video calls by the

researchers (they were not self-administered), i.e., participants did not have the opportu-

nity to answer the questions privately. Thus, it is possible to note the importance of using

a more concise instrument capable of assessing multidimensional aspects of the disease,

which can be answered privately in an online version, and which can be used for remote

monitoring of individuals, associated, for example, with the use of wearable sensors. As a

result, we proposed developing and validating the structure of an online questionnaire for

multidimensional assessment, as well as a model for estimating individuals’ final score,

which is related to their level of impairment.

MAQPD was developed based on existing assessment instruments. It was answered by

many people with PD, which contributed to a more robust validation of the instrument

structure using FA. This method was used to verify each question’s contribution to the

multidimensional evaluation and to group questions into latent dimensions, implying a

better distribution and arrangement of the questions (168, 87). FA suggested removing 12

questions and categorizing them into three dimensions: ADL, cognition, and pain. The

final version of MAQPD was validated for Portuguese speakers, and then it can be used

for the remote assessment of individuals with PD in other studies.

The estimate of factor loadings from FA enabled weighing the final scores based on the

relevance of the question to define the factor. Correlation coefficients ranging from 0.54

to 0.89 (Figure 4.3) were estimated between the overall questionnaire’s final score and

the scores for each domain, indicating a moderate to very strong correlation represented
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by the model (Equation 4.3). The correlation between the final ADL domain scores

and pain, on the other hand, was very weak (0.19). This could have happened because

aspects of one domain may not interfere with the other, i.e., a person may have severe

motor impairments but not feel pain.

The final scores for the entire MAQPD were higher than the measures for the three

domains, as expected, because the instrument contains 71 questions in total, while the

subgroups of questions related to ADL, cognition, and pain contained 43, 14, and 14

questions, respectively (Table 4.3). The relatively large standard deviation found for the

scoring of all domains reveals that individuals with varying levels of impairment responded

to the questionnaire, which can be explained by the respondents’ varying diagnosis times.

When compared to pain, the scores for cognition questions were lower (Figure 4.4).

This means that the individuals are more susceptible in cognitive aspects than in pain-

related aspects. Since the questionnaire was completed during a period of social isolation,

many of the respondents may have developed depression and negative feelings about life,

society, and the future (Table 4.5).

The data distribution (Figure 4.5) reveals that most respondents scored between 100

and 180 points, and that the cumulative distribution function displayed a higher growth

(steeper slope) between these values, indicating a high probability (62%) of an individual’s

score falling between these two values. These findings point to the absence of severe

impairments in the individuals, which may be related to the fact that the individuals

with PD were able to complete the questionnaire themselves.

The skewness and kurtosis coefficients of −0.37 and −0.30, respectively, indicate that

the final scores had higher values and were dispersed, indicating a sample with lower

impairment but not homogeneous (various diagnosis times).

Floor and ceiling effects were not found in statistically significant proportions across

the entire instrument or across any domain (Table 4.4). As a result, MAQPD has the

potential to be a tool for measuring the worsening and improvement of a person’s health.

The ceiling effect in the ADL domain was relatively high (10.85%). An explanation for

this is that the respondents may have answered the questionnaire soon after taking PD

medication, which may have given them the false impression that they could perform the

activities. Another possible explanation is that the individuals do not have severe motor

impairment in comparison to the cognitive aspects. Cronbach’s alpha was higher than

0.90 for all domains, implying the instrument’s high reliability and internal consistency.

Question 13 – “I drive without difficulty” was the only one in the whole questionnaire

that presented a prevalence of answer equal to zero, meaning that most individuals re-

sponded to this statement that they totally disagree. In this case, a physiotherapist can

direct a rehabilitation session that focuses on specific exercises for alleviating the symp-

toms that prevent the patient from performing the activity, i.e., driving. Therapies may

improve specific functions, allowing the activity to be performed again by the individuals.
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Furthermore, it was determined that approximately 71.43% of the questions pertaining

to cognitive aspects had a prevalence of answers equal to one. This indicates that most

respondents had issues with social and family coexistence, lacked energy and motivation

to develop routine activities, and struggled to control their emotions (Table 4.5). It is

noted that more research in the areas covered by these questions is required.

Regarding pain, 35.71% of the questions presented prevalence of answers equal to one

(a lot of pain), one of them being question 76 – “How much did your pain affect your

ability to do housework?”. This result is associated with that obtained by the open-

ended questions, for which most of the respondents answered that they had difficulties in

performing housework, suggesting that one of the reasons why individuals feel difficulties

in performing domestic chores is pain.

Table 4.5 shows the main limitation by the respondents according to their diagno-

sis time. As the diagnosis time is a concrete information (it is not subjective, such as

the degree of disease impairment interpreted by the therapist when applying the MDS–

UPDRS) closely associated with greater impairment and worse perceived quality of life

(102), progression of motor disability and higher risk of dementia (40), and loss of inde-

pendence (13), the diagnosis time may be an effective variable to guide specific treatments

for individuals with PD.

Individuals with a diagnosis time of less than 2 years, for example, reported that

they had great difficulty in dancing, and that they suffered from a variety of problems

related to cognitive issues. For these individuals, doing activities that exercise balance,

as well as therapy sessions, may be effective ways to solve these problems. In addition,

individuals with a diagnosis time between 2 and 4 years reported that they had difficulty

in driving and that they did not meet their friends as much as they would like. Possibly,

training the body movements that affect driving – either by using a serious game in

which the player is stimulated to drive virtually, or with conventional physiotherapy –

may contribute toward the individual performing this activity more easily. Furthermore,

promoting support groups with social activities in therapy centers, as well as informing

friends and family members about the issue related to social interaction, may help to

improve the conviviality of these individuals.

Additionally, as individuals with diagnosis time of less than 2 years, between 6 and 8

years and more than 10 years had lack of social interaction, mood changes, and/or lack

of disposition, performing a physical activity that requires relating to other people, e.g.,

dancing, becomes an extremely complex task. These findings agree with those reported

by Darweesh et al. (29). These may be the reasons why these individuals experience

difficulties in dancing. Possibly, individuals diagnosed less than 2 years ago did not feel

severe pain due to the short diagnosis time of the disease.

A different consideration that also should be highlighted is that all groups presented

limitations related to cognitive aspects, which indicates that this domain needs a more
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attentive and careful look by family members, health professionals and researchers. In

addition, except for the group with diagnosis time of less than 2 years, all the other groups

reported problems related to pain. Possibly, improving aspects related to cognition may

contribute to reducing the pain experienced by individuals, since one may entail the other.

The results of an evaluation based on multidimensional questionnaires contribute to

a comprehensive understanding of the individual’s health status, as well as their true

limitations and needs (56, 75). Understanding these characteristics is a critical step in

the development of technologies or products that are centered on the needs of individuals.

4.5 Conclusions

A questionnaire, so-called MAQPD, was developed and its structure was validated by

using FA, which allowed for grouping the questions into three domains: ADL, cognition,

and pain. The final score for each respondent was calculated using the factor loadings as

the weight of the questions. The respondents did not present an extremely severe level

of impairment. As the instrument did not present substantial floor or ceiling effects, it

can measure both the clinical worsening and improvement of the respondents. The ADLs

that respondents had the most difficulty in performing were driving and household chores.

Pain and cognition were also relevant aspects.

In conclusion, the MAQPD is the only self-administered questionnaire found in the

literature capable of being used remotely, and which can provide a detailed assessment of

the general health condition of people with PD.
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5

Serious Game for Rehabilitation and Monitoring
of Individuals with Parkinson’s Disease

The purpose of this chapter is to describe the architecture and organisation of the devel-

oped serious game, as well as to present the evaluation of its usability and accessibility.

5.1 Introduction

In addition to allowing movement training for motor rehabilitation purposes, which

is the most commonly found application in the literature for serious games (SGs) (109),

patient monitoring and motor symptom assessment of a wide range of diseases, such

as Parkinson’s disease (PD), can be performed using SGs (171). Due to the variety

and severity of PD symptoms, the importance of implementing technological resources

such as SG as a valuable tool for clinical assessment and patient-centered monitoring is

highlighted (109, 161).

One of the reasons that explain the scarcity of tools effectively used in clinical practice,

not limited to controlled environments, is the lack of projects that actually meet the needs

of professionals and patients. It is precisely in order to fill this gap that this study presents

the design and implementation of a serious game, so-called RehaBEElitation. The game

was designed considering a long experience of our research group in the evaluation of

motor signs of PD (110, 109, 51, 50, 128, 86, 141, 39, 120).

The literature review presented in Chapter 3 showed that most studies related to the

development of SGs for PD evaluation (109) do not concurrently address game architec-

ture design, usability issues and game accessibility evaluation. Some studies mentioned

the main modules and components of the game but did not present detailed and schema-

tized information about the architecture and organization of the system. The lack of

illustrative tools, such as diagrams and schemes, may hinder the understanding about

the software framework as a whole. Thus, this research presents in a detailed way the

game architecture design through Business Process Model Notation (BPMN), which uses
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a set of graphical representations to facilitate the understanding and implementation of

the game architecture (25).

In addition, once the game architecture is defined, it is relevant to validate it still at

a design stage. This is an important step that we found to be neglected in most studies

(148, 115, 47, 170, 5, 22). Thus, we proposed using the Heuristic Evaluation based on

the Nielsen-Shneiderman heuristics to evaluate the system’s usability (176). Heuristic

evaluation is typically used after the system has been fully developed. In this study,

we did an evaluation while the design is still in progress to predict and avoid usability

issues. This is especially important in the development of SG for severe diseases such as

PD, because a lack of understanding of potential usability issues may affect the patient’s

experience, contributing to clinical follow-up failure. After this first evaluation using the

Nielsen-Shneiderman heuristics, we conducted another usability evaluation of the system,

but this time focusing on the user experience when operating the game, i.e., using a user-

centered approach. In this way, it is ensured the resolution of possible issues that may

affect the user’s interaction with the game.

Proving that a serious game is accessible is also crucial for ensuring the quality of the

game design and for enhancing the player experience. Accessibility generally refers to the

elimination of barriers that prevent individuals with various disabilities from accessing

or utilising a product, such as a SG (90). This is a relevant assessment as it checks

whether the disabled player can play the game similarly to a healthy individual, i.e., it

assesses whether the game can be played at a competent level by anyone. According to

(54), approximately 2% of the population, or approximately 6.3 million individuals, are

unable to play computer games due to a disability. Consequently, this attribute was also

considered.

In the literature review we also observed that the PD symptoms were not evaluated

using recorded motor signals during users’ interaction with the SG, but rather other

instruments and/or subjective scales (e.g., Box and Blocks Test (BBT), Purdue Pegboard

Test (PPT), Parkinson’s Disease Questionnaire–39 (PDQ–39), and Movement Disorders

Society–Unified Parkinson’s Disease Rating Scale (MDS–UPDRS)). Our proposal was to

develop a serious game that can be used for both rehabilitation and monitoring symptoms

of PD through game interaction and recording of inertial data.

The multidimensional assessment questionnaire (presented in Chapter 4) also con-

tributed to the development of the RehaBEElitation serious game. The results revealed

that carrying out domestic activities involving the use of hands was one of the biggest

complaints from respondents in terms of motor limitations. The aim was therefore to de-

velop a serious game capable of training hand movements, with the intention of improving

the individuals’ performance when executing these tasks.

We also developed a proprietary human machine interface (HMI) for serious game

user interaction. The development of a specific instrument, as done in this study, can
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be beneficial in several ways, including efficient detection of game’s movements, ease in

solving calibration problems, greater customization capacity (e.g., size, colours, etc.) to

meet various demands, marketability, and a reduced cost HMI device.

In relation to other studies (109) the developed serious game is innovative in the

following aspects: (i) the RehaBEElitation serious game is able to assess PD objectively,

i.e., it is not only useful for rehabilitation but also for the assessment of motor symptoms;

(ii) detailed provision of the game architecture through Business Process Model diagrams

to facilitate the comprehension of the developed software framework; (iii) implementation

of the system in a modularized way to allow future inclusion of processes and features

and/or changes in the software; (iv) usability evaluation at the design stage, and using

user-centred approaches; (v) evaluation of the game accessibility to ensure that individuals

with PD are able to interact with the instrument; (vi) alignment between clinical and game

design requirements; (vii) design of many events that enable the evaluation of clinical signs

of PD at specific moments of the game; (viii) development of a human machine interface

(HMI) device (glove) specific for this application; (ix) proposal of a game narrative that

meets the efforts required to deal with the challenges of PD; (x) incorporation of the most

relevant movements for clinical evaluation of hand motor signs in PD into the game; and

(xi) possibility of longitudinal evaluation of the disease, which ensures long-term follow-up

of patients.

5.2 Methods

5.2.1 Design principles of a serious game for rehabilitation and

symptom assessment

The guidelines and design principles presented by (123) and (151) for the development

of SGs used for rehabilitation and assessment of motor symptoms in people with PD were

considered:

• Inclusion of a person with PD in the game refinement process to create a user-

centered tool that actually meets the needs of patients while saving time and re-

sources.

• Incorporation of specific motor assessment exercises for PD patients into the game.

• Presentation of a narrative that uses appealing graphics and scenarios, charming

animations, and amusing sounds to provide playful experiences and increase player

engagement.

• Presentation of clear and objective game instructions so that players understand

exactly what they need to do to achieve the objectives of the phases.
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• Inclusion of visual and auditory stimuli capable of providing the player with a playful

and pleasurable experience while also aiding cognitive training.

• Automatic adaptation and calibration for each player to adjust the range of move-

ment and exercise level required by the game, providing the best experience possible.

• Provision of player progress at each stage and in each game session to encourage

competition with oneself and, as a result, motivation.

• Use of a commercially available and low-cost interface device for capturing player

movements.

5.2.2 The RehaBEElitation serious game

RehaBEElitation is a serious game based on bees, developed for both rehabilitation and

monitoring of individuals with PD. The bees represent hard work, effort and dedication,

characteristics highly demanded of PD patients during their rehabilitation process. A

multidisciplinary team from the fields of biomedical engineering, computer science (with

experience in game design), physiotherapy and physical education collaborated in the

design and development of the game. In addition, suggestions from a PD patient were

considered.

The user must control the movements of a bee in a 3D environment. The game tasks

were designed to mimic the following movements found in the gold-standard method tool

(MDS–UPDRS Part III) (58) for the assessment of individuals with PD: hand opening

and closing, wrist extension and flexion, wrist adduction and abduction, finger tapping,

and forearm supination and pronation. These movements are shown in Figure 5.1.

The game presents four phases (Figure 5.2), each representing a bee worker’s task in

the real world. So that players understand the goal of each phase, four short videos were

developed to explain to players the four tasks (each video for each task). Each video is

executed before the beginning of each phase, with the option to interrupt it at any time

for immediate start of the game. The objectives of the phases are:

• Phase 1: Pollinating the flowers – The objective is to collect pollen from one flower

and pollinate another one. Flowers that have pollen to collect are indicated by yellow

arcs around them, and those that need to be pollinated are indicated by green arcs.

To move the bee up and down the player must perform the movements of wrist

extension and flexion; and to move the bee to the left and right the movements of

wrist adduction and abduction, if playing with the right hand. The player must

move the bee to a flower containing pollen and close the hand to catch it. Then,

with the hand closed, the player must move the bee to a flower that does not have

pollen and open the hand to deposit it.
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There is always a return to state 1 before going to another state. For example, if the player

wants to move the bee down and to the left, he/she must first perform wrist flexion, return

to the resting state, and then, perform wrist adduction (if playing with the right hand).

Figure 5.4 – State machine of the game.

5.2.4 Clinical assessment using the RehaBEElitation serious

game

The serious game can be used to evaluate motor symptoms of PD, such as bradykinesia

and tremor. Assessing these symptoms during a game session is an excellent alternative

to monitor health status and disease progression of patients. For this, in addition to

using signals collected by the HMI employing inertial measurement units, some markers

were defined and incorporated into the game. Such markers are represented by events,

responsible for characterizing specific occurrences. Totally, 23 events were defined, shown

in Table 5.3.

Event id Event description Observations

1 Bee standing still without moving in the scenario In phases 2 and 4

2 Bee moving forward In phases 1 and 3

3 Collects pollen Movement of closing the hand

4 Deposits pollen Movement of opening the hand

5 Bee moves to the right Player with open hand

6 Bee moves to the right Player with closed hand

7 Bee moves to the left Player with open hand
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8 Bee moves to the left Player with closed hand

9 Bee moves up Player with open hand

10 Bee moves up Player with closed hand

11 Bee moves down Player with open hand

12 Bee moves down Player with closed hand

13 Collects nectar Finger tapping movement

14 Dries nectar Supination movement

15 Dries nectar Pronation movement

16 Releases/deposits pollen at the wrong time (player’s

failure)

Negative feedback

17 Player hits the target and can perform the required

movement

Visual and audible feedback

18 Player scores a point (audible feedback) Positive feedback

19 Player doesn’t move the bee in the game for 30 sec-

onds (visual and audible feedback)

Reinforcement feedback

20 Player doesn’t score a point for one minute and 20

seconds (visual and audible feedback)

Reinforcement feedback

21 Game time is over (game over) Negative feedback

22 Player completes the level (visual and audible feed-

back)

Positive feedback

23 Phase is paused Glove data are not recorded

Table 5.3 – Events defined in the game.

5.2.5 Implementation of the architecture

Unity 3D was used to create the scenarios and interactions, and Blender 3D for the

modelling of the game objects. The control panel was developed using Visual Studio 2019;

and the database, using PostgreSQL. An overview of the general modules of the serious

game is presented in Figure 5.5.

The glove detects hand movement, and a commercial wristband collects physiological

signals (E4 – Empatica). The data recorded by the wristband and that recorded by

the glove are synchronized to ensure the correct evaluation of the disorder’s motor and

non-motor symptoms.

5.2.6 Usability evaluation

Evaluation by Nielsen-Shneiderman heuristics

Heuristic evaluation is an evaluation technique used to identify major usability prob-

lems of a system that can be employed at a design stage. This technique requires three

or more evaluators to apply usability heuristics to the system to identify violations and

assess the severity of each violation (176).
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and III) (138); have a Mini Mental State Examination (MMSE) score > 22 (53); not

have severe visual and hearing impairments; and not have a history of other neurological

diseases. In contrast, individuals who did not sign the informed consent were excluded.

Initially, the individuals were instructed to sit on a chair positioned approximately one

meter away from the screen on which the serious game was presented. Then, they wore

the HMI device on the most affected limb (according to the clinical evaluation). The limb

was positioned on a forearm support to isolate the required movements (Figure 5.6).

Figure 5.6 – Schematic of the experimental scenario (lateral view).

The participants received brief instructions about the context of the game and were

asked to play the four phases for 20 minutes each, or until they complete the phases’

objectives. Users were instructed to speak aloud during the interaction, expressing their

thoughts and impressions. Participants’ interactions with the game were recorded on

video using a camera, which captured the user’s hand and reactions; and the game screen

was simultaneously recorded using OBS Studio software (7).

Immediately following the end of the session, each participant answered the System

Usability Scale – SUS (Appendix C), one of the most reliable methods for assessing the

usability of a system. This scale consists of ten questions, with five response options each,

ranging from "strongly disagree" to "strongly agree" (18). To calculate participant’s

scores, the number 1 is subtracted from the score the user answered in the odd-numbered

questions and the score the user answered in the even-numbered questions is subtracted

from the number 5. Then, the values of all questions are added, and the sum is multiplied

by 2.5, so that the total questionnaire score ranges from 0 to 100. For this questionnaire,
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the overall average taken as reference is 68 points (18). Thus, a score lower than 68 points

suggests that the developed serious game has usability problems.

However, since the SUS scale was not developed to specifically assess the usability of

SGs (113), additional instruments that assess enjoyment and engagement, such as the

Game Experience Questionnaire – GEQ (Appendix D) and the Short Flow State Scale –

SFSS (Appendix E), were also used. The GEQ is an instrument that evaluates gaming

experience through player’s perception (105). It consists of four modules: core, in-game,

social and post-game. Responses to the questions are given on a Likert scale ranging

from 0 (not at all) to 4 (extremely) (67). Only the core and post-game modules were

applied. The in-game module should be applied during game breaks/intervals, and to

avoid interrupting the user-game interaction, this module was not implemented. The

social module was also not applied because it should only be enforced if the game had

multiplayer features, and this was not desired.

For the core module, the component scores are calculated as the average value of their

elements: immersion – questions 3, 12, 18, 19, 27, and 30; flow – 5, 13, 25, 28, and 31;

competence – 2, 10, 15, 17, and 21; positive affect – 1, 4, 6, 14, and 20; negative affect –

7, 8, 9, and 16; tension – 22, 24, and 29; and challenge – 11, 23, 26, 32, and 33. For the

post-game module, the component scores are also calculated as the average value of their

items: positive experience – questions 1, 5, 7, 8, 12, and 16; negative experience – 2, 4, 6,

11, 14, and 15; tiredness – 10 and 13; and return to reality – 3, 9, and 17.

The SFSS assesses the player’s flow experience, i.e., their degree of engagement and

immersion in the activity. It is composed of nine items, one for each dimension of flow:

challenge-skill balance, action-conscience fusion, clear goals, unambiguous feedback, focus

on task, sense of control, loss of self-awareness, time transformation, and autotelic expe-

rience. Each question presents five response options, ranging from "strongly disagree"

(1) to "strongly agree" (5) (70). Participant’s scores are calculated by averaging their

responses to all items.

In addition, volunteers answered a semi-structured interview of four questions: 1)

Would you play this game more often?; 2) What did you consider easy in the game?; 2)

What did you consider not easy in the game?; 4) Would you change something in the

game?. These questions allow a more exploratory approach to detect possible usability

problems (163).

After this first session, the recorded video showing the user was synchronized with

the one showing the game screen (Figure 5.7). The synchronization was performed using

Movavi Video Editor software (127). Next, the videos of the five participants were sub-

mitted to four evaluators, who composed a multidisciplinary team from the fields of game

development and design, physical therapy, biomedical engineering, and physical educa-

tion. The purpose of analysing the videos was to evaluate the participants’ interaction

with the game, identifying and recording all significant events, which occur when the user
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Again, the individuals were instructed to sit on a chair positioned approximately one

meter away from the television on which the serious game was presented (Figure 5.6).

Then, they wore the HMI device on the most affected limb (according to the clinical eval-

uation). The limb was positioned on a forearm support to isolate the required movements.

The participants were asked to play each phase of the game for five minutes. Data

collection was performed in the ON and OFF states of medication for EG, and the first

session was performed with individuals in the OFF state, when they arrived at the data

collection site, in the morning. The ON state occurs when disease symptoms are under

medication control, and the OFF state occurs when symptoms are not being properly

controlled by medication (23, 84). Following the first session, the EG participants took

the medication and after feeling its effect on the body (approximately 90 minutes after

ingestion), they interacted again with the game in a second session, as in the previous

one. All participants played the game in the easiest difficulty level. The CG participants

interacted with the RehaBEElitation serious game in a single session.

The game accessibility was assessed by estimating the final score of each game phase.

In this way, it is possible to compare the performance of players in each group and verify

whether players with PD have similar ability to play the game as healthy players.

One-way analysis of variance (ANOVA) and t-test with Bonferroni correction for pair-

wise comparisons between groups were used to compare group performance. When the

ANOVA assumptions were not met, the non-parametric Kruskal-Wallis test was used. A

p-value of 0.05 was considered. Data analysis was performed in R (139).

5.3 Results

5.3.1 The architecture of the RehaBEElitation serious game

The general BPM describing the interaction between the actors of the system (pa-

tient/player and therapist/researcher) and the game processes is shown in Figure 5.8.

Appendix F shows the BPM for the calibration of the game, the BPM for the operation

of each phase and the BPM related to the data collection.
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Figure 5.8 – Interaction between the actors of the system and the game processes.

5.3.2 Usability evaluation

Evaluation by Nielsen-Shneiderman heuristics

Table 5.4 presents the usability evaluation of the game at a design stage. The severity

scores are based on the mean score estimated from four evaluators (designers) specialized

in game designing, PD, and usability assessment. As mentioned above, this stage was

crucial to avoid usability problems and ensure a good user interaction with the developed

serious game.
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Heuristics How the heuristic was contemplated

in the project

Description of the usability problem Severity

H1. Con-
sistency and
patterns -
Users should
not have to
worry about
whether
words, sit-
uations, or
actions mean
the same
thing.

1 – The interface for game control was de-
signed considering ergonomics and the po-
sitioning of sensors in pre-established re-
gions for signal capture during clinical ex-
ams. The consistency consists of following
the positioning already adopted in clinical
studies.

2 – Perform game calibration considering
clinical routine, clinical experience, and
patient conditions.

3 - Alignment between the tasks of the
avatar (bee) with the tasks that the bees
perform in the real world. For example,
the bee pollinates in the real world as well
as in the game.

4 - Direct relationship between the eval-
uations required in the clinic with those
required for game control.

1 - The health professional (researcher) has
a mental model that comes from training.
Changing the positioning of the sensor can
generate confusion about the information
acquired.

2 - Do not ensure that the movement of the
bee follows the movement of the hand, gen-
erating stress, demotivation, frustration,
non-understanding of the activity.

3 - Problems interpreting the narrative
of the game because it violates a mental
model established according to the experi-
ences of the participants about the role of
bees in nature.

4 - Patients would not be stimulated to
perform movements required for clinical
assessment.

2.50

3.50

2.00

4.00

H2. Visibility
of system
state - The
system should
keep the user
informed of
what is occur-
ring, through
appropriate
feedback.

1 - After the system calibration stage, with
the objective of correctly identifying the
hand movements, the system presents to
the user the state in which the player’s
hand is, offering feedback to the user that
the interface is functioning correctly.

2 - Availability of real-time information
showing that the physiological and inertial
signals were effectively being collected.

3 - A light signal was available on the glove
indicating that the device was on.

4 - The targets were identified by the pres-
ence of markings such as arcs and light re-
flections to facilitate target identification
and correct avatar positioning.

5 - Presentation of a virtual object (hand in
3D) that showed the player the movement
needed to perform the expected task.

6 - Presentation of the players’ score
progress by a progress bar that is filled
with honey.

7 - Visual and auditory feedback whenever
the player reached the target, performed
the correct movement, and met the phase’s
objectives.

1 - Difficulty in identifying problems re-
lated to game control. For example, the
user (player) could move his hand to the
right and the avatar does not obey the in-
struction given by the user.

2 - It may be impossible to control the
avatar.

3 - It may be unable to control the avatar.

4 - As the game was built in three dimen-
sions, the target location could be harmed
by problems related to depth perception in
the virtual scenario.

5 - The player might not understand which
movement should be done to execute the
task.

6 - Misinformation about the game
progress.

7 - Loss of engagement of the player during
the game.

3.25

2.00

2.00

3.75

3.00

1.25

2.25
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H3. Corre-
spondence
between the
system and
the real world
- The system
must "speak"
the same lan-
guage as the
user, making
information
natural and
logical.

1 - Correspondence between the required
task and the intuitive movement that the
hand performs. In the real world the move-
ment of closing the hand is intuitively as-
sociated with collecting things, and open-
ing the hand is associated with depositing
things. Then, in the real world the player
closes his hand to collect the pollen and
opens his hand to deposit it.

2 - The game narrative corresponds to the
tasks the avatar performs in the real world,
such as pollinating flowers, feeding larvae,
collecting, and drying nectar.

3 - The movements used in the game are
in accordance with those performed dur-
ing clinical assessments, such as hand flex-
ion and extension, finger tapping, prona-
tion and supination, opening and closing
of the hand.

4 - Insertion of the avatar in the expected
environment in the real world, e.g., the
avatar (bee) was inserted in scenarios such
as garden with flowers and inside a hive.

5 - Correspondence of the virtual elements
of the game, i.e., pollen, nectar, and larva,
with their actual form found in the real
world. The pollen in the game is repre-
sented by grains of the same form that is
found in nature. The nectar is represented
by water since in the real world 70% of its
composition is water. The larva is repre-
sented by a real image of a bee larva.

1 - Reduce player engagement, since using
random, non-intuitive movements could in-
terfere with the player’s mental model and
expectation.

2 - Reduce player engagement, since using
random scenarios or activities could inter-
fere with the player’s mental model and ex-
pectation.

3 - Ineffectiveness of the game for move-
ment rehabilitation and motor symptom
assessment in PD.

4 - Reduce player engagement, since using
random scenarios or activities could inter-
fere with the player’s mental model and ex-
pectation.

5 - Difficult the player’s immersion.

3.00

2.75

4.00

2.50

2.50
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H4. Mini-
malist design
- Dialogs
should con-
tain only the
necessary
information.

1 - Avoid excessive use of engagement re-
inforcement through virtual elements. In
a preliminary version of the game, two vir-
tual elements were incorporated, a butter-
fly and a bird, to reinforce the player’s
motivation. The butterfly appeared in
the scenario whenever the player remained
more than 30 seconds without making any
movements. The bird would appear when-
ever the player did not score for about a
minute. However, after a preliminary test,
the designers verified that such elements
were excessive, producing negative stimuli
(i.e., irritation by the constant presence of
stimuli).

2 - Presence of few visual elements in the
scenario. In phases 1 and 3 of the game
the scenery is composed by flowers, grass,
some insects, and the presence of a single
tree with a beehive. In phases 2 and 4 the
game takes place inside the beehive that
has only the honeycomb with the targets
(the larvae or the nectar).

1 - Increased stress and anxiety during the
game, reducing immersion in the game.

2 - The increase of the number of elements
in the scenario could cause distraction to
the player, making it difficult to reach the
game objectives.

2.00

1.00

H5. Recog-
nize rather
than remem-
ber - Users
should have
no need to
remember
information
from one part
of the system
to another.

1 - The use of visual and auditory feedback
to recognize relevant steps of the game.
For example, when the user reaches the end
of the scenario, a virtual hand is shown in-
dicating the movement that should be per-
formed by the player to continue the game.

2 - Movements already known and prac-
ticed during clinical assessment were in-
corporated into the game, thus facilitating
recognition and intuitive execution of the
movements.

1 - The user could imagine that the game
was terminated early. The user might not
execute the correct move at the correct
time.

2 - Overload the gameplay process, because
besides learning the game rules, the player
would have to learn how to execute the re-
quired moves.

2.50

3.00

H6. Informa-
tive feedback
- Immediate
and informa-
tive feedback
should be
given to users
about their
actions.

1 - Presence of visual elements in the inter-
face that help the execution of movements
at the moments in which they should oc-
cur. For example, the 3D hand indicates
the movement that the player must per-
form when he reaches the target. In addi-
tion, the hand indicates to the player the
exact way to execute the movement, ef-
fectively promoting the recording of motor
signs of Parkinson’s disease or improving
the results of the application of the game
as a rehabilitation tool. Another example
is the use of target delimitations through
visual elements that assist the correct po-
sitioning of the avatar.

2- Presence of sound feedback when the
player scores, reaches a target, and com-
pletes the phase.

1 - Difficulty to comprehend the game and
its current state. The lack of visual ele-
ments on the interface hinders the learning
process on how to actually play the game.
In a preliminary version of the game, in
phase 1, when the user reached the end of
the scenario, a 3D hand always appeared
open, indicating the adduction or abduc-
tion movement that the player should per-
form; however, if the player was holding
the pollen (with a closed hand), when see-
ing the virtual open hand, the player au-
tomatically opened his hand releasing the
pollen at the wrong moment.

2 - Difficulty to establish a mental model
that facilitates the understanding of the
game state.

3.00

2.25
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H7. Flex-
ibility and
efficiency of
use - The
system should
satisfy both
beginners and
experienced
users. The
provision of
shortcuts is a
way to adjust
to the various
types of users.

1 - Nine difficulty levels were established
with the intention of facilitating gameplay
by people affected by distinct severity lev-
els of motor signs of PD. In addition, the
presence of nine levels of difficulty con-
tributes to the development of rehabilita-
tion protocols customized to the reality of
the patient; and also, to evaluate phar-
maceutical treatments, since it is expected
that individuals with PD who are respond-
ing more adequately to treatment will find
it easier to play the game at different levels
of difficulty.

2 - The calibration of the system is done
in a personalized way, respecting the mo-
tor limitations of people with Parkinson’s
disease. This way, people with a smaller
range of movement can interact effectively
with the game.

3 - The glove project was developed to al-
low the free execution of movements. The
glove was projected in different sizes, re-
specting hand anatomic patterns. The
glove material was merino wool, which en-
abled the development of a firm glove for
the connection of the box with the elec-
tronic circuitry and provided comfort to
the user. In addition, a conductive thread
was used to make it possible to embed the
electronic circuits directly into the fabric
and at the same time ensure the execution
of the movements.

1 - People with distinct motor limitations,
due to the severity of motor signs such
as tremor and bradykinesia, might not be
able to play the game. Moreover, players
might not notice their progress in the game
or even not be able to interact with the
game. For some volunteers the interaction
could be too easy and for others too com-
plex, interfering with the flow experience.
This could further impact adherence to the
rehabilitation protocol.

2 – The control of the avatar would be im-
paired. The number of people able to use
the system would be reduced. This may
produce negative feelings in the users, as
they may have the feeling of being unable
to perform the activities. In addition, since
the calibration is done with the execution
of the movements in their maximum am-
plitude, the absence of a personalized cal-
ibration makes the patient’s movement be
performed below what he really could exe-
cute, jeopardizing the result of treatments
and evaluations.

3 - The absence of ergonomics could cause
discomfort to the players and cause the dis-
continuity of the therapeutic process. For
example, in a first version of the game it
was used a glove with thicker fabric that
made it difficult to close the hand.

3.50

3.00

2.50
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H8. As-
sist users to
recognize,
diagnose and
recover from
errors - Error
messages
must be clear,
objective
and suggest
solutions.

1 - Presence of auditory and visual feed-
backs that indicate an action error caused
by the player. In phase 1, when the player
releases the pollen at the wrong moment
the representation of the pollen on the
screen disappears and a negative audio
feedback is presented.

2 - When registering a user already in the
system, an error message is presented to
inform that that user is already registered.

3 - An alert message informing that the
data collected will not be saved if the user
does not play all the phases in a single trial
session.

4 - Before starting the calibration process
an alert message is presented to the player
asking him to keep his hand in a stable
position to ensure that the calibration is
performed correctly.

1 - The user does not notice the wrong
execution of the movement and does not
have the opportunity to correct the action.
This, can leave him confused, affecting his
learning in relation to the game.

2 - Causing duplication of the same user in
the system.

3 - Lack of data to fully evaluate the motor
signs of the person with PD. This does not
guarantee that the patient will perform all
the movements necessary for evaluation or
rehabilitation.

4 - The avatar control will be affected, im-
pairing the interaction.

2.25

2.00

3.00

3.50

H9. Error
prevention -
Preventing er-
rors is better
than provid-
ing good error
messages.

1 - The data is automatically saved right
after the execution of the four phases of
the game.

2 - The game does not allow phases to be
started without prior selection of a user
and calibration of the glove.

1 - Data can be lost, impairing the assess-
ment and recovery of patients with PD,
loss of time and financial resources, discon-
tinuation of periodic follow-up for medica-
tion adjustment and distrust of the pro-
cess involved in the assessment. In cases
of evaluation of patients on the OFF state
of medication (when the patient’s body is
not under the effect of the drug) this loss
of data is even more damaging since this
situation produces great discomfort to the
patient.

2 - Absence of association between the reg-
istered data and the user identification.

4.00

3.75

H10. Clear
closure - Ev-
ery task has a
beginning and
an end.

1 - Visual and audible feedbacks are shown
to the player when game tasks and phases
are completed. A positive feedback mes-
sage is presented whenever the player ful-
fills the phase objective in the established
time.

2 - At the end of the collection session, the
system informs that the data was success-
fully saved.

1 - Lack of perception about the closure
of game actions. This can cause distress,
tension, irritation, and discontent.

2 - Doubts can be generated about the stor-
age and availability of the data.

3.00

1.75
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H11. Re-
versible
actions -
Users should
be allowed to
recover from
errors.

1 - Possibility of executing tasks in an in-
determinate way. In phase 1, if the player
cannot reach a target in the scenario, the
game allows the player to naturally return
to the lost target.

2 - Users can make both correct and in-
correct moves without the game interfer-
ing. In phase 1, if the player does not close
his hand when collecting pollen, the game
avatar remains on the target until the cor-
rect move is made. If the player makes
an incorrect finger tapping movement (tap-
ping all fingers together) in phase 3, the
game avatar will remain on the target un-
til the correct movement is made.

1 - The player does not complete the
planned tasks, thus interfering on the ther-
apeutic benefits of an effective assessment.

2 - If the game does not offer the oppor-
tunity for the player to repeat the move-
ment, the user may become frustrated and
not learn the correct movements for the
use of the game. In addition, the user may
make random movements that will not con-
tribute to his clinical assessment.

3.00

2.75

H12. User
language -
Language
must always
be presented
in a way that
it is under-
standable by
the intended
users.

1 - The textual and symbolic elements are
simple and understandable. When the user
finishes a phase satisfactorily a short text
message appears on the screen ("Congrat-
ulations"). On the other hand, when he or
she finishes the game phase unsatisfacto-
rily, the message "Time Out" appears on
the screen. In addition, the 3D model of
the avatar (bee) and the hand were elabo-
rated to represent reality, being easily un-
derstood by the users.

2 - Introductory videos for each phase were
elaborated to contextualize the game nar-
rative.

1 - Hinder the interaction between the user
and the game, causing boredom, confusion
regarding performance and demotivation.

2 - If the player does not understand the
tasks of a bee in the real world, he will not
understand the narrative of the game.

2.00

2.75

H13. User
control - The
system should
be designed
in such a way
that users ini-
tiate actions,
not respond
to them.

1- Perform a calibration procedure that
correctly identifies the movements required
for controlling the game avatar.

2- Inclusion of standardized visual and au-
dible feedback to facilitate memorization
and learning of task execution.

1 - The lack of an adequate calibration may
cause the user not to dominate the game,
but rather to feel dominated by the game.

2 - The absence of visual and sound feed-
back can lead to unexpected results and
may result in the feeling that the user is
not effectively controlling the system.

4.00

2.00

H14. Help
and documen-
tation - The
system must
provide help
and have a
quick search
form.

1 - The game includes training phases in
which the user exercises and learns the
movements required to control the avatar.

2 – The presence of virtual objects that
aid in determining the proper movements
to be performed.

3 - The game has introductory videos that
explain its narrative.

1 - The absence of the training phase can
make learning more difficult, hindering the
interaction and interfering in the rehabili-
tation and monitoring of PD symptoms.

2 - The absence of virtual objects can have
an impact on movement execution, inter-
fering with gameplay and clinical assess-
ment.

3 - The absence of videos about the game
narrative can cause the player to be-
come disconnected from the game, affect-
ing gameplay.

2.75

3.00

2.75

Table 5.4 – Usability evaluation of the game at a design stage.
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Evaluation by user-centered approaches

Table 5.5 presents the results comparing the responses to the applied questionnaires

before (1st session) and after (2nd session) the changes. Significant differences are indi-

cated by bold p-values.

Questionnaire 1st SESSION 2st SESSION p-value
Mean(SD) Median (Min - Max) Mean(SD) Median (Min - Max)

SUS 76 (9.62) 75 (62.5 - 87.5) 89.5 (4.11) 92.5 (85 - 92.5) 0.0111

GEQ - Immersion 2.87 (0.22) 2.83 (2.67-3.17) 3.53 (0.36) 3.67 (3 - 3.83) 0.0088

GEQ - Flow 2.84 (0.38) 2.8 (2.4 - 3.4) 3.5 (0.5) 3.4 (2.8 - 4) 0.0105

GEQ - Competence 2.16 (0.33) 2 (1.8 - 2.6) 3.84 (0.36) 4 (3.2 - 4) 0.0002

GEQ - Positive effect 3.56 (0.33) 3.6 (3 - 3.8) 3.88 (0.18) 4 (3.6 - 4) 0.0349

GEQ - Negative effect 0.35 (0.55) 0 (0 - 1.25) 0.3 (0.54) 0 (0 - 1.25) 0.8492

GEQ - Tension 0.07 (0.15) 0 (0 - 0.33) 0 (0) 0 (0 - 0) 0.7133

GEQ - Challenge 2.32 (0.39) 2.2 (2 - 3) 1.32 (0.36) 1.2 (1 - 1.8) 0.0008

GEQ - Positive Experience 3.33 (0.46) 3.33 (2.67 - 3.83) 3.8 (0.3) 4 (3.33 - 4) 0.0189

GEQ - Negative Experience 0.03 (0.07) 0 (0 - 1.67) 0 (0) 0 (0 - 0) 0.8986

GEQ - Tiredness 0.1 (0.22) 0 (0 - 0.5) 0.1 (0.22) 0 (0 - 0.5) 1

GEQ - Return to reality 1.07 (0.55) 1 (0.67 - 2) 1.87 (0.38) 2 (1.33 - 2.33) 0.0092

SFSS 3.89 (0.71) 4 (2.77 - 4.55) 4.33 (0.41) 4.33 (3.67 - 4.67) 0.0374

Table 5.5 – Statistical analysis of data.

Statistically significant differences were found for all questionnaires except for the

GEQ "negative affect", "tension", "negative experience" and "tiredness" items. The

mean scores of all questionnaires increased after the game modifications, indicating that

the changes improved the game usability (except for the GEQ items with no significant

differences, and the "challenge" item). The item showing the greatest difference after the

game improvements was the users’ competence to play (p=0.0002).

The analyses of the videos and the answers to the semi-structured interview allowed the

identification of four problems which affected the game usability. For each issue detected,

a solution action was proposed and implemented in the system. Table 5.6 shows the

problems identified and the improvement actions applied.

Identified issues Improvement actions

The glove did not correctly identify the move-

ments of opening and closing the hand and finger

tapping

Improve the ergonomics and structure of the

glove. Use a thinner fabric glove and sew more

conductive lines on the palm of the hand and fin-

gers

The position of the targets in Phase 1 was not

well adjusted

Turn the entire target area into the target itself

in Phase 1
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The 3D hand picture that appeared on the screen

when the player reached the end of the scenario

in Phase 1 still appeared open, even though the

player was holding the pollen

Leave the 3D hand on the game screen in the

same state as the player’s hand is at the end of

the scenario in Phase 1

As the game scenario is in three dimensions, tar-

gets in Phases 2 and 4 located closer to the edges

of the screen appeared to be distorted

Remove targets from areas too close to the edges

of the screen in Phases 2 and 4

Table 5.6 – Problems identified and the improvement actions applied.

5.3.3 Game accessibility evaluation

The main characteristics of the participants are given in Table 5.7.

Healthy group Experimental group

PD–ON PD–OFF

Id Age Id Age MDS–UPDRS III H&Y MDS–UPDRS III H&Y

1 82 1 57 25 2 61 3

2 64 2 80 25 2 49 2

3 80 3 64 26 2 58 2

4 66 4 77 31 2 44 2

5 51 5 59 24 2 47 3

6 56 6 64 39 2 48 2

7 77 7 70 20 2 41 2

8 62 8 73 42 3 45 3

9 60 9 60 12 1 29 2

10 80 10 66 16 1 29 1

11 69 11 69 37 2 70 3

12 59 12 60 31 2 54 2

13 62 13 50 35 3 59 4

14 55 14 68 38 2 52 2

15 71 15 77 11 1 38 1

Table 5.7 – Main characteristics of the participants of the study.

ANOVA was used to determine whether there was a difference in age between the

healthy and PD groups. The test result confirmed that there was no statistical difference

in age between the groups (p>0.05). ANOVA was used to compare MDS–UPDRS III

scores in the ON and OFF states of medication, and it revealed a statistical difference

(p<0.05) between the experimental conditions (ON and OFF). ANOVA was also used

to compare Hoehn and Yahr scores in both states of medication and found no statistical

difference (p>0.05). Figure 5.9 shows the scores of the individuals for each group in each

of the four phases of the game.

In Phases 1, 2, and 4, no statistically significant differences (p>0.05) were found

between the groups’ scores, as confirmed by ANOVA (Phase 1) and Kruskall-Wallis rank
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Figure 5.9 – Scores in each phase of the game.

sum test (Phases 2 and 4). This indicates that the scores of the participants were similar,

suggesting that in these phases, all players can meet the phase objectives equally. In

Phase 3, statistically significant differences in scores were found between groups of healthy

participants and those with PD in the OFF state (p=0.00027), as well as between groups

of healthy participants and those with PD in the ON state (p=0.01351), as indicated

by the pairwise t test. These findings suggest that the movement required in Phase 3

(finger tapping) is difficult to perform for PD patients in both medication states, because

it requires fine dexterity of the hand’s fingers.

5.4 Discussion

The RehaBEElitation serious game was created to meet a real demand in the evalua-

tion of upper limb motor signs in PD. The hand plays a fundamental role in our functional

activities and its function can be severely affected in early stages of the disease, being

of great relevance to evaluate motor signs in this region. Although there are initiatives

in the literature for the assessment of upper limbs in PD using SG, there is a lack of

development of methods that insert protocols from consolidated clinical tools, such as the

MDS–UPDRS, in the game design. This is undoubtedly one of the great differentials of

this study. By incorporating knowledge of clinical practice to the game, the game result

will be more easily accepted by the clinical community, and the patient will have an easier

interaction with the game since he is used to perform certain movements during clinical

evaluation sessions.
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By incorporating a wearable technology to monitor and record motor signs of PD, the

healthcare professional or researcher has at his disposal a tool to visualize events that

are imperceptible to the unaided eye, complementing and expanding the usual clinical

evaluation. Thus, using sensors that allow the professional to identify nuances about

the disease may be important, and may even be the differential factor for identifying the

beginning of a serious disease or a change of trajectory in the disease treatment. From this

perspective, i.e., a real demand to accurately monitor some PD symptoms (bradykinesia,

tremor, or motor fluctuations), the RehaBEElitation emerges as an instrument that can

be exactly useful in the clinical and even surgical environment, e.g., it can be used to

evaluate the results of ablative surgeries and deep brain stimulation.

Several studies (43, 8, 96, 85) point to a high incidence of depression, anxiety and

other negative emotional aspects that accompany PD. This contributes to the patient not

having the necessary engagement in rehabilitation processes or even clinical assessment.

Thus, the use of a playful assessment scenario, such as the one provided by the game, can

be the difference between a successful or an inaccurate assessment. It is known that the

mere fact that a person with PD is being monitored can instantly affect their motor signs

(93). Thus, if the person is immersed in the virtual reality provided by the game, the

influence of external factors can be reduced, contributing to a more accurate assessment

of the effectiveness of treatments and the clinical condition of the individual.

The requirements gathering stage for the development of the RehaBEElitation serious

game considered the participation of patients and professionals with experience in PD

(e.g., biomedical engineers, physiotherapists, physical educator, researchers, neurologist,

neurosurgeon, and experts in computer science, ergonomics, and human factors). Unlike

several existing studies in the literature (46, 148, 28), the game was developed in such

a way to place the end-user as the center of the development process. This may be

fundamental for a good acceptability of the game.

The game architecture was designed having in mind two actors: the individual with

PD (e.g., the player) and the professional who will be performing the assessment (e.g.,

physical therapist, neurologist, or a researcher). These actors can interact with the system

at different times, and the game was modularized to customize interfaces for each type

of actor. For instance, the therapist has exclusive access to glove calibration interfaces,

user registration and experimental session customization. These modules are completely

independent from other modules of the system, allowing future advances, such as the

inclusion of modules for the generation of reports (e.g., for the presentation of the fre-

quency of motor fluctuations, tremor, and bradykinesia) and connection with other data

management systems for people with PD (51).

The system architecture considers the possibility of the user carrying out training

sessions before experimental and clinical sessions. The independence of these steps is

essential for the user to understand the game and execute the movements correctly, since it
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is through the execution of such movements that the clinical assessment will be performed.

At the same time, the system requires that during the clinical assessment the user performs

all the processes related to the four phases of the game to ensure the execution of a protocol

that allows the assessment in different contexts, as recommended by the MDS–UPDRS

clinical scale.

The system was modularized to implement parallel and concurrent programming at

different levels. For instance, the microcontroller responsible for interfacing the glove with

the game estimates all parameters independently from other running processes. This re-

quires less computational effort, which contributes to the use of more accessible hardware,

since in countries like Brazil the cost of computers is still high and modern computers are

not always available in clinical environments. Moreover, the independence between the

processes contributes to the fluidity of the game and the control of the interface elements

in real time.

Furthermore, the developed architecture allows the inclusion of new elements for mon-

itoring the patient’s state. For instance, in the current version of the game, there is a

module which is responsible for collecting and storing data from a commercial device

(e.g., E4 wristband). This feature is desirable since it extends the functionality of the

developed tool without changing its fundamental characteristics. Thus, modularization

also contributes to avoid obsolescence of the game, since other devices can be attached

to it without compromising its basic operation. Finally, the inclusion of other sensors in

the system enables the extension of the use of the game for the evaluation of new forms

of motor and non-motor PD signs contemplated in its original design.

The developed system allows recording the biomedical and inertial signals of the par-

ticipants. In addition, it records pre-defined events that can help the evaluation of the

variability of biomedical signals during the period of the occurrence of the events. This

functionality presents great clinical relevance, as it allows the assessment of the user in

several contexts, for example, during the execution of different tasks and reception of

different visual and sound stimuli.

The system design was developed in an incremental manner always considering the

possibility of improvements due to unit test results (Figure F.6). Thus, even with the

progress of the system development, new improvements were integrated into it according

to the results of the usability evaluation performed at the design stage (Table 5.4). To

evaluate the usability, the perception and experience of four evaluators were considered. In

general, usability problems were identified with severity levels above 1 (that is, problems

of medium, high or extremely high nature). By incorporating the necessary usability

improvements to the game, we avoided players using a system that is still in an incipient

stage (e.g., with basic usability problems), contributing to the good acceptance of the

tool in the clinical scenario.

The heuristic evaluation performed contemplated all the 14 heuristics proposed by
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Nielsen-Shneiderman. It was possible to identify improvements to be implemented due

to each of them, emphasizing the relevance of the use of heuristic evaluation still at the

design stage of SG development. In a recent literature review, which contemplated the

use of SG for PD (109), it was not found any study that presented how the heuristics that

aid the development of a game with good usability were contemplated. The application

of this method in this study is also a contribution to the advancement of the design of

SG for PD.

From the heuristic evaluation it was possible to identify the following usability issues

classified as extremely serious (severity equal to 4): (i) the absence of a calibration step,

enabling the adequacy of the game control to the motor impairment of the person with

PD, could substantially affect the control of the game, causing serious gameplay problems;

(ii) the meaning of a loss of data from an experimental session goes far beyond the loss

of a file on a computer. This is a problem that can and should be seen as a usability

problem. The loss of data may mean that the user is again exposed to a complex and

long evaluation (since he may even be without the effect of medication) and that this

previous experience may generate frustration and distrust in him, which totally interferes

in the usability of the system; (iii) The lack of direct relationship between the evaluation

performed by the game and that performed in a clinical scenario may generate problems

related to the difficulty of understanding the tasks and performing movements, effectively

jeopardizing the use of the game.

Under the perspective of user-centered usability evaluation, statistical analysis of the

questionnaires was presented in Table 5.5. Considering the SUS and SFSS scales, it can

be observed that the improvements made to the game contributed to raising game usabil-

ity and participant engagement. The GEQ results showed that participants’ competence

in playing the game significantly increased. Although learning may have contributed to

that, this result also suggests that the improvements actually enhanced the participant’s

interaction with the game. However, the characteristics "negative affect", "tension", "neg-

ative experience" and "tiredness" showed no changes before and after game modifications,

probably because, even in need of improvements, the game did not generate negative feel-

ings in the users since the first session. Moreover, participants perceived a lower level of

challenge after the changes, indicating that the game’s difficulty level decreased with the

improvement actions. This result was already expected as the changes made in the game

were aimed at correcting problems and improving player-game interaction.

Finally, Table 5.6 showed the four improvement actions carried out. The most signif-

icant improvement action in terms of frequency of problem occurrence was related to the

glove used for player communication with the game. In the first session, the glove did

not recognize well the closing and opening movements of the hand and the finger tap-

ping movements, which significantly affected the game usability. For the second session,

a new glove made with a thinner material and with more threads sewn on the palm of
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the hand and fingers was developed, which solved the previously mentioned problems and

thus considerably improved the participants’ interaction with the game.

The game accessibility evaluation was performed to assess whether patients with PD

were able to play the game in the same way as healthy patients (150). Statistical tests

showed that the groups of healthy individuals and those with PD are homogeneous in

terms of age. In general, as indicated by the MDS–UPDRS III and Hoehn and Yahr

scores (Table 5.7), PD patients in the OFF medication state showed a higher degree of

impairment compared to the ON state. However, despite all limitations, the assessment

of the game accessibility revealed that RehaBEElitation can be played by individuals with

PD in both medication states as well as by healthy individuals. Phase 3 was the only one

that showed statistically significant differences between the scores of the healthy group

with the PD group in both states of medication. As finger tapping is a movement that

requires fine motor dexterity of the fingers, it is expected that a patient affected by a

disease that causes limitations in the execution of movements, especially fine movements,

will in fact feel more difficulty in performing the movement than an individual without

impairment.

Due to situations such as the one imposed by the COVID–19 pandemic, the need to

develop technologies for remote use was observed. In this context, the RehaBEElitation

serious game could be used for remote assessments; however, the way the game was

implemented does not allow its use in this scenario so far, being this one of the limitations

of the game. It cannot yet be applied remotely at home, due to the following reasons: (i)

The game must be played in the presence of a professional, who can clarify doubts and

observe the execution of the tasks; (ii) In several countries, such as Brazil, there is still no

legal regulation that allows the use of systems of this nature at home. Thus, we chose not

to incorporate this possibility of use, although the game architecture is flexible enough

to allow future incorporation; (iii) The use of SG involves the registration of biomedical

data, and the use of the system at home may compromise the data security; (iv) The use

of games at home requires the availability of connection to stable network systems, often

not available to users.

Moreover, in the current version, the game cannot be played by hearing impaired pa-

tients, as they do not perceive important sound feedbacks emitted by the game. However,

we are working to incorporate in the HMI device vibratory actuators to allow the delivery

of tactile feedbacks to these individuals. Finally, the game cannot be played simulta-

neously by multiple players in the current version; however, the game architecture also

enables the implementation of this feature.

In the future, we intend to incorporate into the game components that also allow the

assessment of lower limbs of individuals with PD, enabling, for example, gait assessment.

In this way, it would be possible to perform a complete and objective evaluation of patients

by using the RehaBEElitation serious game.
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The system described in this chapter was registered at the Brazilian National Institute

of Industrial Property (INPI – registration number: BR 51 2021 001975 0). Appendix G

provides supplementary information about the serious game, available in an open general-

purpose repository (Zenodo).

5.5 Conclusions

This chapter presented the architecture and the usability evaluation of the RehaBEEli-

tation serious game. The user-centered system was conceived from requirements of serious

game projects, having in its conception the participation of a multidisciplinary team with

experience in game development and PD.

The proposed architecture was presented using the BPM to facilitate the reproduction

of the system, and to extend its application to other scenarios of use considering the

evaluation of other diseases. In the same way, the heuristic evaluation presented can

serve as a guide for the development of new SGs. The usability evaluation results showed

that RehaBEElitation is a game that presents simple and intuitive narrative and interface,

compatible with the players’ mental models. This facilitated the interaction of individuals

with the game and contributed with the great acceptance of the whole system.

In summary, the developed system allows the evaluation and monitoring of individuals

with PD using an accessible serious game, objectively. The detailed description of the

game architecture, as well as the evaluation of the game usability can help professionals

from different areas to develop more efficient systems and technologies.
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6

Objective Assessment of Bradykinesia and
Tremor

The aim of this chapter is to present the objective assessment of the main motor symptoms

of Parkinson’s disease using the RehaBEElitation serious game.

6.1 Introduction

The loss of dopaminergic neurons caused by Parkinson’s disease (PD) impairs the

execution and control of body movements (167). The absence of dopamine in individuals

with PD stimulates the manifestation of several motor symptoms, such as bradykinesia

and tremor (122). Due to these symptoms, individuals affected by the disease are limited

to perform simple daily tasks, which interferes in their quality of life (71, 91).

The pathophysiological explanation for the appearance of PD symptoms begins with

the occurrence of oxidative stress, characterised as the imbalance between free radicals

and antioxidants in the body. In general, this stress causes damage to cells of proteins,

lipids, and DNA, contributing to the development of diseases such as PD (35).

For PD, oxidative stress damages dopaminergic neurons, i.e., it causes degenera-

tion/loss of dopaminergic neurons in the substantia nigra of the mesencephalon. This

reduces the concentration of dopamine in the striatum, a structure involved in motor

learning and development of movement patterns (35, 20). As a result of this reduction

in dopamine concentration, dysfunctions in neurotransmitter systems occur, such as ab-

normal synapses between neurons, which results in the appearance of symptoms such as

akinesia and tremor. It is considered that the first motor signs of the disease occur when

70% or more of the dopamine in the striatum has been lost (20).

Bradykinesia is a symptom that must be present in an individual in order to be

diagnosed with PD, i.e., bradykinesia affects all people who have PD (73). It is the main

motor impairment observed in patients, characterised by the inability to plan, initiate, and

perform movements (172). Basically, bradykinesia is manifested by the following features:

slowness in the execution of voluntary movements; prolongation of reaction time, defined
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as the interval between the stimulus’ presentation and the beginning of the movement;

prolongation of movement time, defined as the period of time between the beginning and

the end of the movement; and, consequently, prolongation of response time (RT), which

is the sum of reaction time and movement time (41). In short, RT represents the ability

of an individual to detect relevant sources of information, process that information and

use it to generate an appropriate movement response (156).

Tremor, often defined as the first, most obvious and most problematic motor symptom

of PD, is a rhythmic and involuntary oscillatory movement of a body part (132, 140). The

pathophysiology of tremor in PD is not yet fully understood and, unlike bradykinesia and

rigidity, its severity is not related to the overall degree of dopaminergic denervation (132,

131). The classic tremor in PD is rest tremor, which affects the hands of approximately

70% of patients at the beginning of the disorder. It is an asymmetric tremor of 4 to 7 Hz

in a body part not activated voluntarily, and which generally decreases with a voluntary

movement (132, 140, 104).

The Movement Disorder Society–Unified Parkinson’s Disease Rating Scale (MDS–

UPDRS) is the most commonly used and considered the gold standard method for clinical

assessment of bradykinesia and tremor (58). The clinical evaluation of bradykinesia is

based on the analysis of the patient’s ability to perform rapid, repetitive, and alternating

hand movements, such as finger tapping, opening and closing the hand, and pronation

and supination (74, 83). For clinical assessment of tremor, an examiner analyses the

amplitude in centimetres of tremor and estimates the percentage of time the symptom is

present in a patient’s limb with the naked eye (157). Then, for both symptoms, the asses-

sor assigns a score between 0 (normal) and 4 (severe) to indicate the level of impairment

of the disease, i.e., scores are given according to his/her visual perception (110). Obser-

vational assessments such as this require experienced clinical professionals to minimize

the effects of subjectivity and bias of the method, which can negatively influence both

disease diagnosis and patient monitoring (86). In addition, the clinical assessment cannot

accurately describe the amount of bradykinesia and tremor in a patient (110, 157).

As previously discussed, objective measurements of motion using inertial sensors can

overcome the shortcomings of visual scoring-based scales (157). The objective assessment

of motor signs of PD using wearable sensors has been widely studied. Rabelo et al. (141)

discriminated groups of PD patients from healthy elderly by an objective assessment of

bradykinesia using inertial sensors. Andrade et al. (110) observed that it is possible to

study resting hand tremor and postural tremors using a single inertial measurement unit

(IMU) placed on the back of the hand. As inertial sensors can measure voluntary and

involuntary movements (74, 32), the use of tools with these devices is a promising alter-

native capable of identifying and quantifying motor signs of PD. In addition, assessing

bradykinesia using time measurements is an accurate way to assess an individual’s slow-

ness. Because both reaction time and movement time are impaired in PD (41), RT may
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be a good predictor of slowness severity. It is important to emphasize that the objective

evaluation supplements the evaluation performed by clinical scales (12).

Therefore, the objective of this chapter was to assess in an objective way the bradyki-

nesia and tremor of individuals with PD during their interaction with the RehaBEElitation

serious game.

6.2 Methods

This study was approved by the Ethics Committee for Human Research at the Federal

University of Uberlândia, and was composed of fifteen individuals with PD constitut-

ing the experimental group (EG) and fifteen healthy individuals constituting the control

group (CG). The members of the groups were paired in age and sex. The eligibility cri-

teria for participants and the data collection protocol were the same as those presented

previously (section 5.2.7 Game accessibility evaluation). The data used to assess acces-

sibility, bradykinesia and tremor were collected from the same experimental protocol.

The PD group interacted with the game in both ON and OFF medication states. The

MDS–UPDRS Part III was applied to the EG by a physiotherapist in each session, before

starting the game, i.e., in both states of medication.

6.2.1 Bradykinesia evaluation

First, bradykinesia was clinically assessed using the scores related to items 3.4a to 3.6b

of the MDS–UPDRS Part III for the EG in both ON and OFF states of medication. These

items assess: 3.4a and 3.4b – tapping the fingers of the right and left hands, respectively;

3.5a and 3.5b – movements of the right and left hands, respectively; and 3.6a and 3.6b

– pronation-supination movements of the right and left hands, respectively. The average

scores of these items were considered for each medication state. In addition, bradykinesia

was objectively assessed for all participants in two ways: by calculating the RT and by

estimating the individuals’ angular velocity (AV) of movement.

RT involves both reaction and movement time, and AV (in degrees per second) rep-

resents the speed of movement execution (125) (i.e., in relation to the RT variable, AV

is linked to movement time). In this way, if AV increases in one section compared to

another, it is understood that movement time decreases. Thus, if it is verified that the

velocity of movement execution reduced after the use of medication, i.e., in the ON state

compared to the OFF, the time to perform the movement increased, which may suggest

a failure in the medication effect.

In addition, RT allows considering aspects related to the player’s reaction time, such

as the learning acquired after a first section of interaction with the game. The participant

may, for example, decrease his reaction time by learning that immediately after receiving
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Figure 6.2 – RT estimation from the defined event.

Thus, as RT is the sum of reaction time and movement time, both reaction time and

movement time were taken into consideration to estimate the slowness of the individuals

(Figure 6.3). This evaluation was performed for the four phases of the game.

Figure 6.3 – Definition of RT, which includes both reaction time and movement time.

Angular velocity estimation

Gyroscope signals were used to measure the AV around a reference axis, which in-

dicated how fast the movement was performed (125). This characteristic was estimated

only for Phase 4 of the game because it is the only phase that requires the execution of a

movement performed around one of the measurement axes of the inertial sensor (forearm

supination and pronation).

As previously described, the motor symptoms of PD can be detected by inertial sen-

sors, which are able to record the movements of individuals in the form of time series.

These movement signals recorded by the sensors include both voluntary movements of the

player to control the bee in the scenario and involuntary movements caused by the disease

(represented by tremor). The presence of involuntary movements may interfere on the
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estimation of bradykinesia; hence, they should be eliminated from the collected signals.

Thus, to extract only information related to players’ voluntary movements, it was neces-

sary to use a signal processing method capable of performing time series decomposition.

Time series decomposition involves deconstructing a time series into several compo-

nents, each representing one of the underlying categories of patterns in a signal. Several

techniques can be used for time series decomposition, such as Fourier analysis, Empirical

Mode Decomposition (EMD) and Singular Spectrum Decomposition (SSD). However, as

the recorded signals are non-stationary time series, Fourier analysis is not the ideal option

(88). Moreover, Fourier analysis and EMD can provide data decomposition results with

limited physical sense, i.e., components with unclear physical meaning. The components

retrieved by these techniques can also be affected by mode mixing, again interfering with

the physical meaning of individual components (16). Regarding the SSD technique, it was

first tested to decompose the original signal, but no successful results were obtained. The

selection of the fundamental parameters in SSD (window length and elementary compo-

nent indices) is completely automated, and this resulted in components with no physical

meaning.

The Singular Spectrum Analysis (SSA) is a decomposition method frequently used in

several fields, such as economics, physics, and geography (59); however, no study applying

this method to signals collected from individuals with PD was found in the literature. For

these reasons, the SSA method was used in this study.

Singular Spectrum Analysis (SSA) SSA is a non-parametric method for the analysis

of time series and digital images. This method decomposes a time series into a set of

components that are grouped and interpreted, and the original time series is recovered

by summing all its components (59). SSA can be used to remove periodic and/or trend

components from a time series, leaving only a particular component, which may have real

and interpretable meaning (60, 59). In this study, the decomposition was performed so

that bradykinesia could be evaluated objectively by using only the signals of voluntary

movement, i.e., by analysing the trend component of the signals (without the influence of

the tremor).

A general description of the method is presented below (60, 59, 63). SSA performs

the four steps illustrated in Figure 6.4. The input X is an ordered collection of N real

numbers (e.g., a time series or a digital image), and the output is a decomposition of X

into a sum of identifiable components: X = X1 + · · ·+Xm.

• Step 1 – Embedding: The starting point of SSA is the embedding of the time series

X into a vector space of dimension L. As an example, X = (x1, · · · , xN) and

T = SSA maps RN to the space of Hankel matrices L×K with equal values on the

anti-diagonals. Thus, the embedding procedure constructs a sequence of vectors of
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• Step 3 – Grouping: The grouping step corresponds to the division of the elemen-

tary matrices Xj into several groups and summing the matrices within each group.

The grouping procedure partitions the set of indices {1, · · · , d} into m disjoint

subsets {I1, · · · , Im}, with each group Ik containing a set of principal components

{i1, · · · , ip} representing specific components of the signal. Let Ik = {i1, · · · , ip}.

Then the resulting matrix XIk corresponding to the group Ik is defined as XIk =

Xi1 + · · · + Xip. These matrices are computed for Ik = I1, · · · , Im and the SVD

expansion leads to the decomposition X = XI1 + · · · +XIm. Each XIk represents

a set of eigentriples which describes a specific component series in the original time

series.

• Step 4 – Reconstruction: The last step is to reconstruct the components of the

original series. This is achieved by diagonal averaging of each XIk to provide the

kth component of the series X, where the nth sample is obtained by averaging over

the cross-diagonal i + j = const = n + 1 of XIk. This is because each XIk can be

seen as the Hankel matrix for the corresponding embedded component series. Then

the resulting decomposition of the initial object X is X = X1 + · · ·+Xm.

The main R software function for the SSA method is ssa, which constructs the ssa

object that holds the decomposition and various auxiliary information. The typical call

of the ssa function in R is:

s <- ssa (x, L = (N + 1) %/% 2, neig = NULL)

The main arguments are (N is the length of the series):

• x is an object to be decomposed (e.g., time series).

• L is a window length, which by default is fixed to half the length of the series.

However, it is also recommended to use a proportional value to the periodicity of

the time series. Very high values of L may mix the trend component with the

periodicity components. Therefore, L = 250 was used (the sampling frequency of

the data).

• neig is the number of eigentriples desired. If neig = NULL, a default value, which

depends on L and N, will be used. It was considered neig = NULL.

The function returns a ssa object. The precise layout of the object is hidden, but

identifying the indices of the elementary components is necessary for the next step (re-

construction). This identification is performed to find the selection parameters of the

principal components to group the elementary time series. The indices of the elementary

components can be identified by using the $ operator, and by analysing the plots of the

eigenvalues and the correlation matrix of the eigenvalues, namely:
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• s$sigma returns the vector of single values.

• (s$sigma)2 returns the vector of eigenvalues.

• plot(s) plots the eigenvalues.

• plot(wcor(s)) plots the w-correlation matrix.

By definition, the first singular value (with highest eigenvalue) corresponds to the

trend component of the series (59). Thus, the first elementary component indice will be

used in the reconstruction step for the signal trend extraction.

The reconstruction step is performed with the reconstruct function. The typical

call of this function in R is:

r <- reconstruct(s, groups = list(Trend = 1))

The main arguments are:

• s is a ssa object that holds the decomposition.

• groups is a list of numeric vectors consisting of the indices of the elementary

components used for the reconstruction; the list entry can be named, and in this

example it was called Trend. The elementary component of index 1 represents the

trend of the time series, which characterises the voluntary movement of the player.

Thus, SSA was applied to the original signal collected during the experiment to extract

the trend component of the signals (voluntary movement). Figure 6.5 illustrates the

decomposition of a gyroscope signal from a participant of the EG.

After applying SSA for signal decomposition, the peaks of the signals representing the

voluntary movement were identified and discriminated by using a threshold (th) of 0.5 to

capture only the regions of interest and evaluate the participants’ slowness of movement,

as depicted in Figure 6.6. In this way, the influence of involuntary movement arising from

PD was mitigated for the assessment of bradykinesia.

The SSA decomposition method was able to satisfactorily capture the trend of the

time series. This method smoothed the peaks of the decomposed signal (attenuated

the amplitude of the peaks), as shown in Figure 6.7, which was quite convenient for

the detection of global peaks which describe the angular velocity of the players. This

smoothing was important to avoid the detection of multiple local peaks, which could be

related to the players’ tremor, and which would require the application of several pre-

processing steps, such as setting several thresholds, different for each analysed signal.
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Figure 6.5 – Decomposition of a gyroscope signal from a EG participant. The first signal
(on top) represents the original signal, and the second, the voluntary movement that the
individual performs to play the game.

6.2.2 Tremor evaluation

Tremor was firstly assessed clinically using the scores related to items 3.15a to 3.17b

of the MDS–UPDRS Part III. These items assess: 3.15a and 3.15b – postural tremor of

the right and left hands, respectively; 3.16a and 3.16b – kinetic tremor of the right and

Figure 6.6 – Peak detection of the gyroscope signal, which represents the angular velocity
of movement.
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Figure 6.7 – Comparison between the original signal and the trend signal, emphasising
the smoothing of the signal that represents voluntary activity.

left hands, respectively; and 3.17a and 3.17b – rest tremor amplitude of the right and left

hands, respectively.

To objectively assess this symptom, gyroscope signals were also used (only for the

Phase 4 of the game). Again, these signals present the voluntary movements of the player

to control the avatar in the game and the involuntary movements caused by the disease

(tremor). The tremor could be assessed by using SSA in two ways: (i) subtracting the

original signal from the trend detected in the bradykinesia assessment, since the original

time series is recovered from the sum of all its components; or (ii) directly detecting the

periodic/oscillatory components of the original signal.

However, both approaches had limitations: (i) subtracting the estimated smoothed

trend from the original signal invalidated the analysis of tremor, as the resulting signal

would be contaminated by the interference of voluntary activity (subtraction would gen-

erate high amplitudes in the smoothed regions), thus hindering the analysis of tremor

exclusively (Figure 6.8); and (ii) the direct extraction of oscillatory components from the

original signal using SSA did not produce satisfactory results, as the method itself pro-

duced artefacts in the reconstructed signal when generating the components. For this

reason, another signal processing method was used to detect the tremor.

First, the signals were visualised and resampled at 200 Hz (the original sampling

frequency was 50 Hz). This pre-processing step was necessary to preserve the signal

waveform over time and prevent the introduction of artefacts during the subsequent fil-

tering step, which involves estimating the trends associated with the voluntary movements

present in the signal. Then, to detect tremor-related information from these signals, the

removal of the trend (associated with voluntary movements) from the original signal was

performed. For this purpose, the mean was estimated for 200 ms rectangular windows,

with an overlap of 50% of the window size (140, 162), and then interpolation of the mean

values was performed (using splines) to estimate the voluntary trend of the signal. Thus,

the involuntary signal activity, corresponding to the tremor, was obtained by subtracting

the voluntary trend from the original signal.
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Figure 6.8 – Comparison between the methods used to detect/extract the signals for the
assessment of each motor symptom (bradykinesia and tremor). Note that, if voluntary
activity was detected by mean estimation, the resulting signal subsequently had to be
smoothed for peak detection.

Then, amplitude-sensitive and frequency-sensitive features were extracted from the

tremor signal, capable of accurately describing this symptom. For the time domain anal-

ysis, the signal was windowed, considering rectangular windows of 500 ms with 50%

overlap (140, 162), and amplitude-sensitive features, the mean absolute value (MAV) and

root mean square (RMS), were estimated for each window. For the frequency domain

analysis, the power spectral density (PSD) was estimated, and the peak frequency and

power were analysed.

To describe the set of values for each feature estimated across the different groups, a

descriptive statistical analysis was conducted. This analysis involved estimating proba-

bility distribution functions for each feature and performing correlation analysis between

the amplitude-sensitive features and the clinical scores.

Probability distribution functions describe the relative probability of the data, en-

abling the identification of patterns among the individuals of each group. Therefore, this

type of analysis is valuable for understanding the motor sign profiles of individuals with

PD and healthy individuals during interaction with serious game.

In correlation analysis, Spearman’s correlation coefficients between amplitude-sensitive

features and the assessed items of the MDS–UPDRS Part III were estimated to determine

whether the objective assessment of tremor proposed in this study is correlated with the

clinical assessment. The correlation coefficients were classified into four categories: very

weak (0.00–0.19), weak (0.20–0.39), moderate (0.40–0.59), strong (0.60–0.79), and very

strong (0.80–1.00) (110). Signal processing and statistical analyses were performed using

R (139).
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6.3 Results

6.3.1 Bradykinesia evaluation

The results of bradykinesia assessment for the EG and CG are shown in Table 6.1.

The average RT and AV values for each participant considering the four phases of the

game are presented.

Control group Experimental group
ON state OFF state

Id RT (s) AV (deg/s) Id MDS–UPDRS III RT (s) AV (deg/s) MDS–UPDRS III RT (s) AV (deg/s)
1 1.20 308.38 1 3 1.33 305.35 5 2.95 139.49

2 1.30 347.34 2 6 2.19 139.20 9 2.73 177.71

3 2.44 287.36 3 8 1.46 248.31 8 1.31 182.14

4 1.56 400.60 4 6 1.22 351.83 9 0.83 394.17

5 1.29 460.94 5 2 1.51 398.71 3 2.72 306.59

6 1.27 520.40 6 6 1.41 245.04 9 1.70 182.70

7 1.60 391.27 7 4 1.25 234.44 8 2.06 238.86

8 1.42 401.34 8 3 2.33 234.16 6 2.10 301.79

9 1.15 621.23 9 3 1.26 473.47 5 1.70 352.31

10 1.21 506.88 10 2 0.73 272.14 4 1.47 316.26

11 1.68 466.61 11 6 1.22 492.09 9 1.79 327.66

12 0.98 555.35 12 6 1.86 167.36 12 3.36 135.72

13 1.60 565.49 13 6 1.22 152.37 9 1.10 170.01

14 1.18 518.94 14 5 1.51 260.84 9 1.08 252.35

15 0.99 383.09 15 3 2.41 374.44 7 2.79 278.41

Table 6.1 – Results of bradykinesia evaluation.

The RT values were relatively lower for the CG than for the EG, and the AV values

were relatively higher for the CG than for the EG, both in the ON and OFF states. It

can be observed that the individual in the CG who presented the highest RT was also the

one who presented the lowest AV (participant 3).

Regarding the EG, participants 1, 5, 6, 9, 11, 12 and 15 in the ON state of medication

presented lower RT scores and higher AV scores compared to the OFF state. In the

OFF state, the individual with the highest degree of disease impairment, according to the

clinical evaluation, was also the one who presented the largest RT and the smallest AV

(participant 12). Participants 3 and 14 increased their AV in the ON state compared to

the OFF, but also increased their RT; and participants 2, 7 and 10 decreased their RT in

the ON state compared to the OFF, but also decreased their AV. Participants 4, 8 and 13

increased their RT and decreased their AV in the ON state compared to the OFF state.

The distribution of RT data for all participants is shown in Figure 6.9. Except for

Phase 1, in all other phases the CG had the lowest RT, followed by the EG in the ON

state, and then by the EG in the OFF state. In Phase 1, the EG in the ON state showed

the best results for RT, followed by the CG, and then by the EG in the OFF state.

The distribution of AV data for all participants is shown in Figure 6.10. Again, the

CG was the one with the largest AV, followed by the EG in the ON state, and then by
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Figure 6.12 – Probability density function results for each feature extracted (peak fre-
quency, MAV, RMS and peak power). Densities for MAV and RMS features are presented
by a logarithmic transform in base 10.

very strong correlation between MDS–UPDRS scores with MAV and RMS variables. Only

4.16% of the coefficients showed very weak correlation, 12.5% showed weak correlation,

45.83% moderate correlation, 4.16% strong correlation and 33.33% of the coefficients

showed very strong correlation.

The MDS–UPDRS item that showed the best correlation with MAV and RMS vari-

ables in both medication states was the amplitude of rest tremor in the left hand. The

correlation was weak between kinetic tremor of the right hand in the ON state with MAV

and RMS, and between amplitude of rest tremor of the right hand in the ON state with

MAV. Only the correlation between amplitude of rest tremor of the right hand in the ON

state with RMS was very weak.
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MDS–UPDRS

3.15a 3.15b 3.16a 3.16b 3.17a 3.17b

OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON

MAV 0.494 0.640 0.447 0.866 0.809 0.342 0.447 0.577 0.562 0.213 0.866 0.866

RMS 0.494 0.569 0.447 0.866 0.809 0.266 0.447 0.577 0.562 0.142 0.866 0.866

Table 6.3 – Correlation results retween MAV and RMS features and the MDS–UPDRS

6.4 Discussion

This chapter consisted in objectively evaluating bradykinesia and tremor in individuals

with PD using the RehaBEElitation serious game. As previously mentioned, no studies

have been found in the literature that use data recorded by inertial sensors during the

interaction of PD patients with a serious game for an objective assessment of motor

symptoms of the disease.

According to the World Health Organization (WHO), disability due to PD is increasing

faster than for any other neurological disorder (173). A proper understanding of the

cardinal signs of the disease, such as bradykinesia and tremor, can help diagnose the

condition. Thus, the assessment of bradykinesia and hand tremor is a crucial step in the

evaluation of a PD patient (50).

Although the MDS–UPDRS scale is the current gold standard method for the assess-

ment of individuals with PD, it requires the presence of a qualified professional to carry

out the evaluation; has high intra- and inter-examiner variability; and does not identify

the fluctuations of symptoms during the day, capable of guiding the therapy (136, 36). In

this way, recent studies point to the need for more reliable instruments that allow for a

better understanding of the disease progression (142, 42). This motivated us to develop

the RehaBEElitation serious game and the glove with inertial sensors, capable of register-

ing the motor signs of the users. Such sensors can capture movement information coming

directly from the neuromuscular system of individuals, which ensures a more accurate

assessment of the main symptoms of the disease and the patient’s level of impairment.

6.4.1 Bradykinesia evaluation

Bradykinesia was assessed using the individuals’ RT, which was calculated by the

duration of an event that indicates the moment when the player reaches the target and

performs the movement, as well as using the gyroscope signal collected by the wearable

HMI device, which represents the AV of movement. To obtain a reliable AV estimation,

the SSA time series decomposition method was applied to the gyroscope signals collected

from all participants to detect the voluntary activity (signal trend), which represents the

movement the player makes to control the avatar in the game.

Time series decomposition allows extracting patterns and behaviours as components,
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enabling an understanding of the mechanisms that constitute the time series. The de-

composition using SSA was very satisfactory, and the smoothing of the resulting signal

helped to detect global peaks to estimate the players’ AV.

The results indicated in Table 6.1 showed that participants 1, 5, 6, 9, 11, 12 and 15

in the ON state of medication presented lower RT scores and higher AV scores compared

to the OFF state. This result was already expected, since EG subjects in the ON state

of medication have more reduced motor symptoms than in the OFF state (33). However,

in the ON state, some situations also occurred: participants 2, 7 and 10 reduced RT but

also reduced AV, participants 3 and 14 increased AV but also RT, and participants 4, 8

and 13 increased RT and reduced AV. It is known that RT is the sum of reaction time

and movement time; AV is more related to movement time.

After taking the medication, participants 2, 7 and 10 had lower RT but performed

the movements more slowly, i.e., they increased the movement time, which consequently

results in a decrease in reaction time. Movement time may have increased because the

medication is probably not bringing benefits regarding the improvement of motor symp-

toms in these individuals, which suggests the need to readjust the dosage of the medication

or change it for another medication. The reaction time may have been reduced by the

learning acquired in the first session of interaction with the game, i.e., the players learned

that after reaching the target and receiving the visual and sound stimuli, they should

perform the required movement. Thus, although the player performed the movements

more slowly, he was able to initiate the execution of the movements earlier.

After participants 3 and 14 took the medication, the movements were performed faster,

i.e., movement time was decreased, but RT increased, which consequently resulted in

increased reaction time. Movement time may have been reduced due to the medication’s

effectiveness in reducing motor symptoms. The reaction time may have increased due to

the lack of learning that could have been acquired in the first session, i.e., the participants

did not understand that the visual and sound stimuli indicated the exact moment to start

the execution of the movement. Thus, although the motor symptoms were reduced, the

players did not learn enough, making them start the execution of the movements later.

And finally, after participants 4, 8 and 13 took the medication, their RT increased and

they performed the movements more slowly, i.e., increased the movement time. It can be

suggested that the medication is not reducing the motor symptoms of these individuals,

and therefore, a readjustment of the medication dosage should be performed. Moreover,

these individuals probably did not acquire learning in relation to the game.

Medication is the key treatment for the motor symptoms of PD, but the pharmacolog-

ical response inevitably diminishes over time (108). Following these results, it is possible

to identify the individuals who possibly need medication adjustments, as well as those

who require additional training with the serious game to better understand its features

and rules. These findings may provide a more personalised patient follow-up by healthcare
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professionals, as well as assist them in assessing individuals and monitoring the disease.

In Phase 1, the RT of the EG participants in the ON state of medication was smaller

than those in the CG. Probably, as most EG participants already had a first contact with

the RehaBEElitation serious game (they already interacted with the game at least once),

in the ON medication state they were less slow than the CG. Despite these considerations,

there were no statistically significant differences between the groups.

Furthermore, the information indicated by Table 6.1 and Figure 6.5, Figure 6.10 and

Figure 6.11 showed that, in general, the RT and AV scores for the CG participants were

better than the EG in the ON state, which in turn were better than the EG in the OFF

state, as already expected. In addition, EG participants in the OFF state of medication

and CG participants who presented the worst results for RT also presented the worst

results for AV, which reveals that the measures used for the assessment of bradykinesia

were quite consistent.

Analysing Figure 6.9, Figure 6.10 and Table 6.2, it can be seen that Phase 4 is the most

suitable for assessing bradykinesia using the RehaBEElitation serious game. Figure 6.9

shows that in this phase the differences between the groups were better detected, since the

boxplots are less overlapped, and only in this phase it was possible to estimate the angular

velocity of the participants. Phase 4 required the execution of the forearm supination and

pronation movement, a more complex movement than the others and one that is not

often performed during daily activities. This may have encouraged players to focus on

the execution of the movement, which may have influenced a better estimation of the

variables used in the study. These findings agree with those reported by Summa et al

(159).

The correlation with the MDS–UPDRS (clinical assessment) was not performed be-

cause, in this study, bradykinesia was assessed considering reaction time and movement

time. However, in the clinical assessment, reaction time is not considered to assess this

symptom. Despite this, the individual with the highest degree of disease impairment,

according to the MDS–UPDRS, was also the one with the highest RT and lowest AV in

the OFF state of medication.

6.4.2 Tremor evaluation

The tremor was detected using signal processing techniques that involve removing

trends from the signal. As the trend represents the voluntary movement of the player

while controlling the movements of the bee, after its removal only the signal representing

the involuntary movement of the user, characterised by tremor, remained. Thereafter,

it was possible to extract information about the amplitude and frequency of this motor

symptom.

The results presented in Figure 6.12 show the probability density function for each

extracted feature. The MAV and RMS for the EG in both medication states had a
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higher probability of presenting a distribution curve with a bimodal aspect (two peaks),

which indicates the presence of two different modes, i.e., different statistical populations.

The peak with lower amplitude represents involuntary movements (the PD tremor), not

observed in the CG distribution curve.

In terms of frequency, the healthy individuals had a predominant frequency band

between approximately 1 and 5 Hz. These frequencies, below 5 Hz, suggest that most

individuals performed predominantly voluntary activities during the game, such as moving

the bee or performing movements to score in the phase. On the other hand, the higher

frequencies (8-10 Hz) suggest that some individuals had greater difficulty when playing,

probably due to the presence of enhanced physiologic tremor. During the OFF state of

the medication, individuals with PD presented a peak frequency between 5 and 10 Hz.

However, these participants presented predominant peaks in two frequency bands during

the ON state of the medication: between 1 and 5 Hz, as observed in healthy individuals;

and between 5 and 9 Hz. This implies that participants with PD played more easily

during the effect of the medication (i.e., ON state) and, furthermore, demonstrate the

benefits of the medication in performing motor tasks.

The probability distribution functions of the peak power for each group support this

idea. The shapes of the distributions are similar for the CG and the PD–ON group, i.e.,

both show a multimodal distribution with three predominant peaks, but with decreasing

probabilities. However, the peak powers were higher for the healthy participants, prob-

ably because they can perform the movements more easily and many have no tremor.

These three peaks in the peak power distributions may be related to the different actions

performed by the player during the phase. For instance, the movements to raise and

lower the bee on the scenario (wrist extension and flexion), the movements to move the

bee to the right and left (wrist abduction and adduction) and the forearm supination and

pronation movements to score points. This behaviour is not observed in the PD–OFF

group, probably due to the presence of tremor, which hinders the execution of movements

during the game. This occurs because the player in the OFF state cannot control the bee

nor execute the movements in the time required to score points. This may justify the fact

that the PD–OFF group has a lower peak power range than the PD–ON group.

In general, the MAV and RMS features estimated from the gyroscope signals showed

strong correlation with the MDS–UPDRS. This validates the methodology applied for the

detection and assessment of tremor in an objective way. As the highest correlation coeffi-

cient (considering both ON and OFF medication states) was observed in the comparison

between rest tremor amplitude with the two extracted variables, it is suggested that rest

tremor is the best and most faithfully assessed aspect using the signals collected from the

game and applying the processing techniques used.
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6.4.3 General considerations

In comparison to other methods, the use of serious games is an attractive option for

the measurement of parkinsonian motor symptoms. This game can be applied frequently

and easily in clinics and hospitals, which demonstrates excellent accessibility and is cost-

effective. In addition, the methods applied can isolate voluntary activity from involuntary

activity. Voluntary activity hinders the assessment of tremor, just as severe tremor or

dyskinesia interferes with the classification of bradykinesia.

Some limitations of this study were the lack of previous training with the serious game

for the CG, and the application of the game on the same day for the EG in the ON and

OFF states of medication. This was done to avoid a possible bias in changing the day and

time of data collection, however, some participants faced difficulties when they played the

game in the ON state, possibly because they had been doing the exercises for some time,

which was demonstrated by the results.

6.5 Conclusions

In this chapter, bradykinesia and tremor were assessed objectively using the Re-

haBEElitation serious game. RT and AV proved to be very consistent variables to estimate

the slowness of individuals. Patients in the ON medication state showed more reduced

bradykinesia compared to patients in the OFF state. Regarding tremor evaluation, the

participants of the EG in the OFF state of medication presented more tremor in com-

parison to the ON state, as expected. Moreover, the healthy individuals perceived less

difficulty when playing as they had no or less tremor compared to the participants with

PD.

Serious games are effective tools for the objective monitoring of PD symptoms, pro-

viding concrete information about the progression of the disease. In summary, it can be

concluded that the developed system constitutes an alternative and quite complete tool

capable of assessing the main motor symptoms of PD entertainingly and objectively.
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7

Final Considerations

Parkinson’s disease is characterised by various motor and non-motor symptoms that

affect the quality of life and well-being of people who suffer from the condition. This

disorder is difficult to diagnose, has no cure and uses a subjective scale as the gold standard

assessment tool, which can produce incorrect conclusions about patients’ health status. In

this sense, it is important to develop new technologies that can help health professionals

monitor and assess patients, as well as improve the rehabilitation process for individuals

affected by the disease.

The literature review presented in Chapter 3 showed that several serious games have

been developed for PD patients, but many do not take into account the experiences

of the target audience, which is composed of elderly people who are not familiar with

virtual technologies. Existing games generally present narratives that are incompatible

with the players’ mental models and are often not designed focusing on the real needs of

professionals and patients (109).

To identify the main motor, cognitive and pain limitations of PD patients, a multi-

dimensional assessment questionnaire was developed (92). The questionnaire enabled us

to understand which types of daily tasks patients have most difficulty in performing, as

well as which cognitive and pain aspects affect them the most. This has contributed to

a better understanding of the real needs of individuals affected by the disease, as well as

identifying considerable motor limitations experienced by patients.

The literature review and questionnaire results motivated us to develop a game con-

sidering the limitations and expectations of PD patients since the initial design stages.

All of the game’s features (such as the narrative, scenarios, interactions, visual and au-

ditory feedback, and the movements required of the players) were entirely designed with

the end users at the centre of the creation process. This has certainly contributed to

the wide acceptance of the tool, and to the system’s high usability and accessibility. We

believe that RehaBEElitation is one of the best designed serious game for people with PD

described in the literature.

As well as providing users with a fun and entertaining way of carrying out motor
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rehabilitation, the serious game is also capable of objectively assessing bradykinesia and

tremor. Using information collected by inertial sensors, it was possible to quantify the

main symptoms of the disease, overcoming one of the main limitations of the MDS–

UPDRS.

The developed system is a complete and effective alternative tool capable of objectively

assessing the main motor symptoms of PD. Solutions such as this one can improve users’

quality of life and help healthcare professionals diagnose, monitor, and assess the patient’s

motor condition.

The prospects for further studies include: implementing in the system the emission of

reports with automated and simultaneous assessment of bradykinesia and tremor, provid-

ing real-time feedback to healthcare professionals; incorporating vibratory actuators in

the glove to deliver sensory feedback to users, especially the hearing impaired, and thus

improve the system’s usability; and implementing new phases in the game to analyse and

monitor other dimensions of PD, such as lower limb impairment, enabling a complete and

objective assessment of patients using the developed system.

101



References

1 ABDI, Hervé; WILLIAMS, Lynne J. Principal component analysis. Wiley Inter-

disciplinary Reviews: Computational Statistics, Wiley, v. 2, n. 4, p. 433–459,

June 2010. DOI: 10.1002/wics.101.

2 ALVES, Guido; FORSAA, Elin Bjelland; PEDERSEN, Kenn Freddy; GJERSTAD,

Michaela Dreetz; LARSEN, Jan Petter. Epidemiology of Parkinson’s disease. Jour-

nal of Neurology, Springer Science and Business Media LLC, v. 255, S5, p. 18–32,

Sept. 2008. DOI: 10.1007/s00415-008-5004-3.

3 ARMSTRONG, Melissa J.; OKUN, Michael S. Diagnosis and Treatment of Parkin-

son Disease. JAMA, American Medical Association (AMA), v. 323, n. 6, p. 548,

Feb. 2020. DOI: 10.1001/jama.2019.22360.

4 ASSAD, Oliver; HERMANN, Robert; LILLA, Damian; MELLIES, Björn; MEYER,

Ronald; SHEVACH, Liron; SIEGEL, Sandra; SPRINGER, Melanie; TIEMKEO,

Saranat; VOGES, Jens; WIEFERICH, Jan; HERRLICH, Marc; KRAUSE, Markus;

MALAKA, Rainer. Motion-Based Games for Parkinson’s Disease Patients. In: EN-

TERTAINMENT Computing – ICEC 2011. Springer Berlin Heidelberg, 2011. P. 47–

58. DOI: 10.1007/978-3-642-24500-8_6.

5 AVOLA, Danilo; CINQUE, Luigi; FORESTI, Gian Luca; MARINI, Marco Raoul;

PANNONE, Daniele. VRheab: a fully immersive motor rehabilitation system based

on recurrent neural network. Multimedia Tools and Applications, Springer

Science and Business Media LLC, v. 77, n. 19, p. 24955–24982, Mar. 2018. DOI:

10.1007/s11042-018-5730-1.

6 AYED, Ines; GHAZEL, Adel; JAUME-I-CAPÓ, Antoni; MOYÀ-ALCOVER, Gabriel;

VARONA, Javier; MARTÍNEZ-BUESO, Pau. Vision-based serious games and vir-

tual reality systems for motor rehabilitation: A review geared toward a research

methodology. International Journal of Medical Informatics, Elsevier BV,

v. 131, p. 103909, Nov. 2019. DOI: 10.1016/j.ijmedinf.2019.06.016.

7 BAILEY, Hugh. Open Broadcaster Software. 2017. Available from: <https:

//obsproject.com/>.

102



References

8 BALCI, Birgul; AKTAR, Burcin; BURAN, Sinan; TAS, Melike; COLAKOGLU,

Berril Donmez. Impact of the COVID-19 pandemic on physical activity, anxiety,

and depression in patients with Parkinson’s disease. International Journal of

Rehabilitation Research, Ovid Technologies (Wolters Kluwer Health), v. 44, n. 2,

p. 173–176, Feb. 2021. DOI: 10.1097/mrr.0000000000000460.

9 BARANYI, Rene; WILLINGER, Rainer; LEDERER, Nadja; GRECHENIG, Thomas;

SCHRAMM, Wolfgang. Chances for serious games in rehabilitation of stroke pa-

tients on the example of utilizing the Wii Fit Balance Board. In: 2013 IEEE 2nd

International Conference on Serious Games and Applications for Health (SeGAH).

IEEE, May 2013. DOI: 10.1109/segah.2013.6665319.

10 BÉGEL, Valentin; LORETO, Ines Di; SEILLES, Antoine; BELLA, Simone Dalla.

Music Games: Potential Application and Considerations for Rhythmic Training.

Frontiers in Human Neuroscience, Frontiers Media SA, v. 11, May 2017. DOI:

10.3389/fnhum.2017.00273.

11 BENNETT, Susan J.; OLDRIDGE, Neil B.; ECKERT, George J.; EMBREE, Jen-

nifer L.; BROWNING, Sherry; HOU, Nan; DEER, Melissa; MURRAY, Michael D.

Discriminant properties of commonly used quality of life measures in heart failure.

Quality of Life Research, Springer Science and Business Media LLC, v. 11, n. 4,

p. 349–359, 2002. DOI: 10.1023/a:1015547713061.

12 BHIDAYASIRI, Roongroj; TARSY, Daniel. Parkinson’s Disease: “On-Off” Phe-

nomenon. In: CURRENT Clinical Neurology. Humana Press, 2012. P. 14–15. DOI:

10.1007/978-1-60327-426-5_7.

13 BJORNESTAD, Anders; TYSNES, Ole-Bjorn; LARSEN, Jan Petter; ALVES, Guido.

Loss of independence in early Parkinson disease. Neurology, Ovid Technologies

(Wolters Kluwer Health), v. 87, n. 15, p. 1599–1606, Sept. 2016. DOI: 10.1212/

wnl.0000000000003213.

14 BLACKMAN, Sue. Serious games...and less! ACM SIGGRAPH Computer Graph-

ics, Association for Computing Machinery (ACM), v. 39, n. 1, p. 12–16, Feb. 2005.

DOI: 10.1145/1057792.1057802.

15 BOBANNON, Richard W.; LANDES, Michele. Reliability, Validity, and Respon-

siveness of a 3-Item Barthel for Characterizing the Physical Function of Patients

Hospitalized for Acute Stroke. Journal of Neurologic Physical Therapy, Ovid

Technologies (Wolters Kluwer Health), v. 28, n. 3, p. 110–113, Sept. 2004. DOI:

10.1097/01253086-200409000-00002.

16 BONIZZI, Pietro; KAREL, Joël M. H.; MESTE, Olivier; PEETERS, Ralf L. M.

Singular Spectrum Decomposition: a new method for time series decomposition.

103



References

Advances in Adaptive Data Analysis, World Scientific Pub Co Pte Lt, v. 6,

n. 4, p. 1–34, Oct. 2014. DOI: 10.1142/s1793536914500113.

17 BORGMAN, Christine L. The conundrum of sharing research data. Journal of the

American Society for Information Science and Technology, Wiley, v. 63,

n. 6, p. 1059–1078, Apr. 2012. DOI: 10.1002/asi.22634.

18 BROOKE, John. SUS: A ’Quick and Dirty’ Usability Scale. In: USABILITY Eval-

uation In Industry. CRC Press, June 2020. P. 207–212. DOI: 10.1201/9781498710

411-35.

19 BRUIN, Eling de; SCHOENE, Daniel; PICHIERRI, Giuseppe; SMITH, Stuart.

Use of virtual reality technique for the training of motor control in the elderly.

Zeitschrift für Gerontologie und Geriatrie, Springer Science and Business Me-

dia LLC, v. 43, n. 4, p. 229–234, July 2010. DOI: 10.1007/s00391-010-0124-7.

20 BURCH, Druin; SHEERIN, Fintan. Parkinson’s disease. The Lancet, Elsevier BV,

v. 365, n. 9459, p. 622–627, Feb. 2005. DOI: 10.1016/s0140-6736(05)70807-2.

21 BURDEA, Grigore C. Virtual Rehabilitation – Benefits and Challenges. Methods

of Information in Medicine, Georg Thieme Verlag KG, v. 42, n. 05, p. 519–523,

2003. DOI: 10.1055/s-0038-1634378.

22 CAI, Huihui; LIN, Tao; CHEN, Lina; WENG, Huidan; ZHU, Ruihan; CHEN, Ying;

CAI, Guoen. Evaluating the effect of immersive virtual reality technology on gait

rehabilitation in stroke patients: a study protocol for a randomized controlled trial.

Trials, Springer Science and Business Media LLC, v. 22, n. 1, Jan. 2021. DOI:

10.1186/s13063-021-05031-z.

23 CAPRIOTTI, Teri; TERZAKIS, Kristina. Parkinson Disease. Home Healthcare

Now, Ovid Technologies (Wolters Kluwer Health), v. 34, n. 6, p. 300–307, June

2016. DOI: 10.1097/nhh.0000000000000398.

24 CARGNIN, Diego João; D’ORNELLAS, Marcos Cordeiro; PRADO, Ana Lúcia

Cervi. A Serious Game for Upper Limb Stroke Rehabilitation Using Biofeedback

and Mirror-Neurons Based Training. In: EBOOKS, IOS Press (Ed.). v. 216, p. 348–

352. DOI: 10.3233/978-1-61499-564-7-348.

25 CARVALHO, Maira Brandão; BELLOTTI, Francesco; BERTA, Riccardo; GLORIA,

Alessandro De; GAZZARATA, Giorgia; HU, Jun; KICKMEIER-RUST, Michael. A

case study on Service-Oriented Architecture for Serious Games. Entertainment

Computing, Elsevier BV, v. 6, p. 1–10, Jan. 2015. DOI: 10.1016/j.entcom.

2014.11.001.

104



References

26 CEMIM, Jênifer Aline; CORRÊA, Philipe Souza; SANTOS PEREIRA, Bruna dos;

SOUZA, Jesuély Spieckert de; CECHETTI, Fernanda. Virtual reality as an inter-

vention tool for upper limbs in Parkinson’s disease: a case series. Fisioterapia

e Pesquisa, FapUNIFESP (SciELO), v. 29, n. 2, p. 128–137, Aug. 2022. DOI:

10.1590/1809-2950/20022329022022en.

27 CHEN, Weiqin; BANG, Martin; KRIVONOS, Daria; SCHIMEK, Hanna; NAVAL,

Arnau. An Immersive Virtual Reality Exergame for People with Parkinson’s Disease.

In: LECTURE Notes in Computer Science. Springer International Publishing, 2020.

P. 138–145. DOI: 10.1007/978-3-030-58796-3_18.

28 CIKAJLO, Imre; HUKIĆ, Alma; DOLINŠEK, Irena; ZAJC, Dejana; VESEL, Mateja;

KRIZMANIČ, Tatjana; BLAŽICA, Bojan; BIASIZZO, Anton; NOVAK, Franc; PO-

TISK, Karmen Peterlin. Can telerehabilitation games lead to functional improve-

ment of upper extremities in individuals with Parkinson’s disease? International

Journal of Rehabilitation Research, Ovid Technologies (Wolters Kluwer Health),

v. 41, n. 3, p. 230–238, Sept. 2018. DOI: 10.1097/mrr.0000000000000291.

29 DARWEESH, Sirwan K. L.; KOUDSTAAL, Peter J.; IKRAM, M. Kamran; IKRAM,

M. Arfan. Cognitive decline before diagnosis of Parkinson’s disease. The Lancet

Neurology, Elsevier BV, v. 16, n. 4, p. 262, Apr. 2017. DOI: 10.1016/s1474-

4422(17)30042-x.

30 DAUVERGNE, Celia; BÉGEL, Valentin; GÉNY, Christian; PUYJARINET, Frédéric;

LAFFONT, Isabelle; BELLA, Simone Dalla. Home-based training of rhythmic skills

with a serious game in Parkinson’s disease: Usability and acceptability. Annals of

Physical and Rehabilitation Medicine, Elsevier BV, v. 61, n. 6, p. 380–385,

Nov. 2018. DOI: 10.1016/j.rehab.2018.08.002.

31 DEFAZIO, Giovanni; GIGANTE, Angelo; MANCINO, Paola; TINAZZI, Michele.

The epidemiology of pain in Parkinson’s disease. Journal of Neural Transmis-

sion, Springer Science and Business Media LLC, v. 120, n. 4, p. 583–586, Dec. 2012.

DOI: 10.1007/s00702-012-0915-7.

32 DELROBAEI, Mehdi; MEMAR, Sara; PIETERMAN, Marcus; STRATTON, Tyler

W.; MCISAAC, Kenneth; JOG, Mandar. Towards remote monitoring of Parkinson’s

disease tremor using wearable motion capture systems. Journal of the Neurolog-

ical Sciences, Elsevier BV, v. 384, p. 38–45, Jan. 2018. DOI: 10.1016/j.jns.

2017.11.004.

33 DHALL, Rohit; KREITZMAN, David L. Advances in levodopa therapy for Parkin-

son disease. Neurology, Ovid Technologies (Wolters Kluwer Health), v. 86, 14

Supplement 1, s13–s24, Apr. 2016. DOI: 10.1212/wnl.0000000000002510.

105



References

34 DIAS, Sofia Balula; DINIZ, José Alves; TRIVEDI, Dhavalbhai; KONSTANTINI-

DIS, Evdokimos; SAVVIDIS, Theodore; BAMIDIS, Panagiotis; BOSTANTZOPOULOU,

Sevasti; JAEGER, Herbert; STADTSCHNITZER, Michael; CHARISIS, Vasileios;

HADJIDIMITRIOU, Stelios; IAKOVAKIS, Dimitris; KLINGELHOEFER, Lisa; HAD-

JILEONTIADIS, Leontios. On Exploring Design Elements in Assistive Serious Games

for Parkinson’s Disease Patients: The i-PROGNOSIS Exergames Paradigm. In: 2018

2nd International Conference on Technology and Innovation in Sports, Health and

Wellbeing (TISHW). IEEE, June 2018. DOI: 10.1109/tishw.2018.8559515.

35 DIAS, Vera; JUNN, Eunsung; MOURADIAN, M. Maral. The Role of Oxidative

Stress in Parkinson’s Disease. Journal of Parkinson’s Disease, IOS Press, v. 3,

n. 4, p. 461–491, 2013. DOI: 10.3233/jpd-130230.

36 DORSEY, Earl Ray; VENUTO, Charles; VENKATARAMAN, Vinayak; HARRIS,

Denzil A.; KIEBURTZ, Karl. Novel Methods and Technologies for 21st-Century

Clinical Trials. JAMA Neurology, American Medical Association (AMA), v. 72,

n. 5, p. 582, May 2015. DOI: 10.1001/jamaneurol.2014.4524.

37 DYBÅ, Tore; DINGSØYR, Torgeir. Empirical studies of agile software development:

A systematic review. Information and Software Technology, Elsevier BV, v. 50,

n. 9-10, p. 833–859, Aug. 2008. DOI: 10.1016/j.infsof.2008.01.006.

38 ELOR, Aviv; TEODORESCU, Mircea; KURNIAWAN, Sri. Project Star Catcher:

a novel immersive virtual reality experience for upper limb rehabilitation. ACM

Transactions on Accessible Computing, Association for Computing Machinery

(ACM), v. 11, n. 4, p. 1–25, Nov. 2018. DOI: 10.1145/3265755.

39 ESCUDEIRO, Gabriel Pereira; OLIVEIRA ANDRADE, Adriano de; CABRAL,

Ariana Moura; LEITE, Marco Antonio Araújo; MONTEIRO, Leonardo Vasques;

SILVA, Igor Duque Gonçalves da; PESSÔA, Bruno Lima. Inertial sensors in the

motor assessment of Parkinson’s Disease in patients who underwent Pallidotomy.

Research, Society and Development, Research, Society and Development, v. 10,

n. 15, e373101522825, Nov. 2021. DOI: 10.33448/rsd-v10i15.22825.

40 EVANS, Jonathan R.; MASON, Sarah L.; WILLIAMS-GRAY, Caroline H.; FOLTYNIE,

Thomas; BRAYNE, Carol; ROBBINS, Trevor W.; BARKER, Roger A. The natural

history of treated Parkinson’s disease in an incident, community based cohort. Jour-

nal of Neurology, Neurosurgery & Psychiatry, BMJ, v. 82, n. 10, p. 1112–

1118, May 2011. DOI: 10.1136/jnnp.2011.240366.

41 EVARTS, Edward Vaughan; TERÄVÄINEN, H.; CALNE, Donald Brian. Reaction

time in parkinson’s disease. Brain, Oxford University Press (OUP), v. 104, n. 1,

p. 167–186, 1981. DOI: 10.1093/brain/104.1.167.

106



References

42 EVERS, Luc J. W.; KRIJTHE, Jesse H.; MEINDERS, Marjan J.; BLOEM, Bastiaan

R.; HESKES, Tom M. Measuring Parkinson’s disease over time: The real-world

within-subject reliability of the MDS-UPDRS. Movement Disorders, Wiley, v. 34,

n. 10, p. 1480–1487, July 2019. DOI: 10.1002/mds.27790.

43 FALLA, Marika; DODICH, Alessandra; PAPAGNO, Costanza; GOBER, Alessan-

dro; NARDUZZI, Pamela; PIEROTTI, Enrica; FALK, Markus; ZAPPINI, Francesca;

COLOSIMO, Carlo; TURELLA, Luca. Lockdown effects on Parkinson’s disease dur-

ing COVID-19 pandemic: a pilot study. Acta Neurologica Belgica, Springer

Science and Business Media LLC, v. 121, n. 5, p. 1191–1198, July 2021. DOI:

10.1007/s13760-021-01732-z.

44 FEATHERALL, Joseph; LAPIN, Brittany; CHAITOFF, Alexander; HAVELE, So-

nia A; THOMPSON, Nicolas; KATZAN, Irene. Characterization of Patient Interest

in Provider-Based Consumer Health Information Technology: Survey Study. Jour-

nal of Medical Internet Research, JMIR Publications Inc., v. 20, n. 4, e128,

Apr. 2018. DOI: 10.2196/jmir.7766.

45 FEIGIN, Valery L. et al. Global, regional, and national burden of neurological dis-

orders, 1990–2016: a systematic analysis for the Global Burden of Disease Study

2016. The Lancet Neurology, Elsevier BV, v. 18, n. 5, p. 459–480, May 2019.

DOI: 10.1016/s1474-4422(18)30499-x.

46 FERNÁNDEZ-GONZÁLEZ, Pilar; CARRATALÁ-TEJADA, María; MONGE-PEREIRA,

Esther; COLLADO-VÁZQUEZ, Susana; BAEZA, Patricia Sánchez-Herrera; CUESTA-

GÓMEZ, Alicia; OÑA-SIMBAÑA, Edwin Daniel; JARDÓN-HUETE, Alberto; MOLINA-

RUEDA, Francisco; QUIRÓS, Carlos Balaguer-Bernaldo de; MIANGOLARRA-PAGE,

Juan Carlos; CUERDA, Roberto Cano-de la. Leap motion controlled video game-

based therapy for upper limb rehabilitation in patients with Parkinson’s disease: a

feasibility study. Journal of NeuroEngineering and Rehabilitation, Springer

Science and Business Media LLC, v. 16, n. 1, Nov. 2019. DOI: 10.1186/s12984-

019-0593-x.

47 FERREIRA, Luis Duarte Andrade; FERREIRA, Henrique; CAVACO, Sofia; CAMEIRÃO,

Mónica; BADIA, Sergi Bermúdez i. User Experience of Interactive Technologies for

People With Dementia: Comparative Observational Study. JMIR Serious Games,

JMIR Publications Inc., v. 8, n. 3, e17565, Aug. 2020. DOI: 10.2196/17565.

48 FIELD, Andy; MILES, Jeremy; FIELD, Zoe. Discovering Statistics Using R.

SAGE Publications Ltd, 2012. ISBN 1446200469.

49 FLYNN, Sheryl; PALMA, Phyllis; BENDER, Anneke. Feasibility of Using the Sony

PlayStation 2 Gaming Platform for an Individual Poststroke: A Case Report. Jour-

nal of Neurologic Physical Therapy, Ovid Technologies (Wolters Kluwer Health),

v. 31, n. 4, p. 180–189, Dec. 2007. DOI: 10.1097/npt.0b013e31815d00d5.

107



References

50 FOLADOR, João Paulo; SANTOS, Maria Cecilia Souza; LUIZ, Luiza Maire David;

SOUZA, Luciane Aparecida Pascucci Sande de; VIEIRA, Marcus Fraga; PEREIRA,

Adriano Alves; OLIVEIRA ANDRADE, Adriano de. On the use of histograms of

oriented gradients for tremor detection from sinusoidal and spiral handwritten draw-

ings of people with Parkinson’s disease. Medical & Biological Engineering &

Computing, Springer Science and Business Media LLC, v. 59, n. 1, p. 195–214,

Jan. 2021. DOI: 10.1007/s11517-020-02303-9.

51 FOLADOR, João Paulo; VIEIRA, Marcus Fraga; PEREIRA, Adriano Alves; OLIVEIRA

ANDRADE, Adriano de. Open-source data management system for Parkinson’s

disease follow-up. PeerJ Computer Science, PeerJ, v. 7, e396, Feb. 2021. DOI:

10.7717/peerj-cs.396.

52 FOLETTO, Antônio Augusto; D’ORNELLAS, Marcos Cordeiro; PRADO, Ana Lu-

cia Cervi. Serious Games for Parkinson’s Disease Fine Motor Skills Rehabilitation

Using Natural Interfaces. In: MEDINFO 2017: Precision Healthcare through Infor-

matics. 2017. v. 245, p. 74–78. DOI: 10.3233/978-1-61499-830-3-74.

53 FOLSTEIN, Marshal F.; FOLSTEIN, Susan E.; MCHUGH, Paul R. “Mini-mental

state”. Journal of Psychiatric Research, Elsevier BV, v. 12, n. 3, p. 189–198,

Nov. 1975. DOI: 10.1016/0022-3956(75)90026-6.

54 GARBER, Lee. Game Accessibility: Enabling Everyone to Play. Computer, Insti-

tute of Electrical and Electronics Engineers (IEEE), v. 46, n. 6, p. 14–18, June 2013.

DOI: 10.1109/mc.2013.206.

55 GARCIA-AGUNDEZ, Augusto; FOLKERTS, Ann-Kristin; KONRAD, Robert; CASER-

MAN, Polona; TREGEL, Thomas; GOOSSES, Mareike; GÖBEL, Stefan; KALBE,

Elke. Recent advances in rehabilitation for Parkinson’s Disease with Exergames: A

Systematic Review. Journal of NeuroEngineering and Rehabilitation, Springer

Science and Business Media LLC, v. 16, n. 1, Jan. 2019. DOI: 10.1186/s12984-

019-0492-1.

56 GEISINGER, Kurt F. Questionnaires. Wiley, Jan. 2010. P. 1–3. DOI: 10.1002/

9780470479216.corpsy0766.

57 GOETZ, Christopher G.; STEBBINS, Glenn T.; LUO, Sheng. Movement Disorder

Society–Unified Parkinson’s Disease Rating Scale Use in the Covid-19 Era. Move-

ment Disorders, Wiley, v. 35, n. 6, p. 911–911, May 2020. DOI: 10.1002/mds.

28094.

58 GOETZ, Christopher G.; TILLEY, Barbara C.; SHAFTMAN, Stephanie R.; STEB-

BINS, Glenn T.; FAHN, Stanley; MARTINEZ-MARTIN, Pablo; POEWE, Werner;

SAMPAIO, Cristina; STERN, Matthew B.; DODEL, Richard; DUBOIS, Bruno;

HOLLOWAY, Robert; JANKOVIC, Joseph; KULISEVSKY, Jaime; LANG, An-

108



References

thony E.; LEES, Andrew; LEURGANS, Sue; LEWITT, Peter A.; NYENHUIS,

David; OLANOW, C. Warren; RASCOL, Olivier; SCHRAG, Anette; TERESI, Jeanne

A.; HILTEN, Jacobus J. van; LAPELLE, Nancy. Movement Disorder Society-sponsored

revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS): Scale pre-

sentation and clinimetric testing results. Movement Disorders, Wiley, v. 23, n. 15,

p. 2129–2170, Nov. 2008. DOI: 10.1002/mds.22340.

59 GOLYANDINA, Nina; KOROBEYNIKOV, Anton; ZHIGLJAVSKY, Anatoly. Sin-

gular Spectrum Analysis with R. Springer Berlin Heidelberg, 2018. DOI: 10.

1007/978-3-662-57380-8.

60 GOLYANDINA, Nina; NEKRUTKIN, Vladimir; ZHIGLJAVSKY, Anatoly. Anal-

ysis of Time Series Structure - SSA and Related Techniques. Chapman &

Hall, 2001. ISBN 9781584881940.

61 GROSSET, Donald; TAURAH, Lynn; BURN, David J.; MACMAHON, Doug; FORBES,

Angus; TURNER, Kirsten; BOWRON, Annette; WALKER, Richard; FINDLEY,

Leslie; FOSTER, O.; PATEL, Krunal; CLOUGH, Chris; CASTLETON, Beverly;

SMITH, Simon; CAREY, Gillian; MURPHY, Thomas; HILL, Jennifer; BRECHANY,

Una; MCGEE, Paul; READING, S.; BRAND, G.; KELLY, Laura; BREEN, Kieran;

FORD, Steve; BAKER, Mary; WILLIAMS, Aaron; HEARNE, J.; QIZILBASH,

Nawab; CHAUDHURI, Kallol Ray. A multicentre longitudinal observational study

of changes in self reported health status in people with Parkinson’s disease left

untreated at diagnosis. Journal of Neurology, Neurosurgery & Psychiatry,

BMJ, v. 78, n. 5, p. 465–469, Oct. 2006. DOI: 10.1136/jnnp.2006.098327.

62 HAIR, Joseph; BLACK, William; ANDERSON, Rolph; BABIN, Barry. Multivari-

ate Data Analysis. Prentice Hall, 2009. ISBN 0138132631.

63 HASSANI, Hossein. Singular Spectrum Analysis: Methodology and Comparison.

Journal of Data Science, School of Statistics, Renmin University of China, v. 5,

n. 2, p. 239–257, July 2007. DOI: 10.6339/jds.2007.05(2).396.

64 HAYS, Ron D.; ANDERSON, Randy; REVICKI, Dennis. Psychometric consider-

ations in evaluating health-related quality of life measures. Quality of Life Re-

search, Springer Science and Business Media LLC, v. 2, n. 6, p. 441–449, Dec. 1993.

DOI: 10.1007/bf00422218.

65 HOLDEN, Maureen K. Virtual Environments for Motor Rehabilitation: Review.

CyberPsychology & Behavior, Mary Ann Liebert Inc, v. 8, n. 3, p. 187–211,

June 2005. DOI: 10.1089/cpb.2005.8.187.

66 HOYLE, Rick H.; HARRIS, Monica J.; JUDD, Charles M. Research Methods in

Social Relations. Cengage Learning, 2001. ISBN 0155061399.

109



References

67 IJSSELSTEIJN, Wijnand A.; KORT, Yvonne A. W. de; POELS, Karolien. Game

Experience Questionnaire. Technische Universiteit Eindhoven, 2013. Available

from: <https://research.tue.nl/en/publications/the-game-experience-

questionnaire>.

68 IMBEAULT-NEPTON, Thomas; OTIS, Martin J.-D. Synchronized walking cadence

for TUG in perturbed environments: Using Earcon or Tacton cues? In: 2014 IEEE

International Symposium on Haptic, Audio and Visual Environments and Games

(HAVE) Proceedings. IEEE, Oct. 2014. DOI: 10.1109/have.2014.6954329.

69 INGADOTTIR, Brynja; BLONDAL, Katrin; THUE, David; ZOEGA, Sigridur; THYLEN,

Ingela; JAARSMA, Tiny. Development, Usability, and Efficacy of a Serious Game to

Help Patients Learn About Pain Management After Surgery: An Evaluation Study.

JMIR Serious Games, JMIR Publications Inc., v. 5, n. 2, e10, May 2017. DOI:

10.2196/games.6894.

70 JACKSON, Susan A.; MARTIN, Andrew J.; EKLUND, Robert C. Long and Short

Measures of Flow: The Construct Validity of the FSS-2, DFS-2, and New Brief

Counterparts. Journal of Sport and Exercise Psychology, Human Kinetics,

v. 30, n. 5, p. 561–587, Oct. 2008. DOI: 10.1123/jsep.30.5.561.

71 JANKOVIC, Joseph. Parkinson’s disease: clinical features and diagnosis. Journal

of Neurology, Neurosurgery & Psychiatry, BMJ, v. 79, n. 4, p. 368–376, Apr.

2008. DOI: 10.1136/jnnp.2007.131045.

72 JENKINSON, Crispin; FITZPATRICK, Ray; PETO, Viv; GREENHALL, Richard;

HYMAN, Nigel. The Parkinson’s Disease Questionnaire (PDQ-39): development and

validation of a Parkinson’s disease summary index score. Age and Ageing, Oxford

University Press (OUP), v. 26, n. 5, p. 353–357, 1997. DOI: 10.1093/ageing/26.

5.353.

73 JUANJUAN, He; ZHIMING, Yao; JIANGUO, Wang; BOCHEN, Li; XIANJUN,

Yang. An Automatic Detection Method for Bradykinesia in Parkinson’s Disease

Based on Inertial Sensor. In: 2020 IEEE 3rd International Conference on Electronics

Technology (ICET). IEEE, May 2020. P. 166–169. DOI: 10.1109/icet49382.2020.

9119604.

74 KIM, Han Byul; LEE, Woong Woo; KIM, Aryun; LEE, Hong Ji; PARK, Hye Young;

JEON, Hyo Seon; KIM, Sang Kyong; JEON, Beomseok.; PARK, Kwang S. Wrist

sensor-based tremor severity quantification in Parkinson’s disease using convolu-

tional neural network. Computers in Biology and Medicine, Elsevier BV, v. 95,

p. 140–146, Apr. 2018. DOI: 10.1016/j.compbiomed.2018.02.007.

110



References

75 KISHORE, Kamal; JASWAL, Vidushi; KULKARNI, Vinay; DE, Dipankar. Prac-

tical guidelines to develop and evaluate a questionnaire. Indian Dermatology

Online Journal, Medknow, v. 12, n. 2, p. 266, 2021. DOI: 10.4103/idoj.idoj_

674_20.

76 KITCHENHAM, Barbara; CHARTERS, Stuart. Guidelines for Performing System-

atic Literature Reviews in Software Engineering. Keele University and Durham

University Joint Report, EBSE Technical Report, 2007.

77 KORHONEN, Tanja; HALONEN, Raija; RAVELIN, Teija; KEMPPAINEN, Jaana;

KOSKELA, Kyösti. A Multidisciplinary Approach To Serious Game Development

In The Health Sector. In: 2017 Mediterranean Conference on Information Systems

(MCIS). AIS eLibrary, 2017.

78 KOSTER, Raph. Theory of Fun for Game Design. O’Reilly Media, 2013. ISBN

1449363210.

79 KRAUSE, Markus; SMEDDINCK, Jan; MEYER, Ronald. A digital game to support

voice treatment for parkinson’s disease. In: CHI ’13 Extended Abstracts on Human

Factors in Computing Systems. ACM, Apr. 2013. DOI: 10.1145/2468356.2468435.

80 LANDIS, J. Richard; KOCH, Gary G. The Measurement of Observer Agreement

for Categorical Data. Biometrics, JSTOR, v. 33, n. 1, p. 159, Mar. 1977. DOI:

10.2307/2529310.

81 LAU, Lonneke M. L. de; BRETELER, Monique M. B. Epidemiology of Parkinson’s

disease. The Lancet Neurology, Elsevier BV, v. 5, n. 6, p. 525–535, June 2006.

DOI: 10.1016/s1474-4422(06)70471-9.

82 LEBLONG, Emilie; FRAUDET, Bastien; DANDOIS, Marie; NICOLAS, Benoit;

GALLIEN, Philippe. A 4 weeks home training program using a biofeedback serious

game and sensors for Parkinson’s disease: A pilot study on a new and completely

autonomous solution. In: 2017 International Conference on Virtual Rehabilitation

(ICVR). IEEE, June 2017. DOI: 10.1109/icvr.2017.8007460.

83 LEE, Wee Lih; SINCLAIR, Nicholas C.; JONES, Mary; TAN, Joy L.; PROUD,

Elizabeth L.; PEPPARD, Richard; MCDERMOTT, Hugh J.; PERERA, Thushara.

Objective evaluation of bradykinesia in Parkinson’s disease using an inexpensive

marker-less motion tracking system. Physiological Measurement, IOP Publish-

ing, v. 40, n. 1, p. 014004, Feb. 2019. DOI: 10.1088/1361-6579/aafef2.

84 LEES, Andrew J. The on-off phenomenon. Journal of Neurology, Neurosurgery

& Psychiatry, BMJ, v. 52, Suppl, p. 29–37, June 1989. DOI: 10.1136/jnnp.52.

suppl.29.

111



References

85 LUBOMSKI, Michal; DAVIS, Ryan L.; SUE, Carolyn M. Depression in Parkinson’s

disease: Perspectives from an Australian cohort. Journal of Affective Disorders,

Elsevier BV, v. 277, p. 1038–1044, Dec. 2020. DOI: 10.1016/j.jad.2020.09.032.

86 LUIZ, Luiza Maire David; MARQUES, Isabela Alves; FOLADOR, João Paulo;

OLIVEIRA ANDRADE, Adriano de. Intra and inter-rater remote assessment of

bradykinesia in Parkinson’s disease. Neurología, Elsevier BV, Sept. 2021. DOI:

10.1016/j.nrl.2021.08.005.

87 MAIR, Patrick. Factor Analysis. In: USE R! Springer International Publishing, 2018.

P. 17–61. DOI: 10.1007/978-3-319-93177-7_2.

88 MANDIC, Danilo P.; REHMAN, Naveed ur; WU, Zhaohua; HUANG, Norden E.

Empirical Mode Decomposition-Based Time-Frequency Analysis of Multivariate

Signals: The Power of Adaptive Data Analysis. IEEE Signal Processing Maga-

zine, Institute of Electrical and Electronics Engineers (IEEE), v. 30, n. 6, p. 74–86,

Nov. 2013. DOI: 10.1109/msp.2013.2267931.

89 MARSICANO, George; SILVA, Fabio Q. B. da; SEAMAN, Carolyn B.; ADAID-

CASTRO, Breno Giovanni. The Teamwork Process Antecedents (TPA) question-

naire: developing and validating a comprehensive measure for assessing antecedents

of teamwork process quality. Empirical Software Engineering, Springer Science

and Business Media LLC, v. 25, n. 5, p. 3928–3976, Aug. 2020. DOI: 10.1007/

s10664-020-09860-5.

90 MATTOS FORTES, Renata Pontin de; LIMA SALGADO, André de; SOUZA SAN-

TOS, Flávia de; AMARAL, Leandro Agostini do; SILVA, Elias Adriano Nogueira

da. Game Accessibility Evaluation Methods: A Literature Survey. In: UNIVERSAL

Access in Human–Computer Interaction. Design and Development Approaches and

Methods. Springer International Publishing, 2017. P. 182–192. DOI: 10.1007/978-

3-319-58706-6_15.

91 MEMAR, Sara; DELROBAEI, Mehdi; PIETERMAN, Marcus; MCISAAC, Ken-

neth; JOG, Mandar. Quantification of whole-body bradykinesia in Parkinson’s dis-

ease participants using multiple inertial sensors. Journal of the Neurological

Sciences, Elsevier BV, v. 387, p. 157–165, Apr. 2018. DOI: 10.1016/j.jns.2018.

02.001.

92 MENDES, Luanne Cardoso; MARQUES, Isabela Alves; ALVES, Camille Marques;

VIEIRA, Marcus Fraga; JÚNIOR, Edgard Afonso Lamounier; PEREIRA, Adriano

Alves; NAVES, Eduardo Lázaro Martins; OLIVEIRA, Fábio Henrique Monteiro;

BOURHIS, Guy; PINO, Pierre; MORÈRE, Yann; OLIVEIRA ANDRADE, Adriano

de. Multidimensional Assessment of Individuals with Parkinson’s Disease: Develop-

ment and Structure Validation of a Self-Assessment Questionnaire. Healthcare,

MDPI AG, v. 10, n. 10, p. 1823, Sept. 2022. DOI: 10.3390/healthcare10101823.

112



References

93 MENDES, Luanne Cardoso; SÁ, Angela Abreu Rosa de; MARQUES, Isabela Alves;

MORÈRE, Yann; OLIVEIRA ANDRADE, Adriano de. RehaBEElitation: the ar-

chitecture and organization of a serious game to evaluate motor signs in Parkin-

son’s disease. PeerJ Computer Science, PeerJ, v. 9, e1267, Mar. 2023. DOI:

10.7717/peerj-cs.1267.

94 MEULEN, Erik van der; CIDOTA, Marina A.; LUKOSCH, Stephan G.; BANK,

Paulina J.M.; HELM, Aadjan J.C. van der; VISCH, Valentijn T. A Haptic Serious

Augmented Reality Game for Motor Assessment of Parkinson’s Disease Patients. In:

2016 IEEE International Symposium on Mixed and Augmented Reality (ISMAR-

Adjunct). IEEE, Sept. 2016. DOI: 10.1109/ismar-adjunct.2016.0050.

95 MITROUSIA, Vassiliki; GIOTAKOS, Orestis. Virtual reality therapy in anxiety

disorders. Psychiatriki, Hellenic Psychiatric Association, v. 27, n. 4, p. 276–286,

Oct. 2016. DOI: 10.22365/jpsych.2016.274.276.

96 MONTANARO, Elisa; ARTUSI, Carlo Alberto; ROSANO, Cristina; BOSCHETTO,

Carlotta; IMBALZANO, Gabriele; ROMAGNOLO, Alberto; BOZZALI, Marco; RIZ-

ZONE, Mario Giorgio; ZIBETTI, Maurizio; LOPIANO, Leonardo. Anxiety, depres-

sion, and worries in advanced Parkinson disease during COVID-19 pandemic. Neu-

rological Sciences, Springer Science and Business Media LLC, v. 43, n. 1, p. 341–

348, May 2021. DOI: 10.1007/s10072-021-05286-z.

97 MORANDO, Matteo; PONTE, Serena; FERRARA, Elisa; DELLEPIANE, Silvana.

Biophysical and Motion Features Extraction for an Effective Home-Based Rehabil-

itation. In: PROCEEDINGS of the International Conference on Bioinformatics Re-

search and Applications 2017. ACM, Dec. 2017. DOI: 10.1145/3175587.3175597.

98 MORENO-GER, Pablo; TORRENTE, Javier; HSIEH, Yichuan Grace; LESTER,

William T. Usability Testing for Serious Games: Making Informed Design Decisions

with User Data. Advances in Human-Computer Interaction, Hindawi Limited,

v. 2012, p. 1–13, 2012. DOI: 10.1155/2012/369637.

99 MORLEY, David; SELAI, Caroline; THOMPSON, Alan. The self-report Barthel In-

dex: preliminary validation in people with Parkinson’s disease. European Journal

of Neurology, Wiley, v. 19, n. 6, p. 927–929, Nov. 2011. DOI: 10.1111/j.1468-

1331.2011.03592.x.

100 MOTOLESE, Francesco; MAGLIOZZI, Alessandro; PUTTINI, Fiorella; ROSSI,

Mariagrazia; CAPONE, Fioravante; KARLINSKI, Keren; STARK-INBAR, Alit;

YEKUTIELI, Ziv; LAZZARO, Vincenzo Di; MARANO, Massimo. Parkinson’s Dis-

ease Remote Patient Monitoring During the COVID-19 Lockdown. Frontiers in

Neurology, Frontiers Media SA, v. 11, Oct. 2020. DOI: 10.3389/fneur.2020.

567413.

113



References

101 MOVEMENT DISORDER SOCIETY. The Unified Parkinson’s Disease Rating

Scale (UPDRS): Status and recommendations. Movement Disorders, Wiley, v. 18,

n. 7, p. 738–750, June 2003. DOI: 10.1002/mds.10473.

102 NAVARRO-PETERNELLA, Fabiana Magalhães; MARCON, Sonia Silva. Quality

of life of a person with Parkinson’s disease and the relationship between the time

of evolution and the severity of the disease. Revista Latino-Americana de En-

fermagem, FapUNIFESP (SciELO), v. 20, n. 2, p. 384–391, Apr. 2012. DOI: 10.

1590/s0104-11692012000200023.

103 NES, Michelle Van; SAWATZKY, Jo-Ann V. Improving cardiovascular health with

motivational interviewing: A nurse practitioner perspective. Journal of the Amer-

ican Academy of Nurse Practitioners, Wiley, v. 22, n. 12, p. 654–660, Nov.

2010. DOI: 10.1111/j.1745-7599.2010.00561.x.

104 NISTICÒ, Rita; QUATTRONE, Andrea; CRASÀ, Marianna; MARIA, Marida De;

VESCIO, Basilio; QUATTRONE, Aldo. Evaluation of rest tremor in different po-

sitions in Parkinson’s disease and essential tremor plus. Neurological Sciences,

Springer Science and Business Media LLC, v. 43, n. 6, p. 3621–3627, Jan. 2022.

DOI: 10.1007/s10072-022-05885-4.

105 NORMAN, Kent L. GEQ (Game Engagement/Experience Questionnaire): A Re-

view of Two Papers. Interacting with Computers, Oxford University Press

(OUP), v. 25, n. 4, p. 278–283, Mar. 2013. DOI: 10.1093/iwc/iwt009.

106 NOVELETTO, Fabricio; SOARES, Antonio Vinicius; MELLO, Barbara; SEVEG-

NANI, Camila; EICHINGER, Fernando; HOUNSELL, Marcelo; BERTEMES-FILHO,

Pedro. Biomedical Serious Game System for Balance Rehabilitation of Hemiparetic

Stroke Patients. IEEE Transactions on Neural Systems and Rehabilitation

Engineering, Institute of Electrical and Electronics Engineers (IEEE), v. 26, n. 11,

p. 2179–2188, Nov. 2018. DOI: 10.1109/tnsre.2018.2876670.

107 OERTEL, Wolfgang; SCHULZ, Jörg B. Current and experimental treatments of

Parkinson disease: A guide for neuroscientists. Journal of Neurochemistry, Wi-

ley, v. 139, p. 325–337, Aug. 2016. DOI: 10.1111/jnc.13750.

108 OLANOW, C. Warren; STERN, Matthew B.; SETHI, Kapil. The scientific and clin-

ical basis for the treatment of Parkinson disease (2009). Neurology, Ovid Tech-

nologies (Wolters Kluwer Health), v. 72, Issue 21, Supplement 4, s1–s136, May 2009.

DOI: 10.1212/wnl.0b013e3181a1d44c.

109 OLIVEIRA, Luciene C. de; MENDES, Luanne Cardoso; LOPES, Renato A. de;

CARNEIRO, José A. S.; CARDOSO, Alexandre; JÚNIOR, Edgard A. L.; OLIVEIRA

ANDRADE, Adriano de. A systematic review of serious games used for rehabilita-

tion of individuals with Parkinson’s disease. Research on Biomedical Engineer-

114



References

ing, Springer Science and Business Media LLC, v. 37, n. 4, p. 849–865, Aug. 2021.

DOI: 10.1007/s42600-021-00162-3.

110 OLIVEIRA ANDRADE, Adriano de; PAIXÃO, Ana Paula Sousa; CABRAL, Ariana

Moura; RABELO, Amanda Gomes; LUIZ, Luiza Maire David; DIONÍSIO, Valdeci

Carlos; VIEIRA, Marcus Fraga; PEREIRA, Janser Moura; RUEDA, Alice; KRISH-

NAN, Sridhar; PEREIRA, Adriano Alves. Task-Specific Tremor Quantification in

a Clinical Setting for Parkinson’s Disease. Journal of Medical and Biological

Engineering, Springer Science and Business Media LLC, v. 40, n. 6, p. 821–850,

Oct. 2020. DOI: 10.1007/s40846-020-00576-x.

111 OLIVEIRA ANDRADE, Adriano de; PEREIRA, Adriano Alves; ALMEIDA, Maria

Fernanda Soares de; LOPES, Guilherme; PAIXAO, Ana Paula Souza; BERNARDINO,

Sheila; CARLOS, Valdeci. Human Tremor: Origins, Detection and Quantification.

In: PRACTICAL Applications in Biomedical Engineering. InTech, Jan. 2013. DOI:

10.5772/54524.

112 OLIVEIRA DUARTE, Yeda Aparecida de; ANDRADE, Claudia Laranjeira de; LE-

BRÃO, Maria Lúcia. O Índex de Katz na avaliação da funcionalidade dos idosos.

Revista da Escola de Enfermagem da USP, FapUNIFESP (SciELO), v. 41,

n. 2, p. 317–325, June 2007. DOI: 10.1590/s0080-62342007000200021.

113 OLSEN, Tanner; PROCCI, Katelyn; BOWERS, Clint. Serious Games Usability

Testing: How to Ensure Proper Usability, Playability, and Effectiveness. In: LEC-

TURE Notes in Computer Science. Springer Berlin Heidelberg, 2011. P. 625–634.

DOI: 10.1007/978-3-642-21708-1_70.

114 ONA, Edwin Daniel; CUESTA-GOMEZ, Alicia; GARCIA, Jaime A.; RAFFE, William;

SANCHEZ-HERRERA, Patricia; CANO-DE-LA-CUERDA, Roberto; JARDON,

Alberto. Evaluating A VR-based Box and Blocks Test for Automatic Assessment of

Manual Dexterity: A Preliminary Study in Parkinson’s Disease. In: 2019 IEEE 7th

International Conference on Serious Games and Applications for Health (SeGAH).

IEEE, Aug. 2019. DOI: 10.1109/segah.2019.8882472.

115 OÑA, Edwin Daniel; BALAGUER, Carlos; CUERDA, Roberto Cano-de la; COLLADO-

VÁZQUEZ, Susana; JARDÓN, Alberto. Effectiveness of Serious Games for Leap

Motion on the Functionality of the Upper Limb in Parkinson’s Disease: A Feasibil-

ity Study. Computational Intelligence and Neuroscience, Hindawi Limited,

v. 2018, p. 1–17, 2018. DOI: 10.1155/2018/7148427.

116 OPARA, Józef A.; BROLA, Waldemar; LEONARDI, Matilde; BŁASZCZYK, Bar-

bara. Quality of life in Parkinson’s Disease. Journal of Medicine and Life, EPub,

v. 5, n. 4, p. 375–381, Oct. 2012.

115



References

117 ORGANIZATION, World Health. Neurological Disorders: Public Health Challenges.

Archives of Neurology, American Medical Association (AMA), v. 65, n. 1, p. 154,

Jan. 2008. DOI: 10.1001/archneurol.2007.19.

118 OU, Zejin; PAN, Jing; TANG, Shihao; DUAN, Danping; YU, Danfeng; NONG,

Huiqi; WANG, Zhi. Global Trends in the Incidence, Prevalence, and Years Lived

With Disability of Parkinson’s Disease in 204 Countries/Territories From 1990 to

2019. Frontiers in Public Health, Frontiers Media SA, v. 9, Dec. 2021. DOI:

10.3389/fpubh.2021.776847.

119 PACHOULAKIS, Ioannis; PAPADOPOULOS, Nikolaos. Exergames for Parkinson’s

Disease patients: The balloon goon game. In: 2016 International Conference on

Telecommunications and Multimedia (TEMU). IEEE, July 2016. DOI: 10.1109/

temu.2016.7551908.

120 PÁDUA MACHADO, Alessandro Ribeiro de; ZAIDAN, Hudson Capanema; PAIXÃO,

Ana Paula Souza; CAVALHEIRO, Guilherme Lopes; OLIVEIRA, Fábio Henrique

Monteiro; JÚNIOR, João Areis Ferreira Barbosa; NAVES, Kheline; PEREIRA,

Adriano Alves; PEREIRA, Janser Moura; POURATIAN, Nader; ZHUO, Xiaoyi;

O’KEEFFE, Andrew; SHARIM, Justin; BORDELON, Yvette; YANG, Laurice; VIEIRA,

Marcus Fraga; ANDRADE, Adriano O. Feature visualization and classification for

the discrimination between individuals with Parkinson’s disease under levodopa and

DBS treatments. BioMedical Engineering OnLine, Springer Science and Busi-

ness Media LLC, v. 15, n. 1, Dec. 2016. DOI: 10.1186/s12938-016-0290-y.

121 PALACIOS-NAVARRO, Guillermo; ALBIOL-PÉREZ, Sergio; GIL-GÓMEZ, José-

Antonio; LOZANO-QUILIS, José-Antonio; GIL-GÓMEZ, Hermenegildo. Working

Alliance and Virtual Motor Rehabilitation in Parkinson Patients. In: PROCEED-

INGS of the 8th International Conference on Pervasive Computing Technologies for

Healthcare. ICST, 2014. DOI: 10.4108/icst.pervasivehealth.2014.255252.

122 PALACIOS-SÁNCHEZ, Leonardo; NUPAN, Martha Torres; BOTERO-MENESES,

Juan Sebastián. James Parkinson and his essay on “shaking palsy”, two hundred

years later. Arquivos de Neuro-Psiquiatria, FapUNIFESP (SciELO), v. 75, n. 9,

p. 671–672, Sept. 2017. DOI: 10.1590/0004-282x20170108.

123 PARASKEVOPOULOS, Ioannis Theoklitos; TSEKLEVES, Emmanuel; CRAIG,

Cathy; WHYATT, Caroline; COSMAS, John. Design guidelines for developing cus-

tomised serious games for Parkinson’s Disease rehabilitation using bespoke game

sensors. Entertainment Computing, Elsevier BV, v. 5, n. 4, p. 413–424, Dec.

2014. DOI: 10.1016/j.entcom.2014.10.006.

124 PARKINSON, James. An Essay on the Shaking Palsy. The Journal of Neu-

ropsychiatry and Clinical Neurosciences, American Psychiatric Association

Publishing, v. 14, n. 2, p. 223–236, May 2002. DOI: 10.1176/jnp.14.2.223.

116



References

125 PASCIUTO, Ilaria; LIGORIO, Gabriele; BERGAMINI, Elena; VANNOZZI, Giuseppe;

SABATINI, Angelo; CAPPOZZO, Aurelio. How Angular Velocity Features and Dif-

ferent Gyroscope Noise Types Interact and Determine Orientation Estimation Ac-

curacy. Sensors, MDPI AG, v. 15, n. 9, p. 23983–24001, Sept. 2015. DOI: 10.3390/

s150923983.

126 PAULA VIEIRA, Gisele de; SOUZA, Márcio Nogueira de; ORSINI, Marco; LEITE,

Marco Antonio Araujo; CORRÊA, Clynton Lourenço. Virtual Reality for Upper

Limbs in Patients with Parkinson’s Disease: Protocol Study. EC Neurology, ECron-

icon Open Access, v. 6, n. 5, p. 204–215, May 2017.

127 PAVLISHIN, Sergey. Movavi Video Editor. 2004. Available from: <https://

www.movavi.com/>.

128 PERES, Luciano Brinck; CALIL, Bruno Coelho; SILVA, Ana Paula Sousa Paixão

Barroso da; DIONÍSIO, Valdeci Carlos; VIEIRA, Marcus Fraga; OLIVEIRA AN-

DRADE, Adriano de; PEREIRA, Adriano Alves. Discrimination between healthy

and patients with Parkinson’s disease from hand resting activity using inertial mea-

surement unit. BioMedical Engineering OnLine, Springer Science and Business

Media LLC, v. 20, n. 1, May 2021. DOI: 10.1186/s12938-021-00888-2.

129 PHAM-KANTER, Genevieve; ZINNER, Darren E.; CAMPBELL, Eric G. Codifying

Collegiality: Recent Developments in Data Sharing Policy in the Life Sciences. Ed.

by Christine Borgman. PLoS ONE, Public Library of Science (PLoS), v. 9, n. 9,

e108451, Sept. 2014. DOI: 10.1371/journal.pone.0108451.

130 PINTO, Diogo; PEREIRA, Bruno; SANTOS, Pedro Albuquerque; MADEIRA, Rui

Neves. Studying the Design of Pervasive Serious Games for Parkinson’s Disease. In:

21ST International Conference on Mobile and Ubiquitous Multimedia. ACM, Nov.

2022. DOI: 10.1145/3568444.3570594.

131 PIRKER, Walter. Correlation of dopamine transporter imaging with parkinsonian

motor handicap: How close is it? Movement Disorders, Wiley, v. 18, S7, s43–s51,

Oct. 2003. DOI: 10.1002/mds.10579.

132 PIRKER, Walter; KATZENSCHLAGER, Regina; HALLETT, Mark; POEWE, Werner.

Pharmacological Treatment of Tremor in Parkinson’s Disease Revisited. Journal

of Parkinson’s Disease, IOS Press, v. 13, n. 2, p. 127–144, Mar. 2023. DOI:

10.3233/jpd-225060.

133 POEWE, Werner; SEPPI, Klaus; TANNER, Caroline M.; HALLIDAY, Glenda M.;

BRUNDIN, Patrik; VOLKMANN, Jens; SCHRAG, Anette-Eleonore; LANG, An-

thony E. Parkinson disease. Nature Reviews Disease Primers, Springer Science

and Business Media LLC, v. 3, n. 1, Mar. 2017. DOI: 10.1038/nrdp.2017.13.

117



References

134 POLITIS, Marios; WU, Kit; MOLLOY, Sophie; BAIN, Peter G.; CHAUDHURI,

Kallol Ray; PICCINI, Paola. Parkinson’s disease symptoms: The patient’s perspec-

tive. Movement Disorders, Wiley, v. 25, n. 11, p. 1646–1651, May 2010. DOI:

10.1002/mds.23135.

135 POMPEU, José Eduardo; ARDUINI, Lilian Andrades; BOTELHO, A. R.; FON-

SECA, M. B. F.; POMPEU, Sandra M. A. A.; TORRIANI-PASIN, Camila; DEUTSCH,

Judith. Feasibility, safety and outcomes of playing Kinect Adventures!™ for people

with Parkinson’s disease: a pilot study. Physiotherapy, Elsevier BV, v. 100, n. 2,

p. 162–168, June 2014. DOI: 10.1016/j.physio.2013.10.003.

136 POST, Bart; MERKUS, Maruschka P.; BIE, Rob M. A. de; HAAN, Rob J. de;

SPEELMAN, Johannes D. Unified Parkinson’s disease rating scale motor exami-

nation: Are ratings of nurses, residents in neurology, and movement disorders spe-

cialists interchangeable? Movement Disorders, Wiley, v. 20, n. 12, p. 1577–1584,

Aug. 2005. DOI: 10.1002/mds.20640.

137 PREECE, Jennifer; SHARP, Helen; ROGERS, Yvonne. Interaction Design: Be-

yond Human-Computer Interaction. John Wiley & Sons, 2015. ISBN 1119020751.

138 PREEDY, Victor R.; WATSON, Ronald R. Handbook of Disease Burdens and

Quality of Life Measures. Springer, 2009. ISBN 0387786643.

139 R CORE TEAM. R: A language and environment for statistical computing.

R Foundation for Statistical Computing, 2020. Available from: <https://www.r-

project.org/>.

140 RABELO, Amanda Gomes; FOLADOR, João Paulo; CABRAL, Ariana Moura;

LIMA, Viviane; ARANTES, Ana Paula; SANDE, Luciane; VIEIRA, Marcus Fraga;

ALMEIDA, Rodrigo Maximiano Antunes de; OLIVEIRA ANDRADE, Adriano de.

Identification and Characterization of Short-Term Motor Patterns in Rest Tremor of

Individuals with Parkinson’s Disease. Healthcare, MDPI AG, v. 10, n. 12, p. 2536,

Dec. 2022. DOI: 10.3390/healthcare10122536.

141 RABELO, Amanda Gomes; NEVES, Lucio Pereira; PAIXÃO, Ana Paula Sousa;

OLIVEIRA, Fábio Henrique Monteiro; SOUZA, Luciane Aparecida Pascucci Sande

de; VIEIRA, Marcus Fraga; PEREIRA, Adriano Alves; OLIVEIRA ANDRADE,

Adriano de. Objective Assessment of Bradykinesia Estimated from the Wrist Exten-

sion in Older Adults and Patients with Parkinson’s Disease. Annals of Biomedical

Engineering, Springer Science and Business Media LLC, v. 45, n. 11, p. 2614–2625,

Aug. 2017. DOI: 10.1007/s10439-017-1908-3.

142 REGNAULT, Antoine; BOROOJERDI, Babak; MEUNIER, Juliette; BANI, Mas-

simo; MOREL, Thomas; CANO, Stefan. Does the MDS-UPDRS provide the preci-

sion to assess progression in early Parkinson’s disease? Learnings from the Parkin-

118



References

son’s progression marker initiative cohort. Journal of Neurology, Springer Science

and Business Media LLC, v. 266, n. 8, p. 1927–1936, May 2019. DOI: 10.1007/

s00415-019-09348-3.

143 ROBERT, Philippe; MANERA, Valeria; DERREUMAUX, Alexandre; MONTESINO,

Marion Ferrandez Y; LEONE, Elsa; FABRE, Roxane; BOURGEOIS, Jeremy. Effi-

cacy of a Web App for Cognitive Training (MeMo) Regarding Cognitive and Behav-

ioral Performance in People With Neurocognitive Disorders: Randomized Controlled

Trial. Journal of Medical Internet Research, JMIR Publications Inc., v. 22,

n. 3, e17167, Mar. 2020. DOI: 10.2196/17167.

144 ROSA, Rodrigo Ramos. Desenvolvimento de interface homem-máquina para

a avaliação de sinais motores da doença de Parkinson. PhD thesis. DOI:

10.14393/ufu.di.2022.5.

145 ROSA, Rodrigo Ramos; SÁ, Angela Abreu Rosa de; ALVES, Camille; MARQUES,

Isabela Alves; LIMA, Kennedy Rodrigues; MENDES, Luanne Cardoso; OLIVEIRA

ANDRADE, Adriano de. A Human Machine Interface for Serious Games applied

to the Rehabilitation of Individuals with Parkinson’s Disease. In: XIII SEB. AYA

Editora, Dec. 2021. DOI: 10.47573/xiiiseb.8.

146 ROY, Bhaskar; NOWAK, Richard J.; RODA, Ricardo; KHOKHAR, Babar; PATWA,

Huned S.; LLOYD, Thomas; RUTKOVE, Seward B. Teleneurology during the

COVID-19 pandemic: A step forward in modernizing medical care. Journal of

the Neurological Sciences, Elsevier BV, v. 414, p. 116930, July 2020. DOI:

10.1016/j.jns.2020.116930.

147 SAENZ-DE-URTURI, Zelai; ZAPIRAIN, Begoña Garcia; ZORRILLA, Amaia Mén-

dez. Kinect-based virtual game for motor and cognitive rehabilitation: A pilot study

for older adults. In: PROCEEDINGS of the 8th International Conference on Per-

vasive Computing Technologies for Healthcare. ICST, 2014. DOI: 10.4108/icst.

pervasivehealth.2014.255328.

148 SÁNCHEZ-HERRERA-BAEZA, Patricia; CANO-DE-LA-CUERDA, Roberto; OÑA-

SIMBAÑA, Edwin Daniel; PALACIOS-CEÑA, Domingo; PÉREZ-CORRALES, Jorge;

CUENCA-ZALDIVAR, Juan Nicolas; GUEITA-RODRIGUEZ, Javier; QUIRÓS,

Carlos Balaguer-Bernaldo de; JARDÓN-HUETE, Alberto; CUESTA-GOMEZ, Ali-

cia. The Impact of a Novel Immersive Virtual Reality Technology Associated with

Serious Games in Parkinson’s Disease Patients on Upper Limb Rehabilitation: A

Mixed Methods Intervention Study. Sensors, MDPI AG, v. 20, n. 8, p. 2168, Apr.

2020. DOI: 10.3390/s20082168.

149 SANTOS MENDES, Felipe Augusto dos; POMPEU, José Eduardo; LOBO, Alexan-

dra Modenesi; SILVA, Keyte Guedes da; PAULA OLIVEIRA, Tatiana de; ZOMIGNANI,

Andrea Peterson; PIEMONTE, Maria Elisa Pimentel. Motor learning, retention and

119



References

transfer after virtual-reality-based training in Parkinson’s disease – effect of motor

and cognitive demands of games: a longitudinal, controlled clinical study. Phys-

iotherapy, Elsevier BV, v. 98, n. 3, p. 217–223, Sept. 2012. DOI: 10.1016/j.

physio.2012.06.001.

150 SHAH, Vatsal; CUEN, Miguel; MCDANIEL, Troy; TADAYON, Ramin. A Rhythm-

Based Serious Game for Fine Motor Rehabilitation Using Leap Motion. In: 2019

58th Annual Conference of the Society of Instrument and Control Engineers of

Japan (SICE). IEEE, Sept. 2019. DOI: 10.23919/sice.2019.8859927.

151 SHI, Yen-Ru; SHIH, Ju-Ling. Game Factors and Game-Based Learning Design

Model. International Journal of Computer Games Technology, Hindawi

Limited, v. 2015, p. 1–11, 2015. DOI: 10.1155/2015/549684.

152 SIEGEL, Sandra; SMEDDINCK, Jan. Adaptive Difficulty with Dynamic Range of

Motion Adjustments in Exergames for Parkinson’s Disease Patients. In: LECTURE

Notes in Computer Science. Springer Berlin Heidelberg, 2012. P. 429–432. DOI:

10.1007/978-3-642-33542-6_45.

153 SILVA, Isabel Cristina Siqueira da; NESI, Luan Carlos; ANDRADE WERLY, Josias

de; MURILLO, Leonardo Rosado. Ludic Game Approach as Assistive Technology

for Activities of Daily Living Training. In: PROCEEDINGS of the XVI Brazilian

Symposium on Human Factors in Computing Systems. ACM, Oct. 2017. DOI: 10.

1145/3160504.3160531.

154 SILVA, José Aparecido da; CESARINO, Evandro José. Avaliação e mensuração

de dor: pesquisa, teoria e prática. Europa Press, 2006.

155 SILVA, Keyte Guedes; FREITAS, Tatiana Beline De; DONÁ, Flávia; GANANÇA,

Fernando Freitas; FERRAZ, Henrique Ballalai; TORRIANI-PASIN, Camila; POM-

PEU, José Eduardo. Effects of virtual rehabilitation versus conventional physical

therapy on postural control, gait, and cognition of patients with Parkinson’s disease:

study protocol for a randomized controlled feasibility trial. Pilot and Feasibility

Studies, Springer Science and Business Media LLC, v. 3, n. 1, Dec. 2017. DOI:

10.1186/s40814-017-0210-3.

156 SIMON, David K.; TANNER, Caroline M.; BRUNDIN, Patrik. Parkinson Disease

Epidemiology, Pathology, Genetics, and Pathophysiology. Clinics in Geriatric

Medicine, Elsevier BV, v. 36, n. 1, p. 1–12, Feb. 2020. DOI: 10.1016/j.cger.

2019.08.002.

157 SMID, Annemarie; ELTING, Jan Willem J.; DIJK, J. Marc C. van; OTTEN, Bert;

OTERDOOM, D. L. Marinus; TAMASI, Katalin; HEIDA, Tjitske; LAAR, Teus van;

DROST, Gea. Intraoperative Quantification of MDS-UPDRS Tremor Measurements

120



References

Using 3D Accelerometry: A Pilot Study. Journal of Clinical Medicine, MDPI

AG, v. 11, n. 9, p. 2275, Apr. 2022. DOI: 10.3390/jcm11092275.

158 SOLACHIDIS, Vassilis; PALIOKAS, Ioannis; VRETOS, Nicholas; VOTIS, Kon-

stantinos; CORTÉS, Ulises; TZOVARAS, Dimitrios. Two examples of online eHealth

platforms for supporting people living with cognitive impairments and their care-

givers. In: PROCEEDINGS of the 11th PErvasive Technologies Related to Assistive

Environments Conference. ACM, June 2018. DOI: 10.1145/3197768.3201556.

159 SUMMA, Susanna; TOSI, Jacopo; TAFFONI, Fabrizio; BIASE, Lazzaro Di; MARANO,

Massimo; RIZZO, Angelo Cascio; TOMBINI, Mario; PINO, Giovanni Di; FORMICA,

Domenico. Assessing bradykinesia in Parkinson’s disease using gyroscope signals.

In: 2017 International Conference on Rehabilitation Robotics (ICORR). IEEE, July

2017. DOI: 10.1109/icorr.2017.8009469.

160 TANNOUS, Halim; GREBONVAL, Cyrille; ISTRATE, Dan; PERROCHON, Anaick;

DAO, Tien Tuan. Cognitive and functional rehabilitation using serious games and a

system of systems approach. In: 2018 13th Annual Conference on System of Systems

Engineering (SoSE). IEEE, June 2018. DOI: 10.1109/sysose.2018.8428731.

161 TAROUSI, Marilena; SARAFIDIS, Michail; ANDROUTSOU, Thelma; MANTA,

Ourania; GIANNAKOPOULOU, Olympia; KOUTSOURI, Georgia; IBÁÑEZ, Fran-

cisco; KOURIS, Ioannis; VELLIDOU, Eleftheria; KOUTSOURIS, Dimitrios. Seri-

ous games for Parkinson’s Disease management as implemented in PROPHETIC

platform. Health Informatics Journal, SAGE Publications, v. 27, n. 2, p. 146045822110112,

Apr. 2021. DOI: 10.1177/14604582211011231.

162 THENAISIE, Yohann; LEE, Kyuhwa; MOERMAN, Charlotte; SCAFA, Stefano;

GÁLVEZ, Andrea; PIRONDINI, Elvira; BURRI, Morgane; RAVIER, Jimmy; PUIATTI,

Alessandro; ACCOLLA, Ettore; WICKI, Benoit; ZACHARIA, André; JIMÉNEZ,

Mayte Castro; BALLY, Julien F.; COURTINE, Grégoire; BLOCH, Jocelyne; MORAUD,

Eduardo Martin. Principles of gait encoding in the subthalamic nucleus of people

with Parkinson’s disease. Cold Spring Harbor Laboratory, Feb. 2022. DOI: 10.1101/

2022.02.08.22270370.

163 THEODOROU, Efstratios. Let the Gamers Do the Talking: A Comparative

Study of Two Usability Testing Methods for Video Games. Sept. 2010.

S. 1–67. MA thesis.

164 TOLOSA, Eduardo; WENNING, Gregor; POEWE, Werner. The diagnosis of Parkin-

son’s disease. The Lancet Neurology, Elsevier BV, v. 5, n. 1, p. 75–86, Jan. 2006.

DOI: 10.1016/s1474-4422(05)70285-4.

121



References

165 TOMLINSON, Claire L.; PATEL, Smitaa; MEEK, Charmaine; CLARKE, Carl E.;

STOWE, Rebecca; SHAH, Laila; SACKLEY, Catherine M.; DEANE, Katherine

H. O.; HERD, Clare P.; WHEATLEY, Keith; IVES, Natalie. Physiotherapy ver-

sus placebo or no intervention in Parkinson’s disease. Ed. by Claire L Tomlinson.

Cochrane Database of Systematic Reviews, John Wiley & Sons, Ltd, Aug.

2012. DOI: 10.1002/14651858.cd002817.pub3.

166 VALLADARES-RODRÍGUEZ, Sonia; PÉREZ-RODRÍGUEZ, Roberto; ANIDO-RIFÓN,

Luis; FERNÁNDEZ-IGLESIAS, Manuel. Trends on the application of serious games

to neuropsychological evaluation: A scoping review. Journal of Biomedical In-

formatics, Elsevier BV, v. 64, p. 296–319, Dec. 2016. DOI: 10.1016/j.jbi.2016.

10.019.

167 VÁZQUEZ-VÉLEZ, Gabriel E.; ZOGHBI, Huda Y. Parkinson’s Disease Genetics

and Pathophysiology. Annual Review of Neuroscience, Annual Reviews, v. 44,

n. 1, p. 87–108, July 2021. DOI: 10.1146/annurev-neuro-100720-034518.

168 WATKINS, Marley W. Exploratory Factor Analysis: A Guide to Best Practice.

Journal of Black Psychology, SAGE Publications, v. 44, n. 3, p. 219–246, Apr.

2018. DOI: 10.1177/0095798418771807.

169 WATTANASOONTORN, Voravika; BOADA, Imma; GARCÍA, Rubén; SBERT,

Mateu. Serious games for health. Entertainment Computing, Elsevier BV, v. 4,

n. 4, p. 231–247, Dec. 2013. DOI: 10.1016/j.entcom.2013.09.002.

170 WEIJER, Sjors C. F. van de; KUIJF, Mark L.; VRIES, Nienke M. de; BLOEM, Bas-

tiaan R.; DUITS, Annelien A. Do-It-Yourself Gamified Cognitive Training: View-

point. JMIR Serious Games, JMIR Publications Inc., v. 7, n. 2, e12130, May

2019. DOI: 10.2196/12130.

171 WILKINSON, Andrea; TONG, Tiffany; ZARE, Atefeh; KANIK, Marc; CHIGNELL,

Mark. Monitoring Health Status in Long Term Care Through the Use of Ambient

Technologies and Serious Games. IEEE Journal of Biomedical and Health

Informatics, Institute of Electrical and Electronics Engineers (IEEE), v. 22, n. 6,

p. 1807–1813, Nov. 2018. DOI: 10.1109/jbhi.2018.2864686.

172 WONG, Aaron L.; HAITH, Adrian M.; KRAKAUER, John W. Motor Planning.

The Neuroscientist, SAGE Publications, v. 21, n. 4, p. 385–398, June 2014. DOI:

10.1177/1073858414541484.

173 WORLD HEALTH ORGANIZATION. Parkinson disease. 2023. Available from:

<https://www.who.int/news-room/fact-sheets/detail/parkinson-disease

>.

122



References

174 YOON, Hyunsoo; LI, Jing. A Novel Positive Transfer Learning Approach for Tele-

monitoring of Parkinson’s Disease. IEEE Transactions on Automation Science

and Engineering, Institute of Electrical and Electronics Engineers (IEEE), v. 16,

n. 1, p. 180–191, Jan. 2019. DOI: 10.1109/tase.2018.2874233.

175 YUAN, Rey-Yue; CHEN, Shih-Ching; PENG, Chih-Wei; LIN, Yen-Nung; CHANG,

Yu-Tai; LAI, Chien-Hung. Effects of interactive video-game-based exercise on bal-

ance in older adults with mild-to-moderate Parkinson’s disease. Journal of Neu-

roEngineering and Rehabilitation, Springer Science and Business Media LLC,

v. 17, n. 1, July 2020. DOI: 10.1186/s12984-020-00725-y.

176 ZHANG, Jiajie; JOHNSON, Todd R.; PATEL, Vimla L.; PAIGE, Danielle L.; KU-

BOSE, Tate. Using usability heuristics to evaluate patient safety of medical devices.

Journal of Biomedical Informatics, Elsevier BV, v. 36, n. 1-2, p. 23–30, Feb.

2003. DOI: 10.1016/s1532-0464(03)00060-1.

123



Glossary

e.g.

an abbreviation of the latin expression exempli gratia, meaning “for example”.

i.e.

it means id est, which is the latin expression for “this is”.

MAV

is obtained by averaging the absolute value of the signal in a window.

PSD

is the measure of signal’s power content versus frequency.

RMS

square root of the mean square, which is the arithmetic mean of the squares of a

group of values.

threshold (th)

is an amount, level, or limit on a scale.

UFU

Federal University of Uberlândia.

UL

University of Lorraine.
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Appendix A - Multidimensional Assessment
Questionnaire of Individuals with Parkinson’s

Disease

A.1 Section A – Presentation of the Survey and

Sample Description

I declare that I have Parkinson’s disease and that I am able to answer the questionnaire.

*

( ) Yes

( ) No

I was diagnosed with Parkinson’s disease about: *

( ) Less than 2 years

( ) 2 to 4 years

( ) 4 to 6 years

( ) 6 to 8 years

( ) 8 to 10 years

( ) More than 10 years

The symbol * indicates that the participant must answer the question.

A.2 Section B – Individual Perception about

Parkinson’s Disease

The following statements refer to some aspects of your daily life. Please indicate how

much you agree or disagree with each statement. To do this, please answer with one of

the five rating levels below:

0 – Totally disagree
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A.2. Section B – Individual Perception about Parkinson’s Disease

1 – Disagree

2 – Indifferent

3 – Agree

4 – Totally Agree

MODULE 1 – Activities of daily living (ADL)

This module refers to activities of daily living, that is, tasks related to self-care and your

ability to live independently.

Food

(1) I hold the flatware without assistance.

(2) I handle the flatware without assistance.

(3) I take the flatware with the food up to my mouth without help and without spilling

it.

(4) I chew the food without difficulty.

(5) I have no difficulty swallowing food.

(6) I serve liquid drinks without help and without spilling.

(7) I drink liquids without help and without spilling.

Mobility

(8) I walk short distances without help.

(9) I walk long distances without help.

(10) I lie in bed without help.

(11) I get up from bed without help.

(12) I sit without help.

(13) I drive without difficulty.

(14) I climb stairs without help.

(15) I go downstairs without help.

(16) I dance without difficulty.

(17) I turn to bed at night without help.

(18) I get up from the car seat without help.

(19) I have balance when walking.

Sanitation

(20) I turn on the shower without help.

(21) I wash my body without help.

(22) I dry myself with the towel without help.

(23) I sit on the toilet without help.

(24) I get up from the toilet without help.

(25) I clean myself after evacuating without help.

(26) I brush my teeth without help.
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A.2. Section B – Individual Perception about Parkinson’s Disease

Clothes

(27) I wear a pant/skirt without help.

(28) I wear a shirt/blouse without help.

(29) I button my clothes without help.

(30) I open/close the zipper of my clothes without help.

(31) I put on my shoes without help.

(32) I tie the shoelaces without help.

(33) I take off my clothes to shower without help.

Miscellaneous

(34) I take my medicines without help.

(35) I make phone calls without help.

(36) I type messages on my cell phone without help.

(37) I write on a sheet of paper without help.

(38) I comb my hair without help.

(39) I use the television remote control without assistance.

(40) I hold a child in my arms without help.

(41) I speak clearly and without difficulty.

(42) I use Gillette without cutting myself.

(43) I read texts without help.

Is there any other activity in your daily life that you have a lot of difficulty or desire to

do that has not been mentioned in this questionnaire?

MODULE 2 – Cognitive aspects

This module refers to the cognitive aspects, that is, your feelings about life and society.

Memory/Concentration

(44) I concentrate to accomplish the tasks.

(45) I remember things without having to write them down.

Social and family conviviality

(46) I feel close and welcomed by other people.

(47) I am calm with other people.

(48) My physical condition does not interfere with my social life.

(49) I go out as often as I would like.

(50) I dedicate time to my hobbies and leisure as much as I would like.
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A.3. Section C – Multidimensional Pain Inventory – MPI

(51) I meet my friends as much as I would like.

Personality

(52) I feel interested in food.

(53) I feel calm/peaceful.

(54) My personality has not changed.

Energy

(55) I feel rested most of the time.

(56) I am willing to do the things I want.

(57) I do not feel nausea during the day.

(58) I do not have hallucinations and delusions often.

(59) I do not get much sleep during the day.

(60) I do not get dizzy when I am lying/sitting and getting up.

Emotion/Humor

(61) I have confidence in myself.

(62) I often feel happy.

(63) I often feel peaceful.

(64) I feel excited about my future.

(65) I have no desire to be alone.

(66) I sleep and do not wake up many times during the night.

Is there any other aspect that affects you mentally/psychologically that has not been

mentioned in this questionnaire?

A.3 Section C – Multidimensional Pain Inventory –

MPI

The following statements refer to the impact of pain on your life. Please indicate how

much you agree or disagree with each one. To do this, answer with one of the seven levels,

ranging from 1 (a little) to 7 (a lot). They are classified progressively, that is, level 1 is

the lowest, followed by level 2 and so on, up to level 7, which represents the highest value

of the scale.

Did you feel pain in the last week? *

( ) Yes
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A.3. Section C – Multidimensional Pain Inventory – MPI

( ) No

* If the answer is yes, the participant will answer the MPI. The participant will be

instructed to assign only one score on a LIKERT scale ranging from 1 (a little) to 7 (a

lot).

Severity of pain

(67) On average, how severe has your pain been during the last week?

(68) How much suffering do you experience because of your pain?

(69) Estimate the level of your pain at this time.

Interference

(70) In general, how much does your pain interfere with your daily activities?

(71) From the moment your pain began, how much did your pain change your ability to

work?

(72) How much did your pain change the amount of satisfaction or pleasure from your

participation in social and leisure activities?

(73) How much did your pain change the amount of satisfaction or pleasure from your

participation in family related activities?

(74) How much did your pain affect your relationship with your wife, family, or close

people?

(75) How much did your pain change the amount of satisfaction or pleasure from your

participation in job?

(76) How much did your pain affect your ability to do housework?

(77) How much did your pain change or interfere with your friendship with people other

than your family?

(78) In general, how much did your pain affect your ability to participate in social activ-

ities?

Perceived life control

(79) During the last week, how much control did you feel you had over your life?

(80) During the last week, how much did you feel you were able to deal with everyday

problems?

State of mood-affectivity

(81) Estimate your mood globally during the last week.

(82) During the last week, how irritable have you been?

(83) During the last week, how tense or anxious have you been?
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Appendix B - Validated Questionnaire –
Multidimensional Assessment Questionnaire of

Individuals with Parkinson’s Disease

B.1 Section A – Presentation of the Survey and

Sample Description

I declare that I have Parkinson’s disease and that I am able to answer the questionnaire.

*

( ) Yes

( ) No

I was diagnosed with Parkinson’s disease about: *

( ) Less than 2 years

( ) 2 to 4 years

( ) 4 to 6 years

( ) 6 to 8 years

( ) 8 to 10 years

( ) More than 10 years

The symbol * indicates that the participant must answer the question.

B.2 Section B – Individual Perception about

Parkinson’s Disease

The following statements refer to some aspects of your daily life. Please indicate how

much you agree or disagree with each statement. To do this, please answer with one of

the five rating levels below:

0 – Totally disagree
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B.2. Section B – Individual Perception about Parkinson’s Disease

1 – Disagree

2 – Indifferent

3 – Agree

4 – Totally Agree

MODULE 1 – Activities of daily living (ADL)

This module refers to activities of daily living, that is, tasks related to self-care and your

ability to live independently.

(1) I hold the flatware without assistance.

(2) I handle the flatware without assistance.

(3) I take the flatware with the food up to my mouth without help and without spilling

it.

(4) I chew the food without difficulty.

(5) I have no difficulty swallowing food.

(6) I serve liquid drinks without help and without spilling.

(7) I drink liquids without help and without spilling.

(8) I walk short distances without help.

(9) I walk long distances without help.

(10) I lie in bed without help.

(11) I get up from bed without help.

(12) I sit without help.

(13) I drive without difficulty.

(14) I climb stairs without help.

(15) I go downstairs without help.

(16) I dance without difficulty.

(17) I turn to bed at night without help.

(18) I get up from the car seat without help.

(19) I have balance when walking.

(20) I turn on the shower without help.

(21) I wash my body without help.

(22) I dry myself with the towel without help.

(23) I sit on the toilet without help.

(24) I get up from the toilet without help.

(25) I clean myself after evacuating without help.

(26) I brush my teeth without help.

(27) I wear a pant/skirt without help.

(28) I wear a shirt/blouse without help.

(29) I button my clothes without help.

(30) I open/close the zipper of my clothes without help.
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B.2. Section B – Individual Perception about Parkinson’s Disease

(31) I put on my shoes without help.

(32) I tie the shoelaces without help.

(33) I take off my clothes to shower without help.

(34) I take my medicines without help.

(35) I make phone calls without help.

(36) I type messages on my cell phone without help.

(37) I write on a sheet of paper without help.

(38) I comb my hair without help.

(39) I use the television remote control without assistance.

(40) I hold a child in my arms without help.

(41) I speak clearly and without difficulty.

(42) I use Gillette without cutting myself.

(43) I read texts without help.

Is there any other activity in your daily life that you have a lot of difficulty or desire to

do that has not been mentioned in this questionnaire?

MODULE 2 – Cognitive aspects

This module refers to the cognitive aspects, that is, your feelings about life and society.

(46) I feel close and welcomed by other people.

(47) I am calm with other people.

(48) My physical condition does not interfere with my social life.

(49) I go out as often as I would like.

(50) I dedicate time to my hobbies and leisure as much as I would like.

(51) I meet my friends as much as I would like.

(53) I feel calm/peaceful.

(54) My personality has not changed.

(55) I feel rested most of the time.

(56) I am willing to do the things I want.

(61) I have confidence in myself.

(62) I often feel happy.

(63) I often feel peaceful.

(64) I feel excited about my future.

Is there any other aspect that affects you mentally/psychologically that has not been

mentioned in this questionnaire?
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B.3 Section C – Multidimensional Pain Inventory –

MPI

The following statements refer to the impact of pain on your life. Please indicate how

much you agree or disagree with each one. To do this, answer with one of the seven levels,

ranging from 1 (a little) to 7 (a lot). They are classified progressively, that is, level 1 is

the lowest, followed by level 2 and so on, up to level 7, which represents the highest value

of the scale.

Did you feel pain in the last week? *

( ) Yes

( ) No

* If the answer is yes, the participant will answer the MPI. The participant will be

instructed to assign only one score on a LIKERT scale ranging from 1 (a little) to 7 (a

lot).

(67) On average, how severe has your pain been during the last week?

(68) How much suffering do you experience because of your pain?

(69) Estimate the level of your pain at this time.

(70) In general, how much does your pain interfere with your daily activities?

(71) From the moment your pain began, how much did your pain change your ability to

work?

(72) How much did your pain change the amount of satisfaction or pleasure from your

participation in social and leisure activities?

(73) How much did your pain change the amount of satisfaction or pleasure from your

participation in family related activities?

(74) How much did your pain affect your relationship with your wife, family, or close

people?

(75) How much did your pain change the amount of satisfaction or pleasure from your

participation in job?

(76) How much did your pain affect your ability to do housework?

(77) How much did your pain change or interfere with your friendship with people other

than your family?

(78) In general, how much did your pain affect your ability to participate in social activ-

ities?
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(82) During the last week, how irritable have you been?

(83) During the last week, how tense or anxious have you been?
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Appendix C – System Usability Scale, adapted

For each of the following statements, please give it a score from 1 to 5, in which 1 means

that you totally disagree with the statement and 5 that you totally agree.

1. I think that I would like to use this game frequently.

2. I found this game unnecessarily complex.

3. I found this game easy to play.

4. I think I would need help from a therapist to play.

5. I found all the features of the game were well integrated.

6. I think the game has too many inconsistencies.

7. I believe that people will learn to use the game quickly.

8. I found the game too complicated/uncomfortable to play.

9. I felt confident playing the game.

10. I had to learn several new things before I could play.
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Appendix D – Game Experience Questionnaire

Core module: Please indicate how you felt about the game for each of the elements on

the following scale:

0 – not at all

1 – slightly

2 – moderately

3 – fairly

4 – extremely

1. I felt content.

2. I felt skilful.

3. I was interested in the game’s story.

4. I thought it was fun.

5. I was fully occupied with the game.

6. I felt happy.

7. It gave me a bad mood.

8. I thought about other things.

9. I found it tiresome.

10. I felt competent.

11. I thought it was hard.

12. It was aesthetically pleasing.

13. I forgot everything around me.

14. I felt good.

15. I was good at it.

16. I felt bored.

17. I felt successful.

18. I felt imaginative.

19. I felt that I could explore things.

20. I enjoyed it.

21. I was fast at reaching the game’s targets.
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22. I felt annoyed.

23. I felt pressured.

24. I felt irritable.

25. I lost track of time.

26. I felt challenged.

27. I found it impressive.

28. I was deeply concentrated in the game.

29. I felt frustrated.

30. It felt like a rich experience.

31. I lost connection with the outside world.

32. I felt time pressure.

33. I had to put a lot of effort into it.

Post-game module: Please indicate how you felt after you finished playing the game

for each of the items, on the following scale:

0 – not at all

1 – slightly

2 – moderately

3 – fairly

4 – extremely

1. I felt revived.

2. I felt bad.

3. I found it hard to get back to reality.

4. I felt guilty.

5. It felt like a victory.

6. I found it a waste of time.

7. I felt energized.

8. I felt satisfied.

9. I felt disoriented.

10. I felt exhausted.

11. I felt that I could have done more useful things.

12. I felt powerful.

13. I felt weary.

14. I felt regret.

15. I felt ashamed.

16. I felt proud.

17. I had a sense that I had returned from a journey.
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Appendix E – Short Flow State Scale

For each of the following statements, please give it a score from 1 to 5, where:

1 – Strongly disagree

2 – Disagree

3 – I do not agree nor disagree

4 – Agree

5 – Strongly agree

When I participate in this activity...

1. I feel competent enough to meet the high demands of the situation.

2. I do this spontaneously and automatically, without having to think.

3. I have a strong sense of what I want to do.

4. I have a good idea while I am performing about how well I am doing.

5. I am completely focused on the task at hand.

6. I have a feeling of total control.

7. I am not worried about what others may be thinking of me.

8. The way time passes seems to be different from normal.

9. The experience is extremely rewarding.
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Appendix F – Data availability

BPM for the calibration of the game, the operation of phases 1, 2, 3 and 4, and the data

collection.
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Figure F.1 – BPM representing the calibration process of the game.
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Figure F.3 – BPM representing the process of the Phase 2 of the game.
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Appendix G – Data availability

The following information can be accessed:

• Mendes, L. C. ; Marques, I. A. ; De Sá, A. A. R. ; Rosa, R. R ; Alves, C. M.

; Lima, K. R. ; Júnior, E. A. L. ; Naves, E. L. M. ; Vieira, M. F. ; Oliveira, F.

H. M. ; Pino, P. ; Bourhis, G. ; Pereira, A. A. ; Machado, C. T. ; Morère, Y.

; Andrade, A. de O. (2022). RehaBEElitation - Source code. Zenodo. https:

//doi.org/10.5281/zenodo.6985977.

• Mendes, L. C. ; Marques, I. A. ; De Sá, A. A. R. ; Rosa, R. R ; Alves, C.

M. ; Lima, K. R. ; Júnior, E. A. L. ; Naves, E. L. M. ; Vieira, M. F. ; Oliveira,

F. H. M. ; Pino, P. ; Bourhis, G. ; Pereira, A. A. ; Machado, C. T. ; Morère,

Y. ; Andrade, A. de O. (2022). RehaBEElitation serious game. Zenodo. https:

//doi.org/10.5281/zenodo.6988572.

• Mendes, L. C. ; De Sá, A. A. R. ; Marques, I. A. ; Morère, Y. ; Andrade, A. de

O. (2022). Introductory videos and videos showing the functioning of each phase of

the RehaBEElitation serious game. Zenodo. https://doi.org/10.5281/zenodo.

6977456.
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