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ARTICLE INFO ABSTRACT

Handling Editor: Dr Andrew Lepp The Spatial Performance Assessment for Cognitive Evaluation (SPACE) is a novel iPad serious game designed to
identify differences in spatial ability indicative of early signs of cognitive impairment. This paper reports on the
development of SPACE and presents the results from three usability studies across different ages. Study 1
compared the traditional tap and swipe control interface with a semiautomated interface. Study 2 investigated
the benefits of a UI widget that displayed the rotation performed in the Virtual Environment (VE). Study 3
evaluated the effects of a simplified configuration of landmarks explored in the VE. Findings across the studies
indicated that age was the primary factor influencing performance. Younger participants consistently out-
performed older ones across various tasks and reported higher usability and lower workload. Despite notable
performance improvements for the tasks in SPACE, the new control interface, Ul widget, and simplified
configuration only had a minimal impact on usability. Younger participants rated SPACE above the level of
mature products, while older participants found it useable but not always engaging. Critically, the significant
interactions between age and experimental conditions indicated that younger and older participants benefited
differently from the design modifications. Here, the semi-automated control, the simplified configuration, and, to
a lesser extent, the UI widget showed promise in mitigating age-related performance differences while main-
taining the level of challenge necessary to assess differences in cognitive status. This research showcases the
potential of SPACE as a serious game and emphasises the importance of balancing simplicity with task demands
for future unsupervised deployment.
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1. Introduction

According to projections by the World Health Organization (WHO), a
staggering 2.1 billion individuals will be 60 years or over by 2050
(WHO; World Health Organization, 2023). As the population continues
to age, the increasing prevalence of medical conditions such as dementia
will impose a greater burden on healthcare systems around the globe.
Dementia is a degenerative neurological syndrome characterised by the
deterioration of cognitive functions, including memory, reasoning,

language, and spatial ability (Jack & Holtzman, 2013). Currently, de-
mentia impacts around 55 million people worldwide and constitutes one
of the major causes of dependency and death among older adults (World
Health Organization, 2023). The WHO predicts that by 2050, approxi-
mately 139 million individuals will be living with dementia, and the
direct global expenditure on dementia care is expected to reach $2.4
trillion (Velandia et al., 2022). Indeed, dementia poses a multifaceted
challenge to the healthcare system, including demand for specialised
long-term medical care, caregiver support, and significant healthcare
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costs associated with diagnosis, treatment, and the ongoing manage-
ment of the disease. Dementia also poses severe and often under-
estimated indirect societal and personal costs related to informal
caregiving (Wong, 2020). With the absence of a known cure for de-
mentia, it is critical to implement early and targeted interventions that
can help slow down the progression of the disease and support in-
dividuals in upholding their autonomy and quality of life. To fully
capitalise on the advantages offered by early interventions, it is essential
to have a diagnosis that is both timely and accurate.

Dementia is typically preceded by a preclinical stage known as Mild
Cognitive Impairment (MCI), in which cognitive decline is present but
not sufficiently severe to disrupt daily activities (Morris et al., 2001;
Petersen et al., 2001). Indeed, MCI symptoms can already be present
when individuals are in their 40s (Singh-Manoux et al., 2012). Since the
pathophysiological processes of more advanced forms of dementia like
Alzheimer’s Disease (AD) initiate years before symptoms manifest, MCI
presents a propitious stage for the early detection and the deployment of
interventions when they are more likely to succeed. Researchers are now
dedicating extensive efforts towards identifying biomarkers for cogni-
tive impairment (Blennow et al., 2015; Chong et al., 2021; Soldan et al.,
2020). The analysis of Cerebrospinal Fluid (CSF) and Positron Emission
Tomography (PET) are reliable methods for detecting pathophysiolog-
ical changes related to dementia. However, their invasiveness, high
costs, and limited availability often hinder their use in the early diag-
nosis. Neuropsychological tests can be used for cognitive evaluation at a
lower cost but require a trained neuropsychologist and can take hours to
administer. While more rapid cognitive screening tests like the Montreal
Cognitive Assessment (MoCA; Nasreddine et al., 2005) and the
Mini-Mental State Examination (MMSE; Folstein, 1983) serve as alter-
natives to identifying advanced dementia cases, their sensitivity to
detect early signs of cognitive impairment can be limited (Arevalo-Ro-
driguez et al., 2013; Dautzenberg et al., 2019; McLennan et al., 2011).
Notably, existing cognitive assessments primarily focus on memory
deficits and tend to overlook other domains affected by MCI, such as
spatial abilities.

This lacuna is surprising because MCI and AD adversely affect the
hippocampus and entorhinal cortex (Devanand et al., 2007; Pennanen
et al., 2004) through extracellular plaque deposits of the p-amyloid (Ap)
peptide (Chételat et al., 2009) and neurofibrillary tangles of the
hyperphosphorylated tau protein (Jack et al., 2010). Critically, these
two brain regions are also known to play an instrumental role in the
spatial coding of locations (O’Keefe & Nadel, 1979) and in assisting
individuals to keep track of changes in their position and orientation
during navigation (Hafting et al., 2005; Jack et al., 2018; McNaughton
et al., 2006; Schinazi et al., 2013; Schinazi & Thrash, 2018). Indeed,
patients suffering from MCI and AD experience a significant decline in
spatial abilities in addition to other cognitive deficits (Benke et al., 2014;
Coughlan et al., 2018; Hort et al., 2007; Lester et al., 2017; Placido et al.,
2022). Here, atrophy and abnormal neural activity in the hippocampus
and entorhinal cortex of these patients have been associated with
reduced performance in a variety of spatial tasks compared to healthy
controls (Li & King, 2019). For example, delpolyi et al. (2007) compared
the performance of MCI and AD patients with healthy controls in a series
of spatial tasks after they learned a route in the real world. They found
that these patients underperformed in the spatial tasks relative to
healthy controls and that their performance was associated with atrophy
of the hippocampus. Similarly, Schoberl et al. (2020) injected partici-
pants with a radiopharmaceutical marker and asked them to complete a
series of spatial tests in a complex and unknown environment before
undergoing a PET scan. They found that amyloid-positive MCI patients
performed worse than controls in the spatial tasks and showed reduced
activation in the hippocampus and parietal cortex. Interestingly, these
authors report that tests typically used to screen for dementia (e.g.,
word-list learning, figural learning, and trail-making) were incapable of
discriminating between MCI and control participants.

While an in-depth evaluation of spatial ability may improve the
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sensitivity and specificity of existing cognitive screening tools, naviga-
tion assessments in the real world take longer to administer and are
particularly problematic for participants with reduced mobility. Recent
advancements in Virtual Reality (VR) have opened new avenues for
developing spatial tests that provide lifelike environments and in-
teractions suitable for all ages. VR capitalises on the benefits of gami-
fication by actively engaging participants, making it an effective tool for
assessments. In addition, advances in mobile technologies now allow for
VR tools to be easily deployed in portable devices, further facilitating
testing outside the laboratory or clinic. Researchers have already started
to uncover the potential of VR for assessing various cognitive functions
(Groppell et al., 2019; Meier et al., 2021), including spatial and navi-
gation abilities compromised by pathological ageing (Chan et al., 2016;
Cushman et al., 2008; Diersch & Wolbers, 2019; Placido et al., 2022;
Puthusseryppady et al., 2022; Tu et al., 2015). However, VR assessments
for cognitive evaluation must go beyond creating engaging experiences
and provide accurate, inclusive, user-friendly, and secure tools. As such,
it is vital that researchers prioritise usability when developing digital
technologies, especially when designing for use by older adults.

In this paper, we present the Spatial Performance Assessment for
Cognitive Evaluation (SPACE). SPACE is a novel serious game designed
to identify deficits in spatial ability indicative of early signs of cognitive
impairment. In SPACE, players assume the role of an astronaut on a
mission to explore an unfamiliar planet by completing a series of spatial
tasks. Each task is specifically designed to probe different aspects of their
spatial abilities. In three studies, we evaluated the usability of different
features of SPACE in individuals aged between 21 and 76 years of age in
terms of task performance and self-report ratings. In Study 1, we
assessed the advantages of a new control interface for navigating the
Virtual Environment (VE) designed to minimise interaction with the
tablet. In Study 2, we investigated the benefits of a navigation aid in the
form of a UI widget that displays the amount of rotation performed by
the player in the VE. In Study 3, we examined the usability gains of
reducing task complexity relative to the number of landmarks in the VE.
To anticipate, we found that the three usability changes improved task
performance, but this was not always reflected in self-report ratings.
Older participants demonstrated a notable preference and advantage for
using the new control interface, whereas the navigation aid proved more
beneficial for younger adults. In general, the simplified configuration
was capable of mitigating age-related performance differences while
maintaining the level of challenge necessary to assess differences in
cognitive status.

2. Literature review
2.1. Digital technology use among ageing adults

The recent uptake in the adoption of digital technologies among
ageing adults provides a promising backdrop for using VR in cognitive
screening. In the last decade, the ownership of mobile devices has risen
sharply (Faverio, 2022; Gilbert, 2020). Smartphone ownership has
surged among individuals aged 18 to 29 (66%-96%), 30 to 49 (59%—
95%), 50 to 64 (34%-83%), and those aged 65 and over (13%-61%).
Tablet ownership has also risen among those aged 18 to 29 (16%-46%),
30 to 49 (20%-61%), 50 to 64 (13%-53%), and those aged 65 and over
(6%—-44%). This trend has been accompanied by a surge in health apps,
with an estimated 350,000 healthcare apps in the market (Mathews
et al., 2019). Health apps have the potential to disrupt clinical care by
offering remote access, minimising the need for frequent visits to the
clinic while reducing the costs and burden of travel. This improved
accessibility can facilitate repeated testing and the sharing of health data
based on weekly or daily assessments (Amagai et al., 2022; Czaja et al.,
2013). Altogether, health apps may enable individuals to take an active
role in managing their health and enhancing their well-being (Czaja,
2019).

Despite the significant advantages

of digital technologies,



G. Colombo et al.

developing user-friendly apps for older adults is challenging due to the
diverse and complex issues that often accompany ageing (Adcock et al.,
2020; Czaja et al., 2013). For example, cognitive impairment affects
problem-solving skills and information processing and can result in
lower attention when working on complex tasks (Gamberini et al.,
2006). In addition, reductions in motor skills, including slower response
times and limited flexibility in movement, can directly impact the ability
of older adults to interact with input devices (Czaja, 2019; Gerling et al.,
2012; Rogers & Fisk, 2010). Here, the incidence of chronic conditions (e.
g., arthritis) and visual loss further affect the ability of these individuals
to manipulate, read and interpret visual information on screens (Kappen
et al., 2019). These challenges can generate technology anxiety in an
ageing population (Rogers & Fisk, 2010), leading to frustration and
higher disengagement rates. Indeed, a 2022 report by Statista revealed
that health apps continue to struggle to maintain user engagement, with
retention rates as low as 3.7% across all age groups (Ceci, 2023). A re-
view by Amagai et al. (2022) further corroborates these findings, noting
the lack of support features, technical difficulties, and overall usefulness
of the app as critical factors related to retention. Notably, researchers
have found that middle-aged and older adults are more willing to engage
with the technology and perceive it as useful when they find it easy to
understand its value, interact with the controls (Wiemeyer & Kliem,
2011), and adapt to it (Hamid et al., 2023; Heart & Kalderon, 2013; Peek
et al., 2014). In general, younger and middle-aged adults have lower
anxiety compared to older adults (Czaja et al., 2006), but in-app training
and the inclusion of game elements have been found to significantly
enhance user experience (Czaja et al., 2013; Koivisto & Hamari, 2019;
Lumsden et al., 2016).

2.2. Gamification and serious games

Gamification and serious games aim to enhance user motivation,
increase activity, promote social interaction, and improve quality and
productivity (Hamari et al., 2014; Riva et al., 2012). Gamification uses
game design elements (e.g., rewards, storytelling) in non-game contexts.
In contrast, serious games represent fully developed gaming experiences
intentionally designed for non-entertainment purposes (Deterding et al.,
2011). Unlike gamification, which selectively incorporates game-related
components, serious games immerse users in a complete virtual gaming
environment, potentially providing a deeper level of engagement and
immersion over extended periods (Ryan et al., 2006). Researchers are
actively exploring gamification and serious games in healthcare (Kon-
stantinidis et al., 2017; Pereira et al., 2014; Sardi et al., 2017) to pro-
mote physical and cognitive activity (Bamidis et al., 2015; Gamberini
et al., 2006; Pedroli et al., 2018), behavioural changes (Alahdivala &
Oinas-Kukkonen, 2016; Baranowski et al., 2008), and engagement and
adherence to treatment (Amagai et al., 2022; Dias et al., 2018).

Recent studies have shown that approximately 65% of Americans
play video games (Entertainment Software Association, 2023). Inter-
estingly, 45% of Americans aged 50 and above report playing games at
least once a month (Kakulla, 2023), and similar figures have also been
reported for European countries (Clement, 2023). Playing games offers
numerous benefits, including increasing self-confidence, diminishing
feelings of loneliness, and stimulating stronger connections with family
members (Granic et al., 2014). Games can also enhance cognitive con-
trol (Anguera et al., 2013), executive functions (Basak et al., 2008;
McCord et al., 2020), processing speed (Nouchi et al., 2012), hand-eye
coordination (Rutkowski et al., 2021), visual processing (Belchior
etal., 2019), and attention (Abbott, 2013; Latham et al., 2013; Spence &
Feng, 2010). Finally, gamified apps and serious games can add a layer of
personalisation and engagement to health apps by offering solutions
custom-tailored to individual needs, resulting in potentially more tar-
geted and impactful interventions (Gerling & Masuch, 2011). Unfortu-
nately, many commercially available serious games are not well-suited
for middle-aged and older individuals, and the vast majority of studies
have focused on evaluating the effects of gamification among young
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adults (Marston, 2013), neglecting the needs of an ageing population
(Havukainen et al., 2020; Martinho et al., 2020).

Several authors have highlighted the intricacies of designing games
for an ageing population (Cota & Ishitani, 2015; Czaja et al., 2013, 2019;
Gamberini et al., 2006; Marston, 2013; Martinho et al., 2020; Secer &
Us, 2023). Games for this demographic need to be visually appealing,
adaptable to various motor skills, and present an appropriate level of
challenge (Gerling et al., 2012). Indeed, a recent study targeting
middle-aged adults highlighted several key features that make serious
games appealing to this age group (Machado et al., 2018). These features
include frequent feedback, opportunities for progression and incre-
mental learning, a fun and relaxing gameplay experience, and the
elimination of distractions. Similarly, to assist older adults in feeling
more comfortable with games, developers should introduce simplified
control interactions (Cota & Ishitani, 2015; Wiemeyer & Kliem, 2011)
with in-app training (Czaja et al., 2019), intuitive user interfaces (e.g.,
zooming function; Czaja et al., 2013; Ijsselsteijn et al., 2007), mean-
ingful goals (Flores et al., 2008) that are accompanied with clear in-
structions (Czaja et al., 2019; e.g., videos, popup menus; Havukainen
et al., 2020) and encouraging feedback (e.g., visual progress indicators,
game rewards; Barnard et al., 2013; Flores et al., 2008; Lim et al., 2012).
Gamification for middle-aged and older adults should also leverage the
potential of storytelling to further engage individuals during repetitive
tasks that are essential for accurate health evaluations (Czaja et al.,
2019).

2.3. Serious game and cognitive status

Gamified apps and serious games can play a pivotal role in pro-
moting the health and well-being of older adults at risk of or already
experiencing cognitive impairment (Wilson et al., 2022). Several studies
have investigated the usability and effectiveness of gamified assessment
of cognitive status (Ben-Sadoun et al., 2016; Manera et al., 2015; Tziraki
et al., 2017) with varying results. In a study by Manera et al. (2015),
patients with cognitive impairment reported positive usability feedback
(e.g., motivation, fatigue, and satisfaction levels) when playing a serious
game developed to assess and stimulate executive functions. Similarly,
other authors (Ben-Sadoun et al., 2016; Tziraki et al., 2017) found
positive usability scores and good levels of enjoyment for cognitively
intact and impaired participants when playing a cognitive training
game. These positive results are further supported by the low number of
dropouts during cognitive training studies (Contreras-Somoza et al.,
2021). Despite the positive effects highlighted above, gamified cognitive
assessment and training technologies have not always been successful or
well-received (Bahar-Fuchs et al., 2013). Here, Robert et al. (2014)
emphasise the need for more significant efforts in usability testing to
create user-friendly interfaces for serious games. Specifically, these au-
thors urge researchers and developers to prioritise ease of use for players
and the individuals administering the assessment (e.g., clinicians) who
may not have experience with the technology. In addition, the study
underscores the lack of standardised methodologies in serious game
research and advocates for feasibility and efficacy studies involving
users and professionals prior to deployment.

Currently, there exists a multitude of apps purposefully built for the
assessment and training of cognitive abilities (Bang et al., 2023; Berg
et al., 2018; Berron et al., 2024; Groppell et al., 2019; Lumsden et al.,
2016; Maggio et al., 2023; Meier et al., 2021; Vyshedskiy et al., 2022;
Ohman et al., 2021). For example, the MoCA DUO (https://mocacogni
tion.com/digitaltools/) is a digital version of the MoCA that offers
automated scoring, multilingual support, and interactive elements like
on-screen drawing and instructions, simplifying deployment in clinics or
via video conferencing. While the MoCA DUO has been effective in
replicating the original paper and pencil assessment (Berg et al., 2018;
but see, Wallace et al., 2019), it still lacks gamification elements, re-
quires administration by a trained professional, and largely overlooks
other cognitive domains like spatial ability. BrainCheck is another
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digital assessment that has shown promise in discriminating between
healthy, MCI, and AD individuals (Groppell et al., 2019). However,
similar to the MoCA, BrainCheck relies on typical psychometric tests (e.
g., Stroop, trail making, delayed recognition) without considering def-
icits in spatial ability. Two recently developed gamified assessments,
Altoida (Meier et al., 2021) and BrainTrack (https://www.dementia.or
g.au/braintrack-app), now offer a suite of VR and Augmented Reality
(AR) tasks, some of which specifically target deficits in spatial ability.
However, the interaction with the AR spatial tasks in Altoida is still
somewhat cumbersome, and, to our knowledge, there are no studies on
the usability and efficacy of BrainTrack.

Over the last two decades, researchers have attempted to use
different aspects of gamification for the design of spatial and navigation
tasks in VR aimed at detecting cognitive deficits. These tasks have pre-
dominantly focused on one or multiple facets of navigation, including
maze learning (Migo et al., 2016; Morganti et al., 2013; Weniger et al.,
2011; Zhang et al., 2021), route learning (Levine et al., 2020; Morganti
etal., 2013; van der Ham et al., 2020; Weniger et al., 2011; Wiener et al.,

a) Rotation training. The player centres the  b) Homing training. The player follows the
robot with the cross-hair after rotating to
find it.

to the rocket.

Destination: Nest

d) Path integration. The robot and player
approaching a landmark (e.g., Nest).

L4 L BON |

Orientation

P-4

~
o

g) Mapping. The player drags and drops
icons in the canvas to create a map of the
environment.

robot to one space station before returning

e) Path integration. The robot scanning an
element to be retrieved in the associative
memory task.

CECECHON RN

h) Associative memory. The player drags
and drops the icons of the elements on the
corresponding icon of the landmarks.
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2020; Zakzanis et al., 2009), landmark recognition (van der Ham et al.,
2020; Zakzanis et al., 2009), path integration (Howett et al., 2019; Tu
et al., 2015), map building (Levine et al., 2020; van der Ham et al.,
2020), perspective taking (Chan et al., 2016; van der Ham et al., 2020;
Wiener et al., 2020), and egocentric/allocentric coding (Castillo Esca-
milla et al., 2023). For the most part, these tasks have been capable of
discriminating between participants who are healthy, cognitively
impaired and suffering from advanced types of dementia, albeit with
varying levels of success. More recently, Zygouris et al. (2022) used a
supermarket test to probe visual and verbal memory, executive function,
attention, and spatial navigation ability by asking participants to
retrieve items from a shopping list and pay for them by calculating the
correct amount. Although the study did not include healthy controls
without Subjective Cognitive Decline (SCD), the authors found that
participants with SCD and MCI rated the game as highly useable (SUS =
83.11) and that usability scores were correlated with task performance.

To date, Sea Hero Quest (Coutrot et al., 2018) is the most impressive
attempt to assess cognitive functioning through a serious game fully

¢) Path integration. The rocket taking off at
the start of a path integration trial.

f) Egocentric pointing. The player estimates
the orientation to the Nest from the
Waterfall.

Progress

£
50 ©
%
Oé‘,/}

You are standing at the

facing the Volcano point towards the

i) Perspective taking. A trial of the
perspective taking task before confirming
the bearing and receiving feedback.

Fig. 1. Screenshots of the training phase and the five spatial tasks in SPACE.
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focused on spatial navigation. Despite the game’s widespread distribu-
tion, its effectiveness in identifying early signs of cognitive impairment
has been limited to associations between individual performance and
the genetic risk of developing the disease (e.g., APOE-e4; Coughlan
et al., 2019). One major drawback with existing VR spatial assessments
is the lack of consensus regarding task development and deployment.
Critically, past research lacks standardisation and often uses different
tests and different versions of the same tests to probe deficits in

Table 1
Overview of training and tasks in SPACE.
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navigation. This methodological discrepancy hinders comparison across
various spatial tasks and compromises the longevity of the assessments.
To effectively assess cognitive status, a comprehensive, engaging, and
standardised suite of tests suitable for use in homes, laboratories, or
clinical settings is essential. To address this gap, we have developed
SPACE as a serious game with a battery of spatial tasks that can be
flexibly deployed to assess cognitive status.

The player learns to rotate in the VE by swiping left and right on the screen to find the robot until it aligns

The player learns to integrate rotations and translations by following the robot in a circuit around the

The player follows the robot from the rocket to two space stations on the planet before being asked to

Training Rotation
with the centre of a cross-hair.
Translation The player learns to move forward to reach the robot by tapping and holding a button on the screen.
Circuit
planet.
Homing
return unaided to the rocket. Throughout this task, the rocket remains visible to the player. Homing
introduces the player to the logic of the path integration task.
Assessment  Path integration

Egocentric pointing

Mapping

Associative memory

Perspective taking

The player follows the robot to two distinct landmarks on the planet before being asked to return unaided
to the rocket. At each landmark, the robot scans an item that the player will be asked to recall in a
subsequent task of the game. Different from Homing in training, the rocket takes off at the start of each trial
and remains invisible until the player completes the return journey and signals for its landing. At the end of
each trial, the player is transported to the correct location of the rocket.

The player performs a memory test for the locations encountered during the path integration task. The
player is positioned in front of a landmark or the rocket and asked to complete a series of pointing trials to
different landmarks. For each set of trials, the player is teleported to a new landmark on the planet.

The player is asked to create a map of the planet by dragging and dropping multiple icons representing the
landmarks they encountered during the path integration task. After dragging all the icons, an animation
showing the correct position of the landmarks is displayed.

The player is asked to drag and drop icons in order to pair the items scanned by the robot with the
corresponding landmarks they encountered during the path integration task. After completing the task, an
animation shows the correct pairings.

The player is asked to imagine standing at a landmark facing another landmark by looking at the map of
the planet. The player is then required to indicate the correct bearing towards a third landmark.
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3. SPACE
3.1. The game

SPACE is an iPad-based serious game that provides an in-depth
evaluation of spatial ability that may serve as a promising marker for
the early detection of cognitive impairment (Fig. 1). We created SPACE
with the dual goal of producing an engaging gaming experience and a
rigorous assessment of spatial and navigation abilities. The game is set
on a foreign planet inspired by the popular game No Man'’s Sky (Hello
Games, 2016). The VE is designed to captivate players while creating a
suitable environment void of landmarks, which is essential when
assessing the acquisition of spatial knowledge. In SPACE, players assume
the role of an astronaut sent on a mission to uncover the potential of the
new planet to harbour life. The game is optimised for older adults using
tasks that are intuitive and complemented by tutorial videos and
real-time instructions. Depending on the task in SPACE, players switch
between a first-person perspective, simulating the astronaut’s viewpoint
from the helmet through a Head-Up Display (HUD), and a 2D repre-
sentation of a panel within the rocket’s cockpit (Fagerholt & Lorentzon,
2009). Throughout the game, the HUD provides players with vital in-
formation to accomplish the tasks (e.g., instructions, destinations, items
scanned, and progress). A companion robot, known as L15A, guides
players through each stage of the game and provides instructions,
feedback (e.g., facial expressions), and rewards (e.g., performance
badges). We also developed various types of controls (i.e., Tap & Swipe,
Joystick, and Anchor) that cater to different experience levels and may
assist in overcoming difficulties when interacting with tablets for older
adults.

The game starts with an extensive training phase (Video 1) that al-
lows players of all ages to familiarise themselves with the control
interface while assessing basic visuospatial skills. The training phase
effectively reduces confounds by ensuring all players thoroughly un-
derstand the control interface before progressing to the main tasks
(Griibel et al., 2017). SPACE includes five spatial tasks (i.e., path inte-
gration, egocentric pointing, mapping, associative memory, and
perspective taking) designed to recruit critical brain regions involved in
spatial navigation (Video 2: Hafting et al., 2005; McNaughton et al.,
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2006; O’Keefe & Nadel, 1979). Table 1 describes the training phase and
the different tasks in SPACE.

3.2. Architecture and ecosystem

The architecture of serious games requires a different approach to
classical video games because the focus is on collecting detailed infor-
mation about the player necessary for accurate assessments. SPACE
follows the Design, Experiment, Analyse and Reproduce (DEAR) prin-
ciple as a guiding framework (Griibel, 2023) to effectively ensure the
integrity of the assessment and the reproducibility of results (Fig. 2a).
The DEAR principle consists of four components that operate in a
cyclical pattern. The Design phase provides users with a friendly inter-
face to create different configurations of well-established tests. This step
streamlines the setup process and allows users to make necessary ad-
justments before testing. In SPACE, this is achieved via the Experimenter
Menu and the configurational panels for each task. The Experiment phase
uses an implementation of the “Experiments as Code” to provision,
deploy, and execute the experiment while enabling data collection
(Griibel, 2022). Here, the training phase and the five spatial tasks
constitute the experiment. During gameplay, all the data (e.g., position
and orientation, time, coordinates, screen interaction) are collected and
stored as a JSON file. The Analyse phase provides researchers with the
necessary support to manage and monitor ongoing experiments and
conduct statistical analyses. This phase offers a comprehensive view of
the experiment process and integrates tools for real-time or post hoc
analyses. We use a custom-made R script to analyse JSON files and
extract individual and group scores from the various tasks in SPACE. The
Reproduce phase gathers the experiment software, the collected data,
and the analysis scripts into long-term repositories. These repositories
are then indexed in the experiment database for a subsequent Design
phase. SPACE is implemented in Unity3D and uses JSON files to ex-
change information on the experimental design and collected data with
trusted remote servers. During game production (Fig. 2b), a GitLab LFS
repository supports automatic builds on a Jenkins server and deploy-
ment to iOS via TestFlight. Expansions and maintenance can be per-
formed in Jenkins’ Continuous Integration pipeline.

The SPACE ecosystem (Video 3) is designed to allow researchers and

a
SPRACE R Studio
Design N Experiment N Analyse
Experimenter Menu Five Spatial Tasks Scientific Evaluation
External External External
Reproduce Storage Storage Storage
(Server) (Server) (Server)
b
. Developer . . Corporate Government .
Locality Eomputer University Server ot e Workers Population
Apple
Host Unity Jeniane Developer Resea?rc.h.ers Ind|v1<.1uals at
& and clinicians risk
TestFlight

Fig. 2. Architecture and development of SPACE. a) The implementation of the DEAR principle in SPACE. b) The production, distribution, and application pipeline

of SPACE.



G. Colombo et al.

— ST —
- i’ Trials Londmarks a @
e C3 - O O
Trneg. Music Sound effects. $ S L i ~
3 G (s $
[ e ] @ 8 - 1@

a) Experimenter Menu. The user sets up the
assessment (e.g., tasks, controls, language)
and load/export data and configurations.

. ?
PP .a\ﬁ)u.x.'

Ordering Paths

Computers in Human Behavior 160 (2024) 108349

Bl oo e, [ - [
Polnting to -
b . ® & © ® @& @ = = —
° Measures a ‘ ® = ¢ . . — c

— Q: ® © & 2 s Bondomize
= - a

— @ ® @@ & ® & @ Randomize
:

] ® & ® & ® @ o

= (2]
. n 2 ® @ ® & ® @ e n

Placemaent t e— . & ®» & & @ 2 Randomize
— © =0 © oome
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d) Perspective taking Configuration Panel.

taking task.

e) Transition screen. This screen indicates to
The user defines the trials for the perspective the player that training is completed and
that the assessment will start.

f) Task loading screen. The player is given
feedback on the performance using badges
before moving on to the next task.

Fig. 3. Screenshots of the Experimenter Menu, configuration panels, and transition screens in SPACE.

clinicians with limited coding ability to easily configure each task ac-
cording to their needs (Fig. 3). Through the Experimenter Menu, users
can select the language, type of control interface, the speed of the robot
and astronaut, set the volume of music and sound effects, and decide
whether to include pre-and post-game questionnaires. Users can also
decide which spatial tasks (including training) will be part of the
assessment, along with the task order and number of session repetitions.
Due to the game’s inherent logic, the path integration task is always the
first to be completed since the knowledge acquired during this task (e.g.,
the position of landmarks) is necessary to complete the subsequent tasks.
Through various configuration menus, users can set the number and
position of landmarks in the VE included in the configuration, along
with the order and characteristics of each trial. Inherent to the config-
uration menus, a logic system allows users to proceed only if all the
generated trials can be executed in the VE. Other functions such as
repetitions, automated trial generation, and randomisation of trials offer
novel and quick ways to design and conduct experiments on the fly.
Finally, users can verify, in real-time, measures of the angular and dis-
tance relationships between landmarks to define different levels of dif-
ficulty. SPACE was designed to facilitate deployment in clinical settings
where time is of the essence, and the clinician’s knowledge of the SPACE
ecosystem is limited. Through shortcut buttons or by importing JSON
files in the Experimenter menu, clinicians and researchers can quickly
load, administer, and share predefined configurations for their assess-
ments consistently across clinics and laboratories worldwide.

4. Materials and methods
4.1. Participants
Two hundred sixty-one healthy participants aged between 21 and 76

years were recruited from the general population through social media
platforms (e.g., Facebook, LinkedIn, Telegram) and flyers distributed in

the community. Participants with neurological disorders, severe visual
impairment or blindness, deafness, a history of seizures, epilepsy, or
acute cardiac events were excluded from the study. Due to unforeseen
technical issues (e.g., app crashing, refusal to answer a questionnaire),
five participants were entirely excluded from the data analysis. In
addition, some study participants had incomplete data entries, resulting
in missing values in our dataset. Only one participant abandoned testing
during the path integration task. These data were omitted from specific
analyses, but the participants were not discarded. In total, data from 256
participants were included in the final analyses. In three studies, par-
ticipants were assigned to four experimental conditions in which we
manipulated the control interface, the presence of a UI element, and the
complexity of the spatial configuration of the VE used during testing
(Fig. 4). The four conditions were carefully balanced in terms of age,
ensuring that the proportions of participants from each age group were
consistent across all conditions. Table 2 presents the sample character-
istics for each condition. Ethical approval to conduct this study was
provided by the Parkway Independent Ethics Committee (PIEC/2022/
010) and the ETH Zurich Ethics Commission (EK 2021-N-193). Written
informed consent was acquired from all participants prior to conducting
the study. All studies were performed in accordance with the

Design | Conditions across Studies
Control interface Configuration

Ul Widget
s1 @ Qﬂ"‘sz (A ] <3 ®

Fig. 4. A schematic representation of the conditions tested in each study. Study
1 (S1) tested two different types of control interfaces: Tap & Swipe (T) and
Anchor (A). Study 2 (S2) tested the effect of adding a UI element (W) compared
to the Anchor condition from Study 1. Study 3 explored the effects of a
simplified configuration of landmarks (S) compared to the default configuration
with the Widget condition from Study 2.
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Table 2
Demographic characteristics of the sample for all studies.
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Study 1: Control Interface

Studies Study 2: UI Widget
Study 3: Configuration
Condition Tap & Swipe Anchor Widget Simplified
Age groups n 92 92 36 36
21-29 21 20 12 12
30-39 20 20 10 10
40-49 n 9 10 4 4
50-59 14 13 2 2
60-69 27 25 4 7
70-79 1 4 4 1
Age 45.50, 46 + 16 43,46 + 17 34,40 + 17 35.50, 40 + 16
MoCA 27,27 £2 27,27 £2 27,27 £3 27,27 £2
Depression 2,234+ 1.68 1,2.40 £ 1.93 2,2.83+1.76 2,272 +1.86
Anxiety 3,3.17 £2.10 3,3.25 £2.11 3,3.64 £ 2.23 3,3.47 £1.95
Stress Median. Mean + SD 3,4.17 £2.31 3,3.86 £2.21 3,4.08 £+ 2.10 3,4.42 £ 2.30
Alcohol consumption ? 1,2.17 £+ 3.22 1,2.39 £5.35 1,1.28 £0.81 1.25,1.71 £ 1.20
Sleep 6.50, 2.49 + 0.93 7,2.49 £0.91 7,2.49 £ 0.84 7,2.49 £ 0.92
Walking 7,10.10 + 10.92 7,8.92 £7.72 7,9.15 £ 8.71 8,9.92 £ 9.70
Physical activity 2,2.68 +2.46 2,3.03 + 3.49 2.75,2.96 + 2.14 2,2.06 +1.70
Tablet expertise 3,2.49 £ 0.69 3,2.52 £ 0.67 3,2.61 £ 0.69 3,244 £0.74
Gender % Male/Female 37%/63% 49%/51% 36%/64% 56%/44%
Education % High school/University 20%/80% 32%/68% 26%/74% 20%/80%
Handedness % Right/Left 91%/9% 92%/8% 97%/3% 89%/11%
Vision defects % Yes/No 67%/33% 72%/28% 67%/33% 58%/42%
Chronic Health conditions % Yes/No 22%/78% 23%/77% 22%/78% 6%/94%
Navigation training % Yes/No 9%/91% 9%/91% 3%/97% 8%/92%
Falls % Yes/No 19%/81% 13%/87% 8%/92% 14%/86%

* Data on traumatic brain injury and smoking were excluded from the analysis since only one participant reported having a traumatic brain injury and only two

participants reported being smokers across all conditions.

Declaration of Helsinki.

4.2. Materials

4.2.1. Questionnaires

Participants were asked to complete a series of questionnaires before
and after the tasks in SPACE. At the start of the experiment, participants
completed a vision test, the MoCA, a sociodemographic and health
questionnaire and the Santa Barbara Sense of Direction Scale (SBSOD).
Following SPACE, participants completed the System Usability Scale
(SUS), the User Experience Questionnaire (UEQ), the NASA Task Load
Index (NASA-TLX), the Presence questionnaire, and a Debriefing
questionnaire.

Sociodemographic and health questionnaire. The sociodemographic
and health questionnaire was used to collect data on the participants’
background (e.g., age, gender, education level, handedness, experience
with tablet, previous navigation training), health status (e.g., vision
defects, chronic health conditions, presence of traumatic brain injury),
and psychosocial well-being (e.g., levels of depression, anxiety, and
stress in the last six months) and health habits (e.g., smoking, alcohol,
falls in the last 12 months, hours of sleep per day, hours of walking and
vigorous physical activity per week). In the questionnaire, participants
were also required to specify whether they were wearing glasses or
contact lenses during the test.

MoCA. The MoCA is a one-page, 30-point test administered in person
by a qualified experimenter as a screening tool for cognitive impairment.
The MoCA evaluates six cognitive domains: memory, executive function,
visuospatial, language, attention, and orientation. A score below 26
points is typically used as a cut-off for MCI. Previous research has shown
that the MoCA has a sensitivity of 90% and a specificity of 87% (Nas-
reddine et al., 2005). A meta-analysis by Pinto et al. (2019) showed that
the MoCA surpasses the Mini-Mental State Examination (MMSE) for
detecting MCI, with AUCs ranging from 0.71 to 0.99 for the MoCA
compared to 0.43 to 0.94 for the MMSE. The MoCA also outperforms the

MMSE for the detection of Alzheimer’s Disease (AD), with AUCs ranging
from 0.87 to 0.99 for the MoCA and 0.67 to 0.99 for the MMSE.

SBSOD. The SBSOD is a 15-item scale developed by Hegarty et al.
(2002) to assess self-perceived navigation ability. For each item, par-
ticipants are asked to report their level of agreement with a series of
statements (e.g., I very easily get lost in a new city) on a 7-point Likert
Scale. A final score is computed by averaging all scores, with greater
scores indicating a higher perceived sense of direction. The SBSOD has
demonstrated good internal reliability (« = 0.88) and high test-retest
reliability (r = 0.91).

SUS. The SUS is a 10-item self-report questionnaire used for assessing
the perceived usability of software, websites, and other interactive
systems (Brooke, 1996). For each item in the SUS (e.g., I found the system
unnecessarily complex), participants are asked to respond using a 5-point
Likert scale ranging from "Strongly Disagree" to "Strongly Agree". SUS
scores range from O to 100, with higher scores indicating better usability.
Over the years, the SUS has demonstrated good reliability, ranging from
a = 0.85to 0.90, and is sensitive to differences among types of interfaces
and changes made to a product (Assila et al., 2016).

UEQ. The UEQ is a 26-item self-report questionnaire for assessing the
user experience of a product or system (https://www.ueq-online.org/).
The UEQ items are grouped into six scales: attractiveness, efficiency,
perspicuity, dependability, stimulation, and novelty. Some authors
(Laugwitz et al., 2008) suggest considering attractiveness as a measure
of pure valence (i.e., related to the overall impression of SPACE) and
combining perspicuity, efficiency, and dependability into pragmatic
aspects (i.e., related to the quality of the interaction when using SPACE),
while novelty and stimulation into hedonic aspects (i.e., related to the
perceived pleasure or fun while engaging with SPACE). The UEQ is
assessed using a 7-point Likert scale between pairs of polar adjectives (e.
g., Annoying vs. Enjoyable, Impractical vs. Practical). Scores for the UEQ
range from —3 to 3, with higher scores indicating higher usability. The
UEQ has demonstrated varying degrees of reliability across different
languages and contexts (x = 0.55 to 0.95), with lower scores typically
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associated with the dependability scale (Schankin et al., 2022).

NASA-TLX. The NASA-TLX is a 6-item tool designed for assessing and
quantifying subjective workload on a 20-point scale (Hart & Staveland,
1988). The NASA-TLX assesses the mental, physical, and temporal de-
mands, as well as performance, effort, and frustration experienced
during a task (e.g., How mentally demanding was the task?). The
NASA-TLX has a maximum score of 100, with higher scores indicating
greater perceived workload. In this study, we administered the un-
weighted version of the scale without pairwise comparisons. As such,
raw ratings from each subscale were averaged into an overall workload
score (Hart, 2006). The NASA-TLX has shown good reliability (a > 0.80)
for individual items and moderate reliability (a > 0.60) for the overall
score (Xiao et al., 2005).

Presence questionnaire. The Presence questionnaire (Witmer & Singer,
1998) consists of 19 questions on a 7-point Likert scale designed to
measure the sense of presence experienced in a VE (e.g., How involved
were you in the virtual environment experience?). The Presence question-
naire evaluates five domains: realism, possibility to act, quality of the
interface, ability to investigate, and self-evaluation of performance. We
employed the revised version of the questionnaire provided by the
Université du Québec en Outaouais Cyberpsychology Lab, which has
shown good reliability (a = 0.84). This version has a maximum score of
133 points, with higher scores indicative of greater presence (Witmer
et al., 2005).

Debriefing questionnaire. The Debriefing questionnaire consists of
three open-ended questions designed to probe what aspects of each task
participants liked or disliked, as well as their overall impressions of
SPACE.

4.2.2. Hardware and software
SPACE was deployed on a 10.2-inch iPad with Wi-Fi and 256 GB
memory running iOS version 16.6.1. A description of all the tasks in

3 Study 1: Control interface

Control: Tap & Swipe Control: Anchor
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SPACE is provided in Table 1. The sampling rate for behavioural data is
set to 4 samples per second to be as accurate as possible while respecting
the trade-off between data availability and game responsiveness. The
vision test was administered using the iPad app MDCalc (https://www.
mdcalc.com). Data for all the questionnaires were collected with the
iPad using the Qualtrics XM online survey platform (www.qualtrics.
com). Gait data was collected using WitMotion sensors (WT901BLECL
Bluetooth 5.0 Accelerometer, https://www.wit-motion.com).

4.2.3. Procedure

To evaluate the usability of SPACE, we created four different con-
ditions: Tap & Swipe, Anchor, Widget, and Simplified. We compared
pairs of conditions in three studies to systematically assess differences in
performance in the various spatial tasks in SPACE and self-reported
usability (Fig. 5). The preferred condition of each study was carried
forward and compared with a new condition in the subsequent study
(Fig. 4). In Study 1, we compared the standard control interface (Tap &
Swipe) with a new semi-automated control interface (Anchor) designed
to reduce the interactions necessary to manoeuvre around the VE. In
Study 2, we evaluated the benefits of a UI element that displayed the
amount of rotation performed in the VE (Widget) by comparing it to the
preferred condition (Anchor) from the previous experiment that did not
include the widget. In Study 3, we examined the effects of a simplified
configuration of landmarks in the VE (Simplified) by comparing it to the
default complex configuration from the previous experiment (Widget).
Given that the paper’s primary focus is on task performance and us-
ability, some data collected from other questionnaires (e.g., socio-
demographic and health questionnaire, SBSOD) and the gait assessment
were excluded from analysis and are reserved for subsequent publica-
tions addressing dementia risk factors and the relationship between fall
risk, spatial ability, and cognitive status.

The three studies followed the same testing protocol. Upon arriving
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Fig. 5. Schematic representation of the three Studies. a) Study 1: Players used either the Tap & Swipe (left) or the Anchor (right) control to navigate the VE. b) Study
2: Players navigated with or without the support of a widget that indicated the amount of rotation in the VE. The widget during the path integration task (left). A
zoomed version of the rotation widget (right). c¢) Study 3: Players completed SPACE with the Default or a Simplified configuration of landmarks and trials. The tables

present the coordinates, list and order of trials.
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at the laboratory, participants were introduced to the study procedure
and asked to sign the consent form to participate in the study. Once
consent was obtained, participants completed the vision test followed by
the MoCA. Participants were then asked to complete the sociodemo-
graphic and health questionnaire. Depending on the study, participants
were randomly assigned to one of two conditions. Instructions for each
task were given verbally by a researcher and displayed in a text popup as
a game element before and during each task. Following completion of
the training phase, participants underwent the five tasks in SPACE. The
order of the tasks was not counterbalanced since they followed the logic
and story of the game. At the end of the experiment, participants
completed the SUS, UEQ, NASA-TLX, the Presence questionnaire, and
the Debriefing questionnaire. The final part of the study consisted of a
gait assessment with the WitMotion sensors. The questionnaire admin-
istration typically spanned 30-40 min, and participants were offered a 5-
min break before playing SPACE.

4.3. Design and analysis

4.3.1. Quantitative analysis

For each task in SPACE, we extracted the following performance
variables. Training time consists of the duration (in seconds) required for
each player to complete the Rotation, Translation, and Homing phases of
the Training. Here, the time to complete the Circuit stage was excluded
because it only applied to the Tap & Hold condition. Path integration time
(in seconds) refers to the average duration required to finish all path
integration trials. Path integration distance refers to the average distance
between the player’s final position and the rocket’s original position for
all path integration trials. A greater distance indicates a larger error.
Egocentric pointing error is the average angular deviation (in degrees)
between the estimate made by the player and the target landmark for all
trials in the task. Mapping accuracy was computed using bidimensional
regression. Bidimensional regression is a statistical technique for
assessing the degree of association (r%) of two planar configurations (i.e.,
the real map of the planet and the map created by the player) of related
coordinate data (Friedman & Kohler, 2003; Tobler, 1965). The Asso-
ciative memory score was computed as the percentage of correct pairings
between scanned elements and landmarks. Perspective taking error is the
average angular deviation (in degrees) between the estimate made by
the player and the target landmark for all trials in the task. For the
self-reported usability questionnaires, we computed the SUS scores
following the guidelines provided by Brooke (Brooke, 1996). For the
UEQ, we extracted separate scores for the UEQ Attractiveness, UEQ He-
donic, and UEQ Pragmatic, following the guidelines provided by Laug-
witz et al. (2008). For the NASA-TLX, we used the average score for all
scales as a general measure of perceived workload. For the Presence
questionnaire, we computed the sum of all individual items, excluding
those related to sounds (i.e., items 20-22).

Before conducting inferential statistics, we verified whether our data
violated the homoscedasticity and normality assumptions of correlation,
Analysis of Variance (ANOVA) and linear regression. When assumptions
for homoscedasticity and normality were met, parametric statistics were
applied. When the assumptions were violated, we used nonparametric or
robust statistics. While having a balanced sample size is not one of the
assumptions in linear models, heteroscedasticity becomes more prob-
lematic when sample sizes are unbalanced (e.g., Study 2). Here, robust
regression mitigates the impact of heteroscedasticity and reduces the
undue influence of outliers on the regression estimates by giving them
less weight in the model-fitting process (Field & Wilcox, 2017). This
method is particularly useful when the smaller samples come from
populations with greater variability (older adults).

For each experimental condition, we conducted Spearman’s rank-
order correlations to assess the convergent and discriminant validity
between the tasks in SPACE and between the self-reported usability
questionnaires. We also conducted correlations between the SPACE
tasks and the self-reported usability questionnaires to assess the

10
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concurrent validity between our objective (performance in SPACE) and
subjective (self-reported) usability measures. For each of the studies, we
conducted between ten (Study 1) and twelve (Studies 2 and 3) separate
regression models. The outcome variable for each of these models was
the performance score on the different tasks in SPACE or the self-
reported usability scores for the SUS, UEQ Attractiveness, UEQ Prag-
matic and UEQ Hedonic scales, the NASA-TLX and Presence question-
naire. We entered Age and MoCA as continuous predictor variables,
while Condition was entered as a categorical dichotomous predictor
variable. Finally, we included an interaction term between Age and
Condition in each model.

In all studies, we excluded the Associative Memory task as an
outcome variable from our analysis because of ceiling effects, which
limited variability and prevented the models from converging. We also
excluded the Condition predictor for models with the perspective taking
score as the outcome variable. Unlike the other tasks in SPACE, the
perspective taking task is a stand-alone task in which participants were
provided with a top-down view of the VE and could not directly benefit
from changes in the control interface, the widget, and the simplified
configuration. The NASA-TLX and Presence questionnaires were
administered only starting from Study 2 to further explore other us-
ability aspects of SPACE. Finally, we excluded the model with path
integration time in Study 3 as completing the complex configuration was
expected to take longer since it required more trials. All statistical an-
alyses were performed using R Studio Version 2023.06.0 + 421 (R
Studio PBC, Boston, MA, http://www.rstudio.com). Robust ANOVAs
and robust regressions were conducted using the R packages WRS2
(Mair & Wilcox, 2020) and robustbase (Maechler et al., 2023; Todorov &
Filzmoser, 2009). The threshold for significance for all tests was set at p
= 0.05.

4.3.2. Qualitative analysis

Answers to the open questions were analysed using thematic analysis
(Braun & Clarke, 2006). This analysis aimed to identify what partici-
pants liked or disliked about each of the tasks in SPACE and to gather
overall feedback on their experience playing the game. This feedback
was gathered for each experimental condition and classified based on
three age groups: Young (20-39), Middle-aged (40-59), and Old (60+).
Following an inductive approach, the analysis was conducted using the
steps proposed by Braun and Clarke (2006). First, the researchers fam-
iliarised themselves with the data by repeatedly reading participants’
feedback on the three questions. Next, initial codes were applied to the
feedback and first-level codes that were similar and shared underlying
meaning were grouped into overarching themes. The focus and scope of
each theme were then assessed to ascertain their coherence, relevance,
and fidelity to the data. Finally, each theme was further refined and
given clear and descriptive names. Three researchers independently
analysed the data, and a fourth researcher oversaw the independent
identification of themes and collaborated on the final refinement and
naming of the themes. The final codes and themes emerged from over-
lapping codes noted by the individual researchers.

5. Results
5.1. Sample characteristics

We conducted separate chi-square, parametric, non-parametric and
robust ANOVAs to investigate whether our samples differed across
conditions. Our results revealed no significant differences between the
four conditions in terms of age (F (3.00) = 2.48, p = 0.084), MoCA (F
(2.62) = 0.00, p = 1.000), depression (X2(3) =6.82, p =0.078), anxiety
(X2(3) = 2.07, p = 0.558), stress (X2(3) = 2.05, p = 0.563), alcohol
consumption (F (2.15) = 0.19, p = 0.835), average hours of sleep per day
(F (3.00) =1.99, p = 0.137), hours of walking per week (F (3.00) = 0.32,
p = 0.794), hours of physical activity per week (F (3.00) = 0.49, p =
0.668), tablet experience (x3(3) = 1.61, p = 0.656), gender (¥%(3) =
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Fig. 6. Correlation matrices for the SPACE tasks and self-reported usability questionnaires for the four experimental conditions. Att = UEQ Attractiveness, Prg = UEQ
Pragmatic, Hed = UEQ Hedonic, NASA = NASA-TLX, Prq = Presence questionnaire, TrT = Training time, PiT = Path integration time, PiD = Path integration
distance, Ptg = Egocentric pointing, Map = Mapping, PrT = Perspective taking. The vertical black lines in the legend indicate the critical values for r.

5.61, p = 0.132), education level (X2(6) =9.62, p = 0.142), handedness
(%(3) = 1.92, p = 0.590), vision defects (3(3) = 2.15, p = 0.543),
chronic health conditions (X2(3) = 5.45, p = 0.141), navigation training
(x%(3) = 1.48, p = 0.687), and falls (x3(3) = 2.55, p = 0.466).

5.2. Convergent, discriminant and concurrent validity

Fig. 6 presents the correlation matrices for the SPACE tasks and self-
reported usability questionnaires for the four experimental conditions.
Results of the correlations between the five tasks in SPACE revealed low
to high convergent validity (rrapgswipe = 0.20 to 0.74; ranchor = 0.10 to
0.62; rwidget = 0.01 to 0.80; Isimplified = 0.02 to 0.46) depending on the
experimental condition and the combination of task variables. As ex-
pected, we observed higher convergent validity among variables related
to the same task (e.g., path integration distance and path integration
time) and among variables measuring the same type of spatial ability (e.
g., path integration distance and egocentric pointing; egocentric point-
ing and mapping). Conversely, higher discriminant validity was found
between different tasks (e.g., mapping and perspective taking), each
designed to assess distinct aspects of navigation ability. Notably, this
pattern of validity is more pronounced in the Widget and Simplified
conditions.

Results of the correlations between the self-report usability ques-
tionnaires also revealed convergent validity ranging from low to high
(Prapaswipe = 0.62 10 0.94; Tanchor = 0.26 to 0.86; Iigger = 0.04 to 0.78;
Isimplitied = 0.25 t0 0.85) depending on the combination of questionnaire
variables. Across all conditions, convergent validity was higher for the
variables within the UEQ (e.g., UEQ Hedonic and UEQ Attractiveness),
between the SUS and UEQ Pragmatic, between the NASA-TLX and SUS,
and between the NASA-TLX and UEQ Pragmatic. Discriminant validity
was highest between the NASA-TLX and UEQ Hedonic and Attractive-
ness subscales. In terms of concurrent validity, the results of the corre-
lations revealed low to medium coefficients (rrapgswipe = 0.20 to 0.36;
TAnchor = 0.06 t0 0.48; ryjidget = 0.01 to 0.56; rsimplified = 0.00 to 0.48)
between the five tasks in SPACE and the self-report usability question-
naires. Across the four conditions, a discernible pattern emerged in
which better task performance was correlated with higher scores in the
SUS and UEQ and lower scores in the NASA-TLX. However, differences
in the magnitude of these correlations across conditions indicate that
this relationship is more stable for the path integration task.

5.3. Study 1: Control interface

In Study 1, we assessed differences in performance and self-reported
usability when using two different types of control interfaces (Fig. 5a).
The Tap & Swipe control interface offers a default type of interaction in
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which players are free to move by tapping and swiping on the screen.
This interaction can be challenging for some players because it requires
them to simultaneously make changes in position and direction. In
contrast, the Anchor control is a semi-automated interface in which
players can trigger their movement in the VE by simply tapping a button
on the screen. Critically, the Anchor control splits the players’ response
in the path integration task into two steps. Players are required to first
estimate the amount of rotation necessary to align with the rocket’s
position before estimating the distance needed to return to the rocket.
This two-step approach simplifies the interaction and may improve
performance and perceived usability by providing a more user-friendly
way to navigate the VE.

5.3.1. Methods

A power analysis using G*Power (Faul et al., 2007) for a linear
multiple regression with four predictors revealed that a sample size of
174 participants was sufficient to detect a moderate effect size (F =
0.15), with a power of 0.99 and « set at 0.05. In total, 184 participants
were included in this study of which 92 participants were assigned to the
Tap & Swipe condition and the other 92 participants to the Anchor
condition. The materials and procedure were performed as described in
the general Methods section above.

5.3.2. Results

Descriptive statistics for the SPACE tasks and self-report usability
questionnaires are presented in Table 3. Results from the regression
models are presented in Fig. 7 (task performance), Fig. 8 (self-reported
usability questionnaire), and Table S1 in the Supplementary material.
Regarding the models with task performance in SPACE as outcome
variables, Age significantly predicted training time ( = 0.60, p < 0.001),
path integration time (f = 0.36, p < 0.001), path integration distance
error (f = 0.53, p < 0.001), egocentric pointing error (f = 0.39, p <
0.001), and mapping score (f = —0.35, p = 0.013). For all tasks, per-
formance decreased with age. Cognitive status also significantly predicted
error scores in path integration distance (8 = —0.13, p = 0.029) and
perspective taking (f = —0.26, p < 0.001). Here, lower MoCA scores
were associated with worse performance. Condition was also a signifi-
cant predictor of training time (f = 0.19, p < 0.001), path integration
time (f = —0.17, p = 0.005) and path integration distance error (f =
—0.06, p = 0.012). As expected, participants using the Anchor control
were faster when completing the training and path integration tasks and
committed lower distance errors in path integration compared with
those using the Tap & Swipe control. Finally, the interaction between
Age and Condition also significantly predicted training time (f = —0.41,
p=0.001; Fig. 7b), path integration time (8 = —0.21, p = 0.001; Fig. 7c),
and path integration distance error (f = —0.27, p = 0.012; Fig. 7d).
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Descriptive statistics for the SPACE tasks and the self-report questionnaire for each condition of the three studies.

Studies Study 1: Control Interface
Study 2: UI Widget
Study 3: Configuration
Condition Tap Anchor Widget Simplified
n 92 92 36 36
Outcomes Age Median, Mean + SD

Training time Young 214.72, 214.82 + 23.78
Middle-aged 247.82, 252.42 + 40.71

Oold 265.32, 261.51 + 58.87

236.44, 239.08 + 27.04
249.08, 245.01 + 34.09
249.47, 261.29 + 40.77

230.71, 233.72 £+ 16.37
244,50, 255.16 + 29.16
264.982, 271.33 £+ 41.23

232.99, 237.32 + 24.52
235.05, 237.91 + 12.30
272.98, 277.36 + 39.44

Path integration time Young 89.84, 102.45 + 30.01
Middle-aged 118.20, 136.34 + 54.84

old 155.53, 173.97 + 80.88

95.03, 98.72 + 15.85
104.82, 110.49 + 24.05
116.79, 137.84 + 101.77

90.73, 94.45 £ 16.40
133.24, 129.47 + 32.75
122.54, 134.74 4+ 45.51

75.61, 80.57 + 25.69
68.49, 72.22 + 12.00
107.22, 116.85 + 31.83

Path integration distance Young 213.90, 213.36 + 60.44
Middle-aged 283.66, 309.89 + 120.69

old 330.94, 341.63 + 103.44

230.10, 247.82 + 88.70
256.87, 284.39 4+ 103.75
299.31, 296.62 + 84.73

239.62, 250.92 + 142.41
331.11, 327.91 4+ 92.68
402.41, 408.95 + 116.66

143.34, 157.73 £ 70.71
167.26, 156.08 + 61.53
178.98, 234.28 + 134.39

Egocentric pointing error Young 56.53, 53.16 + 17.21
Middle-aged 66.80, 65.69 + 18.36

old 67.57,70.61 £ 11.47

56.99, 58.41 + 17.86
69.57, 67.31 £+ 19.67
73.45, 73.90 + 15.45

51.28, 51.02 £ 21.57
78.78, 66.87 £ 26.58
75.71, 81.55 £ 18.42

63.22, 58.87 + 25.25
73.32, 76.03 £ 15.05
80.27, 83.37 £ 13.20

Mapping score Young 0.48, 0.50 + 0.34
Middle-aged 0.20, 0.26 + 0.22

old 0.20, 0.25 + 0.23

0.30, 0.42 + 0.30
0.25, 0.33 + 0.27
0.28, 0.33 £ 0.22

0.58, 0.59 + 0.34
0.30, 0.44 +0.38
0.18,0.27 £ 0.21

0.59, 0.63 + 0.29
0.67, 0.65 + 0.28
0.71, 0.60 + 0.33

Perspective taking error Young 12.36, 18.57 + 14.27
Middle-aged 22.95, 26.39 + 15.97

old 20.20, 26.01 £+ 18.93

14.57, 20.66 + 17.38
26.16, 32.41 + 24.10
39.41, 43.27 + 23.86

13.67, 22.01 + 21.74
10.18, 9.38 + 2.25
69.83, 55.69 + 37.38

18.75, 22.35 + 15.80
14.16, 22.37 + 19.94
47.79, 49.84 + 34.28

Sus Young 70.00, 69.15 + 14.10
Middle-aged 62.50, 61.52 + 17.48
old 48.75, 55.45 + 18.80

67.50, 66.06 + 14.28
60.00, 57.93 + 17.43
52.50, 52.59 + 19.08

66.25, 66.36 £ 16.65
57.50, 57.08 + 20.58
50.00, 51.88 + 9.52

66.25, 62.73 + 18.26
63.75, 65.42 + 16.69
56.25, 54.38 + 11.93

UEQ Attractiveness Young 1.67,1.67 £ 0.78
Middle-aged 1.33,0.78 £ 1.43

old 0.67, 0.77 + 1.34

0.75, 0.83 + 1.06
1.17,0.86 + 1.40
0.50, 0.43 + 1.60

0.92, 0.77 + 0.93
1.25,0.89 +1.26
0.92, 0.31 + 1.45

1.17,1.16 + 1.02
1.42,1.14 +1.01
0.75, 0.65 + 0.93

UEQ Pragmatic Young 1.17,1.10 + 0.66
Middle-aged 0.83, 0.81 + 0.86

old 0.50, 0.62 + 1.22

1.00, 1.04 + 0.74
0.75, 0.66 + 0.98
0.17, 0.25 + 1.32

0.96, 0.91 + 0.69
0.75, 0.064 + 0.95
0.25,0.11 + 0.86

1.12,1.01 £ 0.71
0.88, 0.72 + 0.91
0.33, 0.32 + 0.90

UEQ Hedonic Young 1.38,1.25 + 0.86
Middle-aged 0.88,0.63 +1.33

old 0.31,0.72 £1.18

0.75, 0.67 + 1.13
0.62, 0.73 £ 1.20
0.38,0.41 £1.13

0.69, 0.66 + 0.80
1.19,1.04 = 1.04
0.25,0.33 £ 0.74

0.94, 0.84 + 0.79
1.12,0.98 = 1.14
0.69, 0.73 £ 0.76

NASA-TLX Young
Middle-aged

old

42.08, 41.18 £ 12.21
50.00, 50.08 + 15.41
48.33, 46.22 + 11.09

38.75, 39.75 £ 11.60
51.67, 51.11 £ 10.82
51.67, 51.88 £+ 10.12

42.08, 42.16 £ 15.49
45.42,45.83 £7.71
45.00, 44.17 £ 16.19

Presence questionnaire Young
Middle-aged

old

NN N N N N

83.00, 85.83 + 14.02
80.00, 82.65 + 14.16
79.00, 77.52 + 14.84

85.50, 84.77 £ 12.76
84.00, 81.83 £ 20.10
78.50, 77.88 £ 13.35

90.50, 88.05 + 14.95
87.00, 84.67 £ 18.13
78.00, 79.38 + 11.66

* Data from NASA-TLX and Presence questionnaire were only collected in Studies 2 and 3.

Critically, older adults were faster and performed better with the Anchor
control, while younger adults were faster and performed better with the
Tap & Swipe control.

Regarding the models with self-reported usability as the outcome
variables, Age significantly predicted scores in the SUS (f = —0.40, p <
0.001), UEQ Attractiveness (f = —0.38, p < 0.001), UEQ Pragmatic (§ =
—0.27, p = 0.012), and UEQ Hedonic (# = —0.30, p = 0.004) scales. For
all scales, self-reported usability decreased with age. In addition, Con-
dition significantly predicted scores in the UEQ Attractiveness scale (8 =
—0.32, p = 0.009). Interestingly, participants who completed SPACE
using the Anchor control rated it less attractive than those who played
the game using the Tap & Swipe control (see Fig. 8).

5.4. Study 2: UI widget

In Study 2, we assessed differences in performance and self-reported
usability when adding a novel UI element that provides feedback to
players on the extent of the rotations they performed in the VE. Spe-
cifically, the widget consists of a circle positioned on the right side of the
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HUD that gets filled in according to the rotation angle completed by the
player (Fig. 5b). Critically, this circle only gets updated when the player
is standing still, limiting the amount of information that is provided to
solve the task. The widget was introduced based on feedback we
received in Study 1. For Study 2, we compared the Widget against the
Anchor condition from Study 1 since the latter proved to be the most
suitable control interface to interact with SPACE.

5.4.1. Methods

A power analysis for a linear multiple regression with four predictors
revealed that a sample size of 129 participants was sufficient to detect a
moderate effect size (f> = 0.15), with a power of 0.95 and « set at 0.05. In
total, 128 participants were included in this study. Ninety-two partici-
pants consisted of those previously assigned to the Anchor condition in
Study 1 (no widget), and 36 new participants were assigned to the
widget condition (Widget). Sample characteristics for both conditions
are the same despite the differences in the number of participants (see
Table 1). The materials and procedure were performed as described in
the general Methods section above, with the addition of the NASA-TLX
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Fig. 7. Regression results with task performance as the outcome variables for the three studies (S1, S2 and S3). The coloured matrix presents the t-values for the
combination of predictor and outcome variables for each model. The graphs below present the significant interactions between Age and Condition. Circles represent
participants with MoCA scores above 25, and crosses represent participants with MoCA scores of 25 and below.

and Presence questionnaires.

5.4.2. Results

Descriptive statistics for the SPACE tasks and self-report usability
questionnaires are presented in Table 3. Results from the regression
models are presented in Figs. 7 and 8, and Table S2 in the Supplemen-
tary material. In terms of task performance, results revealed that Age
significantly predicted training time (8 = 0.22, p = 0.049), path inte-
gration time ( = 0.17, p < 0.001), path integration distance error (f =
0.25, p < 0.001), egocentric pointing error (f = 0.33, p < 0.001), and
perspective taking error (§ = 0.35, p < 0.001). Similar to Study 1, task
performance decreased with age. In addition, Cognitive status signifi-
cantly predicted errors in the egocentric pointing (8 = —0.23, p = 0.006)
and perspective taking (f = —0.41, p < 0.001) tasks. Here again, lower
MoCA scores were associated with worse performance. Condition was
also a significant predictor of mapping score (8 = 0.40, p = 0.024).
Specifically, accuracy in the mapping task was higher for participants
who completed the previous navigation tasks with the help of the
rotation widget. Finally, the interaction between Age and Condition also
significantly predicted path integration distance error (4 = 0.35, p =
0.010) and mapping score (f = —0.43, p = 0.039). While there was an
overall increase in performance for both young and old participants, the
presence of the widget was more advantageous for the younger
participants.

Results from the self-reported usability questionnaires revealed that
Age significantly predicted scores in the SUS (8 = —0.41, p < 0.001),
UEQ Pragmatic (f = —0.38, p < 0.001), NASA-TLX (§ = 0.27,p = 0.014),
and Presence questionnaire (4 = —0.28, p = 0.007). Specifically, self-
reported usability and presence decreased with Age, while perceived
workload increased with Age. There were no other significant effects.

5.5. Study 3: configuration

In Study 3, we assessed differences in performance and self-reported

13

usability when using a simplified configuration of landmarks in the VE
in order to identify a more concise and user-friendly version of the game
(Fig. 5¢). Specifically, we reduced the number of landmarks to three and
the number of trials to seven in the Simplified condition, as opposed to
the five landmarks and thirteen trials in the other conditions. Addi-
tionally, we decreased the area of the polygon occupied by the land-
marks in the Simplified condition to 4.5, compared to 27 in the other
conditions. These changes were motivated by previous work that found
that task complexity is a critical feature for the acceptance of technology
by older adults (Cota & Ishitani, 2015; Czaja & Lee, 2012; Flores et al.,
2008; Gerling et al., 2012; Hamid et al., 2023; Moxley et al., 2022).
Indeed, several participants in Studies 1 and 2 observed that the game
was too demanding and lengthy.

5.5.1. Methods

A power analysis for a linear multiple regression with four predictors
revealed that a sample size of 67 participants was sufficient to detect a
medium to large effect size (2 = 0.30), with a power of 0.95 and « set at
0.05. In total, 72 participants were included in this study. Thirty-six
participants consisted of those previously assigned to the Widget con-
dition, and 36 new participants were assigned to the Simplified condi-
tion. The materials and procedure were performed as described in the
general Methods section with the addition of the NASA-TLX and Pres-
ence questionnaires.

5.5.2. Results

Descriptive statistics for the SPACE tasks and self-report usability
questionnaires are presented in Table 3. Results from the regression
models are presented in Figs. 7 and 8, and Table S3 in the Supplemen-
tary material. In terms of task performance, results revealed that Age
significantly predicted training time (8 = 0.56, p = 0.016), path inte-
gration time (# = 0.31, p = 0.010), path integration distance error ( =
0.40, p < 0.001), pointing error (8 = 0.46, p = 0.004), and mapping
score (f = —0.53, p = 0.001). Similar to Studies 1 and 2, task
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performance decreased with age. In addition, Cognitive status signifi-
cantly predicted error scores in training time (f = —0.26, p = 0.023),
path integration time (# = —0.27, p = 0.002), path integration distance
(# = —0.25, p = 0.016), and perspective taking (4 = —0.61, p < 0.001).
Here, lower MoCA scores were associated with worse performance.
Condition did not predict the performance of any of the tasks. Finally, the
interaction between Age and Condition significantly predicted path
integration distance error (f = —0.48, p < 0.001) and mapping score (f
= 0.47, p = 0.031). In both tasks, performance decreased with age for
participants in the complex configuration group but not for those in the
simplified configuration group.

Results from the self-reported usability questionnaires revealed that
Age significantly predicted scores in the NASA-TLX (8 = 0.38, p =
0.046), with the self-reported workload increasing with age. There were
no other significant effects.

5.6. Qualitative analysis

5.6.1. Results

We collected a total of 836 unique responses from 245 (95.7%)
participants, of whom 49% belonged to the Young group, 23% to the
Middle-aged group, and 28% to the Old group. Our thematic analysis
unveiled six major themes (i.e., Enjoyable, Intuitive, Stimulating,
Demanding, Repetitive, and Frustrating), each reflecting distinct attri-
butes experienced by the participants during gameplay. Fig. 9 presents a
Sankey diagram that visualises the frequency of responses for each
condition with respect to the different themes separated by age group.

5.6.1.1. Enjoyable. Over one quarter (27%) of the responses were
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related to the enjoyment, satisfaction and visual appeal of the game.
These comments highlight the positive attitudes that participants had
towards the gameplay experience and the overall pleasantness of spe-
cific in-game tasks (e.g., “[I liked] the mystery to be uncovered in locating
the rocket™). Some of these participants enjoyed the aesthetic appeal of
the graphics (e.g., “The scenery and objects are beautiful and can [re]pre-
sent the simulation really well”) and the atmosphere created by the
soundtrack (e.g., “Playful character and fun music to play the games™). In
terms of enjoyment, a higher number of responses from Old participants
(42%) indicated that playing SPACE in the simplified condition was
more enjoyable than playing SPACE in the Tap & Swipe (25%), Anchor
(25%), and Widget (14%) conditions. Similarly, a higher proportion of
responses from Middle-aged participants indicated that the Simplified
condition was more enjoyable (38%) compared to Tap & Swipe (25%),
Anchor (24%), and Widget conditions (24%). A higher proportion of
responses from Young participants indicated that playing SPACE in the
Tap & Swipe condition was more enjoyable (33%) compared to the
Anchor (28%), Widget (27%), and Simplified (28%) conditions. We
believe that this difference is likely due to the freedom these participants
experienced with the control interface in the Tap & Swipe condition.

5.6.1.2. Intuitive. Approximately one-quarter of the responses (24%)
were related to the intuitiveness and ease-of-use of the game’s UI (e.g.,
“Visually and functionally simple. Easy to use”), controls (e.g., “Controls
were easy to use”) and the ease of finding enough information to perform
the tasks (e.g., “Easy to follow. Simple and minimal steps/procedure”). In
terms of intuitiveness, a higher proportion of responses from Old par-
ticipants indicated that playing SPACE with the Simplified condition
(27%) was more intuitive compared to the Widget (24%), Anchor
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Fig. 9. A Sankey diagram visualising the flow frequency between the four experimental conditions and the six themes for the three age groups.

(16%), and Tap & Swipe (12%) conditions. A similar upward trend from
the initial Tap & Swipe condition is also present for both the Young (Tap
= 4%; Anchor = 34; Widget = 34%; Simplified = 35%) and Middle-aged
(Tap = 15%; Anchor 26%; Widget = 24%; Simplified = 25%)
participants.

5.6.1.3. Stimulating. Only a small number of responses (6%) were
related to the game’s capacity to stimulate and captivate interest. Here,
players highlighted the engaging nature of the game (e.g., “Path inte-
gration was addictive”) and its potential as a cognitive training tool (e.g.,
“This game is creative and helps to train the spatial and cognitive awareness
of the gamers. Cool game”). Results revealed that a higher proportion of
responses from Old participants indicated that playing SPACE in the
Widget (14%) and Anchor (9%) conditions was more stimulating
compared to the Simplified (7%) and Tap & Swipe (4%) conditions. A
similar trend is also present for the Middle-aged group (Widget = 9%;
Anchor = 10%; Tap = 4%; Simplified = NA). In contrast, the higher
proportion of responses from Young participants indicated that playing
SPACE in the Simplified (7%) and Anchor (7%) conditions was more
stimulating compared to the Widget (3%) and Tap & Swipe (1%)
conditions.

5.6.1.4. Demanding. Approximately 23% of responses highlighted that
the game was demanding. Interestingly, most of the comments on this
theme were related to challenges in solving the tasks, particularly path
integration (e.g., “The task was complicated. Although the instructions were
clear, it was still difficult to navigate™). Participants also remarked that it
was difficult to estimate distances and rotations during gameplay (e.g.,
“It was hard to find the object’s distance and angle”) and that the path
integration task seemed unrealistic (e.g., “Rocket task was difficult as
there were no landmarks to guide me back, the background looks the same for
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all”). In terms of task demand, a higher proportion of responses from Old
participants (34%) indicated that playing SPACE with the Tap & Swipe
condition was more demanding, compared to the Anchor (25%), Widget
(41%) and Simplified (18%) conditions. A similar downward trend is
present for both the Young (Tap = 30%; Anchor = 12; Widget 17%j;
Simplified = 12%) and Middle-aged (Tap = 27%; Anchor = 24%;
Widget = 32%; Simplified = 25%) participants.

5.6.1.5. Repetitive. Only 12% of the responses emphasised that some
aspects of the game were repetitive. Here, participants noted that some
tasks took too long to complete (e.g., “The game is a bit too long. [Twill] get
bored and not motivated anymore”), had too many repetitive trials (e.g.,
“A little repetitive”), and were boring (e.g., “Too slow and long, very
boring”). In terms of repetitiveness, the proportion of responses was
consistent across all groups with younger participants reporting overall
higher percentages. Specifically, these groups found that playing SPACE
in the Simplified condition was less repetitive (Old = 2%; Middle-aged
= 6%; Young = 8%) compared to the Widget (Old = 9%; Middle-aged =
9%; Young = 14%), Anchor (Old = 12%; Middle-aged = 9%; Young =
13%) and Tap & Swipe (Old = 12%; Middle-aged = 15%; Young = 20%)
conditions.

5.6.1.6. Frustrating. A very small number (8%) of the responses indi-
cated that some participants became frustrated while playing the game.
Players expressed their frustration by noting that they became
discouraged by their performance on some of the tasks (e.g., “I wanted to
stop playing after getting lost”) or because they struggled to interact with
the controls of the game (e.g., “I was struggling [with] the touch and swipe
controls™). In terms of frustration, a lower proportion of responses from
Old and Middle-aged participants indicated that playing SPACE in the
Widget (Old = 3%; Middle-aged = 3%) and Simplified conditions (Old
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= 4%; Middle-aged = 6%) was less frustrating compared to the Anchor
(Old = 10%; Middle-aged = 8%) and Tap & Swipe (Old = 14%; Middle-
Aged = 14%) conditions. A higher proportion of responses from Young
participants indicated that playing SPACE in the Tap & Swipe (14%) and
Simplified (14%) conditions was more frustrating compared to the An-
chor (4%) and Widget (5%) conditions. Altogether, these results indicate
that the Tap condition was equally frustrating for all groups. In addition,
Young participants may have found the Simplified condition more
frustrating because it was not sufficiently challenging.

6. Discussion

In three studies, we investigated the usability of a novel iPad game
designed to detect early signs of cognitive impairment. In Study 1, we
designed a semiautomated control interface (Anchor) that required
participants only to tap and hold a button to navigate and compared it to
the traditional Tap & Swipe interface used in games. In Study 2, we
introduced a UI widget to the HUD that informed players about the
amount of rotation they performed in the VE and assessed its benefits
relative to playing the game without it. In Study 3, we created a
simplified configuration of trials and landmarks and evaluated its effect
compared to the more complex configuration used in the previous
studies.

Across all studies, the age of the participants was the strongest pre-
dictor of task performance. In general, younger participants out-
performed older participants in the training (time), path integration
(time and distance error), egocentric pointing (angle error), mapping
() and perspective taking (angle error) tasks. As expected, age did not
always predict performance in the perspective taking task (Studies 1 and
2), suggesting a dissociation between this task and the other tasks in
SPACE. Indeed, success on the perspective taking task depends on spatial
knowledge rather than information acquired during the previous tasks
in SPACE. Compared to older participants, younger participants also
consistently reported higher usability (Studies 1, 2, and 3), lower
perceived workload (Studies 2 and 3) and a higher sense of presence
(Study 2) after playing SPACE. This difference in performance and us-
ability ratings across ages may stem from older adults facing greater
motor, cognitive, and perceptual challenges with digital technologies
(Barnard et al., 2013; Czaja et al., 2019; Gamberini et al., 2006; Gerling
et al., 2012; Martinho et al., 2020), leading to diminished confidence
(Czaja & Lee, 2012), motivation (Czaja et al., 2019), and familiarity with
these tools (Holthe et al., 2018; Kaufman et al., 2016). While all par-
ticipants in the studies successfully completed a thorough training phase
before the spatial tasks, it is still possible that these factors prevented
them from performing at the same level as younger participants. This
result is consistent with previous research that found age differences for
various digital instruments designed to assess spatial and navigation
abilities (Coutrot et al., 2018; Howett et al., 2019; Stangl et al., 2020; Tu
et al., 2015; van der Ham et al., 2020).

The manipulations we introduced with regard to the control inter-
face, UI widget and configuration complexity only had a minimal effect
on perceived usability. This result was unexpected, given the large
performance gains across conditions observed for all tasks in SPACE.
Despite decreasing with age, the usability ratings for the UEQ and, to a
lesser extent, the SUS remained within the accepted levels for these
questionnaires across all conditions. For the UEQ, scores for the
attractiveness, hedonic and pragmatic subcategories revealed that older
participants had neither a negative nor a positive user experience
playing SPACE. In other words, older adults found the technology
functional and useable but not particularly engaging. In contrast, the
younger participants had a more positive evaluation of SPACE, sug-
gesting that they perceived the technology favourably in its appeal, ease
of use, and overall significance. In relation to the UEQ benchmark
devised by Schrepp et al. (2017), younger participants rated SPACE
above the level of mature products designed for commercial purposes. In
contrast, the neutral evaluations by the older participants (+40 y/o UEQ
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Pragmatic; +50 y/o UEQ Attractiveness and Hedonic) suggest that
additional adjustments may be necessary to optimise their overall
experience. Based on the criteria established by Bangor et al. (2009), the
SUS scores for older participants were situated between High and Low
acceptability standards and have a level of usability that can be defined
as “OK”. Notably, SUS scores were higher for the Simplified condition,
highlighting that lower levels of complexity resulted in the highest us-
ability gains for these participants. In contrast, SUS scores for the
younger participants were situated in the High acceptability zone,
ranging between “OK” to “Good”. Interestingly, the usability scores for
younger participants decreased with each study manipulation, sug-
gesting that lower complexity may have led to less engagement and user
satisfaction for these participants.

Age was also a significant predictor of perceived workload in Studies
2 and 3. For both these studies, younger participants reported lower
cognitive load than older participants. Critically, the perceived work-
load load scores for younger and older participants were only slightly
above the median threshold of 41, as established by Hertzum (2021) for
the task load index of VR products. While the scores for younger par-
ticipants from the NASA-TLX did not vary across conditions, older par-
ticipants reported lower cognitive load in the Simplified condition. The
Presence scores for the younger and older participants were below the
benchmarked value (M = 104.38, SD = 18.99) proposed by the Labo-
ratoire de Cyberpsychologie de 'UQO (Witmer et al., 2005). As ex-
pected, older participants consistently reported lower scores compared
to younger participants, and these differences were significant after the
introduction of the rotation widget. Given the large standard deviation
in benchmark scores, results from the three studies in SPACE suggest
that some improvements can be made but that the game is already
sufficiently immersive for a tablet app. Overall, the significant correla-
tions between the questionnaires across all studies suggest that usability,
perceived workload, and presence are inherently interconnected, where
increased usability and presence coincide with decreased workload.

In all studies, the significant interaction between age and condition
suggests that younger and older participants benefited differently from
the experimental manipulations. In Study 1, older participants using the
Anchor control showed greater improvement in the training and path
integration tasks than younger participants. Sensorimotor skills are
known to play a critical role in gaming by allowing participants to
perform complex interactions without losing focus of the goals of the
game (Flores et al., 2008; Gerling et al., 2012; Ijsselsteijn et al., 2007).
Here, the semi-automated and user-friendly design of the Anchor control
may have facilitated the interaction of older participants with the con-
trols by reducing the challenges associated with the precise finger
movements required in the Tap & Swipe interface. The Anchor control
interface breaks down navigation in the VE into smaller manageable
steps by separating the rotation and translation components of loco-
motion. This approach makes the task instructions easier to understand
and reduces the information load given to the participant. Consequently,
participants can optimise their cognitive resources by focusing on
completing one task at a time. These findings align with studies sug-
gesting that simplified interactions that are easy to understand are
recommended when designing games for ageing adults (Gamberini
et al., 2006; Gerling et al., 2012; Marston, 2013). Interestingly, younger
participants performed better with the Tap & Swipe than with the An-
chor control. Here, the fragmented nature of the Anchor control
compared to the canonical gestures used in Tap & Swipe control may
have restricted the freedom of their interactions with the VE and
affected their performance.

In Study 2, we found that certain UI elements can be beneficial for
the performance of younger and older participants, but the extent of
these benefits depends on the task. The addition of the rotation widget
led to better outcomes in the path integration tasks among younger
participants, whereas it resulted in poorer performance for older par-
ticipants. The presence of the widget also led to better performance from
younger and older participants in the mapping task, although younger
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participants benefited more from its feedback than older participants.
While previous research suggests that on-screen aids (e.g., maps, ar-
rows) are generally beneficial for younger and older adults (Czaja & Lee,
2012; Gramopadhye et al., 2014; Johanson et al., 2023), the current
study reveals that these additions have a limited effect and, in some
cases, can be detrimental to performance. As indicated by the NASA-TLX
scores, the increased workload for older participants who completed the
widget condition suggests that this navigation aid may have been
challenging to use during the path integration task. However, the
presence of rotation feedback appears to have assisted participants in
developing configurational knowledge of the VE. This is evident as
participants below the age of 60 demonstrated superior performance in
the mapping task compared to individuals of the same age using the
Anchor control. These findings underscore the need for careful consid-
eration in the design and implementation of UI elements and challenge
the assumption that all screen aids may be beneficial for older adults.
Screen aids and widgets may be helpful, but they need to be sufficiently
simple to not interfere with the task and overload the player with in-
formation (Gamberini et al., 2006).

In Study 3, we found that the Simplified configuration of landmarks
and trials further mitigated age-related performance differences for
some tasks. Notably, performance in the path integration and mapping
tasks remained stable across all age groups for the Simplified configu-
ration but declined with age for participants who played with the
complex default configuration. Interestingly, the effect of the condition
itself did not significantly affect task performance. Consistent with the
literature, these results suggest that moderate simplifications in game-
play may effectively reduce age-related differences (Cota & Ishitani,
2015; Czaja & Lee, 2012; Flores et al., 2008; Gerling et al., 2012; Moxley
et al., 2022) in performance that can sometimes mask actual ability.
Here, the large variation in performance across all participants in these
tasks suggests that despite the simplification, the tasks maintained an
appropriate level of difficulty necessary for picking up differences
related to cognitive status. Indeed, improved performance by older
participants was associated with increased self-reported workload, but
age differences were no longer evident in the SUS, UEQ subscales, and
Presence scores.

Creating easily accessible serious games for testing cognitive status
on a global scale is a challenging endeavour. While games like Sea Hero
Quest (Coutrot et al., 2018) were designed to identify participants
exhibiting signs of MCI, the oversimplification of some of the tasks likely
led to a loss of sensitivity for detecting changes in cognitive status. Here,
researchers face the dilemma of releasing unsupervised games with
simpler tasks that are easier to play or burdening players in more
controlled environments (e.g., labs and clinics) with challenging tasks
that reduce engagement but are more suitable for identifying cognitive
impairment. In the three studies, we used MoCA scores as a proxy of
cognitive impairment to help us understand the extent to which per-
formance in SPACE can be used as an indicator of cognitive status. While
the MoCA cannot provide the same sensitivity as a full neuropsycho-
logical assessment, it is still the preferred, most accurate mode of
assessment of cognitive status (Jia et al., 2021; Pinto et al., 2019; Tsai
et al., 2016). Across all studies, we found that lower MoCA scores were
associated with lower performance in the training, path integration,
pointing, and perspective taking tasks. These findings collectively un-
derscore the link between diminished cognitive abilities and the chal-
lenges faced in completing spatial tasks (Benke et al., 2014; Castegnaro
et al., 2023; Coughlan et al., 2018; Cushman et al., 2008; delpolyi et al.,
2007; Hort et al., 2007; Howett et al., 2019; Segen et al., 2022).
Remarkably, MoCA scores consistently predicted scores in the path
integration (Studies 1 and 3) and the perspective taking (all studies)
tasks, suggesting the potential of these SPACE tasks to contribute to
future cognitive assessments.

The results from the qualitative analysis support the quantitative
findings and show the overall advantages of the Simplified condition
compared to the other conditions for participants of all ages.
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Specifically, participants from the Middle-aged and Old age groups
consistently reported the Simplified condition as the (or among the)
most enjoyable, more intuitive, less demanding, less repetitive, and less
frustrating condition. This preference aligns with cognitive theories
suggesting that easy and short tasks are preferable for older individuals
(Gamberini et al., 2006; Gerling et al., 2012; Marston, 2013). Interest-
ingly, Young participants found the Simplified condition as frustrating
as the Tap & Swipe condition and reported greater enjoyment when
playing SPACE with the Tap & Swipe control. Given their greater digital
fluency and confidence using touchscreens, Young participants likely
appreciated the increased freedom offered by the Tap & Swipe control
interaction. Despite these remarks, the Simplified condition still deliv-
ered a notably positive gaming experience for Young participants, who
found it more stimulating than the other conditions. Indeed, all three age
groups highlighted the greater intuitiveness and reduced demands of the
Simplified condition relative to the other conditions. In summary, the
Simplified version of SPACE emerged as the most suitable configuration
because it simultaneously enhanced enjoyment among Middle-aged and
Old participants and was regarded as more intuitive, less repetitive, and
demanding across all age groups.

There are a series of limitations associated with the three studies.
First, the size of the sample was different across conditions and unbal-
anced in Study 2. To address this limitation, we computed separate
power analyses to ensure that the effect sizes for each study were
meaningful, employed robust statistical methods to account for poten-
tial heteroscedasticity in the data, and ensured a proportional repre-
sentation of age groups across conditions. Second, only a small number
of participants aged 70 and above were recruited. While we acknowl-
edge this limitation in our sampling it is important to highlight that
SPACE was primarily designed for the early detection of cognitive
impairment. Third, the predominance of Singaporean participants in our
studies can influence the generalizability of the findings, as some results
were likely shaped by known country and cultural differences in spatial
ability, education, and health (Coutrot et al., 2018; Ishikawa & New-
combe, 2021). Notwithstanding this possibility, our analyses of the
sample characteristics revealed no significant differences between the
four experimental conditions. Fourth, we based the usability changes on
the iterative feedback that we received at the end of each study. Among
this feedback, participants made other less prominent remarks that were
not acted upon. For example, some participants inquired about the
possibility of playing the game from a third-person perspective or being
able to locomote backwards. While the choice of study manipulation
was based on the incidence of the feedback, it is still possible that other
usability issues still need to be addressed in SPACE. Fifth, our measure of
cognitive impairment was based on the MoCA, which is known to be
highly sensitive in discriminating between healthy and severely
impaired individuals but is not diagnostic of pathology. As such, the link
between performance in SPACE and cognitive impairment in future
studies will require additional ground truthing.

Future research will be essential to determine whether SPACE can
live up to its potential in identifying early signs of cognitive impairment.
Towards this end, it will be essential to establish age and gender-based
performance benchmarks for each task in SPACE to differentiate
cognitive deficits from natural variations in spatial ability. These
benchmarks will need to be calibrated relative to full neuropsycholog-
ical assessments for a more accurate diagnosis of cognitive impairment.
The potential of SPACE as an early digital marker for cognitive
impairment will also depend on longitudinal cohort studies com-
plemented by fluid and imaging biomarkers of neurodegeneration.
SPACE was originally developed for controlled data collection in labo-
ratories and clinics under supervised administration. The results of this
usability study will lay the groundwork for further refinement, paving
the way for mass deployment in unsupervised settings.
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7. Conclusions

This paper presents a comprehensive investigation into the usability
of an innovative iPad game designed to detect early signs of cognitive
impairment. Across three studies, we found that older adults faced
challenges with the standard tap and swipe control interface, the
cognitive load imposed an additional UI element, and the general
complexity resulting from the default configuration of trials and land-
marks. The introduction of the semi-automated control interface and the
simplified configuration of trials and landmarks resulted in significant
improvements in performance for older adults. Interestingly, younger
participants did not benefit from the semi-automated control interface
and tended to perceive it as limiting. In contrast, younger participants
were able to take advantage of the rotation widget and use it to fulfil the
demands of the task and develop a configurational knowledge of the VE.
Notably, the simplified condition that combined the semi-automated
control interface, rotation widget, and less complex configuration
proved to be the most suitable for both younger and older participants.
Here, differences in performance in the Simplified condition were pri-
marily associated with the overarching goal of SPACE in detecting
cognitive impairment rather than age. A serious game aimed at detect-
ing early signs of cognitive impairment must be sufficiently adaptable to
accommodate the varying needs of different age groups. The results of
our studies showed that it is essential to consider both task performance
and self-reported usability in order to simultaneously capture the sub-
jective satisfaction of the users and the efficiency of their interaction.
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