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ABSTRACT

Acquired brain injury (ABI), including traumatic brain injury (TBI) and stroke, is a leading cause of
disability in Canada. Statistics Canada indicates that 100,000 Canadians will experience a stroke (59%) or a TBI
(71%) each year. Over 60% of the 1.5 million Canadians with ABI that go through the care continuum annually
report ongoing restrictions in mobility and participation in societal roles. Planning rehabilitation intervention
requires an understanding of the nature and severity of mobility challenges among individuals with ABI through a
comprehensive evaluation of mobility. Thus, this PhD work comprises four studies, all addressing the global
objective “to provide a common language and taxonomy of mobility to help compare and select mobility measures
for clinical care and research among individuals with ABI (Stroke and TBI)”. The objective of Manuscript 1 was to
synthesize the measurement properties, the interpretability, and the feasibility of mobility measures, from various
sources of information (patients, clinicians, technology), through an umbrella review of published systematic
reviews among individuals with ABI.

Given that the umbrella review may not cover all measures that evaluate the determinants influencing
mobility, focus group discussions were conducted among clinicians, individuals with ABI, and their caregivers.
Thus, the objective of Manuscript 2 was to identify factors influencing mobility which need to be considered while
evaluating mobility, and incorporating patients' needs and preferences into individualized care management plans, as
perceived by clinicians, individuals with ABI, and their caregivers. Results of the focus groups identified the
measures used in clinical practice and the determinants that influence mobility among individuals with ABI. Given
that the care process emerged when we explored factors influencing mobility evaluation with clinicians, individuals
with ABI, and their caregivers, Manuscript 3 aimed to explore the care experiences and service design related to
rehabilitation for mobility and participation in the community among individuals with ABI, as perceived by
clinicians, individuals with ABI, and their caregivers. Perspectives from clinicians, individuals with ABI, and their
caregivers identified mobility factors related to service provisions, which are classified as environmental factors in
the ICF that may improve mobility rehabilitation from the acute level of care to community re-integration among
individuals with ABI.

Manuscripts 1 and 2 synthesized critical information to define the breadth of mobility measures;
Manuscripts 2 and 3 identified determinants that influence mobility, reflecting that mobility is a multidimensional

construct affected by the interactions between Body Functions, Activity and Participation, and Contextual Factors.



This complexity of measuring mobility, given that it is a multidimensional construct, requires robust strategies for
organizing and effectively curating scientific knowledge to enable aggregation and comparison of findings across
research studies. Natural language processing (NLP) is one approach that can be used to properly classify pre-
defined content (i.e. domains and items) from mobility measures to understand knowledge evolution and correctly
reflect and evolve our understanding of mobility. Thus, the objective of Manuscript 4 was to identify a
comprehensive outcome set, and develop preliminary banks of item of mobility among individuals with ABI, using
NLP.

Results of all Manuscripts will generate scientific evidence of useful knowledge related to standardizing
terms and labels for mobility (common language) that will inform the creation of a Core Outcome Set and develop
the ontology for mobility. The ontology of mobility will help reduce heterogeneity in terms related to mobility,
making it easier for researchers, clinicians, and patients to identify a Core Outcome Set of mobility domains
important to measure in clinical care and research.

This work will contribute to the literature and scientific community a common language of mobility
concepts and their interrelationships (i.e. sharing a common understanding of mobility through developing an
ontology for mobility). A common language about mobility domains can facilitate the selection and application of
outcome measures to evaluate particular combinations of interventions and the mechanisms of action of the
components of such interventions, as moderated by contextual factors, populations, and settings. There is also a
direct application of the results of all studies in this thesis to the BRILLIANT (Biomedical Research and Informatics
Living Laboratory for Innovative Advances of New Technologies in Community Mobility Rehabilitation) research
program. BRILLIANT aims to develop digital platforms for patients and clinicians. To build these platforms
correctly, a common language of the information collected in these systems is important to ensure that data can be
used to evaluate changes within and between patients. The mobility ontology will provide the domain and item
names to classify mobility measures and interventions in digital health platforms, making it easier to use the
collected data. The thesis work will also inform the optimal mobility outcome measures to include in the
BRILLIANT digital health platforms to collect relevant mobility outcome measures, using different sources of

information (patient, clinicians and technology) in clinical practice and research.
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RESUME

Les lésions cérébrales acquises (LCA), y compris les Iésions cérébrales traumatiques (T CC) et les accidents
vasculaires cérébraux (AVC), sont une des principales causes d'invalidité au Canada. Statistiques Canada indique
que 100,000 Canadiens subiront un AVC (59 %) ou un TCC (71 %) chaque année. Plus de 60 % des 1,5 millions de
Canadiens souffrant de TCC qui passent par le continuum de soins chaque année signalent des restrictions continues
de leur mobilité et de leur participation aux rdles sociaux. La planification d'une intervention de réadaptation
nécessite une compréhension de la nature et de la gravité des défis de mobilité chez les personnes atteintes de TCC
par le biais d'une évaluation complete de la mobilité. Ainsi, ce travail de doctorat comprend quatre études qui
répondent toutes a l'objectif global de "fournir un langage commun et une taxonomie de la mobilité pour aider a
comparer et a sélectionner les mesures de la mobilité pour les soins cliniques et la recherche chez les personnes
atteintes de lésions cérébrales acquises (AVC et TCC)". L'objectif du Manuscrit 1 était de synthétiser les propriétés
de mesure, l'interprétabilité et la faisabilité des mesures de la mobilité, a partir de diverses sources d'information
(patients, cliniciens, technologie), par le biais d'une revue générale des revues systématiques publiées sur les
personnes atteintes de lésions cérébrales acquises.

Etant donné que la revue générale ne couvre pas nécessairement toutes les mesures qui évaluent les
déterminants de la mobilité, des groupes de discussion ont été organisés entre des cliniciens, des personnes souffrant
d'LCA, et leurs soignants. Ainsi, I'objectif du Manuscrit 2 était d'identifier les facteurs influencant la mobilité qui
doivent étre pris en compte lors de I'évaluation de la mobilité et de I'intégration des besoins et des préférences des
patients dans les plans d’intervention individualisés chez les personnes avec une limitation de la mobilité, tels que
percus par les cliniciens, les personnes avec une limitation de la mobilité, et leurs soignants. Etant donné que le
processus de soins a émergé lorsque nous avons exploré les facteurs influencant I'évaluation de la mobilité avec des
cliniciens, des personnes avec une limitation de la mobilité et leurs soignants, le Manuscrit 3 visait a explorer les
expériences de soins et la conception des services liés a la réadaptation pour la mobilité et la participation dans la
communauté chez les personnes avec une limitation de la mobilité, telles que pergues par les cliniciens, les
personnes avec une limitation de la mobilité, et leurs soignants. Les résultats des groupes de discussion ont permis
d'identifier les mesures utilisées dans la pratique clinique et les déterminants qui influencent la mobilité des
personnes atteintes d’une limitation de la mobilité. De plus, les cliniciens, les personnes souffrant d'un TCC et leurs

soignants ont identifié les facteurs de mobilité liés a la prestation de services, qui sont classés comme des facteurs
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environnementaux dans I’ICF et qui peuvent améliorer la réadaptation de la mobilité des personnes souffrant d'un
TCC, depuis le niveau de soins actifs jusqu'a la réintégration dans la communauté.

Les manuscrits 1 et 2 ont synthétisé des informations essentielles pour définir I'étendue des mesures de la
mobilité ; les manuscrits 2 et 3 ont identifié les déterminants qui influencent la mobilité, reflétant le fait que la
mobilité est un concept multidimensionnel affecté par les interactions entre les fonctions corporelles, I'activité et la
participation, et les facteurs contextuels. La complexité de la mesure de la mobilité, étant donné qu'il s'agit d'un
concept multidimensionnel, nécessite des stratégies solides pour organiser et conserver efficacement les
connaissances scientifiques afin de permettre I'agrégation et la comparaison des résultats entre les études de
recherche. Le traitement du langage naturel est une approche qui peut étre utilisée pour classer correctement le
contenu prédéfini (c'est-a-dire les domaines et les éléments) des mesures de la mobilité afin de comprendre
I'évolution des connaissances pour refléter correctement et faire évoluer notre compréhension de la mobilité. Ainsi,
I'objectif du Manuscrit 4 était d'identifier un ensemble complet de résultats, et de développer des banques d'items
préliminaires de la mobilité chez les personnes atteintes d'LCA, en utilisant le langage naturel.

Les résultats de tous les manuscrits produiront des preuves scientifiques de connaissances utiles liées a la
normalisation des termes et des étiquettes de la mobilité (langage commun) qui serviront a la création d'un ensemble
de résultats de base et au développement de lI'ontologie de la mobilité. L'ontologie de la mobilité contribuera a
réduire I'nétérogénéité des termes liés a la mobilité, ce qui permettra aux chercheurs, aux cliniciens et aux patients
d'identifier plus facilement un ensemble de résultats de base dans les domaines de la mobilité qu'il est important de
mesurer dans les soins cliniques et la recherche.

Ce travail contribuera a I'élaboration d'un langage commun des concepts de mobilité et de leurs
interrelations dans la littérature et la communauté scientifique (c'est-a-dire le partage d'une compréhension
commune de la mobilité par le développement d'une ontologie de la mobilité). Un langage commun sur les domaines
de la mobilité peut faciliter la sélection et I'application de mesures de résultats a utiliser pour évaluer des
combinaisons particuliéres d'interventions et les mécanismes d'action des composants de ces interventions, tels que
modérés par des facteurs contextuels, des populations, et des milieux. Il existe également une application directe des
résultats de toutes les études de cette these au programme de recherche BRILLIANT (Laboratoire vivant de
recherche biomédicale et d’informatique pour les avancées innovantes des nouvelles technologies en mobilité).

BRILLIANT vise a développer des plateformes numériques pour les patients et les cliniciens. Pour construire
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correctement ces plateformes, il est important de disposer d'un langage commun des informations collectées dans
ces systemes afin de s'assurer que les données peuvent étre utilisées pour évaluer les changements au sein des
patients et entre eux. L'ontologie de la mobilité fournira les noms de domaine et d'élément pour classer les mesures
et les interventions de mobilité dans les plateformes numériques de santé, ce qui facilitera I'utilisation des données
collectées. Le travail de thése permettra également de déterminer les mesures optimales de la mobilité a inclure dans
les plateformes numériques de santé BRILLIANT pour collecter des mesures pertinentes de la mobilité, en utilisant

différentes sources d'information (patient, cliniciens, et technologie), dans la pratique clinique et la recherche.
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PREFACE
Thesis organization and overview

This PhD thesis includes four Manuscripts, which the Overall Objective was to provide a common
language and taxonomy of mobility to help compare and select mobility measures for clinical care and research
among individuals with ABI (Stroke and TBI). All studies in this thesis were guided by the International
Classification of Functioning, Health, and Disability (ICF) to define the scope of the ontology.

The First Manuscript aimed to synthesize the measurement properties, the interpretability, and the
feasibility of mobility measures, from various sources of information (patients, clinicians, technology), through an
umbrella review of published systematic reviews among individuals with ABI (stroke, TBI). The Second Manuscript
aimed to identify factors influencing mobility that need to be considered while evaluating mobility, and
incorporating patients' needs and preferences into individualized care management plans among individuals with
ABI (stroke, TBI), as perceived by clinicians, individuals with ABI, and their caregivers. The Third Manuscript
aimed to explore the care experiences and service design related to rehabilitation for mobility and participation in
the community among individuals with ABI (stroke, TBI), as perceived by clinicians, individuals with ABI, and
their caregivers. The Fourth Manuscript aimed to identify a comprehensive outcome set of mobility, and develop

preliminary banks of items of mobility among individuals with ABI, using Natural Language Processing.

Chapter 1 presents the introduction and literature review on ABI (Stroke and TBI) and mobility; definition of
mobility; measuring mobility; the role of ontology-based classification to provide a common language for mobility;
and the role of Natural Language Processing in developing the ontology.

Chapter 2 outlines the rationale and objective of each Manuscript.

Chapter 3 presents the first Manuscript, which is titled “Quality of Mobility Measures among Individuals with
Acquired Brain Injury: An Umbrella Review"

Chapter 4 presents the integration of Manuscripts 1 and 2.

Chapter 5 presents the second Manuscript, which is titled " Clinicians’, Patients’, and Caregivers’ Perspectives about
Factors that Influence Mobility: Creating a Core Set of Mobility Domains among Individuals with Acquired Brain
Injury"

Chapter 6 presents the integration of Manuscripts 2 and 3.
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Chapter 7 presents the third Manuscript, which is titled " Clinicians', Patients’, and Caregivers' Perspectives about
Service Provision across the Continuum of Care to Improve Mobility and Participation among Individuals with
Acquired Brain Injury"”
Chapter 8 presents the integration of Manuscripts 3 and 4.
Chapter 9 presents the fourth Manuscript, which is titled "Informing the Development of an Outcome Set and Banks
of Items to Measure Mobility among Individuals with Acquired Brain Injury using Natural Language Processing"
Chapter 10 presents the conclusions of the thesis.
Contribution of co-authors

There is a direct application of the results from this PhD thesis to the BRILLIANT (Biomedical Research
and Informatics Living Laboratory for Innovative Advances of New Technologies in Community Mobility
Rehabilitation) research program funded by the BRILLIANT CFI (Nominated PI: Dr. Sara Ahmed). The doctoral
candidate conducted the write-up for all Manuscripts and the statistical analyses under the supervision of her
academic supervisor, Dr. Sara Ahmed. The Manuscripts included in this thesis are the candidate's work with
extensive feedback from Dr. Sara Ahmed, Dr. Claudine Auger, and Dr. Anouk Lamontagne. In particular, Dr.
Claudine Auger was a co-author on all Manuscripts in this thesis, and provided feedback on the Manuscripts. Also,
she provided feedback on interview guide questionnaires for Manuscripts 2 and 3 and contributed to reviewing the
results for Manuscripts 2, 3 and 4. Dr. Anouk Lamontagne was a co-author in Manuscripts 2, 3, and 4 on this thesis,
and provided feedback on the Manuscripts. Also, she contributed to reviewing the results for Manuscripts 2, 3 and 4.

Finally, the doctoral candidate performed the data collection for the second and third Manuscripts.

Miss Mushirah Hossenbaccus facilitated the recruitment of patients/caregivers and clinicians at each
participating site for both Manuscripts 2 and 3. She translated the demographic questionnaires and the interview
guide questionnaire from English to French. She also contributed to taking notes during focus groups for
Manuscripts 2 and 3. Dennis Radman was a second coder for the thematic analyses and a co-author for Manuscripts
2 and 3. He also contributed to taking notes and being an observer during focus groups for Manuscripts 2 and 3. Dr.
Aliki Thomas contributed to being a co-moderator for one of the focus groups. Miss Nicole Gorge, Dina Gaid and
Mrs Lina Petrella contributed to taking notes during focus groups for Manuscripts 2 and 3. Dr. Audrey Durand was

a co-author for Manuscript 4. She supervised the analysis that used machine learning algorithms and provided
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feedback on Manuscript 4. Lastly, Mr. Mathieu Godbout was a co-author for Manuscript 4. He contributed to
developing the machine-learning algorithm to analyze the data, and provided feedback on Manuscript 4.

In summary, the doctoral candidate was responsible for designing the study, data collection, defining
statistical methods, preparing the data for analysis, performing the statistical analyses, and interpreting the findings
and writing of the Manuscripts. The co-authors functioned in consultant roles, providing feedback on the study
design, the analyses, and the final draft of each Manuscript.

Statement of originality

This is to certify that to the best of my knowledge, the content of this PhD thesis is my own original work
with guidance from my supervisor Dr. Sara Ahmed and the supervisory committee Dr. Claudine Auger, and Dr.
Anouk Lamontagne. This thesis has not been submitted for any degree or other purposes. | certify that the
intellectual content of this thesis is the product of my own work and that all the assistance received in preparing this
thesis and sources have been acknowledged. Chapters 3, 5, 7, and 9 are the original material and contribute to
knowledge in the field of Rehabilitation in Canada. The originality of this thesis lies in the new insights gained on
generating scientific evidence of useful knowledge related to standardizing terms and labels for mobility (common
language) that will inform the development of the ontology (knowledge representation) for mobility to eliminate the
terminologies heterogeneity, and enable the use of knowledge reasoning that can explain variability in mobility
among individuals with ABI. There is a direct application of the results of all studies in the BRILLIANT
(Biomedical Research and Informatics Living Laboratory for Innovative Advances of New Technologies in
Community Mobility Rehabilitation) research program. The results of this PhD thesis will inform the optimal
mobility outcome measures to include in the BRILLIANT health informatics solutions to collect relevant mobility
outcome measures, using different sources of information (patient, clinician, and technology) in clinical practice and
research. This work will contribute to the literature and scientific community a common language of mobility
concepts and their interrelationships (i.e. sharing a common understanding of mobility through developing an
ontology for mobility) that will facilitate predicting combinations of intervention content and mechanisms of action,
as moderated by contextual factors, population characteristics, and settings. This thesis has not been submitted for
any degree or other purposes. | certify that the intellectual content of this thesis is the product of my own work and

that all the assistance received in preparing this thesis and sources have been acknowledged.
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CHAPTER 1 LITERATURE REVIEW
11 Acquired brain injury and mobility

Among various causes of acquired brain injury (ABI), traumatic brain injury (TBI) and stroke are the
leading causes of disability worldwide [1-3]. According to the World Health Organization (WHO), the global
incidence of all-cause, all-severity TBI is estimated at 69 million people worldwide each year. Mild TBI affects
approximately 55.9 million people each year, whereas 5.48 million people are estimated to suffer severe TBI each
year. The incidence of TBI is highest in the region of the Americas—United States and Canada (1299 cases per
100,000 people) and the European region (1012 cases per 100,000 people) [4]. On the other hand, 15 million people
suffer a stroke worldwide each year, as the incidence of stroke is highest in the region of the Americas—United
States and Canada (1015 cases per 100 000 people), followed by the European region (range from 95 to 290 cases
per 100,000) [5, 6].

Statistics Canada indicates that 100,000 Canadians will experience ABI each year (Stroke: 59%; TBI: 71%)
[5]. Approximately 1.5 million Canadians with ABI go through the acute and rehabilitation care continuum annually
and over 60% report restrictions in participation in societal roles [5], costing the health system more than $26.8
billion annually [7]. Consequently, the number of individuals with a mobility limitation and participation restrictions
are on the rise [8, 9]. This trend impacts the individual, society, and demand for scarce health care resources [8, 10-
12]. At the individual level, an inability to ambulate adequately can lead to de-conditioning and diminishing quality
of life. At the society level, mobility limitations will lead to restricted participation in meaningful activities at
school, leisure, or work. At the economic level, mobility limitations will increase costs and burden on the health care
system [8, 10-12].

12 Definition of mobility

Definition of mobility

In general, mobility is defined as a persons' ability to move independently and safely from one point to
another [8, 13]. It is the process of changing and maintaining postures [14], moving around the bed, from one chair
to another (transfers), using a wheelchair and all aspects of walking [15]. It is the fundamental part of activities of
daily living (ADL), including basic-ADL and instrumental-ADL [13]. Also, it can be described in cognitive,
emotional, social and physical terms [16]. When mobility is defined more broadly, it also includes movement

outdoors and beyond the home using of some form of transportation [17, 18]. Stalvey et al. [18], defined mobility as
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“the spatial extent of one’s travel within the environment,” encompassing “travel in, around, and outside the home
as one conducts the business and social aspects of everyday life”. The World Health Organization’s International
Classification of Functioning, Disability and Health (WHO’s ICF) also recognize a broad explanation of mobility,
including both indoor and outdoor movement and the use of assistive devices and transportation [19].

Since mobility is multi-dimensional, it is important to understand mobility in a holistic way. Webber et al.
[20] defined mobility holistically based on the life-space literature [18, 21-23] and environment on mobility
continuum [24-26] as the ability to move oneself (either independently or by using assistive devices or
transportation) within environments that expand from one's home to the neighbourhood and to regions beyond.
Vehicles and other forms of transportation are required to maintain access to essential services, activities, and people
[27].
1.3 Conceptual framework relevant to mobility

The complexity of mobility is also observed through several frameworks. Carp and Frances [28] present
conceptual model of mobility to determine whether life-maintenance needs (e.g., food, clothing, health care) are met
independently, and whether higher order needs (e.g., social relationships, recreational activities) are fulfilled to
promote well-being. Rose [29] proposed a theoretical framework for balance and mobility that considered of the
interrelationships among individual capabilities, environmental constraints, and task demands. Shumway-Cook et al.
[24], present a conceptual model named person-environment model of mobility in which attributes of the physical
environment are categorized into eight dimensions including, distance, temporal, ambient, terrain, physical load,
attention, postural transitions, and density. These dimensions represent the external demands required for an
individual to be mobile within a particular environment. Fuller [30] proposed a theory of driver behavior including
driving task demands and driver capabilities (e.g., physical, cognitive, and psychological characteristics) and
recognizes that environmental factors, compensatory strategies, and driver perceptions influence driver action. Tsai
[31] presents a conceptual model of walking, physical activity and life-space mobility, in which walking represents
the smallest circle within the physical activity as it includes the least variety of movement (e.g., walking or changing
position). The physical activity represents the mid-layer circle, including a wider range of daily activities and
relationships with family, and community life. Life-space mobility, the outer circle, is the largest concept of the

three, encompassing all movements within the environment, including the use of transportation.
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In order to conceptualize mobility more comprehensibly, Webber et al. [20], presented a framework that
links factors relevant to walking, wheeling, driving, and taking alternate forms of transportation within different life-
spaces. The framework includes concentric areas of expanding locations from home with increasing requirements
for independent mobility that expands from ones’ home to the outdoor area surrounding the home, the
neighborhood, the service community, the surrounding area, and the world (Figure 1). At all life-space levels
portrayed in the vertical order, five "key" interrelated determinants, namely cognitive, psychosocial, physical,
environmental, and financial, influence mobility. Cognitive determinants include a broad range of factors such as
mental status, memory, and executive functioning, whereas psychosocial determinants include factors such as self-
efficacy, coping behaviors, depression, fear, mood, and relationships. The relative importance of different factors
depends on the specific mobility context for an individual as one moves farther from home. In addition, personal
factors, including gender, culture, and biography shape individuals’ experiences, opportunities, and behaviors and
therefore act as cross-cutting influences on mobility [32].

The broadness of all domains that encompass mobility is also observed when applying the International
Classification, Functioning, Disability, and Health framework (ICF) [19]. It classifies mobility under body function,
activity and participation and environmental factors. In the body section, mobility is seen as the motion of all body
bones and joints (codes: b7, b710, b7100, b7101, b7102, b7108, b7109, b720, b7200, b7201, b7203, b7208, b7209).
In the activities and participation section, mobility is given an entire chapter (d4), and it is about moving by
changing body position or location (d410-d429); or by transferring from one place to another, by carrying, moving
or manipulating objects (d430-d449), by walking, running or climbing, and by using various forms of transportation
(d470-d489). In the environmental factors section, mobility is classified as products, devices, domesticated animals,
and services used for transportation (codes: €120, e1200, 1201, e1208, 1209, e1401, 350, €5100) (Figure 2).

14 Measuring mobility

Since mobility is multi-dimensional, there is not one reliable and comprehensive measure to evaluate the
myriad of personal and environmental factors that influence mobility for individuals with ABI [19, 33]. Further, to
measure mobility in research, we rely on expensive laboratory technologies [34-36] and performance-based tools
[37] that are burdensome in terms of setting up, staff time for administration, and analysis. Notably, these tools may
not be readily applied in "real-life" community contexts. Further, electronic platforms that can collect real-time

patient-reported and clinician-reported data are in their early stages [38], particularly in rehabilitation. To build these
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platforms correctly, a common language of the information collected in these systems is important to ensure that
data can be used to evaluate changes within and between patients. Therefore, to plan rehabilitation effectively and
compare between different interventions, an understanding of the nature and severity of mobility among individuals
with ABI is needed, which requires a comprehensive evaluation of mobility.

Evaluation of the effectiveness of rehabilitation interventions after ABI is highly prioritized [39]. However,
selection of a suitable outcome measure can pose a challenge to both researchers and clinicians, as the range of
outcome measures available in the clinical research literature is vast, and distinctions between them are often not
clear. Despite consensus in nationally published guidelines recommending the use of valid, reliable, and responsive
assessment instruments, further direction does not extend to which outcome measures are optimal for particular
evaluative needs among the ABI population [40, 41]. For example, reviews give guidance in criteria for selection,
with critical appraisal of psychometric properties of outcome measures commonly used in stroke research to capture
aspects of body function, activity, and participation [42-44]. However, researchers and clinicians also need to
consider the content of measures and whether the domains evaluated match research and clinical objectives.

Indeed, numerous studies focusing on mobility outcome measures have been published, many studies
highlighting the need for standardized definitions and higher consensus and guidance in outcome selection [39]. The
focus of published validity evidence for mobility outcome measures has been on a limited range of quantitative
psychometric tests applied to the outcome measure despite its source of information. Usually, quantitative testing
includes the estimation of scale reliability, using available factor analysis, and fitting a confirmatory factor analysis
model to data from a conveniently accessible sample of typical respondents. In addition, the application of
qualitative methodology has been used commonly to generate target constructs or to test items of the measure
cognitively. However, the current validity testing theory highlights that validity is not just about item content and
psychometric properties. It is about the ongoing evaluation of valid evidence sources to support the data
interpretations and uses of test scores in each new context [45-48].

There is little evidence of this thinking being applied in the rehabilitation field [45], as few publications
describe the iterative and comprehensive testing of the validity of the interpretations of the outcome measure data
for the intended purposes [45]. This gap in the research is essential to be considered because validity evidence
extends beyond the statistical properties of the outcome measure [45, 49, 50] to the accuracy of data interpretations

to enhance clinical decision-making among individuals with ABI [45, 46]. Thus, a more comprehensive approach to
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validity testing of outcome measure with application to the relatively new measurement area in health care is
needed.

There is a solid and long history of validation theory and methodology in the fields of education and
psychology [47, 51-54] to develop theory and methods for validity testing of how the data are interpreted and used
for decision-making in specified contexts and not only focused on the measurement tools [47, 55]. The validation
theory and methodology focuses on the iterative evaluation of sources of validity evidence for the data interpretation
in each new context [47, 56]. The valid interpretation of data from the outcome measure is essential when the
decisions emphasise the individual's health [48]. The psychometric properties of a measurement tool are an integral
component of the validity of the inferences drawn from its data in its development context. Still, they do not
guarantee valid data interpretation in other contexts [45, 57, 58].

A more uniform reporting of outcome measure in ABI studies would allow comparison between studies
and enable data pooling from different studies for evidence synthesis. An example of improving standardization of
outcomes across several research areas is the Core Outcome Measures in Effectiveness Trials (COMET) initiative,
which aims to improve development and application of agreed-upon standardized sets of outcomes, the "Core
Outcome Sets". This initiative has recently launched a database containing more than 500 references, but only a few
of these targets the ABI population, and mobility function is not yet covered [59]. Furthermore, the existing ICF
Core Sets for both stroke and TBI are still limited in term of mobility [60-64].

The application of different models and/or frameworks to select outcomes measures varies. The outcome
measures need to be multi-dimensional, in order to include functioning at different levels of body function that refer
to impairment, and activity and participation that refer to limitation. Equal emphasis should be placed on
determining the influence of personal and environmental elements on a person's overall health and well-being [19].
This necessitates the use of more comprehensive models that can locate mobility within a framework to identify all
the relevant outcomes and the linkage between them.

14.1 Mobility and the International Classification of Functioning, Disability and Health Framework

In rehabilitation, the ICF was developed to help researchers, clinicians, and patients reach a broader
biological and psychosocial understanding of impairment [19]. The ICF framework is commonly used to guide the
measurement of function and disability among different professionals [19]. It provides a unified and standardized

language for describing and classifying health outcomes. Furthermore, the ICF can provide a basis to examine
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mobility, as it provides a standardized common language across the world to effectively communicate information
among various disciplines [19]. In the ICF, mobility is classified within the component of activity and participation.
In addition, the ICF components of body function, and contextual factors can be applied to mobility [19]. Linking
using the ICF framework is a method of content analysis that has been used to link items of a measurement tool to
ICF components [65].

The ICF is a classification framework that describes the relationships among various factors that interact to
effect health and function [19], and it organizes this information in two parts: Part 1- Functioning and Disability, and
Part 2- Contextual factors (Figure 3). These two parts are each further subdivided into two components. The
components of Part 1 are (1) Body Functions defined as the “physiological functions of body systems (including
psychological functions) [19]” and Body Structures as the “anatomical parts of the body such as organs, limbs and
their components [19]”; (2) and Activity and Participation, in which Activity is defined "as the execution of a task or
action by an individual [19]", whereas Participation is defined "as involvement in a life situation [19]".

The components of Part 2 are: (1) Environmental Factors, which refer to all aspects of the external or
extrinsic world that form the context of an individual's life and, as such, have an impact on that person's functioning
[19]”. Environmental factors can be classified into individual and societal. The individual level encompasses the
immediate environment of the individual [19], while the societal level refers to “formal and informal social
structures, services, and overarching approaches or systems in the community or society that impact the individual
[19]”; (2) Personal Factors represent influences on functioning particular to the individual [19]. Given the large
variation in society and culture and a lack of clarity with respect to these factors, they are not classified within the
ICF, but the ICF acknowledges Personal Factors and their impact on the health condition. While developing a
classification for personal factors can be challenging, including this type of information in data collection could
assist investigators in providing “empirical background for the future development of personal factors in the ICF
[19]”, and codifying personal factors in the ICF could help in conveying “information important for a complete
description of the functioning profile [19]” Examples of Personal Factors that may affect functioning include
gender, race, ethnicity, age, social and educational background, past and current experiences and life events,
behavior patterns, and psychological assets [19].

The ICF framework acknowledges the interplay between functioning, disability and contextual factors [19].

For example, any mobility impairment can potentially affect activity and participation capacity, which in turn can
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also be influenced by the contextual factors. Each of the four components is further subdivided into domains and
then categories. Domains are the first level of classification and form the chapters of ICF. Categories form the
lowest level and are the basic units of classification in ICF. Each chapter comprises second-level, third-level, and in
certain cases, fourth-level categories (Figure 4) [19]. For example, the component of Activity and Participation
comprises nine domains, including d1: Learning and applying knowledge; d2: General tasks and demands; d3:
Communication; d4: Mobility; d5: Self-care; d6: Domestic life; d7: Interpersonal interactions and relationships; d8:
Major life areas; and d9: Community, social and civic life. Each domain is then classified into categories, which are
the units of ICF classification. For example, the domain of Mobility (d4) consists of categories including walking
and moving, changing body positions, and moving around using transportation. When coding using the ICF
framework, components, domains and categories are coded up to three or four levels. The code starts with the
relevant component prefix, that is, b, s, d or e, which is followed by an up to four-digit code representing the
relevant domain and category. For example, the task of "walking long distances"” can be coded as:

d- Activities and participation (component)

d4- Mobility (first-level/domain)

d450- Walking (second-level/category)

d4501- Walking long distances (third-level/category)

A number of codes can be utilized at each level of classification. Generally, the exhaustive third-level
codes have been recommended for linking rehabilitation outcome measures [19].

In rehabilitation science, the ICF presents itself as a synthesis of two models of human functioning and
disability: the biomedical model and the bio-psychosocial model [19]. Addressing the bio-psychosocial and
biomedical models is essential to encourage a more comprehensive understanding of illness, injury, activity
limitation, and participation restriction between the person and the environment [66, 67]. The importance of the bio-
psychosocial model is not solely in understanding disability but, more importantly, in clearly identifying
environmental factors as potential determinants that influence mobility. For example, participation of individuals
with disabilities in society is dependent on the use of accessible designs to remove physical environmental barriers
in public and private facilities, while reasonable accommodations are crucial for achieving complete participation in
the workplace [68]. This bring us to discuss the important philosophical shift in how health professionals

understand, respect and support impairment improve an individual's health independence and agency [69-71], in
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which this has created a patient-centred care (PCC) approach. The Institute of Medicine (IOM) defined PCC as
“care that is respectful of and responsive to individual patient preferences, needs, and values” and that ensures “that
patient values guide all clinical decisions [68]”. This definition highlights the importance of facilitating shared
decision making (SDM) between clinicians and patients to produce the best mobility outcomes possible [72]. Also,
PCC focuses on environmental factors at societal level in which healthcare services received fully integrates the
patient's perspectives, experiences, and needs into every phase of medical consultation, evaluation, treatment and
follow-up [73]. Thus, the benefits of PCC are conclusive, including essential aspects such as patient satisfaction,
greater enablement, more significant improvement in symptom burden, and positive health outcomes [72].
The ICF linking process

The ICF provides a common language to describe health and health-related status [19]. The ICF linking is a
rigorous process, whereby a scale or sub-scale of the measures are linked to the most precise ICF category [61, 74].
To facilitate comparability of health outcome measures, a set of rules has been developed for linking outcome
measures to ICF [65]. Ten rules have been established for the ICF linking process (Table 1) [65]. The ICF linking
process consists of identifying the main construct of the domains and items of the measures to be linked to the most
precise ICF category (Figure 5). The ICF linking provides a process to explore, analyze and compare measurement
tools [65, 74]. Understanding of the content of measures using ICF linking in combination with the psychometric
properties of the measure would assist researchers and clinicians to choose an appropriate measurement tool of
mobility to evaluate individuals with ABI.
1.4.2 Sources of information

An important point in selecting outcome measures is methods of collecting data using a different source of
information [75]. A number of outcomes can only be measured using clinical examination or technology, especially
when it is related to impairment and disability. Clinically Reported Outcomes (ClinROs) are "evaluations from a
trained professional after observation of a patient's health condition and involve clinical judgment or interpretation
of the observable signs, behaviours, or other physical manifestations [75]”. Performance-Reported Outcomes
(PerfOs) require patient cooperation and motivation, and include tests of walking, dexterity, and cognition [75]. Key
outcomes that are assessed using technology which defined as "fully realized products and systems, created by
people for an identified purpose through technological practice [76]”, and involves for example technology that can

be used to assess physical activity [34], and community mobility [36].
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Participation and quality of life can only be assessed by asking the person directly. These outcomes are
termed Patient-Reported Outcomes (PROs) or Self-Reported Outcomes (SROs) [43, 44] in which PROs defined as
"any report of the status of a patient's health condition that comes directly from the patient, without interpretation of
the patient's response by a clinician or anyone else" while SROs are defined as "any status reported by the patient
that can concur with performance-based assessments [75]”. SROs are not the same as PROs because the
interpretation of what the patient says they can do may be amended based on other information that may not have
been provided by the patient. For example, mobility can be self-reported, and for most individuals, self-reports can
be in accord with performance-based assessments [77, 78]. When outcomes are used to determine safety, general
health or level of care, it is essential to combine SROs with other sources of information [75].

Patient-reported outcomes are limited in providing information when cognition impairments are present.
For example, in a large study that administered quality of life questionnaires by mail, around 50% of the patients
with stroke were unable to complete the questionnaires by themselves, because of cognition impairment, which
results in seriously compromised and misleading results [79]. Therefore, the inclusion of Proxy-Reported Outcome
(ProxO) is needed. The ProxO represents a special kind of observer who shared the same experience of the patient
(e.g. family member, friend or caregiver), and can report on the outcome. To note, ProxO is not Observer-Reported
Outcomes (ObsROs), which are outcomes assessed by an expert who is observing a certain behavior [75]. Using
ProxOs would benefit in increasing sample size, improving generalizability, and reducing sample bias. Proxy
respondents may be rating actual, observable performance, whereas patients may rate their perceived capability in
what they think they are capable of doing, rather than what they actually do.

1.6 The role of ontology-based classification to provide a common language for mobility

Generally, any rehabilitation intervention plan begins with a comprehensive assessment of impairments,
activity limitations, and participation restrictions. Choosing the most suitable intervention for individuals with ABI
with mobility limitation requires a comprehensive evaluation of mobility. The intervention plan varies depending on
the patients' personal context goals and the complex interplay of the factors that influence mobility. Thus, optimal
measures will result in an individualized treatment plan that targets patients' needs.

There is a challenge in achieving a consensus concerning definitions of mobility because it is a latent
construct reflected by many terms. The lack of common terms is evident when examining the proliferation of

theoretical frameworks related to mobility in the literature [24, 28-31]. These theoretical frameworks tend to be
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overlapping and underspecified, as they often use different names for the same construct of mobility, measure the
same construct of mobility using differing items, and inadequately define the construct of mobility and its
relationships. Based on mixing of labels and the definition of the construct of mobility, it appeared that researchers
were using different terms to refer to the construct of mobility, and vice versa. The ICF framework and Webber’s
framework for mobility [19, 20] were used in this thesis to set out a comprehensive conceptualisation of the
construct of mobility and the interrelationships between domains.

The lack of common terms and shared definitions for mobility related to mechanisms of action, outcome measures,
the individuals they target, and environmental contexts, makes it challenging to advance rehabilitation interventions
for mobility. These inconsistencies limit the precise specification of theoretical constructs of mobility, how they are
measured, and the relationships between different mobility domains and their mechanisms of action. These
challenges, in turn, limit our capacity to efficiently integrate and summarize available evidence linked to theoretical
frameworks and to apply these to make a decision in choosing the outcome measures to evaluate and compare
interventions and then disseminate evidence on the effectiveness of interventions. Given the "black box™ nature of
the variety of different intervention plans concerning mobility, and inconsistency and incompleteness in reporting of
study methods and findings in the rehabilitation literature, one strategy named "ontology" can be used to support an
efficient knowledge representation with considerable potential.

1.6.1  What is an ontology?

The term “ontology” is defined in philosophy as the study of the kinds of things that can exist and their
relations to each other [80]. In information science, ontologies are data structures that define classes and the
relations between those classes (Figure 6) [81]. In this PhD thesis, ontology is defined as a formal, explicit
description of the construct of mobility (i.e. entities or classes), properties of each domain describing various
features and attributes of the concept of mobility (slots sometimes called roles or properties), restrictions on slots or
properties (i.e. facets (sometimes called role restrictions)) and specified relationships between the entities or classes
(i.e. taxonomies) [81].

The labels and definitions of entities/classes and relationships in a given ontology make up a ‘controlled
vocabulary'. Controlled vocabularies are collections of preferred classes that are used to promote consistent
description and retrieval of data. Controlled vocabularies provide listings of synonyms and antonyms for the defined

terms [81]. The development of controlled vocabularies is usually based on expert consensus to review and refine
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definitions of the terms included to reflect changes in the domain over time. Once developed, controlled
vocabularies can be used to annotate or “tag” information. For example, the Medical Subject Headings (MeSH)
terms used in PubMed include a controlled vocabulary organized into taxonomy that allows annotation of the
scientific literature [82]. The terms in a controlled vocabulary are usually structured as a hierarchical taxonomy,
which specifies, for example, “walking-stroke” relationships between higher level and lower level classes.

Ontologies build on the logic of taxonomies, but they are more flexible as they allow more than one type of
relationship or taxonomy [81]. For example, in taxonomy, the “walking-balance” relationship could be expressed as
"mobility", but in ontologies, other relationships could also exist (e.g., mobility can be measured by different
sources: patient, clinician, technology). This highlights an essential distinction between taxonomy and ontology:
taxonomies define single “walking-balance” relationships. Ontologies allow for individual classes to have relations
to more than one other class, and these relations may be either the walking-balance (is_a) relationship or a variety of
other types of relations (such as is_measured_by and/or is_part_of). Therefore, having a mutually agreed upon
terminology enables better knowledge sharing and diffusion of information about mobility and will carve the way
for a standardized and comprehensive evaluation process [83].

Ideally, ontologies are codified into a computer-readable format, enabling computers to “understand” the
link between the different classes as well as the language used to define a class. Also, each class needs to have a
unique, unambiguous Uniform Resource Identifier (URIs) following best practices [84]. URIs are strings of
characters used to identify an entity or a class, for example, 'BFO_0000023' representing the entity “role” in the
Basic Formal Ontology (BFO) [81, 83]. This, for example, enables Natural Language Processing approaches to use
the ontology (along with its list of synonyms and antonyms) to detect instances of classes (described below in
Section 7.1). A commonly used ontology format is the Web Ontology Language (OWL) [85] and a system
commonly used for encoding an ontology in OWL is Protégé, an open-source ontology editor [86]. Once developed,

ontologies can be shared via publicly available portals such as https://bioportal.bioontology.org/ Table 2 contains a

guide of terms used in the ontology.

1.6.2 Best practices for developing ontologies

Noy and McGuinness [87], as well as Larsen [88], published step by step guidelines in developing and refining
ontologies for best practices, including:

1. Define the scope of the ontology.
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2. Develop the controlled vocabulary of classes and their properties.
3. Develop a taxonomy that defines, for example, “walking-stroke” relationships between classes.
4. Expand on the single “walking-stroke” relationships described in the taxonomy to define all relevant
relationships between different classes including the “walking-stroke” relationships described by the taxonomy.
5. Codify the ontology into a computer-readable format.

Ontologies have been used to transform knowledge in large areas. Most notably evidence is the

comprehensive, computational model of biological systems, the Gene Ontology (http://www.geneontology.org/)

[89]. The Gene Ontology is an updated and openly searchable source of knowledge about the biology of genes
among all species using agreed-upon classes/entities, taxonomies, and relationships within the growing field of
molecular biology. The Gene Ontology has been used to annotate more than 100,000 peer-reviewed scientific
publications to provide a knowledge base that would not be possible without the ontology [90]. In addition, several
ontologies have been developed for public health [91] and mental entities such as emotions [92], mental disorders
and mental functioning [78]. Also, medical ontologies such as OpenGALEN [93], SNOMED-CT [94] and UMLS
[95] are used in the healthcare practice. The OpenGALEN ontology was used in urology to develop a decision
support system to treat patients with urinary tract infections [96]. Moreover, Jannin and Morandi [97] designed
surgical models of neurosurgery using an ontology model describing 106 surgical cases which facilitate the surgical
decision-making process and surgical planning.

In rehabilitation sciences, ICF is WHO’s framework for describing and measuring health and disability at
both individual and population levels, and it has been adopted by WHO Member States as a standard [19]. ICF is

freely available at https://apps.who.int/classifications/icfbrowser/. It is divided into four main components that

depend on each other: Body Functions, Body Structure, Activities and Participation, and Environmental Factors
[19]. A hierarchical structure is present, where each category has a name, a text description, and inclusion and
exclusion relationships [19]. The first level of hierarchy is constituted of chapters. Each category at each level has a
hierarchical alphanumeric code (an example is provided in Section 1.4.1)[19]. Moreover, in its practical use, each
category is qualified by a numerical value, the interpretation of which is defined within a range specific for every
chapter [19]. WHO members update the health care terminologies including ICF, and have embarked on an open

web-based cooperation to revise International Classification of Disease (ICD 11) using ontology-driven tools [98].
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The same process has been envisaged for the ICF concentrated on the Body Functions [99] and Activity and
Participation [100] components of ICF.

The ICF ontology has been developed, but it has not been tested yet. The ICF can play a pivotal role for
meaningful and automated compilation and exchange of health information across sectors and levels. In order to
fulfill this role, the ICF ontology needs to be tested and used in different professions in rehabilitation fields. The ICF
ontology highlights the potential that ontologies can hold the potential to move rehabilitation science forward from
one where domain is siloed and its data is incompatible with others, to one in which existing rich evidence is
integrated, searchable, and can be further analysed to discover new relationships, develop novel hypotheses, and
expose gaps in the evidence.

Computation of knowledge using ontologies is important to facilitate evidence synthesis, allowing
systematic searches to be automatically and continually updated [101]. Ontology development requires considerable
expertise and to that end, the Open Biological and Biomedical Ontology (OBO) Foundry [102] established to
provide a resource for ontology developers and a set of guiding principles from which to work. In addition, the
NCBO's BioPortal enables the biomedical community to find, comment on, and contribute to biomedical ontologies,
thereby facilitating interactions among ontology users and developers to increase the value of the ontologies [103].
Stanford has developed Collaborative Protégé to allow collaborative ontology development in real-time by users in
different locations [104].

Developing and testing ontologies for rehabilitation science is crucial for many reasons: (1) to share a
common understanding of the structure of information (in this case mobility) among different populations including
clinicians, patients, and researchers; (2) to enable reuse of domain knowledge, meaning that by developing a detailed
mobility ontology in rehabilitation science, other investigators and digital health developers can reuse it; (3) to
integrate many existing ontologies describing portions of the large domain; (4) to make accurate domain
assumptions needed to guide an implementation, making it possible to change these assumptions easily if our
knowledge about the domain changes; and (5) to analyze domain knowledge when specific terms are available.
Formal analysis of terms is extremely beneficial when both are attempting to reuse existing ontologies and

extending them [87, 90].
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1.6.2  The importance of ontologies for predictive modeling and comparative effectiveness of mobility
interventions

Developing an ontology for mobility in rehabilitation science is important to provide standardized
terminology for mobility outcome measures [87, 90]. Also, this development is akin to defining a set of data and
their structure for other programs to use. For example, evolving the ontology for mobility for rehabilitation science
will help in analyzing an inventory list of mobility domains and suggest which domain can expand to choose the
best source of information to evaluate mobility. Another application from the mobility ontology will be in
influencing the decision making in choosing the proper intervention among individuals with ABI.

Given the large amounts of information that needs to be captured and integrated to gain a good
understanding of mobility, information technology will play a big role in storing data and creating decision
algorithms to assist clinicians in interpreting outcome measure scores and matching scores to the best interventions
for a given patient [105]. The large amount of datasets across large samples, settings, and different sub-groups of
individuals with different mobility profiles can be used in predictive modeling using machine learning and reasoning
algorithms [81, 105-108] to identify the right intervention at the right time for the right person. Predictive models
can predict effect sizes for given interventions and mechanisms of action, as moderated by outcome measures,
populations, and settings. Also, it can enable the researcher and clinicians to distinguish between individuals who
will benefit from a specific intervention from those that will not. Thus, predictive modeling will facilitate systematic
regulations of the rehabilitation field, leading to greater standardization and increased knowledge sharing.

Machine Learning (ML) is a subset of Artificial Intelligence (Al) that enables computers to learn without
being explicitly programmed with predefined rules [90]. These programs have been developed to generate and
interrogate large, accumulating knowledge databases using ontological approaches [109]. It focuses on developing
computer programs that can teach themselves to grow and change when exposed to new data [90]. This predictive
ability enables ML to handle massive dataset with efficiency and accuracy. In the rehabilitation sciences, building
computer programs that can extract and process knowledge from text documents at a level that can be used by
experts in the domain requires many elements that can generally be associated with intelligence [90, 91]. Thus, a
computer program performing this kind of tasks can be thought of as artificially intelligent.

In the last two decades, there has been a significant growth in algorithmic modeling applications using ML,

which is more efficient and accurate than traditional statistics [110]. ML can produce more reliable information, and
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ML algorithms do not depend on rules defined by human experts. These algorithms process data in raw form, for
example text, emails, documents, social media content, images, voice, and video. ML is more prediction-oriented as
compared to statistical modeling, which is generally interpretation-oriented. Statistical modeling is moving towards
statistical learning to recognize patterns in text. ML is a computer program that uses examples from a training set to
construct a statistical model of how a task should be performed. This model can then be generalized to process new,
unseen data, thereby performing the desired task with high confidence. The computer program uses weightings
learned from statistical properties, for example, frequencies with which important words appear in the text [110].
Thus, this technique is statistical.

1.7 The role of Natural Language Processing in developing the ontology

ML algorithms are categorized into (1) supervised learning that defined as the task of learning a function
that maps an input to an output based on example input-output pairs. A wide range of supervised learning algorithms
are available, but the most popular ones include linear/non-linear regression, classification, forecasting and attribute
importance; (2) unsupervised learning is used to draw inferences from datasets consisting of input data without
labelled responses. The most common unsupervised learning includes clustering, dimensionality reduction,
association models; and (3) Reinforcement learning is a technique that enables an agent to learn in an interactive
environment by trial and error using feedback from its own actions and experiences. Common reinforcement
learning algorithms include Q-learning state-action-reward-state-action (SARSA) and Deep Q Network (DQN)
[111]. The focus on this thesis is related to the Natural Language Processing (NLP), unsupervised ML.

NLP is an automatic methodology that deals with the interaction between computers and humans using
natural language. The ultimate objective of NLP is to read, decipher, understand, and make sense of human
languages in a manner that is valuable [112]. When aiming at grouping words and/or sentences, many approaches
can be considered, including the manual one where a human simply reads out all the said words or sentences and
groups them according to their own interpretation of what good groupings might be. Beyond its automatic nature
and quickness, the NLP method also has the advantage of being able to classify future words (i.e. domains) or
sentences (i.e. items) to the best-computed grouping on previous words or sentences.

Since the ontology for mobility that will be developed is greatly concerned with learning patterns from the
text, unsupervised learning using NLP was used as a first appropriate step. NLP aimed at exploiting rich knowledge

resources with the goal of understanding, extracting, and retrieving from unstructured text. Knowledge resources
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that have been used for these purposes include the entire range of terminologies, including lexicons, controlled
vocabularies, thesauri, and ontologies (in our case the ICF ontology:

https://bioportal.bioontology.org/ontologies/ICF [112]. As discussed above (Section 1.6.1 What is an ontology?) that

an ontology is a representation of entities/classes and their relationships in a particular construct, a key requirement
is that each entity/class has one unique reference in the ontology, typically a meaningless identifier to avoid
confusion among natural language terms. Each identifier is linked to at least one and often more than one natural
language term to capture the synonymy inherent in human language [113]. A standard ontology facilitates
aggregation of data from multiple sources if each source uses the identifiers from the ontology [113].

An important consideration for NLP is that an ontology be complete with respect to the construct
represented as well as their relationships and natural-language synonyms. It follows that when an ontology lacks a
representation of the construct, a particular term for it, or some of its particular relationships, the quality of NLP
based solely on that ontology will suffer. Lack of any representation of the construct inhibits detection of that
construct. Lack of a synonym prevents recognition of the construct when a document uses the synonym to refer to it.
Lack of a relationship might prevent finding answers to such questions as “what role does rehabilitation play in the
long-term care system among individuals with ABI?” One approach to facilitating this manual process is to use
informatics tools to accelerate the interactions among domain experts and ontologists necessary to the ontology
development process.

While literature and text documents are major mechanisms for reporting new knowledge about a concept,
ontological knowledge is often stated explicitly or implicitly within the text, and these reference documents serve as
important knowledge-rich resources for ontology learning. There is a large body of research on automating the
development and maintenance of ontologies using NLP [112]. NLP can help enrich and enhance the linguistic
realization of ontology as well as, it uses ontological knowledge to interpret the texts. Thus, many researchers have
been utilizing methods from fields of NLP and Al to partially or fully automate semantic knowledge extraction.

Clustering is an important concept when it comes to unsupervised learning. It mainly deals with finding a
pattern in a collection of uncategorized data. The clustering is useful for two reasons: First, the similarity
measurements can provide information about the hierarchical relationships of concepts; second, the identification of

distinct clusters of similar terms can help in identifying concepts and their synonyms. The output is often
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represented by words or word clusters with associated probabilities. The conceptual explanation of the results is not

provided, as full automation seems unachievable. Therefore, a human analyst must make sense of this data [114].
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TABLES

Table 1. The International Classification of Functioning, Disability, and Health linking rules

Number

Rule

1

Acquire good knowledge of the conceptual and taxonomical fundamentals of the ICF, as well as of the
chapters, domains and categories of the detailed classification, including definitions before starting to
link meaningful concepts to the ICF categories.

Identify the purpose of the information to be linked by answering the question What is this piece of
information about? Or What is this item about? The answer to these questions will help to identify the
main concept(s) most relevant to be linked to the ICF.

Identify any additional concepts contained in the piece of information in addition to the main concept(s)
already identified in the previous step.

Identify and document the perspective taken on within a certain piece of information when linking it to
the ICF.

Identify and document the categorization of the response options.

Link all meaningful concepts, the most relevant and additional ones, to the most precise ICF category.

Use "other specified" or "unspecified" ICF categories as appropriate.

||| O1

If the information provided by the meaningful concept is not sufficient for making a decision about the
most precise ICF category, assign the concept to nd (not definable).

If the meaningful concept is not contained in the ICF, but is clearly a personal factor as defined in the
ICF, assign the meaningful concept to pf (personal factors).

10

If the meaningful concept is not contained in the ICF, assign this meaningful concept to nc (not
covered).

Source: Cieza et al. [51]
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Table 2. Glossary of terms

Terminology Description

Ontology In Information Science, ontologies are data structures that define classes and the relations
between those classes. It is the basic form specified through taxonomy and controlled
vocabulary [67].

Domain The highest taxonomic category [67].

Taxonomy Hierarchical tree structure illustrating relationships between classes [89].

Class A set or category that has some property or attribute in common and differentiated from
others by kind, type, or quality [89].

Attributes The properties that characterize a class [89].

Construct Complex ideas and concepts that occur on an empiric-abstract continuum derived from
direct and indirect evidence. Abstract concepts are less empirically based and therefore
dependent on the theoretical meaning used to define it [89].

Operational Statement of meaning that indicates how a term or concept can be assessed empirically [89].

definition

Knowledge base

A repository of information from the domain of interest linking classes in the ontology to
instances. For example, annotating a class in the literature, or describing a specific
relationship from experimental data [89].

Controlled
vocabulary

A controlled vocabulary is a collection of the preferred terms in a target scientific domain,
with precise, agreed upon and understandable definitions, and a listing of synonyms and
antonyms for each term [67].

Mechanism of
Action

Process that mediate the effect of the intervention on the outcome. These can be specified in
terms of changes to capability, opportunity, motivation or others [67].

Web Ontology
Language (OWL)

A formal language for describing ontologies. It provides methods to model classes of
“things”, how they relate to each other and the properties they are OWL is designed to be
interpreted by computer programs and is extensively used in the Semantic Web where rich
knowledge about web documents and the relationships between them are represented using
OWL syntax [89].

Reasoning
algorithms

Computer programs that can generate conclusions from available knowledge. Reasoning
algorithms may derive conclusions through combinations of logic based-reasoning (where
basic axioms about the physical environment are provided as a basis for reasoning) and
statistical learning (where patterns are used to construct new facts) [67].

Source: Larsen et al. [74]
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FIGURES

Figure 1. A conceptual framework for mobility
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Figure 2. The World Health Organization's International Classification, Functioning, Disability, and Health

Framework for classifying mobility

Health Condition (ABI)
. Activity
Hidyifnachon s <> d4: d410-d429; d430-d449; e Participation

b7: b710-b7109; b720-b7209 d450-d469: d470-d489

i } }

Environmental factors
el120-e1209; e1401; e350- Personal factors
e5100

Source: WHO ICF [19]

43



Figure 3. The International Classification of Functioning, Disability and Health Framework

structure

t

Health Condition
(disorder or disease)

l— Functioningtmd Disability —l

Body functions and

- Activity - Participation

} }

— Contextual factors —

Environmental factors Personal factors

Source: WHO ICF [19]

44



Figure 4. The International Classification of Functioning, Disability and Health Framework
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Figure 5. The International Classification of Functioning, Disability and Health linking decision tree
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Figure 6. Definition of an ontology
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CHAPTER 2 RATIONALE AND OBJECTIVES OF THE THESIS PROJECTS
2.1 Overall objective
To provide a common language and taxonomy of mobility to help compare and select mobility measures

for clinical care and research among individuals with ABI (Stroke and TBI).

2.2 Rationale

The number of individuals with ABI (Stroke and TBI) is rapidly increasing; in turn, the number of
individuals with a mobility limitation and participation restrictions is on the rise [1-3]. These limitations negatively
impact the individual, society, and demand on scarce health care resources. There is no reliable and comprehensive
measure to evaluate mobility and the myriad of individual and environmental factors that influence mobility for
individuals with ABI (Stroke and TBI). Further, to measure mobility in research, we rely on expensive laboratory
technologies and performance-based tools that are burdensome in terms of set up, staff time for administration, and
analysis. These tools may not be readily applied in community settings. Further, in rehabilitation, electronic
platforms that can collect real-time patient and clinician-reported data are in their early stages. A common language
is needed to standardize data capture in electronic platforms so that clinicians and researchers can make meaningful
comparisons in outcomes within and between patients.

Despite available evidence from systematic reviews on mobility outcome measures for individuals with
ABI (Stroke and TBI) [4-10], the aims of these systematic reviews of mobility outcome measures are varied and
challenging to compare. These reviews are often not comprehensive in examining the range of factors that influence
mobility and information sources that may be used to evaluate mobility. For example, a review may only include
outcome measure to assess walking tasks [9] or only identify outcome measures reflecting "real life" functioning [4].
Also, differences can exist between reviews regarding study inclusion, and appraisal process and methodology. The
heterogeneity in the methods used to synthesize mobility measures and terminology makes it difficult for clinicians,
researchers, and decision-makers to determine which measures should be selected. Selecting the right mobility
measure for a specific purpose such as evaluating outcomes, facilitating clinical decision-making, making an
accurate long-term prognosis, or using in research to assess intervention effectiveness is even more challenging.

Generating evidence to support improvements in patients' mobility in clinical care and the effectiveness of
interventions is dependent on selecting appropriate outcome measures. A synthesis of the literature on mobility

establishing evidence to support improvements in patients' mobility in clinical care and the effectiveness of
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interventions is dependent on the type and relevance of outcome measures used. A synthesis of mobility and
determinants of mobility outcome measures is needed to provide clinicians and researchers with guidance on
selecting the most appropriate measure given the patient population and clinical context and purpose of
measurement. Of relevance is information on mobility measures' psychometric properties and the sources (patient,
clinician, and technology) used to evaluate mobility.

Generally, any rehabilitation intervention plan begins with a comprehensive assessment of impairments,
activity limitations, and participation restrictions. Choosing the most suitable intervention for individuals with ABI
with mobility limitations requires a comprehensive evaluation of mobility. The intervention plan varies depending
on the patients' personal context goals and the complex interplay of the factors that influence mobility. Thus,
optimal measures will result in an individualized treatment plan that targets patients' needs.

There is a challenge in achieving a consensus concerning definitions of mobility because it is a latent
construct reflected by many terms. This lack of common terms is evident when examining the proliferation of the
theoretical frameworks related to mobility in the literature [11, 12]. Another difficulty is related to the mixing of
terms and labels [13]. This lack of common terms and shared definitions for mechanisms of action, outcome
measures, target individuals, and context renders the aggregation of knowledge across rehabilitation science
difficult. These inconsistencies limit the precise specification of theoretical constructs of mobility, how they are
measured, and the relationships between different mobility domains, which limits our capacity to integrate and
summarize available evidence linked to theories efficiently and to apply those theories to decide which measure is
optimal to evaluate mobility among individuals with ABI.

Given the "black box" on sharing common language and taxonomy of mobility, and inconsistency and
incompleteness in reporting of study methods and findings in the rehabilitation literature, one strategy named
"ontology" can be used to support an efficient knowledge representation with considerable potential. The term
‘ontology’ defined in information science as a data structure consisting of a set of unique identifiers representing
types of "entity or class”, labels and definitions corresponding to these identifiers and specified relationships
between the entities/classes [14]. Therefore, having a mutually agreed upon terminology may enable better
knowledge sharing and diffusion of information about mobility and will pave the way for a standardized and

comprehensive evaluation process [15].
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Developing an ontology for mobility in rehabilitation science is essential in order to provide a standardized
terminology for mobility outcome measures [16, 17]. Also, this development is akin to defining a set of data and
their structure for other programs to use. For example, evolving the ontology for mobility for rehabilitation science
will help in analyzing a Core Outcome Set of mobility domains and suggest which source of information is ideal to
evaluate a specific domain of mobility; for example, walking can be evaluated using both SRO and PerfO. Another
application of the mobility ontology will be in influencing the decision making in choosing the proper intervention
among individuals with ABI, for example, intervention aiming to improve balance impairments.

Given the massive amounts of information that needs to be captured and integrated to gain a good
understanding of mobility, information technology will play a significant role in storing data and creating decision
algorithms to assist clinicians in interpreting outcome measure scores and matching scores to the best interventions
for a given patient [18]. The large number of datasets across large samples, settings, and different sub-groups of
individuals with different mobility profiles can be used in predictive modeling using machine learning and reasoning
algorithms [14, 18-21]. Predictive models will facilitate systematic regulations of the rehabilitation field, leading to
greater standardization and increased knowledge sharing.

Therefore, the global aim of this PhD thesis is to provide a common language and taxonomy of mobility to
help compare and select mobility measures for clinical care and research among individuals with ABI (Stroke and
TBI). All manuscripts included in this PhD thesis will generate scientific evidence to advance mobility evaluation
that will allow clinicians and researchers to tailor interventions to individuals' specific mobility limitations and to
monitor changes. The evidence in the series of studies in this thesis includes reviewing the quality of existing
outcome measures. Further evidence was generated on the mobility domains relevant to evaluate among individuals
with ABI based on discussions with clinicians, persons with ABI, and their caregivers. Theoretical frameworks and
expert input guided the creation of a standardized classification of mobility domains. The classification system
provided a common language that will inform the development of the ontology (knowledge representation) to enable
knowledge reasoning that can explain variability in mobility among individuals with ABI. Formally encoding
mobility terminology within the ontology will help to reach a common language to define mobility.

There is a direct application of all manuscripts to the BRILLIANT (Biomedical Research and Informatics
Living Laboratory for Innovative Advances of New Technologies in Community Mobility Rehabilitation) research

program. The first objective of BRILLIANT is to identify factors limiting or enhancing mobility in real-world
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community environments (public spaces including the RehabMaLL, home, outdoors), and to understand their
complex interplay in individuals of all ages with ABI. The second objective of BRILLIANT is to customize
community environment mobility training by continuously identifying the specific rehabilitation strategies and
interventions that patient subgroups benefit from most. The thesis work will inform the optimal mobility outcome
measures to include in the BRILLIANT health informatics solutions to collect relevant mobility outcome measures,
using various sources of information (patient, clinicians and technology), in both clinical practice and research. The
mobility ontology will be included as a coding system when programming the digital health solutions. In this way,
fields (e.g. item on a measure or intervention target) can be classified appropriately in the BRILLIANT research
database to facilitate use of the data for predictive analyses and development of decision support for clinical
decision-making.

Moreover, these measures will be used to develop predictive algorithms that will inform which
interventions work best for different individuals across various environments. Eventually, these predictive
algorithms will be used within a mobility clinical decision support system that will provide patients and health
professionals with evidence-based recommendations for mobility retraining. This work will contribute to the
literature and scientific community a common vocabulary of mobility concepts and their interrelationships (i.e.
sharing a common understanding of mobility). The mobility Core Outcome Set will facilitate predicting particular
combinations of intervention content and mechanisms of action, as moderated by contextual factors, populations,

and settings among clinicians, patients, caregivers, and researchers [11, 22].
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2.3 Objectives

To achieve the overall objective “to provide a common language and taxonomy of mobility to help compare and
select mobility measures for clinical care and research among individuals with ABI (Stroke and TBI)”, all studies in
this thesis were guided by the International Classification of Functioning, Health, and Disability (ICF) framework;
and define the mobility ontology's scope. Webber’s framework for mobility was used among all studies to identify

the determinants (i.e. cognitive, physical, psychosocial, environmental, and financial) that influence mobility.

The First Manuscript aimed to synthesize the measurement properties, the interpretability, and the feasibility of
mobility measures, from various sources of information (patients, clinicians, technology), through an umbrella
review of published systematic reviews among individuals with ABI (stroke, TBI). This study contributed to
synthesizing mobility measures by mapping mobility domains from these measures to the ICF to inform the Core

Outcome Set of mobility.

The Second Manuscript aimed to identify factors influencing mobility which need to be considered while evaluating
mobility, and incorporating patients’ needs and preferences into individualized care management plans among
individuals with ABI (stroke, TBI), as perceived by clinicians, individuals with ABI, and their caregivers. This study
contributed to identifying mobility measures used in the clinics, and the determinants of mobility. The factors
influencing mobility were also mapped to the ICF, further contributing to inform a future Core Outcome Set of

mobility.

The Third Manuscript aimed to explore the care experiences and service design related to rehabilitation for mobility
and participation in the community among individuals with ABI (stroke, TBI), as perceived by clinicians,
individuals with ABI, and their caregivers. This study explored rehabilitation service provision for mobility and
identified the societal environmental determinants that influence mobility. The environmental factors influencing

mobility were also mapped to the ICF, further contributing to inform a future Core Outcome Set of mobility.

The Fourth Manuscript aimed to identify a comprehensive outcome set of mobility, and develop preliminary banks
of items of mobility among individuals with ABI (stroke, TBI) using Natural Language Processing. This study
contributed a comprehensive set ups of domains and items that will be used in creating a Core Outcome Set of

mobility.

52



24

10.

11.

12.

References

Giustini, A., C. Pistarini, and C. Pisoni. In: Traumatic and Nontraumatic Brain Injury. Handbook of
Clinical Neurology. Elsevier; 2013;401-409.

Hyder, A.A., et al. The impact of traumatic brain injuries: a global perspective. NeuroRehabilitation.
2007;22(5):341-353.

Statistics Canada. Retrived December 4, 2018, from https://www.canada.ca/en/public-

health/services/reports-publications/mapping-connections-understanding-neurological-

conditions.html#tables.

Ashford, S., S. Brown, and L. Turner-Stokes. Systematic review of patient-reported outcome measures for
functional performance in the lower limb. Journal of Rehabilitation Medicine. 2015;47(1):9-17.

Fini, N.A., et al. How is physical activity monitored in people following stroke? Disability and
Rehabilitation. 2015;37(19):1717-1731.

Hong, I. and H.S. Bonilha. Psychometric properties of upper extremity outcome measures validated by
Rasch analysis: a systematic review. International Journal of Rehabilitation Research. 2017;40(1):1-10.
Rowland, T.J. and L. Gustafsson. Assessments of upper limb ability following stroke: a review. British
Journal of Occupational Therapy. 2008;71(10):427-437.

Tyson, S. and L. Connell. The psychometric properties and clinical utility of measures of walking and
mobility in neurological conditions: a systematic review. Clinical Rehabilitation. 2009;23(11):1018-1033.
van Bloemendaal, M., A.T. van de Water, and |.G. van de Port. Walking tests for stroke survivors: a
systematic review of their measurement properties. Disability and Rehabilitation. 2012;34(26):2207-2221.
Velstra, I.-M., C.S. Ballert, and A. Cieza. A systematic literature review of outcome measures for upper
extremity function using the international classification of functioning, disability, and health as reference.
PM&R. 2011;3(9):846-860.

World Health Organization. International Classification of Functioning, Fisability and Health: ICF.
Geneva; 2001.

Webber, S.C., M.M. Porter, and V.H. Menec. Mobility in older adults: a comprehensive framework. The

Gerontologist. 2010;50(4):443-450.

53


https://www.canada.ca/en/public-health/services/reports-publications/mapping-connections-understanding-neurological-conditions.html#tables
https://www.canada.ca/en/public-health/services/reports-publications/mapping-connections-understanding-neurological-conditions.html#tables
https://www.canada.ca/en/public-health/services/reports-publications/mapping-connections-understanding-neurological-conditions.html#tables

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Mayo, N.E., et al. Montreal Accord on Patient-Reported Outcomes (PROSs) use series—Paper 2: terminology
proposed to measure what matters in health. Journal of Clinical Epidemiology. 2017;89:119-124.

Arp, R., B. Smith, and A.D. Spear. Building Ontologies with Basic Formal Ontology. Mit Press; 2015.
Norris, E., et al. ldentifying and evaluating ontologies related to human behaviour change interventions: a

scoping review. 2018. https://doi.org/10.31234/osf.io/y7dus.

Larsen, K.R., et al. Behavior change interventions: the potential of ontologies for advancing science and
practice. Journal of Behavioral Medicine. 2017;40(1):6-22.

Noy, N.F. and D.L. McGuinness. Ontology development 101: A guide to creating your first ontology.
2001.

Simperl, E. and C. Tempich. In: Exploring the Economical Aspects of Ontology Engineering. Handbook on
Ontologies. Springer; 2009;337-358.

Cheng, C.K., X. Pan, and F. Kurfess. In: Ontology-based Semantic Classification of Unstructured
Documents. International Workshop on Adaptive Multimedia Retrieval. Springer; 2003.

Holsapple, C.W. and K.D. Joshi. A collaborative approach to ontology design. Communications of the
ACM. 2002;45(2):42-47.

Liu, B., L. Yao, and D. Han. Harnessing ontology and machine learning for RSO classification.
SpringerPlus.2016;5(1):1655.

World Health Organization. Active Ageing: A policy Framework. Geneva; 2002.

54


https://doi.org/10.31234/osf.io/y7dus

CHAPTER 3 MANUSCRIPT 1

Title: Quality of Mobility Measures among Individuals with Acquired Brain Injury: An Umbrella Review
Rehab Alhasani, MSc,*?® Claudine Auger, PhD,**® Matheus de Paiva Azevedo, BSc,* Sara Ahmed, PhD **
* This manuscript has been accepted for publication in the Quality of Life Research Journal

Author affiliations:

1. School of Physical and Occupation Therapy, Faculty of Medicine, McGill University, Montréal,
Canada

2. Centre de Recherche Interdisciplinaire en Réadaptation (CRIR), Montréal, Canada

3. Constance Lethbridge Rehabilitation Center, CIUSSS Centre Ouest de I'Tle de Montréal, Montréal,
Canada

4. School of Rehabilitation, Faculty of Medicine, University de Montréal, Montréal, Canada

5. Site Institut Universitaire sur la Réadaptation en Déficience Physique de Montréal (IURDPM),
CIUSSS Centre-Sud-de- ITle -de-Montréal, Montréal, Canada

6. Department of Rehabilitation Sciences, College of Health and Rehabilitation Sciences, Princess

Nourah bint Abdulrahman University, Riyadh, Saudi Arabia

Corresponding author:

Sara Ahmed, PhD.

School of Physical and Occupation Therapy, Faculty of Medicine, McGill University
3655 Sir William-Osler

Montreal, QC, Canada, H3G 1Y6

E-mail: sara.ahmed@mcqill.ca

Tel.: 514-398-4400 ext. 00531.

55


mailto:sara.ahmed@mcgill.ca

3.1 Abstract

Objective: To synthesize the measurement properties, the interpretability and the feasibility of mobility measures,
from various sources of information (patients, clinicians, technology), through an umbrella review of published
systematic reviews among individuals with acquired brain injury.

Methods: Ovid MEDLINE, CINHAL, Cochrane Library and EMBASE electronic databases were searched from
2000 to March 2020. Two independent reviewers appraised the methodological quality of the systematic reviews
using the Joanna Briggs Institute critical appraisal checklist. Measurement properties and quality of evidence were
applied according to COnsensus-based Standards for the Selection of Health Measurement Instrument (COSMIN)
guidelines. Mobility measures were categorized using international standards with the International Classification of
Functioning, Disability and Health (ICF).

Results: Thirty-five systematic reviews were included covering 147 mobility measures (stroke/acute: n=24%;
stroke/sub-acute=9%; stroke/chronic: n=83%; and traumatic brain injury: n=11%), of which 85% were mapped to
the ICF Activity and Participation component. Results showed an acceptable overall “sufficient” rating for reliability
in 133 (90%) of measures, construct validity in 128 (87%), and responsiveness in 76 (52%); however, results
indicated a limited “High” quality of evidence among the systematic reviews. Also, there was limited information
that supports measure feasibility and scoring interpretability.

Conclusions: Future systematic reviews should report measures’ content validity to support the use of the measure
in clinical care and research. More evaluations of the minimal important difference and floor and ceiling effects are
needed to help guide clinical interpretation.

Registration information: International Prospective Register of Systematic Reviews (PROSPERO); ID:
CRD42018100068

Key Words: Umbrella review, Acquired Brain Injury, Mobility, Measures, Psychometrics.
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3.2 Introduction

Acquired Brain Injury (ABI), including traumatic brain injury (TBI) and stroke, are the leading causes of
disability worldwide [1-3]. According to the World Health Organization, the global incidence of all-severity TBI is
estimated at 69 million people, while 15 million people suffer a stroke worldwide each year [4-6]. Statistics Canada
indicates that 100,000 Canadians will experience a stroke (59%) or a TBI (71%) each year [5]. Among the 1.5
million Canadians with ABI that go through the care continuum annually; over 60% report ongoing restrictions in
mobility and participation in societal roles [5]. Webber et al. [7] defined mobility broadly as the ability to move
oneself within environments that expand from one's home to the neighbourhood and regions beyond. It identifies
five "key" interrelated determinants of mobility: cognitive, psychosocial, physical, environmental, and financial
influences. The multidimensionality and complexity of all domains that encompass mobility are also reflected in the
International Classification, Functioning, Disability, and Health Framework (ICF) mobility core set [8]. The ICF
classifies mobility under body function, including motion of all body bones and joints. In the activities and
participation section, mobility is given an entire chapter, and it is about moving by changing body position or
location; or by transferring from one place to another, by using the upper extremity in carrying, moving or
manipulating objects, by walking, running or climbing, and by using various forms of transportation. In the
environmental factors section, mobility is classified as products, devices, domesticated animals, and services used
for transportation [8].

Appropriate outcome measures are critical to accurately characterize and monitor changes in mobility
during rehabilitation interventions for individuals with ABI [9]. However, selection of the best measure is difficult
given the vast number of measures available, and the often-unclear distinctions between them. While published
guidelines recommend the use of valid, reliable, and responsive assessment tools [10-13], guidance does not extend
to which outcome measures are optimal for particular evaluative needs [14-18]. Researchers and clinicians also need
to consider the content of measures and whether the domains evaluated match research and clinical objectives. A
comparative examination of mobility measures will provide researchers and clinicians with the information needed
to select the best outcome measure(s) to address the impairments, activity limitations, and participation restrictions
experienced by individuals with ABI. The ICF framework can be used to systematically classify the different
domains of available outcome measures and, therefore, provide an additional basis for selection of a measure, based

on comparison of content [8].
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There are also different sources of information (SOI) of mobility measures. Outcomes that can only be
assessed by asking the person directly are termed patient-reported outcomes (PROs) while clinician-reported
outcomes (ClinROs) involve clinical judgment. Performance-reported outcomes (PerfOs) require patient cooperation
and motivation [19]. Technology-based outcomes (TechOs) include sensors or assistive technologies to capture
community mobility [20]. Self-reported outcomes (SROs) are not the same as PROs because SROs are outcomes
that can be reported by the person with ABI but also observed and scored by someone else [24,25,22]. Most existing
reviews on measuring mobility among individuals with ABI are limited to physical aspects and do not account for
an expanded definition of mobility that encompasses mobility determinants [21-27]. Many walking measures are
available and provide an index of what an individual can do or believes they can do, but the extent to which they
indicate actual performance in the home environment is limited [28]. Life-space measures attempt to capture
broader mobility, including mobility inside and outside the home, within the neighbourhood, and beyond [29].
However, life-space measures do not capture transportation patterns or community engagement directly. To date,
reviews have indicated that no measure evaluates mobility holistically among individuals with ABI.

Without considering the multidimensional nature of mobility, evaluations will inadequately prepare
individuals to return to the community post-rehabilitation, and limits our ability to correctly identify interventions
which target factors that influence mobility in a given context. Clinicians require information on the content of
measures to select comprehensive measures of mobility, as well as on measurement properties to ensure the
minimum decision criteria to personalize care and deliver high-quality rehabilitation.

Moreover, Clinicians and clinical researchers may be unfamiliar with how to interpret a measure score.
They may not understand or have reference to the usual distribution of scores of a particular measure in a clinical or
general population. Without knowledge of normal ranges, clinicians may not know what cut-points of scoring
indicate that action is warranted. Without reference values from a comparable population, researchers will not know
whether an observed difference between two groups is meaningful, and whether a given change within or between
groups is important [30]. In addition, the feasibility of using a measure (i.e., the time, cost required, length of the
instrument, type and ease of administration, etc.) is another important aspect for a well-considered selection of the
most appropriate measure [30, 31]. Thus, this study aimed to address these gaps by conducting a comprehensive
synthesis of existing evidence on measurement properties, the interpretability, and the feasibility of mobility

measures using an umbrella review [32] of published systematic reviews among individuals with ABI.
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3.3. Objective

To conduct a comprehensive synthesis of existing evidence on measurement properties, the interpretability,
and the feasibility of mobility measures from various SOI (patients, clinicians, technology) using an umbrella review
of published systematic reviews among individuals with ABI.
3.4 Methods

This umbrella review was reported according to both the Joanna Briggs Institute (JBI) guidelines for
conducting an umbrella review [33], and the COnsensus-based Standards for the Selection of Health Measurement
Instrument (COSMIN) guidelines for systematic reviews of outcome measures [31] (Figure 1). The reasons for
conducting a JBI umbrella review was to summarize evidence from more than one existing research syntheses
evidence related to a given topic or question [33]. Given that the JBI umbrella review guidelines did not focus on
providing a rigorous methodology to assess the measurement properties and describe the interpretability and the
feasibility of an instrument, COSMIN guidelines were used [31].
3.4.1 Eligibility criteria

The inclusion criteria were systematic reviews published in peer-reviewed journals, including individuals
with ABI (Stroke, TBI); >18 years, which: report a clear objective to identify measures of mobility; include either
multiple or single measures(s) of mobility; report on and/or evaluate the measurement properties of the measures.
The exclusion criteria were: reviews investigating the effectiveness of interventions, monitoring recovery, focusing
on diagnostic screening, clinical commentaries, case reports, non-structured reviews, qualitative reviews, non-
human studies, and grey literature.
3.4.2  Search strategy

A search of the literature was performed using electronic databases of Ovid MEDLINE, CINHAL,
Cochrane Library and EMBASE from 2000 to March 2020. The search was conducted in collaboration with a health
sciences librarian to ensure that the review included the appropriate and necessary keywords. The initial search
strategy was constructed for Ovid MEDLINE (Appendix 1) and adapted to other databases. A combination of
Medical Subject Headings (MeSH) terms, subject headings and/or key words was used. Three groups of terms were
generated describing: (1) the population “acquired brain injury” AND; (2) The outcome measure “mobility”; AND
(3) psychometric properties using a sensitive validated search filter [34]. Terms within each group were combined

with the Boolean operator ‘OR’. Because the search included different types of studies, the search was narrowed by
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filtering the search specifying the type of studies including systematic review, review, and meta-analyses. This filter
has been used to avoid missing important information related to mobility measures. Searches were run in July 2019
(n=32) with an updated search in March 2020 (n=35).
3.4.3  Study selection

All identified systematic reviews were uploaded into ENDNote X9.1 (Clarivate Analytics, PA, USA) and
duplicates removed. Two independent reviewers screened titles and abstracts of each systematic review against the
eligibility criteria. Then, full-text of the included systematic reviews were retrieved and evaluated for eligibility.
Disagreements were resolved by discussion and consensus. The reference list of the articles included for the full-text
screening was also hand-searched for additional identification of relevant systematic reviews. The Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram [35] was used to guide the
selection process.
3.4.4 Linking to the ICF

Each extracted mobility measure was linked to the ICF according to a set of linking rules [8, 36]. A
measure can be linked to one or more ICF components (Body Functions and Structure, Activity and Participation,
and Contextual Factors), depending on the number of constructs contained in each measure.
3.4.5 Data extraction

Two reviewers independently extracted descriptive data from the included systematic reviews based on
both JBI data extraction tool for Systematic Reviews and Research Syntheses [33] and COSMIN guidelines [31].
We extracted the characteristics of each systematic review; characteristics of mobility measures; healthcare settings
or recovery phase where the mobility measure was used (if possible); results on the measurement properties; the
interpretability of the scores of the measure; and the feasibility of the measure. Extracted outcome measures were
categorized according to the study population, SOI, and settings.
3.4.6  Appraising methodological quality

The JBI critical appraisal checklist for systematic reviews and research syntheses quality assessment tool
that includes 11 items was used to evaluate the quality of the systematic reviews [33]. In addition, the 4-point
COSMIN rating scale was used to evaluate the methodological quality of studies on a measurement property in each

included systematic review, this evaluation is important as low-quality studies are considered to have a high risk of
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biased results. Each study was rated as very good, adequate, doubtful, or inadequate quality. Two independent
reviewers evaluated the methodological quality followed by discussions and consensus [31, 37].
3.4.7  Levels of evidence appraisal

Based on COSMIN guidelines [31], results of each single study on a measurement property were rated
against the updated criteria for good measurement properties [38]. Each result was rated as sufficient (+),
insufficient (-), or indeterminate (?). A levels-of-evidence appraisal was undertaken to determine the overall quality
of each measurement property, established in the different studies. The appraisal produced a final rating for each
measure for each of the measurement properties. All available information was synthesised, combining the results
qualitatively into one overall category of the different studies for each measure. The overall rating for the
summarized results was then rated as sufficient (+), insufficient (-), inconsistent (x), or indeterminate (?) [31, 39].
The quality of the evidence was graded by using the modified-Grading of Recommendations Assessment,
Development, and Evaluation (modified-GRADE) approach, the quality of the evidence was graded as High,
Moderate, Low, or Very Low [31]. Two independent reviewers completed the evaluation before consensus
discussions.
3.4.8  Overview of measurement properties

The psychometric results reported in the systematic reviews were described and categorised into the
following COSMIN measurement properties including content/structural validity, internal structure, reliability,
measurement error, construct validity and responsiveness. Table 1 presents the updated criteria for good
measurement properties based on COSMIN guidelines [31].
Evaluate content validity
Content validity is defined as “the degree to which the content of the outcome measure is an adequate reflection of
the construct to be measured”, and is considered the most important measurement property [40]. In the COSMIN
guidelines, Terwee et al. [41] describe three aspects of content validity, including relevance, comprehensiveness,
and comprehensibility.
Evaluate internal structure
Internal structure refers to the relation among different items in the outcome measure. The evaluation of the internal

structure includes an evaluation of:
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Structural validity is defined as “the degree to which the scores of the outcome measures are an adequate reflection
of the dimensionality of the construct to be measured” [31].

Internal consistency is defined as “the degree of interrelatedness among the items. [31].

Cross-cultural validity is defined as “the degree to which the performance of the items on a translated or culturally
adapted outcome measure is comparable with the original version of the outcome measure. [31].

Evaluate the remaining measurement properties

Reliability is defined as “the degree to which the measurement is free from measurement error” [31].
Measurement error is defined as “the systematic and random error of a patient’s score that is not attributed to true
changes in the construct to be measured” [31].
Construct validity is defined as “the degree to which the scores of an instrument are consistent with hypotheses (for
instance concerning internal relationships, relationships to scores of other instruments, or differences between
relevant groups) based on the assumption that the instrument validly measures the construct to be measured” [31].
Responsiveness is defined as “the ability of an instrument to detect change over time in the construct to be
measured” [31].
3.4.9  Describe interpretability and feasibility

Interpretability and feasibility are not measurement properties, because they do not refer to the quality of
the outcome measure. However, they are considered important aspects for a well-considered selection of the
outcome measure.
Interpretability is defined as “the degree to which one can assign qualitative meaning, that is, clinical or commonly
understood connotations to an instrument’s quantitative scores or change in scores”. It includes distribution of the
scores in the study population, floor and ceiling effect, minimal important change, and minimal important difference
[31].
Feasibility is defined as “the ease of application of the measure in its intended setting; given constraints such as
time or money”. It includes type and ease of administration, length of the instrument, completion time, ease of score
calculation, cost of the instruments, required equipment available in different settings [31].
3.5 Results

3.5.1  Search results
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The search strategy yielded a total of 35 systematic reviews. Figure 2 presents the PRISMA flow diagram
including the selection process and reasons for exclusion.
3.5.2  Characteristics of the systematic reviews

The 35 systematic reviews were published between 2004 and 2019 in peer-reviewed journals. Nine reviews
focused mainly on ClinRO/PerfO; 7 on PRO/SRO; 2 on TechO; and 17 reports mixed SOI. Twenty-six reviews
targeted individuals with stroke [16-18, 22, 24, 26, 42-61], three targeted both stroke and TBI [21, 62, 63]; one
targeted TBI [64], and five incorporated stroke and TBI as part of a wider population search [23, 25, 27, 28, 65]. 320
mobility measures were extracted from the systematic review. After removing the duplicates, 147 measures were
identified; some measures were used in multiple healthcare settings. The included systematic reviews did not specify
the recovery phase for individuals with TBI (Appendix 2).
3.5.3  Linking to ICF
The 147 mobility measures covered the component of Activities and Participation (85%), followed by Body
functions (30%) (Table 2)
3.5.4  Methodological quality

Based on the JBI guidelines checklist, nine (26%) reviews used a standardized methodology, either
PRISMA guidelines [21, 49, 52-54, 57] or standardized accepted guidelines from previously published work [25, 46,
63]. Although the literature search and evaluation of measurement properties of the review was generally acceptable,
a minority of systematic reviews (17%) [21, 26, 49, 52-54] used the COSMIN Risk of Bias checklist, which resulted
in low quality of evidence (Appendix 3). We have applied the 4-point COSMIN rating scale to evaluate the quality
of studies in each included systematic review. Among the 147 mobility measures, we found that the quality for
content validity was rated as adequate or higher in 16 (11%) of measures; for internal consistency in 45 (30%); for
reliability in 54 (36%); for construct validity in 101 (68%); and for responsiveness in 46 (67%) (Appendix 4). Many
measurement properties were not reported, and there was inconsistent reporting between studies. None of the
included systematic reviews reported cross-cultural validity or criterion validity.
3.5.5  Levels of evidence

Table 3 presents the level of evidence for the 147 mobility measures. The overall rating of summarized
results were rated as “sufficient” for content validity in 56 (38%) of measures, internal consistency in 49 (33%),

reliability in 133 (90%), measurement error in 12 (8%), construct validity in 128 (87%), and responsiveness in 76
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(52%). After applying the modified-GRADE criteria, the quality of evidence were graded as “High” for content
validity in 21(14%) of measures, internal consistency in 14 (9%), reliability in 37 (25%), measurement error in 3
(2%), construct validity in 33 (22%), and responsiveness in 19 (13%). All reported outcome measures below had
“sufficient” measurement properties and "High" quality of evidence. The results were presented by population, SOI,
and settings (For more information about the process of evaluating the level of evidence, please see Appendix 5, 6 &
7).

3.5.6  Overview of measurement properties

Content validity was reported among individuals with stroke in (1) acute setting, for a PRO and a PerfO of
measures; (2) sub-acute setting, for a PerfO of measures; (3) chronic setting, for 6 ClinROs, 7 PerfOs and 3 PROs.
Among individuals with TBI, content validity was reported for a ClinRO and a PRO.

Internal consistency was reported among individuals with stroke in (1) sub-acute setting, for a SRO of measures;
(2) chronic setting, for 4 ClinROs, 4 PerfOs, 2 PROs and a SRO of measures. Among individuals with TBI, internal
consistency was reported for 2 PROs of measures. None of the systematic reviews reported internal consistency with
“sufficient” and “High” quality of evidence among individuals with stroke in acute setting.

Reliability was reported among individuals with stroke in (1) acute setting, test-retest reliability was reported for a
ClinRO and 3 PROs of measures, inter-rater reliability for a PerfO of measures; (2) sub-acute setting, test-retest
reliability for a PerfO of measures; (3) chronic Setting, test-retest reliability for 10 ClinROs, 11 PerfOs, 3 PROs and
a SRO of measures; inter-rater reliability for 3 ClinROs and 4 PerfOs of measures; intra-rater reliability for 2
ClinROs and 3 PerfOs of measures. Among individuals with TBI, test-retest reliability was reported for a ClinRO, a
PerfO and a PRO of measures; inter-rater reliability for 2 PerfOs and 2 PROs of measures and intra-rater for a PerfO
of measures.

Measurement error was reported among individuals with stroke in (1) sub-acute setting for a PerfO of measures
(6MWT: SEM=12.4-23.2 meter); (3) chronic setting for 2 PerfOs of measures (2MWT: SEM= 4.7-5.1 meter;
6MWT: SEM=12.4-18.6 meter). None of the systematic reviews reported measurement error with “sufficient” rating
and “High” quality of evidence among individuals with stroke in acute setting or for individuals with TBI.
Construct validity was reported among individuals with stroke in (1) acute setting, for 2 PROs of measures, (2)

sub-acute setting, for a PerfO of measures; (3) chronic Setting, for 10 ClinROs, 7 PerfOs, 5 PROs, 4 SROs and a
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TechO of measures. Among individuals with TBI, construct validity was reported for a PerfO and 2 PROs of
measures.
Responsiveness was reported among individuals with stroke in (1) acute setting, for 7 PerfOs and 2 ClinROs of
measures, (2) chronic Setting, for 4 ClinROs, 4 PerfOs and 2 PROs of measures. None of the systematic reviews
reported responsiveness with “sufficient” and “High” quality of evidence among individuals with stroke in sub-acute
setting or for individuals with TBI.
3.5.7  Description of interpretability and feasibility

Forty-Four measures met the standards and criteria for interpretability and feasibility, and were evaluated
among individuals with stroke in (1) acute setting, for 2 SROs, 3 PerfOs, and 2 ClinROs of measures; (2) sub-acute
setting, for 3 PROs, 3 SROs, 3 ClinROs, 12 PerfOs of measures; (3) chronic setting, for 2 PROs, a SRO, 4
ClinROs, 4 PerfOs, and a TechO of measures; and among individuals with TBI, for 5 PROs, 2 SROs, and 10 PerfOs
of measures. Information about floor and ceiling effects was limited and only reported in 7 (5%) of measures (Table
4).
3.6 Discussion

This umbrella review aimed to synthesize the measurement properties, the interpretability, and the
feasibility of mobility measures evaluated using clinician, patient, and technology derived information among
individuals with ABI. Additionally, unified results from several reviews can provide a larger body of evidence and
strengthen the recommendations based on these findings. In this review, 85% of 147 mobility measures among 35
systematic reviews were mapped mainly to the ICF component of Activity and Participation. This finding is
consistent with previous studies that mapped the construct of mobility measures into the components of Activity and
Participation [23, 26, 27, 46, 48, 56, 66, 67]. Also, our results showed that current mobility measures lack
information on Environmental Factors. Therefore, we recommend increasing the coverage of Environmental Factors
when evaluating mobility, especially as evidence accumulates about how to tailor interventions to specific individual
profiles [67].

Without published guidelines for umbrella reviews for measurement properties, we applied the COSMIN
guidelines for systematic reviews of outcome measures to guide the methodology of this review [31]. This facilitated
comparing the evidence supporting the measures' measurement properties across systematic reviews; identifying

strengths and limitations of mobility measures; and supporting the selection of outcome measures for a specific
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purpose. Our findings showed that the systematic reviews' methodological quality using the JBI critical appraisal
tool was relatively low as 83% of systematic reviews did not apply COSMIN Risk of Bias checklist. The use of
clear, unified criteria for evaluation of measurement properties enables a reasonable comparison between the
findings and is recommended for future systematic reviews.

Although content validity is considered the most important measurement property [31], only 11% of
measures were evaluated as “adequate”. High-quality content validity systematic reviews include studies with
representative samples of target users who could attest to the relevance, comprehensiveness, and comprehensibility
of the measurement tool [31]. Future systematic reviews should report measures’ content validity, as the appropriate
content as perceived by target users imperative to support the use of the measure in clinical care and research. None
of the included systematic reviews reported cross-cultural validity, meaning it is unknown if the tool's content
validity is maintained at a conceptual level across cultures and languages. Also, criterion validity was not reported in
any study due to lack of a ‘gold standard’, according to the COSMIN definition [31]. Therefore, future systematic
reviews should include cross-cultural validity and criterion validity when evidence is available according to
COSMIN guidelines [31].

Results showed an acceptable overall “sufficient” rating for reliability in 133 (90%) of measures, construct
validity in 128 (87%), and responsiveness in 76 (52%); however, results indicated a limited “High” quality of
evidence among the systematic reviews. One reason was related to the sample size, as the majority of systematic
reviews included studies with sample size either <50 or unreported. Recruiting an adequate sample size to detect
modest but important effect sizes is a challenge in the current state of training and funding in rehabilitation research
[68]. The synthesis of the sample size used to evaluate the measurement properties of each measure in this review
can be used to inform the sample size that is ideal for future evaluation of mobility measures.

Only 30% of mobility measures contained information on interpretability and feasibility. For every SOI,
there are different reasons for lack of feasibility which should be reported in future studies. For ClinRO/PerfO,
feasibility is primarily expressed as the proportion of missing data for participants that cannot be assessed [66]. For
PRO/SRO, whether participants required assistance is considered while evaluating feasibility [69]; and for TechO,
the complexity of tracking motion while carrying out daily activities may influence feasibility [70]. Less information
was provided in terms of scoring interpretability. Future studies should evaluate the minimal important difference or

minimal important change, and floor and ceiling effects to help guide clinical interpretation.
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Results identified mobility measures that were rated as "sufficient” for most measurement properties as
well as interpretability and feasibility, including Rivermead Mobility Index (RMI), Six-minute Walking test
(6MWT), Ten-meter Walking test (10MWT), Barthel Index (Bl), Berg Balance Scale (BBS), Frenchay Activity
Index (FAI) and Stroke Impact Scale (SIS) among individuals with stroke, and RMI and 6MWT among individuals
with TBI. RMI and 6MWT have been used across the continuum of care, SIS and 10MWT were used in both sub-
acute and chronic settings, and FAI, Bl and BBS were used at both acute and chronic settings. These widely used
measures, however, have limitations in that they cannot be used in certain contexts; for example, a patient with
cognitive impairment or unable to change body position. Decisions about the inclusion or exclusion of a mobility
measure need to consider applicability to all patients and clinical contexts [71].

Few reviews of mobility measures focused on TBI as compared to stroke. Many of the outcome measures
that were developed for individuals with TBI are either related to injury severity (e.g. Glasgow Coma Scale), or
reflect global outcome (e.g. Disability Rating Scale). Multidimensional tools reflecting complex ranges of factors
affecting TBI outcomes may be required for assessment across the continuum of care depending on level of recovery
and context of practice, and the need to evaluate community activities.

Evidence of intervention effectiveness depends on the common use of valid and reliable measures, which
reflect clinically important outcomes and are responsive to change. Despite the increased use of validated outcomes,
different outcome measures are being used in clinical sites, impacting the identification and implementation of best
practices. This review provided a comprehensive classification of mobility measures, from all possible sources, and
mapped the constructs measured in each measure to the ICF. These results will be used as part of a consensus
process to select a Core Outcome Set for mobility to unify the language of measuring mobility among individuals
with ABI, and standardize measures used across clinical sites and studies.

Terminologies for SOI were used interchangeably with no distinctions if patients or clinicians reported on a
domain in a measure. For example, in a systematic review of PRO measures for functional performance [21] in the
lower limb, they did not distinguish between SROs and PROs. Distinction between different SOI is important as, in
addition to the items and scale, the respondent influences the interpretation of the scores. Thus, a common language
for the SOI needs to be standardized to facilitate the selection of measures ensuring that evaluations of change

within and between patients can be compared. In this review, we used SOI definitions published by Mayo et al. [19].
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Moreover, to capture the quality of movement, technological measures are required. For example,
accelerometry provides kinematic data that can provide an opportunity to extend the quality and accuracy of
measurement, filling the gaps not covered by the ClinRO, PRO, and SRO scales. However, we found variations in
evaluation of measurement properties between the different technologies. Two systematic reviews [22, 45]
incorporated technology measures, without a standardized evaluation of the measurement properties. Standardisation
of how TechO measurement properties are tested is needed to increase applicability of rapidly emerging
technologies in research and clinical care.

3.7 Study limitations

The main strength of this umbrella review is that we have independently applied COSMIN guidelines to
synthesise the measurement properties, interpretability and feasibility of ABI mobility measures. The main
limitations included: (1) data on measurement properties relied on what was in the reviews and were not retrieved or
evaluated from primary studies; (2) articles before the year 2000 were not included. This decision was based on the
rationale that the recommendations for appropriate statistical methods and interpretation of the results changed over
time; (3) articles with low methodological quality were not excluded, as this review intended to be a comprehensive
review of measures of mobility among individuals with ABI; (4) according to the standards at the time of
publication, many studies used different terms and statistical methods to examine measurement properties. Applying
modern measurement standards often requires "translation” between the author's terminology and COSMIN terms;
(5) systematic reviews of measures that only evaluated determinants were not included to limit the scope of this
review. However, some measures included determinants of mobility as part of the content, and these are reported in
this review; (6) this review is still limited in capturing all mobility measures, as we only included systematic reviews
reporting measurement properties and used systematic literature searches to enable an unbiased selection of the
outcome measures. It is possible that we have missed tools that are used in clinical practice but have not been
applied in research. Therefore, we missed studies that mapped mobility measures to the ICF without considering the
measurement properties [12, 72-81]. Some of these domains may become important for a Core Outcome Set for
mobility to standardize mobility measures among individuals with ABI.

3.8 Conclusions
A comprehensive systematic synthesis of evidence regarding the measurement properties of mobility

measures among individuals with ABI can provide guidance for researchers and clinicians for evidence-based
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outcome measure selection. RMI, B, FAI, BBS, BMWT, 10MWT and SIS had the strongest measurement
properties as well as interpretability and feasibility; however, each of these measures were limited in evaluating
mobility comprehensively. Future reviews should consider tools which comprehensively capture the degree of
complexity and variety of deficits experienced by individuals surviving TBI. Identifying the most critical domains
for mobility based on the ICF is critical to guide the development of the Core Outcome Set among individuals with
ABI. Future systematic reviews should report measures’ content validity to support the use of the measure in clinical
care and research. Also, they are encouraged to evaluate the minimal important difference or minimal important

change, and floor and ceiling effects to help guide clinical interpretation.
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TABLES

Table 1. Updated criteria for good measurement properties

Measurement property Rating" | Criteria
Structural/content validity | + CTT
CFA: CFl or TLI or comparable measure > 0.95 OR RMSEA < 0.06 OR
SRMR < 0.08°
IRT/Rasch
No violation of unidimensionality®: CFI or TLI or comparable measure >
0.95 OR RMSEA < 0.06 OR SRMR < 0.08
AND
no violation of local independence: residual correlations among the items
after controlling for the dominant factor < 0.20 OR Q3’s <0.37
AND
no violation of monotonicity: adequate looking graphs OR item scalability
>0.30
AND
adequate model fit IRT: 2 > 0.001
Rasch: infit and outfit mean squares > 0.5 and < 1.5 OR Z-standardized
values > —2 and < 2
? CTT: not all information for ‘+’ reported IRT/Rasch: model fit not
reported
- Criteria for “+’ not met
Internal consistency + At least low evidence® for sufficient structural validity® AND Cronbach’s
alpha(s) > 0.70 for each unidimensional scale or sub-scale®
? Criteria for “At least low evidence for sufficient structural validity® not
met
- At least low evidence for sufficient structural validity AND Cronbach’s
alpha(s) < 0.70 for each unidimensional scale or sub-scale®
Reliability + ICC or weighted Kappa > 0.70
? ICC or weighted Kappa not reported
- ICC or weighted Kappa < 0.70
Measurement error + SDC or LoA < MIC®
? MIC not defined
- SDC or LoA > MIC®
Hypotheses testing for + The result is in accordance with the hypothesis’
construct validity ? No hypothesis defined (by the review team)
- The result is not in accordance with the hypothesis’
Responsiveness + The result is in accordance with the hypothesis’ OR AUC>0.70
?

No hypothesis defined (by the review team)

The result is not in accordance with the hypothesis’ OR AUC < 0.70

The criteria are based on COSMIN guidelines

AUC = area under the curve, CFA = confirmatory factor analysis, CFI = comparative fit index, CTT = classical test theory, DIF = differential item functioning, ICC = intraclass

correlation coefficient, IRT = item response theory, LoA = limits of agreement, MIC = minimal important change, RMSEA: Root Mean Square Error of Approximation, SEM =

Standard Error of Measurement, SDC = smallest detectable change, SRMR: Standardized Root Mean Residuals, TLI = Tucker-Lewis index

1 “+” = sufficient, ” — = insufficient, “?” = indeterminate

2 To rate the quality of the summary score, the factor structures should be equal across studies

3 unidimensionality refers to a factor analysis per subscale, while structural validity refers to a factor analysis of a (multidimensional) patient-reported outcome measure

4 As defined by grading the evidence according to the GRADE approach

5 This evidence may come from different studies

6 The criteria ‘Cronbach alpha < 0.95° was deleted, as this is relevant in the development phase of a PROM and not when evaluating an existing PROM.

7 The results of all studies should be taken together and it should then be decided if 75% of the results are in accordance with the hypotheses
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Table 2. Linking to the International Classification of Functioning, Health and Disability Framework (ICF)

Name of the measure Area of assessment Number of Activity and Body Environmental | Personal
domain/items Participation Functions Factors Factors
Clinician-Reported Outcomes (ClinROs)
Action Research Arm test ADL, Coordination, 4 domains and 19 items X
(ARAT) Dexterity, Upper extremity
function
Actual Amount of Use Test ADL, Dexterity, Upper 14 items X
(AAUT) extremity function
Balance Assessment in Sitting Functional mobility 2 items X X
and Standing Position (BASSP)
Box and Block test ADL, Coordination, 1 item X
Dexterity, Upper extremity
function
Brunel Balance Assessment Balance 12 items X
Chedoke McMaster Stroke Functional mobility Impairment: 6 domains; X X
Assessment (CMSA) Activity: Gross motor
function: 10 items;
Walking index: 5 items
Four Square Step ADL and Balance 1item X
Frenchay Arm Test (FAT) ADL, Upper extremity 5 items X
function, Dexterity
Fugl-Meyer Assessment ADL, Functional mobility, | 5 domains and 226 items X
(FMA) Pain
Fugl-Meyer Assessment-Upper Upper extremity function 33 items X
extremity (FMA-UE)
Fugl-Meyer test-Balance Balance 7 items X
subscale (FM-B)
Functional Ambulation Functional mobility and 1item X
Category (FAC) Gait
Functional Ambulation Functional ambulation 1 item X
Classification Hospital
(FACHS)
Functional Independence ADL 18 items (Motor tasks: X X X
measure (FIM) 13; Cognitive tasks: 5)
Functional Test for the Upper extremity 7 domains X X
Hemiplegic Upper Extremity functioning
(FTHUE)
Grip strength Strength, Upper extremity 1item X
Grooved Pegboard Test (GPT) Coordination, Dexterity 5 items X
Manual Function Test (MFT) Strength Determined by the
number of muscles being
tested
Mini Mental State Examination ADL and Cognition 7 domains and 11 items X
(MMSE)
Modified Ashworth Scale Spasticity Depends on number of
muscles/joints tested
Modified Emory Functional Functional ambulation 5 items X
Ambulation Profile (M-EFAM)
Motor Assessment Scale ADL and Functional 8 items X
(MAS) mobility
Motor Assessment Scale-Upper Upper extremity function 6 items X
limb (MAS-UL)
Motor Evaluation Scale for Dexterity, ROM, Upper 17 items (Arm function: X
Upper Extremity in Stroke extremity function 8 items, Hand function:
Patients (MESUPES) 9 items)
Motor Free Visual Perception Vision and Perception 36 items X
Test
Motor status scale Upper extremity function, 4 domains X
ROM
Motricity index (MI) Upper extremity function 6 items
and Functional mobility
National Institute of Health Aphasia, Behavior, 15 items X
Stroke Scale (NIHSS) Cognition, Dysarthria,
Vision and Perception
Neurobehavioral Cognition Cognition 62 items X

Status Exam (NCSE)
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Name of the measure Area of assessment Number of Activity and Body Environmental | Personal
domain/items Participation Functions Factors Factors
Nine-Hole Peg test (NHPT) Dexterity, Upper extremity 1item X X
Function
Ottawa Sitting Scale (OSS) Functional mobility 1item X X
Pens taped to feet Motor control 1 item X
Quadriplegia Index of Function ADL 37 items X
Sitting Rising Test (SRT) Functional mobility and 1item X
Balance
Sodring motor evaluation for Motor Function 2 domains and 32 items X
stroke patients
Step test Balance 1item X
Stroke Arm Ladder (SAL) Upper extremity Function 34 items X
Stroke Rehabilitation Coordination, Functional 3 domains and 30 items X X
assessment of movement mobility, ROM
(STREAM)
Trunk Control Test (TCT) Balance, Functional 4 items
mobility
Trunk Impairment Scale Balance, Coordination, 17 items X
Functional mobility
Trunk Recovery Scale (TRS) Recovery 12 items X
Upper Body Dressing Scale Upper body dressing 7 items X X
(UBDS)
Upper Extremity Functional Upper extremity function 20 items X X
Index (UEFI)
Upper Extremity Performance Upper extremity function 9 items X X
Test for Elderly (Test
d’Evaluation des Members
supérieurs de Personnes Agées
(TEMPA)
Van Lieshout Test Dexterity, Functional 10 items X
mobility, ROM
Observer-Reported Outcomes (ObsROs)
Activities of Daily Living scale Functional mobility 25 items X
Functional Arm Activity Behavior, Activity X X
Behavioral Observation System
(FAABOS)
Performance-Reported Outcome (PerfOs)
10-meter walking test Functional mobility, Gait 1item X
12-meter walking test Functional mobility, Gait 2 items X
2-meter walking test Functional mobility, Gait 3items X X
300mWT (Three hundred metre Functional mobility, Gait 1item X
Walk Test in community)
30mCWT (Thirty metre Functional mobility, Gait 1item X
Comfortable Walk Test)
3-meter walking test Functional mobility, Gait 1item X
4mCWT (Four metre Functional mobility, Gait 1item X
Comfortable Walk Test)
5-meter walking test Functional mobility, Gait 1item X
6-minute walking test Functional mobility, Gait 1 item X
Arm Motor Ability Test ADL and Upper extremity 13 items X
(AMAT) function
Assessment of Life habit ADL, Communication, 2 domains and 77 items X
(LIFE-H) ADL, Executive
functioning, Life
participation, Quality of
life
Assessment of Motor and ADL, Attention and 36 items (ADL motor X
Process Skills (AMPS) Working memory, skill: 16; ADL process
Executive functioning, skill: 20)
Insight, Processing speed,
Reasoning, Balance,
Coordination, Functional
mobility, Gait
Balance Evaluation System test | Balance, Gait and Strength 6 domains and 36 items X
(BESTest)
Barthel Index (BI) ADL, Functional mobility, 10 items X

Gait
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Name of the measure Area of assessment Number of Activity and Body Environmental | Personal
domain/items Participation Functions Factors Factors
Berg Balance Scale (BBS) Balance and Functional 14 items X
mobility
Berg Balance Scale three point Balance and Functional 7 items X
(BBS-3P) mobility
Chedoke Arm and Hand ADL and Upper extremity 13 items X
Inventory (CAHAI) function
Community balance and Balance and Functional 13 items X
mobility scale (CB&M) mobility
Dynamic Gait Index (DGI) Balance, Functional 8 items X
mobility, Gait
Fitts Reaching test Balance 4 items X
Five times Sit to Stand test Functional mobility and 1item X
(5xSTST) Strength
Function in Sitting Test (FIST) Balance 14 items X
Functional Gait Assessment Balance and Gait 10 items X
(FGA)
Grasp-Release test Upper extremity function 6 items X X
High Level Mobility Functional mobility, 5 domains and 13 items X X
Assessment (HIMAT) Vestibular
Jebsen Hand Function Test ADL, Upper extremity 7 items X
(JHFT) function
Modified Functional Reach test Balance, Functional 1item X
(MERT) mobility and Vestibular
Postural Assessment Scale for Balance 12 items X X
Stroke Patients (PASS)
Postural Assessment Scale for Balance 12 items X
Stroke Patients Trunk Control
(PASS-TC)
Postural Control and Balance Balance 12 items X X
for Stroke (PCBS)
Rivermead motor assessment Functional mobility 38 items X
(RMA)
Short Form Berg Balance Scale Balance and Functional 7 items X
(SFBBS) mobility
Short form of the Wolf Motor Dexterity, Strength, Upper 6 items X
Function Test (S-WMFT) extremity function
Short Form Postural Balance 6 items X
Assessment Scale for Stroke
Patients-6 items (6 SFPASS)
Sollerman hand function test Functional mobility 20 items X X
Three Point Postural Balance 6 items X X
Assessment Scale for Stroke
Patients (PASS-3P)
Timed Up and Go test (TUG) Balance, Functional 2 trials X
mobility, Gait, Vestibular
Timed walk Gait, Balance 3 trials X X
Wolf Motor Function Test Dexterity, Strength, Upper 21 items X
(WMFT) extremity function
Patient-Reported Outcome (PROs)
ABILHAND ADL, Dexterity, Upper 23 items X
extremity function
Activity Card Sort (ACS) ADL, Life participation 4 domains and 89 items X
(IADL: 20; low physical
demand leisure
activities: 35; high
physical demand leisure
activities: 17; social
activities: 17)
Beck Depression Inventory Depression 21 items X
(BDI)
Brain injury community Community functioning in 39 items X X
rehabilitation outcome scale areas of Activity, Social
(BICRO) participation, and
Psychological components
Canadian Occupational ADL, Functional mobility, 3 domains and 9 items X
Performance Measure (COPM) Life participation
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Name of the measure Area of assessment Number of Activity and Body Environmental | Personal
domain/items Participation Functions Factors Factors
Centre for Epidemiological Depression 20 items X
Studies Depression
Climbing stairs questionnaire Climbing stairs 15 items X X
(CSQ)
Coded activity diary Physical activity and X X
energy expenditure
European Quality of life scale- Functional mobility, ADL, 5 domains and 6 items X
EQ5D Pain, Depression
Geriatric Depression scale-long Depression 30 items X
form (GDS)
Human activity profile (HAP) ADL 94 items X
Leeds Adults Spasticity impact Arm Function 12 items X
scale (LASIS)
London Handicap scale (LHS) | ADL, Functional mobility, 6 items X
Life participation, Quality
of life, Social relationships
Mayo-Portland Adaptability Physical, cognition, 35 items X
Inventory (MPAI-4) emotional, behavioural,
social and community re-
integration
Medical Outcomes Study 36- ADL, Quality of life 8 domains and 36 items X X X
Item Short Form Health Survey
(SF-36)
Modified Rankin Handicap ADL and Functional 1item X
Scale mobility
Nottingham Extended ADL ADL, independence, 4 domains and 22 items X
index (N-ADL) Functional mobility,
leisure
Nottingham leisure activity Leisure activities 38 items X
(NLA)
Outpatient Physical Therapy Balance, Coordination, 22 items X X
Improvement in Movement Dexterity, Functional
Assessment Log (OPTIMAL) mobility, Gait, Upper
extremity function
Physical Ability Scale (PAS) ADL and Life participation 12 items X
Reintegration to normal living ADL, Social relationships 8 domains and 11 items X
index (RNLI)
Satisfaction with Life Scale Life participation and 5 items X
(SWLS) Quality of life
Sickness Impact profile (SIP) Behavior, Life 3 domains and 68 items X
participation, Mental
health, Social relationships
Stroke impact scale (SIS) ADL, Cognition, 8 domains and 59 items X
Communication,
Depression, Functional
mobility, Gait, General
health, Life participation,
Quality of life, Social
relationships, Social
support, Upper extremity
function
Stroke Specific Quality of Life Behavior, Cognition, 12 domains and 49 items X
Scale (SSQOL) Functional mobility,
Language, Personality,
Negative effect, Quality of
life, Social relationships,
Upper extremity function
Subjective index of physical Domestic life, Major life 5 domains and 26 items X
and social outcome (SIPSO) areas, Transportation,
Interpersonal interactions
and relationship,
Community, Recreational
and civic life
Self-Reported Outcomes (SROs)
Disabilities of the Arm, Upper extremity function 30 items X X
Shoulder and Hand (DASH)
Duruoz Hand Index (DHI) ADL, Coordination, 18 items X
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Name of the measure Area of assessment Number of Activity and Body Environmental | Personal
domain/items Participation Functions Factors Factors
Dexterity, Functional
mobility, General health,
Life participation, Upper
extremity function
Frenchay Activities Index ADL 3 domains and 15 items X
(FAI)
Hand Function Survey (HFS) Hand Function 13 items X X
International Classification of Life participation 32 items X
Functioning, Health and
Disability-Measure of
Participation and Activities
Screener
Motor activity log (MAL-14) Upper extremity function 14 items X
Motor Activity Log-26 items Upper extremity function 26 items X
Motor Activity Log-28 items Upper extremity function 14 items X
Multimedia activity recall for Physical activity and 10 domains X X
children and adults (MARCA) energy expenditure
Rivermead mobility index Balance, Functional 15 items X
(RM1) mobility and Gait
Technology-Reported Outcomes (TechOs)
Accelerometer (ActiGraph) Activity X
Actical Activity X
Actiwatch Activity X
Ambulatory Monitoring (AM Activity X
Accelerometer)
Biaxial accelerometer Activity X
Caltrac accelerometer Activity X
Computer Science and Activity X
Applications Inc. Model 7164
activity monitors x 4
Dimensional gait analysis (3- Activity X
DGA)
Finger Tapping (uniaxial Activity X
accelerometer)
Fitbit Ulta Activity X
Footswitches Activity X
Kinematics Activity X
Nike+Fuelband Activity X
OMRON HJ-113-E Activity X
Piezoelectric Pedometers
PAL2 (Gorman ProMed Pty. Activity X
Ltd)
Pedometers Activity X
Sensewear Pro 3 Armband Activity X
Smart Balance Master (SBM) Activity X
SmartShoe Activity X
StepWatch Activity Monitor or Activity 1 item X
Step Activity Monitor (SAM)
Stride analyzer system (SAS) Activity X
The Intelligent Device for Activity X
Energy Expenditure and
Activity (IDEEA)
Triaxial accelerometer/ RT3 Activity X
Uniaxial accelerometer Activity X
Wireless Triaxial Activity X

Accelerometers

ADL: activity of daily living, ROM: range of motion
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Table 3. The overall rating of summarized measurement properties and the quality of evidence

Name of the
measure

SOl

Content validity

Internal consistency

Reliability

Measurement error

Construct validity

Responsiveness

Overall Quality of
rating evidence

Overall
rating

Quality of
evidence

Overal
rating

| Quality of
evidence

Overall
rating

Quality of
evidence

Overall Quality of
rating evidence

Overall Quality of
rating evidence

Stroke at acute setting

6-Minute
Walking Test
(6MWT) [25,
52]

PerfO

+ High

+

Moderate (-1)

+

Moderate (-1)

+ Moderate (-1)

10-Meter
Walking Test
(10MWT) [25,
53]

PerfO

High

+ High

12-Meter
Walking Test
(12MWT) [25]

PerfO

Low (-2)

2-Meter Waling
Test (2MWT)
[53]

PerfO

Low (-2)

+ Low (-2)

Actiwatch [45]

TechO

+ Moderate (-1)

Ambulatory
Monitoring (AM
Accelerometer)
[45]

TechO

+ Low (-2)

Barthel Index
(BI) [18]

PerfO

Low (-2)

Low (-2)

+ Low (-2)

+ Low (-2)

Beck Depression
Inventory (BDI)
[43]

PRO

High

+ High

- Moderate (-2)

Berg Balance
Scale (BBS) [18,
53]

PerfO

Low (-2)

Low (-2)

+ Low (-2)

+ High

Berg Balance
Scale three point
(BBS-3P) [53]

PerfO

+ High

Chedoke
McMaster Stroke
assessment scale
(CMSA) [43]

ClinRO

Low (-2)

+ Low (-2)

+ Low (-2)

European
Quality of life
scale (EQ5D)
[56]

PRO

Low (-2)

- Low (-2)

Frenchay
Activities Index
(FAI) [18]

SRO

Low (-2)

Low (-2)

+ Low (-2)

Fugl-Meyer
Assessment

ClinRO

Moderate (-1)

Moderate (-1)

+ Moderate (-1)

+ Moderate (-1)
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Name of the
measure

SOl

Content validity

Internal consistency

Reliability

Measurement error

Construct validity

Responsiveness

Overall
rating

Quality of

evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
evidence

(FMA) 16, 47,
56]

Fugl-Meyer test-
Balance subscale
(FM-B) [53]

ClinRO

High

Function in
Sitting Test
(FIST) [57]

PerfO

Low (-2)

Low (-2)

Low (-2)

Low (-2)

Functional
Ambulation
Category (FAC)
[46, 53]

ClinRO

Low (-2)

Low (-2)

High

Functional
Independence
measure (FIM)
[18]

ClinRO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Moderate (-1)

London
Handicap scale
(LHS) [58]

PRO

High

High

High

Manual Function
Test (MFT) [48]

ClinRO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Mini Mental
State
Examination
(MMSE) [43]

ClinRO

High

Moderate (-2)

Modified
Ashworth scale
(m-AS) [16, 27,
43, 56]

ClinRO

Low (-2)

Low (-2)

Modified Emory
Functional
Ambulation
Profile (M-
EFAM) [53]

ClinRO

Low (-2)

Modified Rankin
Handicap scale
(m-RHS) [43]

PRO

High

Moderate (-1)

Moderate (-1)

Motor
Assessment
Scale (MAS)
[53]

ClinRO

Moderate (-1)

Motor status
scale (MSS) [56,
63]

ClinRO

Low (-2)

Low (-2)

Postural
Assessment

PerfO

High
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Name of the
measure

SOl

Content validity

Internal consistency

Reliability

Measurement error

Construct validity

Responsiveness

Overall
rating

Quality of

evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
evidence

Overall
rating

Quality of
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Scale for Stroke
Patients (PASS)
[53]

Postural
Assessment
Scale for Stroke
Patients Trunk
Control (PASS-
TC) [53]

PerfO

+ High

Postural Control
and Balance for
Stroke (PCBS)
[53]

PerfO

+ Moderate (-1)

Rivermead
mobility
Assessment
(RMA) [18]

PerfO

Moderate (-2)

Moderate (-1)

Rivermead
mobility index
(RMI) [18, 21]

SRO

Low (-2)

Low (-2)

Low (-2)

Low (-2)

+ Low (-2)

Short Form Berg
Balance Scale
(SFBBS) [53]

PerfO

+ Moderate (-1)

Short Form
Postural
Assessment
Scale for Stroke
Patients-6 items
(6 SFPASS) [53]

PerfO

+ High

Smart Balance
Master (SBM)
[53]

TechO

+ Low (-2)

Three Point
Postural
Assessment
Scale for Stroke
Patients (PASS-
3P) [53]

PerfO

+ High

Uniaxial
accelerometer
[45]

TechO

Moderate (-1)

Stroke at sub-acute setting

10-Meter
Walking Test
(10MWT) [26,
46, 65]

PerfO

Moderate (-1)

+

Low (-2)

Low (-2)

Low (-2)

+ Low (-2)

12-Meter

PerfO

Low (-2)

Low (-2)

Low (-2)
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Walking Test
(12MWT) [52]

3-Meter Walking
Test (3MWT)
[52]

PerfO

+ Low (-2)

Low (-2)

+ Low (-2)

6-Minute
Walking Test
(6MWT) [26,
52]

PerfO

+ High

High

High

+ High

ActiGraph [45]

TechO

Low (-2)

+ Low (-2)

Arm Motor
Ability Test
(AMAT) [24]

PerfO

Low (-2)

Low (-2)

+ Low (-2)

+ Low (-2)

Berg Balance
Scale (BBS) [46]

PerfO

Low (-2)

- Low (-2)

+ Low (-2)

Dynamic Gait
Index (DGI) [26]

PerfO

+ Low (-2)

Low (-2)

+ Low (-2)

Footswitches
[26]

TechO

+ Low (-2)

Low (-2)

Low (-2)

+ Low (-2)

Functional
Ambulation
Category (FAC)
[25, 26, 53]

ClinRO

+ Moderate (-1)

Moderate (-1)

+ Moderate (-1)

+ Moderate (-1)

Motor Activity
Log-28 items
(MAL-28) [24,
62]

SRO

High

- Moderate (-1)

Physical Ability
Scale (PAS) [57]

PRO

Low (-2)

Rivermead
mobility index
(RMI) [46]

SRO

Moderate (-1)

Moderate (-1)

- Moderate (-2)

+ Moderate (-1)

Stroke impact
scale (SIS) [59]

PRO

+ Low (-2)

Low (-2)

+

Low (-2)

+ Low (-2)

Stroke at chronic setting

10-Meter
Walking Test
(LOMWT) [25,
26, 46, 60, 65]

PerfO

+ High

+

High

Moderate (-1)

+ High

+ Low (-2)

12-Meter
Walking Test
(12MWT) [26,
52, 53]

PerfO

+ Moderate (-1)

Low (-2)

+ Moderate (-1)

+ Low (-2)

2-Meter Walking
Test 2MWT)
[25, 26, 52]

PerfO

+ High

High

High
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300-Meter
Walking Test
(300MWT) [26]

PerfO

+

Low (-2)

+

Low (-2)

+ Low (-2)

30-Meter
Walking Test
(30MWT) [26]

PerfO

Low (-2)

+ Low (-2)

4-Meter
Comfortable
Walking Test
(4AMCWT) [26]

PerfO

Low (-2)

+ Low (-2)

5-Meter Walking
Test (SMWT)
[25, 26, 52]

PerfO

Moderate (-1)

Low (-2)

+ Low (-2)

+ Moderate (-1)

Moderate (-1)

6-Minute
Walking Test
(6MWT) [25, 26,
46, 52, 53, 65]

PerfO

High

High

+ High

+ High

Low (-2)

ABILHAND
[23, 24, 42, 48,
55, 56, 62, 63]

PRO

High

Low (-2)

High

+ High

Low (-2)

Actical [22]

TechO

Low (-2)

Action Research
Arm test
(ARAT) [23, 24,
27,42, 44, 48,
55, 56, 63]

ClinRO

High

High

High

+ High

Low (-2)

Activities of
Daily Living
scale (ADL
scale) [48]

ObserO

Moderate (-1)

+ Moderate (-1)

Activity Cart
Sort (ACS) [49,
59]

PRO

Low (-2)

Moderate (-1)

Moderate (-1)

+ Moderate (-1)

Actiwatch [45]

TechO

+ Low (-2)

Actual Amount
of Use Test
(AAUT) [48]

ClinRO

Low (-2)

+ Low (-2)

Ambulatory
Monitoring (AM
Accelerometer)
[26]

TechO

+ Low (-2)

Arm Motor
Ability Test
(AMAT) [23, 48,
56]

PerfO

Low (-2)

Low (-2)

Assessment of

PerfO

Moderate (-1)

High

+ Moderate (-1)
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Life Habits
(LIFE-H) [50,
59]

Assessment of
Motor and
Process Skills
(AMPS) [48]

PerfO

Moderate (-1)

Moderate (-1)

Balance
Assessment in
Sitting and
Standing
Position
(BASSP) [57]

ClinRO

High

High

High

Balance
Evaluation
System test
(BESTest) [51]

PerfO

High

High

High

High

Barthel Index
(BI) [28, 43, 56,
60]

PerfO

High

High

High

Beck Depression
Inventory (BDI)
[16]

PRO

High

High

Moderate (-2)

High

High

Berg Balance
Scale (BBS) [43,
60]

PerfO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Biaxial
accelerometer
[45]

TechO

Low (-2)

Low (-2)

Box and Block
test (BBT) [56,
63]

ClinRO

Moderate (-1)

Low (-2)

Low (-2)

Brunel Balance
Assessment
(BBA) [51]

ClinRO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Caltrac
accelerometer
[22, 45]

TechO

Low (-2)

Canadian
Occupational
Performance
Measure
(COPM) [48]

PRO

Low (-2)

Low (-2)

Low (-2)

Centre for
Epidemiological
Studies
Depression [43]

PRO

Low (-2)

Low (-2)

Low (-2)

Low (-2)
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Chedoke Arm
and Hand
Inventory
(CAHAI) [24,
42, 48, 56]

PerfO

+

High

+

High

+

High

+

High

+

Low (-2)

Chedoke
McMaster Stroke
assessment scale
(CMSA) [18, 44,
56]

ClinRO

High

High

High

High

Climbing stairs
questionnaire

(CSQ) [21]

PRO

Low (-2)

Low (-2)

Low (-2)

Low (-2)

Coded activity
diary [49]

PRO

Low (-2)

Community
balance and
mobility scale
(CB&M) [51]

PerfO

Low (-2)

Low (-2)

Computer
Science and
Applications Inc.
Model 7164
activity monitors
x 4[22]

TechO

Low (-2)

Dimensional gait
analysis (3-
DGA) [45]

TechO

Low (-2)

Disabilities of
the Arm,
Shoulder and
Hand (DASH)
[23]

SRO

High

High

High

Duruoz Hand
Index (DHI) [48]

SRO

Moderate (-1)

Moderate (-1)

Dynamic Gait
Index (DGI) [26,
51]

PerfO

Low (-2)

Low (-2)

European
Quality of life
scale (EQ5D)
[17, 43, 50, 58]

PRO

Low (-2)

Low (-2)

Low (-2)

Finger Tapping
[45]

TechO

Moderate (-1)

Fitbit Ulta [22]

TechO

Low (-2)

Low (-2)

Fitts Reaching

PerfO

Low (-2)

Low (-2)
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test [63]

Five times Sit to
Stand test
(5xSTST) [54]

PerfO

+

Moderate (-1)

+

Moderate (-1)

?

Low (-2)

+

Low (-2)

+

Low (-2)

Footswitches
[45]

TechO

Low (-2)

Low (-2)

Four Square Step
(FSS) [51]

ClinRO

Low (-2)

Low (-2)

Low (-2)

Frenchay
Activities Index
(FAI) [49, 50,
59, 60]

PRO

High

High

High

High

High

Frenchay Arm
Test (FAT) [43,
48, 56]

ClinRO

Moderate (-1)

Moderate (-1)

Low (-2)

Fugl-Meyer
Assessment
(FMA) [27, 43,
44]

ClinRO

High

Low (-2)

Low (-2)

Fugl-Meyer
Assessment-
Upper extremity
(FM-UE) [23]

ClinRO

High

High

High

Functional
Ambulation
Category (FAC)
[25, 26, 60]

ClinRO

Low (-2)

Moderate (-1)

Moderate (-1)

Functional Gait
Assessment
(FGA) [26]

PerfO

Low (-2)

Low (-2)

Low (-2)

Functional
Independence
measure (FIM)
[27, 28, 43, 50,
56]

ClinRO

High

Moderate (-1)

Moderate (-2)

Moderate (-1)

Functional Test
for the
Hemiplegic
Upper Extremity
(FTHUE) [48]

ClinRO

Moderate (-1)

Functional
Ambulation
Classification
Hospital
(FACHS) [26]

ClinRO

Low (-2)

Low (-2)

Geriatric

PRO

Low (-2)

Low (-2)

Low (-2)

Low (-2)
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Depression
scale-long form
(GDS) [43]

Grasp-Release
test [27]

PerfO

+ Low (-2)

Moderate (-1)

Grip strength
[56]

ClinRO

Low (-2)

Hand Function
Survey (HFS)
[48]

SRO

Low (-2)

Low (-2)

Human activity
profile (HAP)
[21, 49]

PRO

+ Low (-2)

Low (-2)

Low (-2)

Low (-2)

International
classification of
functioning,
health, and
disability-
Activity measure
(ICF-AM) [23]

SRO

High

High

Jebsen Hand
Function Test
[27, 48]

PerfO

Low (-2)

Low (-2)

Low (-2)

Kinematics [56]

TechO

Low (-2)

Low (-2)

Low (-2)

London
Handicap scale
(LHS) [58]

PRO

Low (-2)

+ Low (-2)

Low (-2)

Low (-2)

Medical
Outcomes Study
36-Item Short
Form Health
Survey (SF-36)
[17, 27, 28, 43,
50]

PRO

Low (-2)

+ Low (-2)

Moderate (-2)

Low (-2)

Low (-2)

Mini Mental
State
Examination
(MMSE) [16]

ClinRO

- Moderate (-2)

Moderate (-1)

Moderate (-1)

Modified Emory
Functional
Ambulation
Profile (M-
EFAM) [25, 51]

ClinRO

Moderate (-1)

High

Low (-2)

Modified
Functional
Reach test
(MFRT) [53, 57]

PerfO

Low (-2)

Low (-2)
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Modified Rankin
Handicap Scale
(m-RHS) [18]

PerfO

+

Moderate (-1)

+

Moderate (-1)

+

Moderate (-1)

Motor activity
log-14 items

(MAL-14) [24,
27,48, 62, 63]

SRO

Low (-2)

Low (-2)

Low (-2)

High

Low (-2)

Motor
Assessment
Scale (MAS)
[43, 44, 47, 56]

ClinRO

Low (-2)

Low (-2)

Low (-2)

Motor
Evaluation Scale
for Upper
Extremity in
Stroke Patients
(MESUPES) [23,
48]

ClinRO

High

High

High

Motor Free
Visual
Perception Test
[16, 43]

ClinRO

Low (-2)

Low (-2)

Low (-2)

Motricity index
(M1) [43, 44, 46,
47, 60]

ClinRO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Multimedia
activity recall for
children and
adults (MARCA)
[49]

SRO

Low (-2)

Low (-2)

National Institute
of Health Stroke
Scale (NIHSS)
[43]

ClinRO

Moderate (-1)

Moderate (-1)

Moderate (-2)

Neurobehavioral
Cognition Status
Exam (NCSE)
[43]

ClinRO

Low (-2)

Low (-2)

Low (-2)

Nike+Fuelband
[22]

TechO

Low (-2)

Low (-2)

Nine-Hole Peg
test (NHPT) [44,
56, 63]

ClinRO

Moderate (-1)

Moderate (-1)

Nottingham
Extended ADL
index (N-ADL)
[21]

PRO

Moderate (-1)

Moderate (-1)

Moderate (-1)

Moderate (-1)

Moderate (-1)
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Nottingham
leisure activity
(NLA) [17, 49]

PRO

+

Low (-2)

+

Low (-2)

+

Low (-2)

Ottawa Sitting
Scale (0OSS) [57]

ClinRO

Moderate (-1)

Outpatient
Physical Therapy
Improvement in
Movement
Assessment Log
(OPTIMAL)

[23]

PRO

High

PAL2 (Gorman
ProMed Pty.
Ltd) [22]

TechO

Low (-2)

Pedometers [22,
26, 45]

TechO

Low (-2)

Low (-2)

Low (-2)

Postural
Assessment
Scale for Stroke
Patients (PASS)
[53, 57]

PerfO

High

Postural
Assessment
Scale for Stroke
Patients Trunk
Control (PASS-
TC) [53]

PerfO

High

Quadriplegia
Index of
Function [27]

ClinRO

Moderate (-1)

Moderate (-2)

Reintegration to
normal living
index (RNLI)
[58]

PRO

Moderate (-1)

Moderate (-1)

Rivermead
mobility
Assessment
(RMA) [23, 43,
44, 47, 56, 63]

PerfO

High

High

Low (-2)

Low (-2)

Low (-2)

Rivermead
mobility index
(RMI) [25, 28,
47, 53]

SRO

Low (-2)

Low (-2)

High

Moderate (-1)

Sensewear Pro 3
Armband [22]

TechO

Low (-2)

Low (-2)

Sickness Impact

PRO

Low (-2)

High

Moderate (-1)
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