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Dans une première partie, une revue systématique a été conduite sur l'impact des retours sensoriels chez les personnes atteintes de PC. Cette synthèse des connaissances a montré une qualité d'éléments probants généralement positive mais très faible en raison du manque de standardisation des études ainsi que de l'hétérogénéité des mesures. Bien que ce type d'interventions ait montré des améliorations dans les mesures de l'activité motrice (avant-après), les retours sensoriels proposés ne semblent pas en adéquation avec les principes d'apprentissage moteur. Ces interventions pourraient être améliorées en utilisant des retours sensoriels qui facilitent l'autorégulation, qui varient dans la forme et dans le temps, et qui relient étroitement but du jeu et objectif thérapeutique du mouvement.

Dans une seconde partie, le processus de co-construction du jeu sérieux a permis d'établir des recommandations futures pour la conception et l'intégration de retour sensoriel dans les jeux sérieux. Ces recommandations ont été détaillées dans des tableaux et compilées dans une infographie afin de partager ces connaissances scientifiques interdisciplinaires. L'étude de validation expérimentale a démontré que la méthode proposée réduisait la variabilité motrice (réduction des mouvements compensatoires des bras de 10,2±4,0%), améliorait la qualité des mouvements (meilleure qualité des gestes au fil du temps), et permettait de maintenir l'attention (les participants ont examiné ls retours sensoriels pendant 65,4±22,4% du temps). L'algorithme de reconnaissance des mouvements, calibré à domicile, est apparu suffisamment robuste suite à une étape de vérification des mouvements par vidéo (0,86±0,11, 95%CI=0,93 -0,97). En moyenne, la précision de la reconnaissance du mouvement thérapeutique ciblé était de 0,91±0,07, de 95%CI=0,87 -0,94. Les paramètres musculaires attendus comme sensibles aux signes neuromoteurs de la PC se sont révélés être des indicateurs significatifs pour la classification des mouvements.

L'évaluation des critères de faisabilité définis a priori a montré que le protocole d'intervention à

The systematic review showed generally positive but very low quality of evidence due to the number of non-controlled studies and the heterogeneity of outcome measures. While interventions consistently showed improvements in measures of motor activity pre-post-intervention, they frequently implemented characteristics of biofeedback incongruent with motor learning principles expected to facilitate sustained results. Interventions using biofeedback would be improved by using a strategy that facilitates self-regulation, varies in timing and presentation, and closely connects the game and movement goals.

The co-creation process described in this thesis resulted in design recommendations and practical tools for integrating biofeedback into therapy games. These are compiled in an infographic and detailed in tables to support interdisciplinary knowledge sharing with different audiences. Participant use of the biofeedback implementation proved efficient (i.e. participants reduced compensatory arm movements by 10.2±4.0%), effective (i.e. participants made higher quality gestures over time) and engaging (i.e. participants reviewed biofeedback 65.4±22.4% of the time). Participants found the game usable and enjoyable. Home-based calibration showed good agreement with video verified true labels (0.86 ± 0.11, 95%CI = 0.93 -0.97). Across participants, classifier accuracy in the target therapeutic gesture was 0.91±0.07, 95%CI = 0.87 -0.94 (0.80±0.14, 95%CI = 0.73 -0.87 and 0.75±0.23, 95%CI = 0.64 -0.86 in secondary gestures). Features expected to be sensitive to neuromotor signs of CP were significant contributors to classification and correlated with practice wrist extension improvement.

Evaluation of the a priori feasibility success criteria showed that the 1-month home-based intervention protocol was feasible with minor modifications. Recruitment response (31%) and

Synthèse:

La paralysie cérébrale (PC) est une déficience liée à une blessure ou une anomalie du cerveau survenant au moment de la naissance et qui persiste de l'enfance à l'âge adulte. La PC peut influer sur le contrôle moteur, la perception, les fonctions intellectuelles, la capacité à effectuer des activités quotidiennes (ex : marcher, manger) et les liens sociaux. De plus, l'habilité manuelle de personnes atteintes de PC est souvent altérée, ce qui entraîne un ralentissement fonctionnel et impacte la vie quotidienne. Devant la diversité des atteintes motrices que présentent ces patients, il apparaît important de considérer les différentes stratégies d'amélioration des capacités et des performances dans le cadre des activités motrices manuelles.

Les activités motrices de personnes atteintes de PC peuvent être affectées par de nombreux facteurs incluant les déficits sensoriels ainsi que les limitations biomécaniques et posturales. Un handicap moteur peut être le résultat de signes moteurs à la fois positifs et négatifs. Les signes moteurs positifs sont ceux qui créent une augmentation involontaire de l'activité musculaire, comme la spasticité ou la dystonie. Inversement, les signes moteurs négatifs sont ceux liés à une activité musculaire insuffisante, comme la faiblesse musculaire ou le déficit de contrôle moteur sélectif. Comme ces différents signes moteurs peuvent être liés, il est nécessaire d'envisager des stratégies d'intervention qui les prennent tous deux en compte. Les stratégies d'intervention visant l'amélioration des activités motrices peuvent impliquer des exercices intenses. Pour les hémiplégies et les triplégies spastiques, la sollicitation accentuée du membre non dominant est fréquente. En plus d'exercices fréquents et intenses, les activités motrices sont influencées par : le centre de l'attention, la motivation et les retours que les patients reçoivent pendant l'exercice.

Concernant ce dernier point, les retours sensoriels peuvent aider à accroître la perception et le contrôle moteur. Le retour sensoriel, ou biofeedback, est une information sur une performance motrice communiquée à l'individu. Un exemple de retour sensoriel pourrait être l'information sur le temps mis pour effectuer une tâche. Cette information peut être particulièrement utile pour des personnes atteintes de PC qui peuvent avoir des déficiences sensorielles et sont moins en mesure d'utiliser les retours sensoriels intrinsèques. De plus, les personnes atteintes de PC montrent des difficultés avec l'initiation et la prédiction du mouvement, et une plus grande dépendance à l'égard des informations visuelles. Compte tenu de l'ampleur des déficits moteurs et sensoriels des personnes atteintes de PC, le retour sensoriel semble bien adapté pour améliorer la qualité des exercices de rééducation. Ainsi, il apparaît primordial d'identifier les interventions efficaces basées sur les retours sensoriels pour l'amélioration des activités motrices de personnes atteintes de PC.

Tout comme les retours sensoriels, les jeux sérieux, i.e. serious games, peuvent améliorer la qualité de la rééducation. Le jeu sérieux est défini comme "tout type de jeu vidéo ou technologie de réalité virtuelle dans laquelle l'individu peut interagir et jouer avec des objets virtuels au sein d'un environnement généré par ordinateur". Les jeux sérieux permettent notamment de maintenir la motivation tout en travaillant des capacités motrices spécifiques dans le cadre de la rééducation. Dans ce travail de thèse, nous utiliserons un jeu sérieux qui prendra la forme d'un jeu vidéo en 2 dimensions, commandé par un capteur d'activité musculaire, situé sur l'avant-bras et utilisé pour contrôler les déplacements du personnage à l'écran. Le jeu sérieux fournit ainsi un environnement motivationnel centré sur les objectifs de l'utilisateur, où les signes moteurs tels que la faiblesse musculaire et/ou le contrôle moteur sélectif sont pris en compte.

Pour observer des changements au niveau moteur, une activité musculaire importante est souvent nécessaire. Toutefois, la faible adhésion du patient à l'activité motrice proposée par le thérapeute est une préoccupation pour l'efficacité potentielle des interventions, auquel le jeu sérieux ne fait pas exception. Ainsi, l'adhésion aux interventions à domicile se situe entre 34 et 67%. Par exemple, lors d'interventions centrées sur le membre supérieur, Bilde et collaborateurs (2011) ont constaté que les enfants ne se sont entraînés qu'à hauteur de 62% du nombre total de jours de pratique Les mesures de la 5e caractéristique étaient liées aux caractéristiques du biofeedback. Autre décrit des mesures dans des études où les caractéristiques du biofeedback elles-mêmes ont été évaluées.

Partie 2 Dans une seconde partie, le processus de co-construction du jeu sérieux a permis d'établir des recommandations futures pour la conception et l'intégration de retour sensoriel dans les jeux sérieux. Ces recommandations ont été détaillées dans des Tableaux et compilées dans une infographie afin de partager ces connaissances scientifiques interdisciplinaires. L'étude de validation expérimentale a démontré que la méthode proposée réduisait la variabilité motrice (réduction des mouvements compensatoires des bras de 10,2 ± 4,0 %, Figure 2), améliorait la qualité des mouvements (meilleure qualité des gestes au fil du temps), et permettait de maintenir l'attention (les participants ont examiné les retours sensoriels pendant 65,4 ± 22,4 % du temps). Les questionnaires de ressenti ont montré que les participants ont trouvé le jeu interactif et agréable. L'algorithme de reconnaissance des mouvements, calibré à domicile, est apparu suffisamment robuste suite à une étape de vérification des mouvements par vidéo (0,86 ± 0,11, 95%CI = 0,93 -0,97). En moyenne, la précision de la reconnaissance du mouvement thérapeutique ciblé était de 0,91 ± 0,07, de 95 %CI = 0,87 -0,94 (0,80 ± 0,14, 95 % CI = 0,73 -0,87 et 0,75 ± 0,23, 95 % CI = 0,64 -0,86 pour les gestes secondaires, Tableau 3). Les paramètres musculaires attendus comme sensibles aux signes neuromoteurs de la PC se sont révélés être des indicateurs significatifs pour la classification des mouvements (Figure 3). Ces paramètres ont également été corrélés à l'amélioration fonctionnelle du mouvement d'extension de poignet. Indique les groupes de fonctionnalités avec une importance significativement plus grande par rapport au groupe de fonctionnalités CI (p 0,01).

Partie 3

Le but de cette troisième partie était de déterminer l'impact de la pratique d'un jeu sérieux commandé par un capteur musculaire couplé à un retour sensoriel sur l'amplitude articulaire active du poignet (AROM) pour des enfants et adolescents atteints de PC. Les objectifs secondaires étaient : l'évaluation de la faisabilité pratique de proposer une rééducation à domicile avec la méthodologie proposée ; et la mesure des effets de la pratique de ce jeu sérieux sur les fonctions manuelles. Les participants ont joué au jeu sérieux (description complète ci-dessous) à domicile selon les objectifs définis lors du dialogue initial. Le nombre de minutes jouées devaient s'approcher de 600 min (30 min x 5 jours x 4 semaines). 19 enfants atteints de PC été recrutés pour participer à cette étude : Critères d'inclusion 1. Un diagnostic clinique de PC mentionné dans le dossier médical 2. Participants entre 8 et moins de 18 ans 3. Niveaux I à III pour le Système de Classification des Capacités Manuelles 4. Présentation spasmodique dominante (confirmée par l'outil d'évaluation de l'hypertonie, cf. ci-dessous*) 5. Capacité à coopérer, comprendre et suivre des instructions simples pour pratiquer le jeu. Cela a été évalué par le chercheur au cours des entretiens préliminaires 6. L'amplitude articulaire active du poignet (AROM) doit être supérieure d'au moins 10° par rapport à l'amplitude articulaire passive 7. Patient affilié au régime de sécurité sociale français 8. Patient volontaire dont les parents ont donné leur consentement pour la participation à l'étude de leur enfant Critères de non-inclusion 1. Un diagnostic d'épilepsie photosensible mentionné dans le dossier médical ET/OU une mention dans le dossier médical de l'enfant ou par les parents d'un antécédent de crise d'épilepsie survenue à l'occasion de la pratique d'un jeu vidéo 2. Un traitement de toxine botulique dans les 3 mois précédents l'étude, ou une rééducation intensive des habilités manuelles dans les 6 mois précédents la participation à l'étude 3. Une déficience visuelle, cognitive ou auditive à un niveau qui interférerait avec la pratique du jeu. L'adolescent doit avoir une vue et une audition normale ou corrigée. 4. Incapacité organisationnelle déclarée par la famille à réaliser un minimum de 10 heures de jeu sérieux sur les 4 semaines d'intervention

Cette intervention basée sur le jeu sérieux impliquait des mouvements thérapeutiques tels que l'extension du poignet ou le pincement par le pouce. L'activité des muscles de l'avant-bras était enregistrée au cours de ces mouvements et utilisée pour contrôler les actions dans le jeu sérieux. Le retour sensoriel était fourni de manière intuitive et visuelle à travers le jeu pour renseigner le participant sur la performance de l'action produite.

Les développements récents dans le coaching et le mentorat s'avèrent prometteurs pour mettre en avant l'investissement personnel dans les interventions en rééducation physique. L'entraînement centré sur la solution, ou Solution-Focused Coaching, peut s'appliquer en rééducation pédiatrique (SFC-Pédiatrie) pour superviser des jeunes atteints de handicap. Ce modèle utilise des outils qui renforcent la motivation intrinsèque de la personne et l'autodétermination, menant à un intérêt et un engagement réel dans les évolutions comportementales à venir. Comme le modèle SFC-Pédiatrie est individualisé, il est adapté pour différentes populations ayant des capacités différentes. Il a récemment été utilisé chez des adolescents (11 à 19 ans) atteints de dystrophie musculaire de Duchenne afin d'orienter leur développement personnel, leur programme d'activité physique ainsi que l'amélioration de leur régime alimentaire [19]. Cette étude a révélé des augmentations significatives de l'atteinte des objectifs et de la performance dans le milieu clinique.

En pratique, le modèle de SFC-Pédiatrie requiert que les superviseurs travaillent en collaboration avec les enfants pour les aider à identifier leur « avenir privilégié ». Cela nécessite de poser des questions stratégiques aux enfants pour leur permettre d'exprimer leurs propres objectifs et programmes de développement. Les superviseurs doivent utiliser un langage positif pour souligner les réussites de l'enfant et ainsi se concentrer sur ce qu'ils peuvent faire, et non ce qu'ils ne peuvent pas effectuer. Grâce à ce processus, les objectifs thérapeutiques et les programmes de soutien sont mis en place. Ces objectifs et programmes sont dirigés par l'enfant et, à ce titre sont en accord avec leurs priorités. Les principes et stratégies du modèle SFC-Pédiatrie vont être utilisés dans cette étude pour :

• Adopter une approche centrée sur le participant afin d'identifier les objectifs liés aux activités manuelles d'atteinte et de préhension Des effets modérés ont été observés dans les mesures des capacités motrices (extension active du poignet : SMD = 0.63, 95%CI = 0,65 -1,91; Box and Blocks: Hedge's g = 0,58, 95%CI = -0,11 -1,27) et des effets faibles à modérés ont été obtenus dans les mesures de l'activité et de la participation (AHA: Hedge's g = 0,29, 95%CI = -0,39 -0,97, COPM: r = 0,60, 95%CI = 0,13 -0,82, SEAS: r = 0,24, 95%CI = -0,25 -0,61). Bien que l'amélioration de la robustesse technique et l'implication accrue des cliniciens dans le protocole soient nécessaires, un essai contrôlé randomisé définitif peut être envisagé. 

Chapter 1 Introduction

Rationale

Cerebral palsy (CP) is a common disability related to an injury or abnormality of the brain occurring near birth which persists from childhood through adulthood Positive motor signs are those that create an unintended increase in activity, such as spasticity or dystonia. Conversely, negative motor signs are those related to insufficient activity, such as weakness or impaired selective motor control. Since these presentations can be linked, it is important to consider intervention strategies that address both. The sensory deficits some people with CP experience may also contribute to reduced performance. Sensory information is used continuously for movement planning and error correction, which in turn, is used to learn and improve motor skills 5. When an individual with CP has proprioceptive, tactile and motor deficits, this feedback loop is inhibited, impacting motor control.

Rehabilitative intervention strategies for improving motor activities usually require frequent and intense practice. Rehabilitation strategies to increase the use of the non-dominant limb are common. For example, during constraint induced movement therapy (CIMT) the dominant hand is cast or covered to force the use of the non-dominant hand for all activities 6. Similarly, bimanual training requires greater than normal use of the non-dominant hand by asking the individual to complete more tasks that require both hands 7. In addition to frequent and intense practice, motor activities are influenced by: the focus of attention during training, the autonomy an individual has during practice, their motivation and the feedback they receive Feedback impacts how well tasks are learned, a person's focus and their motivation 8. Feedback can be 'task-intrinsic' (or inherent), that is from the natural perception within the individual.

Alternatively, feedback can be from an external source. External feedback, may be information from a therapist or device and can be given to the individual during or at the end of the task 15. In this project, we use the term biofeedback to refer to external feedback, where a person receives information about their body state (e.g. hand position, muscle activity), to increase awareness and inform the individual to how their body is functioning 16,17. Biofeedback can be used to represent any biological variable, for example: the arm orientation while reaching 

Aim

The goal of this project is to leverage the motivational and immersive aspects of ICP and combine it with evidence-based biofeedback to improve at-home manual therapy activities for youth with cerebral palsy.

Objectives

The following objectives contribute towards this aim:

Evaluate 

Thesis Structure

The following chapters mirror the project objectives. 

Context

To understand how to optimize the quality of home-based therapy activities, a current state of the evidence was required. Several studies have investigated motor therapies that employ biofeedback. However, the diversity of task objectives and outcome measures that have been studied make conclusions regarding the effects of biofeedback difficult to synthesize. This systematic review identifies common themes between various outcome measures to understand the typical place of biofeedback in motor interventions and how it may be modified to better align with evidence in motor learning theory.

Manuscript 1 -Systematic Review

The protocol for the review was published in the journal Systematic Reviews (2017) under the PROSPERO registration ID: CRD42016047612 A sample search strategy can be seen in Appendix 2.3.10. potentially relevant articles were managed using DistillerSR (Evidence Partners Incorporated, Ottawa, Ontario, Canada).

Duplicates were removed, and each article was assigned a unique reference identification number.

Procedure for inclusion

Two reviewers independently screened titles and abstracts for articles relevant to the research question. Full texts of potentially relevant articles were retrieved, and independently reviewed to determine eligibility based on selection criteria. Data from eligible studies were then extracted.

Throughout the inclusion process, disagreements were resolved through discussion between the two reviewers. If necessary, a third-party reviewer was consulted.

Extraction

Data from eligible studies were extracted and evaluated by two reviewers independently using a custom-created standardized form in DistillerSR. GRADE is a process created by health professionals, guideline developers, and clinicians to produce effective evidence summaries and graded recommendations. This methodology assigns study outcomes to one of four levels, from High to Very Low, based on five criteria: study design, risk of bias, consistency, directness, and precision 14. The level reflects the degree of confidence in the estimate of effect for each outcome across studies. A rating of 'High' means that there is a high degree of confidence that the true effect is close to the estimate of the effect.

In contrast, a rating of 'Very Low' suggests that there is little confidence in the estimate of the effect. Randomized trials start at a 'High' rating while observational studies start at 'Low'. ICF outcome domains were identified as either 'Critical', 'Important but not Critical', or of 'Limited Importance'14. The rating of ICF outcome domains were completed by an individual with CP, three occupational therapists, a developmental pediatrician, and two researchers. The median rating from all opinions was used. Ultimately, utilizing the GRADE approach provided a consistent framework from which the quality of evidence for each outcome could be assessed and compared.

Feedback characteristics and effect

After evaluating the quality of evidence for each outcome, the relationship between feedback characteristics and intervention effectiveness was evaluated. Each biofeedback intervention was categorized with reference to the six standardized characteristics outlined in Table 2 The following sections describe the proportion of measures with improvement pre-postintervention with respect to each biofeedback characteristic. Six studies directly evaluated feedback characteristics [33, 5, 64, 27, 127, 118] and are also discussed in the respective sections. 

Methodology

This systematic review used a thorough search strategy guided by a consultation with a research librarian. Subject heading and free-text searches covered a wide range of naming conventions for cerebral palsy and possible terms to identify feedback. Only 1% of the retrieved studies met all a priori inclusion criteria. However, articles can discuss interventions which employ forms of biofeedback without it being discussed or mentioned. While our non-database search of relevant references did lead to additional studies, it was not possible to ensure that every article with a form of biofeedback was included.

The GRADE framework was used for rating the quality of evidence for biofeedback 2) The measure is standardized, and in a toolbox, and thereby easier to compare with studies using the same measure.

interventions
3) The measure addresses the ICF Core Set for CP. 4) If desired, a subset of items from a larger measure can be selected, making it more practical to evaluate in an early stage feasibility or pilot study. The trade-off to this approach of course is that the psychometric properties of the subset is not necessarily established.

Study limitations

Firstly, interventions which did use biofeedback, but did not refer to it may not have been included. Biofeedback can be a ubiquitous characteristic of an intervention. Participants may be coached by therapists during interventions per usual care. If this information relates to the body movement but was not discussed in the article, then it would not have been retrieved through the search strategy. While the search strategy was comprehensive, some studies may have been missed. It was not possible to search all databases, particularly rehabilitation specific databases form international sources were not targeted. A second limitation is that this review focused on biofeedback characteristics in relation to intervention efficacy. Intervention efficacy is also highly dependent on the participant investment, the frequency, the intensity, the duration, and the nature of the intervention itself. This review notes the importance of these attributes but does not describe them in detail in relation to the efficacy of the included interventions. Third, there are many characteristics of biofeedback. It was not possible to include every aspect in this review.

The characteristics analyzed in this review were chosen because they were frequently identified By using a strategy that facilitates self-regulation, self-efficacy, and a common set of outcomes biofeedback has the potential improve motor rehabilitation for people with CP.

Impact

The review identified three characteristics of biofeedback that were consistently a) underused or 

Introduction

Cerebral palsy (CP) is a disability due to brain injury or abnormality near birth and persists through the lifespan Feedback impacts how well tasks are learned, a person's focus and their motivation 8.

Biofeedback, where a person receives information about their body state (e.g. heart rate, foot speed, muscle activity), can help increase awareness and control by informing the individual to how their body is functioning 9,10. Biofeedback in motor activities can be used to provide (i)

"knowledge of performance" (KP) indicating the quality of a movement (e.g., compensatory movements performed while throwing a ball) as well as (ii) "knowledge of results" (KR)

indicating how successful an action was with respect to the desired outcome (e.g., whether the ball hit a target). An evidence-based biofeedback strategy: a) offers autonomy, making people active contributors to their practice by building a sense of ownership This article describes the design and evaluation of a biofeedback therapy game for home-based motor rehabilitation. Note, this paper does not aim to describe clinical effectiveness, but rather to assess how the biofeedback implementation helps participants take interest in their practice and adjust their motor activities at home. The project was conducted in two phases. In phase 1, we engaged with young people with CP, clinicians, and a video game developer through a participatory design approach to answer the research question: how can user-centred biofeedback be integrated in an existing commercial video game to promote motor learning? In phase 2, the biofeedback implementation is evaluated in-home for four weeks by 19 young people with CP to answer the question: is the co-created biofeedback implementation (i) efficient, (ii) effective, and

(iii) engaging from the perspective of its users for promoting quality movement during a therapy game focused on hand gestures? Specifically, we expect that participants will: i) adapt their movements immediately after KP biofeedback is presented informing on movement quality (efficient), ii) improve performance in the task over time (effective), iii) choose to review KR biofeedback informing on task performance when presented the opportunity (engaging). European centre to build biofeedback presentation receptive across cultures. After each design session, participant responses were synthesized, and changes were made to the game for the next session. These changes were recorded in an audit trail to keep track of the decisions made and rationale. After the end of the design phase, the therapy video game with integrated biofeedback was ready for testing in-home.

Gaming system description

Biofeedback was added to the commercial game, 'Dashy Square' (KasSanity Inc.). The game objective is to navigate through 10 levels of increasing difficulty without touching obstacles.

Example gameplay can be seen here. In the game's original form, players press a key to evade obstacles. Working with the developer, controls were changed from a single key press to a gesture-based controller using electromyography (EMG) and inertial sensors detected with the Myo Armband (Thalmic Labs). Participants wore the Myo Armband on the forearm of their affected side. Raw data from the armband's eight-channel EMG and 9-axis inertial measurement unit (IMU)) were processed through custom scripts developed in MATLAB 2017b to interpret gestures and command the game. Development of the classification algorithms for detecting these gestures will be described in a parallel paper, in prep. 16. Participants and therapists were consulted to determine the desired gesture with which to control the game. Gestures were one of:

wrist extension-active fingers, wrist extension-relaxed fingers, finger-thumb pinch, supination.

The biofeedback was designed to reward completion of the therapeutic goals identified by clinicians and participants: making the gesture at the correct time and having high quality movement (i.e. low co-contraction and fewer compensatory movements). Specifically, cocontraction was quantified as the ratio between extensor and flexor muscle activity. High forearm extensor activity while keeping flexor activity low was associated with less co-contraction and higher quality movement. Compensatory arm movements were detected by the IMU. Fewer arm movements, quantified by the resultant angular velocity variability of the forearm, were associated with more isolated hand movements and higher quality movement.

During design sessions, participants tested the custom gesture-controlled version of Dashy Square with added biofeedback elements. In summary, the biofeedback elements added to the game because of the co-design process were (full details in Results, Table 3.3.1):

Dodge points given for avoiding obstacles, linked to correct timing of a gesture.

Style points were linked to quality of movement, specifically the extent of co-contraction.

Higher 'Style Points' means greater extensor and lesser flexor activity (less co-contraction).

Speed-change biofeedback events were linked to quality of movement, specifically the extent of compensatory arm movements. When compensatory arm movements were detected beyond an individualized threshold, game speed was reduced to give participants more time to perform gestures.

Practice panels were shown after consecutive poorly timed or executed movements. The practice panel offered a simplified game environment without obstacles wherein participants could practice the movement.

End-of-level rewards: Trophies were rewarded at the end of each level in accordance with the number of dodge and style points achieved. One trophy indicated a lower level of mastery while three trophies was associated with the highest level of mastery. Additional rewards such as unlocking characters and leader board standings could also be reviewed as end-oflevel KR biofeedback.

Sample play with the game adapted with biofeedback can be seen here. Each participant took home a laptop with the game software and a Myo Armband to play for four weeks. Before playing alone, the researcher gave one or two training sessions to ensure participants could operate the system and understood the objectives and controls of the game.

Phase 2: In-home evaluation

Participants created a self-defined practice schedule with the assistance of their caregiver and an occupational therapist (the suggested goal was 3-5 times per week, 30 minutes per day) 17. At home, participants selected which level to play, but more difficult levels were unlocked only after finishing easier ones. Once per week, the researcher visited the participants to evaluate their motivation, adherence, collect system logs, and to record subjective biofeedback-related observations.

Outcome measures

The system automatically logged biofeedback usage data (e.g. dodge points, style points, practice panels presented) and physiological data (i.e. EMG, arm kinematics) for post-hoc analysis. At the end of the four-week trial, participants completed a semi-structured interview and a custom game-feedback questionnaire with the researcher. These were used to understand how the added biofeedback impacted the participants' experience with the game. The questionnaire was based on validated questionnaires for measuring usability (System Usability Scale (SUS) 18 

Data analysis

To resolve the Phase 1 research question: 'how user-centred biofeedback can be integrated into an existing commercial video game to promote motor learning?' an audit trail was generated that integrated participant feedback, researcher observations, and clinician input. This audit trail was reviewed, and a list of design specifications was tabulated to guide the integration of biofeedback into video games for motor therapy.

To evaluate the Phase 2 research question: is the biofeedback implementation (i) efficient, (ii) effective, and (iii) engaging from the perspective of its users for promoting quality movement during a therapy game focused on hand gestures?, the following variables were analyzed: 

Efficiency

Engagement:

The system was considered engaging if participants chose to review the KR biofeedback provided at the end of each level reporting on their success in the game (e.g., the trophies awarded). This variable, 'review choice' is the proportion of opportunities participants took to see end-of-level KR biofeedback.

To evaluate the efficiency of the biofeedback for promoting higher quality movement, the change in arm movement before and after a speed-change biofeedback event was compared using a dependent-samples t-test with alpha risk set to 0.05 21,22. Engagement is described as the percentage of instances participants chose to review end-of-level feedback. Effectiveness is described as the practical changes in performance (dodge points, style points, practice panels) in playing a typical 2-minute level at the beginning and end of the intervention. To understand how the efficiency, effectiveness, and engagement with the biofeedback system changed over time, a generalized linear mixed-effect model (GLMM) was constructed for each of the above-described variables. The model takes into consideration variations between participants and the game levels. Specifically, all models included practice time (cumulative minutes spent playing the game) as a fixed effect, a random intercept for participants and a random participant*game level interaction effect since individuals self-selected which levels to play. Adjusted odds ratios (aOR), for binomial responses, and coefficients per unit increase from the mean observed value and their 95% confidence intervals (CIs) were calculated for each covariate. Alpha risk set to 0.05 was considered significant (see Supplemental A. Generalized Linear Mixed-Effects Models Details for full GLMM model specifications) 23.

Lastly, post-intervention gameplay questionnaire data were used to further assess the impact that added biofeedback had on the game experience and usability. The 5-point Likert scale data from the questionnaire were reported via descriptive statistics (median, inter-quartile range (IQR)).

Demographic characteristics and volume of practice are described first for each phase to provide context. Qualitative reports supported the above conclusions. Overall, participants perceived the game as usable and enjoyable after playing for one month.

Recommendations for the effective design of biofeedback in therapy gaming technologies

Learning from our co-design and evaluation process, we present the following key recommendations to consider when delivering biofeedback in therapy games:

Link game rewards to movement goals

There can be multiple short-, mid-, and long-term rewards that provide KP and KR biofeedback in video games. The value that a player places on these different rewards can vary greatly and different people may be motivated by different aspects of the game. To be effective, it is crucial that each game reward is directly impacted by and linked to the targeted therapeutic aim.

Involving the end-user in the development and testing phase to 'stress' the system is a valuable approach to uncover ways that individuals may achieve game rewards while circumventing the therapy goal. For example, in this project, initial design sessions revealed that participants could achieve game rewards by pronating and flexing instead of extending at the wrist. Working through this led to changes in the controller, which helped ensure participants were required to do the intended therapeutic movement to collect rewards and succeed in the game. Linking game goals to movement goals ensures that biofeedback is in fact accurate, informative, and reinforces practice of therapeutic movement strategies.

Provide a safe space

Video games are immersive environments where it is easy to get carried away in the excitement.

In therapy games, this can lead to poor quality movement execution. In design sessions, we found that increases in game difficulty could result in participants trying a flurry of low-quality gestures, straying away from the therapeutic aim. In response, we introduced a practice panel which was intended to be a safe space in the game to practice the high-quality therapeutic movements that would help them succeed. Stopping the game, minimizing sounds and graphics, and eliminating the potential for any negative in-game consequences, gave participants the opportunity to focus on movement quality and adjust to the increasing difficulty of the game.

Tutorials are ubiquitous in video games. They usually help people learn contextual controls when starting games (e.g. Press 'A' to jump over the wall). A therapy game can leverage the established logic of traditional game tutorials by incorporating prescriptive feedback towards the therapy aim. Instead of presenting tutorials mainly in the beginning of a new situation, presentation can be dictated by how 'well' (e.g. how frequently or how accurately) participants do the therapeutic movement. Continued opportunities for prescriptive feedback in a safe space, when it is needed, can enable participants to build competency in the game and in the therapeutic movements. However, it is important to ensure these practice elements do not detract from immersion and game flow. If they occur too frequently or take too long to complete, it may indicate an inappropriate challenge for the participant. During design sessions we modified the frequency and timing of the practice panel to find a balance that was perceived to be optimal by our users.

Minimize presence to maximize impact

In traditional biofeedback interventions, when information is constantly given, the person can develop a dependency 24. Literature suggests that certain techniques can improve performance and retention, including: varying the modality (e.g. visual, audio), providing a 'fading' biofeedback schedule as a person improves, and only offering biofeedback when players are in a 'target zone' 9,25. These techniques were employed in this therapy game intervention. Participants track their immediate score with a counter and a progress bar accompanied by audio cues with each successful movement. This feedback was supplemented with a 'bonus' score that appeared when players were in a 'target zone' (achieving high quality co-contraction for extended periods). Then, as the participant's achieved mastery of the game, the progress bars were removed, the 'bonus' was shown less frequently, and participants were able to choose whether to review their scores and rewards at the end of a level or skip directly to the next level. This type of autonomy can build investment in an activity 26.

We have further summarized our learnings in an infographic (Supplemental B. Biofeedback Infographic). This infographic may serve multi-disciplinary teams building technologies to help people practice motor activities. It may be particularly useful to support engagement with mainstream game developers. Researchers should consider adapting professional games, especially when artistic and developer resources are limited. In this project, the company we partnered with was small (2-5 members) which allowed greater flexibility to make changes in the game. While adapting an existing game with demonstrated popularity has many advantages with respect to the quality of gameplay achieved, considerable time was invested educating and working with the company to appropriately integrate biofeedback elements. It is our hope that the infographic will facilitate these collaborations and accelerate development of higher quality biofeedback therapy games.

Limitations

This study does not discuss the transfer of experiences in-game to daily activities. Rather, it reports the direct biofeedback implications observed when performing motor activities to control a video game. The customized feedback questionnaire was not a validated measure but merely addressed key domains of usability and enjoyment. Further, participants used self-directed practice schedules to maximize ownership and motivation at home. Certain participants played infrequently some weeks (e.g. due to school assignments or competing interests). Finally, changes in biofeedback thresholds and game difficulty were manually adjusted in some cases by the researcher based on their evaluation of the participant's competency and motivation. Future 

work

Introduction

Home-based rehabilitation exercises can augment traditional therapy and lead to improved performance of daily activities for people with disabilities 27. Cerebral palsy (CP) is a disability due to injury or abnormality of the brain impacting of 2.11 in 1000 live births 28. Occurring near birth and persisting through adulthood, CP presents with positive and negative motor signs including spasticity, weakness, impaired selective motor control and sensory deficits 29. To improve manual ability, frequent and intense practice of specific, therapeutic hand movements is recommended along with goal or activity-directed therapies. Advances in gesture recognition offers a way to practice these movements through engaging virtual environments (e.g. as a video game controller) and improve home-based training efficacy and engagement.

In typically developing populations, many gestures (>10 30) can be classified with high accuracy (>95%) using aggregated data and large training sets 31. However, in a clinical population a personalized approach is necessary to address the individual's abilities, therapy goals and movement strategies. Myoelectric patterns are preferred here over optical inputs as it can support practice even when someone is capable of only small and inconsistent gestures. People with CP may have noisy neurological commands when gesturing 32. The muscle command to generate a targeted movement (e.g. hand opening) can be accompanied by: inconsistent neural drive (spasticity or weakness), atypical forearm flexor and extensor muscles synergies (undesirable co-contraction), and movement artifact (impaired selective control) [3] [6]. For these reasons, developing high-performing classifiers for people with CP can require substantial training, specialized hardware and interaction with clinicians or researchers. Using features specifically targeted to discriminating these signs of CP may facilitate home-based gesture classification and calibration.

Finally, there are practical implications to consider when designing home-based therapy for young people. Laborious system configuration can challenge young people's attention, reducing motivation and engagement. To address this, we have previously defined design requirements by consulting with clinicians and persons with CP 33. The system needs to be affordable, address a specific therapeutic movement goal, have simple hardware, quick semi-automatic gesture training, be embedded in an activity that keeps the individual's interest, and provide high quality feedback to both users and clinicians.

Aim

This study demonstrates an in-home calibration and classification procedure embedded into a rehabilitation video game for young people with CP. The procedure allows for: a. Home setup: training data is collected and processed with minimal adult involvement within the first minutes of gameplay.

b. Therapeutic practice: Real-time gesture recognition identifies therapeutic movements for game feedback and control.

c. Clinical insight: Features used for classification are associated with neuromotor signs of CP.

The article is organized as follows. Section II A. details the software and hardware components of the system. Section II B. explains the home-based calibration and classification procedure.

Section II C. contains information on participants who completed the one-month intervention.

Section II D. describes the analysis. Section III show the results of the analysis as they pertain to each aim of the study (a-c). In section IV the procedure, intervention and results are discussed, concluding with limitations to the current study.

We have therefore also included features expected to be sensitive to two broad signs of CP. Additionally, forearm movement was addressed via inertial features (squared sum of 3-axis acceleration/gyroscopic variability and magnitude).

Formulas for all features can be found on GitHub and in

Build on-line classifier

A support vector machine (SVM) was trained with the selected features 42. The model was optimized with 5-fold cross-validation and hyperparameters (box constraint, kernel scale, kernel function, and polynomial order) were tuned via grid search 43. The model is then used to predict gestures during gameplay.

Threshold evaluation

Once the mean of the current bin is pre-processed and scaled, it is compared to pre-defined thresholds. These thresholds are set weekly with the researcher, to adapt as the user progresses and are equal to the 10th percentile peak activity when doing the target gesture as recorded during an observed trial. This value was determined during preliminary testing but is adjustable to the user. If the current activities of the extensor and flexor channels are respectively above and below the pre-defined thresholds, the user is considered to be attempting a gesture and data will be processed further to dictate game actions. If the thresholds are not met, processing stops until a new 200ms bin of data has buffered.

Dictate game actions

When the threshold is exceeded, game actions occur, i.e. players move, points are awarded, feedback is presented. Game actions are dictated by movement quality. Movement quality variables include: extensor-flexor co-contraction ratio, forearm angular acceleration and the predicted gesture. Based on these evaluations, commands are passed to the game and points are awarded.

Predict current gesture

To obtain the predicted gesture for the current 200ms bin of data, first the top 10 features are calculated (as established in Part 1processing before game play). EMG features are processed through a Bayesian recursive filter 44. This reduced noise for on-line prediction while remaining sensitive to rapid changes as expected to control the game. Then the SVM is used to predict the current gesture on-line. This information can be used as feedback (e.g. higher points scored for the correct gesture) or as a control mechanism for the game (e.g. to execute a binary operation such as to jump over an obstacle).

Once game actions are complete and the current gesture is predicted, game play processing repeats with the newest buffered 200ms bin of data.

Second aim, therapeutic practice. When evaluating model performance, the classifier's role (i.e.

to determine the control input or to inform biofeedback) in the system must be considered. When used to inform biofeedback, balanced measures are favorable since misclassified observations have a smaller, less direct effect to the user's experience. To this end, we chose the F1-score to consider precision and recall as it is less influenced by imbalanced data. Mathew's Correlation Coefficient (MCC) was reported as the most informative single score to establish the quality of a classifier prediction 49. However, when the classifier prediction is used to control the game, correctly identifying the targeted therapeutic gesture is paramount. A misclassified, false negative, observation of the target gesture frustrates and reduces the user's confidence in the system. Whereas, in the situation of a false positive, game play continues and there is less risk for negative affect. Accordingly, three measures (F1-Score, MCC, Sensitivity) are prioritized.

Performance across participants for the whole dataset is presented for randomly partitioned offline classification using the SVM procedure described above. To validate the use of SVM, performance was evaluated with a range of classifiers on a subsample of five participants. Tested Third Aim, clinical insight. First, we assess the value of feature groups expected to be sensitive to signs of CP (uncommon relative muscle activities, RA-group, and high movement variability, MV-group) as compared to traditional channel-independent features (CI-group). The top ten features, which were used in classification, were grouped as described above. Each group's relative importance was calculated as the sum of the reciprocal rank of each feature within a feature group 51. For instance, if features only within the channel-independent group were used for classification, that group's relative importance would be one, and the remaining two groups would be zero). A one-way analysis of variance (ANOVA) was used to evaluate differences in relative feature group importance. Post-hoc testing with Bonferroni adjustments for multiple comparisons were used to identify differences between groups 52. α risk set to 0.05 was considered significant for all tests. As an exploratory objective, we evaluated correlation coefficients between the feature group importance and: amount of practice, number of repetitions, changes in wrist extension ability and grip strength 33,46.

Results

Table 3.4.1 shows participant information and available data set size. Detailed demographics can be found in the complementary clinical paper 46. Briefly, there were 19 participants (ten females, average age: 11.7±2.5 years). Twelve participants had mildly impaired hand function and the remaining were categorized as moderately impaired (MACS level I and II). -C), finger-thumb pinch (pinch), manual abilities classification system (MACS). † indicated participants with secondary diagnoses as reported by therapists including: learning disabilities, attention deficit hyperactivity disorder, autism spectrum disorder. N are the number of 200ms raw data bins. 20% of N samples were held out for testing. The pinch gesture for participants K and N had < 100 samples and were excluded from analyses. Some participants started with one gesture and moved to another if they found it too difficult.

Aim 1 Home setup

Agreement was high between the assumed gestures, collected during the calibration game, and the video verified true gesture. Most participants, 16/19 had >80% agreement. Agreement was also >80% for each class (Table 3.4.2). Full setup time (including system start-up, calibration procedure, and entry to the main game) took 115.4 ± 144.2, 95%CI = 61.3 -169.5 seconds. Of this, the time from the end of calibration to the start of gameplay averaged 9.1 ± 2.2, 95%CI = 8.2 -9.9 seconds. During gameplay, on-line processing for each loop (200ms window of data) took 0.021 ± 0.008, 95%CI = 0.018 -0.025 seconds when control thresholds were exceeded. In this time, features were calculated and classified to command the game. When thresholds were not exceeded, processing time was shorter (0.009 ±0.003, 95%CI = 0.007 -0.010 seconds). Loop times were short and rarely perceived by the participants. 

Aim 3 Clinical insight

There was an overall difference between feature group relative importance ( In the accompanying clinical paper 46, outcomes for two measures of manual capacity are detailed: active wrist extension, grip strength. Similarly, the average number of repetitions/session and the total practice time are reported. Table 3.4.4 shows the correlations between these four measures and the relative importance of each feature group. 

Discussion

This study outlines an in-home calibration and classification procedure used for manual therapy activities of young people with CP. The procedure was personalized, tested in the homes of 19 families for one month and integrated into a video game. We show that participants followed the game-led calibration procedure with high agreement to ground truths. The classification methods employed facilitated practice of targeted therapeutic gestures. Finally, feature groups (RA and MV) expected to be sensitive to signs of CP were significant and correlated with changes in practice and increased wrist extension capacity. This latter result strengthens the fact that not only traditional but also specific parameters should be considered when classifying movements from people with motor disabilities.

Practical implementation

Practical implementation is a key requirement of this procedure. While designed to be a fun, seamless experience blending game and therapy, the individual's attention on their movement is still critical. Our participants were 8-18 years old, some with learning disabilities or attention disorders, some with little general interest in video games. These factors influence how consistently one repeats their target gesture, especially when the gesture is difficult for them (i.e. a therapy goal). Accordingly, some participants (3/19) may be a promising approach to address real-world EMG variability.

As these and other classification methods develop, new models can be implemented to improve the performance of this procedure. With this in mind, we present performance of an alternative classifier, ENS. Further, the software allows alternative classifiers to be called in place of SVM. Similarly, MV features characterize movement isolation through inertial measures and directional statistics of the forearm muscle activity 41. In addition to significantly contributing to classification, these features were used as biofeedback in the game to help participants improve their ability to isolate movements at the wrist (a secondary clinical objective identified by occupational therapists). In this study, the average number of repetitions per session was correlated to a decreased use of MV features. This suggests that with increased exposure to the system, movement variability between gestures would decrease.

Clinically relevant feature groups were a key strategy we used to account for unique neuromuscular profiles. It should be noted that these features do not necessarily indicate severity of the disability nor does use of only traditional features indicate absence of any symptoms.

Their benefit in this context is that these feature values fluctuate more between the targeted gestures allowing for classification and feedback with respect to biomechanically relevant variables. Alternative strategies may also be effective. Kieliba et al., (2018) used Factor Analysis to extract muscle synergies as features for classification 63. These synergies can provide physiological plausible explanations of tasks and may be stable across participants and conditions 64-66. However, these methods have yet to be tested on children with neuromuscular disabilities. It should be noted that feature selection improves performance while removing irrelevant or low variance characteristics, reducing the complexity of the model. A strength of the approach presented here is that feature selection was highly adaptable. Selected features were person-specific and updated weekly as the participant progressed. This allows for features of different channels to be included if they play a more prominent role in the target gesture and irrelevant features to be removed as gestures become more consistent.

Limitations

Weekly visits were used to monitor and adjust the activity thresholds and ensure calibrations were performed correctly. In some cases, where participants had difficulty controlling the game, thresholds were manually adjusted. While these aspects were overseen by the researcher for the study, as a stand-alone implementation, calibration would need to be monitored by therapy staff or family members to ensure the game was facilitating practice of relevant movements. Where a, is the accelerometer data from each axis x, y, z.

Resultant acceleration variance (Accel_Var)

Resultant gyroscopic magnitude (Gyro_Mag)

Where g, is the gyroscopic data from each axis x, y, z.

Resultant gyroscopic variance (Gyro_Var) 

Impact Biofeedback Use

Learnings from the co-creation process in conjunction with the principles established from the systematic review were used to create the Biofeedback Infographic. This infographic may serve multi-disciplinary teams building technologies to help people practice motor activities. It may be particularly useful to support engagement with mainstream game developers. Lastly, we make three recommendations for the effective design of biofeedback in therapy gaming technologies: 1) link game rewards to movement goals, 2) provide a safe space to practice movements when needed, and 3) minimize presence to maximize impact. These recommendations are discussed in depth in the manuscript and they address ways of ensuring that biofeedback is considered in a way to be informative, reinforce therapeutic movement strategies and balance engagement and autonomy.

Classification Procedure

The process outlines how young people with CP can use a movement-based video game at home to calibrate target training gestures. The game-led calibration procedure showed promise as it had high agreement with ground truths for most participants. We also show the value in the use of features expected to be sensitive to signs of CP. In particular, the first use to our knowledge of features describing forearm muscle activity dispersion in people with CP using directional statistics. Finally, the algorithms are available on GitHub and can be improved upon either by integrating more robust classification methods or by applying the procedure to different games.

The calibration game can be added to other games as well.

Participant motivations, personalized practice goals, and relevance of the intervention to their The secondary aim of this study is to explore the potential effectiveness of the intervention for improving outcomes associated with the function of the hand and wrist, and activities of daily living. To this purpose, the size and variance of the effect of the intervention are evaluated on six patient-centered outcome measures. Change score for non-dominant Box & Blocks performance showed a moderate effect (Hedge's g = 0.58, 95%CI = -0.11 -1.27). Box & Blocks scores were between 5-32 at pre-test and 3-41 at post with a median change of +2.5 blocks (S7 Table 1 Individual system usage and outcomes). strategy helped to maintain cognitive engagement in the intervention, reiterating how the game addressed functional goals. The positive, self-directed rhetoric was more effective with participants who believed that the game addressed their functional goals. Five of 19 participants did not reach their practice goals. These participants showed a novelty effect, with little interest after 1-2 weeks with the new game. These participants commented that they felt the activity did not align with their functional goals (e.g. Spread thumb easier to use joystick when playing video games) indicating a lack of cognitive engagement. Participants who were less convinced of the relevance of the task found it more difficult to participate in the coaching conversations and verbalize how their success in the game could translate to daily activities. In such cases, we explored alternative motivation strategies (e.g. parentidentified rewards for adhering to practice goals, or leader boards playing to a competitive nature). The SFC strategy required flexibility in the conversation and training structure. We would recommend it as a tool to engage participants but would not rely solely on SFC.

Overall our learning in this study defends the importance of ensuring that home-based ICP therapy activities align with individual motivations and goals to support cognitive, affective and behavioural engagement in the intervention 18.

Body Function

Active wrist extension is moderately to highly related to manual abilities 46,67 . In the current study, all but two participants increased active wrist extension. These findings are consistent with other home-based supplemental therapy activities. For instance, 30 Wrist extension capacity is also directly related to grip strength 68 . Accordingly, we saw 18% average improvement with +5% gains in 12/19 participants. For comparison, 69 More severely affected participants, those at MACS II, had below neutral maximum wrist extension. Therefore, there was more opportunity for amplitude improvement, but without being in an extended posture, it is difficult to optimize grip strength. 71 established through path analysis from records of 136 children with CP that grip strength indirectly contributes to manual ability (Abilhand-Kids) 72 via its influence on gross manual dexterity (B&B) 71 . Consequently, active wrist extension and grip strength may indicate changes in manual ability relevant to daily activities. Despite this, we recognize the increased focus and relevance towards Activity and Participation measures 73 . Accordingly, the Activity and Participation measures were included in this early-stage feasibility study.

Activities and Participation

There were small effects in Activities and Participation related measures (AHA, COPM). A minority of participants met or exceeded clinically meaningful thresholds (3/19 for AHA and 8/19 for COPM), while the majority showed non-clinically significant positive changes. The small effect is most likely due to low dosage and the nature of the activity. Further considering this relatively small dose across all participants, it is not surprising to see small correlations between practice time and functional change scores. The biofeedback video game practices specific functional movements but it is not an activity-based intervention (e.g. Constraint Induced Movement Therapy) 45. Since practical manual ability is not the simple summation of skill and structure it would be unreasonable to expect gross transfer to daily tasks. However, considering the need for diverse and engaging rehabilitation strategies and the relative low risk of harm of this ICP intervention it may be a useful supplement to activity-based interventions. It may help accelerate Body Function changes (e.g. active wrist extension, grip strength) to facilitate manual ability improvements. This question could be addressed in future clinical trials.

The SEAS questionnaire showed that participants experience was consistent during the 4weeks. This corresponds with observations during the weekly check-in conversations. Only in the five participants who experienced a novelty effect, as described above, did we observe a decrease in the sub-scale score, Psychological Engagement (S10 

Limitations

Due to resource limitations, a single game was built which may not have optimally appealed to the wide range in ages (8-18 years) and interests of the participants. General interest in video games or this game was not an inclusion criterion. Considering the impact personal motivation has on adherence and the vast differences in personal preferences, it is essential to match participants to activities that interest them. Greater choice and game variety, while challenging to implement in rehabilitation protocols, would help maintain novelty and interest in the activity.

Methodologically, there was risk of bias in assessment scoring as clinicians and researchers were not blinded to the participant phase. Bias in goal setting is also possible as parents, clinicians and researchers were present when the participant set their practice and COPM goals. Further, COPM responses are subjective and can be influenced by mood and environment. For instance, one participant successfully completed their goal for the first time at the post-intervention assessment but scored the performance lower than at baseline. For these reasons we use multiple measures to capture Activities and Participation experiences.

While AB designs are useful for evaluating feasibility, return-to-baseline, or withdrawal designs would improve the strength of evidence of treatment effects 25. The SEAS questionnaire was a practical tool to implement in the home to gauge self-reported experience. For a comprehensive evaluation, future work should consider qualitative interviews and content analysis 74(p5.2) . The Solution Focused Coaching approach is designed to encourage collaborative development, led by the participant but does acknowledge the potential for external influence 20. Here we kept fidelity of the SFC approach by referring to a checklist, but this could be improved by video review and completing a fidelity questionnaire Post call Call with participant's caregiver:

system use and integration into home-life.

Researcher, unknown to participant 5-10 the applicability of the RCT outcomes, since one could renew the novelty of the content. We would also encourage that the RCT incorporates the outcomes and motivational toolkits suggested above.
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  the quality of evidence of biofeedback interventions used towards improving motor activities in people with CP (Chapter 2). a. Identify elements of biofeedback key to implementing in interventions for people with CP. Engage with young people with CP, clinicians, and game developers to (Chapter 3): a. Integrate biofeedback into a commercial video game. b. Let players control a commercial video game using therapeutic hand gestures (hand opening/closing). Assess the feasibility of the biofeedback-enhanced ICP activity within a home-based intervention protocol (Chapter 4).
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 2 3.5.1. Article processingArticle processing is detailed by the flow diagram in Figure 2.3.1. Briefly, 5770 articles were identified in the preliminary database search. Citation tracking resulted in 27 additional articles.After removing duplicates, 3073 article abstracts were reviewed. From these, 205 full-text articles were reviewed to evaluate eligibility. Finally, 57 studies met inclusion criteria and were used in this review.
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  Abbreviations: ǂAge groups correspond to the following: c = children, <12 yrs; y = youth, 13-21 yrs; a = adult, >21 yrs. 10MWT = 10 Minute Walk Test; 6MWT = 6 Minute Walk Test; A/PROM = active/passive range of motion; AHA = Assisting Hand Assessment; AMPS = Assessment of Motor and Process Skills; BBS = Berg Balance Scale; BOT-2 = Bruininks-Oseretsky Test of Motor Proficiency Subtests 5 (balance) and 6 (running speed and agility); BTT = Balance Tinetti Test (adapted); CGA = Clinical Gait Assessment; COP = centre of pressure; CoW = Oxygen cost of walking; CV = coefficient of variation; DFPI = Dynamic foot pressure index; FSRT = Functional Forward/Sideways Reach Test; FSST = Four-Square Step Test; GMFM = Gross motor function measure; JHFT = Jebsen Taylor Test of Hand Function; MUUL = Melbourne Assessment of Upper Limb Function; mABC-2 = Movement Assessment Battery for Children-2; MACS = Manual Ability Classification Scale; MAS = Modified Ashworth Scale; MSoT = Modified Limits of Stability Test; PBS = Pediatric Balance Scale; PDMS-2 = Peabody Developmental Motor Scales-Second Edition (Fine Motor Domain); PEDI = Pediatric Evaluation of Disability Inventory; PRT = Pediatric Reach Test; QUEST = Quality of Upper Extremity Skills Test; RMSE = root mean square error; ROM = range of motion; SCMAT = Southern California Motor Accuracy Test ; SHUEE = Shriner's Hospital Upper Extremity Evaluation; STST = Sit-To-Stand Test; TTS = Tinetti Total Score (balance and gait); TUDS = Timed up and down stairs motor performance; TUG = Timed Up and Go; VR = Virtual reality.
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 3 .5.4. Retention While many of these studies have a short intervention and an un-controlled design they begin to demonstrate the impact biofeedback paradigms can have on motor interventions for people with CP. There were a minority of studies that completed follow-up assessments, 18/57. The time of follow-up post-intervention ranged from 24 hours after a single session 33 to 14 months after a six-week training program 65. The median follow-up time was six-weeks. There were postintervention improvements in 16 of these 18 studies. From these 16 studies, improvements in 23/40 measures were sustained at follow-up. The median follow-up for these studies was also six-weeks. There were eight measures which returned to baseline, with a median follow-up of 11 weeks.DiscussionThis review aimed to(1) evaluate the quality of evidence for biofeedback interventions targeting motor activities in people with CP and (2) explore the relationship between feedback characteristics (i.e. modality, timing, frequency, autonomy, and focus of attention) and effectiveness of the biofeedback interventions. Key findings of this review are: Current evidence supports the use of biofeedback interventions to improve motor activities for people with CP with the Quality of Evidence level 'Positive Very Low' for outcomes related to ICF Activities and Participation and Body Functions. This review determined that significant improvement post-intervention was reported in 79% of studies and 63% of the measures across ICF domains. The 'Very Low' quality of evidence level is primarily attributed to the higher proportion of non-controlled studies, sometimes with poor design, and the heterogeneity of outcome measures used to assess improvements in motor activities. Biofeedback characteristics applied during interventions for people with CP were generally inconsistent with recommendations in motor control feedback literature. Specifically, most studies provided feedback: passively to participants (56/57), consistently (42/57), and concurrently during trials (51/57). This feedback paradigm is advantageous for short-term task-specific kinematic improvements but does not necessarily allow the participant to develop the sense of self-regulation or self-efficacy necessary for sustained improvements and transferrable skills 128.A review of feedback in motor learning bySigrist et al (2013), supports the use of feedback with an external, KR, focus to promote automatic control of movements 9. It is also suggested that concurrent feedback can lead to faster changes by offsetting cognitive load, but should be faded and switched to terminal to let individuals develop mastery and to avoid dependence 9. In fact, KR focused feedback, given too frequently and concurrently, may detract from complex movements related to Activities and Participation since the user generally focuses on overall movement and external goal 129. This paradigm was most evident in studies with measures related to Body Function. In the current review, 21/57 studies used KP focused feedback. KP focused feedback was 20% more common in studies with measures related to Body Functions compared to Activities and Participation. Further, providing feedback as frequently as possible (i.e. consistent and concurrently) was more common in studies with Body Functions measures.For novel biofeedback interventions it is understandable, from a research methodology perspective, to (a) use measures related to Body Functions and (b) employ a biofeedback paradigm expected to cause fast task-specific improvements. This allows the researcher to isolate and maximize the effect of the intervention. However, the researcher should consider the longterm advantages of a more tailored and comprehensive biofeedback strategy. A biofeedback strategy that provides the user with decision making autonomy builds investment in the feedback process. Then, by reducing the frequency and timing of the feedback, the user can develop a sense of self-regulation 129.Biofeedback has been explored more extensively in other populations. A systematic review of motor recovery after stroke by Langhorne et al (2009) found improvements in arm function and balance through biofeedback interventions. They found a standardized mean difference (SMD) between treatment and control groups ranging from (SMD=-0.71, 95% CI=-1.03 to -0.39) to (SMD=2.63, 95% CI=-2.64 to 7.91) for biofeedback interventions 130. More recently, Stanton et al (2011) found biofeedback to improve lower limb activity up to 5 months post-intervention (SMD=0.41, 95% CI=0.06 to 0.75) 131. However, like the current review, trials of biofeedback in stroke are frequently limited by their study design and small sample size, limiting confidence in their effect. This increases the potential influence of future studies.

  as principal factors in (re)habilitation for limb function and body control 9,11,12,140. Other important characteristics worth considering include: deciding to focus on negative or positive aspects of the task/movement, the composition of the feedback (i.e. providing feedback that is a description of what happened, or prescribing what should happen next time) 11,140. Like the included characteristics, the most appropriate method likely varies with the skill level and the individual. Finally, the heterogeneity of outcome measures made determining an overall effect size infeasible. The inclusion criteria were intentionally broad to gain as complete a representation as possible of the types of biofeedback interventions that have been used for people with CP. If only controlled studies with consistent outcomes and measures of effect were included, the biofeedback description would have been cursory. Conclusion This systematic review shows that the Quality of Evidence level is 'Positive Very Low' for outcomes related to ICF Activities and Participation and Body Functions. This GRADE level is attributed due to the number of non-controlled studies and the heterogeneity of outcome measures. Despite this, biofeedback interventions generally showed improvements in measures of motor activity pre-post-intervention. Frequently, studies implemented characteristics of 57 biofeedback incongruent with motor learning principles expected to facilitate sustained results.

  forgotten in motor rehabilitation interventions for people with CP and b) identified in motor learning literature 11,141 as having important roles towards faster and sustained performance improvements 9. The three characteristics are: Autonomygive users an active role in the decision to view and use feedback. Timingcombine terminal and concurrent feedback to strengthen the lasting impression of the activity. Focus of attention -Connect the desired movement to game actions so that feedback is focused on game results. These principles are used in the Chapter 3 as a starting point for the co-creation process of the biofeedback-enhanced ICP technology. The principles established in this review were used in part to create a Supplemental B. Biofeedback Infographic (3.3.10), explained in the next chapter.Chapter 3 Co-Create a Biofeedback-Enhanced Interactive Computer Play Technology Objective Engage with young people with CP, clinicians, and game developers to: integrate biofeedback into a commercial video game and let players control a commercial video game using therapeutic hand gestures (hand opening/closing). Context After identifying the biofeedback elements to consider from systematic review, we engaged clinicians and people with cerebral palsy to build a therapeutic ICP activity addressing hand function. Interviews with co-creators occurred between April 2017-May 2018 in Canada and France. The first manuscript in this section, Biofeedback Use, details the co-creation design process and how theoretical biofeedback principals were practically implemented. The second manuscript, Classification Procedure, describes the technical procedure developed during the co-creation process that allows users to play the game. At the end of the co-creation process, July 2018, a working prototype of the ICP technology was ready for feasibility testing and use at home by youth with CP. The feasibility protocol is fully detailed in Chapter 4. While both the following manuscripts address the co-creation objectives, data collected during the feasibility study were used to evaluate the biofeedback use and classification procedure. As such, some methodological information overlaps between manuscripts.

Methods 3 . 3 . 3 . 1 .

 3331 Phase 1: Design approachIn line with the framework presented by 14, we recruited young people with CP (10-23 years old, with mild-moderately impaired use of one hand, Manual Abilities Classification System (MACS) level I-III 15 to participate as 'design partners' to integrate evidence-based biofeedback principles into a commercial video game. As design partners, participants were consulted throughout the process from ideation to final product 14. Participants tested game prototypes during 1-hour, oneon-one, sessions with a researcher. Three occupational therapists were also consulted and attended design sessions when required by participants. Biofeedback elements were added to the game and refined at each session. Researchers prompted participants to verbalize their thoughts related to biofeedback timing, aesthetic design, comprehension, and motivation during and after play-testing. Sessions were completed in an urban North American centre and a rural Western

Usability and impact of the biofeedback were evaluated in a 4 -

 4 week home-based intervention. Inclusion criteria were: persons 8-18 years old with CP, MACS I-III, ability to co-operate, understand, and follow simple instructions, and, typical or corrected to typical vision and hearing. Exclusion criteria were: history of unmanaged epilepsy that may be triggered by video game play, having received a botulinum toxin treatment within 3 months or constraint-based movement therapy within 6 months of the study enrolment, visual, cognitive or auditory disability that would interfere with gameplay. Approval was obtained by Holland Bloorview's Research Ethics Board (#18-785) and the French Comité de Protection des Personnes (CPP, #2018-A00536-49). Caregivers and participants gave written informed consent or assent as appropriate.

  and enjoyment (Flow Short 19) and questions developed during a previous study of interactive computer play games for young people with CP 20. Examples of open questions used to facilitate conversations during the semi-structured interview include: 'How did the score change how you played the game?' and 'What helped to make the game easier to play?' (Appendix 3.3.8).

:

  The system was considered efficient if participants reduced the use of compensatory arm movements immediately after a speed-change biofeedback event. The difference in resultant angular velocity variability of the forearm between the five seconds before and five seconds after the speed-change biofeedback event was calculated. We refer to this variable as the "change in arm movement." Effectiveness: The system was considered effective if task performance improved over time.Three indicators of task performance are the "dodge point rate" (dodge points accumulated per minute of play, linked to correct timing of a gesture) and "style point rate" (style points accumulated per minute of play, linked to co-contraction quality). The number of "practice panels shown per minute" was calculated as an indicator of the need for biofeedback. Note: practice panels are presented when consecutive poorly timed or executed movements are performed. As such, indicators of improved performance are: increasing dodge point rate, increasing style point rate, and decreasing number of practice panels shown per minute.

Results 3 . 3 . 4 . 1 .

 3341 Phase 1: Design approach Participatory design partners were nine young people with CP, 9-23 years old. Four were at MACS level II and five at level I. There were three female and six males. Participants engaged in gameplay for 30±11 minutes of a typical 60-minute session. Three participants completed three sessions, two participated in two sessions and four did one session. Feedback collected during these design sessions was compiled and changes in five key areas were identified: game flow/objectives, feedback elements, adaptive difficulty settings, aesthetic considerations and technical issues were identified.

Figure 3 . 3 . 1

 331 Figure 3.3.1 Participant specific box plots of task performance response to feedback Participant specific box plots of change in task performance in response to biofeedback. Data left of the red vertical line indicates decreased arm movement (variance in resultant angular velocity) immediately after being given biofeedback. Left axis = participant ID. Bottom axis = percentage change in arm movement.
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 332 Figure 3.3.2 Usability and enjoyment questionnaire responses Usability and enjoyment questionnaire responses. Number of responses shown for each level of the 5-point Likert scale on all nine questions (N=19).

  Appendix A of Chapter 3. Features are put into three groups to facilitate clinical interpretation. CI groupthe Channel-Independent features, traditionally applied in typically developing populations or in prosthetic control. Features in this group include: Root mean square (RMS), Mean absolute value (MAV), Variance (VAR), Waveform length (WL), Zero Crossing Rate (ZC), Willison amplitude (WAMP), Slope sign changes (SSC) 37-39. RA group -we considered features sensitive to uncommon Relative muscle Activities i.e. weakness, spasms, increased flexor tone, and impaired co-contraction 32. The domain specific features in this group are: Co-contraction Index (CCI), Scaled Co-contraction Index (SCCI), Mean Absolute Difference of the Normalized (MADN), Scaled Mean Absolute Value (SMAV) 40. MV group -we considered features related to Movement Variability which may be associated with impaired selective motor control and compensatory movements 32. To capture muscle activity precision around the forearm we employ directional statistics 41. Directional statistics characterize the distribution of muscle activity around the forearm considered as a unit circle. Features in this group include: Circular-mean, resultant, skew, kurtosis, standard deviation and variance 41. To our knowledge, these features are new to EMG-based gesture classification and could offer a visual link to therapeutic movements via game control.

  classifiers include decision trees, linear discriminant analysis, nearest neighbor, ensembles and naïve Bayes 50. The top two performing classifiers based on this subset are presented here. These are the SVM and the random subspace ensemble classification of k-nearest neighbor learners (ENS) (MATLAB fitensemble) 42. Full model specification are available on GitHub. Reported also are weekly changes in the true positive and true negative rate (AUC) during home-based classification. Here only calibration-game data up to the current week were used to train the model and tested against actual game-play data.

3. 4 . 3 . 6 .

 436 Aim 2 Therapeutic practice Overall participant specific classification accuracy in the primary target gesture, extension-open fingers averaged: 0.91 ± 0.07, 95%CI = 0.87 -0.94 and 0.80 ± 0.14, 95%CI = 0.73 -0.87 in the extension-closed fingers gesture and 0.75 ± 0.23, 95%CI = 0.64 -0.86 for pinch gesture.Table 3.4.3 shows F1, MCC and sensitivity scores by class and model.

Figure 3 . 4 .

 34 Figure 3.4.2 shows weekly home-based classification performance averaged across participants. Home-based classification, aimed to distinguish the target gesture, extension-open fingers from extension-closed fingers were completed with small training sets obtained during the 1-minute calibration.
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 342 Figure 3.4.2 Target class weekly classifier performance Target class (wrist extension-open fingers (Ext-O)) AUC (area under curve of false positive rate * true positive rate) for each training week averaged across participants (N=19). Sample sizes listed below corresponding weeks are mean ± standard deviation of training (N train) and testing (N test) sets across participants.

Figure 3 . 4 . 3 , (F2, 54 = 8 .

 343548 08, p < 0.001). Post-hoc testing showed a lower mean importance in the channel-independent feature group (0.19 ± 0.16) compared to both the RA feature group (0.42 ± 0.21, p = 0.001) and the MV feature group (0.38 ± 0.19, p = 0.009).
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 343 Figure 3.4.3 Feature group importance Relative feature group importance showing uncommon relative muscle activities (RA) group and high movement variability (MV) group with greater importance than traditional, channelindependent (CI) feature group. † Indicates feature groups with significantly greater importance compared to the CI feature group (p<0.01).

3. 4 . 4 . 2 .

 442 Feature groupsTask specific muscle synergies in people with CP are influenced by neural and biomechanical factors including flexor spasms, weakness, and pathological reciprocal inhibition leading to unbalanced co-contraction 60. RA features characterize relative activity around the forearm and are person-dependent. The use of these features indicates the participants create differential flexor/extensor synergies between gestures. This is meaningful, as high flexor tone and unbalanced co-contraction often limits finger extension capacity, particularly when the wrist is above neutral60-62. Distinguishing this small difference (between open and closed finger extension) is an important quality to RA features and is reflected in their correlation to improvements in wrist extension.

Relative Activity Group 40 :Movement Variability Group 41 :

 4041 the UFR ST, of University of Evry for lending computers. And to the developer of the game, KasSanity Inc. The authors also wish to acknowledge the data processing and administrative assistance of the Research Manager.The threshold condition is used to avoid from background noise and evaluate ZC after given minimal activity (mean of n in the current study) 37.Willison amplitude (WAMP) Slope sign changes (SSC) Mean Absolute Difference of the Normalized (MADN) 123Where Xi [n] is the nth data point from channel i after the data in the window is normalized (mean value subtracted from each raw data point, and then the resulting values are divided by their standard deviation). wl is the window length, or the number of raw data points in one window 40.Scaled Mean Absolute Value (SMAV)Where and, i, is the channel and 8 is the number of sensors on the Myo Armband.Co-contraction Index (CCI)Where, Xe is activity from the channel designated as the extensor sensor, and Xf is activity from the channel designated as the flexor sensor.Scaled Co-contraction Index (SCCI)Where, SMAVe is scaled activity from the channel designated as the extensor sensor, and SMAVf is scaled activity from the channel designated as the flexor sensor.Circular mean (CircMean) , is a sample of all data at one instant I 41.

  daily activities were discussed in an SFC-style conversation pre-, post-intervention and during weekly check-ins. Participants controlled a video game by completing therapeutic gestures (wrist extension, pinching) detected via electromyography and inertial sensors on the forearm (Myo Armband and custom software). Feasibility success criteria for recruitment response, completion and adherence rates, and frequency of technical issues were established a priori. Outcome measures for Body Function, active wrist extension and grip strength, were assessed repeatedly during baseline and intervention. Pre-and post-intervention assessments were made for Box and Blocks Test and Activities and Participation measures (Assisting Hand Assessment (AHA), Canadian Occupational Performance Measure (COPM), Self-Reported Experiences of Activity Settings (SEAS)).Results. Recruitment response (31%) and assessment completion (84%) rates were good and 74% of participants reached self-identified practice goals. As 17% of technical issues required external support to resolve, the intervention was graded as feasible with modifications. No adverse events were reported.Moderate effects were observed inBody Function measures (active wrist extension: SMD = 1.82, 95%CI = 0.85 -2.78; Grip Strength: SMD = 0.63, 95%CI = 0.65 -1.91; Box and Blocks: Hedge's g = 0.58, 95%CI = -0.11 -1.27) and small-moderate effects in Activities and Participation measures (AHA: Hedge's g = 0.29, 95%CI = -0.39 -0.97, COPM: r = 0.60, 95%CI = 0.13 -0.82, SEAS: r = 0.24, 95%CI = -0.25 -0.61).

Methods 4 .

 4 3.3.1. Design A randomized, multiple-baseline single-case experimental design (SCED) with two phases was applied. SCED designs can provide strong evidence wherein participants serve as their own controls for the purpose of within-subject comparison 23. SCED research typically involves collecting a representative baseline phase through repeated measurements of an outcome of Measures for ICF chapter: Body Function, changes in: active wrist extensionopen fingers (AWEO) grip strength (GRIP) gross manual dexterity (B&B) First, to evaluate the capacity with which one can open their hand, a manual goniometric measurement of active wrist extension 44 with open and closed fingers was made. Participants start with the elbow in 90 degrees of flexion, the forearm pronated to the extent possible and the upper arm alongside the trunk. With the forearm fixed by the assessor, the child performs three wrist extensions per side

3. 7 )

 7 employing packages: SingleCaseES 63 and RcmdrPlugin 25 .

Figure 4 . 3 . 1

 431 Figure 4.3.1 CONSORT recruitment flow chart Standardized recruitment flowchart depicting the number of screened, enrolled, allocated and assess participants. Clinical assessment completed before and after intervention with occupational therapist: Box and Blocks, Assisting Hand Assessment and COPM Goals. As in single-case design, all participants allocated to same intervention.

Figure 4 . 3 . 2

 432 Figure 4.3.2 Active wrist extension effect size and variance Forest plot showing individual changes between baseline and intervention phases in active wrist extensionopen fingers. SMDstandardized mean difference, 95% CIconfidence intervals, and weight (contribution to group effect) presented on the right.
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 433 Figure 4.3.3 Grip strength effect size and variance Forest plot showing individual changes between baseline and intervention phases in grip strength relative to dominant hand. SMDstandardized mean difference, 95% CIconfidence intervals, and weight (contribution to group effect) presented on the right.
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 434 Figure 4.3.4 Visual analyses summary for Slope, Level and Non-overlapping data

4. 3 . 4 . 4 .

 344 Aim 2b Activities and Participation

Figure 4 .

 4 Figure 4.3.5 summarizes pre-post changes, ordered by practice time (minutes in system). Post-

Figure 4 . 3 . 5

 435 Figure 4.3.5 Pre-post-intervention change scores by participant

  found 6±3 degrees improvement in wrist extension across 30 young children with CP after 24 weeks at 3 * 60 minutes/week and 29 saw 18±12 degrees change with four participants after 30 minutes * 5 sessions of EMG-based neurotherapy. Note, the wide range in practice time and different nature of the interventions may contribute to the inconsistency between studies.

  reported an average 15% grip strength improvement after 12-weeks hand function training in 15 children with CP. 70 observed a median 25% change from 5 participants pre-test values after 8-weeks of single joint resistance training combined with Botulinum toxin A injections.Post-hoc analyses showed differences in Body Function effect based on CP severity.Participants with more severe involvement (MACS level II) had greater gains in active wrist extension (8±10º) and smaller gains in grip strength (-8±7%) compared to participants at MACS level I. Statistical confirmation is not advised based on sample size and variance.

CONSORT 2010 checklist of information to include when reporting a pilot or feasibility randomized trial in a journal or conference 1 . 5 .Focus 10 .-- 30 *----

 151030 SM, Chan CL, Campbell MJ, Bond CM, Hopewell S, Thabane L, et al. CONSORT 2010 statement: extension to randomised pilot and feasibility trials. BMJ. 2016;355.*this item is specific to conference abstracts **Space permitting, list all pilot trial objectives and give the results for each. Otherwise, report those that are a priori agr eed as the most important to the decision to proceed with the future definitive RCT.& } } v ( v Xa. Acknowledge their competencies and resource already in place b. Review their long-term goals c. Review their short-term goals and how the game links to this d. Reaffirm their action plan 5. Evaluate the discussion a. On a scale from 1 to 10Have we discussed everything you wanted to today? Do you feel we understood what you want from participating? do you do that?ii) Y X v ` Z o M X X XFind exceptions and improvment i) Was there certain times when you felt you improved a little bit? ii) How did you feel?Y X v ` Z o M X X X Reinforce i) What has helped you to continueto progress in your practice? ii) What did you learn from that? What helped to make the game easier to play? 2. What helped to make the game harder to play? 3. Did you feel like you were in control of the game? 4. Did anything hold you back from playing the way you wanted? Strategy Was there anything that you used when playing the game to help you succeed? 6. Did the score change how you played the game? 7. Did the characters change how you played the game? 8. What was your strategy to avoid the obstacles?9. Name the game you have played that is most similar to this game. What was the most important part of the game for you? 11. If you could change any aspect of the game or your experience, what would it be?Unlimited budget and time.Open Interview Questions (2 of 2) Motivations for participating, -Personalized scheduling and practice goals, Intervention connection to daily 'real-life' activities.-Set Canadian Occupational Performance Measure (Repeated 3-6 times, until established stability in the outcome measure: active wrist extensionopen fingers. ** As few times as possible (1-2) to make sure participants understand system operation (can complete checklist). Minimize interaction with game content. Randomized wait 1-10 days, before participants receive the system to play independently Researcher N/A INTERVENTION (Phase B), repeated for 4 weeks Intervention practice, at home Play video game using a therapeutic gesture, one of: wrist extension-open fingers, wrist extension-closed fingers, fingerthumb pinch, supination. Active wrist extension -Grip strength -* SEAS questionnaire Check-in conversation (following EARS guide): Gauge satisfaction, motivation, Modify practice goals and game difficulty if necessary Record play session: Game calibration (if required)* SEAS completed at first and last assessment only.

  the objective of the game and the resulting development activities. Differentiating between wrist extension with open and closed fingers became a priority. Consequently, other gestures like pinching and supination were secondary. The current system lays the foundation to build a gesture androgynous controller, however further development in this regard is necessary. Validating classification accuracy in this supervised learning problem was dependent on the quality of ground truth labelling. Ground truths were established manually via synchronized video evaluation. Distinguishing on video if the participant was extending with fingers open or closed was not always clear. Particularly when the person has minimal capacity to open the hand, how to label a frame was sometimes somewhat subjective. Multiple raters would help improve confidence. Alternatively, internal sensors on the fingers, hand and wrist may be helpful. Further, closed versus open finger extension may be better evaluated on a continuum since gesturing with a partially opened hand still has merit towards therapeutic practice and is a signal of the user's intent.The AB design employed was reasonable for this early stage pilot feasibility test, especially considering the short time periods in which researchers interacted with participants (approximately 8 weeks). A stronger study design (e.g. case-control or withdrawal) would improve the confidence in the strength of evidence of treatment effects 3. Recognizing the paradoxical balance that needs to be found between resources and confidence, it is encouraged to explore methods with longer interactions with participants at this point (e.g. return-to-baseline,).

  set of outcome measures for evaluating biofeedback interventions. The massive diversity in outcome measures is the primary contributor to the low grade of evidence. ICF Core Sets have been developed to standardize the functional assessment of CP Wright and Majnemer 2014 suggest toolboxes with common measures for most types of tasks 4. While not exhaustive, they address many of the ICF Core Set categories. Further, Schiariti et al (2014) identify which ICF Core Set categories are addressed in common outcome measures 5. With these tools, a research could identify outcome measures that are common, feasible and address the individual's goals. Develop a framework to standardize biofeedback modulation as competency increases. While this thesis uses a systematic approach to determine when to add/change/remove biofeedback, little work has been done to validate and optimize biofeedback modulation in young people with neuromuscular disorders. Developing best practices in this regard would help teams more easily implement biofeedback for improving retention in motor learning. Develop networks and training resources to facilitate collaboration between independent game developers and research/clinical teams. Throughout this project there were consistent remarks from developers looking to contribute and from researchers in need of content. While considerable resources may be required to build fruitful relationships, formalizing a structure to connect these groups would contribute to the mass of content necessary for improving adherence in home-based therapy activities. Integrate advances in feature processing and classification methods. There is an increasing body of literature and resources available towards implementing real-world bio-signal processing and classification algorithms. For instance, adaptive incremental hybrid classifiers may be promising towards accounting for electrode shift, muscle fatigue, unwanted motion and force variation 6. Further, resources such as Myo-HMI are allowing researchers to more effectively identify discriminating features with niche datasets 7. Applying tools of this nature may improve the predictive capacity of the software developed here and allow it to more easily extend to other therapeutic gestures. Build and apply motivational toolkits. Paramount to any activity of this kind is the individual's personal investment. It is vital to ensure that home-based ICP therapy activities align with individual motivations and goals to support cognitive, affective and behavioural engagement 8. The feasibility study in this thesis used Solution-focused Coaching as one strategy to build these motivations. The strategy required flexibility in the conversation and was effective for some but not others. In such cases, we played to the individual's competitive and creative interests to motivate. We would recommend researchers and 249 clinicians equip themselves with a tool-kit for motivational and conversational techniques and practice extensively. A toolkit of motivational resources would guide researchers in their training and strategy for implementing ICP therapy activities, similar to those offered for motivational interviewing. Conduct a randomized controlled trial. Given the feasibility outcome and lacking quality of biofeedback intervention evidence presented in this thesis, a broad ICP therapy activity RCT is necessary. The study should consider a generalized content structure to relax the applicability of the RCT results. Where normally outcomes from an RCT would apply only for a specific game, generalized content that meets movement goals (e.g. repetition and range of motion frequency) could be used in many and new games. This would ultimately extend

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

2 Décompte des études et des mesures utilisant chaque caractéristique du biofeedback avec les résultats correspondants

  Remarque : le nombre total d'études est de 57, une seule étude peut avoir des résultats tant dans les activités que dans la participation et dans les fonctions corporelles. Les études peuvent également avoir des mesures pour plusieurs domaines ICF.

																résultat
																descript
		Autre	1		1		1		0		0		0		1	if
	Activités et participation Fréquence Cohérente	29	70	95	37	61	70 21	53 13	45	54	12	41	13
	Changement et maintien de la position du Bande passante 11		21		12		3		6		16		5	
	corps	Cohérent et	13	22	31	15	21	22 6	19 4	14	30	3	1	5
	Interactions interpersonnelles générales bande passante		1		1		1		1		1		0		0
	Autosuffisant	Autre	4	2	5	2	2	2	2	2	1	2	5	0	0	0
	Marcher et bouger Autonomie	Passif	56	15	15	9	95	15 32	11 24	10	104	3	47	2
	Transport d'objets en mouvement et en		1											
	manipulant	Autre	1	21	1	15	1	21 0	16 0	11	1	5	0	5
	Acquérir des compétences		9		6		9		7		7		1		1
	Fonctions du corps			82		37		82	39	51		20		11
	Transport d'objets en mouvement et en													
	manipulant			43		23		43	23	24		12		7
	Fonctions de modèle de démarche		22		9		22	10	16		4		2
	Mobilité des fonctions articulaires		2		2		2		1		2		0		0
	Fonctions de puissance musculaire		5		5		5		4		4		1		0
	Fonctions de tonus musculaires		6		6		6		3		4		2		0
	Fonctions réflexes motrices		1		1		1		1		0		0		1
	Fonctions perceptuelles		3		1		3		3		1		1		1
	Tableau Caractéristique	Description de	Comp		Compte des mesures							
	de rétroaction	la rétroaction	te des													
			études													
			Total		To		Chan		no		résultat		en ce qui concerne	en ce qui concerne
					tal		geme		n-		descrip		les activités et la	les fonctions
							nt		ch		tif		participation		corporelles
							positi		an							
							f		ge							
									me							
									nt							
	Méthode de	Audio	10		22		12		4		6		12		10	
	présentation	Visual	6		15		8		6		1		10		5	
		Visuel et	11		27		21		4		2		14		13	
		Audio														
		Hépatique	1		5		1		1		3		3		2	
		Motivation	6		9		7		0		2		6		3	
		dérivée														
		Immersive	22		69		46		13		10		60		9	
		Autre	1		5		1		4		0		0		5	
	Variable de	Précision	7		13		8		4		1		10		3	
	mouvement	Force	3		7		5		2		0		5		2	
		appliquée														
		Flic	6		18		12		5		1		16		2	
		EMG	8		26		13		6		7		10		16	
		Angle commun	15		37		23		7		7		31		6	
		Coordination/e	16		43		31		7		5		28		15	
		xécution des														
		mouvements														
		Autre	2		8		4		1		3		5		3	
	Focus de	KP	21		48		35		7		6		34		14	
	l'attention	KR	32		88		54		17		17		68		20	
		KP et KR	2		10		6		4		0		2		8	
		3Other	2		6		1		4		1		1		5	

Tableau 3 Performance globale de classification au niveau du groupe

  Classificateur de performance moyenne et écart standard (SD) avec 95% d'intervalles de confiance (CI) entre les participants (N -19)

	Ext-O	0.87	0.06	0.84 -0.90	0.72	0.11	0.66 -0.77	0.88	0.07	0.84 -0.91
	Pinch	0.78	0.14	0.71 -0.85	0.76	0.14	0.69 -0.82	0.77	0.19	0.68 -0.86
	ENS									
	Ext-C	0.82	0.09	0.77 -0.86	0.73	0.10	0.68 -0.78	0.80	0.14	0.73 -0.87
	Ext-O	0.90	0.05	0.87 -0.92	0.77	0.10	0.72 -0.81	0.91	0.07	0.87 -0.94
	Pinch	0.80	0.18	0.72 -0.89	0.80	0.15	0.73 -0.87	0.75	0.23	0.64 -0.86
		F1			MCC			Sensitivité		
		Moyenne	SD	95%CI	Moyenne	SD	95%CI	Moyenne	SD	95%CI
	SVM									
	Ext-C	0.76	0.12	0.71 -0.82	0.66	0.13	0.59 -0.72	0.75	0.15	0.68 -0.83

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

•

  Orienter et superviser la motivation intrinsèque • Aider les participants à identifier des programmes de soutien et des stratégies réalistes pour respecter leurs objectifs thérapeutiques.

	Critères	Pourcentage	Description de l'évaluation	Critères
		atteint		respectés
	Taux de réponse de 10 %	31%	19/62 des participants admissibles ont été	Oui
			recrutés	
	Étude complète de 80 %	84%	3/19 participants ont effectué toutes les	Oui
			évaluations	
	66 % des objectifs de pratique	74%	14/19 les participants satisfaisaient aux critères	Partielle
	auto-identifiés		d'objectifs	
	0 restrictions de pratique liées	17%	6/36 problèmes techniques signalés non résolus	
	aux questions techniques		immédiatement et restreindre la pratique	

L'évaluation des critères de faisabilité définis a priori a montré que le protocole d'intervention à domicile d'un mois était réalisable avec des modifications mineures. Le taux de réponse au recrutement (31 %) et de complétion de l'évaluation (84%) étaient bons. 74 % des participants ont atteint leurs objectifs de pratique auto-identifiés et 83 % des problèmes techniques rencontrés ont pu être résolus immédiatement (Tableau 4).

Tableau 4. Évaluation des critères de réussite de la faisabilité

Non L'achèvement partiel en tant que certains participants, mais pas tous (74 %) 66 % des objectifs de pratique auto-identifiés.
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  8. Interactive computer play (ICP) can motivate therapy and facilitate highly repetitive practice from home. ICP is "any kind of computer game or virtual reality technology where the individual can interact and play with virtual objects on a computer generated environment" 9. For this project, we will use ICP in the form of a video game where a player will do therapeutic movements to control game actions on-screen. It is an attractive way to augment traditional therapy and align with children's interest. Eight of 10 young people with cerebral palsy (CP) enjoy playing video games recreationally 10. ICP has been used to improve balance 11, gait symmetry 12, upper limb strength 13 and occupational performance in children with unilateral CP

14. The nature of ICP allows researchers and service providers to build flexible environments that can adapt with the individual and provide therapeutically relevant feedback.

Feedback of a movement is critical when implementing strategies to improve motor activities

15. 

  1. 

	Biofeedback is advantageous as it can be ubiquitously added to interventions to enhance the This systematic review evaluates the quality of evidence for biofeedback interventions targeting 2.3.4.1.2. Intervention SCOPUS, SPORTDiscus, and PEDro. Databases were searched from conception through
	practice environment. However, the specific mechanisms by which biofeedback is implemented motor outcomes in people with CP. The review includes quantitative study designs comparing All biofeedback interventions targeting motor activity (e.g. control, strength, daily activities), October 2017. Citation tracking of relevant articles and systematic reviews provided additional
	within the intervention can dictate its effectiveness. Additionally, the most effective form of either: pre-post-intervention, no-feedback controls, or alternative feedback groups. The kinematics (e.g. speed, body trajectory) or kinetics (e.g. applied force) of voluntary movements studies. Search terms were a combination of types of biofeedback (sensory, auditory,
	biofeedback can be specific to the competency and stage of learning of the individual 9. Previous intervention outcomes were mapped to the International Classification of Functioning, Disability were included. Interventions addressing oromotor, bladder, and respiratory functions were proprioceptive, tactile, etc.) and types of CP (hemiplegia, quadriplegia, ataxic, athetosis, etc.) 1.
	literature in motor control and motor learning in other populations (e.g. stroke) as well as and Health 13 (ICF) framework and quality of evidence was classified per The Grading of excluded.
	individuals with CP have suggested some key characteristics important to biofeedback design 6-Recommendations Assessment, Development, and Evaluation (GRADE) 14. Through this
	Introduction 11. These characteristics are outlined in Table 2.3.1 and include: method of presentation, evaluation, the relationship between feedback characteristics (i.e. Method of presentation, 2.3.4.1.3. Comparator
	Cerebral palsy (CP) is a disability occurring near birth related to an injury or abnormality of the movement variable, focus of attention, timing, frequency, and autonomy. The method of Movement variable, Focus of attention, Timing, Frequency, Autonomy) and effectiveness of the Participants were either compared against themselves (pre-post-intervention), participants who
	brain 2. CP may cause limitations in motor control, perception, intellectual function, activities of presentation used to communicate feedback information is commonly a visual or audio cue. This biofeedback interventions are explored. This research has implications in the design of improved did not receive feedback (no-feedback controls), and/or or participants who received an
	daily living, and participation 3. Individuals with CP often participate in therapeutic interventions cue is triggered based on the targeted movement variable which can be internally focused (e.g. biofeedback interventions to optimize motor rehabilitation of individuals with CP. alternative biofeedback intervention. Studies assessing only the influence of a feedback
	to improve their ability to perform functional motor activities. Common interventions for angle at the elbow, or biceps muscle activity) or externally focused (e.g. the speed of completing intervention between individuals with CP and typically developing controls, without providing
	improving functional motor activities include constraint induced movement therapy (CIMT), a task) 9. Movement variables are closely related to the concept of focus of attention. Focus of within group pre-post assessments, were excluded.
	bimanual training, and occupational therapy 3. To be effective, these therapeutic interventions attention describes feedback as either (a) linked to components of how the movement is carried
	demand a high dose of practice, appropriate challenge, sustained motivation, and feedback on out such as range of motion (Knowledge of Performance (KP)) or (b) linked to the end result or 2.3.4.1.4. Outcomes
	motor activities in line with theories of neuroplasticity and motor learning. This review is outcome of the movement (Knowledge of Results (KR)) 10. Timing is concerned with when Primary study outcomes needed to relate to motor performance with implications for improving
	focused specifically on the role and effectiveness of feedback in motor interventions targeting during a task cycle feedback is presented. Feedback may be provided continuously throughout daily activity. This includes standardized clinical measures of function (e.g. Six Minute Walk
	people with CP 4. the task (concurrent) or upon completion of a task (terminal) or after a set of tasks (summary) 11. https://doi.org/10.1186/s13643-017-0405-y). test (6MWT) or the Jebsen-Teylor Hand Function Test (JHFT)) along with author-described
	Feedback in motor activities can generally be characterized as either intrinsic or extrinsic. Frequency is concerned with the decision to provide or withhold feedback, and how it changes as the user's skill develops. Feedback may be delivered only if the performance falls within or functional tasks (e.g. changes observed in performance of a skill like swimming or dart 2.3.4.1. Selection criteria throwing). Secondary outcomes related to qualitative and quantitative measures of task
	Intrinsic feedback is derived from natural perceptions within the individual while extrinsic exceeds an acceptable range (bandwidth frequency). Feedback frequency may decrease as Noting that the purpose of this review is to evaluate the effects of biofeedback interventions performance. These may include kinematic measurements of limb speed, trajectory, range of
	feedback includes information offered to the individual from an external source (e.g. from a competency in the skill increases (faded) or remain the same as time progresses (consistent) 12. targeting motor outcomes in individuals with CP, selection criteria included a diverse range of motion (ROM) or kinetic measurements such as center of pressure (COP) and strength,
	therapist or device) 5. In this review, the term biofeedback refers to extrinsic feedback, where Lastly, there are degrees of autonomy when offering feedback to a participant. When feedback study designs, task objectives and biofeedback parameters. Study selection was restricted to any electromyography (EMG) measuring co-contraction or normalized muscle activity, and Reprinted with permission from Taylor & Francis: information about the motor performance is collected and communicated back to the individual. has a high degree of autonomy, users are actively choosing if and when to receive feedback 11. quantitative study design (e.g. randomized controlled trials (RCTs), quasi-randomized trials, participant or guardian-determined evaluations of intervention efficacy. Primary and secondary
	Practically, biofeedback can represent any biological variable, for example: the arm orientation Conversely, in feedback with low autonomy users are passive, and given feedback without quasi-experimental studies, cross-over trials, case-control studies, cohort studies, case series measures were classified into ICF outcome domains related to Body Functions or Activities and MacIntosh, A., Lam, E., Vigneron, V., Vignais, N., & Biddiss, E. (2019). Biofeedback while reaching 6, muscle activity patterns during walking 7, or changes in centre of mass while choice or consideration to their interests. Current motor learning theory recognizes that the most (n>3), published conference papers) in English or French. Participation using the guidelines established by Cieza et al (2005). In coherence with these interventions for individuals with cerebral palsy: A systematic review. Disability and Rehabilitation, 41(20), 2369-2391. https://doi.org/10.1080/09638288.2018.1468933 running 8. This information can enhance motor activities by adding sensory stimuli that may be in deficit or by augmenting strategies required to overcome functional limitations 6. A systematic appropriate feedback method can change as an individual becomes more familiar with a task or guidelines, the objective of using the measure as identified in the article guided the grouping of 2.3.4.1.1. Participant inclusion as task complexity increases 9. However, it is suggested that providing feedback after a block of each outcome measure 13.
	review of all interventions for people with CP by Novak et al. 2013, indicated that biofeedback trials (summary) and reducing the frequency over time (faded) may improve performance and Participants included individuals with a clinical diagnosis of CP with no restriction on the
	may be an effective intervention strategy for improving motor activities for children with spastic retention. This approach encourages the user to explore different strategies and avoids severity or involvement. Studies with participants having comorbidities identified by the authors 2.3.4.2. Search strategy
	cerebral palsy and dynamic equinus deformity. This evaluation was made with lower confidence dependence on the feedback 11. as potentially obscuring results of the biofeedback interventions, such as severe cognitive With the assistance of a research librarian, potentially relevant articles were identified through
	compared to interventions such as CIMT as it was based on a single study 3. impairment, were excluded. Participants with CP of any age were included. MEDLINE, CINAHL, EMBASE, PsycINFO, Cochrane Center Register of Controlled Trials,

Methods

The systematic review protocol was developed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Protocols (PRISMA-P). The review protocol is registered with PROSPERO, an international database of prospectively registered systematic reviews (Ref: CRD42016057612), and published in Systematic Reviews1 (url:

Table 2 .3.1 Feedback characteristics Characteristic Categories Examples Method of presentation-

 2 

	.3.1 (i.e.

Faded

Audio feedback given for every trial in the first 100 trials, followed by every 5 trials for the next 100

Autonomy-

Describes the participant's ability to decide if to receive feedback Passive Red dot displaying centre of pressure is externally controlled by therapist or automatically programmed to be visible during the trial Active Participant has a switch which they control, the switch can be used to turn on the red dot displaying centre of pressure, or turn it off

Table 2

 2 .3.2 which outlines: study design, sample size, population, intervention design, outcome measures and risk of bias. A total of 817 participants completed biofeedback interventions for motor activities. These articles were published between 1976 and 2017. Retention of motor activities was evaluated in 18 studies with follow-up times between 1 day and 14 months.

Table 2 .3.2 Descriptive summaries of included articles

 2 

	Reference	Study	N	CP description	Age ǂ	Brief Description of	Frequency	Risk of	Comparison	Measure	ICF Domain
	(Author	Design				Intervention	and	Bias			
	Year)						Duration				
	Baram &	Single case	14	CP with gait	c-a	Gait training with visual	20min * 1	High	Pre-post	Gait length	Gait pattern functions
	Lenger 2012	study		disturbances	12.34	and audio feedback from a	session			Gait speed	
	16					VR device					
	Bertoti &	Single case	5	Spastic	c	Trunk posture reward-	40min * 1	Low	Pre-post	Time in desired ROM	Changing and
	Gross 1988 17	study		di/quadriplegia	4.3	contingency video	session				maintaining body
						feedback based on ROM					position
	Blumenstein	Single case	7	Spastic	y-a	Glove for finger tactile	25 rep * 8	Unclear	Pre-post	Box and Block Test	Carrying, moving, and
	et al 2015 18	study		hemi/diplegia	14.28	perception with visual	sessions in 2			% Error-finger calling	handling objects
						feedback	wks			% Error-tactile	Perceptual functions
										sensation	
	Burtner et al	Single case	19	Spastic	c-y	Discrete arm movement	200 trials *	Low	Feedback-	Movement accuracy -	Control of voluntary
	2014 5	study		hemiplegia	11.58	with prescribed	1 session		type group	RMSE	movement functions
						spatiotemporal parameters				Movement consistency	
						and visual feedback				-Variable error	
	Chen et al	Single case	4	Spastic	c	Reaching and grasping	2h/wk over	Low	Pre-post,	Movement accuracy -	Carrying, moving, and
	2007 19	study			6.3	games in VR	3 sessions *		follow-up	RMSE	handling objects
							4 wks			Movement consistency	
										-Variable error	
										PDMS-2	
										Time of task	
										completing	
	Chen et al	Case-	41	Spastic	c-y	Ankle training program	40min *	High	Pre-post,	PBS	Changing and
	2016 20	comparison		hemi/diplegia	9.6	with plantarflexion as	3x/wk * 6		follow-up	TUG	maintaining body
						video game control	wks			AROM	position
										PROM	Control of voluntary
										Selective control of the	movement functions
										lower extremities	Muscle power
										Ankle Strength	functions
										MAS	Walking and moving
										6MWT	
	Chen et al	Case-	7	Spastic	c	VR game control for arm	4min * 1	Unclear	Pre-post	Successful reaches	Acquiring skills
	2017 21	comparison		hemiplegia	9.86	reaching with verbal	session				
						feedback					

Table 2 .3.3 GRADE evidence profile-Biofeedback interventions addressing Activity and Participation outcomes for people with CP

 2 2.3.5.2. Quality of evidence Quality of evidence for biofeedback interventions for improving Activities and Participation and for Body Functions are in Table 2.3.3 and Table 2.3.4, organized by ICF domain. There were 20 controlled studies and 37 observational studies. A summary of the number of articles and measures by ICF domain can be found in Table 2.3.5. The Quality of evidence within each domain was initially classified as 'Low', given the proportion of observational studies. Further, the measures used to assess each domain were heterogeneous (104 distinct measures across the 13 ICF domains). Together, this inconsistency warranted downgrading by one level to a 'Very Low' quality of evidence. From the 57 included studies, 45 showed at least one positive Per best available information provided by the authors. † Results comparing pre-post intervention evaluations ‡ Results comparing pre-test and follow-up evaluations Improved on PEDI (Self-care) T=5.6, p<0.01 91 B Improved on Wee-FIM for feedback-group vs. no-feedback group 93

	P: People with clinical diagnosis of cerebral palsy							
	I: Interventions using biofeedback to improve motor activities							
	C: Pre-intervention assessment and/or no-feedback comparison group of people with CP					
	O: Post-intervention assessments									
	Assessment							Summary of findings		
	ICF outcome	Limitations	Risk	Inconsistency	Indirectness	Imprecision	Other	Total	Estimate of effect	Quality of	Importance
	domain		of				consider-	N	(effect size, f/t and p value, mean (SD),	evidence	
	No. studies:		Bias				ations 1		n/n participants improved) 2	(GRADE)	
	controlled/										
	observational										
									5/6 †A		
	Carrying, Moving and Handling Objects 4/10	Serious limitations	No serio bias of risk us	Serious inconsistency	No serious indirectness	Serious imprecision	None	154	2/4 †H T=0.29, p=0.75 †G pre=62.7(21.1), post=63.9(19.3) †F p=0.06 †E 2/4 †D1,2, 2/4 ‡D1,2 4/4 †B, 0/4 ‡B 2/4 †C, 1/4 ‡C	Very Low ⊕⊙⊙⊙	Critical
									F=2.7, p<0.05 †I1, F=8.7, p<0.05 †I2		
									p<0.058 † ‡J		
									p=0.112 †K		
									p=0.046 †L		
									T=2.3, p<0.05 †M1, T=3.5, p<0.01 †M2		
									T=1.1, p>0.05 †N		
									F=15.4, p<0.001 †O		
									p>0.05 »P		
									pre=41.5(31.25), post=44.5(28.5) †Q		
									pre=67.28(20), post=71.19(28) †R1		
									pre=42(28), post=54(28) †R2		
									d=1.59 †S		
									res=0.40 †T		
	Changing and	Serious	Serio	No serious	Serious	Serious	None	205	5/6 †A	⊕⊙⊙⊙	Critical
	Maintaining	limitations	us	inconsistency	indirectness	imprecision			5/5 ≠B	Very Low	

outcome. There were 96/152 outcome measures with statistically or author described clinically significant effects. No changes were found for 32/152 measures and only descriptive results were reported for 24/152 measures. The final evaluation for each outcome was set to a 'Positive Very Low' quality of evidence.

Footnotes:

1 Other factors considered as per GRADE recommendations (e.g. publication bias, dose-response gradient, magnitude of effect). 2 » Results comparing pre-test and transfer test evaluations ≠ Results comparing no-feedback and with-feedback evaluations Carrying, Moving, and Handling Objects A Improved completion time for fine motor battery (bringing hands together, touching mouth with right/left/both hands, and reaching and grasping an object) 26 B Improved PDMS-2 score above minimal detectable change of 4.9 71 C Improved completion time for virtual reach and grasp task 71 D Improved movement: accuracy (1), consistency (2) 71 E No change in forearm supination/pronation or wrist extension/flexion ROM 72 F Non-significant group change in AHA above minimal detectable change of 5 units (2/6 participants showed improvement) 73 G Non-significant change in Box and Blocks Test 74 H Improved SHUEE score (Spontaneous Functional Analysis subset) 75 I Improved performance on VR reaching task: accuracy (1), completion time (2) 76 J Improved performance on each JHFT domain, except in top-picking up large heavy objects 77 K Non-significant change in Melbourne Motor Assessment pre-post = -2.1(5.2) 78 L Easier performance of two-handed daily activities by parental observation on ABILHAND, pre-post = E Improved time spent on target during quiet standing, no difference between feedback and no-feedback groups 87 F Improved amplitude of COP displacement in both directions: forwards (1), backwards (2) for feedback group more than no-feedback group 87 G Duration of target pressure on switch increased when using feedback (1) was unchanged at post-test (2) 88 H Increased time achieved on balance test 89 I Improved scores on balance tests: BBS, p=0.002 (1), BBT p=0.007 (2) 90 J Improved on PEDI (mobility) T=4.9, p<0.01 91 K Improved PBS scores: home-based group pre-post: p<0.001 (1), follow-up: p<0.001 (2), laboratory-based group, pre-post p=0.044 (3), follow-up p=0.11 (4) 92 L Improved TUG score: home-based group pre-post: p<0.007 (1), follow-up: p=0.274 (2), laboratory-based group, pre-post p=0.002 (3), follow-up p=0.002 (4) 92 M Improved pre-post change scores in: FRT(1), STST(2), TUG (3) compared to no-feedback group 93 A H Improved 6MWT scores: home-based group pre-post: p<0.001 (1), follow-up: p=0.212 (2), laboratory-based group, pre-post p=0.011 (3), follow-up p=0.022 (4) 92 I Improved pre-post change scores in: 10mWT(1), 10SCT (2) compared to no-feedback group 93 A Improved dart throw score compared to pre-test(1), no-feedback group(2) 101

Table 2 .3.4 GRADE evidence profile-Biofeedback interventions addressing Body Function outcomes for people with CP

 2 Non-significant change in voluntary movement of the ankle: tapping ability (1) dorsiflexion (2), at follow-up 111 Improved ROM in one or more phases of gait 120 3709983C Improved gait length: visual feedback group, p<0.05 (1), audio feedback group, p<0.05(2) 121 Improvement in median MAS score for feedback group: pre-post, p<0.001 (1) at follow-up, p<0.001 (2), compared to no-feedback group (3) 96 F Improvements in EMG activity for feedback group: pre-post (1), compared to no-feedback group (2) 126 G Non-significant change in Triceps: Biceps activity ratio pre-post: EMG-feedback alone (1) EMG-VR feedback (2) p>0.05 118

	P: People with clinical diagnosis of cerebral palsy								
	I: Interventions using biofeedback to improve motor activities							
	C: Pre-intervention assessment and/or no-feedback comparison group of people with CP						
	O: Post-intervention assessments									
	Assessment							Summary of findings		
	ICF outcome	Limitations	Risk of	Inconsistency	Indirectness	Imprecision	Other	Total	Estimate of effect	Quality of	Importance
	domain		Bias				consider	N	(effect size, f/t and p value, mean	evidence	
	No. studies:						ations1		(SD), n/n participants improved) 2	(GRADE)	
	controlled/										
	observational										
	Control of	Serious	Serious	Serious	No serious	No serious	None	277	9/12 †A1, 9/12 †A2	⊕⊙⊙⊙	Critical
	Voluntary	limitations	risk of	inconsistency	indirectness	imprecision			7/8 †B1, 7/8 †B2	Very Low	
	Movement		bias						0/8 ‡C1, 0/8 ‡C2		
	Functions								7/8 †D1, 0/8 ‡D1, 7/8 †D2, 0/8 ‡D2		
	6/14								F=3.1, p<0.05 †≠E		
									F=3.0, p=0.059 ‡≠F		
									1/4 †G		
									4/6 †H		
									p<0.02 †I1, p<0.02 †I2		
									p>0.05 ‡J1, p>0.05 ‡J2		
									0/4 †K		
									2/4 †L		
									pre=45.3(10.3), post=34.6(10.3) †M1		
									pre=45.3(10.3), follow-up=34.5(7.4)		
									‡M2		
									4/4 † N1, 0/4 ‡ N1, 1/4 † N2, 2/4 ‡N2		
									2/4 †O1, 3/4 †O2, 4/4 †O3		
									5/5 †P		
									5/6 ‡Q		
									𝜂 𝑝 2 =0.41 † ‡R		
									pre=16.0(6.8), post=18.4(7.3) †S1		
									pre=16.0(6.8), follow-up=18.2(7.2) ‡S2		
									pre=16.1(7.2), post=19.7(8.1) †S3		
									pre=16.1(7.2), follow-up=18.0(9.6) ‡S4		
									pre=5.8(2.7), post=7.3(2.1) †T1		
									pre=5.8(2.7), follow-up=7.3(2.2) ‡T2		
									pre=4.6(2.2), post=6.5(2.1) †T3		
									pre=4.6(2.2), follow-up=6.7(2.1) ‡T4		
									pre=-0.8(11.9), post=7.0(11.2) †U1		
									pre=-0.8(11.9), follow-up=6.2(12) ‡ U2		

Footnotes:

1 Other factors considered as per GRADE recommendations (e.g. publication bias, dose-response gradient, magnitude of effect). 2 Per best available information provided by the authors. † Results comparing pre-post intervention evaluations ‡ Results comparing pre-test and follow-up evaluations » Results comparing pre-test and transfer test evaluations ≠ Results comparing no-feedback and with-feedback evaluations Control of Voluntary Movement Functions A Improved head position: decreased frequency of errors (1), increased time in desired ROM (2) 106 B Improved head position: decreased frequency of errors (1), increased time in desired ROM (2) 107 C No change in head position: decreased frequency of errors (1), increased time in desired ROM (2), pre-test to follow-I Improved voluntary movement of ankle: tapping ability (1) dorsiflexion (2), pre-post 111 J S Ankle PROM: home-based group pre-post: p=0.061 (1), follow-up: p=0.167 (2), laboratory-based group, pre-post p=0.011 (3), follow-up p=0.022 (4) 92 T Improved SCALE score: home-based group pre-post: p=0.001 (1), follow-up: p=0.001 (2), laboratory-based group, pre-post p=0.001 (3), follow-up p=0.001 (4) 92 U Improved ankle AROM: home-based group pre-post: p=0.001 (1), follow-up: p=0.001 (2), laboratory-based group, pre-post p=0.001 (3), follow-up p=0.001 (4) 92 V Improved forearm movement accuracy (RMSE) during temporal line tracing: pre-post (1) between 100% feedback and 62% feedback groups (2) 114 W Improved wrist extension ROM in both groups: feedback, p<0.001 (1), no-feedback, p=0.015 (2) 115 X Greater improvement in wrist extension ROM for feedback compared to no-feedback groups at post-intervention 115 Y Non-significant in directional control between control and intervention periods: mediolateral sway (1), anterior-posterior sway (2) 94 Z Improvements in virtual arm movements: smoothness (1), shoulder angle variation (2), straightness (3), peak velocity (4), mean velocity (5) 79 α Improved CV for force variability for feedback compared to no-feedback groups 116 A Improvement (10 deg) in ankle dorsiflexion at heel strike 119 B J Improved percent of time toe walking (DFPI) with feedback compared to: daily gait (1), conventional therapy (2) 124 k Improved stride duration with feedback compared to: daily gait (1), no change compared to conventional therapy (2) 124 L Improved gait speed 100 M Improved gait asymmetry 100

Mobility of Joint Functions

A Improved ROM at ankle (during gait) for feedback group over no-feedback group, p<0.004 96 B Improved active elbow extension ROM pre-post: EMG-feedback alone, p=0.01 (1) EMG-VR feedback, p=0.01 (2) 118 Muscle Power Functions A Increased max dorsiflexor strength pre-post (1) at 6 wk follow-up (2) at 14 month follow-up (3) 111 B Dorsiflexor strength: home-based group pre-post: p=0.001 (1), follow-up: p=0.001 (2), laboratory-based group, pre-post p=0.017 (3), follow-up p=0.12 (4) 92 C Changes in peak torque: improved in no-feedback group, p<0.001 (1), non-significant change in feedback group, p<0.D Spasticity (MAS): home-based group pre-post: p=0.245 (1), follow-up: p=0.001 (2), laboratory-based group, pre-post p=0.077 (3), follow-up p=0.034 (4) 92 E

Table 2 .3.5 Count of studies and measures within each ICF domain with corresponding outcomes

 2 Note: total count of studies is 57, a single study can have outcomes in both Activities and Participation and in Body Functions. Studies can also have measures for multiple ICF domains.

	Count of Studies	Count of Measures
	total	unique total unique improvement no-change	descriptive result

Table 2 .

 2 3.6 shows the number of studies and measures that used each biofeedback characteristic.

Table 2 .3.6 Count of studies and measures using each biofeedback characteristic with corresponding outcomes

 2 Indicates < 5 measures were related to the biofeedback characteristics. Other describes measures in studies where the biofeedback characteristics themselves were evaluated. 1Other: Visual and audio or Immersive118, 2Other: Combination of Applied force, EMG, and Joint angle 111, 3Other: KP or KR+KR 103, 4Other: Concurrent or Terminal 126, 5Other: intervention frequeicies were blocked 103, intermittent or faded 101 114 102, 6Other: Passive or Active 102. Method of presentation. Feedback with multiple modalities (i.e. 'audio and visual' or 'immersive') were most prevalent and more often associated with positive outcomes. Studies with multiple modalities showed improvement in 70% of outcome measures (67/96) compared to 54% (20/37) of measures in studies using Audio or Video biofeedback alone. One study used haptic feedback via split-belt treadmill training within a VR environment 100. Yoo et al (2017) evaluated Method of presentation directly and found greater wrist extension ROM, elbow strength, and Box and Blocks Test performance after a single session using immersive feedback (a virtual reality game) compared to only audio and visual feedback 118. Interventions using only concurrent feedback were more likely to target Body Functions measures. Feedback was concurrently given in 83% (39/47 measures) of Body Function Measures compared to 46% (48/105) of Activities and Participation measures. Using unimodal timing (i.e. either Concurrent or Terminal) or multimodal timing (i.e. Concurrent and Terminal)showed minor differences in the proportion of measures with improvements post-intervention. In concurrently) or at the end (terminally) of a muscle relaxation intervention. Over 12 sessions, decreases in muscle activity were observed in both groups, with the greatest change seen for the group receiving concurrent feedback27.Frequency. In studies using measures related to Body Functions, the feedback was more often given only consistently, 87% (41/47) compared to 54% (54/100) for measures related to Activities and Participation. There were minor differences in effect between feedback frequency methods. Either consistent or bandwidth frequencies showed improvement in 63% (73/116) of measures, compared to 68% (21/31) of measures showing improvement when combining consistent and bandwidth frequencies together. Two studies evaluated frequency of feedback directly. In a one day training session, Burtner et al (2014) found no differences in line tracing accuracy between groups who were given feedback consistently or on a fading schedule 5. After eight training sessions, Hemayattalab and Rostami (2010) found that participants given feedback half the time performed better at retention than participants who were given feedback none of the time and all the time 127.

			Count of studies			Count of measures		
	Feedback characteristic	Feedback description	total	total	positive change	no-change	descriptive result	relating to Activities and Participation	relating to Body Functions
		Audio	10	22	12	4		12	10
		Visual	6	15	8	6		10	5
	Method of presentation	Visual and Audio Haptic Motivation derived	11 1 6	27 5 9	21 1 7	4 1 0		14 3 6	13 2 3
		Immersive	22	69	46	13	10	60	9
		*1Other	1	5	1	4		0	5
		Accuracy	7	13	8	4		10	3
		Applied force	3	7	5	2		5	2
		COP	6	18	12	5		16	2
	Movement	EMG	8	26	13	6		10	16
	variable	Joint angle	15	37	23	7		31	6
		Movement coordination/ execution	16	43	31	7		28	15
		*2Other	2	8	4	1		5	3
		KP	21	48	35	7		34	14
	Focus of	KR	32	88	54	17	17	68	20
	attention	KP and KR	2	10	6	4		2	8
		*3Other	2	6	1	4		1	5
	Timing	Concurrent Terminal	33 5	87 9	53 5	21 2	13	48 6	39 3

*

Movement variable. Studies using externally oriented movement variables (i.e. Accuracy, Applied force, and Movement coordination/ execution) were associated with positive outcomes in 70% (44/63) of measures. While studies using internally oriented movement variables (i.e. COP, EMG, and Joint angle) were associated with a lower proportion of positive outcomes, 59%

(48/81)

. No studies directly compared movement variable. Focus of Attention. Studies using KR had a lower proportion of measures with positive outcomes, 61% (54/88), compared to 73% (35/48) of measures from studies using KP. Studies Therge Activities and Participation used KR more often than KP (25 compared to 9 studies). Conversely, studies targeting Body Functions were more evenly distributed with respect to the use of KR (16 studies) and KP (18 studies). Thorp and Valvano (2002) found that an additive form of KP (Cognitive Strategic Suggestion, which provides additional and exemplary context to an instruction (e.g. 'stand up straight like a solider')) enhanced feedback during five days of gross motor coordination training leading to improved outcomes relative to traditional KP 64. Timing. studies with unimodal timing, 60% (58/96) of measures showed improvement and in studies with multimodal timing, 67% (37/55) of measures showed improvement. In a study designed to compare concurrent and terminal feedback directly, Finley et al (1981) gave participants a toy either during (Autonomy. All studies, except one 33, provided feedback passively to participants as opposed to offering autonomy. Studies employing feedback passively found positive outcomes postintervention in 62% of measures related to Body Functions (51/82) and 64% of measures related to Activities and Participation (44/69). Hemayattalab et al (2013) found that providing autonomy through self-controlled feedback can improve retention and transfer performance after 24-hours in throwing accuracy 33.

  to improve motor activities in people with CP. The GRADE methodology provides a transparent method for evaluating participant-centric outcomes and is flexible to different ICF Core Sets have been developed to standardize the functional assessment of CP 133. These Core Sets were developed through systematic review 134, qualitative and quantitative study 135,136, and international consensus 137 to identify the most pertinent categories of function and ability for individuals with CP. The utility of these Core Sets can be enhanced by standardizing the

	clinical questions 132. This research investigated biofeedback as the underlying mechanism, as
	opposed to specific interventions for a body region or task. Since biofeedback can be outcome measures related to biofeedback interventions. Wright and Majnemer (2014) introduce
	ubiquitously incorporated into an intervention, there were many outcome measures, prohibiting a a framework for developing an outcome measures toolbox and provide practical suggestions 138.
	meta-analysis. Though not quantifiable at present, the proportion of studies with positive results This framework highlights the importance of selecting measures that are consistent with ICF
	does indicate general improvement in outcomes related to ICF Activities and Participation and categories and supports family-centered care through the inclusion of self-reported outcomes,
	Body Functions. A standardized method was used to link intervention measures to ICF codes. real-life performance, individualized measures, and outcomes that are abilities focused as
	The linking rules described by Cieza et al (2005) rely on identifying the aim of using a particular opposed to deficit focused 139. Researchers testing biofeedback interventions should consider if
	the outcome measures they selected address the ICF Core Sets for CP.
	weeks and 172 minutes/week) compared to studies with no-changes pre-post intervention (which
	averaged 5 weeks and 147 minutes/week). Biofeedback interventions are relatively un-obtrusive
	and are either part of or in addition to usual care. No serious adverse events were reported in the
	included studies. Though diverse in methodology and currently at 'Very Low' level of evidence,
	well designed biofeedback interventions generally improve motor activities in people with CP.
	This diversity highlights the need to adopt a common framework for evaluating biofeedback
	interventions.

outcome within each intervention, and provides useful examples for doing so

13. 

In fact, the aim of using a measure must be identified before linking it to a code. As such, the same measure can be assigned a different code between two interventions. The ICF and GRADE methods in combination allowed us to address biofeedback as a mechanism across interventions. These results can guide the development of a common framework for evaluating biofeedback and direct the use of biofeedback in future interventions.

2.3.6.2. Study design and future direction

While biofeedback characteristics are important, the nature and quality of the intervention itself has a vital role in determining outcomes. Interventions with thoughtful consideration as to duration, frequency and intensity along with task relevance can increase the likelihood of observing positive results. Studies with a positive outcome were generally longer (averaging 8 It is well understood that rigorous standardized outcomes that directly relate to functional daily activities are not always feasible. Particularly, with novel interventions and feasibility or pilot studies these larger scale outcomes may be inappropriate. However, consistency in outcome reporting for biofeedback interventions does need improvement. Researchers can embed familycentered care and consistent outcomes into biofeedback intervention studies. Firstly, before evaluating the intervention, researchers can meet with clients to understand their goals. This may be through informal interviews or using individualized/self-reported outcomes (e.g. COPM and GAS goals). From these interactions, the researcher can then use the ICF Core Set to identify which categories of function and ability are most important to the individual. Wright and Majnemer 2014 suggest toolboxes with common measures for most types of tasks. While not exhaustive, they address many of the ICF Core Set categories. Further, Schiariti et al (2014) identify which ICF Core Set categories are addressed in common outcome measures. With these tools, a research could identify outcome measures that are feasible and address the individual's goals. Through this approach four goals can be accomplished. 1) The outcome relates directly to the client's priorities.

  11, b) is proportionate to the person's ability, and c) varies in presentation (e.g. visual, audio) 3,12. These attributes fuel a person's interest in their own performance and helps them refine their movements ultimately

	enhancing motivation, independence and self-efficacy 3,13. However, a recent review found that
	biofeedback strategies used in motor interventions for people with CP are rarely based on motor
	learning principles or clinical evidence 3. Traditionally, biofeedback has been given in a way that
	may slow motor learning by forcing the person into a passive role in their practice, building
	dependence on the feedback 9. Improving the quality of biofeedback in therapy games may
	positively impact functional outcomes by increasing engagement and efficiency of home-based
	practice 4.

Table 3

 3 

	.3.1 below details the changes made based on participant
	comments.

Table 3 .3.1 Design changes to integrate evidence-based biofeedback into a commercial game (Dashy Square)

 3 Nineteen participants played the biofeedback-enhanced therapy game at home for four weeks. There were ten females and nine males, 8-17 years old (11.7±2.5 years). Seven participants were considered MACS level II and 12 were at level I. Seven had mixed tone, one had mild dystonia and 11 had spastic hemiplegia. During the four-week intervention, participants played an average of 17±9 minutes/day, 4±1 days/week. Total practice time ranged from 37-333 minutes across the 19 participants. Participants averaged 2815±2202 repetitions over the course of the intervention.

	I. Game flow/ objectives	
	a. Added calibration game to get session baseline for movements and biofeedback
	b. Changed from pass/fail to score-based objectives	
	c. Linked reward schedule (unlocking trophies and characters) to movement performance
	i. Completing movement at correct time (dodging obstacles) and with high movement quality*
	II. Feedback Elements	Feedback modulation schedule †
	1. In-level	
	a. Visual and sound effects indicating successful movement	i. Movement quality score counter and progress bar are
	i. successful dodge	shown when performance status is 'great'
	ii. movement quality score achieved	ii. Dodge score progress bar is hidden after person develops
	b. Increment	competency
	i. Dodge score counter and progress bar	
	ii. Movement quality score counter and progress bar	
	c. Visual effect on unsuccessful movement	
	d. Reduce game speed on unsuccessful event with excess arm	
	movement (poor hand movement isolation)	
	e. Added movement-based animation ques to improve player	
	timing	
	2. Practice panel	
	a. Pause game and show practice environment	i. Appears when performance status is 'poor' at in-level
	i. Remove excess animations/sound and simplify	checkpoint or at end of level
	background	ii. Appears when person reaches threshold number of
	ii. Show prescriptive animation and written que of how to	consecutive unsuccessful movements (3-10)
	improve movement	
	b. Person completes two successful movements as practice	

speed-change biofeedback across the intervention as practice time was not a significant predictor in the model (p=0.330, 95% CI -0.738 -0.246). A participant*level interaction random effect was not observed and was therefore removed from the model (ΔAIC (akaike information criterion) =0.809, p=0.275, see Supplemental A 3.3.9).

Table 2 : Final model fit characteristics

 2 should further standardize how feedback is modulated as player competency increases at

	home.

Table 3 .4.1 Participant information and samples size by class

 3 

	ID	MACS	Control gestures	Ext-O	N samples Ext-C	Pinch
	A	I	Pinch / Ext-O	868	1069	
	B	I	Ext-O	1105	1276	
	C †	I	Ext-O	872	1683	
	D	I	Ext-O	485	1272	
	E	II	Ext-O	716	1089	
	F	I	Pinch / Ext-O	1099	803	1425
	G	I	Ext-O	735	1554	
	H	II	Ext-O / Ext-C	1950	721	
	I	I	Ext-O	663	1224	
	J †	II	Ext-O / Ext-C	215	877	
	K †	I	Ext-O	442	1676	38
	L †	II	Ext-O	793	1653	
	M †	I	Ext-O	952	2756	
	N †	II	Ext-O / Ext-C	194	937	17
	O	I	Ext-O	614	1177	
	P †	II	Ext-O / Ext-C	2033	1339	
	Q	I	Ext-O	966	1988	
	R	II	Ext-O	1466	720	
	S †	I	Ext-O	2763	1693	
	Abbreviations: wrist extension-open fingers (Ext-O), wrist extension-closed fingers (Ext

Table 3 .4.2 Reliability of in-home calibration during gameplay

 3 

			Agreement		Gwet's AC1
		Mean	SD	95%CI	Mean	SD	95%CI
	Participant	0.86	0.11	0.93 -0.97	0.83	0.14	0.93 -0.97
	Ext-C	0.90	0.12	0.88 -0.92	0.88	0.15	0.86 -0.91
	Ext-O	0.87	0.14	0.85 -0.89	0.83	0.2	0.81 -0.86
	Pinch	0.87	0.12	0.85 -0.89	0.84	0.17	0.82 -0.87
	Semi-automated home-based in-game calibration procedure agreement with video ground truth.
	Mean and standard deviation (SD) with 95% confidence intervals (CI) across the 19 participants
	and each class: wrist extension-closed fingers (Ext-C), wrist extension-open fingers (Ext-O),
	finger-thumb pinch in neutral wrist posture (Pinch). Agreement shows raw value, and Gwet's
	AC1 shows chance-adjusted agreement index.			

Table 3 .4.3 Group-level overall classification performance

 3 Two model results shown: support vector machine (SVM) and ensemble classification by random subspace of k-nearest neighbours (ENS). These were the two highest performing of all tested classifiers[24]. The classes were: wrist extension-closed fingers (Ext-C), wrist extension-open fingers (Ext-O), finger-thumb pinch in neutral wrist posture (Pinch).

	F1		MCC		Sensitivity
	Mean SD	95%CI	Mean SD	95%CI	Mean SD	95%CI
	SVM					
	Ext-C 0.76 0.12 0.71 -0.82 0.66 0.13 0.59 -0.72 0.75 0.15 0.68 -0.83
	Ext-O 0.87 0.06 0.84 -0.90 0.72 0.11 0.66 -0.77 0.88 0.07 0.84 -0.91
	Pinch 0.78 0.14 0.71 -0.85 0.76 0.14 0.69 -0.82 0.77 0.19 0.68 -0.86
	ENS					
	Ext-C 0.82 0.09 0.77 -0.86 0.73 0.10 0.68 -0.78 0.80 0.14 0.73 -0.87
	Ext-O 0.90 0.05 0.87 -0.92 0.77 0.10 0.72 -0.81 0.91 0.07 0.87 -0.94
	Pinch 0.80 0.18 0.72 -0.89 0.80 0.15 0.73 -0.87 0.75 0.23 0.64 -0.86
	Classifier performance mean and standard deviation (SD) with 95% confidence intervals (CI)
	across participants (N=19) in F1-Score (F1), Mathew's Correlation Coefficient (MCC), and
	sensitivity.					

Table 3 .4.4 Correlation between feature group importance, practice and manual capacity outcomes

 3 Correlation coefficients (r), significance (p) and 95% confidence intervals (95%CI) between each feature group (uncommon relative muscle activities (RA), high movement variability (MV), and channel-independent (CI)), practice and pre-post changes measures of manual capacity: amplitude (joint angle, degrees) of active wrist extension-fingers open (Ext-O) and grip strength (non-dominant as percent of dominant). * Indicates increased repetitions/session associated with decreased use of MV features and an increased use of RA features. ** Indicates greater improvements in wrist extension associated with increased use of RA features and decreased use of CI features.

			RA			MV			CI
		r	p	95%CI	r	p	95%CI	r	p	95%CI
	Practice								
	Reps/session*	0.39 0.1 -0.07 -0.72 -0.43 0.06 -0.74 -0.03 -0.01 0.95 -0.47 -0.44
	Practice time (min) 0.27 0.27 -0.21 -0.64 -0.19 0.44 -0.59 -0.29 -0.14 0.57 -0.56 -0.34
	Outcome								
	Ext-O (deg)**	0.49 0.04 0.02 -0.79 -0.22 0.39 -0.64 -0.29 -0.4 0.11 -0.74 -0.10
	Grip strength (%)	0.12 0.64 -0.38 -0.57 -0.36 0.16 -0.72 -0.15 0.26 0.31 -0.25 -0.66

  had difficulty following the calibration instructions and correspondingly low agreement scores and classification performance. Methods presented here do help implement home-based calibration and classification, but future work should ensure users can keep attention (at least 15-minutes) and display some consideration to how they perform a gesture (i.e. are they aware of the position/orientation of their hand?).In addition to attention, out-of-laboratory myoelectric-based gesture recognition performance is known to be limited by interference including: electrode shift, muscle fatigue, unwanted motion and force variation53-55. To compensate for this, Ding et al. (2019) circumvent the burden of frequent retraining by using an adaptive incremental hybrid classifier 56. The proposed method retrains target gestures in a semi-automated process by separating classes through resting and active states 56. While manual input is still required, adaptive classifiers like this and others(57-59) 

Table 3 .

 3 3.1 Design changes to integrate evidence-based biofeedback into a commercial game (Dashy Square)Table 3.3.1 of this manuscript is particularly useful for these stakeholders since there are few tangible examples of how to implement biofeedback principles into a motor intervention, and even fewer examples of integration into existing commercial games.

  IntroductionInteractive computer play (ICP) is "any kind of computer game or virtual reality technologywhere the individual can interact and play with virtual objects in a computer-generated environment" 6. It is an attractive way to augment traditional therapy and align with children's interest. Eight of 10 young people with Cerebral Palsy (CP) enjoy playing video games recreationally 7. Cerebral Palsy (CP) is neuromuscular disability impacting approximately 2.11 per 1,000 live births in high-resource settings 8. CP presents with positive and negative motor signs including: spasticity, weakness, impaired selective motor control and sensory deficits 9.ICP has been used to improve balance 10, gait symmetry 11, upper limb strength 12 and other functional abilities in people with CP. Perhaps the largest study to date in this field is the 'Move it to improve it' (MITII) randomized controlled trial that used web-based therapy at home to improve occupational performance and visual perception in children with unilateral CP 13. While these types of studies show moderately positive results, there has been varying degrees of consistency. In part, the success of ICP-based therapies in the home has been thwarted by the challenge of (i) delivering high quality feedback that inform individuals with CP on their movements and progress towards therapy goals as a therapist would in a clinic setting 14; and (ii) sustaining engagement in the intervention over an extended period. Children with CP and their families have expressed a desire for more accurate feedback within ICP 13 and reported the challenge of sustaining intrinsic interest in ICP therapies in the home.High quality feedback. Improving feedback quality in ICP can increase practice engagement and efficiency at home 15. Biofeedback, where a person receives information about their body state (e.g. heart rate, foot speed, muscle activity), can help increase awareness and control by informing the individual to how their body is functioning 15. Echoing families' remarks, a recent4.3.2.1. AimThe success of an ICP intervention is influenced both by the technology used and the supports provided. In this project, we investigate the combination of a novel ICP technology integrating evidence-based biofeedback and Solution Focused Coaching strategies to promote home-based practice of hand/arm exercises. The ICP is a video game where participants complete therapeutic hand gestures to control game actions on-screen. The approach aims to provide a motivational, goal-based environment to address muscle weakness and selective motor control. This paper addresses intervention feasibility.The primary aim of this study is to assess the feasibility of the biofeedback-enhanced therapy video game intervention protocol for young people with CP. To this purpose, a priori success criteria were established for the recruitment and response rate, adherence, and frequency of technical difficulties impeding home practice22. 

Reported Experiences of Activity Settings (SEAS) questionnaire

  quantifies spontaneous functional bimanual performance. Progressing through a board game guided by a trained occupational therapist, participants complete bimanual tasks such as opening a box or shuffling cards 52. There are twenty tasks, scored on a 4-point scale. The smallest detectable change for the AHA is 5 logit units (scaled from 0-100). In adolescents with unilateral CP up to age 18, AHA shows good construct validity and excellent For aim 1: participant recruitment and demographic characteristics are presented as per CONSORT recommendations 26. To the primary aim, feasibility success criteria are reported descriptively and narratively. Technical issues and resources required for resolution were documented and reported. Recommendations for the design of a future clinical trial is based on the number of and extent to which success criteria were met.For aim 2a: Body Function, size and variance of the intervention effect on active wrist extension and grip strength are calculated for baseline and intervention phases. SCRIBE recommends a combined visual and statistical approach for SCED data 58. The statistical approaches improve the estimate of the effect and can help account for serial dependence, variability and trends in the time-series data25,59. As the objective of the study is to inform a definitive RCT, the analysis focuses on estimating treatment effect size and variance. Statistical significance is not reported

	4.3.3.5. Analyses
	23,60,61. Level-and slope-change differences between phases, percentage of all non-overlapping
	data (PAND), and standardized mean difference (SMD, d-statistic with 95% confidence interval
	(CI)) show the effect size and variance 25,36,59. Changes in Box and Blocks performance are
	described at individual and group levels with Hedge's G effect size and 95% CI.
	For aim 2b: Activities and Participation, the effect size (Hedge's g) and 95% CI are reported for
	evaluates experience with an activity in four domains: personal growth, psychological changes in functional bimanual performance (AHA, Assisting Hand Assessment). Effect size for
	engagement, meaningful interactions, choice and control 38. It is a 22-item questionnaire non-parametric data (COPM and SEAS) are reported using matched-pairs rank-biserial
	completed independently or with parental/researcher assistance. Scores are interpreted on a 7-correlation (r) with 95% CI by bootstrapping 62. These data analyses were completed in R (v.
	point Likert scale (from +3--3). The questionnaire has good internal consistency and test-retest
	reliability (Cronbach's alpha from 0.71 to 0.88, mean scale ICC = 0.68) 57.

45. 

Positive values indicate extension above neutral wrist position. In the relevant population passive movement tests show very good test-retest reliability (Intraclass correlation coefficients (ICC): 0.81-0.94) and moderate inter-rater reliability (correlation coefficients between 0.48-0.73 46). Second, grip strength was measured using a modified sphygmomanometer to evaluate relative changes in grip capacity 47. The child sits with the arm adducted, the elbow flexed at 90 degrees and the forearm and wrist in neutral position (if possible). They maximally squeeze the device three times per side. The test is completed on both sides and the relative strength of the non-dominant hand to the dominant is reported.

47 

found excellent test-retest reliability (Pearson correlation coefficient of 0.97) and 48 reported high intrarater reliability (ICC = 0.92). Third, the Box and Blocks Test (B&B) measured gross manual dexterity. The number of blocks a participant can move over a center divider in one minute is counted for both hands 49. The B&B test shows high inter-rater reliability (ICCs >0.95) and testretest reliability (ICCs >0.95) in children 6-19 years 50 and in adults with hemiplegia 51. Measures for ICF Chapter: Activities and Participation, changes in: functional bimanual performance (AHA) perceived functional performance in a self-identified goal (COPM) perception of meaningful participation experiences (SEAS) Three measures address ICF chapter, Activities and Participation. First, the Assisting Hand Assessment (AHA)

inter-rater (ICCs 0.94-0.98) and test-retest reliability (ICCs 0.98-0.99) 52,53. Second, Canadian Occupational Performance Measure (COPM) evaluates perceived changes in satisfaction and performance of self-identified goal areas

35. 

In conversation with a trained therapist, participants rated a primary, and secondary if desired, goal area(s) from 1-10 in terms of importance, performance and satisfaction. Goal areas were re-evaluated post-intervention 35. The primary goal's perceived change in performance and satisfaction are evaluated here 54. 2-points is the minimal clinically meaningful change 55. COPM has been reported as valid, reliable, and responsive 56. Third, the Self-

Table 4 .3.1 Baseline demographic and clinical characteristics ID Age Sex MACS Affected Side CP Type Notes

 4 Notes describe secondary diagnoses and comments reported by therapists from client charts. All other control gestures were wrist extension-open fingers, wrist extension-closed fingers. Abbreviations: Mild Dystonia-MD, Spastic Hemiplegia-SH, Mixed tone-MT, attention deficit hyperactivity disorder-ADHD, Manual Abilities Classification System-MACS, Right-R, Left-L.participants (see S8 Individual Visual Analysis, for slope and level changes and projected references for each participant).

	A	14.0 M	I	L	SH	Control gesture: pinch
	B	13.0 F	I	R	SH	Physiotherapy once weekly (lower limb)
	C	9.8	M	I	R	SH	Learning disability
	D	9.8	F	I	R	SH	-
	E	16.2 F	II	R	SH	-
	F	10.5 F	I	R	SH	Physiotherapy once weekly (upper/lower limb), control gesture: pinch
	G	10.5 F	I	R	SH	-
	H	9.9	F	II	R	MT	-
	I	13.8 M	I	L	SH	-
	J	9.7	M	II	R	MT	Learning disability
	K	10.4 F	I	L	SH	Features of ADHD, intellectual disability, speech and language delays
	L	10.9 M	II	R	MT	ADHD, seizure disorder, learning disability
	M 8.4	M	I	L	MD	ADHD
	N	12.9 M	II	R	MT	ASD, epilepsy
	O	8.4	F	I	R	MT	-
	P	14.5 M	II	R	MT	ADHD
	Q	17.4 F	I	R	MT	-
	R	11.8 F	II	R	SH	-
	S	9.8	M	I	L	SH	Learning disability

Table 3

 3 

	SEAS subscale

  For each group, the numbers of participants who were approached and/or assessed for eligibility, randomly assigned, received intended treatment, and were assessed for each objective 14 13b For each group, losses and exclusions after randomisation, together with reasons Citation: Eldridge SM, Chan CL, Campbell MJ, Bond CM, Hopewell S, Thabane L, et al. CONSORT 2010 statement: extension to randomised pilot and feasibility trials. We strongly recommend reading this statement in conjunction with the CONSORT 2010, extension to randomised pilot and feasibility trials, Explanation and Elaboration for important clarifications on all the items. If relevant, we also recommend reading CONSORT extensions for cluster randomised trials, non-inferiority and equivalence trials, non-pharmacological treatments, herbal interventions, and pragmatic trials. Additional extensions are forthcoming: for those and for up to date references relevant to this checklist, see www.consort-statement.org.

	generation Recruitment Generalisability	3b Important changes to methods after pilot trial commencement (such as eligibility criteria), with 8b Type of randomisation(s); details of any restriction (such as blocking and block size) 14a Dates defining the periods of recruitment and follow-up 21 Generalisability (applicability) of pilot trial methods and findings to future definitive trial and other	6 8 14 19-22
		reasons studies	
	Participants Allocation Interpretation	4a Eligibility criteria for participants 9 Mechanism used to implement the random allocation sequence (such as sequentially numbered harms, and containers), describing any steps taken to conceal the sequence until interventions were assigned 14b Why the pilot trial ended or was stopped 22 Interpretation consistent with pilot trial objectives and findings, balancing potential benefits and	6-7 8 14 19
	concealment Baseline data	4b Settings and locations where the data were collected 15 A table showing baseline demographic and clinical characteristics for each group considering other relevant evidence	15-16 7
	mechanism Numbers analysed	4c 16 For each objective, number of participants (denominator) included in each analysis. If relevant, How participants were identified and consented these numbers 22a Implications for progression from pilot to future definitive trial, including any proposed amendments	14-19 7 23
	Interventions Implementation Other information	5 10 Who generated the random allocation sequence, who enrolled participants, and who assigned The interventions for each group with sufficient details to allow replication, including how and when they were actually administered participants to interventions should be by randomised group	8-10 8
	Outcomes Blinding Outcomes and estimation Registration	6a Completely defined prespecified assessments or measurements to address each pilot trial objective 11a If done, who was blinded after assignment to interventions (for example, participants, care 17 For each objective, results including expressions of uncertainty (such as 95% confidence interval) for any 23 Registration number for pilot trial and name of trial registry	10-11 6 14-19 2
	Protocol	specified in 2b, including how and when they were assessed providers, those assessing outcomes) and how estimates. If relevant, these results should be by randomised group 24 Where the pilot trial protocol can be accessed, if available	N/A
	Ancillary Funding	6b Any changes to pilot trial assessments or measurements after the pilot trial commenced, with reasons 11b If relevant, description of the similarity of interventions 18 Results of any other analyses performed that could be used to inform the future definitive trial 25 Sources of funding and other support (such as supply of drugs), role of funders	N/A N/A N/A Positioned
	Statistical analyses	6c 12 Methods used to address each pilot trial objective whether qualitative or quantitative If applicable, prespecified criteria used to judge whether, or how, to proceed with future definitive	11 13 by publisher
	methods Harms	trial 19 All important harms or unintended effects in each group (for specific guidance see CONSORT for 26 Ethical approval or approval by research review committee, confirmed with reference number	14 5
	Sample size	7a Rationale for numbers in the pilot trial harms)	7
	Results		
		7b When applicable, explanation of any interim analyses and stopping guidelines 19a If relevant, other important unintended consequences	N/A N/A
	Randomisation: Sequence Participant flow (a diagram is strongly recommended) Limitations Discussion BMJ. 2016;355.	8a Method used to generate the random allocation sequence 20 Pilot trial limitations, addressing sources of potential bias and remaining uncertainty about feasibility 22-23 8 13a 173
	20.		

*

  4.3.7.7. S7 Table 1 Individual system usage and outcomes Sweep hard with tight grip in good position for curling P M Hold monkey-bars longer, let go with my hand and grab the next rung P N Stabilize fork while cutting soft food P O Hold mug with liquid while pouring with the dominant C P Hold game controller with better alignment for longer while playing games P Q Use helping hand to tie hair back and twist elastic P R Hold full water bottle while uncapping lid P S Carry shopping bag for longer before getting tired C Participant-P, Caregiver-C 4.3.7.10. S10 Table 3 SEAS subscale scoresMedian (IQR) for SEAS overall and subfields scores across participants (N=19). 7-point Likert scale scored from +3 (strongly agree) to -3 (strongly disagree). SEAS assessed at the end of week 1 and 4, Intervention phase.

	4.3.7.9. S9 Table 2 COPM Goals						
	Dose ID Primary COPM goal						Response Goal setter
	Session does (mean +-SD) A Spread thumb easier to use joystick when playing video games 2a Body Function B Get hand in good position to clasp earring		P P		2b Activities and Participation
	Reps. C Tie the first knot of his sweat pant waist laces Minutes Minutes AWEO	Grip	B&B	C	AHA	COPM-P	COPM-S	SEAS
	Active D Use helping hand to tie hair back and twist elastic in System			P	
	E Open hand to hold yogurt cup while opening	(º)	(/1)	(blocks)	P	(logit)	(/10)	(/10)	(+3 --3)
	ID Days F Pull shoelaces tighter A 12 145±101 10±9.8 G Hold hand straight position to text using both thumbs S F 11.3±7.3 36 50 H Stabilize fork while cutting thick meat	S F 0.5 0.48	S F 30 39	P P P	S F 62 57	S F 3 2	S F 3	S F 3 2
	B I	21 Hold toothbrush while putting on toothpaste 271±176 18.1±17.9 24.9±13.7 26 45	0.38 0.53	16 24	P	55 54	4 7	5	2 2
	J	Hold toothbrush while putting on toothpaste					C	
	C K Pull over shirt faster using both hands 18 81±57 7.4±10.5 11.8±6.9	36 50	0.5 0.46	16 17	C	43 43	1 3	5	2 2
	D E F G H I J K L Week 1 18 164±271 6.6±7.8 14.7±10.3 24 229±186 8.1±5.7 16.7±10 21 111±110 12.2±12 21.3±15 20 118±67 14.9±16.1 48.5±124.8 14 205±178 8.7±7.8 14.2±10.6 11 91±67 3.8±3 8.7±5.8 14 215±147 6.6±4.4 10.5±4.8 21 177±169 10.7±8.7 17.8±13.5 Week 4 22 35 -23 -5 9 25 -8 20 -14 20 -5 --20 0 30 35 Overall 2.00 (1.25) 2.00 (1.25)	0.47 0.58 0.19 0.19 0.24 0.45 0.51 0.64 0.42 0.47 0.20 -0.44 0.44 0.61 0.76	16 23 11 8 26 29 19 18 5 3 17 -16 16 22 25		55 55 43 46 54 55 64 70 52 54 48 -57 48 55 63	4 4 4 3 7 8 2 5 3 7 3 -3 5 5 8	2 8 7 10 10 -0 8	0 0 1 2 2 2 -2.5 -2 3 3 3 2 2 1 3 3
	L Personal growth 12 230±203 Psychological Engagement 3.00 (0.50) 2.50 (0.50) 7.4±5.8 21.3±11.3 11 30 2.25 (0.75) 2.00 (0.75)	0.51 0.57	22 26		48 50	5 6	6	2 2
	M Meaningful Interactions 16 199±184 7.4±7.3 2.00 (0.00) 2.00 (0.00) 12.6±9.3 61 55	0.73 0.78	31 31		76 77	5 10	10	2.5 2
	Choice and Control	1.25 (1.25) 2.00 (0.75)				
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The authors report no conflicts of interest. Effectiveness. After accounting for participant and game level variance in the GLMM, practice time was associated with: i. scoring points faster (p<0.001, 95% CI 0.963 -1.093, increase in dodge point rate per 60-minutes practice), ii. doing gestures with higher quality co-contraction (p<0.001, 95% CI 22.555 -30.042, increase in style point rate per 60-minutes practice), and iii. seeing fewer practice panels (p<0.001, 95% CI -0.047 --0.025, fewer practice panels shown per minute of play for every 60-minutes of practice). See Supplementary Material A 3.3.9, for full model output including random effects of participant and participant*level interactions.

Appendix -Sample search terms

Practically this means that the average participant playing a 2-minute level for the first time could expect 23 dodge points, 1598 style points and 5 practice panels. At the end of the 4-week intervention, on a similar level, the same participant could expect 32 dodge points, 1729 style points and 4 practice panels.

Engagement. Participants chose to view their end-of-level KR biofeedback 65.4±22.4% of the time. Based on results of the GLMM, the choice to view end-of-level KR biofeedback was not dependent on practice time (p=0.557, aOR = -0.061, 95% CI -0.265 -0.261). This suggests that participants continued to engage with the end-of-level KR biofeedback throughout the 4-week intervention. There was a small variance across participants (random intercept aOR standard deviation = 0.841, 95% CI 0.552 -1.282), but including this as a random intercept improved model performance (ΔAIC = 778.03, p<0.005) suggesting that engagement with end-of-level KR biofeedback was, to some extent, person-dependent. To this point, 16/19 participants remarked that they decided to review their achievements as they aimed to get all the rewards in each level.

Lastly, Figure 3.3.2 shows the frequency distribution from the usability and enjoyment questionnaire completed after four weeks of play. Overall, participants found the game highly usable (Median=5, IQR=3-5) and partially-to-highly enjoyable (Median=4, IQR=3-5). Semistructured interviews with participants and caregivers revealed participants used different personal success indicators. For instance, one participant, Dylan (pseudonym) noted that he "[didn't] care about trophies, [and it was] more about points". While Tina "first tried to get three trophies, to get all characters, then tried to beat top scores". Of the 19 participants, nine were motivated primarily by long term rewards (e.g. collecting trophies), seven focused on the immediate score, and three on their game rank relative to others. Participants and caregivers also remarked on the technical performance of the system and its impact on engagement. "When the system crashed, it made her frustrated and not want to play" -Anna's mom. Conversely when the system worked well, it provided an immersive experience: "it felt like my hand was actually speaking to the computer" -Geoffrey.
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Appendix

Open questions used to facilitate conversations during the semi-structured interview after 4-week in-home evaluation a. Usability i. Ease of play 1. What helped to make the game easier to play? -Tables 1 and2 The in-game calibration and classification procedure selects the most discriminating, personspecific features using random forest classification. Then, a support vector machine is trained with this feature subset for in-game interaction. The procedure uses features intended to be sensitive to signs of CP and leverages directional statistics to characterize muscle activity around the forearm. Full details of each step are described in corresponding sections with the same name.

Part 1processed before game play

Before gestures can be used as the control input to the game, three steps are completed: calibration, feature selection, and building the on-line classifier. Methods for these procedures are described next.

Calibration

Calibration is done at home, at the beginning of each session and appears to users as part of the game. Calibration serves to: 1. determine armband orientation, 2. initialize baseline flexor and extensor muscle activity, 3. collect training data for up to three gestures. To calibrate, participants follow animation prompts on-screen. They keep a rested hand position for 3seconds, then transition to a gesture and hold for 15-seconds. Doing so animates the character (video example). This is repeated for each gesture. The actions take one minute. The researcher confirmed participants could complete the task independently before the home trial commenced.

Following calibration, these data are pre-processed to: A) Determine armband orientation. The channel with the highest mean is designated as the primary extensor sensor. The flexor sensor is that furthest away from the extensor. B) Initialize baseline and maximum activity. The 25th percentile of the rest-phase data is set as the baseline. Similarly, the 80th percentile of the local maxima is used as initial maximum activity. These values were determined during preliminary testing. C) Prepare data for feature selection. Here, raw 8-bit EMG calibration data are normalized to a 0-1 scale and windowed into 200ms bins without overlap. Features described in the next step are calculated for each of these bins.

Feature selection

The ten most important features, derived from the EMG and inertial data collected with the Myo Armband, are selected via a 200 bootstrap-aggregated (bagged) random forest decision tree algorithm (MATLAB Treebagger 35). Preliminary tests were made using 5-15 features and showed that after ten features, classification performance improvements were marginal. This variable is adjustable in the software. The measure of importance is out-of-bag permuted predicted delta error (i.e. the change in prediction error when the feature value is permuted over non-sampled observations) 36. Before selection, highly correlated (>0.8) redundant features were removed.

Therapists and participants were consulted to determine the targeted movements to practice in the game. Based on these targeted movements, features were selected. Preliminary testing showed that under certain signs of CP, e.g. high flexor tone, movement variability, extensor weakness, there can be small differences between gestures when using traditional EMG features.

Part 2processed during game play

After game values are initialized and the on-line classifier is prepared, participants can practice the targeted therapeutic gesture within the video game. EMG and inertial data from the Myo Armband are processed continuously as follows.

Buffering & pre-processing

Absolute values of the raw 8-bit EMG data from the Myo Armband are normalized to a 0-1 scale. For inertial data, the squared sum is calculated for the 3-axis accelerometer and gyroscopic data respectively. These are then buffered into a 200ms bin. This window length was determined during design session testing with youth with CP. This was the maximum window length that could be stored before affecting sensitivity and control as perceived by participants.

Once data has buffered, it is pre-processed before game actions can occur. Pre-processing starts by taking the mean of each channel and scaling it to the current baseline and maximum range.

Baseline and maximum values are determined by finding the local maxima/minima from the previous 30 seconds. The 80th percentile of the local maxima are used to avoid unrealistic transient maximums (e.g. sensor contact with table). Subsequently, the mean of the current bin of data is scaled to this local range. For instance, if the current baseline was 0.1, the current maximum was 0.9 and the mean of the current bin was 0.3, then the scaled value of the current bin would be (0.3-0.1) / (0.9-0.1) = 0.25.

Baseline and maximum values are updated every ten seconds. This time is programmatically adjustable but was determined based on user perceived sensitivity and control. Iteratively updating the baseline and maximum values allow the controller to remain sensitive to the target therapeutic gesture while avoiding unrealistically high maximums caused by physical contact with the sensor (e.g. hitting the table accidently) or irrelevant activity (e.g. fist clenching or flexor spasms). Inertia data are not locally scaled as they do not directly dictate if game actions should occur but are used for gesture classification. After data are scaled, they can be used to evaluate if the user is attempting a gesture and if game controls should be initiated. First aim, home setup. Two measures were used to show that training data could be collected, processed and used within the first minutes of gameplay. First, we use the agreement (raw and Gwet's chance-adjusted index agreement coefficient 47,48) between the assumed gesture, prompted during calibration, and the true gesture, verified by video. Second, we report processing time for both the calibration phase and a single loop in-game.

Home testing participant information

Feature selection criterion was determined based on preliminary testing with a small group of participants (N=3). Choosing the top ten features was selected as a reasonable compromise between on-line processing time and classifier performance. However, this could be improved by using feature selection methods that choose the number of top features by maximizing prediction accuracy on an participant-specific bases, for instance Neighborhood Component Analysis 

Context

The technical development of the Biofeedback-enhanced ICP activity is one piece of the intervention strategy. It was equally important for us to consider the psycho-social aspect of home-based therapy activities. We kept a patient-centered approach to developing this intervention protocol. Patient-centered approaches have been associated with increased satisfaction and adherence 1. Solution-focused coaching is a patient-centered approach to address the relationship between a person's values, behaviours and goals 2,3. Using these types of strategies has improved adherence and outcomes to exercise and health behaviour interventions Aim. This study assesses the feasibility of a novel intervention that combines a co-created gaming technology integrating evidence-based biofeedback and solution-focused coaching (SFC) strategies to support therapy engagement and efficacy at home. 

Methods

Participants

From September to October 2018, ten participants were recruited from a regional rehabilitation hospital at a metropolitan city in Canada. From November 2018 to January 2019, ten participants were recruited from a rural regional rehabilitation hospital in France.

Inclusion criteria:

Cerebral Palsy diagnosis.

8-18 years old.

Manual Abilities Classification System levels I-III 27.

Having a goal relating to improving hand/wrist function.

Dominantly spastic presentation. This original criterion was expanded to included mixed tone and mild dystonia.

Able to co-operate, understand, and follow simple instructions for game play.

Having passive wrist extension at least 10° greater than active wrist extension.

Exclusion criteria:

Receiving active therapy of the hand/wrist.

History of unmanaged epilepsy.

Having received a Botulinum Toxin treatment within 3 months or constraint-based movement therapy within 6 months before study enrollment.

Visual, cognitive or auditory disability that would interfere with play.

Normal or corrected-to-normal vision and hearing.

Unable to commit an estimated minimum of 5-hours to training plan over four weeks.

Sample size rationale

The sample size of twenty was determined based on recommended samples of a future definitive RCT with a small (0. 

Recruitment

Occupational therapists and developmental pediatricians identified participants who met inclusion criteria from their existing or previous client base. In Canada, eligible participants were also identified through the hospital's centralized recruitment database, connect2research. In Canada the researcher telephoned potential participants after sending an invitation letter by mail.

Then, the researcher screened interested participants and obtained written informed consent. In

France, the developmental pediatricians invited eligible clients to participate. They obtained written informed consent from interested participants. Caregivers gave consent and were consulted to ensure the child could provide consent or assent. If capable, the child gave consent/assent.

Protocol

The Stability was defined as 80% of phase 1 data within interquartile range 36. After baseline, participants waited a computer-generated randomized number of days (between 1-10 days) to begin the intervention.

Activity description

During 1-2 baseline sessions the researcher habituated the participant to ICP activity system controls. Participants learned to control the video game using a therapeutic gesture, one of: wrist extension-open fingers, wrist extension-closed fingers, finger-thumb pinch, supination. In the SFC-Peds style conversation, therapists helped participants identify which gesture to practice based on the daily activities that were established to be important to them. All but two participants practiced wrist extension. In the game, participants are rewarded by making the gesture at the correct time with high quality (i.e. high forearm extensor activity and isolated hand movement).

Intervention (Phase B)

After the randomized waiting period, the researcher gave participants the system to practice at home. The system includes hardware: laptop, electromyography (EMG) and inertial sensor (Myo 

Post-intervention

Within 2-weeks following the final visit, participants returned to clinic for a 60-minute assessment with the researcher and occupational therapist. The therapist re-evaluated: bimanual performance (AHA), gross manual dexterity (B&B), and COPM goals. The researcher conducted a semi-structured interview to gain participant's subjective evaluations of the intervention 39 (S4 Procedural Fidelity Resource). Finally, a separate member of the research team (other than who completed the home visits) made a (5-10 minute) telephone call with participant's caregiver.

They asked questions and noted responses related to system use and integration into home-life (S4 Procedural Fidelity Resource).

Outcomes

To address the primary aim, a priori feasibility success criteria were compared to observed outcomes. Feasibility criteria assessed process, resources, and management in line with the * Partial completion as some but not all participants (74%) reached ≥66% of the self-identified practice goals.

Aim 2a Body Function

Active wrist extension (AWEO) increased 12±12º. There was a moderate to large effect for AWEO (SMD = 1.82, 95%CI = 0.85 -2.78). Grip strength also increased (17±18%) and there was a small to moderate effect (SMD = 0.63, 95%CI = 0.65 -1.91). See 

Discussion

This study assesses the feasibility of novel intervention combining Solution Focused

Coaching strategies with biofeedback-enhanced movement-controlled gaming. Most but not all a priori success criteria were met, as such the intervention approach is feasible with modifications, most notably in the refinement of the technology to mitigate technical issues.

Clinical outcomes of the intervention were promising with moderate effects in Body Function measures and small-moderate effects in Activities and Participation measures. 

Motivation

We expect that the coaching and biofeedback strategies helped maintain participants' engagement in the intervention. Biofeedback was linked to a variety of short-and long-term goals in the game. Participants' motivations were linked to game biofeedback. Participants regularly chose to review their progress and adapted their movements in response to game feedback (S1 Biofeedback technology development). The Solution Focused Coaching Logistically, the protocol may benefit from increased clinician involvement. Occupational Therapists remarked that that they could have helped guide home-based training by observing participants playing at weekly visits or by video. Finally, this study used the AHA as an outcome measure focusing on the non-dominant hand's involvement in bimanual activities.

Other measures of manual performance (i.e. Melbourne Assessment of Unilateral Upper Limb Function) 49 have been proposed and used more widely. Changing this metric could facilitate cross-study comparison.

Supporting information 4.3.7.1. S1 Biofeedback technology development

Integrating biofeedback into an adapted commercial game for therapeutic exercise was achieved through an iterative participatory design process.

Co-creation process

Nine individuals with CP and three occupational therapists were active members in the development of the goals of the ICP and in the implementation of the control and feedback mechanisms used in the game. Our participatory design process involves conducting interviews to understand priorities and iterative design sessions to improve the use of and feedback in the game. Initial biofeedback elements to include were derived from a systematic review 14 .

After establishing the participants' and therapists' priorities, we began building and testing the game through design sessions. During each design session, the participants wore the muscle activity sensor (Myo Armband) and played the game. The participant was encouraged to verbalize their thoughts related to biofeedback timing, aesthetic design, comprehension, and motivation during and after play-testing. After each design session, participant responses were synthesized, and changes were made to the game for the next session. After the end of the design phase, the therapy video game with integrated biofeedback was ready for testing in-home.

Biofeedback Implementation

A sample of the biofeedback elements can be seen in this video. Game elements were added to connect the therapeutic and recreational goals:

1. Rewards (points, trophies, characters) were given based on movement quality and timing: 167 2. Instructional tutorial panes were inserted and appeared as the participant needed them:

3. Participants had the choice to review feedback and some biofeedback elements were removed based on the participants progress/ proficiency: Biofeedback use After using the system at home for four weeks, the following observations were made regarding use of the new biofeedback elements:

-Participants immediately changed their movements in response to biofeedback while playing. Wrist movement was more isolated directly after a biofeedback prompt. The forearm resultant acceleration was 10.2±4.0% lower directly after biofeedback.

-Participants scored points more quickly and required fewer tutorials, even after advancing to more difficult levels. After practicing, in a typical 2-minute level the average participants scored 39% (+11) more points related to movement timing, 8% (+131) more style points related to movement quality and needed 20% (-1) fewer practice panels.

- ii. There is a link between the actions in the game and the movements that you do everyday

iii 

Impact

The feasibility evaluation found that a definitive RCT this style of intervention is warranted.

However, it may benefit from some changes, namely: 1) improving the robustness of the 

Primary limitations

The following summarizes main limitations in context to the objectives of this work. These themes are synthesized from the previous chapters:

Towards identifying salient characteristics of biofeedback by systematic review, it should be noted that biofeedback is ubiquitous and sometimes unstated. Articles selected described their feedback and were therefore included to evaluate the strength of evidence. Further, some biofeedback characteristics were not included such as deciding to focus on negative or positive aspects of the task/movement and the composition of the feedback 1,2. These were less frequently identified in studies. Perhaps most important, intervention efficacy is highly dependent on the participant investment, frequency, intensity, duration, and nature of the intervention itself. While the systematic review effectively identified key biofeedback characteristics, these other aspects should be considered when implementing biofeedback into a design.

Development of the game and its objectives were heavily directed by initial participatory design sessions. In these sessions, occupational therapists and three people with cerebral palsy described the core movements that they felt would be helpful to practice. This scoped