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ABSTRACT

Digital technologies have become an indispensable resource for developing effective
digital health interventions. The number of digital applications in the health sector has
increased over the years, with the neuropsychological rehabilitation field being no
exception. One clinical population that can benefit from digital neuropsychological
interventions is vascular mild cognitive impairment (VaMCI). Epidemiological studies
have shown that almost half of VaMCI patients develop dementia within five years.
Therefore, secondary prevention interventions that aim to slow or stop the progression of

symptoms should be considered a priority.

Virtual Reality and gamification processes have been extensively used to develop engaging
and ecologically valid platforms for patients to train cognition and the execution of
instrumental activities of daily living. Although virtual reality and gamified applications
have become progressively affordable, there is still a lack of theoretical frameworks for
developing digital neuropsychological rehabilitation platforms, particularly in VaMCI
rehabilitation. Moreover, most user-centred design approaches for developing such

platforms need a thorough process of feasibility evaluation.

This dissertation aims to 1) describe and present the conclusions of two literature reviews
on the use of game elements and video games to assess, train or rehabilitate cognition-
related outcomes, 2) describe the development process and [feasibility] evaluation of
NeuroVRehab.PT, a gamified digital neuropsychological rehabilitation platform (i.e., an
applied game) aiming to train the cognitive functions and behavioural strategies required
to execute an instrumental activity of daily living (i.e., shopping) in VaMCI patients. For

this purpose, the present project was structured into five studies.

First, to identify the most frequently used game elements in game-based interventions for
neuropsychological assessment, training, or rehabilitation, we conducted a systematic
review of the literature (according to PRISMA guidelines') (study 1). We searched
PubMed/MEDLINE, SciELO, and EBSCO electronic databases for full-text available
articles published in peer-reviewed journals between 2006 and 2019 in English,

Portuguese, or Spanish. To be included, papers had to present empirical and original data

! The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.



on the impact of game-based interventions on attention, working memory, and inhibitory
control outcomes. A total of 72 game-based interventions were identified, of which 16 were
used for cognitive assessment, 46 for cognitive training, and 18 for cognitive rehabilitation.
Our findings reveal that narrative context and score systems were the most frequently used
game elements (both present in 79.2% of the game-based interventions analysed). Time
pressure was present in 51.4% of the interventions, while win/lose condition, reward
systems, avatars, and multiplayer component were used in 44.4%, 43.1%, 38.9%, and 25%
of the interventions, respectively. We also found a statistically significant difference (p <
.001) between the number of game elements reported in the articles we analysed and those

actually incorporated into game-based interventions.

In study 2, we conducted a meta-analysis (according to PRISMA guidelines) aiming to
analyse the impact of video games on cognition (e.g., attention, working memory,
memory/learning) and functional capacity in MCI/dementia patients. We searched
PubMed/MEDLINE, Web of Science, Epistemonikos, CENTRAL, and EBSCO electronic
databases for randomised controlled trials published between 2000 and 2021 in peer-
reviewed journals in English, Portuguese, or Spanish. A total of nine studies (n = 966
participants) were included in the qualitative analysis. Two researchers independently
assessed the Risk of Bias and the quality of evidence using the RoB2 tool and GRADEpro
software, respectively. A significant estimated effect was found on the Mini-Mental State
Examination (MMSE) scores (MD = 1.64, 95%, CI 0.60 to 2.69, I’ = 0%, p = 0.002),

favouring the video game group.

Study 3 described the development process and a first-phase feasibility evaluation of
NeuroVRehab.PT (according to the COREQ guidelines?). NeuroVRehab.PT is a gamified
digital platform composed of three game modes and a photo-realistic virtual supermarket
where users can train the cognitive functions and behavioural strategies used during a
shopping activity. The platform’s features were based on the results obtained in the two
previous studies (i.e., study 1 and study 2) and on the results obtained in a Shopping
Behaviours Questionnaire applied to 110 older adults (70.92 + 5.94 years). The results
obtained informed design decisions regarding the virtual supermarket’s characteristics
(e.g., grocery store versus supermarket versus hypermarket), type of game elements used,

and other platform’s features such as the use (or not) of shopping lists, number of products

2 Consolidated criteria for reporting qualitative research guidelines.
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included in the shopping list, among other components. After platform development, a
group of health professionals (n = 7; X = 17 years of clinical practice) were invited to
evaluate NeuroVRehab.PT rehabilitation potential and feasibility in VaMCI patients.
Individual interviews were conducted using the Think-Aloud method and a semi-structured
interview script. Interviews were audio-recorded and transcribed, and the corpus of the
interviews was analysed using the 6-phase approach to Thematic Analysis proposed by
Braun and Clark®. Four themes (i.e., Experience with NeuroVRehab.PT, Rehabilitation
Potential, Potential Barriers, and Opportunities) and seven subthemes were identified based
on an inductive-deductive Thematic Analysis protocol. Our results showed that health
professionals considered NeuroVRehab.PT feasible in VaMCI patients. Furthermore,
health professionals deemed the platform a significant step toward effective and

ecologically valid digital neuropsychological rehabilitation interventions.

In study 4, we conducted a second-phase feasibility study (according to COREQ
guidelines) to analyse the impact of noncognitive factors such as computer confidence and
computer self-efficacy on NeuroVRehab.PT interaction experience (IX) in less
technologically savvy individuals. A group of community-dwellers (n=8; 70.6 + 6.1 years)
with no cognitive impairment diagnosed and different levels of computer confidence was
invited to use and evaluate NeuroVRehab.PT. Individual interviews were conducted and
analysed using a similar research protocol to the one used in study 3. We identified three
themes (i.e., Interaction Experience, Digital Literacy, and Attitudes toward
NeuroVRehab.PT) and eight subthemes. The data collected showed that NeuroVRehab.PT
is feasible among older adults with different levels of computer confidence and computer

self-efficacy.

Additionally, other non-user-related variables, such as the inclusion of a training period
supported by someone more familiar with technology, were identified as a crucial
component to the adoption and long-term use of digital healthcare services in populations
less proficient in technology use. Also, based on participants’ observed interaction patterns
with the platform, a set of changes were implemented, aiming 1) to provide a more fluid
and smooth interaction with the platform; 2) to promote adherence to NeuroVRehab.PT in

older adults with low familiarity with technology; 3) with or without cognitive impairment.

3 Braun and Clarke. 2012. Thematic analysis. DOI:https://doi.org/10.1037/13620-004
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With NeuroVRehab.PT (2.0) new version developed, we invited five VaMCI patients (73.2
+ 6.7 years) to use and assess the platform (study 5). A similar protocol to the one reported
in study 3 and study 4 was applied. Three themes (Interaction Experience, VaMCI and
NeuroVRehab.PT, and NeuroVRehab.PT as a Rehabilitation Instrument) and eight
subthemes were identified. Our results showed that NeuroVRehab.PT is feasible among

VaMClI patients.

Furthermore, although some participants had never used a tablet before, they were able to
learn how to use the platform, with some showing increased autonomy in platform use as
the session went on. In addition, it was possible to identify overlap between
NeuroVRehab.PT’s activities flow and some of the rehabilitation principles present in
widely used rehabilitation models for the rehabilitation of executive deficits, including the

Goal Management Training model.

The findings collected through the five studies presented in this thesis laid the foundations
for an innovative approach to developing accessible, personalised, and ecologically valid
digital neuropsychological rehabilitation interventions. As part of this project, we
developed and tested an ecologically valid photo-realistic, gamified digital platform to
promote the cognitive and behavioural skills required for shopping activity. Preliminary
data supporting the feasibility of NeuroVRehab.PT in VaMCI patients is also presented,
along with data on the platform’s ecological validity and clinical utility. In addition to the
preliminary data on the ecological validity and clinical utility of NeuroVRehab.PT, we
contributed to the debate on the utility, adequacy and implications of using gamified digital

platforms in clinical and less technologically savvy populations.

Keywords: applied games, photo-realistic virtual environments, cognitive impairment,

ecological validity, user-centred design
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RESUMO

As tecnologias digitais s3o um recurso essencial para o desenvolvimento de intervengdes em
saude eficazes, acessiveis e sustentaveis. Como consequéncia, o numero de aplicacdes
digitais no setor da satide, assim como na area da reabilitacio neuropsicoldgica tem

aumentado nos ultimos anos.

Uma populagdo clinica que pode beneficiar de intervengdes neuropsicologicas digitais sao
pacientes com défice cognitivo ligeiro vascular (DCL vascular). Estudos epidemiologicos
mostram que perto de 50% dos pacientes com DCL vascular desenvolvem deméncia em
cinco anos. Estes dados refor¢am a nog¢do que esta ¢ uma populagdo de risco e, portanto,

intervengodes de prevengdo secundaria devem ser consideradas uma prioridade.

A realidade virtual (RV) e os processos de gamificagdo t€m sido intensivamente utilizados
para o desenvolvimento de plataformas digitais com validade ecoldgica e com capacidade
para promoverem uma elevada adesdo por parte dos utilizadores finais. No entanto, apesar
do acesso a ferramentas de RV e aplicagdes gamificadas ser cada vez mais difundido, existe
ainda a falta de modelos tedricos que guiem o desenvolvimento destas plataformas para
reabilitacdo neuropsicologica, e em particular para a reabilitagdo de pacientes com DCL
vascular. Além disso, embora se verifique a uma crescente utilizagdo das abordagens
centradas no utilizador, a maioria das plataformas desenvolvidas com recurso a esta
abordagem de desenvolvimento tecnoldgico, carece de um processo de avaliagao exaustivo

da sua viabilidade e adequacdo aos utilizadores finais.

Esta dissertacdo tem por objetivos descrever e apresentar as conclusdes de duas revisdes
sistematicas de literatura sobre o uso de elementos de jogos e video jogos para avaliagdo,
treino ou reabilitagdo de outcomes cognitivos, e 2) descrever o processo de desenvolvimento
e avaliagdo [da viabilidade] do NeuroVRehab.PT, uma plataforma digital (i.e., applied
game) desenvolvida para a promog¢ado das fungdes cognitivas e estratégias comportamentais
recrutadas durante a execugdo de uma atividade instrumental de vida diéria (i.e., compras de
supermercado) em pacientes com DCL vascular. Para tanto, o presente projeto foi

estruturado em cinco estudos.

No estudo 1, realizamos uma revisao sistematica de literatura (de acordo com as diretrizes
PRISMA?) para identificar quais os elementos de jogo (EsJ) mais frequentemente utilizados

em intervengdes baseadas em videojogos (IBVJ) para avaliagdo, treino ou reabilitagdo

* The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement.



neuropsicologica. Trés bases de dados foram consultadas (i.e., PubMed/MEDLINE, SciELO
e EBSCO) e a pesquisa bibliografica restrita a artigos com texto integral disponivel,
publicados entre 2006 € 2019 em inglés, portugués ou espanhol, em revistas cientificas com
revisdo por pares. Foram incluidos apenas artigos focados no estudo do impacto de IBVJ
para avaliacdo, treino ou reabilitacdo neuropsicologica em medidas de atengdo, memoria de
trabalho e controle inibitorio. Foram identificadas 72 IBVJ, das quais 16 usadas para
avaliacdo cognitiva, 46 para treino cognitivo e 18 para reabilitagdo neuropsicoldgica. Os EsJ
mais frequentemente utilizados foram: o contexto narrativo e os sistemas de pontuagdo
ambos presentes em 79,2% das IBJV analisadas. O fator tempo de execucado (i.e., time
pressure), ganhar versus perder, sistemas de recompensa, avatars, € componente
multijogador foram identificados em 51,4%, 44,4%, 43,1%, 38,9%, e 25% das intervencdes
analisadas, respetivamente. Adicionalmente, identificamos uma diferenca estatisticamente
significativa (p < 0,001) entre o nimero de EsJ descritos nos artigos analisados e o nimero

de EsJ que compdem estas intervengdes.

No estudo 2, realizamos uma meta-andlise (de acordo com as diretrizes PRISMA) com o
objetivo de analisar o impacto de videojogos (VJs) na cognigdo (e.g., atengdo, memoria de
trabalho, memoria/aprendizagem) e na capacidade funcional em pacientes com
DCL/deméncia. Analisamos cinco bases de dados (i.c., PubMed/MEDLINE, Web of
Science, Epistemonikos, CENTRAL e EBSCO) e restringimos a pesquisa de artigos a
ensaios clinicos aleatorizados e controlados, publicados em revistas cientificas com revisao
por pares, em inglés, portugués ou espanhol, entre 2000 e 2021. Nove artigos (n = 966
participantes) foram incluidos na analise qualitativa. A avaliagdo do risco de viés e da
qualidade da evidéncia recolhida, foi realizada de forma independente por dois
investigadores, usando a ferramenta RoB2 e o software GRADEpro, respetivamente. Um
efeito estimado significativo foi identificado para os resultados do Mini Mental State
Examination (MD = 1,64, 95%, IC 0,60 a 2,69, 12 = 0%, p = 0,002), no grupo de VJs
comparativamente com o grupo que utilizou intervengdes cognitivas mais tradicionais (e.g.,
exercicios de papel-e-lapis).

No estudo 3, descrevemos: 1) — o processo de desenvolvimento e 2) — avaliagdo do potencial
de reabilitacdo do NeuroVRehab.PT e a sua adequacao/viabilidade enquanto ferramenta de
reabilitagdo em pacientes com DCL vascular (de acordo com as diretrizes COREQ?). O

NeuroVRehab.PT ¢ uma plataforma digital gamificada composta por trés modos de jogo, e

5 Consolidated criteria for reporting qualitative research guidelines.



um supermercado virtual fotorrealista onde os utilizadores podem treinar as fungdes
cognitivas e as estratégias comportamentais utilizadas durante a atividade de compras. A
decisdo sobre quais os EsJ a incluir na plataforma foi baseada nos resultados obtidos nos
dois estudos anteriores (i.e., estudo 1 e estudo 2) e nos resultados obtidos no Questionario
sobre os Habitos e Rotinas de Compras aplicado a uma amostra de 110 idosos (70,92 + 5,94
anos). Apds o desenvolvimento da plataforma, um grupo de profissionais de saude (n = 7;
X = 17 anos de experiéncia clinica) foi convidado a avaliar o potencial de reabilitagdo e
adequagdo do NeuroVRehab.PT a pacientes com DCL vascular. Foram conduzidas
entrevistas individuais, onde se aplicou o método Think-Aloud e um guido de entrevista
semiestruturada. As entrevistas foram gravadas em audio, transcritas e o corpus das
entrevistas analisadas utilizando o método de Anélise Tematica segundo abordagem de 6
fases proposta por Braun e Clark®. Quatro temas (i.e., Experiéncia de Utilizagdo com
NeuroVRehab.PT, Potencial de Reabilitagao, Potenciais Barreiras e Oportunidades) e sete
subtemas foram identificados. Os resultados mostram que os profissionais de saude
consideram o NeuroVRehab.PT adequado as necessidades de pacientes com DCL vascular.
Adicionalmente, o NeuroVRehab.PT foi considerado um avango significativo no
desenvolvimento de plataformas digitais neuropsicologicas eficazes e ecologicamente

validas.

No estudo 4, analisamos o impacto de fatores ndo cognitivos (i.e., confianga e autoeficacia
percecionada na utilizacdo de tecnologia) na adaptacdo, aprendizagem e uso do
NeuroVRehab.PT. Um grupo de idosos (n = 8§; 70,6 & 6,1 anos) sem diagnostico de DCL foi
convidado a utilizar e avaliar o NeuroVRehab.PT. Foram realizadas entrevistas individuais
e analisadas segundo um protocolo de pesquisa semelhante ao utilizado no estudo 3. Apos
analise das entrevistas, foram identificados trés temas (i.e., Experiéncia de Interagdo,
Literacia Digital e Atitudes face ao NeuroVRehab.PT) e oito subtemas. Os dados recolhidos
demonstram que o NeuroVRehab.PT pode ser aprendido e utilizado por idosos com
diferentes niveis de confianga e autoeficacia percecionada. Além disso, outras varidveis ndo
associadas ao utilizador, como a inclusdo de um periodo de treino orientado por alguém mais
familiarizado com tecnologia, foram identificadas como componentes cruciais para a adogao
e uso continuado de servigos digitais de saide em populagcdes menos familiarizadas com

tecnologia. Com base na observacdo das dificuldades e padrdoes de interagdo dos

¢ Braun and Clarke. 2012. Thematic analysis. DOI:https://doi.org/10.1037/13620-004

Xi



participantes com a plataforma, foram identificadas e implementadas um conjunto de
alteragcdes com o objetivo de: 1) proporcionar uma interagdo mais fluida com a plataforma;
2) promover a adesdo ao NeuroVRehab.PT em idosos com baixa familiaridade com a

tecnologia; 3) com ou sem comprometimento cognitivo.

Com a nova versao do NeuroVRehab.PT (2.0), um grupo de idosos com DCL vascular (n =
5,73,2 + 6,7 anos) foi convidado a usar e a avaliar a plataforma (estudo 5). Foram realizadas
entrevistas individuais e analisadas com base no protocolo de pesquisa descrito nos estudos
3 e 4. Da andlise das entrevistas, foram identificados trés temas (Experiéncia de Interagdo,
DCL vascular ¢ o NeuroVRehab.PT, e NeuroVRehab.PT como Instrumento de Reabilitagio)
e oito subtemas. Os nossos resultados demonstram que NeuroVRehab.PT pode ser utilizado
para a reabilitagdo neuropsicologica de pacientes com DCL vascular. Adicionalmente, e
embora a sessdo experimental fosse para alguns dos participantes o primeiro contacto com
um tablet, a plataforma mostrou estar adaptada as necessidades e limita¢des desta populagao,
com alguns dos participantes a demonstrarem, uma progressiva autonomia no uso da
plataforma a medida que a sessdo avangava. Paralelamente, foi possivel identificar uma
sobreposicao do fluxo das atividades apresentadas no NeuroVRehab.PT e alguns dos
pressupostos da reabilitagdo neuropsicologica presentes em outros modelos de reabilitagao

de défices executivos, como por exemplo, 0 Goal Management Training model.

Os resultados alcangados nos cinco estudos apresentados nesta tese lancam as bases para
uma abordagem inovadora ao desenvolvimento de intervengdes neuropsicologicas
acessiveis, personalizadas e com validade ecologica. No ambito do presente projeto
desenvolvemos e testamos uma plataforma digital fotorrealista para o treino das
competéncias cognitivas e comportamentais recrutadas durante uma atividade de compras
em pacientes com DVC vascular. Apresentamos dados preliminares que suportam a
adequacdo/viabilidade do NeuroVRehab.PT em pacientes com DCL tipo vascular. Por
ultimo apresentamos também dados preliminares relativos a validade ecoldgica e utilidade
clinica do NeuroVRehab.PT e contribuimos para o debate sobre a utilidade, adequagao e
implicagdes do uso de plataformas gamificadas em populagdes clinicas e/ou com pouca

familiaridade com a tecnologia.

Palavras-chave: applied games, ambientes virtuais realistas, défice cognitivo, validade

ecoldgica, design centrado no utilizador.
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LIST OF TERMS AND DEFINITIONS

Action games — games in which players are required to have good reflexes, hand-eye
coordination, and quick reaction times to overcome challenges such as combats, avoiding

traps, jumping, running, completing tasks within a pressing time limit, etc. (cit. by [1])

Adventure games — games that involve the exploration of, and interaction with, the

environment as a central facet of gameplay (cit. [1]).

Applied games — video games that seek to employ games or substantial game elements
to educate and change patterns of experience and/or behaviour [2]. According to [2], applied
games include serious games (computerised games for serious purposes) and gamification

(game elements used outside of video games).

Assistive device — any product, device, or equipment, whether acquired commercially,
modified, or customised, used to maintain, increase, or improve the functional capabilities

of individuals with disabilities (according to Assistive Technology Act of 2004 cit. [3]).

Assistive environments — the physical or digital spaces that foster independent living

and assist daily-life routines through an easy-to-use interface [3].

Augmented reality — augmented reality is a technology which allows computer-

generated virtual imagery to overlay physical objects in real-time (cit. [1]).

Brain games — consumer technologies designed to train and improve the brain through

challenging cognitive exercises [4].

Digital gaming activity — interaction between a player or players and the tools to perform

this activity (both software and hardware) within an environment and time [5].

Digital health — the field of knowledge and practice associated with developing and using

digital technologies to improve health-related outcomes [6].

Disability-adjusted life years — a time-based measure that combines years of life lost
due to premature mortality (YLLs) and years of life lost due to time lived in states of less
than full health or years of healthy life lost due to disability (YLDs). One DALY represents
the loss of the equivalent of one year of full health [7].

Ecological Validity — “VR has an enhanced ecological validity, that is, a higher degree
of similarity between the training environment and real world; this is supposed to represent

an added value for predicting an improvement in everyday functioning.” [8]
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Exergames — games that combine exercise equipment with video games to encourage
people to exercise by making the activity fun (cit. by [1]). Exergames are interactive video
games that require the player to produce physical body movements to complete set tasks or
actions in response to visual cues [9]. Exergames also appear under other terminologies,

such as active gaming and motion-based videogaming [10].

Functional capacity — the ability to perform the physical and cognitive activities needed

to execute daily-living activities and maintain an independent living with quality of life [11].

Flow — the subjective experience of engaging in challenging yet manageable activities,

further characterised by complete cognitive absorption, time distortion and enjoyment (cit.
by [12)).

Game - physical or mental contest with a goal or objective, played according to a
framework or a set of rules, which determines what a player can and cannot do inside the

game world. (Homo Ludens, cit. by [1]).

Gameplay — interactions of the player with the environment through the manipulation of
rules and game mechanics and through the creation of strategies and tactics that make the

game experience exciting and fun (Vannucchi & Prado, 2009, cit. [13]).

Game elements —a set of video game components which include patterns, objects,

principles, models, or methods [14,15].

Game enjoyment — positive cognitive and affective appraisal of the game experience and
may, in part, be associated with the support of player needs (need of satisfaction) and values
[12]. Tt is distinct from flow and may occur independently of the challenge and cognitive

involvement [12].

Game metrics — the quantified measures of in-game data (e.g. time spent playing, actions

taken by the player [12].
Gamification — “... the use of game design elements in non-game contexts” [14].
Heuristic — design principles [16].

Heuristic Evaluation — inspection process where a set of usability heuristics is
established and used by evaluators to explore an interface [17] [18]. In [18], the authors
propose their list of heuristics for a Heuristics evaluation process. Further gathering all
heuristics violations, they asked evaluators to score it on a scale of 0, “cosmetic problem”,

to 4 , usability catastrophe”.
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Interaction experience — includes usability aspects (i.e., the extent to which a system
can be used to achieve specific goals with efficiency); user experience (i.e., user’s
perceptions and responses that result from the use and/or anticipated use of a system); and
accessibility (i.e., the extent to which a system addresses the needs, and abilities of a large

spectrum of users with or without impairments) [19].

Intrinsic motivation — is “the inherent tendency to seek out novelty and challenges, to

extend and exercise one's capacities, to explore, and to learn™ [20].

Immersion — subjective feeling characterised by real-world dissociation and cognitive

and emotional involvement [12].

Mobile device — portable computing devices such as a smartphone, which is, in turn, a
mobile phone that performs many computer functions, typically having a touchscreen
interface, Internet access, and an operating system capable of running downloaded apps

(Oxford Dictionary of English).

Mobile Health —implementation of digital health services with mobile and wearable

devices [21].

Neurofeedback — self-regulation of an individual’s brain activity based on the real-time
visual/auditory feedback of his brain patterns [22,23] through signals recorded using an
electroencephalogram (EEG) [24].

Neurocognitive rehabilitation — “a multi-layered treatment approach when treating
cognitive disorders. Patients with various cognitive disorders are treated by an
interdisciplinary team of clinicians that includes: a clinical neuropsychologist, a clinical
psychologist or behaviourist, a cognitive rehabilitation, a speech-language therapist, and a

neuromodulation clinician” [25].

Neurorehabilitation — the clinical subspecialty devoted to restoring and maximising

functions lost due to impairments caused by injury or disease of the nervous system [26]

Onboarding phase — a phase that typically covers the first few minutes of play [27]. This
is a crucial phase since it is during this phase that most players choose to continue to play or
abandon the game. According to [27], in free-to-play games (F2P), seven minutes were
established as a general timeframe for onboarding. Nevertheless, the same authors claimed
that the onboarding phase begins from the first time a player starts the game until the basic

mechanics have been utilised.
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Puzzle games — games that require “the player to solve a puzzle such as a maze, logical

problem or positioning different pieces together” (cit. by [1]).

Quality of life — the subjective perception of an individual’s position concerning his/her

physical health, psychological health, social relationships, and environment [28].

Role Playing games — games “in which the player’s character has skills and abilities
represented by statistics. The gameplay involves the characters exploring and completing

quests that build up their statistics and possessions” (cit. by [1]).

Sense of Presence (SoP) - the feeling of "being physically present" in the virtual world,
allowing the user to respond realistically to the virtual stimuli by eliciting a physiological

reaction as if the subject is physically situated in a real place [29].

Serious Games — “... games specifically designed to achieve some change in the player
(...) in knowledge, attitude, physical ability, cognitive ability, health, or mental wellbeing”
[30].

Simulation games — games that attempt to realistically mimic the conditions of a

particular environment or activity (cit. by [1]).

Sports games — games that emulate traditional physical sports such as basketball, golf,
football, etc. (cit. by [1]).

Strategy games — games in which players require tactics and sagacity to achieve the
targets (cit. by [1]).
Usability — “the extent to which users can use a system, product, or service to achieve

specified goals with effectiveness, efficiency, and satisfaction, in a specified context of use.’

[19].

User experience — user-experience (UX) can be interpreted in two different ways. One
is to denote the design and use of user interfaces, effectively working as a synonym for
interaction, usability, or even user-centred design [31]. In the second perspective, UX is a
person’s perception and responses that result from the use and/or anticipated use of a
product, system, or service [19]. According to [31], UX englobes: (a) the anticipated use and
experiences following the use situation, (b) focuses on positive aspects of un-related product
qualities interaction such as visual aesthetics and beauty, the joy of use, stimulation, personal
growth, or surprise; (c) emphasises the situational and dynamic aspects of using interactive

products. In a systematic review of the literature conducted by [31], emotion and affect,
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enjoyment and aesthetics were the most mentioned core dimensions of UX (24%; 17%; 15%,

respectively).

Virtual Embodiment — the illusion that the virtual body and its actions belong to the
observer [29]

Virtual Reality — refers to computer-simulated environments that can simulate physical
environments in imaginary worlds. It is commonly associated with immersive technology,
which provides perceptually real environments with special equipment such as holography,

head-mounted displays (HMDs), and haptic tactile equipment [1].
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CHAPTER I. INTRODUCTION




1.1 Ageing and Cognitive Impairment

According to the World Health Organization (WHO), there are currently 55.2 million
people living with dementia worldwide [1,2]. However, as the global population ages, it is
expected that by 2050, 2.1 billion people will be over 60 years old, with the number of
dementia cases estimated to reach 131.5 million globally. This represents an increase of
116% in high-income countries and 264% in low-income countries compared to the

number of dementia cases reported in 2015 [2,3].

In Portugal, it was estimated that in 2014, 160.287 people were affected by dementia, which
accounts for 5.91% (95% CI 5.88 — 5.93) of individuals aged 60 years and over [4].
However, recent data from 2017 suggests that the prevalence rate of dementia in older
adults aged 65 years and over has increased to 9.23% (95% CI 7.80 — 10.90) [5,6]. This
represents a significant increase compared to the European trend of 1.57% in 2018, with
Portugal's prevalence rate already at 1.88% [6—8]. It is predicted that Portugal's dementia
prevalence rate will double by 2050, reaching 3.82%. [6-8].

Dementia is one of the most burdensome diseases with significant costs associated with its
care [9]. In Europe, dementia care costs an average of €32,506.73 per person per year,
while in the United States, this figure rises to €42,898.65 per person per year. The costs of
dementia care increase with the severity of the disease, ranging from €17,000 for mild
dementia to €36,000 for severe dementia [10]. In Portugal, the costs of dementia care are
also substantial, amounting to €2 billion in 2018, which includes both direct medical costs,
such as inpatient and outpatient treatment and medication, and non-medical direct costs,
such as medical devices, home adaptations, and transportation [11]. Additionally, there are
indirect costs associated with dementia care, including the unpaid informal care provided
by family members, the sacrifice of leisure time, self-care, and other health expenses [10].
For a Portuguese household, caring for a patient with dementia represents spending around
78% of their monthly income (X = €800), which constitutes a significant financial,

psychological, and emotional burden to most Portuguese households [12].

1.1.1 Mild Cognitive Impairment

The notion that older adults may transition between healthy and pathological ageing was
first introduced in the literature on ageing and dementia about thirty years ago (cit. by [13]).

In 1988, Reisberg and colleagues introduced the term Mild Cognitive Impairment (MCI) to



describe stage 3 of the Global Deterioration Scale [14]. In 1995, Petersen and colleagues
presented MCI as an independent clinical entity with specific criteria, including memory
complaint, normal activities of daily living (ADL), normal general cognitive function,
abnormal memory for age, and no dementia [15]. Implicit in the requirement of a memory
deficit was the early assumption that MCI was (exclusively) a prodromal phase of

Alzheimer’s disease [16].

Over time, the concept of MCI has evolved to include other phenotypes (i.e., other cognitive
deficits rather than memory), aetiologies (e.g., vascular diseases) and long-term outcomes
(e.g., vascular dementia, dementia with Lewy bodies). Currently, there are four recognised
subtypes of MCI: amnestic MCI, characterised by a memory deficit as the primary feature,
and non-amnestic MCI, characterised by cognitive impairments other than memory deficits
[17,18]. Each subtype can be further subcategorised into single- or multiple domains,
depending on the number of cognitive functions compromised [18]. More recently, a
classification system based on the identified cortical or subcortical patterns of deficits has

also been proposed [19].

Scientific literature highlights that individuals with MCI are at a significantly higher risk of
converting to dementia (10-15%) and experiencing a decreased quality of life, including
reduced autonomy, social participation, and intimacy, compared to healthy controls (1-2%)
[15,20,21]. Moreover, MCI is associated with high morbidity and mortality rates [21-25].
Although MCI prevalence and incidence rates vary greatly, recent epidemiological studies
estimate an MCI incidence rate of 41.0 [35.5, 47.3]/1,000 person-years in older adults (> 65
years old), with an annual conversion rate to dementia of 241.3 [189.6, 307.0]/1,000 person-

years [26].

Currently, MCl is considered an intermediate phase between normal and pathological ageing
[27,28], characterised by a cognitive compromise greater than expected in healthy ageing
but not severe enough to fulfil dementia criteria [29,30]. Although there is no gold standard
for determining the presence of MCI, a commonly used method is to use scores that fall
between 1.0 and 1.5 standard deviations below the normative mean in neuropsychological
tests [16,19,31,32]. More recently, the presence of subtle difficulties in instrumental
activities of daily living (IADL) has also been included as part of MCI clinical criteria [33].
MCI patients with impairments in more complex IADL are more likely to progress to
dementia (30.7%) within two years compared to those without ITADL impairments (7.8%)
[34]. These findings emphasise the need to develop strategies that target both cognition and



functional capacity (i.e., the ability to perform ADL) to improve the quality of life and
autonomy of these patients [35,36].

1.1.2 Vascular Mild Cognitive Impairment

Vascular mild cognitive impairment (VaMCI) is a term used to describe patients who
experience cognitive changes due to a cerebrovascular disease but do not reach the severity
level of dementia (i.e., vascular dementia) [19,37,38]. Considering the spectrum of cognitive
impairments due to vascular disease (i.e., vascular cognitive impairment), VaMCI is situated
on the less severe side. In contrast, vascular dementia is on the most severe side of the
spectrum [38,39]. Although several cerebrovascular diseases can cause VaMCI [19,37], the
main neuropathological substrate that has been identified is the disruption of the frontal-
subcortical network, which is associated with cerebral small vessel disease, such as white

matter lesions (WML) [39,40] and lacunar infarcts [41,42].

Although epidemiological data on VaMCI are scarce, evidence points toward a high
prevalence of this condition [38,43,44]. For instance, in a well-characterized cohort of stroke
survivors, 36.7% of the patients developed VaMCI within three to six months of the vascular
event [45]. In another cohort study, 19.6%, 26.8%, and 21% of stroke survivors without
cognitive impairment before the vascular event developed VaMCI at 3, 12, and 24 months,
respectively [46]. Similarly to other forms of MCI, a significant percentage of VaMCI
patients (46%) progressed to dementia after five years [47]. Other studies have shown that
patients with mild, moderate, and severe WML have adjusted hazard ratios of 1.09 (95% CI
0.74 to 1.59), 1.51 (95% CI 1.07 to 2.14), and 2.50 (95% CI 1.72 to 3.65), respectively, for
progressing from independence in IADL to dementia or death [48]. These data demonstrate
the importance of early detection and management of VaMCI, especially in patients with

severe WML, to prevent progression to more severe forms of cognitive impairment.

Patients with VaMCI frequently present a cognitive profile characterised by a dysexecutive
syndrome, which is associated with subcortical pathology and consequent disruption of
frontal-subcortical networks [41]. This syndrome manifests as deficits in complex attention,
including selective, divide, and sustained attention, as well as executive functions (EF) such
as initiation, planning, decision making, hypothesis generation, cognitive flexibility,
judgement, and slowed processing speed [37,49]. Memory deficits are also common in

VaMClI patients [40,50].



Furthermore, VaMCI patients often experience difficulties executing IADL, especially those
that heavily rely on EF, and require constant information updates and adaptation to changing
circumstances and/or unpredictable outcomes [51,52]. Moreover, depression and apathy are
the most common neuropsychiatric symptoms identified in VaMCI patients [19,37], with
irritability (12.9% to 44.7%), anxiety (11.6% to 26.3%), and agitation (11.3% to 38%) also
reported in some patients [53]. Other less frequent neuropsychiatric symptoms identified in
VaMCI patients include euphoria, disinhibition, delusions, hallucinations, and sleep

disorders [54].



1.2. Cognition-based Interventions

Cognition-based interventions are therapeutic activities that aim to enhance cognitive
functioning, improve functional capacity and self-esteem, and enhance patients’ quality of
life (QoL) [55]. These interventions are categorised into three groups, namely cognitive
stimulation, cognitive training, and neuropsychological rehabilitation, based on their
underlying theoretical assumptions, core elements, contexts of application, and general

purpose [56,57].

Cognitive stimulation is rooted in Reality Orientation Therapy, developed in the 1950s to
respond to the symptoms of disorientation and confusion observed in dementia patients [58].
Cognitive stimulation may or may not target individual cognitive functions and includes
activities such as reading, writing, playing games, and arts and crafts [58]. Cognitive
stimulation programs are usually conducted in groups and aim to improve general cognition

and social functioning [56].

Cognitive training is a cognition-based approach that uses standardised tasks to target
individual cognitive functions, such as attention, memory, and EF [56]. Furthermore,
cognitive training considers that regular practice can improve or at least maintain functioning
in a given domain which can potentially be generalised to other related and non-related
cognitive domains [56]. Usually, cognitive training is delivered in an individual format,
through paper-and-pencil or computer exercises, with an adaptive training structure that

adjusts the difficulty level according to the patient's performance [58].

Finally, neuropsychological rehabilitation is a personalised intervention that focuses on the
preserved aspects of cognition to develop behavioural strategies that compensate for
impairments, reduce disability, and promote daily-life functioning, autonomy, and QoL [59].
Unlike cognitive training, which aims to enhance cognitive functioning, neuropsychological
rehabilitation is tailored to the patient's individual goals, jointly identified by the therapist,
patient, and patient's family [58—60].

Although meta-analytic studies have shown that cognition-based interventions, especially
cognitive training, can improve cognitive functioning in patients with MCI [57,61], the low
methodological quality and high heterogeneity of the studies [54,62—64] make it difficult to
determine with a high degree of confidence the magnitude of their impact [36,65].



Neuropsychological rehabilitation poses an even greater challenge due to its individualised,

patient-tailored nature [54,56,61].

Tailored neuropsychological rehabilitation programs are crucial for VaMCI patients to
improve their cognitive abilities and independence and reduce the negative impact of the
disease on their daily lives [60]. More data and intervention programs for VaMCI patients
are needed, including new design solutions focused on developing widely accessible,

affordable, and efficient digital neuropsychological rehabilitation tools.

1.2.1 Transfer capacity, ecological validity, and executive functions

Despite some exceptions [66], scientific literature indicates that cognitive training has
limited efficacy in enhancing cognitive functions beyond those specifically targeted by the
program [67]. This suggests that the benefits associated with cognitive training are typically
specific to the domain being trained and do not transfer to patients' everyday life activities,

indicating a lack of far-transfer capacity [67].

Whether cognitive training programs can promote far transfer is a subject of much debate.
Some researchers suggest that the limited transfer capacity may be due to insufficient
exposure to the intervention [56]. In contrast, others argue that the difference between the
activities performed in cognitive training programs and those performed in real-world

settings may be the main reason for their limited impact on patients’ daily functioning [68].

The extent to which the results obtained in an instrument can be generalised to the real world
is known as the ecological validity [68]. Over time, the concept of ecological validity has
evolved, and there are currently two main approaches for assessing it: the veridicality and

verisimilitude approach [69].

The veridicality approach evaluates the ecological validity of an instrument by examining
the degree to which the results obtained in a test or intervention are statistically associated
with standardised measures of daily life functioning. In contrast, the verisimilitude approach
focuses on the similarity between the test or interventions’ demands and the demands

imposed by a task when executed in a real-world environment [69,70].

The verisimilitude approach is commonly used in neuropsychological rehabilitation;
however, these interventions often rely on limited and inflexible tools such as video
monitors, imagery and physical mock-ups, making their widespread applicability

challenging [71]. Additionally, developing instruments that are both accessible and



ecologically valid while also training patients’ capacity to generate novel solutions to non-
routine tasks (i.e., goal-oriented behaviours) presents an additional significant challenge

[72].

The function-led instruments approach is a promising method for developing ecologically-
valid instruments [73]. This approach is closely related to the verisimilitude approach and
states that neuropsychological instruments should be based on directly observable
behaviours that researchers and clinicians aim to study and rehabilitate [73]. This means
these instruments should accurately represent/mimic the characteristics, demands, and

environmental constraints of real-world tasks [74].

Shallice and Burgess (1991) were among the first authors to develop a function-led
instrument, the Multiple Errands Test (MET) [75]. In its original form, the MET requires
patients to perform various tasks of varying difficulty levels in an unknown real-world
pedestrian area where minor unforeseen events could occur. However, using real-life
contexts for neuropsychological rehabilitation presents practical and ethical issues that limit
the use of this approach in clinical contexts [72]. For instance, clinicians have limited control
over unwanted stimuli, such as patients’ emotional distress from interacting with people
outside the clinical team or feelings of embarrassment. Additionally, accidents and
misunderstandings can occur, negatively impacting the therapeutic alliance and the patient's
commitment to the rehabilitation program [72]. Moreover, these interventions require
considerable human, time, and financial resources, making their large-scale application

difficult, if not impossible.

The efficacy of cognition-based interventions has been limited, leading experts to call for a
paradigm shift to address this issue [72,74,76]. A new generation of interventions is needed,
one that is easy to administer, ecologically valid, and motivates patients to engage in therapy
and adhere to their rehabilitation plans. This approach should prioritise the transfer of trained
abilities and skills to patients' daily lives, with the potential to enhance their real-world

functioning capacity.



1.3. Digital Health

The use of digital health, which involves the use of digital, mobile, and wireless technologies
[77] to support and promote health-related outcomes, has revolutionised the delivery of
healthcare services [78]. This has led governments worldwide to develop digital health
strategies aiming to provide equitable, affordable, and universal access to healthcare services

[79].

One area that has undergone significant transformation in the digital health landscape is the
cognition-based interventions [78,80]. However, in an era characterised by the large-scale
implementation of healthcare services, conventional cognition-based interventions’ in-
presence and one-to-one administration format have been proven to be a major limitation
[81,82]. For instance, the administration model of traditional cognition-based interventions
is time-consuming, costly, and unengaging for patients [§1-83]. Therefore, Information and
Communication Technologies (ICTs) have been widely adopted as a means to develop
accessible, engaging and affordable cognition-based interventions [84,85], with Virtual
Reality (VR), gamification, and applied games (AGs) as the cornerstone of this [still
incipient] paradigm-shift [76].

1.3.1. Applied games and cognition-based interventions

In healthcare, AGs have emerged as a tool to promote patient therapeutic adherence [86,87].
This term encompasses game-like software that is designed to serve a "serious" purpose,
such as improving health and wellbeing-related outcomes, rather than solely for players'
entertainment (as with off-the-shelf video games) [88,89]. The concept of AGs includes
serious games and gamified applications [90]. Serious games utilise video games (VGs) or
game elements (GEs) to bring about changes in players' knowledge, attitude, physical or
cognitive ability, health, or mental wellbeing [91]. On the other hand, gamified applications
incorporate game-design elements and mechanics into existing activities/tasks to make them

more enjoyable and engaging for patients [90].

The increasing use of AGs in the health field is supported by the assumption that the
engaging and entertaining format of VGs, AGs can drive health-related outcomes through
the same intrinsic motivation processes that make VGs enjoyable and engaging [92-94]. By
integrating the relaxed and playful nature of VGs into cognition-based interventions, patient

motivation and engagement towards the intervention can be promoted. This perspective



suggests that increasing patient engagement could lead to more exposure to the intervention,

reduced dropouts, and potentially increased intervention success (i.e., efficacy) [76,89,95].

In addition to AGs, VR has been explored as a technological resource for the
neuropsychological rehabilitation [96]. Virtual reality provides users with an interface
through which they can be exposed to and interact with 3-D environments that simulate
sensory information similar to that received from real-world scenarios and objects [96].
Virtual reality is a valuable resource in the study and training of human functional
performance, providing a safe and controlled environment for simulating real-world

scenarios that elicit genuine reactions and realistic perceptions in patients [74,86,97—100].

Virtual environments (VEs) have been developed to assess and train patients' ability to
perform daily activities, including virtual cities [101-103], malls [104,105], libraries [106],
offices [107], supermarkets [99,108—115], kitchens [85,116], apartments [101,109,117-120]
and museums [85,121]. Compared to traditional cognition-based interventions, VR offers
several advantages, including accurate stimulus delivery, standardised administration
processes, real-time feedback, multiple administrations, unbiased behavioural tracking, and

performance recording [74,80,86].

However, despite the increasing use of AGs for cognitive purposes [88], there is a lack of a
theoretical framework that guides the development of these platforms to adapt and respond

to patients' clinical and non-clinical needs and limitations [122,123].

1.3.2. Evaluation of applied games for neuropsychological rehabilitation

The WHO Global Strategy on Digital Health 2020-2025 emphasises the importance of
people-centred health systems in guiding the digital health era [79]. According to WHO, to
achieve an equitable and accessible digital health system, it is essential to consider the needs
and limitations of different stakeholders in the healthcare ecosystem, including patients,

families, communities, and health professionals [79].

Despite the recognised potential of VR and AGs as rehabilitation tools, a significant
discrepancy exists between their intended use in the experimental setting and their current
use [124]. Reasons for this include immature engineering processes (e.g., no use of
systematic methods that guide software development) and poor integration with the clinical
practice and theoretical approaches [125]. In addition, despite the extensive literature, most

digital neuropsychological rehabilitation platforms are mainly driven by technical
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considerations (i.e., medical and engineering perspectives) rather than stakeholder

perspectives, needs, and values.

To close the gap between technology availability and its use in clinical practice, user-centred
design approaches and rigorous feasibility evaluation protocols should be implemented
[124]. This combined approach will help identify and distinguish between the barriers to the
use of such platforms due to poor interface design from those raised by the mismatch
between platform requirements and objectives and end-users/patients' abilities, skills, and
preferences, and those associated with patients’ clinical condition (e.g., cognitive
impairments) [126,127]. Only by addressing the factors that potentially impact patients'
capacity to use digital neuropsychological rehabilitation platforms effectively and efficiently

can the scientific community ensure equitable and universal access to digital health services.
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CHAPTER I1. RESEARCH PROBLEM AND OBJECTIVES

Research Problem and Thesis Objectives
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2.1 Research Problem and Objectives

Vascular mild cognitive impairment is characterised by a dysexecutive syndrome, memory
deficits, and subtle impairments in more complex IADL [39]. To improve patients' QoL and
reduce the burden of disease, developing digital neuropsychological rehabilitation programs
that train cognitive functions and behavioural strategies necessary to regain the capacity to

live independently is crucial [60].

However, despite the potential benefits of resources such as VR and AGs, scientific literature
suggests that most digital platforms lack the transfer capacity from experimental settings to
the real world and do not significantly impact patients’ daily functioning. Moreover, other
factors besides cognitive impairment, such as patients’ digital literacy, perceived computer
confidence and self-efficacy, can affect users' willingness to adopt and use digital healthcare
services over the long term, overshadowing the potential impact of digital

neuropsychological rehabilitation platforms.
Based on the research mentioned above, the current project has five main goals:

1. To systematically review the scientific literature available to identify the GEs most
used in digital game-based platforms (GBI) for cognitive assessment, training, or

rehabilitation.

2. To analyse the impact of VGs on cognitive and functional capacity outcomes in

patients with (mild to severe) cognitive impairment.

3. To develop a digital neuropsychological rehabilitation AG using a participatory
design approach that combines image-based VEs, gamification processes, and
neuropsychological rehabilitation principles. Then, we aimed to evaluate the
feasibility and rehabilitation potential of the AG developed to train cognitive and

behavioural strategies recruited during an IADL, such as shopping.

4. To evaluate the impact of non-cognitive factors, such as perceived computer
confidence and computer self-efficacy, on the interaction experience (IX) in a group

of community dwellers.

5. To evaluate the feasibility of the AG developed in VaMCI patients.
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Study 1: Game-based interventions for neuropsychological assessment, training and

rehabilitation: which game-elements to use? A systematic review.

ABSTRACT

Game-based interventions (GBI) have been used to promote health-related outcomes,
including cognitive functions. Criteria for game elements (GE) selection are insufficiently
characterized in terms of their adequacy to patients’ clinical conditions or targeted cognitive
outcomes. This study aimed to identify GE applied in GBI used for cognitive assessment,
training, or rehabilitation. A systematic review of literature was conducted. Papers involving
video games were included if: /) presenting empirical and original data; 2) video games
were used for cognitive intervention; and 3) attention, working memory or inhibitory control
were considered as outcomes of interest. Ninety-one papers were included. A significant
difference between the number of GE reported in the assessed papers and those composing
video games was found (p < .001). The two most frequently used GE were: score system
(79.2% of the interventions using video games; for assessment, 43.8%; for training, 93.5%;
and for rehabilitation, 83.3%) and narrative context (79.2% of interventions; for assessment,
93.8%; for training, 73.9%; and for rehabilitation, 66.7%). Usability assessment was
significantly associated with six of the seven GE analysed (p-values between p <.001 and p.
= 027). The use GEs that act as extrinsic motivation promotors (e.g., numeric feedback
system) may jeopardize patients’ long-term adherence to interventions, mainly if associated
with progressive difficulty-increase of gaming experience. Lack of precise description of
GE and absence of a theoretical framework supporting GE selection are important

limitations of the available clinical literature.

Keywords: Video games; Serious games; Cognitive functions; Attention; Working

memory; Inhibitory control

15



INTRODUCTION

Game-based interventions (GBI) are built on the assumption that specific human skills and
behaviours can be more easily promoted when the required training is conducted within a
playful and entertaining context, such as the ones entailed by video games [1]. Gamification
processes [2], serious games [3] and applied games [4] are, currently, relevant, and
innovative approaches in the study of human behaviour change through the use of video

games.

Game-based interventions have been used in clinical contexts to promote adherence and
cognitive capacity among both healthy and clinical populations. Directly inspired on
traditional games, game elements (GE) can be defined as a set of video games components
which include patterns, objects, principles, models, or methods [2,5]. Points, levels of
difficulty, badges, storyline and plot, progression based on success or failure to achieve the
game’s goals, and multiplayer component are just a few examples of GE typically present

in video games.

The use of GE to promote learning and motivation finds support on traditional psychological
theories [6]. According to the Self-Determination Theory [7], intrinsic-motivated behaviour
(or at least more autonomous motivated behaviour) is developed when the person achieves
a sense of competence towards the activity and when it is allied with an internal perceived
locus of control of the task. In video games, some GE such as positive feedback messages
can promote a sense of competence while playing the game. Also, internal perceived locus
of control is promoted with tooltips or help buttons showing the player what he or she did

wrong and how to correct the action [7].

Another possible example is the implementation of tutorials and other on-boarding tools to
introduce game’s mechanics that are initially beyond the newbie’s capacity. The acquisition
and development of new skills, supported by such “external” help or by a more experienced
agent, finds theoretical support in Vygotsky’s concept of zone of proximal development [8],
as well as in the concept of scaffolding proposed by Wood and colleagues [9]. Within these
two conceptual views, learning and problem solving are depicted as constructive processes
that can be fostered if guided by more capable peers. This is also the case in Massively
Multiplayer Online Games, where interaction and collaboration with more skilled players is
not only available but highly sought through participation in both in- and out-game activities,

such as raids, parties, chats, and discussion forums.
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The study of the impact of video games on human cognition and behaviour has been heavily
focused on the downsides of such playing. Notwithstanding, existing results are conflicting.
On one side, excessive exposure to video games, especially to those with violent content
[10], has been associated with increased aggressiveness (at behavioural, cognitive, or
emotional levels), and decreased prosocial behaviour, empathy, and sensitiveness to
aggression [11]. On the other side, there are studies where these results were not replicated
[12]. A recent study proposed that the increase of aggressive behaviour associated with
playing video games is mainly the result of a priming effect (which increases accessibility
to aggressive/violent thoughts) and, so, the effects are short-lived, occurring only
immediately after video game exposure (no more than 15 minutes) [12]. Przybylski and
Weinstein [13], on the other hand, propose that the aggression associated with video games
may be better explained by background-factors present in specific cohorts (e.g., technology
use and material deprivation). Additionally, the authors highlighted the high methodological
flexibility present in aggression behaviour and violent gaming measures that contributes to

selective reporting of results [13].

The scientific community has recently been also interested on the beneficial impact that
video games may have in human behaviour. For instance, in a recent meta-analysis about
the efficacy of serious games to reduce cognitive decline among psychiatric patients, a
moderate effect size of this ludic-therapeutic approach was found (g = 0.79 (95% CI1 0.36 —
1.21); p<0.05) [14]. In another systematic review of literature, where the impact of video
games was compared to other computer-based interventions, Kueider and colleagues
concluded that video games constitute an effective intervention for global cognition
stimulation (d = 0.69), with relevant results also on reaction time (d = 0.77), processing
speed (d = 0.72), executive function (d = 0.25), and attention (d = 0.21) [15]. Anguera et al.
[16] showed a significant reduction in multitasking cognitive cost in a group of older adults
after playing NeuroRacer — a 3D multitasking training video game designed to improve
cognitive control — when compared to an active control (single-task training) and to a non-
contact group. Furthermore, improvements identified in Anguera’s experiment persisted
after six months without boosting sessions, with benefits being transferred to other cognitive
domains than those directly targeted by the video game (i.e., sustained attention and working

memory).

Nonetheless, important methodological shortcomings (e.g., lack of concise terms or of

standardized methods to develop and assess GBI) and ethical concerns (e.g., unfamiliarity
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or technophobia, unrealistic expectations of improvement and skill generalization, the

possibility of physical harm, addiction, or social isolation) have been reported [5,17,18].

From a clinical point-of-view, it is of great concern the absence of any conceptual or clinical
rationale supporting GE selection depending on patient’s clinical conditions and/or on
targeted cognitive outcomes. One rare exception can be found in Lumsden et al. [17], where
authors clearly stated that GE such as rewards and feedback seem to be particularly suitable
for persons with Attention Deficit Hyperactivity Disorder (ADHD), who are especially
responsive to immediate reinforcement, feedback and clear definition of goals and
objectives. On the other hand, the subjective and somehow arbitrary use of GE in vulnerable
populations [18] can impair the successful clinical usage of GBI and can introduce
deleterious effects on users’ performance [19] or psychological/emotional health. Take as
example a life bar (score system element) in a serious game for cancer survivors, where

patients lose points every time, they do not achieve the game’s goal.

To the author’s knowledge, this research represents a first effort to overcome the
aforementioned limitations, namely the lack of a theoretical framework supporting GE
selection in interventions focused on cognitive promotion. To this purpose, a systematic
review of literature (following PRISMA guidelines [20]) was conducted to identify which
GE were most frequently present in GBI used for cognitive assessment, training, or
rehabilitation. Furthermore, considerations were taken regarding the capacity of those GE to
promote patient’s adherence to the cognitive intervention, reflecting about the adequacy of

such GE to the study of the targeted cognitive outcomes.
MATERIAL AND METHODS
2.1. Search strategy

Search-terms related to “game-based interventions” and ‘“cognitive outcomes” were
identified on basis of an exploratory narrative review and discussion between members of
the research team. Medical Subject Headings (MeSH) terms were used whenever possible.
A total of 46 “game-based interventions” terms were combined listwise with 14 search-terms
related with “cognitive outcomes” (i.e., each search-term of the first category was
individually combined with each term of the second category) (see Supplementary Table S1
for details on the search strategy). This keyword combination allowed us to minimize the
exclusion of potential entries that could be masked by the use of less common terms, which

1s not unusual in recent research fields.
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2.2. Information sources and search

Electronic database search was conducted on 24" January 2017 and then updated on 22"¢ of
March 2019. PubMed, SciELO, and EBSCO — Psychology and Behavioral Sciences
Collection were searched, with a restriction to the following inclusion criteria: 1) publication
date (PubMed: 24" January of 2006 to 21t March of 2019, SciELO: 2007-2019; EBSCO:
1% January of 2006 to 215 March of 2019); 2) full text in English (PubMed and EBSCO);
and 3) search field (title and abstract). Furthermore, search was restricted to peer-reviewed
papers (EBSCO database) and studies with humans as study’s subjects (PubMed). Book

chapters were excluded.

2.3. Additional sources of information

Eighteen journals with editorial interests on serious games and games for health were
identified and manually searched to locate additional studies of interest published between
2012 and 2019 (see Supplementary Table S1 for details). Additionally, reference lists of (1)
each paper included for data extraction and (2) the literature reviews (narrative or systematic
ones) identified during the screening process were also hand-searched for identification of
additional relevant papers. Literature reviews were considered only as potential source of

empirical papers (i.e., for reference search purposes; not for data extraction).
2.4. Screening and eligibility

The set of initially retrieved entries was assigned to three pairs of reviewers and
independently screened by each researcher in the pair considering title and abstract analysis.
Studies were eligible for data extraction if: 1) empirical and original data were presented; 2)
a video game (commercial, adapted or applied) was used for cognitive assessment, training,
or rehabilitation; 3) the intervention targeted and explicitly reported individual measures of
attention, working memory or inhibitory control outcomes; and 4) full text was available in
English, Portuguese, or Spanish. To be considered as a video game, the software had to
include at least one of the following GE: 1) score system (in software that presented
unrelated tasks, a final/total score system had to be present); 2) performance feedback system
(non-numeric); or 3) continuous narrative context between tasks. Multigame platforms (e.g.,
unrelated mini-games), computerized cognitive training programs (e.g., RehaCom®),
software programs that are merely digital version of paper-and-pencil instruments (no GE
added) and studies that used more than one video game per group were excluded. Entries
from the update search (n = 464) were screened by the first author and 10% of those entries

were cross-checked by the last author. Disagreements between researchers concerning data
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eligibility were solved by a third independent senior element, who approved the final list of

studies to be included for data extraction.
2.5. Data collection process

A data extraction spreadsheet, including a glossary of concepts (e.g., GE, cognitive
outcomes), was developed and used by all team members. This was done to promote
standardization of the extraction process. Three sections were considered: “General paper
information” section, “Video game descriptive information” section, and “Interventions
details and cognitive/health outcomes” section (see Supplementary Table S2 for details).
Extraction fields presented two different formats of response: pre-defined option (closed-
answer format), or strings of information (open-answer format). When it was not possible to
characterize study’s elements according to the available options, researchers could select the

option not clear/not sure.
2.5.1. General paper information section

In this section, information regarding title, authors’ name, journal’s title, year of publication,
publication quartile (in 2017), and area of expertise (i.e., area in which the study had the
highest quartile in 2017 according to the Scimago Journal & Country Rank) were gathered.
Papers were coded according to the following four categories of scientific expertise: (1)
Health Sciences (included journals focused on Neurology, Neurosciences, Paediatrics,
Perinatology and Child Health, Medicine, Rehabilitation, Geriatric, Gerontology); (2) Social
Sciences (Psychology, Neuropsychology, Physiological Psychology, Clinical Psychology,
Cognitive Neuroscience, Behaviour Research and Therapy); (3) Computer Sciences
(Computer Sciences Applications, Engineering, Health Informatics); and (4) Other (Public
Health, Environment and Occupational Health, Language and Linguist, Multidisciplinary).

2.5.2. Video game descriptive information section
General description

This section addressed information regarding the game’s title, main activity, type of
platform, and virtual components. The central action/task that the player must perform to
achieve the game’s goal was considered the main activity (e.g., drive a car,
collected/find/selected stimuli, shopping, play tennis). Three types of platforms were
considered: game’s console, touch-based devices (i.e., smartphone/tablet) and computer.
Finally, video games were classified as being or not being an exergame, having or not having

virtual reality (VR), or another virtual component.
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Purpose and cognitive utility of video game

Two types of video games were considered according to the purpose for which the video
game was initially developed: 1) applied games (AG) [4], which encompasses serious games
— video games specifically developed to achieve a change in the player’s patterns of
behaviour [3] — and gamified software, a software that underwent a process of intentional
use of GE in order to enhance a game experience in non-game tasks [5]; and 2) commercial
video games (CG), developed for the main purpose of entertainment and leisure [21].
Commercial video games which were adapted (e.g., using a different game controller or
interface such as brain computer interface) were classified as AG if targeting behaviour
change. Cognitive utility of game refers to the objective for which video games were used,

namely: assessment, training, or rehabilitation of cognitive functions.
Game elements

Studies were searched for the presence of seven GE. Since there is no widely-accepted
definition of what or how many are the basic GE that compose video games an initial set
was gathered based on the information reported elsewhere [2,22—-24]. That initial set was

then refined to include a total of seven GE whose definitions were subject of discussion

Narrative context — storyline in which the main action of the game unfolds. Storytelling adds
meaning and guides action whether in a fantasy (e.g., save the princess) or real-like scenario (e.g.,

shopping).

Avatar/Character — player’s virtual representation whether human-like or other (e.g., spaceship).

Score system — numeric feedback system that informs player about his or her performance and
progression in the game. Points, money, missions, levels, leaderboards, and progression bars were
included in this category.

Reward system — visual feedback system related to the achievement of specific challenges and
skills. Badges, medals, awards, extra powers, access to virtual world restricted areas, and written
and/or auditory messages related to player’s performance were included in this category.

Win and Lose condition — it is shown to the player, in an explicit way, that he or she was able or
not to achieve the goal of the game (e.g., death, return to a previous level).

Time pressure — implementation of time constraints to complete a task or achieve the best score
possible.

Multiplayer — more than one player influences gameplay simultaneously. This includes cooperation
and/or competitive modes.

Fig. 1. Game-elements description.
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between research team members until a consensus was reached (see Figure 1). To obtain an
in-depth description of each of the video games included in the selected papers, an additional
web-based search was conducted. Official websites were the main source of information to
CG. University, research groups and video-sharing (e.g., YouTube) websites were also
searched in the case of AG. Information extracted from these two sources was introduced

separately.
2.5.3. Intervention details and cognitive/health outcomes section

This section was dedicated to the extraction of information regarding intervention and
sample characteristics. Therapy aims to help individuals to regain the capacity to self-
regulate his or her behaviour in order to being able to live autonomously [25]. Having this
perspective in mind, three cognitive functions were selected within the core components of

cognitive control and self-regulation theory [26]:

» Attention: process that enables individuals to consciously process
stimuli/information in our environment [27]. All studies that focused on attention
outcomes were considered for data extraction purposes regardless of modality (e.g.,
visual, auditory) or type (e.g., sustained, selective) except for studies focused on
sensory attention, which were excluded.

*  Working memory: system that enables the temporary storage and manipulation of
information necessary to adequately respond to environmental demands [28].
Working memory outcomes were always considered when presented as a single
expression (“working memory”) in the analysed paper.

 Inhibitory control: capacity to inhibit a dominant and automatic response in order to
(deliberately) select a more adequate one regarding environment or task’s
characteristics [29]. Inhibitory control or inhibitory capacity were both accepted and

considered as equivalent terms.

The presence of other cognitive or health-related outcomes was also registered. Finally,
information on near transfer capacity (impact on related cognitive functions targeted by the
video game), far transfer capacity (impact on non-related cognitive or health outcomes
targeted by the video game) [30], user-experience (UX) evaluation (user’s perceptions on

software usability, hedonic experience), and sample characteristics were also extracted.
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2.6. Statistical analysis

Analysis of data was done using the program Statistical Package for the Social Science
(IBM-SPSS), version 24.0. Studies that presented more than one intervention arm, with a
different video game per arm, provided different entries in the database. This was done
because the sample unit for data analysis was the video game, not the paper. Important to
highlight that this was done only when each intervention arm included only one game (as
explained in the screening and eligibility section, studies which entailed more than one video
game for the same intervention arm were excluded). Overall, 118 interventions with video
games were identified in the 91 papers included in the qualitative analysis. Three sampling
bases were considered for data analysis (see Figure 2). For GE frequency analysis, video
games reported in different papers were considered only once (nvideo.games = 72); this is,
therefore, the total number of video games without duplication across papers. For GE
frequency analysis by cognitive utility of the games (i.e., assessment, training or
rehabilitation), video games reported in different papers targeting the same cognitive utility
were considered only once (neoguiiliy = 80). For instance, if one video game was reported in
two or more papers for assessment purposes, the video game was counted only once; but if
the same video game was reported for assessing cognitive functions in one paper and for

training cognitive functions in another paper, then the video game was considered twice.

Finally, for two types of analyses (comparing the number of GE described in the papers and
the number of GE really existent in the video games; and characterizing the association

between GE really existent in the video games and cognitive outcomes), the total sample of

Papers included in the
qualitative synthesis

npapers=91

$ 33

Rational of the sample Sampling basis

Statistical utility of the sample

Comparison between number of reported GE and

I number of elements observed in the additional web-
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and cognitive and other health outcomes.

Some papers report more than one video game (i.e.,
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use the same video game for the same purpose (Ncog usity Ncog.utility = 80 component by cognitive utility (assessment, training
< Npagers)- O the other hand, the same video game can and/or rehabilitation). Comparison of the number of GE by
be used for different purposes (Neeg usiity > Nuidso games) cognitive utility.

f
Ly 1

3 " A of the association between GE. Comparison of the
::::re?oRr:' (Elfferent p:pners u;se L0 G215 WEED (02, number of GE between applied and commercial video
’ 'video.games papers/

e S B P
Total number of (different) video games under study in Estimation of GE frequency by video game. Estimation
Nvideo.games = 72
games.

/

Fig. 2. Sampling bases used in statistical analysis.
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video games interventions (Nait.entries = 118) was considered; this means that all entries were
considered regardless of duplication across papers. This decision was based on the fact that

some video games were used in different papers to evaluate different cognitive functions.

Data normality was tested by using Kolmogorov-Smirnov test and considering kurtosis and
skewness (normality assumed when kurtosis and skewness ranged between -2 and 2) [31].
Results were considered significant for a p-value <.05. Because normality was observed for
all variables and for all comparison groups, parametric tests were applied. Paired-samples t-
tests were conducted to determine whether the number of GE reported in the papers and
those that actually compose video games (as observed in webpages describing the games)
differed significantly. This was done for all different video games altogether (naiventries =
118), and for commercial games (n = 51) and applied games (n = 67). Paired-samples t-tests
were also used for assessing if the number of GE reported in the papers and those that
actually compose video games differ according to the cognitive utility of the video games
(assessment, n = 28; training, n = 67; rehabilitation, n = 23). Differences between
commercial and applied games regarding the number of GE as described in video games
webpages were tested through independent sample t-test (nyidgeogame = 72). Differences
between the cognitive utility of the video games (assessment, training and rehabilitation)
regarding the number of GE as described in video games webpages were tested with one-

way ANOVA with Bonferroni Post-Hoc test (ncog uiility = 80).

Chi-square tests of independence were applied to study the association between different
pairs of GE (with Cramer’s V for assessing the strength of the associations); this was also
done for testing the independence between each GE and cognitive outcomes (attention,
working memory, inhibitory control), cognitive utility of the game (assessment, training,
rehabilitation), having or not having health-related outcomes, virtual reality or another
virtual component (e.g., brain-computer interfaces), being or not being an exergame, and
type of game platform (console, smartphone/tablet, computer). Chi-square tests of
homogeneity were applied to check if each GE was more frequently used in applied or

commercial video games.
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RESULTS
3.1 Study selection

Overall, 3 456 papers matched the set of inclusion criteria (see Figure 3). Fifty-four papers
were added after manual search of additional journals focusing on serious games and/or
games for health areas. After removing duplicates, 2593 papers were screened considering
title and abstract. Overall, 2 406 papers were excluded on basis of this analysis. From the

187 eligible papers for full-text analysis phase, 53 were included in the current review.

c 3402 records identified through 54 additional records identified
o data base searching through other sources
8
3
: ! !
o
k=
3456 with duplicates
_E’ 2593 records screened
c
¢
] » 2406 records excluded
187 full-text articles assessed for
2 eligibility
'-g) 134 full-text articles
io excluded with reasons
53 studies identified for data
extraction
- 38 studies identified in
B manual search
% references
[=4

91 studies included in qualitative
synthesis

Fig. 3. PRISMA flow diagram.

Common reasons for exclusion of papers were: no use of video game (n =17); use of game
platforms or more than one video game simultaneously (e.g. at the same study arm; n = 16);
attention, working memory and inhibitory control were not assessed as cognitive outcomes
(n = 28); literature reviews (n = 28); different scope (n = 17) (e.g., roundtable discussions);
full-text was not available, even after e-mail contact with authors (n = 2); and two or more
of the aforementioned reasons combined (n = 26). Thirty-eight papers were later added from

manual search of the list of references of included papers and literature reviews. A total of
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91 papers were included for data extraction, in which 72 different video games were

identified.
3.2. Bibliometric characterization of GBI studies

Year of publication of studies ranged from 2006 to 2018, with publication peak at 2013 (n
= 15). More than half of the studies were published in journals ranked in the first quartile
(54/91). Sixteen studies were published in journals in the second quartile, six studies in the
third quartile, and five studies in the fourth quartile. Ten studies were published in journals

with no impact factor attributed.

From the 81 papers published in journals with impact factor, 42 were published in journals
scoping Health Sciences, 25 Social Sciences, eight Computer Sciences, and six other
scientific disciplines. Additional analysis considering quartile of publication by area of
expertise showed that from the 54 studies published in the first quartile, 26 were indexed to
Health Sciences, 22 to Social Sciences, one to Computer Sciences, and five to the category

“other” (see Supplementary Table S3 for details).
3.3. Purpose and cognitive utility of GBI

From the 72 identified video games, 42 are AG and 30 CG. Sixteen video games were used
for cognitive assessment (of which 15 are AG and one CG), 46 for cognitive training (of
which 18 are AG and 28 CG) and 18 for cognitive rehabilitation purposes (of which 14 AG
and 4 CG). The difference between the number of identified video games (nyideo.games = 72),
the number of entries according to cognitive utility (ncogusility = 80), and the total number of
entries (Nailenries = 118) is due to the fact that: (1) eighteen papers reported data regarding
more than one video game (one video game per intervention arm) [32-49]; (2) nine CG
(Medal of Honor: Allied Assault [42,49]; Medal of Honor: Pacific Assault, EA Games
[36,41,50]; Rise of Nations, SEGA [42,51]; Brain Age / Dr. Kawashima’s Brain Training,
Nintendo [39,40,45,46,52,53]; Tetris [38—40,42,44,49,54]; Modern Combat: Sandstrom,
Gameloft [32,47,48]; Big Brain Academy, Nintendo [55,56]; Balance, Atari [36,41]; and
The Sims, EA Games [32,35,37]); And (3) 13 AG (Neurofeedback Game [95,96];
VRROOM [116,117]; VRST [81,82]; VRCPAT [75-78,99]; Braingame Brian [86,87,103];
Working memory program, Cogmed Systems [33,107,108]; RoboMemo, Cogmed Systems
[109,110]; ClinicaVR: Classroom-CPT [67-73]; VR Setup [114,115]; AULA, Nesplora
[59,60,122]; Desktop VR System [91,104]; Space Fortress [97,98,111,123], and
Cybercycling [34,90]) were reported in more than one study (see Table 1).
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Table 1. Description of video games entries identified in the included (naii.entries = 118)

Purpose and utility of the game

Game-elements

Cognitive OQutcomes

> that th Narrativi Avat R . Tim . . rking Inhibit
Game § name Stud}./ at used the arrative atar/ Score system eward Win/lose © Multiplayer ~ Attention Working bitory
Main activity video game context character system pressure Memory  Control
Applied games for Cognitive Assessment
Art Gallery Test (AGT)
To identified differences between to Gamito et al. [57] Yes Not clear Not clear Not clear Not clear No No Yes Yes Yes
. X /sure /sure /sure /sure
images, construct puzzles, and finding the
details.
Areces et al. [58] Yes Yes Yes
Aula Nesplora
To respond as quickly as possible to target Iriarte et al. [59] Yes Not clear No No Not clear Yes No Yes No No
P I P /sure /sure
stimuli while inhibiting any responses to
non-target stimuli.
Diaz-Orueta et al. [60] Yes Yes No
Raiders of the Lost Treasure
Silva and Frere [61] Yes Yes Yes Yes N(;t clear No NO; clear Yes No No
To collect/find hidden objects. sure sure
Shoe Closet Test Notdl Notdl Notl Notl
R ot clear ot clear ot clear ot clear
To match each pair of shoes with the Oliveira et al. [62] Yes /sure /sure No /sure /sure No Yes No No
color’s compartments in a virtual closet.
Space Matrix
P McPherson and Buens Yes No Yes Yes b Yes Yes No Yes No
. [63] /sure
To destroy spaceships.
Tap the little hedgehog
To perform different operations on abstract ~ Verhaegh, Fontijn and Yes No Yes Yes Yes Yes No No Yes No
patterns such as copying, reproducing Aarts [64]
sequences from memory and mirroring
patterns.
Timo’s Adventure Not clear
Peijnenborgh et al. [65] Yes Yes Yes Yes Jsure Yes No Yes Yes Yes

To collect stars.




Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

Game’s name i i i ibi
Study dthat used the Namtitn;e ﬁvatatr/ Sc;)re Rev&t/ard Win/lose Time Multiplayer Attention xorkmg Ir(ljhlbgml'y
Main activity video game contex character system system pressure emory ontro.
Towi Games
Rosetti et al. [66] Yes D Yes No Not clear Not clear No Yes Yes Yes
/sure /sure /sure
To make arrangements to travel
Parsons et al. [67] Yes No No
Negut, Jurma and David Yes Yes No
[68]
Nolin et al. [69] Yes No Yes
ClinicaVR: Classroom-CPT
To maintain vigilance and react to a Gilboa et al. [70] Yes N?:lfrl:ar N(;i:rlzar N(;:ucrlsar N(;::rlsar Yes No Yes No No
specific stimulus within a set of
continuously presented distractors.
Moreau et al. [71] Yes No Yes
Adams et al. [72] Yes No No
Nolin, Martin and
Bouchard [73] Yes No Yes
Virtual Library Task
: Not clear Not clear Not clear Not clear
To perform several tasks associated with Renison et al. [74] Yes /sure /sure /sure /sure Yes No No Yes Yes
the day-to-day running of a library.
Parsons and Rizzo [75] Yes No No
Virtual Reahty COgmtlve Parsons et al. [76] Yes No No
Performance Assessment Test v Not clear v Not clear Not clear v Not clear
(VRCPAT) e /sure e /sure /sure e /sure
To select stimuli while drive a car. Parsons et al. [77] Yes No No
Parsons et al. [78] Yes No No
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Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

Game’s name

Study that used the Narrative Avatar/ Score Reward . Time . . Working Inhibitory
. Win/lose Multiplayer Attention
Main activity video game context character system system pressure Memory  Control
ClinicaVR: Apartment Stroo; i
p Y Henry, Joy7a; and Nolin Yes N(;t clear N(;t clear N(;t clear N(;t clear Yes No Yes No Yes
To select target stimuli. (791 sure sure sure sure
VR-Based MET
Raspelli et al. [80] Yes Not clear Not clear Not clear Not clear Not clear No Yes Yes No
To shop. /sure /sure /sure /sure /sure
Virtual Reality StrOOp Task Parsons et al. [81] Yes No Yes
(VRST) Not clear Not clear Not clear Not clear Not clear
Yes /sure /sure /sure /sure /sure No
To respond to a Stroop-like condition
while driving a car. Armstrong et al. [82] Yes No Yes
VR Office Environment
. . Matheis et al. [83] Yes Not clear No No No Yes No Yes No No
To learn 16 target items, depicted among /sure
numerous other office distracters.
Applied games for Cognitive Training
3-D virtual reality kayak
program Park and Yim [84] Yes No Not clear Not clear Not clear Not clear /sure Not clear Yes No No
/sure /sure /sure /sure
To paddle a Kayak.
Adaptive WM task variant Not clear
Jaeggi et al. [85] Yes No Yes Yes Jsure Not clear /sure No No Yes No
To select target stimuli.
Braingame Brian van der Oord et al. [86] No Yes Yes
To help and befriend the game-worlds Yes Yes Yes Yes Nz:rlzar Yes Nofsﬂ::r
inhabitants by creating increasingly
elaborate inventions. Verbeken et al. [87] No Yes Yes
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Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

Game’s name

Study that used the Narrative Avatar/ Score Reward . Time . . Working Inhibitory
d text haract N ¢ Win/lose Multiplayer Attention M Control
Main activity video game contex character system system pressure emory ontro
Card-pairing memory game
P 9 V9 Lee et al. [88] N(/);ucl}:ar N‘Z:}:at N(/)é:rl:ar N(/);frl:ar N(;;l&:rl:ar Not clear /sure No Yes No No
To open or close cards on screen.
City Builder Game
Boendermaker et al. [89] Yes No Yes Yes No Yes No No Yes No
To remember and order a set of
squares in a specific order.
Cybercycle -
y y Anderson[;)a]nley etal. Yes No Yes No No Yes No Yes No No
To cycle.
Desktop VR System
P ¥ Gamito et al. [91] Yes N(;t clear Yes N(/)t clear N(;t clear Not clear /sure No Yes No No
To execute daily life activities. sure sure sure
EVET - Edinburgh Virtual
Errands Test Logie et al. [92] Yes No Yes N‘;;f::a‘ No Yes No No Yes No
To shop.
Interactive Videogame
Technolo
9y Russell and Newton [93] Yes Yes Yes N(;;frl:a.r N(;;:rl:a.r Yes Yes Yes No No
To collect and deliver the largest
amount of contraband items.
Labyrinth o .
Montani, De Grazia an
To select a set of stimuli while Zorzi [94] Yes Yes Yes Yes Yes Yes No Yes No L
avoiding a snake within a time limit.
Neurofeedback Game
Thomas et al. [95] No No Yes Yes Yes No No Yes No No

To refill a set of elements.
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Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

Game’s name

Study that used the Narrative Avatar/ Score Reward . Time . . Working Inhibitory
/ Win/lose Multiplayer Attention
Main activity video game context character system system pressure Memory  Control
Neurofeedback Game
Thomas et al. [96] No No Yes Yes Yes No No Yes No No
To refill a set of elements.
NeuroRacer
Anguera et al. [16] Yes Yes Yes Yes Ns;‘f::ar Yes No Yes Yes No
To drive the car on a road.
Physical exercise plus high
cognitive demand
gnt Yes No Yes N(;;:::ar No Yes No Yes No Yes
To collect different colored coins and
corresponding colored dragons. Barcelos et al. [34]
Cybercycle
Yes No Yes No No Yes No Yes No Yes
To cycle
Space Fortress Maclin et al. [97] Yes No No
To shoot missiles and destroy a space Yes Yes Yes Yes Yes Yes No
fortress while protecting your spaceship
against damage.
Nikolaidis et al. [98] Yes Yes No
Virtual Reality Cognitive
Performance Assessment Test Not clear Not clear Not clear Not clear
(VRCP AT) Parsons and Rizzo [99] Yes Jsure Yes Jsure Jsure Yes Jsure Yes No No
To select stimuli while drive a car.
Working memory program,
Cogmed systems
gm Yy No No Yes Yes N%ucrleear Yes No Yes Yes Yes
To remember both location and order of a
number of visual stimuli. Thorell et al. [33]
Inhibitory control program,
COgIned systems No No Yes Yes N(;;uc::ar Yes No Yes Yes Yes

To respond according to a certain stimulus.
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Table 1. (Cont.)

Purpose and utility of the game Game-elements Cognitive Outcomes
bl
Game’s name Study that used the Narrative Avatar/ Score Reward Win/lose Time Multiplaver  Attention  VVOrking  Inhibitory
Main activity video game context character system system pressure play Memory  Control
Working memory task with
game-elements Not el Not dl
X . Ninaus et al. [100] Yes No Yes No Yes ot clear ot clear No Yes No
To memorize a one-digit number (key- /sure /sure
digit); to classify a simple arithmetic
decision task as either true or false.
Applied games for Cognitive Rehabilitation
3D classroom environment :
Aliand Pﬁﬂ(;lll]s serypady Yes Yes Yes N?;:]}:ar Yes Not clear /sure No;sﬂ::r Yes No No
To select target stimuli.
3D video game rehabilitation
trainin,
g Caglio et al. [102] Yes Yes Not clear Not clear Not clear No No No Yes No
) . /sure /sure /sure
To explore each street with minimal
backtracking.
Braingame Brian
To help and befriend the game-worlds Dovis et al. [103] Yes Yes Yes Yes N(;;:rleear Yes Not clear /sure No Yes Yes
inhabitants by creating increasingly
elaborate inventions.
Desktop VR System
P y Gamito et al. [104] Yes N(;;;rleear Yes N(;;:rl‘:ar N(;;:rlgar Not clear /sure No Yes No No
To execute daily life activities.
Motion Rehab
Martel, Colussi and Not clear Not clear
To select target stimuli and ignore Marchi [105] Yes Yes Yes /sure /sure Not clear /sure No Yes No No
distractors.
‘Odd Yellow’ training
To reproduce the location of the odd-one- van der Molen et al. No No Yes No Yes Yes No No Yes Yes

out and the location of the yellow figure
shape.

[106]
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Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

To reproduce sequences of randomly lit-up

squares in a 4x4 grid.

Game’s name Study that used the Narrative Avatar/ Score Reward Win/lose Time Multiplaver  Attention Working Inhibitory
Main activity video game context character system system pressure play Memory Control
Working memory program, Chacko et al. [107] No Yes No
Cogmed systems
gm Y No No Yes Yes N(;;;:::ar Yes No
To remember both location and order of a
number of visual stimuli. Beck et al. [108] No Yes No
RoboMemo, Cogmed systems Gray et al. [109] Yes Yes No
To reproduced sequence of stimuli Yes No Yes Yes N(;;:rlzar Yes No
(lights/numbers) in direct or backward
order. Westerberg et al. [110] Yes Yes Yes
Space Fortress
Janssen et al. [111] Yes Yes Yes Yes Yes Yes No Yes Yes No
To destroy the Space Fortress.
The Virtual Supermarket
Carelli et al. [112] Yes N(/);:rl:ar Yes N?;:::ar Yes Not clear /sure No Yes No No
To shop.
Virtual reality environment
ty LaPaglia et al. [113] Yes N(/);uc::ar N(/);:rl:ar Nj;:::ar N(;;uc::ar Not clear /sure  Not clear /sure Yes No No
To perform quotidian activities.
Gamito et al. [114] Yes Yes No
VR Setu
P Yes N(/’t clear Yes N(;t clear N';t clear Not clear /sure No
To execute daily living activities. sure sure sure
Gamito et al. [115] Yes Yes No
VRROOM - Virtual Reality and L cal 1116 v N N
Robotic Optical Operations arson et al. [116] o © ©
Machine No No No Yes No Yes No
To hold the handle of the robot and move Dvorkin et al. [117] Yes No No
it toward spherical targets.
WM training task with game
elements .
Prins et al. [118] Yes Yes Yes Yes Yes No Not clear /sure Yes Yes No
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Table 1. (Cont.)

Purpose and utility of the game Game-elements Cognitive Qutcomes
Game S pame Stud).' that used Narrative Avatar/ Score system Reward Win/lose Time Multiplayer Attention Working Inhibitory
Main activity the video game context character system pressure Memory Control

Commercial video games for Cognitive Assessment

Tetris o etal

Lau-Zhu et al.
To form a horizontal line without leaving [54] No No Yes Yes Yes Yes No No Yes No
any gaps.

Commercial video games for Cognitive Training

Big Brain Academy, Nintendo

McLaughlin et al. Yes, not clear

To respond as quickly as possible to the [55] No Yes Yes Yes No Yes if active Yes No No
different tasks.
Mario Kart DS, Nintendo

’ Yes Yes Yes Yes No Yes Yes, bl.“ not

active
To race.
Brain Age / Dr. Kawashima's
Brain Training: How old is your
brain, Nintendo Boot et al. [46] Yes No No
To sol\{e m.alhemati‘cal questions and No Yes Yes No No Yes No
memorize information.
New Super Mario Bros, Nintendo
To rescue the princess. Lorant-Royer et al. Yes Yes Yes Yes No No Yes‘, not f:lear Yes Yes No
[45] if active

Brain Age / Dr. Kawashima's
Brain Training: How old is your
brain, Nintendo

. . No Yes Yes No No Yes No
To solve mathematical questions and
memorize information. Nouchi et al. [39] Yes No No
Tetris
To form a horizontal line without leaving No No Yes Yes Yes Yes No
any gaps.
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Table 1. (Cont.)

Purpose and utility of the game

Study that used
the video game

Game’s name
Main activity

Game-elements

Cognitive Outcomes

Narrative
context

Avatar/
character

Score
system

Reward
system

Win/lose

Time
pressure

Working
Memory

Inhibitory

Attention
Control

Multiplayer

Brain Age / Dr. Kawashima's
Brain Training: How old is your
brain, Nintendo

To solve mathematical questions and

memorize information. Nouchi et al. [ 40]

Tetris

To form a horizontal line without leaving
any gaps.

No

No

No

No

Modern Combat: Sandstorm,
Gameloft
To navigate in hostile enemy territory and to

achieve predetermined objectives such as
deactivating enemy equipment.

Metal Gear Solid, Konami

Oei and Patterson
[48]

To kill enemies.

Super Sniper, Addicting Games

To kill enemies.

Deer Hunter, Atari, Glu Mobile

To hunt.

Yes, not clear

K . Yes No No
if active

No

Not clear
/sure

No Yes No No

Computerized Card Game
“Belote”

To complete a set of missions. Cujzek and Vranis

43
Computerized Ludo I

To place all of the figures on the specific
fields before other players.

Not clear
/sure

No

No

No

No

Unreal Tournament 2004

To kill enemies and avoid death

Green and
Tetris Bavelier [38]
To form a horizontal line without leaving

any gaps

No

No

No

No

Yes, not clear
if active

No

No

No
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Table 1. (Cont.)

Purpose and utility of the game

Game’s name

Game-elements

Cognitive Outcomes

Study that used Narrative Avatar/ Score Reward Win/lose Time Multiplayer Narrative Avatar/ Score
Main activity the video game context character system system pressure play! context character system
Tetris
To form a horizontal line without leaving Schubert et al. No No Yes Yes Yes Yes No Yes No No
any gaps [49]
Medal of Honor: Allied Assault,
EAGames Yes Yes Yes Not clear Yes Yes Yes., not .clear
/sure if active Yes Yes No
To kill enemies and avoid being killed.
Tetris Boot et al. [42]
. . . . No No Yes Yes Yes Yes No Yes Yes No
To form a horizontal line without leaving
any gaps.
Rise of Nations, SEGA Yes Yes No
To build new cities, to improve city Yes No Yes N(;;lf::ar Yes No Yesi, fr:::tﬁc‘::ar
infrastructures and to expand one’s national Basak et al. [51] Yes Yes Yes
border.
Hidden-object game: Expedition-
Everest, Big Fish Games Yes No Yes Yes Yes Yes No Yes Yes No
To find hidden objects.
Match-3: Bejewelled 2, PopCap
Games
X . X No No Yes Yes Yes No No Yes Yes No
To line up at least three similar colors either
horizontally or diagonally by switching the
positions of adjacent square.
Memory matrix 1.0, Tvishi
Technologies i
g Oci an([i;;z]itterson No No Yes N(;;uc::ar Yes Not clear /sure  Not clear /sure Yes Yes No
To reproduce a sequence by touching of
each tile.
The Sims 3, EAGames Notdl
ot clear
To accomplish tasks that mimic real-life Yes Yes Yes Yes /sure Not clear /sure No Yes Yes No
activities.
Modern Combat: Sandstorm,
Gameloft Y 1
Yes Yes Yes Yes Yes Not clear /sure es, not clear Yes Yes No

To navigate in hostile enemy territory and to
achieve predetermined objectives such as
deactivating enemy equipment.

if active
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Table 1. (Cont.)

Purpose and utility of the game Game-elements Cognitive Outcomes
Game’s name ; ; i ibi
Shtudy (;hat used Narrative /;vatar/ Score Reward Win/lose Time Multiplayer Attention Working Inh1b1t01iy
Main activity the video game context character system system pressure Memory Contro!

Modern Combat: Sandstorm,

Gameloft Yes, not cl
i i . : Yes Yes Yes Yes Yes Not clear /sure €s, not clear No No Yes
To navigate in hostile enemy territory and to ifactive
achieve predetermined objectives such as
deactivating enemy equipment.
Starfront Collision, Gameloft
> Yes Yes Yes Yes Yes Not clear /sure Yesi,fnotﬁcjear No No Yes
To kill an alien bug specie. actve
Oei and Patterson
[47]
Cut the Rope - Zepto
Lab/ Chﬂlingo Yes No Yes Yes Yes Yes No No No Yes
To solve puzzles
Fruit Ninja
Yes No Yes No Yes Yes No No No Yes
To get the highest score possible.
The Sims 3, EAGames Notdl
ot clear
To accomplish tasks that mimic real-life Yes Yes Yes Yes /sure Not clear /sure No
activities.
Blacker et al. [35] No Yes No
Call of Duty, Activision Not clear Yes, but not
Yes Yes Yes y Yes Not clear /sure .
. 'sure active
To complete a set of missions.
Ballance, Atari .
Not clear
To steer a ball through a hovering maze of /sure Yes Yes Yes Yes No No
paths
Need for Speed: Most Wanted, Wu and Spence Yes No No
EAGames [41] Yes Yes Yes Not clear Not clear Yes Yes
/sure /sure
To drive a car.
Medal of Honor: Pacific Assault,
EAGames
Yes Yes Yes Yes Yes Not clear /sure Yesi, fna(::tﬁc‘}:ar

To collect hidden objects and a achieve
100% accuracy at the shooting range. Wuet al. [50] Yes No No




Table 1. (Cont.)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

s . . . -
Gam? S n‘ame Stud)./ that used the Narrative Avatar/ Scare system Reward Win/lose Time Multiplayer Attention Working Inhibitory
e Main activity video game context character system pressure Memory Control
Medal of Honor: Rising Sun,

EAGames i
Yes Yes Yes Yes Yes Not clear /sure Yes, K::;f‘::ar if Yes No No
To collect hidden objects and a achieve
100% accuracy at the shooting range. Belchior et al. [44]
Tetris
Yes, not clear if
To form a horizontal line without leaving No No Yes Yes Yes Yes active Yes No No
any gaps.
StarCraft, Blizzard Entertainment
To create, organize, and command an army Yes No Yes Not clear /sure Yes Not clear /sure Yes, x;(;tticvl:ar if Yes Yes Yes
against an enemy army in a real-time map-
based setting. Glass, Maddox and Love
[37]

The Sims 2, EAGames
To accomplish tasks that mimic real-life Yes Yes Yes Yes Not clear /sure  Not clear /sure No Yes Yes No
activities.
WoW - World of Warcraft,
Blizzard Entertainment i i i

Whitlock, McLaugh]ln Yes Yes Yes Yes Yes Yes Yes, not _clear i Yes No No

. . . and Allaire [119] active
To complete quests in a persistent virtual
world.
Medal of Honor: Pacific Assault,
EAGam i
Games Yes Yes Yes Yes Yes Not clear /sure Yes, I:::ts:ar if
To collect hidden objects and a achieve
100% accuracy at the shooting range. Feng, SP‘?[T;‘; and Pratt Yes No No
Ballance, Atari
To steer a ball through a hovering maze Not clear /sure Yes Yes Yes Yes No No
of paths
Commercial video games for Cognitive Rehabilitation
Big Brain Academy, Nintendo Lémes-Martin etal v .
pez-Martin et al. es, not clear

To respond as quickly as possible to the [56] No Yes Yes Yes No Yes if active Yes Yes No
different tasks.
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Table 1. (Cont)

Purpose and utility of the game

Game-elements

Cognitive Outcomes

Game’s name

Study that used the Narrative Avatar/ Score Reward Win/lose Time Multiplayer Attention Working Inhibitory
Main activity video game context character system system pressure Memory Control
Brain Age/ Dr. Kawashima's o
. .. . De Giglio et al. [53] Yes Yes Yes
Brain Training: How old is your
brain, Nintendo No Yes Yes No No Yes No
To solve mathematical questions and Brem et al. [52] No Yes No
memorize information.
Colin McRea Rally3, CodeMasters
Y Tahiroglu et al. [120] Yes Yes Yes Not clear Not clear Yes Yes, bl*t not Yes No No
. /sure /sure active
To drive a car.
Tetriminos
. . Bikic et al. [121] No Not clear Yes No Yes Yes Yesj not ¢ lear Yes Yes No
To manipulate and rotating the blocks to creat: /sure if active

a horizontal line without gaps.
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3.4. Game elements used in GBI

Our results showed a significant difference (#117) = 9.67, p < .001) between the number of
GE described in the papers (M =2.17, SD = 1.43) and the number of GE existent in the video
games (M =3.60, SD = 1.53). Statistically significant differences between the number of GE
described in papers (M = 1.92, SD = 1.43) and GE really existing (M = 4.49, SD = 1.19)
were also observed for CG (#s0) = 11.82, p <.001) and for AG (GE described: M = 2.36, SD
= 1.42; GE really existent: M =2.93, SD = 1.42; t66) = 4.63, p <.001). Similar results were
identified in video games used for cognitive assessment (GE described: M =2.04, SD = 1.26;
GE really existent: M = 2.39, SD = 1.13; #27=2.79, p = .010), training (GE described: M =
2.33, SD = 1.50; GE really existent: M = 4.21, SD = 1.43; 66 = 9.14, p < .001) and for
rehabilitation (GE described: M = 1.87, SD = 1.42; GE really existent: M = 3.30, SD = 1.30;
to2) = 4.25, p <.001). In average, CG presented more GE (observed trough websites) than
AG (t70)=0.11, p <.001). Considering cognitive utility there was a statistically significant
difference between groups as determined by one-way ANOVA (F(2,79) = 7.34, p = .001).
Bonferroni Post Hoc Test revealed that video games used for training (M =4.17, SD = 1.54)
present more GE when compared to video games use for assessment (M = 2.56, SD = 1.41,

p=.001).

As shown in Table 2, score system and narrative context were the two most used GE (57
out of 72 video games). Score system was the most frequent GE in CG (29/30), in video
games used for training (43/46) and for rehabilitation purposes (15/18), whereas narrative
context was the most used GE in AG (35/42) and in video games used for cognitive
assessment (15/16). Score system was associated with reward system (X2 (1) = 14.32, p <
001, Cramer’s V = 0.446), avatar (X>1) = 5.21, p = .005, Cramer’s V = 0.269), and with
win/lose condition (X?(1y = 11.00, p = .001, Cramer’s V = 0.388). Thus, when video games
have score systems, they tend to have reward systems (n = 31), win/lose condition (n = 31),
and avatars (n = 26). No significant association was found between narrative context and
the other GE. Finally, it was more likely to encounter avatar (X*(1) = 6.84, p = .014), score
systems (X?(1y=9.55, p = .002), win/lose condition (X2 1)=21.63, p <.001), and multiplayer
component (X%1) = 22.02, p <.001) in CG than in AG.
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Table 2. Frequency of use of game-elements in video games (Dyidgco.games = 72) and according to cognitive utility (Neog.uitity = 80)

Game-elements n (%)

Utility of the
Purpose of the game Narrative
game (n) Context Avatar / Character ~ Score system Reward system Win/Lose Time Pressure Multiplayer*
Applied games (n = 42) 35 (83.3%) 11 (26.2%) 28 (66.7%) 15 (35.7%) 9 (21.4%) 22 (52.4%) 2 (4.8%)
All Games Commercial games (0= ) (73 3 17 (56.7% 29 (96.7° 16 (53.3¢ 23 (76.79 15 (50.0% 16 (53.3¢
(Mvideogames=72) _30) (73.3%) (56.7%) (96.7%) (53.3%) (76.7%) (50.0%) (53.3%)
Total 57 (79.2%) 28 (38.9%) 57 (79.2%) 31 (43.1%) 32 (44.4%) 37 (51.4%) 18 (25.0%)
Applied games (n = 15) 15 (100%) 2 (13.3%) 6 (40.0%) 4(26.7%) 1(6.7%) 9 (60.0%) -
Assessment Commercial games (n= o o 5 o
i Sl D) - - 1 (100%) 1 (100%) 1 (100%) 1 (100%) -
cog.utility —
Total 15 (93.8%) 2 (12.5%) 7 (43.8%) 5(31.3%) 2 (12.5%) 10 (62.5%) -
Applied games (n = 18) 13 (72.2%) 5 (27.8%) 16 (88.9%) 9 (50.0%) 4(22.2%) 11 (61.1%) 2 (11.1%)
(nT”‘“‘“_‘E 6 gg’)mmmial games (n= 21 (75.0%) 16 (57.1%) 27 (96.4%) 16 (57.1%) 22 (78.6%) 13 (46.4%) 15 (53.6%)
cog.utility —
Total 34 (73.9%) 21 (45.7%) 43 (93.5%) 25 (54.3%) 26 (56.5%) 24 (52.2%) 17 (37.0%)
Applied games (n = 14) 11 (78.6%) 6 (42.9%) 11 (78.6%) 5(35.7%) 5 (35.7%) 6 (42.9%) -
Ifshab‘l‘“_‘tllg)“ g)"mme“’al games (0= 1(25%) 3 (75%) 4 (100%) 1(25%) 1 (25%) 4 (100%) 2 (50%)
cog.utility =
Total 12 (66.7%) 9 (50.0%) 15 (83.3%) 6 (33.3%) 6 (33.3%) 10 (55.6%) 2 (11.1%)

*Cases where it was reported that this GE was not available/active during intervention were not included
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3.5. Platform and virtual components

Computer was the most used platform to run video games (42/72), regardless of cognitive
utility (see Figure S1). Game consoles were used to run eight video games in 11 papers
[36,37,64,38,47-49,52,53,55,56], while the 12 video games that used touch-based devices
correspond to only four studies [32,47,48,104]. Win/lose condition was associated with
using a touch-based device (X?(1) = 8.95, p = .003), time pressure (X2 = 4.70, p = .030) and
multiplayer component (X?1) = 6.75, p = .009) were frequent in video games that run-in

game consoles (87,5%, 87,5%, and 62,5%, respectively).

Twelve video games were categorized as using VR technology, six were exergames and six
used specific interfaces such as brain-computer interface [88,101] (see Figure S2). More
than half of all AG (24/42) presented some type of virtual component, with VR technology
(n=12) being more frequent in these type of video games (X?(1y= 10.29, p = .001) than in CG
(none of the video games under this category reported VR). Video games used for cognitive
assessment (X*(1) = 16.74, p < 0.001, Cramer’s V = 0.457) and video games used for
cognitive training (X?(1y = 10.53, p = .002, Cramer’s V = 0.363) were more likely to use VR
technology.

3.6. Outcomes of GBI

As shown in Table 3, attention (94/118) was the cognitive outcome most frequently targeted
in GBI, followed by working memory (54/118) and inhibitory control (30/118). This trend
was also observed in video games used for cognitive training and rehabilitation (see
Supplementary Table S4 for details). None of the three main cognitive outcomes was
associated with any of the GE under study. Other cognitive outcomes (e.g., fine motor skill,
reasoning, fluid intelligence) were assessed in 91 out of 118 interventions, and other health
outcomes (e.g., mood, ADHD symptoms, health-related quality of life) were analysed in 24

out of 118 interventions.

Near transfer capacity was evaluated in most of the studies (109/118) and far transfer
capacity for cognitive and other health outcomes was evaluated in 38/118 and in 13/118
interventions, respectively. User-experience evaluation was performed in 29/118
interventions, with the assessment of usability (15/118) or of hedonic aspects (e.g., fun,
enjoyment, immersion) performed in 21/118 interventions. Win/lose condition was
associated (rarely occurring) with the evaluation of video game’s impact on other health

outcomes (X2) = 18.18, p < .001, Cramer’s V =0.396).
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Also, win/lose condition was associated (rarely occurring) with far transfer capacity to health
outcomes (X*1) = 8.48, p = .004, Cramer’s V = 0.270). Finally, UX assessment was
associated (rarely occurring) to video games that present multiplayer component (X%1) =
12.89, p <.001, Cramer’s V' =0.333). Evaluation of hedonic aspects of UX was found to be
associated with multiplayer component (X1 = 8.55, p = .002, Cramer’s V = 0.271): within
video games having multiplayer component, no study conducted hedonic aspects of UX.
Usability evaluation was associated with all GE except for narrative context (p-values
between p < .001 and p = .027; Cramer’s V between 0.211 and 0.343). Overall, usability

evaluation was rarely conducted.

Table 3. Frequency of game-elements by cognitive outcomes (Dai.entries = 118)

Cognitive outcomes n (%)

Game-elements Attention Working memory Inhibitory control
(n=94) (n=54) (n=30)
Score system 70 (76.1%) 46 (85.2%) 19 (65.5%)
Narrative Context 70 (76.1%) 36 (66.7%) 20 (69.0%)
Time Pressure 55 (59.8%) 33 (61.1%) 19 (65.5%)
Reward system 33 (35.9%) 25 (46.3%) 10 (34.5%)
Win/Lose 33 (35.9%) 22 (40.7%) 8 (27.6%)
Avatar/Character 37 (40.2%) 21 (38.9%) 10 (34.5%)
Multiplayer*** 25 (27.2%) 10 (18.5%) 5(17.2%)

**The association between each GE and each cognitive outcome was done by cell (chi-square test for independence).

***Cases where it was reported that this GE was not available/active during intervention were not included.

DISCUSSION

The aim of this study was to identify, integrate and report which GE have been used in GBI
for cognitive assessment, training, or rehabilitation. For this purpose, a systematic review of
literature following PRISMA guidelines [20] was conducted. Ninety-one papers were

included in the qualitative synthesis, covering a total of 72 different video games.

A significant difference between the number of GE described in the studies included and
those that compose video games was found. The lack of a detailed description of the video
games used constitutes a serious methodological limitation which hinders the analysis and
interpretation of GBI results. To our knowledge, this is the first review on GBI where the

information extracted from the studies included was compared to the description available
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in other sources of public access. Despite unusual, the methodological decision to complete
data extraction with information gathered through less traditional sources (webpages
describing video games) enabled to uncover this methodological shortcoming, thus

contributing to future research and data reporting on GBI

Score system was most frequently used GE in CG and in video games used for training and
rehabilitation purposes. Similar findings have been reported for digital learning
environments [124] and health and fitness apps [23]. Numeric feedback systems such as
points, levels, and leader boards are considered goal metrics since it establishes a clear link
between user’s effort and performance [125]. The assumption that users highly value this
element contributes to its widespread use (for pointsification perspective review see [126]).
However, that assumption is not always verified [23]. In fact, implementation of tangible
and predictable rewards, such as those provided by score systems were previously associated
with decrease of free-choice behaviour [127] and considered by some as the less exciting

and engaging feature of video games [128].

However, since the motivational affordance [129] of each GE, as well as how different GE
interact to promote human behaviour is still to determine, no elements should be dismissed
at this point without a careful study of its impact. For instance, Mekler and colleagues [125]
showed that GE (i.e., points, leader boards, and levels) within the same category (i.e., score
system) can impact human behaviour differentially. By using an image annotation task
where participants received 100 points for each tag created in a set of 15 abstract paintings,
Mekler and colleagues showed that participants who received points for each created tag
outperformed participants in the non-gamified version group (no points assigned) but were
outperformed by the participants allocated to the group where points were used to classify
participants in relation with themselves (i.e., levels of difficult condition) or in relation to
other participants (i.e., leader board condition) [125]. It is also plausible to consider that
score systems may undermine adherence if associated with a progressive difficult-level
system (i.e., getting more points depends on individuals’ skills for playing the game)
whereas that is less the case if no individuals-skills improvement is required to points-

accumulation (namely, if a game narrative is associated).

Narrative context was the most used GE in AG and in video games used for cognitive
assessment. Unlike the other GE analysed in this study (e.g., score and reward systems and
win/lose condition), narrative context has no association with player’s performance [24].

This GE is used primarily to contextualize and to add meaning to game’s main activity,
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inspiring motivation and long-term willingness towards tasks that may be perceived as
boring and repetitive in its non-gamified version [24]. Meaningful storylines, especially if
in line with one’s personal goals, may improve/maintain patients’ long-term motivation and
promote skills transference to other (real-life) contexts [130]. Although no significant
associations were found between narrative context and purpose, utility or cognitive
outcomes, the high frequency of this GE is encouraging, because it suggests a concern for
developing GBI with meaningful game narratives that promote participants’ long-term

adherence.

The possibility to interact with other players is an attractive feature of video games [131]
since it provides an opportunity to learn and develop meaningful relationships [132].
However, as our study revealed, multiplayer component was the less used GE. This can be
explained by the fact that interacting with other players also means to be exposed to other’s
judgment. Fear of failure and performance-related frustration are two possible behavioural
responses when competing or collaborating with others [133]. Design and implementation
complexity, necessity to combine schedules, share game control and relying on other’
players skills [134] may also contribute for the low usage of this GE in cognitive therapeutic

settings.

Attention, working memory and inhibitory control capacity are essential components of
cognitive control [28] and self-regulated behaviour [26]. Attention supports all processes
involved in human thought [28], and a non-adequate assessment of attentional deficits may
result in diagnosis errors and failure to prescribe suitable cognitive interventions [135].
Hereby, it was not surprising that attention was the most frequently targeted outcome in the
included studies, since it plays such a central role in human cognition. Closely related to
(and dependent of) attentional resources, working memory capacity and inhibitory control
are essential cognitive components for fluid reasoning, comprehension, learning [28][136],
as well as crucial skills for our ability to function in the real world [137]. However, in our
study no association was found between the assessment of attention, working memory or
inhibitory control and any of the GE, nor between the study of those cognitive indicators and
utility (assessment, training, rehabilitation) or purpose (commercial/applied) of the game.
The lack of association between GE and the study of these cognitive functions may be the
result of the absence of a theoretical and empirical framework that guide GE selection for

the study of video games impact on human health.
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GBI seem to follow the trends of video games industry. In our study, as in ESA annual report
[138] computer was the most popular gaming platform. On the other hand, touch-based
devices were the less used game platform being reported only in four studies. Touch-based
devices such as tablets are particularly suitable in fragile populations such as older adults
[139,140]. Intuitive interfaces, direct manipulation [141] and bigger screens (compared to
smartphones) are some of the features that contribute to technology adaptation by less
familiar users. However, none of the studies that used older adults as study’s participants
reported tablets as game’s platform. Other market trend is VR technology to develop video
games. VR through high-detailed three-dimensional (3D) environments and increasingly
natural ways of interacting with it [142] promises to be a remarkable improvement in the
assessment of the capacity to perform daily living tasks (ecological validity), compared with
traditional neuropsychological tools (Sbordone, 1996 cit. by [143]). Taking this into account,
it was not surprisingly to find out that this component was primarily present in video games
used for assessment purposes, area in which diversity and standardization of stimuli display,

as well as performance measurement are fundamental requirements.
4.1. Limitations

The findings of this study should be interpreted in the context of some limitations. First, the
strategy used to identify additional journals scoping serious games and games for health may
have excluded studies published in scientific journals in which these terms do not appear as
part of the title/abstract or scoping interests. Second, electronic data-base selection may have
unintentionally excluded work published in conferences or other type of meetings (a popular
path to publish work in the engineering and computational science fields). A strong point,
nevertheless, regards the fact that the search strategy was based on Cochrane’s guidelines
for conducting Systematic Reviews of Literature [144], such as consulting three different
databases for locating papers, using specialist databases, searching reference lists of the
included papers as well as reference lists of literature reviews identified during screening
process. Third, the additional web-based search may have contributed to obtain more
detailed descriptions of CG vs AG, since more sources of information with detailed
descriptions are available to these video games than to AG. The absence of a consensual GE
classification system nor a clear definition of what is and is not a video game introduced
some degree of subjectivity in eligibility criteria and data extraction. Such bias was

minimized by carefully defining search protocol and by developing GE definitions based on
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the results obtained in the narrative review, which underwent a process of active discussion

within research team and reformulation.
CONCLUSIONS

This study aimed to identify which GE have been used in GBI for cognitive assessment,
training, or rehabilitation. Score system and narrative context were the two most frequently
used GE. However, the development of GBI that are based on the implementation of numeric
feedback systems may jeopardize the main objective with which this type of interventions
has been used: promotion of intrinsic motivation towards long-term goals. Moreover, the
lack of any other significant association between GE used and the targeted cognitive
outcomes emphasizes the necessity of defining a theoretical framework that supports the
strategic selection of GE according to patient/pathology features, as well as according to the

features of cognitive constructs that are targeted by specific game-based intervention.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://shre.ink/1ScE

ACKNOWLEDGEMENTS

The authors wish to thank José Peixoto for his assistance during the screening phase of this
project. We also want to express a special acknowledgement to Timothy Sloan for his

thorough revision of the manuscript.
FUNDING

This research was carried out as part of the doctoral studies of the first author [Ref:
PDE/BDE/127784/2016] and for which she received scholarships from the following
entities: Nippon Gases Portugal and Fundacdo para a Ciéncia e a Tecnologia through
European Social Fund and Human Capital Operational Programme, cofinanced by Portugal

2020 and European Union.

REFERENCES OF STUDY 1

[1] V. Manera, G. Ben-Sadoun, T. Aalbers, H. Agopyan, F. Askenazy, M. Benoit, D.
Bensamoun, J. Bourgeois, J. Bredin, F. Bremond, C. Crispim-Junior, R. David, B. De
Schutter, E. Ettore, J. Fairchild, P. Foulon, A. Gazzaley, A. Gros, S. Hun, F. Knoefel, M.O.
Rikkert, M.K. Phan Tran, A. Politis, A.S. Rigaud, G. Sacco, S. Serret, S. Thiimmler, M.L.
Welter, P. Robert, Recommendations for the use of serious games in neurodegenerative
disorders: 2016  Delphi  Panel,  Front. Psychol. 8 (2017) 1-10.
Doi:10.3389/fpsyg.2017.01243.

47


https://shre.ink/1ScE

[2] S. Deterding, D. Dixon, R. Khaled, L. Nacke, From Game Design Elements to
Gamefulness: Defining “Gamification,” in: MindTrek’11, Tampere, Filand, 2011: pp. 28—
30. Doi:10.1145/2181037.2181040.

[3] S. McCallum, Gamification and serious games for personalized health, Stud. Health
Technol. Inform. 177 (2012) 85-96. D01:10.3233/978-1-61499-069-7-85.

[4] T. Fleming, L. Bavin, K. Stasiak, E. Hermansson-Webb, S. Merry, C. Cheek, M.
Lucassen, H. Lau, B. Pollmuller, S. Hetrick, Serious Games and Gamification for Mental
Health: Current Status and Promising Directions, Front. Psychiatry. 7 (2017) 1-7.
Doi:10.3389/fpsyt.2016.00215.

[5] K. Seaborn, D.I. Fels, Gamification in theory and action: A survey, Int. J. Human-
Computer Studeis. 74 (2015) 14-31. D0i:10.1016/j.ijhcs.2014.09.006.

[6] E. Boyle, T.M. Connolly, T. Hainey, The role of psychology in understanding the
impact of computer games, Entertain. Comput. 2  (2011) 69-74.
Doi:10.1016/j.entcom.2010.12.002.

[7] R.M. Ryan, E.L. Deci, Self-determination theory and the facilitation of intrinsic
motivation, social development, and well-being, Am. Psychol. 55 (2000) 68-78.
D0i:10.1037/0003-066X.55.1.68.

[8] L.S. Vygotsky, Interaction between learning and development, in: Mind Soc.,
Harvard University Press, Cambridge, 1978: pp. 79-91. Doi:10.1016/S0006-
3495(96)79572-3.

[9] D. Wood, J.S. Bruner, G. Ross, The role of tutoring in problem-solving, J. Child
Psychol. Psychiatry. 17 (1976) 89-100. Doi:10.1111/.1469-7610.1976.tb00381.x.

[10] D. Bavelier, C.S. Green, D.H. Han, P.F. Renshaw, M.M. Merzenich, D.A. Gentile,
Brains on video games, Nat Rev  Neurosci. 12 (2015) 763-768.
Do0i:10.1038/nrn3135.Brains.

[11]  American Psychological Association, APA Review Confirms Link Between Playing

Violent Video Games and Aggression, (2015).
https://www.apa.org/news/press/releases/2015/08/violent-video-games.aspx (accessed
October 31, 2018).

[12] S. Kiihn, D.T. Kugler, K. Schmalen, M. Weichenberger, C. Witt, J. Gallinat, Does
playing violent video games cause aggression? A longitudinal intervention study, Mol.
Psychiatry. (2018) 1-15. D0i:10.1038/s41380-018-0031-7.

[13] A.K. Przybylski, N. Weinstein, Violent video game engagement is not associated
with adolescents’ aggressive behaviour: Evidence from a registered report, R. Soc. Open
Sci. 6 (2019). Doi:10.1098/rs0s.171474.

[14] H.M. Lau, J.H. Smit, T.M. Fleming, H. Riper, Serious games for mental health: Are
they accessible, feasible, and effective? A systematic review and meta-analysis, Front.
Psychiatry. 7 (2017). D0i:10.3389/fpsyt.2016.00209.

48


https://www.apa.org/news/press/releases/2015/08/violent-video-games.aspx

[15] A.M. Kueider, J.M. Parisi, A.L. Gross, G.W. Rebok, Computerized cognitive
training with older adults: A systematic review, PLoS One. 7 (2012).
Do0i:10.1371/journal.pone.0040588.

[16] J.a Anguera, J. Boccanfuso, J.L. Rintoul, F. Faraji, J. Janowich, E. Kong, C. Rolle,
E. Johnston, A. Gazzaley, S. Francisco, Video game training enhances cognitive control in
older adults, Nature. 501 (2013) 97—101. Doi:10.1038/nature12486.Video.

[17] J. Lumsden, E.A. Edwards, N.S. Lawrence, D. Coyle, M.R. Munafo, Gamification
of Cognitive Assessment and Cognitive Training : A Systematic Review of Applications and
Efficacy, JMIR Serious Games. 4 (2016) 1-14. Doi:10.2196/games.5888.

[18] P.H. Robert, A. Konig, H. Amieva, S. Andrieu, F. Bremond, R. Bullock, M.
Ceccaldi, B. Dubois, S. Gauthier, P.-A. Kenigsberg, S. Nave, J.M. Orgogozo, J. Piano, M.
Benoit, J. Touchon, B. Vellas, J. Yesavage, V. Manera, Recommendations for the use of

serious games in people with Alzheimer’s disease, related disorders and frailty, Front. Aging
Neurosci. 6 (2014) 1-13. Doi:10.3389/thagi.2014.00054.

[19] M.D. Hanus, J. Fox, Assessing the effects of gamification in the classroom: A
longitudinal study on intrinsic motivation, social comparison, satisfaction, effort, and
academic performance, Comput. Educ. 80 (2015) 152-161.
Do0i:10.1016/j.compedu.2014.08.019.

[20] D. Moher, A. Liberati, J. Tetzlaff, D. Altman, Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement, PLoS Med. 6 (2009).
Doi:10.1371/journal.pmed.1000097.

[21] A. DeSmet, R. Shegog, D. Van Ryckeghem, G. Crombez, I. De Bourdeaudhuij, A
Systematic Review and Meta-analysis of Interventions for Sexual Health Promotion
Involving  Serious Digital Games, Games Health J. 4 (2015) 78-90.
Doi:10.1089/g4h.2014.0110.

[22] A. Miller, J. Cafazzo, E. Seto, A game plan: Gamification design principles in
mHealth applications for chronic disease management., Health Informatics J. (2014) 1-10.
Doi:10.1177/1460458214537511.

[23] C. Lister, J.H. West, B. Cannon, T. Sax, D. Brodegard, Just a Fad? Gamification in
Health and Fitness Apps, JMIR Serious Games. 2 (2014) 1-13. Doi:10.2196/games.3413.

[24] M. Sailer, J.U. Hense, S.K. Mayr, H. Mandl, How gamification motivates: an
experimental study of the effects of specific game design elements on psychological need
satisfaction, Comput. Human Behav. 69 (2017) 371-380. Do0i:10.1016/j.chb.2016.12.033.

[25] L.A. Dwyer, M.J. Hornsey, L.G.E. Smith, T.P.S. Oei, G.A. Dingle, Participant
Autonomy in Cognitive Behavioral Group Therapy: An Integration of Self-Determination
and Cognitive Behavioral Theories, J. Soc. Clin. Psychol. 30 (2011) 24-46.
Doi:10.1521/jscp.2011.30.1.24.

[26] M.J. Maraver, M.T. Bajo, C.J. Gomez-Ariza, Training on Working Memory and
Inhibitory Control in Young Adults, Front. Hum. Neurosci. 10 (2016) 1-18.
Doi1:10.3389/fnhum.2016.00588.

49



[27] M.M. Sohlberg, C.A. Mateer, Cognitive rehabilitation: an integrative
neuropsychological approach, Guilford Press, 2001.
https://www.guilford.com/books/Cognitive-Rehabilitation/Sohlberg-
Mateer/9781572306134 (accessed April 8, 2019).

[28] A. Baddeley, Working memory: looking back and looking forward, Nat. Rev.
Neurosci. 4 (2003) 829-839. Doi:10.1038/nrn1201.

[29] A. Miyake, N.P. Friedman, M.J. Emerson, A.H. Witzki, A. Howerter, T.D. Wager,
The Unity and Diversity of Executive Functions and Their Contributions to Complex
“Frontal Lobe” Tasks: A Latent Variable Analysis, Cogn. Psychol. 41 (2000) 49-100.
D0i:10.1006/cogp.1999.0734.

[30] D. Park, G. Bischof, The aging mind: neuroplasticity in response to cognitive
training, Dialogues Clin. Neurosci. (2013) 109-119.

[31] D. George, P. Mallery, SPSS for Windows step by step: a simple guide and
reference, 17.0 update, 10" ed, Allyn and Bacon, Boston, 2010.
https://books.google.pt/books/about/SPSS for Windows Step by_Step.html?id=FhyQCN
dQJjUC&source=kp cover&redir_esc=y (accessed December 20, 2018).

[32] A.C. Oei, M.D. Patterson, Enhancing cognition with video games: a multiple game
training study, PLoS One. 8 (2013). Doi:10.1371/journal.pone.0058546.

[33] L.B. Thorell, S. Lindqvist, S.B. Nutley, G. Bohlin, T. Klingberg, Training and
transfer effects of executive functions in preschool children, Dev. Sci. 12 (2008) 106—113.
Doi:10.1111/j.1467-7687.2008.00745 .x.

[34] N.Barcelos, N. Shah, K. Cohen, M.J. Hogan, E. Mulkerrin, P.J. Arciero, B.D. Cohen,
A.F. Kramer, C. Anderson-Hanley, Aerobic and Cognitive Exercise (ACE) pilot study for
older adults: executive function improves with cognitive challenge while exergaming, J. Int.
Neuropsychol. Soc. 21 (2015) 768—779. Doi:10.1017/S1355617715001083.

[35] K.J. Blacker, K.M. Curby, E. Klobusicky, J.M. Chein, Effects of action video game
training on visual working memory, J. Exp. Psychol. Hum. Percept. Perform. 40 (2014)
1992-2004.
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L605018
946%0Ahttp://dx.doi.org/10.1037/a0037556%0Ahttp://ak 7rt6¢cb3z.search.serialssolutions.
com?sid=EMBASE&issn=19391277&id=d0i:10.1037%2Fa0037556&atitle=Effectst+ofta
ctiont+videot+game.

[36] J.F.Feng, L. Spence, J. Pratt, Playing an action videogame reduces gender differences
in spatial cognition, Psychol Sci. 18 (2007) 850-855. Doi:10.1111/5.1467-
9280.2007.01990.x.

[37] B.D. Glass, W.T. Maddox, B.C. Love, Real-time strategy game training: emergence
of a cognitive flexibility trait, PLoS One. 8 (2013) 1-7. Doi:10.1371/journal.pone.0070350.

[38] C.S. Green, D. Bavelier, Effect of action video games on the spatial distribution of
visuospatial attention., J. Exp. Psychol. Hum. Percept. Perform. 32 (2006) 1465-78.
Do0i:10.1037/0096-1523.32.6.1465.

50


https://www.guilford.com/books/Cognitive-Rehabilitation/Sohlberg-Mateer/9781572306134
https://www.guilford.com/books/Cognitive-Rehabilitation/Sohlberg-Mateer/9781572306134
https://books.google.pt/books/about/SPSS_for_Windows_Step_by_Step.html?id=FhyQCNdQJjUC&source=kp_cover&redir_esc=y
https://books.google.pt/books/about/SPSS_for_Windows_Step_by_Step.html?id=FhyQCNdQJjUC&source=kp_cover&redir_esc=y
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L605018946%0Ahttp://dx.doi.org/10.1037/a0037556%0Ahttp://ak7rt6cb3z.search.serialssolutions.com?sid=EMBASE&issn=19391277&id=doi:10.1037%2Fa0037556&atitle=Effects+of+action+video+game
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L605018946%0Ahttp://dx.doi.org/10.1037/a0037556%0Ahttp://ak7rt6cb3z.search.serialssolutions.com?sid=EMBASE&issn=19391277&id=doi:10.1037%2Fa0037556&atitle=Effects+of+action+video+game
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L605018946%0Ahttp://dx.doi.org/10.1037/a0037556%0Ahttp://ak7rt6cb3z.search.serialssolutions.com?sid=EMBASE&issn=19391277&id=doi:10.1037%2Fa0037556&atitle=Effects+of+action+video+game
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L605018946%0Ahttp://dx.doi.org/10.1037/a0037556%0Ahttp://ak7rt6cb3z.search.serialssolutions.com?sid=EMBASE&issn=19391277&id=doi:10.1037%2Fa0037556&atitle=Effects+of+action+video+game

[39] R. Nouchi, Y. Taki, H. Takeuchi, H. Hashizume, Y. Akitsuki, Y. Shigemune, A.
Sekiguchi, Y. Kotozaki, T. Tsukiura, Y. Yomogida, R. Kawashima, Brain training game

improves executive functions and processing speed in the elderly: a randomized controlled
trial, PLoS One. 7 (2012). Doi:10.1371/journal.pone.0029676.

[40] R. Nouchi, Y. Taki, H. Takeuchi, H. Hashizume, T. Nozawa, T. Kambara, A.
Sekiguchi, C.M. Miyauchi, Y. Kotozaki, H. Nouchi, R. Kawashima, Brain training game
boosts executive functions, working memory and processing speed in the young adults: a
randomized controlled trial, PLoS One. 8 (2013). Doi:10.1371/journal.pone.0055518.

[41] S. Wu, L. Spence, Playing shooter and driving videogames improves top-down
guidance in visual search, Attention, Perception, Psychophys. 75 (2013) 673—686.
Doi:10.3758/s13414-013-0440-2.

[42] W.R. Boot, A.F. Kramer, D.J. Simons, M. Fabiani, G. Gratton, The effects of video
game playing on attention, memory, and executive control, Acta Psychol. (Amst). 129
(2008) 387-398. D0i:10.1016/j.actpsy.2008.09.005.

[43] M. Cujzek, A. Vranic, Computerized tabletop games as a form of a video game
training for old-old, Aging, Neuropsychol. Cogn. 24 (2016) 631-648.
Doi1:10.1080/13825585.2016.1246649.

[44] P. Belchior, M. Marsiske, S.M. Sisco, A. Yam, D. Bavelier, K. Ball, W.C. Mann,
Video game training to improve selective visual attention in older adults, Comput. Human
Behav. 29 (2013) 1318-1324. D0i:10.1016/j.chb.2013.01.034.

[45] S. Lorant-Royer, C. Munch, H. Mesclé, A. Lieury, Kawashima vs “super Mario”!
Should a game be serious in order to stimulate cognitive aptitudes?, Rev. Eur. Psychol. Appl.
60 (2010) 221-232. D0i:10.1016/j.erap.2010.06.002.

[46] W.R. Boot, M. Champion, D.P. Blakely, T. Wright, D.J. Souders, N. Charness,
Video Games as a Means to Reduce Age-Related Cognitive Decline: Attitudes, Compliance,
and Effectiveness, Front. Psychol. 4 (2013) 1-9. Doi:10.3389/fpsyg.2013.00031.

[47] A.C. Oei, M.D. Patterson, Playing a puzzle video game with changing requirements
improves executive functions, Comput. Human Behav. 37 (2014) 216-228.
Doi:10.1016/j.chb.2014.04.046.

[48] A.C. Oei, M.D. Patterson, Enhancing perceptual and attentional skills requires
common demands between the action video games and transfer tasks, Front. Psychol. 6
(2015) 1-11. Doi1:10.3389/fpsyg.2015.00113.

[49] T. Schubert, K. Finke, P. Redel, S. Kluckow, H. Miiller, T. Strobach, Video game
experience and its influence on visual attention parameters: an investigation using the
framework of the Theory of Visual Attention (TVA), Acta Psychol. (Amst). 157 (2015) 200—
214. Doi:10.1016/j.actpsy.2015.03.005.

[50] S.Wu, C.K. Cheng, J. Feng, L. D’Angelo, C. Alain, I. Spence, Playing a first-person
shooter video game induces neuroplastic change, J. Cogn. Neurosci. 24 (2012) 1286—1293.
Doi:10.1162/jocn_a 00192.

51



[51] C. Basak, W.R. Boot, M. V Voss, A.F. Kramer, Can training in a real-time strategy
videogame attenuate cognitive decline in older adults?, Psychol. Aging. 23 (2008) 765-777.
Doi:10.1037/a0013494.Can.

[52] M.H. Brem, S. Lehrl, A.K. Rein, S. Massute, S. Schulz-Drost, K. Gelse, P.M.
Schlechtweg, F.F. Hennig, A. Olk, H.J. Jacob, J. Gusinde, Stop of loss of cognitive
performance during rehabilitation after total hip arthroplasty-prospective, J. Rehabil. Res.
Dev. 47 (2010) 891. Doi:10.1682/JRRD.2010.01.0011.

[53] L. De Giglio, F. De Luca, L. Prosperini, G. Borriello, V. Bianchi, P. Pantano, C.
Pozzilli, A low-cost cognitive rehabilitation with a commercial video game improves
sustained attention and executive functions in multiple sclerosis: a pilot study, Neurorehabil.
Neural Repair. 29 (2015) 453—-461. Doi:10.1177/1545968314554623.

[54] A.Lau-Zhu, E.A. Holmes, S. Butterfield, J. Holmes, Selective Association Between
Tetris Game Play and Visuospatial Working Memory: A Preliminary Investigation, Appl.
Cogn. Psychol. 31 (2017) 438-445. Doi:10.1002/acp.3339.

[55] P.M.McLaughlin, A.F. Curtis, L.M. Branscombe-Caird, J.K. Comrie, S.J.E. Murtha,
The Feasibility and Potential Impact of Brain Training Games on Cognitive and Emotional
Functioning in Middle-Aged Adults, Games Health J. 7 (2018) 67-74.
Doi1:10.1089/g4h.2017.0032.

[56] O. Loépez-Martin, A.S. Fragoso, M.R. Hernandez, I.D. Terrer, B. Polonio Lopez,
Efectividad de un programa de juego basado en realidad virtual para la mejora cognitive en
la esquizofrenia, Gac. Sanit. 30 (2016) 133—136. Doi:10.1016/j.gaceta.2015.10.004.

[57] P. Gamito, J. Oliveira, D. Alghazzawi, H. Fardoun, P. Rosa, T. Sousa, I. Maia, D.
Morais, P. Lopes, R. Brito, The art gallery test: A preliminary comparison between
traditional neuropsychological and ecological VR-based tests, Front. Psychol. 8 (2017) 1-8.
Doi:10.3389/fpsyg.2017.01911.

[58] D. Areces, J. Dockrell, T. Garcia, P. Gonzalez-Castro, C. Rodriguez, Analysis of
cognitive and attentional profiles in children with and without ADHD using an innovative
virtual reality tool., PLoS One. 13 (2018) €0201039. Doi:10.1371/journal.pone.0201039.

[59] Y. Iriarte, U. Diaz-Orueta, E. Cueto, P. Irazustabarrena, F. Banterla, G. Climent,
AULA—Advanced Virtual Reality Tool for the Assessment of Attention, J. Atten. Disord.
20 (2012) 542-568. Doi:10.1177/1087054712465335.

[60] U. Diaz-Orueta, C. Garcia-Lopez, N. Crespo-Eguilaz, R. Sanchez-Carpintero, G.
Climent, J. Narbona, AULA virtual reality test as an attention measure: Convergent validity
with Conners Continuous Performance Test, Child Neuropsychol. 20 (2013) 328-342.
Doi:10.1080/09297049.2013.792332.

[61] A.P.Silva, A.F. Frére, Virtual environment to quantify the influence of colour stimuli
on the performance of tasks requiring attention, Biomed. Eng. Online. 10 (2011) 1-14.
Doi:10.1186/1475-925X-10-74.

[62] J. Oliveira, P. Gamito, D.M. Alghazzawi, H.M. Fardoun, P.J. Rosa, T. Sousa, L.F.
Picareli, D. Morais, P. Lopes, Performance on naturalistic virtual reality tasks depends on

52



global cognitive functioning as assessed via traditional neurocognitive tests., Appl.
Neuropsychol. Adult. 25 (2018) 555-561. D01:10.1080/23279095.2017.1349661.

[63] J. McPherson, N.R. Burns, Assessing the validity of computer-game-like tests of
processing speed and working memory, Behav. Res. Methods. 40 (2008) 969-981.
Doi:10.3758/BRM.40.4.969.

[64] J. Verhaegh, W.F.J. Fontijn, E.H.L. Aarts, W.C.M. Resing, In-game assessment and
training of nonverbal cognitive skills using TagTiles, Pers. Ubiquitous Comput. 17 (2013)
1637-1646. D0i:10.1007/s00779-012-0527-0.

[65] J. Peijnenborgh, P. Hurks, A. Aldenkamp, E. van der Spek, G. Rauterberg, J. Vles,
J. Hendriksen, A study on the validity of a computer-based game to assess cognitive

processes, reward mechanisms, and time perception in children aged 4-8 years, JMIR
Serious Games. 4 (2016) 1-15. Doi:10.2196/games.5997.

[66] M.F. Rosetti, M.F. Gémez-Tello, G. Victoria, R. Apiquian, A video game for the
neuropsychological screening of children, Entertain. Comput. 20 (2017) 1-9.
Doi:10.1016/j.entcom.2017.02.002.

[67] T.D. Parsons, T. Bowerly, J.G. Buckwalter, A.A. Rizzo, A controlled clinical
comparison of attention performance in children with ADHD in a virtual reality classroom
compared to standard neuropsychological methods, Child Neuropsychol. 13 (2007) 363—
381. Doi:10.1080/13825580600943473.

[68] A. Negut, AM. Jurma, D. David, Virtual-reality-based attention assessment of
ADHD: ClinicaVR: Classroom-CPT versus a traditional continuous performance test, Child
Neuropsychol. 23 (2017) 692—712. Doi:10.1080/09297049.2016.1186617.

[69] P. Nolin, A. Stipanicic, M. Henry, Y. Lachapelle, D. Lussier-Desrochers, A. Rizzo,
P. Allain, ClinicaVR: Classroom-CPT: A virtual reality tool for assessing attention and
inhibition in children and adolescents, Comput. Human Behav. 59 (2016) 327-333.
Doi:10.1016/j.chb.2016.02.023.

[70] Y. Gilboa, S. Rosenblum, A. Fattal-Valevski, H. Toledano-Alhadef, A.S. Rizzo, N.
Josman, Using a Virtual Classroom environment to describe the attention deficits profile of
children with Neurofibromatosis type 1, Res. Dev. Disabil. 32 (2011) 2608-2613.
Doi:10.1016/j.ridd.2011.06.014.

[71] G. Moreau, M.-C. Guay, A. Achim, A. Rizzo, P. Lageix, The virtual classroom: An
ecological version of the continuous performance test — A pilot study, Annu. Rev.
CyberTherapy Telemed. (2006) 59-66.

[72] R. Adams, P. Finn, E. Moes, K. Flannery, A. Rizzo, Distractibility in
attention/deficit/hyperactivity disorder (ADHD): The virtual reality classroom, Child
Neuropsychol. 15 (2009) 120-135. Doi:10.1080/09297040802169077.

[73] P. Nolin, C. Martin, Bouchard, S, Assessment of Inhibition Deficits with the Virtual
Classroom in Children with Traumatic Brain Injury: A Pilot-Study, 2009. D0i:10.3233/978-
1-60750-017-9-116.

53



[74] B. Renison, J. Ponsford, R. Testa, B. Richardson, K. Brownfield, The Ecological and
Construct Validity of a Newly Developed Measure of Executive Function: The Virtual
Library = Task, J. Int. = Neuropsychol. Soc. 18 (2012)  440-450.
Do0i:10.1017/S1355617711001883.

[75] T.D. Parsons, A.A. Rizzo, Initial validation of a virtual environment for assessment
of memory functioning:virtual reality cognitive performance assessment test,
CyberPsychology Behav. 11 (2008) 17-25. D0i:10.1089/cpb.2007.9934.

[76] T.D. Parsons, A.A. Rizzo, J. Bamattre, J. Brennan, Virtual reality cognitive
performance assessment test.,, Annu. Rev. CyberTherapy Telemed. 5 (2007) 143-149.
http://search.proquest.com/docview/622189662?accountid=17261%5Cnhttp://sfx.bugalicia
.org/vig?url_ver=739.88-

2004 &rft_val fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:psycinfo
&atitle=Virtual+Reality+Cognitivet+Performancet+Assessment+Test. &ti.

[77] T.D. Parsons, T.M. Silva, J. Pair, A. a Rizzo, Virtual environment for assessment of
neurocognitive functioning: virtual reality cognitive performance assessment test., Stud.
Health Technol. Inform. 132 (2008) 351-356.

[78] T.D. Parsons, L. Cosand, C. Courtney, A. Iyer, A.A. Rizzo, Neurocognitive
workload assessment using the virtual reality cognitive performance assessment test, Lect.
Notes Comput. Sci. (Including Subser. Lect. Notes Artif. Intell. Lect. Notes Bioinformatics).
5639 LNAI (2009) 243-252. Doi:10.1007/978-3-642-02728-4 26.

[79] M. Henry, C.C. Joyal, P. Nolin, Development and initial assessment of a new
paradigm for assessing cognitive and motor inhibition: The bimodal virtual-reality Stroop,
J. Neurosci. Methods. 210 (2012) 125-131. Doi:10.1016/j.jneumeth.2012.07.025.

[80] S. Raspelli, F. Pallavicini, L. Carelli, F. Morganti, B. Poletti, B. Corra, V. Silani, G.
Riva, Validation of a Neuro Virtual Reality-based version of the multiple errands test for the
assessment of executive functions, Annu. Rev. CyberTherapy Telemed. 9 (2011) 72-76.
Doi:10.3233/978-1-60750-766-6-92.

[81] T.D. Parsons, C.G. Courtney, B. Arizmendi, M. Dawson, Virtual reality stroop task
for neurocognitive assessment, Stud. Health Technol. Inform. 163 (2011) 433-439.
D0i:10.3233/978-1-60750-706-2-433.

[82] C.M. Armstrong, G.M. Reger, J. Edwards, A.A. Rizzo, C.G. Courtney, T.D. Parsons,
Validity of the Virtual Reality Stroop Task (VRST) in active duty military, J. Clin. Exp.
Neuropsychol. 35 (2013) 113—-123. Doi:10.1080/13803395.2012.740002.

[83] R.J. Matheis, M.T. Schultheis, L.A. Tiersky, J. DeLuca, S.R. Millis, A. Rizzo, Is
learning and memory different in a virtual environment?, Clin. Neuropsychol. 21 (2007)
146-161. Doi:10.1080/13854040601100668.

[84] J. Park,J. Yim, A new approach to improve cognition, muscle strength, and postural
balance in community-dwelling elderly with a 3-D Virtual Reality Kayak Program, Tohoku
J. Exp. Med. 238 (2016) 1-8. D0i1:10.1620/tjem.238.1.

54


http://search.proquest.com/docview/622189662?accountid=17261%5Cnhttp://sfx.bugalicia.org/vig?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:psycinfo&atitle=Virtual+Reality+Cognitive+Performance+Assessment+Test.&ti
http://search.proquest.com/docview/622189662?accountid=17261%5Cnhttp://sfx.bugalicia.org/vig?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:psycinfo&atitle=Virtual+Reality+Cognitive+Performance+Assessment+Test.&ti
http://search.proquest.com/docview/622189662?accountid=17261%5Cnhttp://sfx.bugalicia.org/vig?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:psycinfo&atitle=Virtual+Reality+Cognitive+Performance+Assessment+Test.&ti
http://search.proquest.com/docview/622189662?accountid=17261%5Cnhttp://sfx.bugalicia.org/vig?url_ver=Z39.88-2004&rft_val_fmt=info:ofi/fmt:kev:mtx:journal&genre=article&sid=ProQ:ProQ:psycinfo&atitle=Virtual+Reality+Cognitive+Performance+Assessment+Test.&ti

[85] S.M. Jaeggi, M. Buschkuehl, J. Jonides, P. Shah, Short- and long-term benefits of
cognitive  training, Proc. Natl. Acad. Sci. 108 (2011) 10081-10086.
Doi:10.1073/pnas.1103228108.

[86] S.vander Oord, A.J.G.B. Ponsioen, H.M. Geurts, E.L.T. Brink, P.J.M. Prins, A pilot
study of the efficacy of a computerized executive functioning remediation training with
game elements for children with ADHD in an outpatient setting: outcome on parent- and
teacher-rated executive functioning and ADHD behavior, J. Atten. Disord. 18 (2014) 699—
712. Doi:10.1177/1087054712453167.

[87] S. Verbeken, C. Braet, L. Goossens, S. van der Oord, Executive function training
with game elements for obese children: A novel treatment to enhance self-regulatory abilities
for weight-control, Behav. Res. Ther. 51 (2013) 290-299. Doi:10.1016/j.brat.2013.02.006.

[88] T.S.Lee, S.J.A. Goh, S.Y. Quek, R. Phillips, C. Guan, Y.B. Cheung, L. Feng, S.S.W.
Teng, C.C. Wang, Z.Y. Chin, H. Zhang, T.P. Ng, J. Lee, R. Keefe, K.R.R. Krishnan, A brain-
computer interface based cognitive training system for healthy elderly: a randomized control
pilot study for wusability and preliminary efficacy, PLoS One. 8 (2013).
Do0i:10.1371/journal.pone.0079419.

[89] W.J. Boendermaker, T.E. Gladwin, M. Peeters, P.J.M. Prins, R.W. Wiers, Training
working memory in adolescents using serious game elements: Pilot randomized controlled
trial, J. Med. Internet Res. 20 (2018) 1-13. Doi:10.2196/games.8364.

[90] C. Anderson-Hanley, P.J. Arciero, A.M. Brickman, J.P. Nimon, N. Okuma, S.C.
Westen, M.E. Merz, B.D. Pence, J.A. Woods, A.F. Kramer, E.A. Zimmerman, Exergaming
and older adult cognition: a cluster randomized clinical trial, Am. J. Prev. Med. 42 (2012)
109-119. Doi:10.1016/j.amepre.2011.10.016.

[91] P. Gamito, J. Oliveira, D. Morais, C. Coelho, N. Santos, C. Alves, A. Galamba, M.
Soeiro, M. Yerra, H. French, L. Talmers, T. Gomes, R. Brito, Cognitive Stimulation of
Elderly Individuals with Instrumental Virtual Reality-Based Activities of Daily Life: Pre-
Post Treatment Study, Cyberpsychology, Behav. Soc. Netw. 22 (2018) 69-75.
Do0i:10.1089/cyber.2017.0679.

[92] R.H. Logie, S. Trawley, A. Law, Multitasking: multiple, domain-specific cognitive
functions in a virtual environment, Mem. Cogn. 39 (2011) 1561-1574. Doi:10.3758/s13421-
011-0120-1.

[93] W.D. Russell, M. Newton, Short-term psychological effects of interactive video
game technology exercise on mood and attention, Educ. Technol. Soc. 11 (2008) 294-308.
Doi:citeulike-article-id:7693606.

[94] V. Montani, M.D.F. De Grazia, M. Zorzi, A new adaptive videogame for training
attention and executive functions: Design principles and initial validation, Front. Psychol. 5
(2014) 1-12. Doi:10.3389/fpsyg.2014.00409.

[95] K.P. Thomas, A.P. Vinod, C. Guan, Enhancement of attention and cognitive skills
using EEG based neurofeedback game, 2013 6™ Int. Ieee/Embs Conf. Neural Eng. (2013)
21-24. Doi:10.1109/NER.2013.6695861.

55



[96] K.P. Thomas, A.P. Vinod, C. Guan, Design of an online EEG based neurofeedback
game for enhancing attention and memory, Proc. Annu. Int. Conf. IEEE Eng. Med. Biol.
Soc. EMBS. (2013) 433-436. Doi:10.1109/EMBC.2013.6609529.

[97] E. Maclin, K. Mathewson, K. Low, W. Boot, A. Kramer, M. Fabiani, G. Gratton,
Learning to multitask: effects of video game practice on electrophysiological indices of
attention and resource allocation, Psychophysiology. 48 (2011) 1173-1183.
Doi:10.1111/5.1469-8986.2011.01189.x.

[98] A. Nikolaidis, M.W. Voss, H. Lee, L.T.K. Vo, A.F. Kramer, Parietal plasticity after
training with a complex video game is associated with individual differences in
improvements in an untrained working memory task, Front. Hum. Neurosci. 8 (2014) 1-11.
Doi:10.3389/fnhum.2014.00169.

[99] T.D. Parsons, A.A. Rizzo, Neuropsychological assessment of attentional processing
using virtual reality., Annu. Rev. CyberTherapy Telemedicine. Vol 6. 6 (2008) 21-26.
http://csaweb105v.csa.com.proxy.lib.wayne.edu/ids70/view_record.php?id=3&recnum=11
8&log=from_res&SID=nh6ff5thjt3jpddetdplla7pv3.

[100] M. Ninaus, G. Pereira, R. Stefitz, R. Prada, A. Paiva, C. Neuper, G. Wood, Game
elements improve performance in a working memory training task, Int. J. Serious Games. 2
(2015) 3—-16. Doi1:10.17083/1jsg.v211.60.

[101] A. Ali, S. Puthusserypady, A 3D learning playground for potential attention training
in ADHD: A brain computer interface approach, in: Proc. Annu. Int. Conf. IEEE Eng. Med.
Biol. Soc. EMBS, 2015: pp. 67-70. Do1:10.1109/EMBC.2015.7318302.

[102] M. Caglio, L. Latini-Corazzini, F. D’Agata, F. Cauda, K. Sacco, S. Monteverdi, M.
Zettin, S. Duca, G. Geminiani, Video game play changes spatial and verbal memory:
Rehabilitation of a single case with traumatic brain injury, Cogn. Process. 10 (2009) 195—
197. Doi:10.1007/s10339-009-0295-6.

[103] S. Dovis, S. van Der Oord, R.W. Wiers, P.J.JM. Prins, Improving executive
functioning in children with ADHD: training multiple executive functions within the context

of a computer game. A randomized double-blind placebo controlled trial, PLoS One. 10
(2015) 1-30. Do0i:10.1371/journal.pone.0121651.

[104] P. Gamito, J. Oliveira, P. Lopes, R. Brito, D. Morais, C. Cacoete, A. Leandro, T.
Almeida, H. Oliveira, Cognitive Training through mHealth for Individuals with Substance
Use Disorder., Methods Inf. Med. 56 (2017) 156-161. D0i:10.3414/ME16-02-0012.

[105] M. Martel, E. Colussi, A. Marchi, Efeitos da intervengdo com game na atengdo e na
independéncia functional em idosos apos acidente vascular encefélico, Fisioter. E Pesqui.
23 (2016) 52-58. D0i:10.1590/1809-2950/14643623012016.

[106] M.J. van der Molen, J.E.H. van Luit, M.W. van der Molen, 1. Klugkist, M.J.
Jongmans, Effectiveness of a computerized working memory training in adolescents with
mild to borderline intellectual disabilities, J. Intellect. Disabil. Res. 54 (2010) 433—447.
Doi:10.1111/5.1365-2788.2010.01285 x.

56


http://csaweb105v.csa.com.proxy.lib.wayne.edu/ids70/view_record.php?id=3&recnum=118&log=from_res&SID=nh6ff5fhjt3jpddet4pl1a7pv3
http://csaweb105v.csa.com.proxy.lib.wayne.edu/ids70/view_record.php?id=3&recnum=118&log=from_res&SID=nh6ff5fhjt3jpddet4pl1a7pv3

[107] A. Chacko, C. Bedard, D.J. Mark, N. Feirsen, J.Z. Uderman, A. Chimiklis, E.
Rajwan, M. Cornwell, L. Anderson, A. Zwilling, M. Ramon, A randomized clinical trial of
Cogmed Working Memory Training in school-age children with ADHD: A replication in a
diverse  sample, J Child Psychol Psychiatry. 55 (2014) 247-255.
Do0i:10.1038/nn.3871.Locus-Specific.

[108] S.J. Beck, C.A. Hanson, S.S. Puffenberger, K.L. Benninger, W.B. Benninger, A
controlled trial of working memory training for children and adolescents with ADHD, J.
Clin. Child Adolesc. Psychol. 39 (2010) 825-836. D0i1:10.1080/15374416.2010.517162.

[109] S.A. Gray, P. Chaban, R. Martinussen, R. Goldberg, H. Gotlieb, R. Kronitz, M.
Hockenberry, R. Tannock, Effects of a computerized working memory training program on
working memory, attention, and academics in adolescents with severe LD and comorbid
ADHD: A randomized controlled trial, J. Child Psychol. Psychiatry Allied Discip. 53 (2012)
1277-1284. Doi:10.1111/5.1469-7610.2012.02592 .x.

[110] H. Westerberg, H. Jacobaeus, T. Hirvikoski, P. Clevberger, M.L. Ostensson, A.
Bartfai, T. Klingberg, Computerized working memory training after stroke — a pilot study,
Brain Inj. 21 (2007) 21-29. Doi:10.1080/02699050601148726.

[111] A. Janssen, A. Boster, H. Lee, B. Patterson, R. Prakash, The effects of video-game
training on broad cognitive transfer in multiple sclerosis: a pilot randomized controlled trial,
J. Clin. Exp. Neuropsychol. 37 (2015) 285-302. Doi:10.1080/13803395.2015.1009366.

[112] L. Carelli, F. Morganti, B. Poletti, B. Corra, P.L. Weiss, R. Kizony, V. Silani, G.
Riva, A NeuroVR based tool for cognitive assessment and rehabilitation of post-stroke
patients: Two case studies, Annu. Rev. CyberTherapy Telemed. 7 (2009) 243-247.
Do0i:10.3233/978-1-60750-017-9-243.

[113] F. La Paglia, C. La Cascia, R. Rizzo, L. Sidelo, A. Francomano, D. La Barbera,
Cognitive rehabilitation of schizophrenia through Neurovr Training, Annu. Rev.
CyberTherapy Telemed. 191 (2013) 159-162.

[114] P. Gamito, J. Oliveira, J. Pacheco, D. Morais, T. Saraiva, R. Lacerda, A. Baptista, N.
Santos, F. Soares, L. Gamito, P. Rosa, Traumatic brain injury memory training: a virtual
reality online solution, in: Int. J. Disabil. Hum. Dev., Chile, 2010: pp. 309-312.
Doi:10.1515/IJDHD.2011.049.

[115] P. Gamito, J. Oliveira, C. Coelho, D. Morais, P. Lopes, J. Pacheco, R. Brito, F.
Soares, N. Santos, A.F. Barata, Cognitive training on stroke patients via virtual reality-based
serious games, Disabil. Rehabil. 8288 (2015) 1-4. D0i:10.3109/09638288.2014.934925.

[116] E.B. Larson, M. Ramaiya, F.S. Zollman, S. Pacini, N. Hsu, J.L. Patton, A.Y.
Dvorkin, Tolerance of a virtual reality intervention for attention remediation in persons with
severe TBI, Brain Inj. 25 (2011) 274-281. D0i:10.3109/02699052.2010.551648.

[117] A.Y.Dvorkin, F.S. Zollman, K. Beck, E. Larson, J.L. Patton, A virtual environment-
based paradigm for improving attention in TBI, in: 11" IEEE Int. Conf. Rehabil. Robot.,
2009: pp. 962-965. Doi:10.1109/ICORR.2009.5209629.

57



[118] P.J.M. Prins, S. Dovis, A. Ponsioen, E. ten Brink, S. van der Oord, Does
computerized working memory training with game elements enhance motivation and
training efficacy in children with ADHD?, Cyberpsychology, Behav. Soc. Netw. 14 (2011)
115-122. Doi:10.1089/cyber.2009.0206.

[119] L.A. Whitlock, A.C. McLaughlin, J.C. Allaire, Individual differences in response to
cognitive training: using a multi-modal, attentionally demanding game-based intervention
for older adults, Comput. Human Behav. 28 (2012) 1091-1096.
Doi:10.1016/j.chb.2012.01.012.

[120] A.Y. Tahiroglu, G.G. Celik, A. Avci, G. Seydaoglu, M. Uzel, H. Altunbas, Short-
term effects of playing computer games on attention, J. Atten. Disord. 13 (2010) 668—676.
Doi:10.1177/1087054709347205.

[121] A. Bikic, T. Christensen, J. Leckman, N. Bilenberg, S. Dalsgaard, A Double-Blind
Randomized Pilot Trial Comparing Computerised Cognitive Exercises to Tetris in
Adolescents with Attention-Deficit/Hyperactivity Disorder, Nord. J. Psychiatry. 71 (2017)
1-9. D01:10.1080/08039488.2017.1328070.

[122] D. Areces, J. Dockrell, T. Garcia, P. Gonzaalez-Castro, C. Rodriguez, Analysis of
cognitive and attentional profiles in children with and without ADHD using an innovative
virtual reality tool, PLoS One. 13 (2018) 1-18. Doi:10.1371/journal.pone.0201039.

[123] Y. Stern, H.M. Blumen, L.W. Rich, A. Richards, G. Herzberg, D. Gopher, Space
Fortress game training and executive control in older adults: a pilot intervention,
Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. 18 (2011) 653-677.
Doi:10.1080/13825585.2011.613450.Space.

[124] S. Subhash, E.A. Cudney, Gamified learning in higher education: A systematic
review of the literature, Comput. Human Behav. 87 (2018) 192-206.
Do0i:10.1016/j.chb.2018.05.028.

[125] E.D. Mekler, F. Brithimann, A.N. Tuch, K. Opwis, Towards understanding the
effects of individual gamification elements on intrinsic motivation and performance,
Comput. Human Behav. 71 (2017) 525-534. Doi:10.1016/j.chb.2015.08.048.

[126] K. Werbach, (Re)Defining Gamification: A process approach, in: Persuas. 2014,
2014: pp. 266-272. Doi:10.1007/978-3-319-07127-5_23.

[127] E.L. Deci, R.M. Ryan, R. Koestner, A meta-analytic review of experiments
examining the effects of extrinsic rewards on intrinsic motivation, Psychol. Bull. 125 (1999)
627-668. D0i1:10.1037/0033-2909.125.6.627.

[128] K. Kapp, Gamification: separating fact from fiction, Chief Learn. Off. (2014) 42—46.
http://ww.w.cedma-europe.org/newsletter articles/Clomedia/Gamification - Separating Fact
from Fiction (Mar 14).pdf.

[129] P. Zhang, Motivational affordances: reasons for ICT design and use, Commun.
ACM. 51 (2008) 145-147. Doi:10.1145/1400214.1400244.

58


http://ww.w.cedma-europe.org/newsletter

[130] J.P. Byrnes, Cognitive Development and Learning in Instructional Contexts, 3% ed.,
Allyn & Bacon., Boston, 1996.
https://storage.googleapis.com/cozeberpu.appspot.com/160/Cognitive-Development-and-
Learning-in-Instructional-Contexts-(3rd-Edition).pdf (accessed September 10, 2018).

[131] H. Cole, M.D. Griftiths, Social Interactions in Massively Multiplayer Online Role-
Playing Gamers, CyberPsychology Behav. 10 (2007) 575-583. Doi:10.1089/cpb.2007.9988.

[132] I.C. Rehm, E. Foenander, K. Wallace, J.A.M. Abbott, M. Kyrios, N. Thomas, What
role can avatars play in e-mental health interventions? Exploring new models of client-
therapist interaction, Front. Psychiatry. 7 (2016) 1-6. Doi:10.3389/fpsyt.2016.00186.

[133] H.H. Nap, Y.A.W. Kort, De, W.A. IJsselsteijn, Senior gamers: preferences,
motivations and needs, Gerontechnology. 8 (2009) 0-16.
Doi:10.4017/gt.2009.08.04.003.00.

[134] M. Schmierbach, Q. Xu, A. Ocldorf-Hirsch, F.E. Dardis, Electronic friend or virtual
foe: exploring the role of competitive and cooperative multiplayer video game modes in
fostering enjoyment, Media Psychol. 15 (2012) 356-371.
Do0i:10.1080/15213269.2012.702603.

[135] P.L. Kent, Working memory: a selective review, Appl. Neuropsychol. Child. 5
(2016) 163—172. Doi:10.1080/21622965.2016.1167491.

[136] L.G. Weiss, D.H. Saklofske, J.A. Holdnack, A. Prifitera, J.A. Holdnack, A. Prifitera,
L.G. Weiss, D.H. Saklofske, WISC-V and the personalized assessment approach, in: WISC-
V Assess. Interpret., Academic Press, 2016: pp. 373—413. Do0i:10.1016/B978-0-12-404697-
9.00012-1.

[137] L.Ma, L. Chang, X. Chen, R. Zhou, Working memory test battery for young adults:
computerized working memory assessment, PLoS One. 12 (2017) 1-19.
Do0i:10.1371/journal.pone.0175047.

[138] Entertainment Software Association, Essential facts about the computer and video
game industry, 2018. http://www.theesa.com/wp-
content/uploads/2018/05/EF2018 FINAL.pdf.

[139] W. Ijsselsteijn, H.H. Nap, Y. De Kort, K. Poels, Digital game design for elderly
users, in: Proc. 2007 Conf. Futur. Play. Futur. Play 07, Toronto, 2007: pp. 17-22.
Doi:10.1145/1328202.1328206.

[140] J. Wittland, P. Brauner, M. Zie, Serious games for cognitive training in ambient
assisted living environments — a technology acceptance perspective, Int. Fed. Inf. Process.
9296 (2015) 453-471. Doi:10.1007/978-3-319-22701-6.

[141] B. Shneiderman, The future of interactive systems and the emergence of direct
manipulationt, Behav. Inf. Technol. 1 (1982) 237-256. Doi:10.1080/01449298208914450.

[142] G. Tieri, G. Morone, S. Paolucci, M. losa, Virtual reality in cognitive and motor
rehabilitation : facts , fiction and fallacies, Expert Rev. Med. Devices. (2018) 1-11.
Do0i:10.1080/17434440.2018.1425613.

59


https://storage.googleapis.com/cozeberpu.appspot.com/160/Cognitive-Development-and-Learning-in-Instructional-Contexts-(3rd-Edition).pdf
https://storage.googleapis.com/cozeberpu.appspot.com/160/Cognitive-Development-and-Learning-in-Instructional-Contexts-(3rd-Edition).pdf
http://www.theesa.com/wp-content/uploads/2018/05/EF2018_FINAL.pdf
http://www.theesa.com/wp-content/uploads/2018/05/EF2018_FINAL.pdf

[143] D.M. Spooner, N.A. Pachana, Ecological validity in neuropsychological assessment:
a case for greater consideration in research with neurologically intact populations, Arch.
Clin. Neuropsychol. 21 (2006) 327-337. D0i:10.1016/j.acn.2006.04.004.

[144] S. Green, J.P.T. Higgins, P. Alderson, C.D. Mulrow, A.D. Oxman, A.S. Green, J.P.T.
Higgins, P. Alderson, M. Clarke, C.D. Mulrow, A.D. Oxman, Cochrane Handbook for
Systematic Reviews of Interventions, (2015). http://handbook-5-1.cochrane.org/ (accessed
December 15, 2018).

60


http://handbook-5-1.cochrane.org/

Study 2: Are video games effective to promote cognition and everyday functional

capacity in MCl/dementia patients? A meta-analysis of randomized controlled trials.

In compliance with dissemination rights held by I0S Press, this chapter can be accessed
using the following link: /itips.//content.iospress.com/articles/journal-of-alzheimers-

disease/jad210545

61


https://content.iospress.com/articles/journal-of-alzheimers-disease/jad210545
https://content.iospress.com/articles/journal-of-alzheimers-disease/jad210545

Study 3: Photo Realistic Interactive Virtual Environments for Neurorehabilitation in
Mild Cognitive Impairment (NeuroVRehab.PT): A Participatory Design and Proof-
of-Concept Study.

Abstract:

Mild cognitive impairment (MCI) is characterized by cognitive, psychological, and
functional impairments. Digital interventions typically focus on cognitive deficits,
neglecting the difficulties that patients experience in instrumental activities of daily living
(IADL). The global conjecture created by COVID-19 has highlighted the seminal
importance of digital interventions for the provision of healthcare services. Here, we
investigated the feasibility and rehabilitation potential of a new design approach for creating
highly realistic interactive virtual environments for MCI patients’ neurorehabilitation.
Through a participatory design protocol, a neurorehabilitation digital platform was
developed using images captured from a Portuguese supermarket (NeuroVRehab.PT).
NeuroVRehab.PT’s main features (e.g., medium-sized supermarket, the use of shopping
lists) were established according to a shopping behavior questionnaire filled in by 110 older
adults. Seven health professionals used the platform and assessed its rehabilitation potential,
clinical applicability, and user experience. Interviews were conducted using the think-aloud
method and semi-structured scripts, and four main themes were derived from an inductive
semantic thematic analysis. Our findings support NeuroVRehab.PT as an ecologically valid
instrument with clinical applicability in MCI neurorehabilitation. Our design approach,
together with a comprehensive analysis of the patients’ past experiences with IADL, is a
promising technique to develop effective digital interventions to promote real-world

functioning.

Keywords: virtual reality; cognition; transfer capacity; recovery of function;

neurorehabilitation
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1. INTRODUCTION

Mild cognitive impairment (MCI) was initially conceptualized as a clinical entity affecting
the cognitive functioning exclusively (i.e., memory capacity) [1]. However, empirical
evidence has shown that cognitive and functional impairments co-exist from very early
stages of the disease [2], and difficulties in instrumental activities of daily living (IADL) are
prevalent among MCI patients [3]. Vascular mild cognitive impairment (VaMCI) is a
clinical condition of vascular etiology, in which executive deficits are a prominent feature
[4,5] and a strong predictor of functional decline and dementia [6]. Nonetheless, studies
conducted in VaMCI patients are scarce, with even fewer studies focused on the
development of rehabilitation instruments which target cognitive and functional

impairments simultaneously.

Virtual reality (i.e., computer-generated interactive environments) [7] has been recognized
as a valuable resource for developing instruments that enable health professionals to
accurately predict patients’ performance in everyday living activities (i.e., ecologically valid
instruments) [8,9], especially in activities that actively engage executive functions [8,10—
12]. Several virtual environments (VEs) have been developed targeting IADL, such as
preparing meals [13,14], moving within the community [15,16], and cleaning and

maintaining the house [17-20].

Shopping for groceries is perhaps one of the most studied IADL, with several studies
showing that patients with executive deficits reveal in VEs a similar pattern of impairments
to those observed in real-world tasks [21-27]. However, the majority of these VEs are
manually designed, time- and human-resource consuming, and do not provide tasks or
scenarios of sufficient realism [28]. Additionally, only a few of these VEs are designed for

neurorehabilitation purposes [23] in MCI patients [22].

The feeling of “being physically present” in the virtual world, known as presence, is described
as the phenomenon of users acting and experiencing emotions as if they were in the real world
[29]; this is thought to promote the transfer of trained skills and behaviors from VEs to real-
world contexts [8,29]. One design approach that has been used to improve the realism and
sense of the presence is image-based rendering VEs. One example of a realistic image-based
VE is Google Street View, where users can navigate within 360° photos of the surrounding
environment. Previous findings have shown that the use of images of real-world scenarios
results in highly visual realistic VEs and, therefore, an increased sense of presence [28].

Furthermore, image-based rendering VEs have shown promising results when applied to
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reminiscent therapy [28]. However, in the scarce studies that use this technique, the images
are embedded as just a decorative/background element [30] or are non-interactive [15].
Other image-based VE interventions require complex technologic equipment and space
availability in order to accommodate the experimental apparatus [28], which limits its

widespread use in clinical and neurorehabilitation contexts.

Based on the limitations mentioned above and considering the concept of function-led
instruments [8], in which neuropsychological instruments should be as far as possible an
accurate representation of real-world functioning, we conducted a qualitative analysis of the
rehabilitation potential and clinical applicability of an image-based fully navigable and
interactive virtual supermarket, NeuroVRehab.PT to promote cognition and functional
capacity in VaMCI patients. This neurorehabilitation platform was developed by ISAMB
(Lisbon, Portugal), LASIGE (Lisbon, Portugal), and Nippon Gases Portugal (Vila Franca
de Xira, Portugal).

The goals of this study are twofold: (1) to describe the design process of NeuroVRehab.PT
and (2) to characterize health professionals’ (i.e., neurologists, psychologists, and
neuropsychologists) perspectives about the rehabilitation potential and clinical applicability

of NeuroVRehab.PT for VaMCI patients’ neurorehabilitation.
2. EXPERIMENTAL SECTION

This study was conducted using a participatory design research protocol and reported
according to the consolidated criteria for reporting qualitative research checklist (COREQ)
guidelines [31] (see Supplementary Files Table S1. COREQ: consolidated criteria for
reporting qualitative research checklist). Two groups of stakeholders (i.e., older adults and
health professionals) were invited to participate in the design of a virtual supermarket aiming

to train the cognitive functions and behavior strategies recruited during a shopping activity.

The present study was performed in compliance with the Declaration of Helsinki and was
approved by the following ethics committees: Comissio de Etica do Centro Hospitalar de
Lisboa Norte e Centro Académico de Medicina de Lisboa—CAML (reference number 8§9/19)
and Comissdo de Etica para Recolha e Prote¢ido de Dados de Ciéncias (CERPDC) (reference
number CERPDC/16/2019) (see Supplementary Files, Doc S1, ethical standards, for a

description of the ethical aspects considered during the execution of this project).
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2.1. Participatory Design of NeuroVRehab.PT-Shopping Behaviors Questionnaire with
Older Adults (Phasel)

2.1.1. Sample and Recruitment

Two senior universities of the municipality of Almada, Portugal, were contacted and agreed
to participate in the study. Visits were scheduled to a group of classes identified earlier by
the executive board of the two institutions. During these visits, one of the co-authors of this
paper (FFB) presented the project and explained how the data gathered through the
questionnaires would support the research team’s decisions regarding the main features of
the virtual supermarket, such as the use (or not) of a shopping list, the number of products
included in the shopping list, and the type of supermarket (grocery store vs. supermarket vs.
hypermarket), among other features. To be eligible, the participants had to be more than 60
years old, be community dwelling, be responsible for grocery shopping, and give written

informed consent.
2.1.2. Instruments and Procedure

A questionnaire with 11 multiple-choice questions that aimed to analyze the shopping
behaviors and routines of older adults was developed and reviewed by the research team
(see Supplementary Files Table S2 for the shopping behaviors questionnaire with older
adults). The questionnaire was filled in individually and collected at the end of the senior
universities’ sessions. Questions included items regarding the type of store they usually go
to (i.e., local grocery store, supermarket, or department store), the time spent there, and the
frequency they go shopping per week. Other items included the habit of using shopping lists,
establishing budgets, shopping for weekly or monthly necessities, and an estimation of the
amount of money spent while shopping. The questionnaire was anonymous, and besides
age, gender, and professional status (active vs. retired), no other personal information was

collected.
2.1.3. Data Analysis

Statistical Package for the Social Sciences (IBM-SPSS, version 24.0; International Business
Machines Corp., Armonk, New York, USA) was used to conduct descriptive analyses of the
data collected through the shopping behaviors questionnaire with older adults. For nominal
variables (e.g., gender, professional status, and questionnaire responses), tables of
frequencies were calculated. For continuous variables (e.g., age, time spent shopping), the

mean, standard deviation, mode, minimum, and maximum were calculated.
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2.1.4. Results

A total of 110 participants aged between 61 and 86 years (70.92 + 5.94 years) filled in the
questionnaire. Twenty-eight were men (26.7%) and 77 women (73.3%). Fifty-three
participants (53.5%) stated that they usually go to supermarkets as opposed to local grocery
(n =8, 8.1%) stores or big department stores (n = 38, 38.4%). Fifty-nine (56.2%) claimed
that they usually make shopping lists, but only 42 (75%) use it during shopping. Before
going shopping, 44 (79.4%) participants claimed that they included items in the shopping
list as they remember what they need, and 10 (14.7%) organized the products according to

the products’ position in the supermarket.

More than half of the participants claimed they go to the supermarket less than once per
week (n =56, 52.8%), alone (n = 64, 60.4%), and to buy groceries for weekly necessities (n
=59, 56.2%). On average, the participants spend 59.24 + 33.68 min on each visit to the
supermarket. Sixty-one participants (58.1%) claimed that they have an estimation of how
much they will spend before going to the checkout counter, and 33 (35.9%) stated that, after
being informed of the value of the bill, they know precisely how much they should receive
in return (see Supplementary Files Table S2 for the shopping behaviors questionnaire in

older adults’ descriptive data).
2.1.5. Main Implications for the Development of the NeuroVRehab.PT

Supermarket was the most frequently visited type of store for food and house products
shopping. A relevant percentage of the participants reported that they carry out their weekly
shopping alone. The findings also suggested that shopping lists do not tend to be long,
although diversified.

The majority of older adults in our sample claimed that they go to the supermarket less than
once per week and spend around 60 min on each visit. These data were initially collected to
determine an adequate dose exposure to our digital platform. Although there are no
guidelines regarding dose exposure in cognitive rehabilitation for MCI patients [32,33],
previous studies have shown that interventions composed of few sessions with extended
durations were not effective [34]. This implies that clinical trials of cognitive rehabilitation
should accommodate the difficulties that VaMCI patients experience in their real-life activities
(related or not to cognitive decline), provide sufficient repetition, and manage fatigue and

frustration throughout the intervention length [35].
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2.2. Design and Implementation of the NeuroVRehab.PT (Phase 2)

Based on the shopping behavior survey with older adults, we developed a first prototype of
a web-based application called NeuroVRehab.PT. NeuroVRehab.PT allows people
suffering from VaMCI to perform typical shopping tasks, such as creating shopping lists,
navigating in a supermarket, adding products to the shopping basket, or sticking to a budget.
The application was developed using HTML (version 52
https://www.w3.org/TR/html52/), JavaScript (version ECMAScript 2019;
https://www.ecma-international.org/ecma-262/10.0/index.html), = CSS  (version  3;
https://www.w3.org/Style/CSS/), and PHP (version 7.4.9; https://www.php.net/). The
supermarket was constructed using the Photo Sphere Viewer library (https://photo-sphere-
viewer.js.org/) and panoramic photographs of the interior of a typical Portuguese
supermarket (captured using the Google Street View app for Android, Google LLC.,
Mountain View, California, United States); see Supplementary Files document S1, ethical
standards, for a description of the ethical aspects considered during the image capture and

editing).

The platform is optimized to run on tablets. Tablets provide direct object manipulation (i.e.,
the person directly interacts with the target object using the fingers) and require less hand—
eye coordination [36]. Older adults seem to prefer tablets to more traditional setups such as
computers [37]. Previous studies showed that tablets are easier for older adults to use [38], even
when they experience technological divide to some extent [39] or already present mild [20]

or severe cognitive compromise (i.e., dementia) [40].
2.2.1. Platform Description

NeuroVRehab.PT is a prototype of a web-based digital neurorehabilitation platform
composed of three independent game modes—supermarket, recipes, and shopping list. The
supermarket is the central part of the platform and the key component of the three game

modes.
Supermarket Environment Description

To replicate a real-world scenario, the environment of this system is composed of 49 360°
panoramic photographs, together with typical supermarket noises at the background. The
background noise can be turned off at any time. Users can only navigate in the supermarket
by activating the full-screen mode or touching the start button (which also activates the full-

screen mode). This way, users can have a clean screen to prevent distractions, as reported in
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previous studies [41]. Maria, a virtual shopping assistant, will guide users for the first time
and regularly provide information about the game mechanics and behavioral shopping
strategies that can be used in real life. Users experience the virtual supermarket from a first-
person perspective (i.e., without any intermediating avatar) and can walk through the 19
supermarket sections (e.g., vegetables, fruits, bakery, dairy, frozen food) using the arrows
displayed on the screen (Figure 1). Navigation arrows are placed in the screen, at the
corridors, and in the exact position where the users want to walk to. If necessary, users may
zoom in and out to take a closer look at a product or use the autorotate button to locate
themselves in the environment. To select a product, users touch the product and a tag with
the product’s information (name, photo, category, description, and price) is displayed on the
right side of the screen, together with an “add to the basket” button that allows users to add

products to the shopping basket (Figure 2a).

Progression bar Chronometer Volume

Supermercado Receitas Lista de Compras Logout

0205 L\
Games modes Full-screen |
Supermarket [ Finoicar |
Recipes

Shopping list

i E Shopping list |
e ‘

(points)

1
. | Score system |
0

Navigation
controls
(arrows)

(4
# Challenges |

e

Nivel 12

T Autorotate 1 Zoom | Level ID

Figure 1. Interface elements of the NeuroVRehab.PT neurorehabilitation digital platform.

Supermarket Game Mode

The system provides fourteen game levels that ask users to go shopping with a predefined
shopping list (Figure 2b). Levels have different difficulty levels—easy, medium, and hard—
which differ regarding the number of products to buy, the distance between the products,
the available time to complete the level, and the presence or absence of background noise.
In more advanced levels, there is also a budget to be met. Furthermore, the platform is

designed to enable health professionals to create custom levels. Users need to purchase all
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Figure 2. (a) Tag with product information—name, photo, description/weight, price, and add button; (b) view of the screen
with the levels of difficulty, three-star classification, level ID, level of difficulty; (¢) shopping list from a difficult level
(medium) with nine products (written in black) under the correspondent category (written in blue).

the items of the shopping list (Figure 2c) to complete the level. If the added product is listed
on the shopping list, users will hear a sound of positive feedback and earn points. If users
try to add a product that is not on the shopping list, a message together with a sound of

negative feedback will appear, and users will keep the same points.

After selecting all the products on the shopping list, users are asked to go to the checkout
counter zone and pay the groceries by choosing one of the payment methods (cash or credit
card). At the end of each level, a three-star rating is attributed based on the users’

performance (time and distance walked).
Recipe Game Mode

The recipe game mode allows users to shop for the ingredients that are required to cook a
traditional dish. Users may select among six traditional recipes—one soup, four main
courses, and one dessert (Figure 3a). Each recipe is identified by a name and a photo of the
dish. As an extra step of difficulty, after selecting one of the recipes the participants are
asked to organize the ingredients under the correct category (e.g., apples under fruit) (Figure
3b). Correct and incorrect sorting is identified by turning the ingredients green or red,
respectively. The participants need to correctly organize all the ingredients before having

access to the virtual supermarket and purchasing the ingredients of the recipe.
Shopping List Game Mode

In this game mode, users can create personalized shopping lists. A list ID is identified by a
name customized by users, and they may add products by writing the name of the product
in the search field. As they write, a drop-down list appears with products matching the search
query (Figure 3c). To select an item, they have to touch it. After finishing their shopping

list, the participants are asked to organize the ingredients under the correct category (similar
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Figure 3. (a) View of the recipe game mode; (b) extra step of difficultly in the recipe game mode, in which users have to
organize the ingredients (left side of the screen) under the corresponding category (right side of the screen); (¢) view of the
shopping list game mode with two products included in the list.

to the activity described in the recipe game mode section) before moving on to the virtual

supermarket.
2.3. Software Evaluation and User Experience (Phase 3)
2.3.1. Sample and Recruitment

A purposive sample of health professionals (i.e., psychologists, neuropsychologists, and
neurologists) identified through professional networking was contacted and invited to
participate in the study. Health professionals were identified based on (1) their clinical and
scientific experience (> 5 years) with ageing, age-related neurological disorders, and
cognitive decline; (2) their knowledge of the main theoretical models of human cognition
and neurorehabilitation; (3) their familiarity with computerized cognitive training or
rehabilitation programs. All the participants who were contacted (face-to-face) agreed to
participate, and an individual session was booked at the participants’ convenience (local and

date). All the participants signed the written informed consent.
2.3.2. Instruments and Procedure

Interviews took place in quiet and private rooms and lasted approximately 60 min. The
participants sat in front of a desk where a Huawei MediaPad T5 tablet (Android 8) (Huawei
Technologies Co. Ltd, Shenzhen, China) was supported horizontally at 25° degrees
(approximately) using a tablet stand. The platform was run in the Google Chrome
application (version 79.0.3945; Google Inc., Menlo Park, California, United States). A
neuropsychologist with previous experience in qualitative research (FFB) conducted the
interviews, and a second researcher member (SA, computer scientist and PhD student) was
also present in five of the seven interviews and ensured that the sessions went on without

any technical problems.
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Each session was divided into two moments. In the first part of the interview, the participants
were encouraged to express their opinions and thoughts verbally—the think aloud method
(TA) [42]—while using the platform. The interviewer (FFB) demonstrated the TA method
to participants while exploring the Gmail website. Then, the participants were encouraged
to use it on the NeuroVRehab.PT platform. The participants were free to explore the
platform; however, sessions were conducted so that all the participants visited the three
game modes (i.e., supermarket, recipes, and shopping list) and played at least two game
levels in the supermarket mode. The second part of the session consisted of a semi-structured
interview focused on the participants’ experience (i.e., user experience; UX) and the

perceived clinical applicability and rehabilitation potential of the platform.
2.3.3. Data Analysis

The participants’ demographic data were analyzed using IBM-SPSS (version 24.0;
International Business Machines Corp., Armonk, New York, United States). Interviews
were transcribed for content analysis, and a list of codes was developed on the basis of two
interviews (data grounded theory). This initial code system was created independently by
two researchers (FFB and SA) and then discussed and merged into a comprehensive list.
The remaining interview transcripts were coded independently by two researchers (FFB and
SA) using the previously developed list of codes and an interrater reliability index of
Cohen’s k£ = 0.82 was obtained by calculating the mean of Cohen’s kappa indexes per
interview (Cohen’s k > 0.80). This kappa index was used as indicative of strong interrater
reliability in healthcare research [43]. Blocks of 20 lines were used as the unity of analysis
for semantic thematic analysis purposes [44]. When completing the analysis, the code
system was reorganized into broad categories (major themes) and respective subcategories

(minor themes).
3. RESULTS

Seven health professionals aged between 29 and 67 (47.14 + 13.08 years) and with 17 years
of professional experience (range: 540 years) were interviewed. Two participants were
male and 5 were female, with academic backgrounds in medicine/neurology (n» = 2) or in

neuropsychology (n =5).

Two participants rated themselves as being very confident, four as being confident, and one
as a little confident in using technology or new technological devices (n =2, n =2, n =3,

respectively). On average, the participants spent 16 £ 7.99 h (range: 7-30 h) browsing
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content on the internet and 0.86 + 1.86 h (range: 0-5 h) playing video games per week. All
the participants were familiar with at least one computerized cognitive training or
rehabilitation program (e.g., Cogweb®, Rehacom®), and three participants (42.9%) reported
that they use brain training games or computerized cognitive training programs (CCTP) in

their professional practice (e.g., Fitbrain, Neuronation).

Four major themes (and seven minor themes) emerged from the semantic thematic analysis:
experience with NeuroVRehab.PT, rehabilitation potential, potential barriers, and
opportunities (see Table 1 for the complete code system, including minor themes). Due to
technical problems related to audio recording, the second part of interview 2 was lost (90%
of the semi-structured interview). Therefore, only the information collected during the TA
phase of interview 2 was included in data analysis. Data saturation was obtained at the 5th

interview, with no new codes identified in the last two interviews.
3.1. Experience with NeuroVRehab.PT
3.1.1. Hedonic Experience and Presence

Overall, the participants expressed a positive attitude towards NeuroVRehab.PT and
reported having fun and enjoying the platform. Different features of the platform stood out
and were considered by the participants as appealing and relevant from a clinical point of
view (e.g., the icon used to identify the different game levels (Figure 2b), the label with the
product’s characteristics (Figure 2a), the zoom-in functionality, and the availability of a
shopping list that the participants can check (Figure 1)). However, it was the high realism
and visual complexity (and auditory stimuli) of the VE that captured the participants’
attention. All the participants but one explicitly mentioned this aspect during the interviews

(and some of them more than once).

Participant 1: “I was expecting something more, rudimentary, but not the case, I

think it was... the products were clear and colors vivid...”

Participant 2: “Well, it is a very appealing image of the supermarket. It makes you

want to explore it, doesn’t it? It has beautiful fruits.”

Participant 4: “Ah! How cute (...) it really looks like a supermarket (...), maybe
this is really a supermarket (...) The products are real, not drawings [as in 3D-

modulated scenarios], I think it is good.”
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Table 1. Code system developed with the semantic analysis of the interviews.

= Experience with NeuroVRehab.PT
e  Hedonic experience and presence
e  Usability
= Rehabilitation potential
e Cognitive stimulation
¢ Transfer capacity
= Potential barriers
= Opportunities
¢ Clinical and non-clinical contexts
¢ Friend sourcing

e Other environments

Participant 5: “[While performing a task in NeuroVRehab.PT] Ok, hot chocolate.
Hot chocolate, now I have to find.... this is really realistic. In fact, it is real, I did not

have this expectation.”

Participant 6: “It seems very realistic, hyper-realistic (...) The locations, the type of

products, yes, yes, I think is quite realistic.”

Participant 7: “The environment sound is very good; it really puts you inside of a

supermarket (...) we know where we are, perfectly.”
3.1.2. Usability

The participants identified and played the three game modes without relevant difficulties.
However, the navigation controls and the sense of orientation inside NeuroVRehab.PT were
identified as two aspects that should be improved in order to provide a more smooth and
pleasant experience. For instance, some participants misinterpreted the meaning of the

navigation controls and interpreted them as mandatory actions to progress in the game.
Participant 2: “The arrow appears, I assume this means I need to follow the arrows.”
Participant 1: “... the arrow then... means that [ need to go back to the fruit section?”

Other participants considered the arrows as hints to the location of the next product in the

shopping list.
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Participant 5: “The arrow helps to orient, doesn’t it? I did not understand if the arrow

gives you a hint or if ... Does it give you a hint?”

Regarding the sense of being oriented within the supermarket, the participants felt that it
“... could be useful, for example, before starting (the game levels) that the person visits the
whole supermarket, a kind of orientation exercise, to learn (the supermarket) more or less.”
(Participant 1). Still on this subject, another participant referred to the famous experiment
of Willard S. Small [45] to explain the importance of having the opportunity to explore

“«“

(learning) the environment before starting any specific task: . a person is in that
environment; it is like a mouse when it is put on a place, like (...) a maze, something like
that, it (the mouse) will explore, the first thing it will do is to explore the surroundings to
get a perception. We are a little bit like mice. The first thing a person wants to do is... in
fact, surrounded by these fruits, is to see what is around and understand... ” (Participant 2).
In this regard, the participants suggested that the presence of signs with the names of the

sections and/or a map of the supermarket would improve the sense of orientation as well as

the learning of the VE.
3.2. Rehabilitation Potential

The health professionals considered NeuroVRehab.PT a useful and innovative instrument

for cognitive stimulation that they would recommend to their MCI patients.

Participant 5: “[regarding another virtual supermarket for TADL rehabilitation] (...)

it was prehistoric when compared to this one.”
Participant 2: ... a good alternative for cognitive stimulation.”
3.2.1. Cognitive Stimulation

The participants considered NeuroVRehab.PT “... sufficiently appealing and demanding for
MCI patients...” (Participant 5) and comprehensive in terms of the cognitive functions
stimulated—namely, executive functions (working memory, planning, decision making),

memory, attention, spatial orientation, and math abilities.

Participant 5: “... working memory, of course, always pumping in my head (...)
Manifestly, this also trains orientation....”. [...] From an attentional point of view,

it is quite demanding”.

In addition, the choice for a shopping activity as the core activity of this digital intervention

was considered as ““...meeting the necessities of this population.” (Participant 1) and “...
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important, crucial for [patients] daily-life, if they do not have someone to do the shopping

for them, they have to do it themselves...” (Participant 7).

The realism of the scenario was also identified as an asset that could be used to promote
patients’ motivation to comply with long and emotionally demanding rehabilitation

programs.

Participant 7: “[regarding other CCTP] I think there is not an effort or an intent to
be similar to the person’s daily life. Here I notice that effort (...) and that could be more

motivating for the person who is doing the training”.
3.2.2. Transfer Capacity

NeuroVRehab.PT elicited a sense of presence in some participants; “... I already knew that
the milk would be closer to where eggs were, it is similar to other supermarkets where I go,
I knew that... even if some fruits are not displayed on the fruit exhibitor, they are right there,

it is essentially like... my experience in other [real] supermarkets.” (Participant 1).

Participants were divided concerning NeuroVRehab.PT transfer capacity to patients’ daily
life. Four participants considered that the activities proposed on NeuroVRehab.PT are “...
more easily generalized than the paper-and-pencil exercises that we often do.” (Participant
5) and “Once the person succeeds in the game, I think..., I would say that it is easy to transfer
to real life.” (Participant 6). Other participants considered that the transfer of the trained
skills could not be assumed only based on the similarities between the virtual and real-world
environments. Finally, a third group of participants claimed that the transfer of trained skills

is more likely to occur if the activity/exercise is meaningful within the patient’s life context.

Participant 2: “It has to make much sense [to the patient] to have any impact or
transfer to real life. And even with this software, it is either something that meets
what the previous life of the person was, and it has any meaning to him/her, or it

ends up [just] being an interesting game...”.

Finally, it was also pointed out that, despite being very realistic, our virtual supermarket is
still a controlled environment (e.g., being the only customer, the absence of entropy caused
by the presence of other buyers, people covering the products) and different from the

supermarket frequented by the patient.
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3.3. Potential Barriers

Among the potential negative psychological side effects that MCI patients might experience
associated with the use of our platform, the one most referred to by the participants was
frustration (verbalized by six participants), followed by stress (n =4), fatigue (n = 2), anxiety
(n = 2), and irritation (n = 1). Feelings of frustration were primarily associated with the
process of learning how the platform works. Nonetheless, the participants considered that
potential negative psychological side effects could be easily managed if a therapist is present
and supports the patient’s learning process by explaining game mechanics and controls and

helping the patient cope with feelings of frustration.

Participant 7: “1 believe they [the patients] will have some doubts (...) I had

someone by my side to explain it to me, and they do not have it”.

Participant 3: “I think in some cases, some patients can easily start to get frustrated.
And it is advisable not to continue. And I think there will be some situations like
that, which is perfectly normal with this type of activity. Therefore, it is necessary
to have resources [as therapists] (...) to be you to finish the activity and help the

patient to move on ...”

Nausea was also referred to (n = 1) as a potential negative side effect as a result of the
temporary blurred vision associated with the process of going from one image (sphere) to
another. No other physical adverse effects (e.g., falls, dizziness) were foreseen by the
participants, although difficulties associated with ageing, such as low visual acuity, were

referred to.
3.4. Opportunities

Throughout the experimental sections, the participants identified three other possible

applications of NeuroVRehab.PT.
3.4.1. Clinical and Non-Clinical Contexts

NeuroVRehab.PT was considered as having applicability in other clinical populations, such
as Traumatic Brain Injury (TBI), stroke, and early-stage dementia patients. Some
participants also suggested that the platform could be used as a means to increase technology

literacy in healthy older adults.
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3.4.2. Friend Sourcing

Three participants reported they would like to see some degree of interaction between users.
One of the suggestions was to provide patients with the possibility of sharing recipes and
cooking tips with other NeuroVRehab.PT users (i.e., patients), thus creating a virtual
community. The participants also stated that it would be interesting if the therapist could
create shopping lists (participant 5) that reflect the patient’s diet and/or food restrictions
(participant 3). The fact that NeuroVRehab.PT is an online platform was identified by
another participant as a way to promote family engagement, especially from younger people.
“This (NeuroVRehab.PT) would be much more playful and (...) maybe it could even be
more interesting to attract family participation (...) even for grandchildren, it would be much
more interesting than sitting next to the grandmother, with a paper and pencil activity”

(Participant 7).
3.4.3. Other Environments

The possibility of exploring other IADL (e.g., finances, ATMs, housekeeping) as well as
real-life scenarios (e.g., the supermarket where they usually go) was noted as being one of
most significant opportunities that the design approach presented here could bring to the
field of neurorehabilitation. Other proposed activities were to invite patients to cook the
recipes available in the recipe game mode, explore public places, and train their capacity to

use public transportation.
4. DISCUSSION

The use of photo-realistic interactive virtual environments is a promising approach to
develop accessible, cost-effective, and ecologically valid instruments for neurorehabilitation
in VaMCl patients. The availability of digital instruments has gained even more prominence
with the current global health conjecture due to the COVID-19 pandemic, where contact
between health professionals and patients is restricted or drastically reduced. In this paper,
we described the design and development process of a fully navigable and interactive virtual
supermarket built from photos of a typical Portuguese supermarket—the NeuroVRehab.PT.
Furthermore, health professionals with extensive clinical and research experience in
neurodegenerative and age-related disorders assessed our platform and identified the

advantages and challenges associated with its clinical use in VaMCI neurorehabilitation.

The participants considered NeuroVRehab.PT a remarkable improvement in the design of

VEs for neurorehabilitation. The use of real-world supermarket photos as a core element of
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NeuroVRehab.PT resulted in a highly realistic and ecologically valid VE. In previous
studies, the ecological validity of virtual supermarkets for assessment or training purposes
was established through the relationships obtained between the participants’ performance in
the VE and in related measures of executive functions and everyday functional capacity
[23,26,46,47]. However, in the present study the ecological validity of NeuroVRehab.PT
was established based on the verisimilitude approach [48]. According to this approach,
ecological validity can be established based on the degree to which the demands of an
experimental task resemble the cognitive demands of that task in the real world [48,49]. In
this regard, not only is NeuroVRehab.PT an accurate representation of a typical Portuguese
supermarket (face validity), but it was also claimed by the participants that our platform
looked like (and felt like) a real supermarket. This was most evident in the statements of
participants 1 and 5, when they said that their experience with NeuroVRehab.PT was very
similar to shopping in a real-world supermarket; that is, they experienced the same
difficulties and resorted to the same problem-solving strategies as they would in a real-world
shopping activity. From this perspective, the design approach presented in this paper can
also be applied to the development of instruments aiming to assess cognitive functioning,

particularly executive functioning.

Moreover, our platform allowed the participants to interact and choose between grocery
products that they are familiarized with and use in their daily life. This additional layer of
customization (e.g., through the creation of personalized shopping lists that reflect real-life
needs) enables coupling between therapeutic exercises and the patients’ interests and
routines, thus resulting in meaningful exercises with practical (real-life) applications [35].
In other words, NeuroVRehab.PT is therefore a flexible rehabilitation platform to
accommodate patients’ personal (e.g., food preferences), health (e.g., diet, food allergies and
intolerances), cultural/religious (e.g., regional gastronomy), and socioeconomic status (e.g.,

branded vs. white label products).

Another layer of NeuroVRehab.PT aiming to promote patients’ engagement is the use of
gamification processes. Gamification (i.e., the use of game elements in non-game contexts)
[50,51] has been widely used as a means to promote patients’ adherence [52], self-esteem,
satisfaction, and positive emotional experience [53] with healthcare interventions. In
NeuroVRehab.PT, we implemented two types of game elements: numeric (e.g., points,
scores) and visual (e.g., messages, three-star classification) feedback elements and narrative

contexts. Although the study of the motivational influences of different game elements is
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still in its infancy, preliminary studies suggest that immediate feedback elements are
associated with high adherence rates during the initial phases of contact with the platform
[54,55]. On the other hand, the storyline in which the main action unfolds is thought to be a
crucial feature for long-term adherence [55] (see reference [54] for a description of the
rationale underlying the selection of this game element). Although the conclusions that can
be drawn from a single moment of contact with our platform are limited, the participants’
statements that they had fun with and enjoyed using our platform is indicative that the

implementation of these game elements was successful, at least to some degree.

From the semantic thematic analysis, two subthemes emerged regarding the rehabilitation
potential of our platform: cognitive stimulation and transfer capacity. Health professionals
considered that the activities proposed in NeuroVRehab.PT are feasible by VaMCI patients
and target the cognitive functions recruited during a shopping activity (e.g., orientation,
planning, decision making, working memory, attention, math abilities). Furthermore, the
participants referred to the training provided by our platform as being more easily
generalized to the patient’s daily life when compared to other forms of cognitive stimulation,
such as CCTP and Brain Training Games (BTG). Despite the undeniable social and
economic impact of CCTP and BTG, the evidence regarding the efficacy of these programs
is still scarce, with few studies showing an impact on other cognitive functions beyond those
directly targeted by the cognitive training program, and even fewer studies showing an

impact on behavioral outcomes [32,56-58].

It is noteworthy that the theoretical framework used in NeuroVRehab.PT highly contrasts
with the one used in CCTP and BTG. While, in CCTP and BTG, individual exercises are
developed to target isolated cognitive functions [59—61], in our platform we focused on
developing a training exercise that aims to stimulate/train the adequate behavioral
patterns/responses to perform one specific IADL successfully. Therefore, in
NeuroVRehab.PT we privileged activity segmentation into its basic units (e.g., creating a
shopping list, searching for products, checking the shopping) as a means to promote the
patient’s awareness of where and how errors occur, along with the availability of simple
strategies that patients could apply when shopping in the real world (e.g., organizing the
shopping list and checking it before leaving each supermarket section). Promoting patients’
awareness, training practical strategies to overcome or avoid errors, and the periodical
monitorization of action and goals are crucial steps in the Goal Management Training

paradigm (GMT) [62]. The GMT has been used in the cognitive rehabilitation of patients
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with attention and executive deficits [62], including MCI patients, with positive results on
quality of life [63], capacity to identify relevant occupational goals and efficient strategies,

and the monitorization of task progression [64].

Nonetheless, not all the participants were sure about the transfer capacity of
NeuroVRehab.PT. For instance, participant 3 stated that patients’ predisposing
characteristics (e.g., previous shopping experiences) rather than the VE characteristics
would influence patient adherence and skill transfer. The perspective that different people
need and want to (re)learn different things and do this in different ways, using different
strategies, is an established fact in the neurorehabilitation field, and programs should be
committed to identifying which activities patients perceive as relevant in the actual context
of their life [65]. In other words, no matter how well a system is designed or optimized to
perform a task, it needs to relate to their users and correspond to their expectations [66].
Shopping for groceries is still a gender-based established activity, at least among older
Portuguese generations. This will negatively influence how comfortable some older adults
will feel performing a task that they are not used to, or that they might consider as conflicting
with his/her role in the family and the social system. Therefore, in future feasibility and
efficacy digital health intervention studies, factors such as perceived usefulness,
expectations regarding digital interventions, and the perceived social impact of resorting to
mental health programs [67] should be taken into account when establishing the participant

inclusion criteria.

Although NeuroVRehab.PT has been designed to be used independently by VaMCI patients,
health professionals were in agreement regarding the importance of the presence of the
therapist during the training sessions (at least, in the first sessions). The therapeutic bond
established between the health professional and patient (i.e., therapeutic alliance) is a strong
predictor of psychotherapy outcome [68], the decision to start treatment, and patient attrition
[69—71]. Feelings of frustration triggered by successive experiences of failure are common
among patients with cognitive impairments and, when not managed properly, can lead to
feelings of confusion, anxiety, and dropouts [71]. In our study, the need for the therapist’s
presence was associated with two main roles: to support the learning process of how the
platform works, and to help patients cope with failure and frustration. This finding is
supported by an extensive body of literature that shows that learning can be fostered when

guided by a more experienced agent [72].
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Furthermore, we acknowledge that VaMCI patients may also experience other difficulties
observed in healthy older adults, such as the fear of failure and peer judgment, anxiety about
using computers, and a low assessment of their skills and capacity to learn new things [73].
Therefore, an intermediate phase of user testing with healthy older adults is being planned
to analyze age-related usability issues, gender and social variable influences, and the system

stability [74], which may compromise the use of NeuroVRehab.PT by VaMCI patients.
5. CONCLUSIONS

Taken together, our results show that the NeuroVRehab.PT is an engaging, ecologically
valid neurorehabilitation digital platform for VaMCI patient neurorehabilitation. Although
some interface components such as the navigation controls should be optimized to improve
the patients’ UX, health professionals considered this platform a significant step forward to
the design of efficient and family-inclusive digital interventions for cognitive stimulation
and IADL training. The present study also highlighted the impact that the perceived personal
and social relevance of the training activities might have on patients’ adherence and long-
term use and, ultimately, the interventions’ efficacy. Finally, our results are elucidative
regarding the potential positive impact of the therapeutic bond between the health
professional and patient on an intervention’s outcomes, and so this should not be dismissed

even in interventions supported mostly by digital resources.

Supplementary Materials: The Supplementary Material for this article can be found online
at: https://shre.ink/1ScE

Author Contributions: Conceptualization, F.F.-B., O.S., T.G., C.C,, L.C, and A.V,;
Methodology, F.F.-B. and O.S.; Software, S.A.; Validation, F.F.-B., S.A., O.S., C.C,, T.G,,
L.C.,and A.V. and ; Formal Analysis, F.F.B., S.A. and T.G.; Investigation, F.F.-B. and S.A_;
Resources, C.C., T.G., L.C., and A.V_; Data Curation, F.F.-B. and S.A.; Writing—Original
Draft Preparation, F.F.-B.; Writing—Review and Editing, S.A., O.S., C.C., T.G., L.C., and
A.V.; Visualization, F.F.-B.; Supervision, O.S., T.G., C.C., L.C., and A.V.; Project
Administration, F.F.-B., C.C., L.C., and A.V. All the authors have read and agreed to the

published version of the manuscript.

Funding: This research was carried out as part of the doctoral studies of the first author
(Ref: PDE/BDE/127784/2016) and for which she received scholarships from the following
entities: Nippon Gases Portugal and Fundacdo para a Ciéncia e a Tecnologia through the

European Social Fund and Human Capital Operational Programme, co-financed by Portugal

107


https://shre.ink/1ScE

2020 and European Union. The work was partially supported by LASIGE Research Unit,
ref. UIDB/00408/2020 and ref. UIDP/00408/2020.

Acknowledgments: The authors would like to express their sincere thanks to André

Rodrigues and Diogo Branco for their assistance in the identification of software usability

violations, to Pedro Caldeira for the development of preliminary versions of the image-based

environment, and to Ana Virgolino for her insightful contributions regarding the platform

interface.

Conflicts of Interest: The authors declare no conflict of interest.

REFERENCES OF STUDY 3

1.

Petersen, R.; Doody, R.; Kurz, A.; Mohs, R.; Morris, J.; Rabins, P.; Ritchie, K.; Rossor,
M.; Thal, L.; Winblad, B. Current concepts in Mild Cognitive Impairment. Arch.
Neurol. 2001, 58, 1985-1992, doi:nsal0002[pii].

Tuokko, H.; Morris, C.; Ebert, P. Mild Cognitive Impairment and everyday functioning
in older adults. Neurocase 2005, 11, 40—47, doi:10.1080/13554790490896802.

Jekel, K.; Damian, M.; Wattmo, C.; Hausner, L.; Bullock, R.; Connelly, P.J.; Dubois,
B.; Eriksdotter, M.; Ewers, M.; Graessel, E.; et al. Mild Cognitive Impairment and
deficits in instrumental activities of daily living: A systematic review. Alzheimer’s Res.
Ther. 2015, 7, doi:10.1186/s13195-015-0099-0.

O’Brien, J.T.; Erkinjuntti, T.; Reisberg, B.; Roman, G.; Sawada, T.; Pantoni, L.; Bowler,
J.V.; Ballard, C.; DeCarli, C.; Gorelick, P.B.; et al. Vascular cognitive impairment.
Lancet Neurol. 2003, 2, 89-98, doi:10.1016/S1474-4422(03)00305-3.

Gorelick, P.B.; Scuteri, A.; Black, S.E.; Decarli, C.; Greenberg, S.M.; Iadecola, C.;
Launer, L.J.; Laurent, S.; Lopez, O.L.; Nyenhuis, D.; et al. Vascular contributions to
cognitive impairment and dementia: A statement for healthcare professionals from the
American Heart Association/American Stroke Association. Stroke 2011, 42, 2672—
2713, doi:10.1161/STR.0b013e¢3182299496.

Péres, K.; Chrysostome, V.; Fabrigoule, C.; Orgogozo, J.M.; Dartigues, J.F.; Barberger-
Gateau, P. Restriction in complex activities of daily living in MCI: Impact on outcome.
Neurology 2006, 67, 461-466, doi:10.1212/01.wnl.0000265318.46474.bf.

Freeman, D.; Reeve, S.; Robinson, A.; Ehlers, A.; Clark, D.; Spanlang, B.; Slater, M.
Virtual reality in the assessment, understanding, and treatment of mental health
disorders. Psychol. Med. 2017, 47, 2393-2400, doi:10.1017/S003329171700040X.
Parsons, T.; Carlew, A.; Magtoto, J.; Stonecipher, K. The potential of function-led
virtual environments for ecologically valid measures of executive function in
experimental and clinical neuropsychology. Neuropsychol. Rehabil. 2015, 1-31,
doi:10.1080/09602011.2015.1109524.

Bombin-Gonzalez, 1.; Cifuentes-Rodriguez, A.; Climent-Martinez, G.; Luna-Lario, P.;
Cardas-lanez, J.; Tirapu-Ustarroz, J.; Diaz-Orueta, U. Validez ecoldgica y entornos
multitarea en la evaluacion de las funciones ejecutivas. Rev. Neurol. 2014, 59, 77-87.

108



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Jansari, A.S.; Devlin, A.; Agnew, R.; Akesson, K.; Murphy, L.; Leadbetter, T.
Ecological assessment of executive functions: A new virtual reality paradigm. Brain
Impair. 2014, 15, 71-87, doi:10.1017/Brlmp.2014.14.

Tarnanas, I.; Schlee, W.; Tsolaki, M.; Miiri, R.; Mosimann, U.; Nef, T. Ecological
validity of virtual reality daily living activities screening for early dementia:
Longitudinal study. JMIR Serious Games 2013, 1, el, doi:10.2196/games.2778.
Renison, B.; Ponsford, J.; Testa, R.; Richardson, B.; Brownfield, K. The ecological and
construct validity of a newly developed measure of executive function: The Virtual
Library Task. J.  Int.  Neuropsychol.  Soc. 2012, 18, 440-450,
doi:10.1017/S1355617711001883.

Manera, V.; Petit, P.D.; Derreumaux, A.; Orvieto, I.; Romagnoli, M.; Lyttle, G.; David,
R.; Robert, P. “Kitchen and cooking”, a serious game for Mild Cognitive Impairment
and Alzheimer’s disease: A pilot study. Front. Aging Neurosci. 2015, 7, 1-10,
doi:10.3389/thagi.2015.00024.

Klinger, E.; Cao, X.; Douguet, A.S.; Fuchs, P. Designing an ecological and adaptable
virtual task in the context of executive functions. Annu. Rev. CyberTherapy Telemed.
2009, 7, 248-252, doi:10.3389/conf.neuro.14.2009.06.051.

Foreman, N.; Stanton-Fraser, D.; Wilson, P.N.; Duffy, H.; Parnell, R. Transfer of spatial
knowledge to a two-level shopping mall in older people, following virtual exploration.
Environ. Behav. 2005, 37, 275-292, doi:10.1177/0013916504269649.

Gamito, P.; Oliveira, J.; Alghazzawi, D.; Fardoun, H.; Rosa, P.; Sousa, T.; Maia, L.;
Morais, D.; Lopes, P.; Brito, R. The Art Gallery Test: A preliminary comparison
between traditional neuropsychological and ecological VR-based tests. Front. Psychol.
2017, 8, 1-8, doi:10.3389/fpsyg.2017.01911.

Gamito, P.; Oliveira, J.; Morais, D.; Coelho, C.; Santos, N.; Alves, C.; Galamba, A.;
Soeiro, M.; Yerra, M.; French, H.; et al. Cognitive stimulation of elderly individuals
with instrumental virtual reality-based activities of daily life: Pre-post treatment study.
Cyberpsychol. Behav. Soc. Netw. 2019, 22, 69-75.

Oliveira, J.; Gamito, P.; Alghazzawi, D.M.; Fardoun, H.M.; Rosa, P.J.; Sousa, T.;
Picareli, L.F.; Morais, D.; Lopes, P. Performance on naturalistic virtual reality tasks
depends on global cognitive functioning as assessed via traditional neurocognitive tests.
Appl. Neuropsychol. Adult 2018, 25, 555-561, d0i:10.1080/23279095.2017.1349661.
Man, D.W.K.; Chung, J.C.C.; Lee, G.Y.Y. Evaluation of a virtual reality-based memory
training programme for Hong Kong Chinese older adults with questionable dementia:
A pilot study. Int. J. Geriatr. Psychiatry 2012, 27, 513-520, doi:10.1002/gps.2746.
Cabinio, M.; Rossetto, F.; Isernia, S.; Saibene, F.L.; Di Cesare, M.; Borgnis, F.; Pazzi,
S.; Migliazza, T.; Alberoni, M.; Blasi, V.; et al. The use of a virtual reality platform for
the assessment of the memory decline and the hippocampal neural injury in subjects
with Mild Cognitive Impairment: The validity of smart aging serious game (SASG). J.
Clin. Med. 2020, 9, 1355, doi:10.3390/jcm9051355.

Aubin, G.; Beliveau, M.-F.; Klinger, E. An exploration of the ecological validity of the
Virtual Action Planning-Supermarket (VAP-S) with people with schizophrenia.
Neuropsychol. Rehabil. 2018, 28, 689—708, doi:10.1080/09602011.2015.1074083.

109



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kizony, R.; Korman, M.; Sinoff, G.; Klinger, E.; Josman, N. Using a virtual
supermarket as a tool for training executive functions in people with Mild Cognitive
Impairment. In Proceedings of the 9th International Conference Disability, Virtual
Reality & Associated Technologies, Reading, UK, 10—12 September 2012; pp. 41-46.
Josman, N.; Kizony, R.; Hof, E.; Goldenberg, K.; Weiss, P.L.; Klinger, E. Using the
virtual action planning-supermarket for evaluating executive functions in people with
stroke. J. Stroke Cerebrovasc. Dis. 2013, 23, 879-887,
doi:10.1016/j.jstrokecerebrovasdis.2013.07.013.

Zygouris, S.; Giakoumis, D.; Votis, K.; Doumpoulakis, S.; Ntovas, K.; Segkouli, S.;
Karagiannidis, C.; Tzovaras, D.; Tsolaki, M. Can a virtual reality cognitive training
application fulfill a dual role? Using the virtual supermarket cognitive training
application as a screening tool for Mild Cognitive Impairment. J. Alzheimer’s Dis. 2015,
44,1333-1347, doi:10.3233/JAD-141260.

Erez, N.; Weiss, P.L.; Kizony, R.; Rand, D. Comparing performance within a virtual
supermarket of children with traumatic brain injury to typically developing children: A
pilot study. OTJR Occup. Particip. Heal. 2013, 33, 218-227, d0i:10.3928/15394492-
20130912-04.

Rand, D.; Rukan, S.B.A.; Weiss, P.L.; Katz, N. Validation of the Virtual MET as an
assessment tool for executive functions. Neuropsychol. Rehabil. 2009, 19, 583-602,
doi:10.1080/09602010802469074.

Rand, D.; Katz, N.; Weiss, P.L. Evaluation of virtual shopping in the VMALL.:
Comparison of post-stroke participants to healthy control groups. Disabil. Rehabil.
2007, 29, 1710-1719, doi:10.1080/09638280601107450.

Benoit, M.; Guerchouche, R.; Petit, P.D.; Chapoulie, E.; Manera, V.; Chaurasia, G.;
Drettakis, G.; Robert, P. Is it possible to use highly realistic virtual reality in the elderly?
A feasibility study with image-based rendering. Neuropsychiatr. Dis. Treat. 2015, 11,
557-563, doi:10.2147/NDT.S73179.

Tieri, G.; Morone, G.; Paolucci, S.; losa, M. Virtual reality in cognitive and motor
rehabilitation: Facts, fiction and fallacies. Expert Rev. Med. Devices 2018, 1-11,
doi:10.1080/17434440.2018.1425613.

Manera, V.; Chapoulie, E.; Bourgeois, J.; Guerchouche, R.; David, R.; Ondrej, J.;
Drettakis, G.; Robert, P. A feasibility study with image-based rendered virtual reality in
patients with Mild Cognitive Impairment and dementia. PLoS ONE 2016, 11,e0151487,
doi:10.1371/journal.pone.0151487.

Tong, A.; Sainsbury, P.; Craig, J. Consolidated criteria for reporting qualitative research
(COREQ): A 32-item checklist for interviews and focus groups. Int. J. Qual. Heal. Care
2007, 19, 349-357, doi:10.1093/intghc/mzm042.

Bahar-Fuchs, A.; Martyr, A.; Goh, A.; Sabates, J.; Clare, L. Cognitive training for
people with mild to moderate dementia. Cochrane Database Syst. Rev. 2019, 2019,
doi:10.1002/14651858.CD013069.pub2.

Bahar-Fuchs, A.; Clare, L.; Woods, B. Cognitive training and cognitive rehabilitation
for persons with mild to moderate dementia of the Alzheimer’s or vascular type: A
review. Alzheimer’s Res. Ther. 2013, 5, doi:10.1186/alzrt189.

110



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Li, H.; Li, J.; Li, N.; Li, B.; Wang, P.; Zhou, T. Cognitive intervention for persons with
Mild Cognitive Impairment: A meta-analysis. Ageing Res. Rev. 2011, 10, 285-296,
doi:10.1016/j.arr.2010.11.003.

Sohlberg, M.M.; Mateer, C.A. Cognitive Rehabilitation: An Integrative
Neuropsychological Approach; Guilford Press: New York, NY, USA, 2001; ISBN
9781572306134.

Blendinger, K. Tablet-Applications for the Elderly: Specific Usability Guidelines; Ulm
University: Ulm, Germany, 2015.

Canini, M.; Battista, P.; Della Rosa, P.A.; Catricala, E.; Salvatore, C.; Gilardi, M.C.;
Castiglioni, I. Computerized neuropsychological assessment in aging: Testing efficacy
and clinical ecology of different interfaces. Comput. Math. Methods Med. 2014, 2014,
doi:10.1155/2014/804723.

Shneiderman, B. Touchscreens now offer compelling uses. IEEE Softw. 1991, 8, 93-94,
doi:10.1109/52.73754.

Delello, J.A.; McWhorter, R.R. Reducing the digital divide: Connecting older adults to
iPad technology. J. Appl. Gerontol. 2015, 1-26, doi:10.1177/0733464815589985.
Astell, A.J.; Joddrell, P.; Groenewoud, H.; de Lange, J.; Goumans, M.; Cordia, A.;
Schikhof, Y. Does familiarity affect the enjoyment of touchscreen games for people
with dementia? Int. J. Med. Inform. 2016, 91, el—e8,
doi:10.1016/j.ijmedinf.2016.02.001.

Alves, S.; Brito, F.; Cordeiro, A.; Carrico, L.; Guerreiro, T. Designing personalized
therapy tools for people with dementia. In Proceedings of the 16th Web For All 2019
Personalization-Personalizing the Web, San Francisco, CA, USA, 13—-14 May USA,
2019, doi:10.1145/3315002.3317571.

Someren, M.; Barnard, Y.F.; Sandberg, J. The Think Aloud Method: A Practical Guide
to Modelling Cognitive Processes; van Someren, M.W., Barnard, Y.F. and Barnard,
J.A.C, Eds.; Academic Press: Lodon, UK, 1994; ISBN 0127142703.

McHugh, M.L. Lessons in biostatistics interrater reliability: The kappa statistic.
Biochem. Medica 2012, 22, 276-282.

Braun, V.; Clarke, V. Using thematic analysis in psychology. Qual. Res. Psychol. 2006,
3,77-101, doi:10.1191/1478088706qp0630a.

Schultz, D.; Schultz, S.E. Rats, ants, and the animal mind. In 4 History of Modern
Psychology; Wadsworth Cengage Learning: Boston, MA, USA, 2011; pp. 193-195;
ISBN 5856420187.

Josman, N.; Hof, E.; Klinger, E.; Mari¢, R.M.; Goldenberg, K.; Weiss, P.L.; Kizony, R.
Performance within a virtual supermarket and its relationship to executive functions in
post-stroke patients. In Proceedings of the 2006 International Workshop on Virtual
Rehabilitation, New York, NY, USA, 29-30 August 2006; pp. 106-109,
doi:10.1109/iwvr.2006.1707536.

Werner, P.; Rabinowitz, S.; Klinger, E.; Korczyn, A.D.; Josman, N. Use of the virtual
action planning supermarket for the diagnosis of Mild Cognitive Impairment. Dement.
Geriatr. Cogn. Disord. 2009, 27, 301-309, doi:10.1159/000204915.

111



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Chaytor, N.; Schmitter-Edgecombe, M. The ecological validity of neuropsychological
tests: A review of the literature on everyday cognitive skills. Neuropsychol. Rev. 2003,
13, 181-197.

Spooner, D.M.; Pachana, N.A. Ecological validity in neuropsychological assessment: A
case for greater consideration in research with neurologically intact populations. Arch.
Clin. Neuropsychol. 2006, 21, 327-337, doi:10.1016/j.acn.2006.04.004.

Deterding, S.; Dixon, D.; Khaled, R.; Nacke, L. From Game Design Elements to
Gamefulness: Defining “Gamification.” In Proceedings of the MindTrek’11, Tampere,
Filand, 28-30 September 2011; pp. 28-30.

Deterding, S.; Dixon, D.; Khaled, R.; Nacke, L.; Sicart, M.; O’Hara, K. Gamification:
Using game design elements in non-game contexts. In Proceedings of the 2011 Annual
Conference Extended Abstracts on Human Factors in Computing Systems (CHI 2011),
Vancouver, BC, Canada, 7-12 May 2011; pp- 2425-2428,
doi:10.1145/1979742.1979575.

Lumsden, J.; Edwards, E.A.; Lawrence, N.S.; Coyle, D.; Munafo, M.R. Gamification
of Cognitive Assessment and Cognitive Training : A Systematic Review of Applications
and Efficacy. JMIR Serious Games 2016, 4, 1-14, doi:10.2196/games.5888.

Sardi, L.; Idri, A.; Fernandez-Aleman, J.L. A systematic review of gamification in e-
Health. J. Biomed. Inform. 2017, 71, 3148, doi:10.1016/5.jb1.2017.05.011.
Ferreira-Brito, F.; Fialho, M.; Virgolino, A.; Neves, I.; Miranda, A.C.; Sousa-Santos,
N.; Caneiras, C.; Carrigo, L.; Verdelho, A.; Santos, O. Game-based interventions for
neuropsychological assessment, training and rehabilitation: Which game-elements to
use? A systematic review. J. Biomed. Inform. 2019, 98, 103287,
doi:10.1016/j.jb1.2019.103287.

Sailer, M.; Hense, J.U.; Mayr, S.K.; Mandl, H. How gamification motivates: An
experimental study of the effects of specific game design elements on psychological
need  satisfaction. Comput. Human  Behav. 2017, 69, 371-380,
doi:10.1016/j.chb.2016.12.033.

Simons, D.J.; Boot, W.R.; Charness, N.; Gathercole, S.E.; Chabris, C.F.; Hambrick,
D.Z.; Stine-Morrow, E.A.L. Do “Brain-Training” programs work? Psychol. Sci. Public
Interest Suppl. 2016, 17, 103—186, doi:10.1177/1529100616661983.

Zhang, H.; Huntley, J.; Bhome, R.; Holmes, B.; Cahill, J.; Gould, R.L.; Wang, H.; Yu,
X.; Howard, R. Effect of computerised cognitive training on cognitive outcomes in Mild
Cognitive Impairment: A systematic review and meta-analysis. BMJ Open 2019, 9,
doi:10.1136/bmjopen-2018-027062.

Clare, L.; Woods, B. Cognitive rehabilitation and cognitive training for early-stage
Alzheimer’s disease and vascular dementia. Cochrane Database Syst. Rev. 2003, 4,
doi:10.1002/14651858.cd003260.

De Giglio, L.; De Luca, F.; Prosperini, L.; Borriello, G.; Bianchi, V.; Pantano, P.;
Pozzilli, C. A low-cost cognitive rehabilitation with a commercial video game improves
sustained attention and executive functions in multiple sclerosis: A pilot study.
Neurorehabil. Neural Repair 2015, 29, 453461, doi:10.1177/1545968314554623.
Nouchi, R.; Taki, Y.; Takeuchi, H.; Hashizume, H.; Nozawa, T.; Kambara, T.;
Sekiguchi, A.; Miyauchi, C.M.; Kotozaki, Y.; Nouchi, H.; et al. Brain training game

112



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

boosts executive functions, working memory and processing speed in the young adults:
A randomized  controlled  trial. PLoS ONE 2013, 8, e55518,
doi:10.1371/journal.pone.0055518.

Loépez-Martin, O.; Fragoso, A.S.; Hernandez, M.R.; Terrer, [.D.; Polonio Lépez, B.
Efectividad de un programa de juego basado en realidad virtual para la mejora cognitiva
en la esquizofrenia. Gac. Sanit. 2016, 30, 133—-136, doi:10.1016/j.gaceta.2015.10.004.
Levine, B.; Robertson, I.H.; Clare, L.; Carter, G.; Hong, J.; Wilson, B.A.; Duncan, J.;
Stuss, D.T. Rehabilitation of executive functioning: An experimental-clinical validation
of goal management training. J. Int. Neuropsychol. Soc. 2000, 6, 299-312,
doi:10.1017/S1355617700633052.

Londos, E.; Boschian, K.; Lindén, A.; Persson, C.; Minthon, L.; Lexell, J. Effects of a
Goal-Oriented Rehabilitation program in Mild Cognitive Impairment: A pilot study.
Am. J.  Alzheimer’s Dis. Other  Dementias 2008, 23, 177-183,
doi:10.1177/1533317507312622.

Clare, L.; van Paasschen, J.; Evans, S.J.; Parkinson, C.; Woods, R.T.; Linden, D.E.J.
Goal-oriented cognitive rehabilitation for an individual with Mild Cognitive
Impairment: Behavioural and neuroimaging outcomes. Neurocase 2009, 15, 318-331,
doi:10.1080/13554790902783116.

Wilson, B.A. Memory Rehabilitation: Integrating Theory and Practice; The Guilford
Prss: New York, NY, USA, 2009; Volume 25; ISBN 9781606232873.

De Schutter, B.; Vanden Abeele, V. Designing meaningful play within the psycho-
social context of older adults. In Proceedings of the 3rd International Conference on Fun
and Games, Leuven, Belgium, 15-17 September 2010; pp. 84-93,
doi:10.1145/1823818.1823827.

Barrett, M.; Chua, W.-J.; Crits-Christoph, P.; Gibbons, M.B.; Casiano, D.; Thompson,
D. Early withdrawal from mental health treatment: Implications for psychoterapy
pratice. Psychotherapy 2008, 45, 247-267, doi:10.1038/jid.2014.371.

Martin, D.J.; Garske, J.P.; Katherine Davis, M. Relation of the therapeutic alliance with
outcome and other variables: A meta-analytic review. J. Consult. Clin. Psychol. 2000,
68, 438-450, doi:10.1037/0022-006X.68.3.438.

Roos, J.; Werbart, A. Therapist and relationship factors influencing dropout from
individual psychotherapy: A literature review. Psychother. Res. 2013, 23, 394418,
doi:10.1080/10503307.2013.775528.

Werbart, A.; Wang, M. Predictors of not starting and dropping out from psychotherapy
in Swedish public service settings. Nord. Psychol. 2012, 64, 128-146,
doi:10.1080/19012276.2012.726817.

Martin, L.; Williams, S.L.; Haskard, K.; DiMatteo, M.R. The challenge of patient
adherence. Ther. Clin. Risk Manag. 2005, 1, 189—199, doi:10.1089/bar.2012.9960.
Vygotsky, L.S. Interaction between learning and development. In Mind and Society;
Harvard University Press: Cambridge, MA, USA, 1978; pp. 79-91 ISBN
9780674576292.

Barnard, Y.; Bradley, M.D.; Hodgson, F.; Lloyd, A.D. Learning to use new technologies
by older adults: Perceived difficulties, experimentation behaviour and usability.
Comput. Human Behav. 2013, 29, 1715-1724, doi:10.1016/j.chb.2013.02.006.

113



74. WHO. Monitoring and Evaluating Digital Health Interventions. A Pratical Guide to
Conducting Research and Assessment; WHO: Geneva, Switzerland, 2016; ISBN
9789241511766.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

114



Study 4: Adherence to health technologies in older adults: challenges and lessons

learned.

ABSTRACT

The level of computer confidence and self-efficacy can impact an individual's perceived ease
of use and usefulness of technology, ultimately determining their adherence to digital healthcare
services, especially among older individuals. However, only a few digital cognitive platforms
have been tested to determine the impact of non-clinical factors on the efficacy and adherence
to digital healthcare services. In this study, we aimed to analyse the role of non-clinical factors
(i.e., computer confidence and computer self-efficacy) in the interaction experience (IX) and
the feasibility of NeuroVRehab.PT in older community dwellers. Eight individual, audio-
recorded interviews were conducted, transcribed, and analysed using an inductive-deductive
informed thematic analysis protocol. Three themes (i.e., Interaction Experience, Digital
Literacy, and Attitudes toward NeuroVRehab.PT) and eight subthemes were identified. Our
findings align with the existing literature, highlighting that individuals with low familiarity with
technology and computer anxiety may experience challenges in using technology effectively.
Moreover, our results showed that even individuals who reported high confidence in their
technology use expressed anxiety and fear of making errors when encountering unexpected
situations while using the system. Future studies should consider incorporating a training period
to familiarise users with the technology prior to the intervention to ensure the successful
adoption of digital healthcare services. Additionally, training periods may be more effective if
facilitated by someone with whom older adults can relate regarding their past experiences with
technology. Neglecting users’ digital skills and computer self-confidence will perpetuate
inequalities in the access and efficient use of digital healthcare services, deepening the second-

level digital divide among populations less familiar with the technology.

Keywords: digital divide; digital health; computer confidence; computer self-efficacy;

technology adoption
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INTRODUCTION

The global population is ageing, and promoting cognitive functioning and functional
capacity in frail populations, particularly older adults with or without cognitive impairments,

is a pressing public health priority [1].

Digital healthcare, which refers to the use of digital, mobile, and wireless technologies to
achieve health outcomes, has become a mainstream way to deliver healthcare services [2].
To develop effective digital healthcare interventions, evaluating their applicability and
feasibility is crucial to meet the needs and characteristics of clinical populations [3-5].
However, the impact of non-clinical variables, such as users' familiarity with technology,
psychological factors, and previous experiences with technology, is often overlooked [1].
For instance, digital cognitive platforms typically focus solely on the barriers and
requirements created by users' cognitive impairments [6], neglecting other user

characteristics that may affect their ability and willingness to use these services.

A growing body of literature has shown that digital/computer literacy, negative emotions
associated with previous unsuccessful experiences, computer anxiety, and low perceived
computer self-efficacy can impact the adoption and use of digital healthcare interventions in
older adults [7-9]. For example, according to the eHealth Literacy model by Norman and
Skinner [10], using and adapting to computers and new technologies to solve problems (i.e.,
digital / computer literacy) is crucial to engage and using digital healthcare services.
Moreover, negative emotions associated with previous unsuccessful experiences also
determine users' perceived ease of use and technology usefulness. For instance, Portz et al.,
[11] showed that past negative experiences with technology resulted in computer anxiety
(i.e., apprehension or even fear of using technology) and low perceived computer self-
efficacy (i.e., confidence in the ability to "figure things out" while using technology), which,
in turn, negatively impacted the search for and adoption of digital healthcare services by

older adults.

In the present study, we aimed to identify potential barriers to adopting and using a digital
neuropsychological rehabilitation platform called NeuroVRehab.PT. This platform was
designed to promote cognitive functioning and functional capacity required to perform an
Instrumental Activity of Daily Living (IADL), namely shopping for groceries [16]. For this
purpose, we invited a group of healthy older adults with different proficiency levels and

usage of digital healthcare services to use and assess NeuroVRehab.PT's interaction
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experience (IX) [12,13]. By doing so, we aimed to contribute to providing insights into
potential barriers to consider when designing digital cognition-based interventions for older

adults who may be less familiar with the technology.

MATERIALS AND METHODS
Recruitment and Participants

To recruit participants, we visited two senior universities and presented the project to
attendees in two Information and Communication Technologies (ICT) classes. Eight ICT
attendees (Table 1) expressed willingness to participate and were screened for eligibility.
Participants had to meet the following criteria: (1) be 60 years or older, (2) be fluent in
Portuguese (spoken and written), (3) live in the community, and (4) have basic skills or

willingness to learn how to use a tablet.

This study was conducted in compliance with the Declaration of Helsinki, and ethical
approval was obtained from the Ethics Committee of the Centro Hospitalar de Lisboa Norte
e Centro Académico de Medicina de Lisboa (CAML; ref.546/19) and Comissdo de Etica
para Recolha e Protecdo de Dados de Ciéncias (ref. CERPDC/16/2019). Furthermore, we
also use the Consolidated Criteria for Reporting Qualitative Research (COREQ) guidelines
[15] for conducting and reporting the study (see Table S1 in Supplementary Files).

Instruments

The study employed individual audio-recorded interviews lasting approximately 60 minutes
with two parts. During the first part, the Think-Aloud Method was used to collect
participants' thoughts and feelings regarding their IX with the platform. This method
involves the collection of subjects' verbalisations as data, which researchers can analyse [14].
According to Someren et al., [14], this method enables to bring to the surface complicated
thinking processes and problem-solving strategies that participants experience while
performing a task. In parallel with the Think-Aloud exercise, researchers documented
participants' behavioural patterns while interacting with the platform, using field notes from

direct observation.

In the second part of the session, a semi-structured interview was conducted based on a script
the team members had developed beforehand. The semi-structured interview aimed to ensure
that relevant aspects of platform interaction that might be neglected or omitted during the

Think-Aloud exercise were collected for analysis. The script comprised open-ended
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questions on platform’s usability, user-experience, platform inputs and feedback quality,
intention to use, and the most and least appreciated/enjoyable platform features. Examples
of the questions included: "What difficulties did you experience while using the platform?",
"How would you describe your experience with the platform?", "How precise did you find
the instructions provided by the platform?", "If available to the public, will you consider
using the platform on a daily/weekly basis? Why?" and "What platform features did you
enjoy/value most?". We selected these protocols for their capacity to elicit verbal comments

and remarks from participants.

Table 1. Demographic information, self-reported confidence using technology, self-reported confidence in using new
technological devices, weekly time browsing the internet, habits of playing video games or using cognitively stimulating
Apps.

. Confidence Confidence . . .
. Marital . . Time browsing Play video
ID GN Age Education using using new .
Status Y internet/week games/other Apps
technology devices
P1 M 68 High school Married Confident Confident 14 hours No
Sudoku game and
P2 F 78 High school Widow Little confident | Little confident 11 hours Solitaire Spider
Microsoft®
P3 F 77 High school Married Little confident | Little confident 4 hours No
P4 F 67 Prlma_ry Married Confident Confident 5 hours No
education
P5 F 68 University Single Confident Confident 5 hours Faceb00k® math
exercises
P6 F 61 High school Divorced Little confident | Little confident 8 hours No
P7 M 69 High school Single Very confident Very confident 10 hours No
P8 M 77 University Widower Confident Confident 10 hours No
70.6 £6.1 8.38 £3.50
mean age mean time
Procedure

To conduct the study, two senior universities were contacted, and the first author (FFB)
introduced the study during visits to two ICT classes. Participants who expressed willingness
to participate were included, and sessions were scheduled at a convenient time for each
participant. The sessions were conducted in a private room at the senior universities' facilities
by a neuropsychologist (FFB) with previous experience in qualitative research, with the
second author (SA), a computer scientist and PhD student, present at the first two interviews

to ensure that the sessions went smoothly without technical issues.

An informative sheet was provided to each participant, which included the study's objectives
and authors' contact information. Participants were encouraged to read both forms and ask
any questions they may have. Additionally, demographic information, including age, sex,
education level, marital status, digital literacy (self-reported confidence using technology
and new technological devices, weekly time browsing the internet), and digital mhealth use

(use of cognitive training mobile apps) were collected. All participants provided written
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informed consent before the start of the study.

A Huawei MediaPad T5 tablet (Android 8, Huawei Technologies Co. Ltd, Shenzhen, China)
was placed horizontally at a 25° degree using a tablet stand on a table in front of participants.
Before participants started exploring the platform, the first author (FFB) demonstrated a

Think-Aloud exercise using the Gmail website.
Digital neuropsychological rehabilitation platform

NeuroVRehab.PT is a photo-realistic virtual supermarket designed to promote cognitive
functions and functional/behavioural skills involved in shopping activities. The platform was
developed using a participatory design approach by a multidisciplinary team of
psychologists, neurologists, and computer engineers in collaboration with health
professionals and community dwellers [16]. The activities incorporated gamification
elements such as numeric and non-numeric feedback systems and narrative context to
increase users' engagement and motivation. These activities were grouped into three game

modes: supermarket, recipes, and shopping list (see Fig. 1a, 2a, 3a, 4a, and 5a).

In NeuroVRehab.PT, users are rewarded with points and positive feedback sounds when
they perform correct actions such as putting a product on the shopping list into the basket.
On the other hand, if users perform an incorrect action, such as selecting an item that is not
on the shopping list, they are provided with a negative feedback sound, and no points are
awarded. At the end of each level, users are presented with a three-star classification system
based on their performance (see Fig 1a). For more details about the platform and game

modes, see Ferreira-Brito et al., 2020 [16].

\All written terms in Portuguese
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Figure 1. (a) Former Supermarket game mode interface. The default game mode was the supermarket with different game levels; (b)
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game.
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Figure 5. (a) Former Shopping list game mode; (b) Shopping list game mode with the (new) features identified through this qualitative study.

Data analysis

The audio recordings of the interviews were transcribed (see Supplementary Material Doc
S2) and then cross-checked by the first author (FFB) to ensure accuracy and remove any
identifiable information (such as participant names, locations, and brands). An inductive-
deductive informed Thematic Analysis (TA) [17] was conducted following the 6-step
approach proposed by Braun & Clarke [18].

The first step involved two co-authors (FFB and SA) familiarising themselves with the data
by reading and re-reading the transcriptions of two randomly selected interviews. An initial
set of codes was deductively informed based on the research question and interview script
to identify significant patterns of meaning. Additionally, relevant phrases and recurring ideas
were annotated and added to the code list inductively. The unit of analysis was blocks of 20
lines, and codes were modified or added (for all interview transcripts, by revisiting the
complete set of interviews) as new codes were identified in the remaining transcriptions.
Data saturation was achieved during the content analysis, with no new codes identified in
the last three interviews. The research team collated text extracts under each potential theme,
and codes were organised to fit into the themes' organising concept. Finally, the research

team discussed and refined the final list of themes (and subthemes) and their headings.
RESULTS

Based on the analysis of the corpus of the interviews conducted with eight community-

dwellers, three major themes and eight subthemes (Table 2) were identified.
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Table 2. Themes and subthemes identified based on eight interviews analysed using a TA protocol.

Interaction Experience

. Usability and accessibility

. Hedonic experience

. Reproduction of daily routines

Digital Literacy

. Computer/tablet skills

. Gamification and game elements

. Confidence, self-efficacy, and computer anxiety

Attitudes toward NeuroVRehab.PT

. Intention to use
. Utility, usefulness, and connectedness
1. Interaction Experience

1.1.  Usability and accessibility

The platform’s ability to be learnt and used was determined based on the participants'
statements and observed behaviour regarding their capacity to identify the different game
modes, follow instructions, and use game controls. All participants could use the platform
independently (to some extent) and identify and switch between the three game modes.
However, it was not immediately evident to some participants how they could navigate
inside the virtual supermarket (i.e., use of game controls). For instance, some participants
interpreted the arrows (see Fig. 3a) as mandatory actions or tips for finding a specific
product. After being more familiar with the game controls, one participant reported: “... /
will not say confusing. But [ must train more.” (Participant 5, line 351). To other participants,
game controls were “... [not difficult at all] ... as I had the arrows, [ would press the arrows,

and they would take me where I wanted to go.” (Participant 2, line 413).

The instructions presented at the beginning of each game mode and during the activities

113

were considered by participants necessary, important, and easy to follow “... to those who
do not know [the platform], it makes sense (...) I think so.” (Participant 2, line 419). In
addition, two participants stressed the importance of the instructions being in Portuguese
“... there were no foreign words at all, it was all in Portuguese.” (Participant 1, line 684),
and “... do not put signboards in English (...) I do not know English...” (Participant 4, line

754).

122



1.2. Hedonic experience

Except for one (Participant 5), all participants enjoyed using NeuroVRehab.PT. One of the
aspects most valued by participants was the possibility of navigating within a highly realistic

“«

virtual supermarket, “... this is interesting, it shows you the supermarket products, the

photos of the objects are great...” (Participant 8, line 415). Another participant echoed this

13

perspective, stating, “...it is interesting the possibility of navigating [within the
supermarket] because it motivates you to plan your shopping list in your head. It is
interesting. And then you see, I need this [product] while walking through the aisles.... 1

think it is interesting, yes!” (Participant 6, line 652).

On the other hand, Participant 5 claimed, “... fo be honest, I did not like it... ” (line 385). To
this participant, the absence of “people” in the aisles and checkout counters made the
environment look very artificial compared to what happens in real life. “... there is no one
[in the aisles], the checkout counters are empty (...) maybe [including non-playable
characters] would be confusing for the people who will use the platform. But I considered it
too artificial; it looked more like a huge freezer than a supermarket.” (Participant 5, line
340); and then added, “... usually, when I go to the supermarket, I think about the time of
the day [to go during low affluence periods]. But not having anyone at the checkout

counter!... [seems implausible] ” (Participant 5, line 420).

1.3. Reproduction of daily routines

Once inside the virtual supermarket, participants’ choices and behaviours seemed to be
based on their routines (i.e., real-life behaviours and strategies). For instance, one participant
asked, “What am I going to need? Fish, let’s follow what I had planned for today [in real
life], to buy fish, and then I buy bread...” (Participant 1, line 36). Other situations where it
was possible to observe that participants rely on their usual behaviour patterns to progress
in the game were, for instance, when Participant 2 (line 11), as soon as she entered the virtual
supermarket, tried to pick one of the shopping baskets (without any instructions in that
regard. Another example was when Participant 3 (line 290) was asked how she could check
the price of a product, and she instinctively touched the price tag near the product. The
similarity between the virtual supermarket and a real-world supermarket also helped
participants monitor the task’s progression and know what they needed to do next to

conclude the activity: “I finished the shopping list, right? Now I am going to the checkout
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counter. I am assuming that this is the same [as in a real-world supermarket].” (Participant

5, line 235).

Furthermore, participants looked puzzled and discontent whenever the system did not allow
such freedom of actions and choices (i.e., an accurate reproduction of their shopping-related
behaviours) “[referring to the shopping list assigned in one of the levels in the Supermarket
game mode] “But I do not want bananas.... Ah! Do I have to buy bananas? Oh, okay. Oh, I
just wanted the mangos” (Participant 4, line 168). A similar situation occurred when
participants realised that the system did not allow them to choose how much of a product
they could buy: “Curry, curry in powder. 50 grams. What if I do not want 50 grams of curry,
what if [ wanted more or less?” (Participant 6, line 89) and “bananas... 450 grams, why?

What if [ want more...?” (Participant 6, line 277).

2. Digital Literacy

2.1.  Computer/tablet skills

Although all participants were attending ICT classes, for some of them, the evaluation
session was “... the first time I interacted with a tablet.” (Participant 1, line 626). This raised
additional challenges for some participants when specific patterns of interaction with the
device were required. For example, when participants had to open and use the keyboard, “...
I am not used to this [tablet], if it were on a computer, maybe I would be quicker.”
(Participant 4, line 607). Nevertheless, the lack of technological proficiency was not specific
to tablet use. Participants also expressed difficulties logging in, remembering to close the

instruction windows to proceed in the game, and exploring the entire screen and not just the

virtual supermarket environment area.
2.2.  Gamification and game elements

Our results showed that some participants were unfamiliar with some elements typically
present in video games (i.e., game elements; GEs). For instance, when questioned about the
meaning of the three-star score system (see Fig. 1a), one participant said: “That is not décor,
for sure! Now, it can be interpreted in two ways ... what if there are five stars and I only got
three, this orange colour [of the stars] is not good, for sure...” (Participant 1, line 349).
Other participants, when questioned about how they interpreted the three-star score system,

said: “Three stars is not a lot” (Participant 5, line 149), or “It is sufficient” (Participant 3,

124



line 400), and “For me, it is [good], I have never done this before, so it is not bad”
(Participant 2, line 373). The lack of familiarity with GEs was also observed regarding the
progress bar (see Fig. 3a), which was rarely or wrongly identified “... this should mean that

I already spent 50% [of the budget].” (Participant 7, line 81).

On the other hand, the meaning of the colour system used to identify correct and wrong
actions was well interpreted by all participants. “It turned red (...) It is not right. There is
something that is not right....” (Participant 2, line 305), and “/when asked if the last action
was correct] Yes. (....) It turned green...” (Participant 1, line 533). The auditory feedback
system was somewhere in the middle, with some participants identifying them correctly “I¢
tells you [that the product] is already in the basket.” (Participant 4, line 131), and “[it tells
you] It is done!” (Participant 6, line 285). Nonetheless, another participant completely
missed it “/¢t went unnoticed... I will tell you why... because this is the sound of the computer

when (...) an email appears, [when you] do something on the computer.” (Participant 7, line

394).

2.3.  Confidence, self-efficacy, and computer anxiety

Our results showed that despite using NeuroVRehab.PT and executing all the proposed
activities, some participants were tense and anxious while using the platform. Some
participants had to be constantly encouraged and ensured that everything was all right and
that they were not looking bad or doing something wrong “... do not be afraid, you are doing
great.” (Interviewer speech, Participant 3, line 98) and “You are doing well, do not worry.
You are using something for the first time, and we are all a little like that (...) we are a little
unsure, and we have to explore [the platform], we do not know what we are working with,

do not worry.” (Interviewer speech, Participant 1, line 170).

In some cases, this lack of confidence was mixed and aggravated by participants’ subjective
perception of age-related cognitive decline, fear of memory loss and dementia, “... the
problem is me, regarding my memory. If I had a better memory like I used to have in the old
days, I would not have forgotten all the details and would have assimilated it all and go
straight [to the point] (Participant 1, line 626) and “I do not know, I have already forgotten
what was written. I messed it ...” (Participant 5, line 172). Finally, the fact that participants
were using someone else’s device also contributed to feelings of uneasiness and

nervousness, “/referring to her mobile device] I am not afraid of making mistakes. Okay,
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that is out, it is not right, let it be (...) I do not cause prejudice to anyone.” (Participant 3,
line 433).

3. Attitudes toward NeuroVRehab.PT

3.1 Intention to use

Overall, participants present an open and positive attitude towards technology and
NeuroVRehab.PT. Regarding NeuroVRehab.PT, participants expressed they were
“...curious and want to become more familiarised with it.” (Participant 3, line 494). Another
participant stated, “...this is interesting... because... how can I explain, this makes us want
to explore with the finger, try to find [a product], to rummage [the supermarket], for me, it
would be good to be here one or two hours exploring the whole supermarket ... (Participant
4, line 620). Furthermore, the participation in the evaluation session was described as a ...
pleasure...”, and a motivation to seek additional opportunities of contact with technology

and “...willingness to buy one of these things [referring to the tablet] ...” (Participant 3, line
602).

3.2, Utility, usefulness, and connectedness

It was apparent that some participants were trying to identify how to use NeuroVRehab.PT
could help them to shop more efficiently. Among the potential practical (utilitarian) benefits
identified by participants, there was the possibility of completing a pre-existent shopping
list, “It could be useful to visit the [virtual] supermarket, to gather ideas (...) maybe I did
not even realise that I needed that product. In this aspect [the platform] is perfect.”
(Participant 8, line 234), and “Being able to create a shopping list with this [while visiting
the virtual supermarket], it seems like a good idea. Sometimes, I am at home, [searching
for] what I need [to buy], and maybe..., it would come to me [to my mind] easier.... the
products that I need (...) The fact that we can visit the aisles... it helps us to identify what
we need”’ (Participant 6, line 657). One participant further developed this idea by suggesting
that the final shopping list could be sent by e-mail or be printed and then used in a real-life

3

shopping activity: “... this shopping list goes somewhere out, or can I bring it with me to
[my] supermarket?” (Participant 6, line 119). Another practical aspect identified by
participants was the possibility of using the platform to strengthen family bonds, especially

with the younger generations “Yes. [ have grandsons that play (...) they enjoy playing these
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things. Maybe they would like to play this one too, especially the older one who is 11 years
old.” (Participant 2, line 441).

DISCUSSION

The perceived ease of use and usefulness of technology may be negatively affected by a lack
of familiarity with technology and computer anxiety, which could hamper the intention to
use digital healthcare services [11,19,20]. In the present study, we conducted a qualitative
study to examine the role of non-clinical factors, such as computer confidence and computer
self-efficacy, on IX and the feasibility of a digital neuropsychological rehabilitation platform
— NeuroVRehab.PT. Our sample comprised eight old community dwellers (x = 70.6 + 6.1
years old), and we identified three major themes (and eight subthemes) following a thematic

analysis protocol.

Our study revealed that NeuroVRehab.PT is feasible among older adults with varying
computer confidence and computer self-efficacy levels. Most participants enjoyed using the
platform, and despite some difficulties regarding the use of game controls, evaluation
sessions went without any significant difficulties. However, our findings suggest that
participants’ computer confidence and computer self-efficacy (as observed during the
evaluation session) might determine adherence to NeuroVRehab.PT in older adults. For
instance, it was apparent in our study that participants’ perceptions regarding their (low)
computer skills and the fear of doing something wrong reduced their capacity to
initiate/conclude an action without validation from the researcher. As a result, some
participants required continuous encouragement to explore and interact with the platform,
despite demonstrating the skills and knowledge to do it independently. These results are
consistent with Bandura’s Theory of Behavioral Change [21], which states that individuals
who perceive themselves as less competent in a particular domain are less engaged and more
likely to give up when encountering difficulties. Based on our results, we can assume that
addressing anxiety or stress caused by uncertainty about the correctness of actions taken

could improve adherence to digital healthcare services among older adults.

It is noteworthy that even participants who perceived themself as confident / very confident
in their ability to use technology and new technological devices encountered difficulties
when using some features/functions of our platform. These findings suggest that, in addition

to perceived computer confidence and computer self-efficacy, participants' observable

127



capacity to adapt and utilise new digital healthcare services should be evaluated on a case-
by-case basis for each new intervention/platform. Moreover, providing an adequate learning
support mechanism is essential, especially for interventions delivered on platforms with

which participants need to become more familiar (e.g., tablets).

Another relevant insight from our study was identifying a utilitarian use of technology.
Specifically, participants were primarily focused on identifying the potential advantages and
real-world impact/benefits of using a digital neuropsychological platform like
NeuroVRehab.PT. For example, participants associated the use of NeuroVRehab.PT with
the possibility to optimise shopping activities by making or completing their shopping lists
before going to a real-world supermarket. Additionally, they identified another advantage of
using our platform as an opportunity to strengthen family bonds by playing
NeuroVRehab.PT with younger generations, such as their grandchildren. These findings are
consistent with previous ones that have shown that older adults do value (and more easily
adhere to) technology when it enables them to improve and support daily-life activities [22]

or tighten family bonds [23].

In addition, our study highlights two important aspects of designing and implementing
digital cognition-based interventions for older adults. First, some of the GEs used in
NeuroVRehab.PT were not intelligible to all participants despite being previously identified
in digital neuropsychological instruments [24]. For example, the three-star system and the
progress bar were confusing to some participants. Although the familiarity with video game
culture is increasing among older generations [25,26], and scientific evidence has shown
that older adults can benefit from gamified applications to improve cognitive and other
health-related outcomes [27], many studies focus solely on the cognitive efficacy of the
platform without taking into account users' characteristics, including their familiarity with
GEs and gamification. From this perspective, our study’s results reinforce the need for a
thorough analysis of the impact of gamification processes on health-related outcomes in frail
populations [28,29]. Furthermore, there is a need to develop design solutions that make GEs
more intuitive to individuals less familiar with gamified environments and assess GEs’

individual impact (i.e., motivational affordance) on health-related outcomes [28,29].

Second, we found that participants relied on the virtual environment (VE) realism to guide
their behaviour and progress in the game. According to Maran & Glavin [30], a VE is more

realistic as it can simulate both the physical characteristics (i.e., engineering fidelity) and the
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critical elements that demand specific behaviours to complete the task (i.e., psychological
fidelity). Based on the reports gathered, we can conclude that NeuroVRehab.PT has a high
engineering fidelity since some participants were compelled to execute specific actions just
by being exposed to a stimulus that, although virtual, was sufficiently familiar/natural to
trigger the usual behaviour (e.g., pick up a basket or check the price of a product by clicking
on the tag price). On the other hand, we consider that the psychological fidelity of our
platform could be enhanced by implementing features that allow participants to determine
the number and quantity of products included in the shopping list and the possibility of

adding new items to the shopping basket while inside the virtual supermarket.

Platform improvements

The previous section discussed insights and suggestions provided by participants, which
were used to improve NeuroVRehab.PT (see Figures 1b, 2b, 3b, 4b, and 5b). The changes
implemented were selected based on their potential capacity to enhance the overall IX with
the platform (see Table S2 in the Supplementary Files for details). The changes were
categorised into those resulting from participants’ direct suggestions (i.e., verbally
expressed) and those resulting from observations of users’ behaviour (e.g., difficulties

identified from users' observed behaviour) that highlighted areas for improvement.

IMPLICATIONS FOR THE FIELD

In an era where digital applications rapidly expand and become a mainstream medium for
delivering healthcare services [31,32], our study has three significant contributions. Firstly,
it is one of the few studies that examined the feasibility of a gamified platform in promoting
health-related outcomes among older adults, which is in stark contrast to the growing body
of literature that focuses on the impact of gamified platforms on younger populations [27].
Secondly, we provide additional data on the role of non-clinical factors (i.e., perceived
computer confidence and computer self-efficacy) in using and adhering to digital healthcare
services [33]. Conducting feasibility studies that consider participants' digital literacy and
computer confidence, as well as providing a training period that ensures effective platform

usage, is crucial.
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LIMITATIONS

The results of this study provide valuable insights into the impact of noncognitive factors on
the IX and feasibility of NeuroVRehab.PT in community-dwelling. However, some
limitations need to be considered when interpreting the findings. First, the participants
recruited for this study were all attendees of ICT classes, which may have resulted in a biased
sample of individuals who were more motivated and capable of exploring and interacting
with the platform. Second, for most participants, this was their first experience using a tablet,
making it difficult to determine whether their motivation was due to the platform's IX or
simply the novelty of interacting with a new mobile device. Third, this study only involved
a single session of platform use, limiting the ability to draw conclusions about long-term

adherence and satisfaction with NeuroVRehab.PT.

CONCLUSIONS

The study shows that NeuroVRehab.PT is feasible among community dwellers with
different levels of computer confidence and self-efficacy, but the proficiency of some
participants was affected by low computer confidence. Non-clinical factors, such as
computer confidence and self-efficacy, should be considered in the design of digital
healthcare services to address the second-level digital divide [34]. Providing
computer/platform training to patients and research participants before using digital
healthcare interventions might help increase adherence. Furthermore, conducting feasibility
studies that include the analysis of non-clinical factors might allow researchers to distinguish
limitations related to interface flaws from those associated with the clinical condition or low

digital literacy.

SUPPLEMENTARY MATERIAL: The Supplementary Material for this article can be found
online at:_https://shre.ink/1ScE
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CHAPTER IV. GENERAL DISCUSSION
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4.1 Main Results and Contributions to the Field

The main objective of the present thesis was to contribute to scientific knowledge by
exploring an innovative approach to develop ecologically wvalid platforms for
neuropsychological rehabilitation in VaMCI patients. To achieve this goal, we developed an
AG that simulated a real-world supermarket for IADL training (i.e., a shopping activity) and

tested it with different stakeholders through a multi-step feasibility protocol.

The main contributions of this project can be grouped into three categories. First, we
deepened our understanding of using AGs and gamified platforms in the neuropsychological
field. By conducting a systematic review of the literature (study 1), we mapped the most
frequently used GEs in neuropsychological GBI, providing a theoretical basis for the debate
on the motivational affordance and adequacy of GEs in the study and training of cognitive-
related outcomes. Additionally, we presented the first scientific evidence regarding the
positive impact of VGs on general cognition (i.e., MMSE scores) in patients with

MCI/dementia (study 2).

Additionally, we identified a new methodological shortcoming introduced by using AGs and
gamified applications to deliver digital neuropsychological interventions. For instance, we
found a statistically significant difference between the GEs described in the studies and those
composing the digital interventions analysed (study 1). Notably, identifying this limitation
was only possible by combining an established literature review method with a web-based
search that included universities, research groups, video-sharing platforms (e.g., YouTube),
and VGs’ official websites. The combination of full-paper analysis and web-based searches
conducted in study 1 can be considered a methodological innovation worth including in
future reviews of the impact of gamified digital interventions on cognitive and other health-

related outcomes.

Second, we developed an innovative, affordable, and accessible AG called
NeuroVRehab.PT for neuropsychological rehabilitation in VaMCI patients. Unlike previous
image-based digital platforms, NeuroVRehab.PT offers patients a full-navigable, photo-
realistic, and interactive VE to train cognitive functions and behavioural skills required
during shopping. Participants from the three recruited groups highlighted the striking

similarity between our VE and a real-world supermarket.
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Scientific literature has demonstrated the high correlation between the realism of VEs and
the perceived sense of presence (i.e., the subjective experience of being physically present
in the VE; SoP), with SoP mediating the transfer of the skills trained [129]. In our study,
some participants reported using the same strategies in the VE as they would in the real
world. Although preliminary, the data collected thus far suggest photo-realistic and full-
interactive VEs like NeuroVRehab.PT offer a relevant approach to exploring the impact of
VEs on patients' real-world functioning. This perspective is supported by the insights and
opinions of health professionals who recognise the high level of realism of NeuroVRehab.PT

as a significant improvement over current VEs used for [ADL training.

Furthermore, the realistic VE developed enables researchers to investigate how patients
adapt to real-life challenges without the limitations and constraints associated with
constructing life-size mock-ups or the ethical concerns related to exposing patients to
unforeseeable and uncontrollable situations in real-world environments. Additionally,
NeuroVRehab.PT's capacity to simulate real-world scenarios only requires a tablet and an
internet connection, resulting in an affordable tool for neuropsychological rehabilitation. The
low-resource requirements, coupled with future studies that provide strong scientific
evidence of its beneficial impact, might establish the groundwork for a novel approach to
developing affordable, tailored, and personalised digital neuropsychological rehabilitation

interventions.

Third, we conducted a thorough participatory design and feasibility evaluation of
NeuroVRehab.PT, to accommodate the skills and limitations of VaMCI patients. We
explored the platform's feasibility for the cognitive, functional, and technological profile of
VaMClI patients from three different perspectives. First, we obtained insights from health
professionals, including neurologists and neuropsychologists, who confirmed the activities
available on NeuroVRehab.PT are a valuable addition to the neuropsychological
rehabilitation of VaMCI patients, as it focuses on an IADL often reported as being impaired
in these patients. Moreover, the cognitive workload of the activities presented in
NeuroVRehab.PT was found to match the patients' cognitive skills, striking the desired

balance between skill and challenge required in rehabilitation tasks.

Second, we followed WHO recommendation [77] and conducted a study of the platform's
feasibility, taking into consideration the impact of technological-related variables (i.e.,
computer confidence and computer self-efficacy) on platform use and long-term adoption

(i.e., adherence). In study 4, we identified that participants perceived low ICT skills and fear
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of doing something wrong, which decreased their ability to initiate and conclude actions in
NeuroVRehab.PT without validation and encouragement provided by the researcher. If not
controlled, users’ low computer confidence and self-efficacy might determine participants’
drop-out, which can undermine the intention-to-use of NeuroVRehab.PT and other digital

healthcare services in less technologically savvy populations.

The relevance of conducting a feasibility study focused on other variables besides patients'
cognitive status was also reinforced by the results obtained in study 1. In this study, we
identified that the usability and the hedonic experience associated with playing/using game-
based neuropsychological platforms were rarely assessed (15 out of 118 interventions,
12.7%; and 21 out of 118 interventions, 17.8%, respectively). In addition, analysing how
individuals with similar ICT profile to our end-users interact with the platform enabled us to
improve its accessibility and identify other variables that might undermine its use, such as

the lack of therapist's assistance and support.

Third, in study 5, we confirmed that the NeuroVRehab.PT met VaMCI patients’ needs and
limitations. Despite facing more challenges than the group of community dwellers, VaMCI
patients were able to learn and interact with the platform with increasing autonomy. We
believe that the observed improvement in patients’ autonomy was due to the implementation
of the suggestions gathered from the first two feasibility studies, which led to an enhanced
IX. Additionally, these suggestions helped us increase the number and variety of activities
available, making the platform more adaptable to different lifestyles and health constraints.
The results of study 5 also demonstrated that our platform enables the training of an IADL
according to the principles of neuropsychological rehabilitation, such as goal identification,
task prioritisation, sequential action execution, and outcome comparison with the initial
objective. These principles are the basis of other validated cognitive and functional

rehabilitation programs, such as Goal Management Training (for an example, see [130]).

Furthermore, during the use of NeuroVRehab.PT, it was possible to observe impaired
behaviour patterns common in VaMCI patients, including a high propensity to distraction,
loss of task goals, and decreased information processing capacity. These findings also
provide evidence of the therapeutic value and adequacy of NeuroVRehab.PT for VaMCI
neuropsychological rehabilitation. As an effort to buck the trend of applying ipsis verbis to
digital healthcare services, a “recipe” coming from VG’s industry, the extensive
participatory design work reported in this project provides an example of how the jointed

work of a multidisciplinary team (i.e., neuropsychologists, neurologists, computer scientists)
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with different stakeholders by the intertwining of the knowledge coming from different
fields of expertise, can help to develop digital health services that are based on and support

the clinical practice.

4.2. Future Directions

A detailed description of interventions’ components is essential to studying the motivational
affordance and impact of individual GEs on health-related outcomes. Only by carefully
studying the effects of individual GEs on human behaviour can we move towards an
evidence-based use of GEs in digital healthcare services and digital neuropsychological
rehabilitation platforms. Further research is needed to explore the individual impact and
adequacy of GEs on VaMCI patients, as well as in other populations with low familiarity

with technology.

In addition, to fully explore the clinical and practical advantages of NeuroVRehab.PT for
VaMCI patients, it is essential to conduct future studies on the impact of the platform on
cognitive and functional capacity outcomes. A randomised controlled trial (RCT) would be
particularly valuable in establishing the efficacy of NeuroVRehab.PT and identifying causal
relationships between platform exposure and cognitive functioning and functional capacity
improvements among VaMCI patients. Therefore, a second step could be the conduction of
a multicentre RCT according to the CONSORT-SPI guidelines [131,132], which includes
detailed eligibility criteria regarding VaMCI diagnostic, participants’ ICT user profile, and
information regarding how important it is to participants to relearn/acquire the capacity to
shop independently in their current daily-life routines and lifestyle. Moreover, a training
period should be included before participants enrol in the intervention to ensure they have

the necessary digital skills and competencies to interact with the platform.

Finally, another interesting line of research could be the use of NeuroVRehab.PT to monitor
disease progression based on the identification of digital biomarkers. The use of machine
learning/artificial intelligence models could be complemented by including biometric
measures such as eye-tracking, skin conductance, and electroencephalography, which is a
promising approach to disease monitoring. This would allow for early intervention and

development of personalised and adaptive neuropsychological rehabilitation programs.
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ARTICLE INFO ABSTRACT

Game-based interventions (GBI) have been used to promote health-related outcomes, including cognitive
functions. Criteria for game-elements (GE) selection are insufficiently characterized in terms of their adequacy to
patients’ clinical conditions or targeted cognitive outcomes. This study aimed to identify GE applied in GBI for
cognitive assessment, training or rehabilitation. A systematic review of literature was conducted. Papers in-

Keywords:

Video games
Serious games
Cognitive functions

cvti;;onmamo volving video games were included if: (1) presenting empirical and original data; (2) using video games for
lnhibit:ry contgl cognitive intervention; and (3) considering attention, working memory or inhibitory control as outcomes of

interest. Ninety-one papers were included. A significant difference between the number of GE reported in the
assessed papers and those composing video games was found (p < .001). The two most frequently used GE
were: score system (79.2% of the interventions using video games; for assessment, 43.8%; for training, 93.5%;
and for rehabilitation, 83.3%) and narrative context (79.2% of interventions; for assessment, 93.8%; for training,
73.9% and for rehabilitation, 66.7%). Usability assessment was significantly associated with six of the seven GE
analyzed (p-values between p < 0.001 and p. = 027). The use of GE that act as extrinsic motivation promotors
(e.g., numeric feedback system) may jeopardize patients’ long-term adherence to interventions, mainly if asso-
ciated with progressive difficulty-increase of gaming experience. Lack of precise description of GE and absence of
a theoretical framework supporting GE selection are important limitations of the available clinical literature.

1. Introduction promote adherence and cognitive capacity among both healthy and
clinical populations. Directly inspired on traditional games, game-ele-

Game-based interventions (GBI) are built on the assumption that ments (GE) can be defined as a set of video games components which

specific human skills and behaviors can be more easily promoted when
the required training is conducted within a playful and entertaining
context, such as the ones entailed by video games [1]. Gamification
processes [2], serious games [3] and applied games [4] are, currently,
relevant and innovative approaches in the study of human behavior
change through the use of video games.

Game-based interventions have been used in clinical contexts to

* Corresponding author.

include patterns, objects, principles, models or methods [2,5]. Points,
levels of difficulty, badges, storyline and plot, progression based on
success or failure to achieve the game’s goals and multiplayer compo-
nent are just a few examples of GE typically present in video games.
The use of GE to promote learning and motivation finds support on
traditional psychological theories [6]. According to the Self-Determi-
nation Theory [7], intrinsic-motivated behavior (or at least more
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autonomous motivated behavior) is developed when the person
achieves a sense of competence towards the activity and when it is
allied with an internal perceived locus of control of the task. In video
games, some GE, such as positive feedback messages, can promote a
sense of competence while playing the game. Also, internal perceived
locus of control is promoted with tooltips or help buttons that show to
the player what he or she did wrong and how to correct the action [7].

Another possible example is the implementation of tutorials and
other on-boarding tools to introduce game mechanics that are initially
beyond the newbie’s capacity. The acquisition and development of new
skills, supported by such “external” help or by a more experienced
agent, finds theoretical support in Vygotsky’s concept of zone of prox-
imal development [8], as well as in the concept of scaffolding proposed
by Wood and colleagues [9]. Within these two conceptual views,
learning and problem solving are depicted as constructive processes
that can be fostered if guided by more capable peers. This is also the
case in Massively Multiplayer Online Games, where interaction and
collaboration with more skilled players are not only available but
highly sought through participation in both in- and out-game activities,
such as raids, parties, chats and discussion forums.

The study of the impact of video games on human cognition and
behavior has been heavily focused on the downsides of such playing.
Notwithstanding, existing results are conflicting. On one side, excessive
exposure to video games, especially to those with violent content [10],
has been associated with increased aggressiveness (at behavioral, cog-
nitive or emotional levels), and decreased prosocial behavior, empathy,
and sensitiveness to aggression [11]. On the other side, there are studies
were these results were not replicated [12]. A recent study proposed
that the increase of aggressive behavior associated with playing video
games is mainly the result of a priming effect (which increases acces-
sibility to aggressive/violent thoughts) and, so, the effects are short-
lived, occurring only immediately after video game exposure (no more
than 15min) [12]. Przybylski and Weinstein [13], on the other hand,
propose that the aggressiveness that might be associated with video
games may be better explained by background-factors present in spe-
cific cohorts (e.g., technology use and material deprivation). Ad-
ditionally, the authors highlighted the high methodological flexibility
present in aggression behavior and violent gaming measures that con-
tributes to selective reporting of results [13].

The scientific community has recently been also interested on the
beneficial impact that video games may have in human behavior. For
instance, in a recent meta-analysis about the efficacy of serious games
to reduce cognitive decline among psychiatric patients, a moderate
effect size of this ludic-therapeutic approach was found (g = 0.79 (95%
CI 0.36 — 1.21); p < 0.05) [14]. In another systematic review of lit-
erature, where the impact of video games was compared to other
computer-based interventions, Kueider and colleagues concluded that
video games constitute an effective intervention for global cognition
stimulation (d = 0.69), with relevant results also on reaction time
(d = 0.77), processing speed (d = 0.72), executive function (d = 0.25),
and attention (d = 0.21) [15]. Anguera et al. [16] showed a significant
reduction in multitasking cognitive cost in a group of older adults after
playing NeuroRacer — a 3D multitasking training video game designed
to improve cognitive control — when compared to an active control
(single-task training) and to a non-contact group. Furthermore, im-
provements identified in Anguera’s experiment persisted after six
months without boosting sessions, with benefits being transferred to
other cognitive domains than those directly targeted by the video game
(ie., sustained attention and working memory).

Nonetheless, important methodological shortcomings (e.g., lack of
concise terms or of standardized methods to develop and assess GBI) and
ethical concerns (e.g, unfamiliarity or technophobia, unrealistic expecta-
tions of improvement and skill generalization, the possibility of physical
harm, addiction, or social isolation) have been reported [5,17,18].

From a clinical point-of-view, it is of great concern the absence of a
conceptual or clinical rationale supporting GE selection depending on
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patient’s clinical conditions and/or on targeted cognitive outcomes.
One rare exception can be found in the work of Lumsden et al. [17],
where the authors clearly stated that GE such as rewards and feedback
seem to be particularly suitable for persons with Attention Deficit Hy-
peractivity Disorder (ADHD), who are especially responsive to im-
mediate reinforcement, feedback and clear definition of goals and ob-
jectives. On the other hand, the subjective and somehow arbitrary use
of GE in vulnerable populations [18] can impair the successful clinical
usage of GBI and can introduce deleterious effects on users’ perfor-
mance [19] or psychological/emotional health. Take as example a life
bar (score system element) in a serious game for cancer survivors,
where patients lose points every time they do not achieve the game’s
goal.

To the authors knowledge, this research represents a first effort to
overcome the aforementioned limitations, namely the lack of a theo-
retical framework supporting GE selection in interventions focused on
cognitive promotion. For this purpose, a systematic review of literature
(following PRISMA guidelines [20]) was conducted to identify which
GE were most frequently present in GBI used for cognitive assessment,
training or rehabilitation. Furthermore, considerations were made re-
garding the capacity of those GE to promote patient’s adherence to the
cognitive intervention, reflecting on the adequacy of such GE to the
study of the targeted cognitive outcomes.

2. Materials and methods
2.1. Search strategy

Search-terms related to “game-based interventions” and “cognitive
outcomes” were identified on basis of an exploratory narrative review
and discussion between members of the research team. Medical Subject
Headings (MeSH) terms were used whenever possible. A total of 46
“game-based interventions” terms were combined listwise with 14
search-terms related with “cognitive outcomes” (i.e., each search-term
of the first category was individually combined with each term of the
second category) (see Supplementary Table S1 for details on the search
strategy). This keyword combination allowed us to minimize the ex-
clusion of potential entries that could be masked by the use of less
common terms, which is not unusual in recent research fields.

2.2. Information sources and search

Electronic database search was conducted on 24 January 2017 and
then updated on 22 March 2019. PubMed, SciELO, and EBSCO -
Psychology and Behavioral Sciences Collection were searched, with a
restriction to the following inclusion criteria: (1) publication date
(PubMed: 24 January of 2006 to 21 March of 2019, SciELO:
2007-2019; EBSCO: 1 January of 2006 to 21 March of 2019); (2) full
text in English (PubMed and EBSCO); and (3) search field (title and
abstract). Furthermore, search was restricted to peer-reviewed papers
(EBSCO database) and studies with humans as study’s subjects
(PubMed). Book chapters were excluded.

2.3. Additional sources of information

Eighteen journals with editorial interests on serious games and
games for health were identified and manually searched to locate ad-
ditional studies of interest published between 2012 and 2019 (see
Supplementary Table S1 for details). Additionally, reference lists of (1)
each paper included for data extraction and (2) the literature reviews
(narrative or systematic ones) identified during the screening process
were also hand-searched for identification of additional relevant pa-
pers. Literature reviews were considered only as potential source to
identify empirical papers (ie. for reference search purposes; not for data
extraction).
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which were excluded.

® Working memory: system that enables the temporary storage and
manipulation of information necessary to adequately respond to
environmental demands [28]. Working memory outcomes were al-
ways considered when presented as a single expression (“working
memory”) in the analyzed paper.

e Inhibitory control: capacity to inhibit a dominant and automatic re-
sponse in order to (deliberately) select a more adequate one re-
garding environment or task’s characteristics [29]. Inhibitory con-
trol or inhibitory capacity were both accepted and considered as
equivalent terms.

The presence of other cognitive or health-related outcomes was also
registered. Finally, information on near transfer capacity (impact on
related cognitive functions targeted by the video game), far transfer
capacity (impact on non-related cognitive or health outcomes targeted
by the video game) [30], user-experience (UX) evaluation (user’s per-
ceptions on software usability, hedonic experience), and sample char-
acteristics were also extracted.

2.6. Statistical analysis

Analysis of data was done using the program Statistical Package for
the Social Science (IBM-SPSS), version 24.0. Studies that presented
more than one intervention arm, with a different video game per arm,
provided different entries in the database. This was done because the
sample unit for data analysis was the video game, not the paper.
Important to highlight that this was done only when each intervention
arm included only one game (as explained in the screening and elig-
ibility section, studies which entailed more than one video game for the
same intervention arm were excluded). Overall, 118 interventions with
video games were identified in the 91 papers included in the qualitative
analysis.

Three sampling bases were considered for data analysis (see Fig. 2).
For GE frequency analysis, video games reported in different papers
were considered only once (Nyjgeo games = 72); this is, therefore, the
total number of video games without duplication across papers. For GE
frequency analysis by cognitive utility of the games (ie., assessment,
training or rehabilitation), video games reported in different papers
targeting the same cognitive utility were considered only once
(neog.ueiticy = 80). For instance, if one video game was reported in two or
more papers for assessment purposes, the video game was counted only

Journal of Biomedical Informatics 98 (2019) 103287

once; but if the same video game was reported for assessing cognitive
functions in one paper and for training cognitive functions in another
paper, then the video game was considered twice.

Finally, for two types of analyses (comparing the number of GE
described in the papers and the number of GE really existent in the
video games; and characterizing the association between GE really
existent in the video games and cognitive outcomes), the total sample of
video games interventions (Najjentries = 118) was considered; this
means that all entries were considered regardless of duplication across
papers. This decision was based on the fact that some video games were
used in different papers to evaluate different cognitive functions.

Data normality was tested by using Kolmogorov-Smirnov test and
considering kurtosis and skewness (normality assumed when kurtosis and
skewness ranged between —2 and 2) [31]. Results were considered sig-
nificant for a p-value = 0.05. Because normality was observed for all
variables and for all comparison groups, parametric tests were applied.
Paired-samples t-tests were conducted to determine whether the number
of GE reported in the papers and those that actually compose video games
(as observed in webpages describing the games) differed significantly. This
was done for all different video games altogether (n.y enuies = 118), and
for commercial games (n = 51) and applied games (n = 67). Paired-
samples t-tests were also used for assessing if the number of GE reported in
the papers and those that actually compose video games differ according
to the cognitive utility of the video games (assessment, n = 28; training,
n = 67; rehabilitation, n = 23). Differences between commercial and ap-
plied games regarding the number of GE as described in video games
webpages were tested through independent sample t-test
(Nyideo.game = 72). Differences between the cognitive utility of the video
games (assessment, training and rehabilitation) regarding the number of
GE as described in video games webpages were tested with one-way
ANOVA with Bonferroni Post-Hoc test (n g witiey = 80).

Chi-square tests of independence were applied to study the asso-
ciation between different pairs of GE (with Cramer’s V for assessing the
strength of the associations); this was also done for testing the in-
dependence between each GE and cognitive outcomes (attention,
working memory, inhibitory control), cognitive utility of the game
(assessment, training, rehabilitation), having health-related outcomes
or not, virtual reality or another virtual component (e.g., brain-com-
puter interfaces); being an exergame, or not; and type of game platform
(console, smartphone/tablet, computer). Chi-square tests of homo-
geneity were applied to check if each GE was more frequently used in
applied or commercial video games.

Papers included in the
qualitative synthesis

npopon=91

$3 3

Rational of the sample

Some papers report more than one vid
more than 1 arm), therefore, (N entries > N

Sampling basis

Nall.entries = 118

Statistical utility of the sample

Comparison between number of reported GE and
number of elements observed in the additional web-
based search. Estimation of the association between GE
and cognitive and other health outcomes

Ncog.utility = 80

Total number of (different) video games under study in
this SRL. Different papers use the same video game,
therefore, (N ygeo games < Npapers)-

Nvideo.games = 72

Estimation of GE freq
of the association bety
ber of GE bet

games.

y by video game. Estimation ‘
' GE. C i of the
pplied and ial video

Fig. 2. Sampling bases used in statistical analysis.
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Fig. 3. PRISMA flow diagram.

3. Results
3.1. Study selection

Overall, 3456 papers matched the set of inclusion criteria (see
Fig. 3). Fifty-four papers were added after manual search of additional
journals focusing on serious games and/or games for health areas. After
removing duplicates, 2593 papers were screened considering title and
abstract. Overall, 2406 papers were excluded on basis of this analysis.
From the 187 eligible papers for full-text analysis phase, 53 were in-
cluded in the current review. Common reasons for exclusion of papers
were: no use of video game (n = 17); use of game platforms or more
than one video game simultaneously in the same study arm (n = 16);
attention, working memory and inhibitory control were not assessed as
cognitive outcomes (n = 28); literature reviews (n = 28); different
scope (n = 17) (e.g,, roundtable discussions); full-text was not avail-
able, even after e-mail contact with authors (n = 2); and two or more of
the aforementioned reasons combined (n = 26). Thirty-eight papers
were later added from manual search of the list of references of in-
cluded papers and literature reviews. A total of 91 papers were included
for data extraction, in which 72 different video games were identified.

3.2. Bibliometric characterization of GBI studies

Year of publication of studies ranged from 2006 to 2018, with
publication peak at 2013 (n = 15). More than half of the studies were
published in journals ranked in the first quartile (54/91). Sixteen stu-
dies were published in journals in the second quartile, six studies in the
third quartile and five studies in the fourth quartile. Ten studies were

published in journals with no impact factor attributed.

From the 81 papers published in journals with impact factor, 42
were published in journals scoping Health Sciences, 25 Social Sciences,
eight Computer Sciences, and six other scientific disciplines. Additional
analysis considering quartile of publication by area of expertise showed
that from the 54 studies published in the first quartile, 26 were indexed
to Health Sciences, 22 to Social Sciences, one to Computer Sciences, and
five to the category “other” (see Supplementary Table S3 for details).

3.3. Purpose and cognitive utility of GBI

From the 72 identified video games, 42 are AG and 30 CG. Sixteen
video games were used for cognitive assessment (of which 15 are AG
and one CG), 46 for cognitive training (of which 18 are AG and 28 CG)
and 18 for cognitive rehabilitation purposes (of which 14 AG and 4 CG).
The difference between the number of identified video games
(DNvideo.games = 72), the number of entries according to cognitive utility
(Neog.utitity = 80), and the total number of entries (Nan.entries = 118) is
due to the fact that: (1) eighteen papers reported data regarding more
than one video game (one video game per intervention arm) [32-49];
(2) nine CG (Medal of Honor: Allied Assault [34,41]; Medal of Honor:
Pacific Assault, EA Games [44,49,50]; Rise of Nations, SEGA [34,51];
Brain Age / Dr. Kawashima’s Brain Training, Nintendo
[37,38,47,48,52,53]; Tetris [34,36,41,46-48,54]; Modern Combat:
Sandstrom, Gameloft [32,39,40]; Big Brain Academy, Nintendo
[55,56]; Ballance, Atari [44,49]; and The Sims, EA Games [32,43,45]);
and (3) 13 AG (Neurofeedback Game [95,96]; VRROOM [116,117];
VRST [81,82]; VRCPAT [75-78,99]; Braingame Brian [86,87,103];
Working memory program, Cogmed Systems [33,107,108];
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RoboMemo, Cogmed Systems [109,110]; ClinicaVR: Classroom-CPT
» [67-73]; VR Setup [114,115]; AULA, Nesplora [59,60,122]; Desktop VR
%E System [91,104]; Spa(;:e Fortres:h [97,98,111d,1231; :«m(;l Cybercycling
;E 5 P s ﬁ s s s [42,90]) were reported in more than one study (see Table 1).
3.4. Game-elements used in GBI
8| e
E |22 Our results showed a significant difference (t,4 = 9.67,
g SE|2 £ 55 3 8 p < .001) between the number of GE described in the papers
¢ s (M = 2.17, SD = 1.43) and the number of GE really existent in the
2| E video games (M = 3.60, SD = 1.53). Statistically significant differences
§ :i': R g 82 8 8 between the number of GE described in papers (M = 1.92, SD = 1.43)
and GE really existing (M = 4.49, SD = 1.19) were also observed for CG
g f; ; (tsoy = 11.82, p < .001) and for AG (GE described: M = 2.36,
g ? § :g: § SD = 1.42; GE really existent: M = 2.93, SD = 1.42; t«g) = 4.63,
£ g gy - p < ..(?01). Similar results were identified in video games used for
g E‘ § s éf § s :‘,: g g § cognitive assessment (GE described: M = 2.04, SD = 1.26; GE really
existent: M = 2.39, SD = 1.13; try = 2.79, p = .010), training (GE
. described: M = 2.33, SD = 1.50; GE really existent: M = 4.21,
. g % " SD = 1.43; ts = 9.14, p < .001) and for rehabilitation (GE de-
_E g g 2 s k] E E E scribed: M = 1.87, SD = 1.42; GE really existent: M = 3.30, SD = 1.30;
Y ~ t22) = 4.25, p < .001). In average, CG presented more GE (observed
2 3 through websites) than AG (t7o) = 0.11, p < .001). Considering cog-
£ g o o M nitive utility, there was a statistically significant difference between
* = = = z <> groups as determined by one-way ANOVA (F (, 7o, = 7.34, p = .001).
Bonferroni Post Hoc Test revealed that video games used for training
E £ .§ . (M = 4.17, SD = 1.54) present more GE when compared to video
5 g E 3 E 2 g és games use for assessment (M = 2.56, SD = 1.41, p = .001).
As shown in Table 2, score system and narrative context were the
two most used GE (57 out of 72 video games). Score system was the
¢ § most frequent GE in CG (29/30), in video games used for training (43/
«§ I $ s 8 R 46) and for rehabilitation purposes (15/18), whereas narrative context
was the most used GE in AG (35/42) and in video games used for
5 3 cognitive assessment (15/16). Score system was associated with reward
ER: 3 system (x4, = 14.32, p < .001, Cramer’s V =0.446), avatar
z g K £ 5 0t £ 3 § (x4) = 5.21, p = .005, Cramer’s V = 0.269), and with win/lose condi-
P tion (x(21) = 11.00, p = .001, Cramer’s V = 0.388). Thus, when video
g games have score systems, they tend to have reward systems (n = 31),
§ “;: » 5 win/lose condition (n = 31), and avatars (n = 26). No significant as-
§ EZ |, se - sociation was found between narrative context and the other GE. Fi-
S|Z28 |5 22 2 2 s 2 nally, it was more likely to encounter avatar (x&, = 6.84, p = .014),
° _ score  systems (x(zn =9.55, p=.002), win/lose condition
-‘2 b I _ = (x2(1) = 21.63, p < .001), and multiplayer component
L |5 4 8 & _ (%2(1) = 22.02, p < .001) in CG than in AG.
I | g o2E % B
g g ‘E %3 _?o g 3.5. Platform and virtual components
'g é ? T _§. Z’ E -g g Computer was the most used platform to run video games (42/72),
Al il @ = A regardless of cognitive utility (see Figure S1). Game consoles were used
E 8 g;‘g pt to run eight video games in 11 papers [36-38,47-49,52,53,55,56,64],
g 2 E > 28 g while the 12 video games that used touch-based devices correspond to
f’g S ow . '—g 28 5 ) only four studies [32,39,40,104]. Win/lose condition was associated
g § - (e - 4 with using a touch-based device (3%, = 7.35, p = .007), with 81.8% of
- E 2 g :;?é :>:' 2 video games running in touch-based devices having win/lose condi-
E L é g § js g ‘; Z tions. Avatar (x(zl) = 8.95, p=.003), time pressure (x(zl) = 4.70,
g § g s é =r- : § p =.030) and multiplayer component (x3, = 6.75, p = .009) were
; g E g § ! —§ -§ % -2 5 5, frequent in video games that run in game consoles (87.5%, 87.5%, and
5| » 2 % - S -g =2 é . %‘ § ;j’ 62.5%, respectively).
2|z Ss 5 S £ g E S g g 52 Twelve video games were categorized as using VR technology, six
| g g E ) § é z g ‘S I g ot g.- z were exergames and six used specific interfaces such as brain-computer
'§ g é ‘? 2 %i-l- g %‘.g 5 'E £z £2 interface [88,101] (see Figure S2). More than half of all AG (24/42)
§|3 2 2 3%' 5 TR E 2 ‘g !? F presented some type of virtual component, with VR technology
g § = iz; g .g ‘;_2 E;% e é = 8 _§ (n=12) being more frequent in these type of video games
7| & é SE4E 4 £ £ §_§ Ez i £ (xt) = 10.29,p = .001) tha.mmCG (none of the video games under this
= E kS g E S g 3 é category reported VR). Video games used for cognitive assessment
g (x4, = 16.74, p < 0.001, Cramer’s V = 0.457) and video games used
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Table 2

Journal of Biomedical Informatics 98 (2019) 103287

Frequency of use of game-elements in video games (Nyjgeo.games = 72) and according to cognitive utility (Neog uitity = 80).

Utility of the game (n) Purpose of the game Game-elements n (%)

Narrative Avatar/ Score system Reward Win/lose Time pressure Multiplayer*
context character system
All games (Nyigeo games = 72) Applied games (n = 42) 35 (83.3%) 11 (26.2%) 28 (66.7%) 15 (35.7%) 9 (21.4%) 22 (52.4%) 2 (4.8%)
Commercial games 22 (73.3%) 17 (56.7%) 29 (96.7%) 16 (53.3%) 23 (76.7%) 15 (50.0%) 16 (53.3%)
(n = 30)
Total 57 (79.2%) 28 (38.9%) 57 (79.2%) 31 (43.1%) 32 (44.4%) 37 (51.4%) 18 (25.0%)
Assessment (Neog usitity = 16) Applied games (n = 15) 15 (100%) 2 (13.3%) 6 (40.0%) 4 (26.7%) 1 (6.7%) 9 (60.0%) -
Commercial games (n =1) - - 1 (100.0%) 1 (100.0%) 1(100.0%) 1 (100.0%) -
Total 15 (93.8%) 2 (12.5%) 7 (43.8%) 5 (31.3%) 2 (12.5%) 10 (62.5%) -
Training (nog yaiiry = 46) Applied games (n = 18) 13 (72.2%) 5 (27.8%) 16 (88.9%) 9 (50.0%) 4(22.2%) 11 (61.1%) 2 (11.1%)
Commercial games 21 (75.0%) 16 (57.1%) 27 (96.4%) 16 (57.1%) 22 (78.6%) 13 (46.4%) 15 (53.6%)
(n = 28)
Total 34 (73.9%) 21 (45.7%) 43 (93.5%) 25 (54.3%) 26 (56.5%) 24 (52.2%) 17 (37.0%)
Rehabilitation (neog uiy = 18)  Applied games (n = 14) 11 (78.6%) 6 (42.9%) 11 (78.6%) 5 (35.7%) 5 (35.7%) 6 (42.9%) -
Commercial games (n = 4) 1 (25%) 3 (75.0%) 4 (100.0%) 1 (25.0%) 1 (25.0%) 4 (100.0%) 2 (50.0%)
Total 12 (66.7%) 9 (50.0%) 15 (83.3%) 6 (33.3%) 6 (33.3%) 10 (55.6%) 2 (11.1%)

* Cases where it was reported that this GE was not available/active during intervention were not included.

for cognitive training (x&, = 10.53, p = .002, Cramer’s V = 0.363)
were more likely to use VR technology.

3.6. Outcomes of GBI

As shown in Table 3, attention was the cognitive outcome most
frequently targeted in GBI (94/118), followed by working memory (54/
118) and inhibitory control (30/118). This trend was also observed in
video games used for cognitive training and rehabilitation (see
Supplementary Table S4 for details). None of the three main cognitive
outcomes was associated with any of the GE under study. Other cog-
nitive outcomes (e.g., fine motor skills, reasoning, fluid intelligence)
were assessed in 91 out of 118 interventions, and other health outcomes
(e.g., mood, ADHD symptoms, health-related quality of life) were ana-
lyzed in 24 out of 118 interventions.

Near transfer capacity was evaluated in most of the studies (109/
118) and far transfer capacity for cognitive and other health outcomes
was evaluated in 38/118 and in 13/118 interventions, respectively.
User-experience evaluation was performed in 29/118 interventions,
with the assessment of usability (15/118) or of hedonic aspects (e.g.,
fun, enjoyment, immersion) performed in 21/118 interventions. Win/
lose condition was associated (rarely occurring) with the evaluation of
video game’s impact on other health outcomes (y%,= 18.18,
p < .001, Cramer’s V = 0.396). Also, win/lose condition was asso-
ciated (rarely occurring) with far transfer capacity to health outcomes
(x(zl) = 8.48, p = .004, Cramer’s V = 0.270). Finally, UX assessment

Table 3
Frequency of game-elements by cognitive outcomes (Nay entries = 118).

Game-elements Cognitive outcomes n (%)

Attention Working memory Inhibitory control
(n =94) (n =54) (n = 30)
Score system 70 (76.1%) 46 (85.2%) 19 (65.5%)
Narrative context 70 (76.1%) 36 (66.7%) 20 (69.0%)
Time pressure 55 (59.8%) 33 (61.1%) 19 (65.5%)
Reward system 33 (35.9%) 25 (46.3%) 10 (34.5%)
Win/lose 33 (35.9%) 22 (40.7%) 8 (27.6%)
Avatar/character 37 (40.2%) 21 (38.9%) 10 (34.5%)
Multiplayer 25 (27.2%) 10 (18.5%) 5 (17.2%)

**The association between each GE and each cognitive outcome was done by
cell (chi-square test for independence).

*** Cases where it was reported that this GE was not available/active during
intervention were not included.
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was associated (rarely occurring) with video games that present mul-
tiplayer component (7, = 12.89, p < .001, Cramer’s V = 0.333).
Evaluation of hedonic aspects of UX was found to be associated with
multiplayer component (y&, = 8.55, p = .002, Cramer’s V = 0.271).
Usability evaluation was associated with all GE except for narrative
context (p-values between p < 0.001 and p = .027; Cramer’s V between
0.211 and 0.343). Overall, usability evaluation was rarely conducted.

4. Discussion

The aim of this study was to identify, integrate and report which GE
have been used in GBI for cognitive assessment, training or re-
habilitation. For this purpose, a systematic review of literature fol-
lowing PRISMA guidelines [20] was conducted. Ninety-one papers were
included in the qualitative synthesis, covering a total of 72 different
video games.

A significant difference between the number of GE described in the
studies included and those that actually compose video games was
found. The lack of a detailed description of the video games used
constitutes a serious methodological limitation which hinders the
analysis and interpretation of GBI results. To our knowledge, this is the
first review on GBI where the information extracted from the studies
included was compared to the description available in other sources of
public access. Despite unusual, the methodological decision to complete
data extraction with information gathered through less traditional
sources (webpages describing video games) enabled to uncover this
methodological shortcoming, thus contributing to future research and
data reporting on GBI

Score system was the most frequently used GE in CG and in video
games used for training and rehabilitation purposes. Similar findings
have been reported for digital learning environments [124] and health
and fitness apps [23]. Numeric feedback systems such as points, levels
and leaderboards are considered goal metrics, since they establish a
clear link between user’s effort and performance [125]. The assumption
that users highly value this element contributes to its widespread use
(for pointsification perspective review see [126]). However, that as-
sumption is not always verified [23]. In fact, implementation of tan-
gible and predictable rewards, such as those provided by score systems,
were previously associated with a decrease of free-choice behavior
[127] and considered by some as the less exciting and engaging feature
of video games [128].

However, since the motivational affordance [129] of each GE, as
well as how different GE interact to promote human behavior, is still to
determine, no elements should be dismissed at this point without a
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careful study of its impact. For instance, Mekler and colleagues [125]
showed that GE (ie., points, leaderboards and levels) within the same
category (ie., score system) can impact human behavior differentially.
By using an image annotation task where participants received 100
points for each tag created in a set of 15 abstract paintings, Mekler and
colleagues showed that participants who received points for each cre-
ated tag outperformed participants in the non-gamified version group
(no points assigned) but were outperformed by the participants allo-
cated to the group where points were used to classify participants in
relation with themselves (i.e., levels of difficult condition) or in relation
to other participants (ie., leaderboard condition) [125]. It is also
plausible to consider that score systems may undermine adherence if
associated with a progressive difficult-level system (ie., getting more
points depends on individuals’ skills for playing the game) whereas that
is less the case if no individuals-skills improvement is required for
points-accumulation (namely, if a game narrative is associated).

Narrative context was the most used GE in AG and in video games
used for cognitive assessment. Unlike the other GE analyzed in this
study (e.g., score and reward systems and win/lose condition), narrative
context has no association with player’s performance [24]. This GE is
used primarily to contextualize and to add meaning to game’s main
activity, inspiring motivation and long-term willingness towards tasks
that may be perceived as boring and repetitive in its non-gamified
version [24]. Meaningful storylines, especially if in line with one’s
personal goals, may improve/maintain patients’ long-term motivation
and promote skills transference to other (real-life) contexts [130]. Al-
though no significant associations were found between narrative con-
text and purpose, utility or cognitive outcomes, the high frequency of
this GE is encouraging, because it suggests a concern for developing GBI
with meaningful game narratives that promote participants’ long-term
adherence.

The possibility to interact with other players is an attractive feature
of video games [131] since it provides an opportunity to learn and
develop meaningful relationships [132]. However, as our study re-
vealed, multiplayer component was the less used GE. This can be ex-
plained by the fact that interacting with other players also means to be
exposed to other’s judgment. Fear of failure and performance-related
frustration are two possible behavioral responses when competing or
collaborating with others [133]. Design and implementation com-
plexity, necessity to combine schedules, share game control and relying
on other’ players skills [134] may also contribute for the low usage of
this GE in cognitive therapeutic settings.

Attention, working memory and inhibitory control capacity are es-
sential components of cognitive control [28] and self-regulated beha-
vior [26]. Attention supports all processes involved in human thought
[28], and a non-adequate assessment of attentional deficits may result
in diagnostic errors and failure to prescribe suitable cognitive inter-
ventions [135]. Hereby, it was not surprising that attention was the
most frequently targeted outcome in the included studies, since it plays
such a central role in human cognition. Closely related to (and depen-
dent of) attentional resources, working memory capacity and inhibitory
control are essential cognitive components for fluid reasoning, com-
prehension and learning [28,136], as well as crucial skills for our ability
to function in the real world [137]. However, in our study no asso-
ciation was found between the assessment of attention, working
memory or inhibitory control and any of the GE, nor between the study
of those cognitive indicators and utility (assessment, training, re-
habilitation) or purpose (commercial/applied) of the game. The lack of
association between GE and the study of these cognitive functions may
be the result of the absence of a theoretical and empirical framework
that guides GE selection for the study of video games impact on human
health.

Game-based interventions seem to follow the trends of video games
industry. In our study, as in ESA annual report [138] computer was the
most popular gaming platform. On the other hand, touch-based devices
were the less used game platform being reported only in four studies.
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Touch-based devices, such as tablets, are particularly suitable in fragile
populations such as older adults [139,140]. Intuitive interfaces, direct
manipulation [141] and bigger screens (compared to smartphones) are
some of the features that contribute to technology adaptation by less
familiar users. However, none of the studies that used older adults as
participants reported tablets as game’s platform. Other market trend is
VR technology to develop video games. VR through high-detailed three
dimensional (3D) environments, and increasingly natural ways of in-
teract with it [142], promises to be a remarkable improvement in the
assessment of the capacity to perform daily living tasks (ecological
validity), compared with traditional neuropsychological tools (Sbor-
done, 1996 cit. by [143]). Taking this into account, it was not sur-
prisingly to find out that this component was primarily present in video
games used for assessment purposes, area in which diversity and
standardization of stimuli display, as well as performance measure-
ment, are fundamental requirements.

4.1. Limitations

The findings of this study should be interpreted in the context of
some limitations. First, the strategy used to identify additional journals
scoping serious games and games for health may have excluded studies
published in scientific journals in which these terms do not appear as
part of the title/abstract or scoping interests. Second, electronic data-
base selection may have unintentionally excluded work published in
conferences or other type of meetings (a popular path to publish work
in the engineering and computational science fields). A strong point,
nevertheless, regards the fact that the search strategy was based on
Cochrane’s guidelines for conducting Systematic Reviews of Literature
[144], such as consulting three different databases for locating papers,
using specialist databases, searching reference lists of the included
papers as well as reference lists of literature reviews identified during
screening process. Third, the additional web-based search may have
contributed to obtain more detailed descriptions of CG vs AG, since
more sources of information with detailed descriptions are available to
these video games than to AG. The absence of both a consensual GE
classification system and a clear definition of what is and is not a video
game introduced some degree of subjectivity in eligibility criteria and
data extraction. Such bias was minimized by carefully defining the
search protocol and by developing GE definitions based on the results
obtained in the narrative review, which underwent a process of active
discussion and reformulation, within the research team.

5. Conclusions

This study aimed to identify which GE have been used in GBI for
cognitive assessment, training or rehabilitation. Score system and nar-
rative context were the two most frequently used GE. However, the
development of GBI that are based on the implementation of numeric
feedback systems may jeopardize the main objective with which this
type of interventions has been used: promotion of intrinsic motivation
towards long-term goals. Moreover, the lack of any other significant
association between GE used and the targeted cognitive outcomes
emphasizes the necessity of defining a theoretical framework that
supports the strategic selection of GE according to patient/pathology
features, as well as according to the features of cognitive constructs that
are targeted by specific game-based intervention.
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Abstract: Mild cognitive impairment (MCI) is characterized by cognitive, psychological, and functional
impairments. Digital interventions typically focus on cognitive deficits, neglecting the difficulties
that patients experience in instrumental activities of daily living (IADL). The global conjecture
created by COVID-19 has highlighted the seminal importance of digital interventions for the
provision of healthcare services. Here, we investigated the feasibility and rehabilitation potential
of a new design approach for creating highly realistic interactive virtual environments for MCI
patients’ neurorehabilitation. Through a participatory design protocol, a neurorehabilitation digital
platform was developed using images captured from a Portuguese supermarket (NeuroVRehab.PT).
NeuroVRehab.PT’s main features (e.g., medium-sized supermarket, the use of shopping lists) were
established according to a shopping behavior questionnaire filled in by 110 older adults. Seven health
professionals used the platform and assessed its rehabilitation potential, clinical applicability, and user
experience. Interviews were conducted using the think-aloud method and semi-structured scripts,
and four main themes were derived from an inductive semantic thematic analysis. Our findings
support NeuroVRehab.PT as an ecologically valid instrument with clinical applicability in MCI
neurorehabilitation. Qur design approach, together with a comprehensive analysis of the patients’
past experiences with IADL, is a promising technique to develop effective digital interventions to
promote real-world functioning.

Keywords: virtual reality; cognition; transfer capacity; recovery of function; neurorehabilitation

1. Introduction

Mild cognitive impairment (MCI) was initially conceptualized as a clinical entity affecting the
cognitive functioning exclusively (i.e., memory capacity) [1]. However, empirical evidence has shown that
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cognitive and functional impairments co-exist from very early stages of the disease [2], and difficulties in
instrumental activities of daily living (IADL) are prevalent among MCI patients [3]. Vascular mild
cognitive impairment (VaMCI) is a clinical condition of vascular etiology, in which executive deficits are
a prominent feature [4,5] and a strong predictor of functional decline and dementia [6]. Nonetheless,
studies conducted in VaMCI patients are scarce, with even fewer studies focused on the development
of rehabilitation instruments which target cognitive and functional impairments simultaneously.

Virtual reality (i.e., computer-generated interactive environments) [7] has been recognized as a
valuable resource for developing instruments that enable health professionals to accurately predict
patients’ performance in everyday living activities (i.e., ecologically valid instruments) [8,9], especially in
activities that actively engage executive functions [8,10-12]. Several virtual environments (VEs) have
been developed targeting IADL, such as preparing meals [13,14], moving within the community [15,16],
and cleaning and maintaining the house [17-20].

Shopping for groceries is perhaps one of the most studied IADL, with several studies showing
that patients with executive deficits reveal in VEs a similar pattern of impairments to those observed
in real-world tasks [21-27]. However, the majority of these VEs are manually designed, time- and
human-resource consuming, and do not provide tasks or scenarios of sufficient realism [28]. Additionally,
only a few of these VEs are designed for neurorehabilitation purposes [23] in MCI patients [22].

The feeling of “being physically present” in the virtual world, known as presence, is described as
the phenomenon of users acting and experiencing emotions as if they were in the real world [29]; this is
thought to promote the transfer of trained skills and behaviors from VEs to real-world contexts [8,29].
One design approach that has been used to improve the realism and sense of the presence is image-based
rendering VEs. One example of a realistic image-based VE is Google Street View, where users can
navigate within 360° photos of the surrounding environment. Previous findings have shown that the
use of images of real-world scenarios results in highly visual realistic VEs and, therefore, an increased
sense of presence [28]. Furthermore, image-based rendering VEs have shown promising results
when applied to reminiscent therapy [25]. However, in the scarce studies that use this technique,
the images are embedded as just a decorative/background element [30] or are non-interactive [15].
Other image-based VE interventions require complex technologic equipment and space availability in
order to accommodate the experimental apparatus [28], which limits its widespread use in clinical and
neurorehabilitation contexts.

Based on the limitations mentioned above and considering the concept of function-led instruments [8],
in which neuropsychological instruments should be as far as possible an accurate representation of
real-world functioning, we conducted a qualitative analysis of the rehabilitation potential and clinical
applicability of an image-based fully navigable and interactive virtual supermarket, NeuroVRehab.PT
to promote cognition and functional capacity in VaMCI patients. This neurorehabilitation platform
was developed by ISAMB (Lisbon, Portugal), LASIGE (Lisbon, Portugal), and Nippon Gases Portugal
(Vila Franca de Xira, Portugal).

The goals of this study are twofold: (1) to describe the design process of NeuroVRehab.PT and
(2) to characterize health professionals’ (i.e., neurologists, psychologists, and neuropsychologists)
perspectives about the rehabilitation potential and clinical applicability of NeuroVRehab.PT for VaMCI
patients’ neurorehabilitation.

2. Experimental Section

This study was conducted using a participatory design research protocol and reported according
to the consolidated criteria for reporting qualitative research checklist (COREQ) guidelines [31]
(see Supplementary Materials Table S1. COREQ: consolidated criteria for reporting qualitative research
checklist). Two groups of stakeholders (i.e., older adults and health professionals) were invited to
participate in the design of a virtual supermarket aiming to train the cognitive functions and behavior
strategies recruited during a shopping activity.
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The present study was performed in compliance with the Declaration of Helsinki and was
approved by the following ethics committees: Comissio de Etica do Centro Hospitalar de Lisboa
Norte e Centro Académico de Medicina de Lisboa~CAML (reference number 89/19) and Comissao de
Etica para Recolha e Protegio de Dados de Ciéncias (CERPDC) (reference number CERPDC/16/2019)
(see Supplementary Materials Doc 51, ethical standards, for a description of the ethical aspects
considered during the execution of this project).

2.1. Participatory Design of NeuroVRehab.PT-Shopping Behaviors Questionnaire with Older Adults (Phase 1)

2.1.1. Sample and Recruitment

Two senior universities of the municipality of Almada, Portugal, were contacted and agreed to
participate in the study. Visits were scheduled to a group of classes identified earlier by the executive
board of the two institutions. During these visits, one of the co-authors of this paper (FFB) presented the
project and explained how the data gathered through the questionnaires would support the research
team’s decisions regarding the main features of the virtual supermarket, such as the use (or not) of
a shopping list, the number of products included in the shopping list, and the type of supermarket
(grocery store vs. supermarket vs. hypermarket), among other features. To be eligible, the participants
had to be more than 60 years old, be community dwelling, be responsible for grocery shopping,
and give written informed consent.

2.1.2. Instruments and Procedure

A questionnaire with 11 multiple-choice questions that aimed to analyze the shopping behaviors
and routines of older adults was developed and reviewed by the research team (see Supplementary
Materials Table S2 for the shopping behaviors questionnaire with older adults). The questionnaire was
filled in individually and collected at the end of the senior universities’ sessions. Questions included
items regarding the type of store they usually go to (i.e., local grocery store, supermarket, or department
store), the time spent there, and the frequency they go shopping per week. Other items included
the habit of using shopping lists, establishing budgets, shopping for weekly or monthly necessities,
and an estimation of the amount of money spent while shopping. The questionnaire was anonymous,
and besides age, gender, and professional status (active vs. retired), no other personal information
was collected.

2.1.3. Data Analysis

Statistical Package for the Social Sciences (IBM-SPSS, version 24.0; International Business
Machines Corp., Armonk, New York, NY, USA) was used to conduct descriptive analyses of the data
collected through the shopping behaviors questionnaire with older adults. For nominal variables
(e.g., gender, professional status, and questionnaire responses), tables of frequencies were calculated.
For continuous variables (e.g., age, time spent shopping), the mean, standard deviation, mode,
minimum, and maximum were calculated.

2.1.4. Results

A total of 110 participants aged between 61 and 86 years (70.92 + 5.94 years) filled in the
questionnaire. Twenty-eight were men (26.7%) and 77 women (73.3%). Fifty-three participants (53.5%)
stated that they usually go to supermarkets as opposed to local grocery (n = 8, 8.1%) stores or big
department stores (n = 38, 38.4%). Fifty-nine (56.2%) claimed that they usually make shopping lists,
but only 42 (75%) use it during shopping. Before going shopping, 44 (79.4%) participants claimed that
they included items in the shopping list as they remember what they need, and 10 (14.7%) organized
the products according to the products’ position in the supermarket.

More than half of the participants claimed they go to the supermarket less than once per week (1 = 56,
52.8%), alone (n = 64, 60.4%), and to buy groceries for weekly necessities (n = 59, 56.2%). On average,
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the participants spend 59.24 = 33.68 min on each visit to the supermarket. Sixty-one participants
(58.1%) claimed that they have an estimation of how much they will spend before going to the checkout
counter, and 33 (35.9%) stated that, after being informed of the value of the bill, they know precisely
how much they should receive in return (see Supplementary Materials Table S2 for the shopping
behaviors questionnaire in older adults descriptive data).

2.1.5. Main Implications for the Development of the NeuroVRehab.PT

Supermarket was the most frequently visited type of store for food and house products shopping,.

A relevant percentage of the participants reported that they carry out their weekly shopping alone.
The findings also suggested that shopping lists do not tend to be long, although diversified.

The majority of older adults in our sample claimed that they go to the supermarket less than once
per week and spend around 60 min on each visit. These data were initially collected to determine
an adequate dose exposure to our digital platform. Although there are no guidelines regarding
dose exposure in cognitive rehabilitation for MCI patients [32,33], previous studies have shown that
interventions composed of few sessions with extended durations were not effective [34]. This implies
that clinical trials of cognitive rehabilitation should accommodate the difficulties that VaMCI patients
experience in their real-life activities (related or not to cognitive decline), provide sufficient repetition,
and manage fatigue and frustration throughout the intervention length [35].

2.2, Design and Implementation of the NeuroVRehab.PT (Phase 2)

Based on the shopping behavior survey with older adults, we developed a first prototype of a web-based
application called NeuroVRehab .PT. NeuroVRehab.PT allows people suffering from VaMCI to perform
typical shopping tasks, such as creating shopping lists, navigating in a supermarket, adding products
to the shopping basket, or sticking to a budget. The application was developed using HTML version
5.2. [36], JavaScript version ECMAScript 2019 [37], CSS version 3 [38], and PHP version 7.4.9 [39].
The supermarket was constructed using the Photo Sphere Viewer library [40] and panoramic photographs of
the interior of a typical Portuguese supermarket (captured using the Google Street View app for Android,
Google LLC., Mountain View, CA, USA); see Supplementary Materials Doc S1, ethical standards, for a
description of the ethical aspects considered during the image capture and editing).

The platform is optimized to run on tablets. Tablets provide direct object manipulation (i.e., the person
directly interacts with the target object using the fingers) and require less hand-eye coordination [41].
Older adults seem to prefer tablets to more traditional setups such as computers [42]. Previous studies
showed that tablets are easier for older adults to use [43], even when they experience technological divide
to some extent [44] or already present mild [20] or severe cognitive compromise (i.e., dementia) [45].

2.2.1. Platform Description

NeuroVRehab.PT is a prototype of a web-based digital neurorehabilitation platform composed of
three independent game modes—supermarket, recipes, and shopping list. The supermarket is the
central part of the platform and the key component of the three game modes.

Supermarket Environment Description

To replicate a real-world scenario, the environment of this system is composed of 49 360° panoramic
photographs, together with typical supermarket noises at the background. The background noise can
be turned off at any time. Users can only navigate in the supermarket by activating the full-screen
mode or touching the start button (which also activates the full-screen mode). This way, users can
have a clean screen to prevent distractions, as reported in previous studies [46]. Maria, a virtual
shopping assistant, will guide users for the first time and regularly provide information about the
game mechanics and behavioral shopping strategies that can be used in real life. Users experience the
virtual supermarket from a first-person perspective (i.e., without any intermediating avatar) and can
walk through the 19 supermarket sections (e.g., vegetables, fruits, bakery, dairy, frozen food) using the
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arrows displayed on the screen (Figure 1). Navigation arrows are placed in the screen, at the corridors,
and in the exact position where the users want to walk to. If necessary, users may zoom in and out to
take a closer look at a product or use the autorotate button to locate themselves in the environment.
To select a product, users touch the product and a tag with the product’s information (name, photo,
category, description, and price) is displayed on the right side of the screen, together with an “add to
the basket” button that allows users to add products to the shopping basket (Figure 2a).

Progression bar Chronometer Volume

&\

i ini. D \'1 "R wra
_— .

IAum*Iloom |anm)

Figure 1. Interface elements of the NeuroVRehab.PT neurorehabilitation digital platform.

WWW
W W

Figure 2. (a) Tag with product information—name, photo, description/weight, price, and add button;
(b) view of the screen with the levels of difficulty, three-star classification, level ID, level of difficulty;
(c) shopping list from a difficult level (medium) with nine products (written in black) under the
correspondent category (written in blue).

Supermarket Game Mode

The system provides fourteen game levels that ask users to go shopping with a predefined
shopping list (Figure 2b). Levels have different difficulty levels—easy, medium, and hard—which differ
regarding the number of products to buy, the distance between the products, the available time to
complete the level, and the presence or absence of background noise. In more advanced levels, there is
also a budget to be met. Furthermore, the platform is designed to enable health professionals to create
custom levels. Users need to purchase all the items of the shopping list (Figure 2¢) to complete the
level. If the added product is listed on the shopping list, users will hear a sound of positive feedback
and earn points. If users try to add a product that is not on the shopping list, a message together with
a sound of negative feedback will appear, and users will keep the same points.
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After selecting all the products on the shopping list, users are asked to go to the checkout counter
zone and pay the groceries by choosing one of the payment methods (cash or credit card). At the end of
each level, a three-star rating is attributed based on the users’ performance (time and distance walked).

Recipe Game Mode

The recipe game mode allows users to shop for the ingredients that are required to cook a
traditional dish. Users may select among six traditional recipes—one soup, four main courses, and one
dessert (Figure 3a). Each recipe is identified by a name and a photo of the dish. As an extra step of
difficulty, after selecting one of the recipes the participants are asked to organize the ingredients under
the correct category (e.g., apples under fruit) (Figure 3b). Correct and incorrect sorting is identified
by turning the ingredients green or red, respectively. The participants need to correctly organize all
the ingredients before having access to the virtual supermarket and purchasing the ingredients of
the recipe.

(a) (b)

Figure 3. (a) View of the recipe game mode; (b) extra step of difficultly in the recipe game mode, in which
users have to organize the ingredients (left side of the screen) under the corresponding category
(right side of the screen); (c) view of the shopping list game mode with two products included in the list.

Shopping List Game Mode

In this game mode, users can create personalized shopping lists. A list ID is identified by a name
customized by users, and they may add products by writing the name of the product in the search
field. As they write, a drop-down list appears with products matching the search query (Figure 3c).
To select an item, they have to touch it. After finishing their shopping list, the participants are asked to
organize the ingredients under the correct category (similar to the activity described in the recipe game
mode section) before moving on to the virtual supermarket.

2.3. Software Evaluation and User Experience (Phase 3)

2.3.1. Sample and Recruitment

A purposive sample of health professionals (i.e., psychologists, neuropsychologists, and neurologists)
identified through professional networking was contacted and invited to participate in the study.
Health professionals were identified based on (1) their clinical and scientific experience (=5 years) with
ageing, age-related neurological disorders, and cognitive decline; (2) their knowledge of the main
theoretical models of human cognition and neurorehabilitation; (3) their familiarity with computerized
cognitive training or rehabilitation programs. All the participants who were contacted (face-to-face)
agreed to participate, and an individual session was booked at the participants” convenience (local and
date). All the participants signed the written informed consent.

2.3.2. Instruments and Procedure

Interviews took place in quiet and private rooms and lasted approximately 60 min. The participants
sat in front of a desk where a Huawei MediaPad T5 tablet (Android 8) (Huawei Technologies Co. Ltd,
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Shenzhen, China) was supported horizontally at 257 degrees (approximately) using a tablet stand.
The platform was run in the Google Chrome application (version 79.0.3945; Google Inc., Menlo Park,
CA, USA). A neuropsychologist with previous experience in qualitative research (FFB) conducted the
interviews, and a second researcher member (SA, computer scientist and PhD student) was also present
in five of the seven interviews and ensured that the sessions went on without any technical problems.

Each session was divided into two moments. In the first part of the interview, the participants were
encouraged to express their opinions and thoughts verbally—the think aloud method (TA) [47]—while using
the platform. The interviewer (FFB) demonstrated the TA method to participants while exploring the
Gmail website. Then, the participants were encouraged to use it on the NeuroVRehab.PT platform.
The participants were free to explore the platform; however, sessions were conducted so that all the
participants visited the three game modes (i.e., supermarket, recipes, and shopping list) and played
at least two game levels in the supermarket mode. The second part of the session consisted of a
semi-structured interview focused on the participants” experience (i.e., user experience; UX) and the
perceived clinical applicability and rehabilitation potential of the platform.

2.3.3. Data Analysis

The participants’ demographic data were analyzed using IBM-SPSS (version 24.0; International Business
Machines Corp., Armonk, New York, United States). Interviews were transcribed for content analysis,
and a list of codes was developed on the basis of two interviews (data grounded theory). This initial
code system was created independently by two researchers (FFB and SA) and then discussed and
merged into a comprehensive list. The remaining interview transcripts were coded independently by
two researchers (FFB and SA) using the previously developed list of codes and an interrater reliability
index of Cohen’s k = 0.82 was obtained by calculating the mean of Cohen’s kappa indexes per interview
(Cohen's k = 0.80). This kappa index was used as indicative of strong interrater reliability in healthcare
research [48]. Blocks of 20 lines were used as the unity of analysis for semantic thematic analysis
purposes [49]. When completing the analysis, the code system was reorganized into broad categories
(major themes) and respective subcategories (minor themes).

3. Results

Seven health professionals aged between 29 and 67 (47.14 + 13.08 years) and with 17 years of
professional experience (range: 5-40 years) were interviewed. Two participants were male and 5 were
female, with academic backgrounds in medicine/neurology (n = 2) or in neuropsychology (n = 5).

Two participants rated themselves as being very confident, four as being confident, and one as
a little confident in using technology or new technological devices (n = 2, n = 2, n = 3, respectively).
On average, the participants spent 16 + 7.99 h (range: 7-30 h) browsing content on the internet and
0.86 = 1.86 h (range: 0-5 h) playing video games per week. All the participants were familiar with
at least one computerized cognitive training or rehabilitation program (e.g., Cogweb®, Rehacom™),
and three participants (42.9%) reported that they use brain training games or computerized cognitive
training programs (CCTP) in their professional practice (e.g., Fitbrain, Neuronation).

Four major themes (and seven minor themes) emerged from the semantic thematic analysis:
experience with NeuroVRehab.PT, rehabilitation potential, potential barriers, and opportunities
(see Table 1 for the complete code system, including minor themes). Due to technical problems related
to audio recording, the second part of interview 2 was lost (90% of the semi-structured interview).
Therefore, only the information collected during the TA phase of interview 2 was included in data
analysis. Data saturation was obtained at the 5th interview, with no new codes identified in the last
two interviews.
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Table 1. Code system developed with the semantic analysis of the interviews.

=  Experience with NeuroVRehab.PT

*  Hedonic experience and presence
e  Usability
= Rehabilitation potential
e  Cognitive stimulation
e  Transfer capacity

Potential barriers
Opportunities

(I}

e  (Clinical and non-clinical contexts
e  Friend sourcing
Other environments

3.1. Experience with NeuroVRehab . PT

3.1.1. Hedonic Experience and Presence

Overall, the participants expressed a positive attitude towards NeuroVRehab.PT and reported
having fun and enjoying the platform. Different features of the platform stood out and were considered
by the participants as appealing and relevant from a clinical point of view (e.g., the icon used to
identify the different game levels (Figure 2b), the label with the product’s characteristics (Figure 2a),
the zoom-in functionality, and the availability of a shopping list that the participants can check
(Figure 1)). However, it was the high realism and visual complexity (and auditory stimuli) of the VE
that captured the participants’ attention. All the participants but one explicitly mentioned this aspect
during the interviews (and some of them more than once).

Participant 1: “I was expecting something more, rudimentary, but not the case, I think it was
... the products were clear and colors vivid ... ”

Participant 2: “Well, it is a very appealing image of the supermarket. It makes you want to
explore it, doesn‘t it? It has beautiful fruits.”

Participant 4: “Ah! How cute ( ... ) it really looks like a supermarket (... ), maybe this
is really a supermarket ( ... ) The products are real, not drawings [as in 3D-modulated
scenarios], I think it is good.”

Participant 5: “|While performing a task in NeuroVRehab.PT] Ok, hot chocolate. Hot chocolate,
now [ have to find ... . this is really realistic. In fact, it is real, I did not have this expectation.”
Participant 6: “It seems very realistic, hyper-realistic.” (line 51) “The locations, the type of
products, yes, yes, I think is quite realistic.”

Participant 7: “The environment sound is very good; it really puts you inside of a supermarket
(... ) we know where we are, perfectly.”

3.1.2. Usability

The participants identified and played the three game modes without relevant difficulties.
However, the navigation controls and the sense of orientation inside NeuroVRehab.PT were identified
as two aspects that should be improved in order to provide a more smooth and pleasant experience.
For instance, some participants misinterpreted the meaning of the navigation controls and interpreted
themn as mandatory actions to progress in the game.

1J1



J. Clin. Mad. 2020, 9, 3821 9of 18

Participant 2: “The arrow appears, I assume this means [ need to follow the arrows.”
Participant 1: “ ... the arrow then ... means that I need to go back to the fruit section?”

Other participants considered the arrows as hints to the location of the next product in the
shopping list.

Participant 5: “The arrow helps to orient, doesn’t it? I did not understand if the arrow gives
you a hint or if ... Does it give you a hint?”

Regarding the sense of being oriented within the supermarket, the participants felt that it
. could be useful, for example, before starting (the game levels) that the person visits the whole
supermarket a kind of orientation exercise, to learn (the supermarket) more or less.” (Participant 1).
Still on this subject, another participant referred to the famous experiment of Willard S. Small [50] to
explain the importance of having the opportunity to explore (learning) the environment before starting
any specific task: “ ... a person is in that environment; it is like a mouse when it is put on a place,
like ( ... ) a maze, something like that, it (the mouse) will explore, the first thing it will do is to explore
the surroundings to get a perception. We are a little bit like mice. The first thing a person wants to do
is ... in fact, surrounded by these fruits, is to see what is around and understand ... ” (Participant 2).
In this regard, the participants suggested that the presence of signs with the names of the sections
and/or a map of the supermarket would improve the sense of orientation as well as the learning of
the VE.

a

3.2. Rehabilitation Potential

The health professionals considered NeuroVRehab.PT a useful and innovative instrument for
cognitive stimulation that they would recommend to their MCI patients.

Participant 5: “[regarding another virtual supermarket for IADL rehabilitation] (... ) it was
prehistoric when compared to this one.”

Participant 2 “ ... a good alternative for cognitive stimulation.”

3.2.1. Cognitive Stimulation

The participants considered NeuroVRehab.PT “ ... sufficiently appealing and demanding for MCI
patients ... ” (Participant 5) and comprehensive in terms of the cognitive functions stimulated—namely,
executive functions (working memory, planning, decision making), memory, attention, spatial orientation,
and math abilities.

Participant 5 “ ... working memory, of course, always pumping in my head ( ... ) Manifestly,
this also trains orientation ... .”. [ ... ] From an attentional point of view, it is quite demanding”.

In addition, the choice for a shopping activity as the core activity of this digital intervention was
considered as “ ... meeting the necessities of this population.” (Participant 1) and “ ... important,
crucial for [patients] daily-life, if they do not have someone to do the shopping for them, they have to
do it themselves ... ” (Participant 7).

The realism of the scenario was also identified as an asset that could be used to promote patients’
motivation to comply with long and emotionally demanding rehabilitation programs.

Participant 7: “[regarding other CCTP] I think there is not an effort or an intent to be similar
to the person’s daily life. Here I notice that effort (... ) and that could be more motivating
for the person who is doing the training”.
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3.2.2. Transfer Capacity

NeuroVRehab.PT elicited a sense of presence in some participants; “ ... I already knew that the
milk would be closer to where eggs were, it is similar to other supermarkets where I go, I knew that ...
even if some fruits are not displayed on the fruit exhibitor, they are right there, it is essentially like ...
my experience in other [real] supermarkets.” (Participant 1).

Participants were divided concerning NeuroVRehab.PT transfer capacity to patients’ daily life.

Four participants considered that the activities proposed on NeuroVRehab.PT are “ ... more easily
generalized than the paper-and-pencil exercises that we often do.” (Participant 5) and “Once the person

succeeds in the game, I think ... , I would say that it is easy to transfer to real life.” (Participant 6).

Other participants considered that the transfer of the trained skills could not be assumed only based on
the similarities between the virtual and real-world environments. Finally, a third group of participants
claimed that the transfer of trained skills is more likely to occur if the activity/exercise is meaningful
within the patient’s life context.

Participant 2: “It has to make much sense [to the patient] to have any impact or transfer to
real life. And even with this software, it is either something that meets what the previous life
of the person was, and it has any meaning to him/her, or it ends up [just] being an interesting
game... ",

Finally, it was also pointed out that, despite being very realistic, our virtual supermarket is still a
controlled environment (e.g., being the only customer, the absence of entropy caused by the presence
of other buyers, people covering the products) and different from the supermarket frequented by
the patient.

3.3. Potential Barriers

Among the potential negative psychological side effects that MCI patients might experience
associated with the use of our platform, the one most referred to by the participants was frustration
(verbalized by six participants), followed by stress (n = 4), fatigue (n = 2), anxiety (n = 2), and irritation
(n = 1). Feelings of frustration were primarily associated with the process of learning how the platform
works. Nonetheless, the participants considered that potential negative psychological side effects could
be easily managed if a therapist is present and supports the patient’s learning process by explaining
game mechanics and controls and helping the patient cope with feelings of frustration.

Participant 7: “I believe they [the patients] will have some doubts ( ... ) I had someone by
my side to explain it to me, and they do not have it".

Participant 3: “I think in some cases, some patients can easily start to get frustrated. And it
is advisable not to continue. And I think there will be some situations like that, which is
perfectly normal with this type of activity. Therefore, it is necessary to have resources
[as therapists] (... ) to be you to finish the activity and help the patient to moveon... ”

Nausea was also referred to (n = 1) as a potential negative side effect as a result of the temporary
blurred vision associated with the process of going from one image (sphere) to another. No other
physical adverse effects (e.g., falls, dizziness) were foreseen by the participants, although difficulties
associated with ageing, such as low visual acuity, were referred to.

3.4. Opportunities

Throughout the experimental sections, the participants identified three other possible applications
of NeuroVRehab.PT.

ERe)
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3.4.1. Clinical and Non-Clinical Contexts

NeuroVRehab.PT was considered as having applicability in other clinical populations, such as
Traumatic Brain Injury (TBI), stroke, and early-stage dementia patients. Some participants also
suggested that the platform could be used as a means to increase technology literacy in healthy
older adults.

3.4.2. Friend Sourcing

Three participants reported they would like to see some degree of interaction between users.
One of the suggestions was to provide patients with the possibility of sharing recipes and cooking tips
with other NeuroVRehab.PT users (i.e., patients), thus creating a virtual community. The participants
also stated that it would be interesting if the therapist could create shopping lists (participant 5) that
reflect the patient’s diet and/or food restrictions (participant 3). The fact that NeuroVRehab.PT is
an online platform was identified by another participant as a way to promote family engagement,
especially from younger people. “This (NeuroVRehab.PT) would be much more playfuland (... )
maybe it could even be more interesting to attract family participation (... ) even for grandchildren,
it would be much more interesting than sitting next to the grandmother, with a paper and pencil
activity” (Participant 7).

3.4.3. Other Environments

The possibility of exploring other IADL (e.g., finances, ATMs, housekeeping) as well as real-life
scenarios (e.g., the supermarket where they usually go) was noted as being one of most significant
opportunities that the design approach presented here could bring to the field of neurorehabilitation.
Other proposed activities were to invite patients to cook the recipes available in the recipe game mode,
explore public places, and train their capadty to use public transportation.

4. Discussion

The use of photo-realistic interactive virtual environments is a promising approach to develop
accessible, cost-effective, and ecologically valid instruments for neurorehabilitation in VaMCI patients.
The availability of digital instruments has gained even more prominence with the current global health
conjecture due to the COVID-19 pandemic, where contact between health professionals and patients
is restricted or drastically reduced. In this paper, we described the design and development process
of a fully navigable and interactive virtual supermarket built from photos of a typical Portuguese
supermarket—the NeuroVRehab.PT. Furthermore, health professionals with extensive clinical and
research experience in neurodegenerative and age-related disorders assessed our platform and
identified the advantages and challenges associated with its clinical use in VaMCI neurorehabilitation.

The participants considered NeuroVRehab.PT a remarkable improvement in the design of VEs for
neurorehabilitation. The use of real-world supermarket photos as a core element of NeuroVRehab.PT
resulted in a highly realistic and ecologically valid VE. In previous studies, the ecological validity of
virtual supermarkets for assessment or training purposes was established through the relationships
obtained between the participants’ performance in the VE and in related measures of executive
functions and everyday functional capacity [23,26,51,52]. However, in the present study the ecological
validity of NeuroVRehab.PT was established based on the verisimilitude approach [53]. According to
this approach, ecological validity can be established based on the degree to which the demands of
an experimental task resemble the cognitive demands of that task in the real world [53,54]. In this
regard, not only is NeuroVRehab.PT an accurate representation of a typical Portuguese supermarket
(face validity), but it was also claimed by the participants that our platform looked like (and felt like) a
real supermarket. This was most evident in the statements of participants 1 and 5, when they said that
their experience with NeuroVRehab.PT was very similar to shopping in a real-world supermarket;
that is, they experienced the same difficulties and resorted to the same problem-solving strategies as
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they would in a real-world shopping activity. From this perspective, the design approach presented in
this paper can also be applied to the development of instruments aiming to assess cognitive functioning,
particularly executive functioning,.

Moreover, our platform allowed the participants to interact and choose between grocery products that
they are familiarized with and use in their daily life. This additional layer of customization (e.g., through the
creation of personalized shopping lists that reflect real-life needs) enables coupling between therapeutic
exercises and the patients’ interests and routines, thus resulting in meaningful exercises with practical
(real-life) applications [35]. In other words, NeuroVRehab.PT is therefore a flexible rehabilitation
platform to accommodate patients’ personal (e.g., food preferences), health (e.g., diet, food allergies and
intolerances), cultural/religious (e.g., regional gastronomy), and socioeconomic status (e.g., branded vs.
white label products).

Another layer of NeuroVRehab.PT aiming to promote patients” engagement is the use of
gamification processes. Gamification (i.e., the use of game elements in non-game contexts) [55,56] has
been widely used as a means to promote patients’ adherence [57], self-esteem, satisfaction, and positive
emotional experience [58] with healthcare interventions. In NeuroVRehab.PT, we implemented two
types of game elements: numeric (e.g., points, scores) and visual (e.g., messages, three-star classification)
feedback elements and narrative contexts. Although the study of the motivational influences of different
game elements is still in its infancy, preliminary studies suggest that immediate feedback elements
are associated with high adherence rates during the initial phases of contact with the platform [59,60].
On the other hand, the storyline in which the main action unfolds is thought to be a crucial feature for
long-term adherence [60] (see reference [59] for a description of the rationale underlying the selection
of this game element). Although the conclusions that can be drawn from a single moment of contact
with our platform are limited, the participants” statements that they had fun with and enjoyed using
our platform is indicative that the implementation of these game-elements was successful, at least to
some degree.

From the semantic thematic analysis, two subthemes emerged regarding the rehabilitation potential
of our platform: cognitive stimulation and transfer capacity. Health professionals considered that the
activities proposed in NeuroVRehab.PT are feasible by VaMCI patients and target the cognitive functions
recruited during a shopping activity (e.g., orientation, planning, decision making, working memory,
attention, math abilities). Furthermore, the participants referred to the training provided by our
platform as being more easily generalized to the patient’s daily life when compared to other forms of
cognitive stimulation, such as CCTP and Brain Training Games (BTG). Despite the undeniable social
and economic impact of CCTP and BTG, the evidence regarding the efficacy of these programs is
still scarce, with few studies showing an impact on other cognitive functions beyond those directly
targeted by the cognitive training program, and even fewer studies showing an impact on behavioral
outcomes [32,61-63].

It is noteworthy that the theoretical framework used in NeuroVRehab.PT highly contrasts with
the one used in CCTP and BTG. While, in CCTP and BTG, individual exercises are developed to target
isolated cognitive functions [64-66], in our platform we focused on developing a training exercise
that aims to stimulate/train the adequate behavioral patterns/responses to perform one specific IADL
successfully. Therefore, in NeuroVRehab.PT we privileged activity segmentation into its basic units
(e.g., creating a shopping list, searching for products, checking the shopping) as a means to promote
the patient’s awareness of where and how errors occur, along with the availability of simple strategies
that patients could apply when shopping in the real world (e.g., organizing the shopping list and
checking it before leaving each supermarket section). Promoting patients” awareness, training practical
strategies to overcome or avoid errors, and the periodical monitorization of action and goals are
crucial steps in the Goal Management Training paradigm (GMT) [67]. The GMT has been used in the
cognitive rehabilitation of patients with attention and executive defidts [67], including MCI patients,
with positive results on quality of life [68], capacity to identify relevant occupational goals and efficient
strategies, and the monitorization of task progression [69].
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Nonetheless, not all the participants were sure about the transfer capacity of NeuroVRehab.PT.
For instance, participant 3 stated that patients” predisposing characteristics (e.g., previous shopping
experiences) rather than the VE characteristics would influence patient adherence and skill transfer.
The perspective that different people need and want to (re)learn different things and do this in different
ways, using different strategies, is an established fact in the neurorehabilitation field, and programs
should be committed to identifying which activities patients perceive as relevant in the actual context
of their life [70]. In other words, no matter how well a system is designed or optimized to perform a
task, it needs to relate to their users and correspond to their expectations [71]. Shopping for groceries
is still a gender-based established activity, at least among older Portuguese generations. This will
negatively influence how comfortable some older adults will feel performing a task that they are
not used to, or that they might consider as conflicting with his/her role in the family and the social
system. Therefore, in future feasibility and efficacy digital health intervention studies, factors such as
perceived usefulness, expectations regarding digital interventions, and the perceived social impact of
resorting to mental health programs [72] should be taken into account when establishing the participant
inclusion criteria.

Although NeuroVRehab.PT has been designed to be used independently by VaMCI patients,
health professionals were in agreement regarding the importance of the presence of the therapist
during the training sessions (at least, in the first sessions). The therapeutic bond established between
the health professional and patient (i.e., therapeutic alliance) is a strong predictor of psychotherapy
outcome [73], the decision to start treatment, and patient attrition [74-76]. Feelings of frustration
triggered by successive experiences of failure are common among patients with cognitive impairments
and, when not managed properly, can lead to feelings of confusion, anxiety, and dropouts [76]. In our
study, the need for the therapist’s presence was associated with two main roles: to support the learning
process of how the platform works, and to help patients cope with failure and frustration. This finding
is supported by an extensive body of literature that shows that learning can be fostered when guided
by a more experienced agent [77].

Furthermore, we acknowledge that VaMCI patients may also experience other difficulties observed
in healthy older adults, such as the fear of failure and peer judgment, anxiety about using computers,
and a low assessment of their skills and capacity to learn new things [75]. Therefore, an intermediate
phase of user testing with healthy older adults is being planned to analyze age-related usability issues,
gender and social variable influences, and the system stability [79], which may compromise the use of
NeuroVRehab.PT by VaMCI patients.

5. Conclusions

Taken together, our results show that the NeuroVRehab.PT is an engaging, ecologically valid
neurorehabilitation digital platform for VaMCI patient neurorehabilitation. Although some interface
components such as the navigation controls should be optimized to improve the patients’ UX,
health professionals considered this platform a significant step forward to the design of efficient and
family-inclusive digital interventions for cognitive stimulation and IADL training. The present study
also highlighted the impact that the perceived personal and social relevance of the training activities
might have on patients” adherence and long-term use and, ultimately, the interventions’ efficacy.
Finally, our results are elucidative regarding the potential positive impact of the therapeutic bond
between the health professional and patient on an intervention’s outcomes, and so this should not be
dismissed even in interventions supported mostly by digital resources.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/12/3821/s1,
Table S1. COREQ-COnsolidated criteria for REporting Qualitative research checklist, Doc S1. Ethical standards;
Table S2. Shopping Behaviors Questionnaire in Older Adults descriptive data (n = 110).
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