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Abstract

In cognitive neuroscience and neuropsychology, the collection of cognitive and
behavioural data is predominantly achieved by implementing paper-and-pencil and
computerized (i.e., 2D and 3D applications) assessments. However, these
psychometric tools in clinics and/or laboratories display several limitations and
discrepancies between the observed performance in the laboratory/clinic and the actual
performance of individuals in everyday life. The functional and predictive association
between an individual's performance on a set of neuropsychological tests and the
individual's performance in various everyday life settings is called ecological validity.
Ecological validity is considered an important issue that cannot be resolved by the
currently available assessment tools. Virtual reality head-mounted displays (HMD)
appear to be effective research tools, which may address the problem of ecological
validity in neuropsychological testing. However, their widespread implementation is
hindered by virtual reality induced symptoms and effects (VRISE) and the lack of

skills in virtual reality software development.

In this PhD, a technological systematic literature review of the reasons for adverse
symptomatology was conducted and suggestions and technological knowledge for the
implementation of virtual reality HMD systems in cognitive neuroscience provided.
The review indicated features pertinent to display, sound, motion tracking, navigation,
ergonomic interactions, user experience, and computer hardware that should be
considered by researchers. Subsequently, a meta-analysis of 44 neuroscientific or
neuropsychological studies involving virtual reality HMD systems was performed.
The meta-analysis of the virtual reality studies demonstrated that new generation

HMDs induce significantly less VRISE and marginally fewer dropouts. Importantly,

xiv|Page



the commercial versions of the new generation HMDs with ergonomic interactions had
zero incidents of adverse symptomatology and dropouts. HMDs equivalent to or
greater than the commercial versions of contemporary HMDs accompanied with

ergonomic interactions are suitable for implementation in cognitive neuroscience.

Another aim of this PhD was to devise a brief tool to appraise and report both the
quality of software features and VRISE intensity quantitatively; such a tool does not
currently exist. The Virtual Reality Neuroscience Questionnaire (VRNQ; Kourtesis et
al., 2019) was developed to assess the quality of virtual reality software in terms of
user experience, game mechanics, in-game assistance, and VRISE. Forty participants
aged between 28 and 43 years were recruited (18 gamers and 22 non-gamers) for the
study. They participated in 3 different virtual reality sessions until they felt weary or
discomfort and subsequently filled in the VRNQ. The results demonstrated that VRNQ
is a valid tool for assessing virtual reality software as it has good convergent,
discriminant, and construct validity. The maximum duration of virtual reality sessions
should be between 55 and 70 min when the virtual reality software meets or exceeds
the parsimonious cut-offs of the VRNQ, and the users are familiarized with the virtual
reality system. Also, gaming experience does not affect how long virtual reality
sessions should last. Furthermore, while the quality of virtual reality software
substantially modulates the maximum duration of virtual reality sessions, age and
education do not. Finally, deeper immersion, better quality of graphics and sound, and
more helpful in-game instructions and prompts were found to reduce VRISE intensity.
The VRNQ facilitates the brief assessment and reporting of the quality of virtual reality
software features and/or the intensity of VRISE, while its minimum and parsimonious

cut-offs may appraise the suitability of virtual reality software for implementation in
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research and clinical settings. However, the development of virtual reality software is
predominantly dependent on third parties (e.g., freelancers or companies) with
programming and software development skills. A solution that will promote the
adoption of immersive virtual reality as a research and clinical tool might be the in-
house development of virtual reality research/clinical software by computer science

literate cognitive scientists or research software engineers.

In Chapter 4, guidelines are offered for the development of virtual reality software in
cognitive neuroscience and neuropsychology, by describing and discussing the stages
of the development of Virtual Reality Everyday Assessment Lab (VR-EAL), the first
neuropsychological battery in immersive virtual reality. Techniques for evaluating
cognitive functions within a realistic storyline are discussed. The utility of various
assets in Unity, software development kits, and other software are described so that
cognitive scientists can overcome challenges pertinent to VRISE and the quality of the
virtual reality software. In addition, VR-EAL is evaluated in accordance with the
necessary criteria for virtual reality software for research purposes. The virtual reality
neuroscience questionnaire (VRNQ) was implemented to appraise the quality of the
three versions of VR-EAL in terms of user experience, game mechanics, in-game
assistance, and VRISE. Twenty-five participants aged between 20 and 45 years with
12—-16 years of full-time education evaluated various versions of VR-EAL. The final
version of VR-EAL achieved high scores in every sub-score of the VRNQ and
exceeded its parsimonious cut-offs. It also appeared to have better in-game assistance
and game mechanics, while its improved graphics substantially increased the quality

of the user experience and almost eradicated VRISE. The results substantially support
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the feasibility of the development of effective virtual reality research and clinical

software without the presence of VRISE during a 60-min virtual reality session.

In Chapter 5, validation of VR-EAL as an assessment of prospective memory, episodic
memory, attention, and executive functions using an ecologically valid approach is
examined. Performance on the VR-EAL, an immersive virtual reality
neuropsychological battery, is examined against an extensive paper-and-pencil
neuropsychological battery. Forty-one participants (21 females) were recruited: 18
gamers and 23 non-gamers who attended both an immersive virtual reality and a paper-
and-pencil testing session. Bayesian Pearson correlation analyses were conducted to
assess construct and convergent validity of the VR-EAL. Bayesian t-tests were
performed to compare virtual reality and paper-and-pencil testing in terms of
administration time, similarity to real life tasks (i.e., ecological validity), and
pleasantness. VR-EAL scores were significantly correlated with their equivalent
scores on the paper-and-pencil tests. The participants’ reports indicated that the VR-
EAL tasks were considered significantly more ecologically valid and pleasant than the
paper-and-pencil neuropsychological battery. The VR-EAL battery also had a shorter
administration time. The VR-EAL appears to be an effective neuropsychological tool
for the assessment of everyday cognitive functions, and has enhanced ecological

validity, a highly pleasant testing experience, and does not induce cybersickness.

In the final part of this thesis, the preparatory attentional and memory (PAM) and the
multiprocess theories of prospective memory are examined by attempting to identify
the cognitive functions which may predict the individual’s performance on
ecologically valid prospective memory tasks in the same group of participants

described in Chapter 5. Bayesian t-tests were conducted to explore the differences
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among different prospective memory tasks (e.g., event-based and time-based) and
prospective memory tasks with varying delays between encoding and the recall of the
intended action (e.g., short-delay versus long-delay). Bayesian linear regression
analyses were performed to examine the predictors of VR-EAL scores. The results
revealed that the type of prospective memory task does not play a significant role in
everyday prospective memory functioning, but instead the length of delay between
encoding and retrieving the prospective memory intention plays a central role. Support
for the PAM and MP frameworks was found in non-focal and focal event-based tasks
respectively. However, the findings, inferring a dynamic interplay between automatic
and intentional monitoring and retrieval processes, agree with the inclusive approach
of the multiprocess framework. Also, the role of executive functions appears crucial
in everyday PM. Finally, everyday PM is predominantly facilitated by episodic

memory, visuospatial attention, auditory attention, and executive functions.

In conclusion, this PhD thesis attempted to show how immersive virtual reality
research methods may be implemented efficiently without the confounding effect of
cybersickness symptomatology in order to enhance the ecological validity of
neuropsychological testing and contribute to our understanding of everyday cognitive

ability.
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Lay Summary

Everyday functioning relies on various cognitive abilities such as memory, attention,
planning, and multitasking. One of the most essential cognitive abilities in everyday
life is the ability to remember the intention to perform a planned action in the future.
To depict the quality of an individual’s everyday functioning, the evaluation of these
cognitive abilities should be performed in a way where the testing procedure resembles
the complexity and demands of everyday situations. While there are several tests of
these cognitive abilities in paper-and-pencil or digital form, they suffer from certain
limitations which prevent them from accurately portraying the everyday functioning
of individuals. Contemporary virtual reality systems appear capable of overcoming

these limitations and provide tests which adequately resemble everyday situations.

However, there are some pitfalls in utilizing virtual reality systems for research and
clinical purposes. The main problem is that virtual reality systems may induce adverse
symptoms such as nausea, dizziness, disorientation, instability, and fatigue. This
symptomatology is frequently referred as virtual reality induced symptoms and effects
(VRISE). This thesis aimed to provide methods for the avoidance or mitigation of
VRISE and develop a virtual reality test of everyday cognitive abilities under the name
Virtual Reality Everyday Assessment Lab (VR-EAL) capable of contributing to our

understanding of everyday cognitive functioning.

Through a series of studies, the above-mentioned aims were achieved. The
technological reasons of VRISE, pertaining to hardware and software features, were
identified. The identification of the required hardware characteristics assisted with

providing guidelines for the selection of appropriate virtual reality headsets which do
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not induce VRISE. Similarly, the identification of software features able to mitigate
VRISE intensity and frequency assisted with the development of VR-EAL. However,
there was not any available tool (i.e., questionnaire) which appraises the quality of
these software features and VRISE intensity. For this reason, the Virtual Reality
Neuroscience Questionnaire (VRNQ) was developed and validated as a tool which
measures the intensity of VRISE, as well as the quality of software features known for

mitigating VRISE.

Furthermore, this thesis, based on the VR-EAL’s development, provided guidelines
for the development of virtual reality software for research and clinical purposes.
Using the VRNQ, the VR-EAL was found to not inducing VRISE in 66 individuals
which participated in two studies (i.e., 25 and 41 in each study). The VR-EAL was
also rated by 41 participants as substantially more pleasant testing experience and more
closely resembling everyday situations than infamous paper-and-pencil tests of the
same cognitive abilities. Finally, the VR-EAL was able to identify cognitive abilities
which are required for remembering the intention to perform a planned action in the
future. Consequently, the VR-EAL appears able to contribute to our understanding of

everyday cognitive functioning.
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Chapter 1: Introduction

Everyday functioning relies on several cognitive functions, which include
prospective memory, episodic memory, attentional processes, and executive
functions. The neuropsychological assessment of these cognitive functions is
thought to benefit from ecological validity. This chapter provides an overview of the
relationship of these central cognitive functions with everyday functioning, the
approaches adopted to achieve ecological validity (i.e., verisimilitude, veridicality),
existing ecologically valid tests (i.e., paper-and-pencil, real-world, and digital) and
their limitations, and the potentials of immersive virtual reality tests to overcome

these challenges and provide enhanced ecological validity.
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1.1. Everyday cognition and functioning

Individuals perform various activities in their everyday life which allow them to be
independent and functional members of their society. These activities may be majorly
classified into two categories: the basic activities of daily living (basic ADL) and the
instrumental activities of daily living (IADL; Mlinac & Feng, 2016). The basic ADL
refer to the management of essential physical needs such as personal hygiene, dressing,
toileting, walking/moving, and eating (Mlinac & Feng, 2016). On the other hand, the
IADL refer to more complex everyday activities such as the management of finances
and medication, commuting, driving, shopping, working, and socializing (Mlinac &
Feng, 2016). Impaired basic ADL are predominantly due to impaired physical
functioning such as motor disabilities, internal organ failures, and physiological
dysfunction (Boyle, Cohen, Paul, Moser, & Gordon, 2002; Cahn-Weiner et al., 2007).
In contrast, impaired IADL are chiefly due to cognitive impairment and decline (Boyle
et al, 2002; Cahn-Weiner et al., 2007). In clinical conditions affecting cognition, IADL
are usually impaired in the early stages of the condition, while basic ADL become
impaired in the later stages of the condition (Mlinac & Feng, 2016). For example,
impaired IADL (e.g., managing household finances) are present in mild cognitive
impairment or the early stages of dementia (Farias et al., 2013), while impaired basic
ADL (e.g., maintaining personal hygiene) emerge in the later stages of dementia
(Cahn-Weiner et al., 2007; West, McCue, & Golden, 2012). The cognitive ability of
the individual hence appears to be intrinsically related to both basic ADL and IADL

abilities, although the former is frequently impaired due to physical dysfunction.

Everyday functioning is thought to be facilitated by cognitive abilities such as

attention, episodic memory, prospective memory, and executive functions (Chaytor &
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Schmitter-Edgecombe, 2003; Haines et al., 2019; Higginson, Arnett, & Voss, 2000;
Mlinac & Feng, 2016; Phillips, Henry, & Martin, 2012; Rosenberg, 2015). Attentional
processes have been found to be strongly associated with both ADL and IADL
(Freilich & Hyer, 2007; Hall, Vo, Johnson, Barber, & O’Bryant, 2011; Higginson et
al., 2000; Ruff et al., 1993). Similarly, immediate and delayed episodic memory have
been found to predict basic ADL and IADL (Freilich & Hyer, 2007; Goldstein, McCue,
Rogers, & Nussbaum, 1992; Jefferson et al., 2006; Farias, Harrell, Neumann, & Houtz,
2002). Executive functions such as inhibition, task-shifting, and planning have also
been associated with and predict basic ADL and IADL (Hall et al., 2011; Johnson,
Lui, & Yaffe, 2007; Martyr & Clare, 2012), as well as everyday cognitive performance
(e.g., everyday memory tasks such as remembering to take medication; Norris & Tate,
2000). Furthermore, visuospatial perceptual skills showed a strong relationship with
basic ADL functioning (Freilich & Hyer, 2007; Perry & Hodges, 2000; Warrington &
James, 1991). Lastly, prospective memory was found to be an important predictor of
IADL, especially with activities related to occupational performance (Honan, Brown,

& Batchelor, 2015).

Notably, prospective memory appears to be particularly crucial in IADL (Crovitz &
Daniel, 1984; Einstein & McDaniel, 1996; Kidder, Park, Hertzog, & Morrell, 1997).
More than half of everyday memory failures were found to be related to prospective
memory functioning (e.g., forgetting to take medication on time; Crovitz & Daniel,
1984; Einstein & McDaniel, 1996). Prospective memory has been found to be one or
the only predictor of IADL in several patient groups including patients with mild
cognitive impairment (Schmitter-Edgecombe, Woo, & Greeley, 2009), patients with

brain injuries (Groot, Wilson, Evans, & Watson, 2002), human immunodeficiency

3|Page



virus (HIV; Woods et al., 2008), schizophrenia (Twamley et al., 2008), and

Parkinson’s disease (Pirogovsky, Woods, Filoteo, & Gilbert, 2012).

While prospective memory functioning clearly plays a role in IADL, it has been found
to be dependent on a number of cognitive functions such as episodic memory (Einstein
& McDaniel, 1996; Mackinlay, Kliegel, & Maéntyld, 2009; McFarland & Glisky,
2009), visual attention (Smith, 2003; Smith, Hunt, McVay, & McConnell, 2007),
auditory attention (McDaniel & Scullin, 2010), and executive functions (Azzopardi,
Auffray, & Kermarrec, 2017; Gonneaud et al., 2011; Schnitzspahn, Stahl, Zeintl,
Kaller, & Kliegel, 2013; Zuber, Kliegel, & Ihle, 2016; Zuber, Mahy, & Kliegel, 2019).
As discussed above, the cognitive functions which facilitate prospective memory are
also facilitators of everyday functioning. Consequently, the assessment of prospective
memory functioning and these associated cognitive functions could also inform

individuals’ everyday functioning.

1.2. Prospective memory and everyday functioning

Prospective memory refers to the ability to remember to perform a particular action in
the future (Brandimonte, Einstein, & McDaniel, 2014). Prospective memory can be
related to a particular event (e.g., when you are on your lunch break, call your family
doctor to ask about your blood test results) or a specific time (e.g., at 4 pm you need
to pick up your child from after-school club; Einstein & McDaniel, 1996). These are
referred as event-based and time-based prospective memory respectively (Einstein &
McDaniel, 1996). Prospective memory is explained by two main theoretical
frameworks, the preparatory attentional and memory processes framework (PAM) and

the multiprocess framework (Anderson, McDaniel, & Einstein, 2017). The PAM
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framework postulates that prospective memory functioning requires a constant top-
down monitoring for environmental and internal cues which facilitates the retrieval of
the intention to perform the prospective memory action (Smith, 2003; Smith et al.,
2007). For example, if an individual wants to buy a pint of milk before going back
home after work, they will be vigilant and monitoring the environment for cues (e.g.,
the sign of a supermarket) that will remind them of the intention to buy a pint of milk.
The multiprocess framework offers a complementary view to the PAM’s notion of
strategic monitoring and retrieval (McDaniel & Einstein, 2000, 2007). The
multiprocess framework argues that prospective memory functioning is not always a
top-down process (i.e., involving strategic monitoring and intentional retrieval) but
also a bottom-up process (i.e., involving automatic monitoring and reflexive
associative retrieval). In the previous example, the individual may be in a passive state
(i.e., not being vigilant). However, on the way home, they see a huge billboard which
displays dairy products. This event triggers the reflexive associative retrieval of the
intention to buy a pint of milk. Therefore, the main difference between the PAM and
multiprocess frameworks pertains to the retrieval of the intention to perform a
prospective memory action (e.g., buying a pint of milk). The PAM theory suggests that
there is always an intentional retrieval process which is facilitated by strategically
monitoring for cues associated with the prospective memory action. In addition to this
retrieval process, the multiprocess framework supports the existence of a reflexive
associative retrieval process, which is facilitated by passively detecting environmental
and internal cues strongly associated with the intended prospective memory action

(McDaniel, Umanath, Einstein, & Waldum, 2015).
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Differences between the PAM and the multiprocess frameworks also pertain to the
focality and salience of the internal or environmental cue which stimulates the retrieval
of the prospective memory intention. For example, the intentional monitoring and
retrieval proposed by the PAM are both performed when the cue is non-focal (e.g., a
convenience store sign among several signs for nearby shops and buildings) and non-
salient in relation to the prospective memory task (e.g., a convenience store sign when
the intention is to buy a pint of milk; Einstein, McDaniel, Manzi, Cochran, Baker,
2000; Einstein, Smith, McDaniel, Shaw, 1997; McDaniel et al., 2015; Smith, 2003).
On the other hand, automatic monitoring and retrieval, which the multiprocess
framework adds, are performed when the cue is focal (e.g., an easily detectable
advertisement on the side of the road) and salient in relation to the prospective memory
task (e.g., the advertisement displays dairy products when the intention is to buy a pint
of milk; Einstein et al., 1997, 2000; McDaniel et al., 2015; Smith, 2003). Also,
performance on focal prospective memory tasks (i.e., where the cue is focal and
salient) has been observed to be significantly better than performance on non-focal
prospective memory tasks (i.e., where the cue is non-focal and non-salient; Anderson
et al.,2017; McDaniel et al., 2015; Mullet ef al.. 2013; Scullin, McDaniel, Shelton, &
Lee, 2010). Finally, in addition to the significance of attentional processes for
prospective memory functioning, the PAM theory also underlines the importance of
preparatory processes related to episodic memory (e.g., encoding and maintaining the
prospective memory intention) in prospective memory functioning (Smith, 2003;
Smith et al., 2007). In contrast, the multiprocess framework focuses on the salience
between the cue and prospective memory intention (e.g., falling under the same

semantic category such as dairy products and pint of milk) which facilitates more
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robust encoding and reflexive associative retrieval of the prospective memory
intention (Anderson et al., 2017; McDaniel & Einstein, 2000, 2007; McDaniel et al.,

2015).

Prospective memory functioning encompasses both event-based and time-based
prospective memory tasks, where time-based tasks appear to be more cognitively
demanding than event-based tasks (Einstein & McDaniel, 1996). However, the PAM
and multiprocess frameworks mainly apply to event-based prospective memory
functioning, while they do not explain time-based prospective memory functioning.
Also, these frameworks do not explain the role of executive functions in prospective
memory functioning, while studies provided evidence postulating a strong relationship
between prospective memory and executive functions (e.g., Azzopardi et al., 2017,
Gonneaud et al., 2011; Schnitzspahn, et al., 2013; Zuber et al., 2016, 2019). In
particular, the executive functions that have been found to contribute to prospective
memory are those related to the tripartite model by Miyake and collaborators (2000).
This model includes three diverse executive functioning processes, which are updating
(i.e., the management of stored information in working memory), inhibition (i.e., the
avoidance of responding prematurely and resisting distractions), and shifting (i.e.,
shifting attention between two or more different tasks; Miyake et al., 2000). These
executive functioning processes have been found to contribute to both event-based and
time-based PM functioning (Azzopardi et al., 2017, Gonneaud et al., 2011;
Schnitzspahn et al., 2013; Zuber et al., 2016; Zuber et al., 2019). Hence, the study of
prospective memory should include all types of prospective memory tasks (i.e., focal
event-based, non-focal event-based, and time-based) and the executive functioning

processes of the tripartite model.
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1.3. Neuropsychological assessment of everyday cognition

In cognitive neuroscience and neuropsychology, the acquisition of data pertaining to
cognitive functionality is mainly facilitated by the implementation of psychometric
tools such as neuropsychological tests and test batteries. The psychometric tools are
predominantly restricted to paper-and-pencil and computerized (i.e., 2D and 3D
applications) forms. However, neuropsychological assessment benefits from being
ecologically valid so that outcomes generalize to individuals’ everyday cognitive
functioning (Chaytor & Schmitter-Edgecombe, 2003; Haines et al., 2019; Higginson
et al., 2000; Mlinac & Feng, 2016; Parsons, 2015; Phillips et a/., 2008; Rand, Rukan,
Weiss, & Katz, 2009; Rosenberg, 2015). This is because ecologically valid
neuropsychological tasks approach the complexity and cognitive demands of
equivalent everyday tasks (Franzen & Wilhelm, 1996; Chaytor & Schmitter-
Edgecombe, 2003; Spooner & Pachana, 2006). Hence, ecological validity augments
the probability that the observed cognitive performance of an individual will depict
how the individual will perform in real-life conditions (Bailey, Henry, Rendell,
Phillips, & Kliegel, 2010; Burgess et al., 2006; Chaytor & Schmitter-Edgecombe,

2003).

As discussed above, the assessment of prospective memory and its associated
cognitive functions is thought to inform clinicians and researchers about individuals’
cognitive functioning in everyday life. However, the studies examining the
relationship between prospective memory and its associated cognitive functions have
involved non-ecologically valid tasks (e.g., Einstein ef al., 1997, 2000; Mullet et al.,
2013; Scullin ef al., 2010; Smith, 2003; Smith et al., 2007). These findings cannot be

generalized to everyday prospective memory functioning (Chaytor & Schmitter-
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Edgecombe, 2003; Haines et al., 2019; Higginson et al., 2000; Mlinac & Feng, 2016;
Parsons, 2015; Phillips et al., 2008; Rand et al., 2009; Rosenberg, 2015) and they may
provide results which are discrepant from the findings of ecologically valid
assessments (Marsh, Hicks, & Landau, 1998). On the contrary, the ecologically valid
assessment of prospective memory and its associated cognitive functions would allow
an examination of the aspects facilitating everyday prospective memory functioning
such as attentional switching, sustained attention, retrospective memory, and
metamemory (e.g., strategies to encode and consolidate prospective memory
intentions; Marsh et al., 1998). The utilization of ecological valid assessments hence
is required for the thorough examination of the complex structure of everyday

prospective memory functioning.

Ecological validity can be achieved by adopting one of two approaches: verisimilitude
and veridicality (Franzen & Wilhelm, 1996; Chaytor & Schmitter-Edgecombe, 2003;
Spooner & Pachana, 2006). Verisimilitude pertains to the level that a
neuropsychological test resembles the complexity and cognitive demands of a
corresponding everyday task (Franzen & Wilhelm, 1996; Chaytor & Schmitter-
Edgecombe, 2003; Spooner & Pachana, 2006). Following the verisimilitude approach,
the development of a neuropsychological test focuses on the creation of tasks, which
simulate the procedures and settings of everyday life (Franzen & Wilhelm, 1996;
Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). These tests
prioritise the identification of individuals who are impaired in performing real-world
tasks, rather than assisting in the diagnosis of a clinical condition (e.g., brain damage;
Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). Therefore,

neuropsychological tests with verisimilitude would be expected to effectively monitor
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the changes (i.e., increase or decrease) in everyday functioning (Chaytor & Schmitter-

Edgecombe, 2003; Spooner & Pachana, 2006).

Another approach to achieve ecological validity is veridicality. Veridicality pertains
to the strength of the statistical relationship between the outcomes of
neuropsychological tests and everyday functioning measures (e.g., questionnaires of
everyday functioning and independence, occupational or academic performance, and
other IADL; Franzen & Wilhelm, 1996; Chaytor & Schmitter-Edgecombe, 2003;
Spooner & Pachana, 2006). The principal advantage of the veridicality approach is
that it may be applied to the existing traditional paper-and-pencil tests, with which the
researchers and clinicians are already accustomed (Chaytor & Schmitter-Edgecombe,
2003). The traditional paper-and-pencil tests are effective in assisting with the
diagnosis of clinical conditions (e.g., dementia) by assessing certain cognitive
processes (Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006).
However, the existing traditional paper-and-pencil tests do not necessarily predict
everyday cognitive performance because their only purpose is to measure a specific
cognitive process and isolate any confounding factors (Chaytor & Schmitter-

Edgecombe, 2003; Spooner & Pachana, 2006).

As discussed above, using neuropsychological assessments with both verisimilitude
and veridicality has its advantages. Indeed, the paper-and-pencil tests with
verisimilitude appear to have better face validity (i.e., the degree to which a test
appears to measure the cognitive process that it is supposed to measure) than
equivalent conventional paper-and-pencil tests (Chaytor & Schmitter-Edgecombe,
2003; Spooner & Pachana, 2006). Also, the outcomes of paper-and-pencil tests with

verisimilitude appear to explain a greater percentage of the variance of everyday
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functioning than traditional paper-and-pencil tests, which indicates the superiority of
tests with verisimilitude also in terms of veridicality (Chaytor & Schmitter-
Edgecombe, 2003; Spooner & Pachana, 2006). Finally, neuropsychological tests with
verisimilitude may better predict real-world memory and attention (Higginson et al.,
2000), executive functioning (e.g., multi-tasking, planning and mental flexibility;
Burgess, Alderman, Evans, Emslie, & Wilson, 1998) and prospective memory abilities
(i.e., remembering to perform an intended action in the future; Haines et al., 2019;
Phillips et al., 2012) than the traditional paper-and-pencil tests with veridicality

(Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006).

1.4. Ecologically valid neuropsychological tests
1.4.1. Veridicality and traditional paper-and-pencil tests

As mentioned above, the veridicality of neuropsychological tests is established by
examining the statistical relationship between performance on a neuropsychological
test and everyday functioning measures such as occupational status, IADL or ADL
questionnaires, or clinician reports (Chaytor & Schmitter-Edgecombe, 2003).
However, the traditional neuropsychological tests, which have shown veridicality,
were not typically developed in pursuit of ecological validity, but instead their design
was to accurately examine specific cognitive processes (e.g., cognitive flexibility;
Chaytor & Schmitter-Edgecombe, 2003). One of the most commonly used
neuropsychological assessments of memory is the Wechsler Memory Scale-Revised
(WMS-R; Wechsler, 1987). The WMS-R was found to be able to classify patients with
traumatic brain injuries (TBI) with 50% accuracy (Makatura, Lam, Leahy, Castillo, &
Kalpakjian, 1999). Also, the WMS-R explained 10% of the variance in TBI patients’

everyday cognitive functioning (Bowman, 1996), and correlated with the everyday
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memory ability of Alzheimer’s patients as reported by their family members (Johnson,
1994). In terms of assessing executive abilities, both the Wisconsin Card Sorting Test
(WCST; Berg, 1948) and the Trail Making Test (TMT; Reitan, & Wolfson, 1993) are
commonly used. The WCST was found to be significantly correlated with the social
interactive skills and planning abilities of schizophrenia patients as rated by their
clinicians (Poole, Ober, Shenaut, & Vinogradov, 1999). Similarly, the TMT Part B
was a found to be a significant predictor of the everyday executive skills of
neurological (Burgess et al., 1998) and TBI patients (Chaytor, Schmitter-Edgecombe,
& Burr, 20006). Finally, the Ruff Selective Attention Test was found to be a significant
predictor of TBI patients’ ability to return to professional or academic environments

after rehabilitation (Ruff ez al., 1993).

However, these traditional paper-and-pencil tests were not designed with ecological
validity in mind (Chaytor & Schmitter-Edgecombe, 2003; Higginson et al., 2000;
Spooner & Pachana, 2006). Consequently, they do not provide insightful information
pertinent to everyday functionality, since they exclude the effect of the environment
(e.g., a supermarket) and other confounding factors (e.g., traffic, crowds, use of
smartphones, temperature, and building’s lighting; Franzen & Wilhelm, 1996;
Heinrichs, 1990; Wilson, 1993). Also, due to the exclusion of confounding factors that
may be disruptive in real-life settings, the performance on these tests may be seen
improved compared to the real-world functionality of an individual (Franzen &
Wilhelm, 1996; Heinrichs, 1990; Wilson, 1993). As a result, the significance of the
statistical relationships between traditional paper-and-pencil tests and measures of
everyday functionality (e.g., ADL and IADL questionnaires) are inconsistent across

the studies examining the ecological validity of neuropsychological tests. Non-
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significant relationships are reported in some studies and significant relationships in
others (Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). Lastly,
the variance in the everyday functionality explained by traditional paper-and-pencil
tests is substantially smaller than the variance in the everyday functionality explained
by paper-and-pencil tests with verisimilitude, indicating that the latter may also have
better veridicality (Chaytor & Schmitter-Edgecombe, 2003; Higginson et al., 2000;

Spooner & Pachana, 2006).

1.4.2. Computerized tasks
In cognitive neuroscience, laboratory tasks frequently take a computerized form (Gur
et al., 2010; Mathdt, Schreij, & Theeuwes, 2012; Peirce, 2007; 2009). The
implementation of computerized tasks allows neuropsychological assessment to take
place in conjunction with neuroimaging techniques such as functional magnetic
resonance imaging and eye-tracking (Gur et al., 2010; Mathot et al., 2012; Peirce,
2007; 2009). The computerized tasks are developed using open source tools such as
PsychoPy (Peirce, 2007; 2009) and OpenSesame (Mathot et al., 2012). They are often
computerized versions of the traditional paper-and-pencil tasks or closely follow the
rationale of the corresponding traditional paper-and-pencil tasks (Gur et al., 2010). For
example, the ACEmobile is a computerised version of the Addenbrooke's Cognitive
Examination-III for mobile devices such as smartphones and tablets (Newman et al.,
2018). Another example is the Cambridge Neuropsychological Test Automated
Battery (CANTAB), which assesses visual memory, attention, working memory and
planning; and it includes tasks which are computerised versions of neuropsychological
tests such as the delayed matching-to-sample test, the WCST, and the Tower of

London (Sahakian & Owen, 1992).However, the computerized tasks may also be
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developed to examine specific neurocognitive domains (i.e., specific cognitive
processes which may activate certain brain structures and/or regions) because they
may isolate confounding variables and permit the assessment of a particular cognitive
process (Gur et al., 2010). For example, a computerized laboratory paradigm for
studying prospective memory functioning may involve an on-going lexical decision
task where the participant is required to respond whether the presented word is an
actual or fictional word, and a comparable prospective memory task, where the

participant should indicate when a specific word appears (Anderson et al., 2017).

It is hypothesized that the computerized tasks display advantages comparable to the
equivalent traditional paper-and-pencil tasks (Arrieux, Cole, & Ahrens, 2017; Cole,
Arrieux, Ivins, Schwab, & Qashu, 2018). However, the veridicality of computerised
tasks has not yet been explored. Also, the computerised versions may suffer from
limitations comparable to the traditional paper-and-pencil tests (e.g., a two-
dimensional interface, the exclusion of confounding factors, and facilitating improved
performance on these tests), since the computerised versions were not developed to
address these issues (Arrieux et al., 2017; Cole et al., 2018). As discussed above, the
traditional paper-and-pencil tests display inconsistent relationships with real-world
performance, and when a relationship is established, they explain a relatively small
amount of variance in everyday functionality (Chaytor & Schmitter-Edgecombe,

2003; Higginson et al., 2000; Spooner & Pachana, 2006)

1.4.3. Ecological valid paper-and-pencil tests with verisimilitude
In an attempt to increase the ecologically validity of neuropsychological assessments
using a verisimilitude approach, several paper-and-pencil tests were developed which

endeavour to resemble the cognitive demands and complexity of everyday tasks
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(Chaytor & Schmitter-Edgecombe, 2003). The most prominent tests are the Test of
Everyday Attention (TEA; Robertson, Ward, Ridgeway, & Nimmo-Smith, 1996), the
Rivermead Behavioral Memory Test—III (RBMT-III; Wilson, Cockburn, & Baddeley,
2008), the Behavioral Assessment of Dysexecutive Syndrome (BADS; Wilson,
Alderman, Burgess, Emslie, & Evans, 1996), and the Cambridge Prospective Memory
Test (CAMPROMPT; Wilson, 2005). The TEA measures everyday attention
pertaining to visual and auditory attentional processes, as well as attentional control
(e.g., shifting attention between two tasks; Robertson et al., 1996). The RBMT-III
assesses aspects of everyday episodic memory such as visual and verbal memory,
delayed recognition, and immediate and delayed recall (Wilson et al., 2008). The
BADS appraises everyday executive functions such as temporal judgement, shifting,
inhibition, problem solving, and strategy formation (Wilson ef al., 1996). Finally, the
CAMPROMPT measures both event-based and time-based prospective memory

(Wilson, 2005).

These tests attempt to provide ecological validity (i.e., verisimilitude) by using the
testing environment (i.e., the room that the test is being taken) and various props (e.g.,
a map of a city, and a vase filled with water). Both CAMPROMPT and RBMT-III use
the testing environment; for example, they both include a task where the examinee
should remember the location of objects (e.g., a pen, pencil, or rubber) that were
hidden in various places in the room (e.g., on the corner, under the desk, or in the bin;
Wilson et al., 1996, 2008). Furthermore, examples of using props to achieve
verisimilitude can be seen in the TEA and BADS. For example, the TEA requires the
examinee to scan a map of Philadelphia, USA and detect all the symbols which

indicate a restaurant or a gas station (Robertson et al., 1996), while the BADS requires

15| Page



the participant to remove a cork from a vase filled with water, only by using the

available tools (e.g., a wire) and without touching the vase (Wilson et al., 1996).

Importantly, these paper-and-pencil tests with verisimilitude have also been found to
be ecologically valid in terms of veridicality, which supports their ability to predict
everyday functioning. For example, the RBMT was able to predict the everyday
memory functioning of TBI patients (Makatura et al., 1999). Also, the RBMT showed
a strong correlation with occupational therapists’ observations of ADL (e.g., personal
hygiene and medication) in depressed and healthy older adults (Goldstein et al., 1992).
The RBMT and TEA were the best predictors of general functional impairment in
multiple sclerosis (MS) patients compared to traditional cognitive tests (Higginson et
al., 2000). The TEA was also efficient in detecting a decline in the attentional abilities
of healthy older adults (Robertson et al, 1994). The BADS was substantially
correlated with the everyday executive functioning (Evans, Chua, McKenna, &
Wilson, 1997) and general cognitive functioning (Norris & Tate, 2000) of neurological
patients and healthy individuals. Lastly, the CAMPROMPT was the only significant
predictor of the vocational abilities (e.g., returning to work, withdrawal, or impaired
performance) of MS patients amongst other tests such as the Auditory Consonant
Trigrams test, the Zoo Map test, and the Screening Examination for Cognitive

Impairment (Honan et al., 2015).

Therefore, the above-mentioned neuropsychological tests have achieved a certain level
of ecological validity in terms of both veridicality and verisimilitude. However, these
neuropsychological tests suffer from several limitations. As discussed above,
verisimilitude is the degree that the neuropsychological test replicates the environment

(e.g., a supermarket, a living-room, a kitchen, a shopping mall, or a car) and procedures
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that a specific behaviour (e.g., shopping, cooking, taking medications, driving, or
cleaning) will take place (Goldstein, 1996; Rabin, Burton, & Barr, 2007; Parsons,
2015). Since the preliminary discussions on the verisimilitude of neuropsychological
testing, the emphasis has been put on the inability of the available technologies (e.g.,
paper-and-pencil, two-dimensional interfaces, as well as simple and static stimuli) to
provide an adequate degree of verisimilitude (Goldstein, 1996). Unfortunately, two
decades after, most of the neuropsychological assessments incorporate the same
outdated technologies (e.g., paper-and-pencil, two-dimensional interfaces, static
stimuli) which are not capable of providing a high degree of verisimilitude and inform
on real-world functioning (Parsons, 2015; Parsons et al., 2018; Rabin et al., 2007).
Hence, regardless that these paper-and-pencil tests present a higher degree of
verisimilitude compared to traditional tests, their form (i.e., paper-and-pencil) allows
them to incorporate only simple and static stimuli within a highly controlled
environment, which substantially diverges from the cognitive demands and
complexity of real-life situations (Parsons, 2015; Parsons et al., 2018; Rand et al.,

2009).

1.4.4. Real world tasks
Another approach to studying everyday cognitive functioning is the design of
neuropsychological tasks in real-world settings. For example, the participant is
required to perform a series of errands in a shopping centre or a pedestrianized street
(e.g., Garden, Phillips, & MacPherson, 2001; Shallice & Burgess, 1991). One of the
most extensively utilised real-world tests is the Multiple Errands Test (MET)
developed by Shallice and Burgess (1991). The MET requires the examinee to perform

a series of relatively simple open-ended tasks (e.g., shopping for specific products,
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noting down specific information, or commuting to a specific location) and respect a
set of simple rules (e.g., when you enter a shop, you must buy at least one item). The
examiner observes the examinee performing the tasks and notes down the quantity and
the type of errors (e.g., breaking a rule, or omitting a task). Regarding real-world tasks
like MET, the relevant literature has shown that performance on real-world tasks (e.g.,
household chores) is significantly associated with self-ratings of [ADL and
independence questionnaires (Weakley, Weakley, & Schmitter-Edgecombe, 2019),
and the findings of these studies may reliably generalise the everyday functionality of
the assessed population (e.g., patients with specific traumatic brain injuries; Bottari,

Dassa, Rainville, & Dutil, 2010; Bottari, Shun, Le Dorze, Gosselin, & Dawson, 2014).

These real-world tasks facilitate a direct examination of everyday cognitive
functioning which benefits from both verisimilitude and veridicality. Nonetheless, the
real-word tasks cannot be standardized, which prevents their implementation in other
clinics or laboratories (Elkind, Rubin, Rosenthal, Skoff, & Prather, 2001; Logie et al.,
2011; Parsons, 2015; Rand et al., 2009). Moreover, they may not be feasible for some
individuals in challenging populations (e.g., psychiatric patients, stroke patients with
paresis or paralysis), and they require participant transport and consent from local
businesses (Elkind et al., 2001; Logie et al., 2011; Parsons, 2015; Rand et al., 2009).
Finally, real-world tasks are time-consuming and expensive, and importantly, they
lack experimental control over the external situation (Elkind et al., 2001; Logie et al.,

2011; Parsons, 2015; Rand et al., 2009).

1.4.5. Non-immersive virtual reality methods
More recent attempts to achieve ecological validity in terms of verisimilitude involve

the utilization of technological mediums. For example, some studies have used video
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recordings of real-world locations in an attempt to simulate everyday settings and
situations (Farrimond, Knight, & Titov, 2006; McGeorge ef al., 2001; Paraskevaides
et al., 2010). However, non-immersive virtual reality has been implemented more
frequently to simulate real-life tasks (Farrimond, Knight, & Titov, 2006; McGeorge et
al., 2001; Paraskevaides et al., 2010). There are several non-immersive virtual reality
tests such as Edinburgh Virtual Errands Test (EVET; Logie, Trawley, & Law, 2011),
the Jansari Assessment of Executive Function (Jansari et al., 2014), the Virtual
Multiple Errands Test (VMET) within the Virtual Mall (VMall; Rand et al., 2009) and
the Virtual Reality Shopping Task (Canty et al., 2014). These tests have been found to
be cost-effective, require less administration time than paper-and-pencil tests, provide
an adequate level of experimental control, and can be easily be adapted for other
clinical or research settings (Parsons, McMahan, & Kane, 2018; Werner & Korczyn,
2012; Zygouris & Tsolaki, 2015). Furthermore, non-immersive virtual reality tests
may benefit from automated scoring and standardized administration, which permit
clinicians and researchers to administer these tests with only limited training (Parsons
etal.,2018; Werner & Korczyn, 2012; Zygouris & Tsolaki, 2015). Finally, some non-
immersive virtual reality tests also offer shorter versions for the assessment of
particular cognitive functions (e.g., selective visual attention; Parsons et al., 2018;

Werner & Korczyn, 2012; Zygouris & Tsolaki, 2015).

Non-immersive virtual reality tests appear more efficient in achieving ecological
validity than paper-and-pencil and two-dimensional computerized tasks (Parsons,
2015; Parsons et al., 2018). However, the utilization of non-immersive virtual reality
technology may result in adverse symptoms and effects such as nausea, dizziness,

disorientation, fatigue, or instability, which are frequently referred as virtual reality
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induced symptoms and effects (VRISE; Bohil, Alicea, & Biocca, 2011; de Franca &
Soares, 2017; Palmisano, Mursic, & Kim, 2017). Also, non-immersive virtual tests
have user interfaces (e.g., three-dimensional environments displayed on a screen) and
procedures (e.g., using a keyboard and a mouse to interact with the virtual
environment) which have been found to be challenging for individuals without a
gaming background (Parsons et al., 2018; Zaidi, Duthie, Carr, & Maksoud, 2018),
especially for older adults and clinical populations such as individuals with mild
cognitive impairment or Alzheimer’s disease (Werner & Korczyn, 2012; Zygouris &
Tsolaki, 2015). Notably, the gaming ability of the individual substantially modulates

the performance on non-immersive virtual reality applications (Zaidi et al., 2018).

1.5. Immersive virtual reality methods
1.5.1. Advantages of immersive virtual reality methods

In recent years, immersive virtual reality technology has attracted attention,
demonstrating its utility and benefits in the field of cognitive neuroscience and
neuropsychology (Rizzo, Schultheis, Kerns, & Mateer, 2004; Bohil et al., 2011;
Parsons, 2015). In contrast to the approaches discussed above, immersive virtual
reality offers the utilisation of dynamic stimuli, naturalistic interactions within an
ecologically valid 360° environment, and a high degree of experimental control which
enables the collection of advanced cognitive and behavioural data (Rizzo et al., 2004;
Bohil et al., 2011; Parsons, 2015). Furthermore, immersive virtual reality systems can
be implemented in conjunction with non-invasive neuroimaging techniques (Bohil et
al.,2011; Parsons, 2015). Immersive virtual reality research and clinical software have
been effective in the assessment of cognitive and affective functions, as well as clinical

conditions (e.g., social stress disorders) which require ecological validity (Rizzo et al.,
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2004; Parsons, 2015) for their assessment, rehabilitation and treatment (e.g., post-

traumatic stress disorder) (Rizzo et al., 2004; Bohil et al., 2011).

While immersive virtual reality tests maintain the same advantages as non-immersive
tests, they may also overcome the shortcomings of non-immersive virtual reality
(Rizzo et al., 2004; Bohil et al., 2011; Parsons, 2015; Teo et al., 2016). For example,
immersive virtual reality has been found to provide deeper immersion in the virtual
environments than non-immersive virtual reality systems (Weech, Kenny, & Barnett-
Cowan, 2019). Deeper immersion has been found to induce substantially fewer and
less intense adverse VRISE (Weech et al., 2019). Importantly, in immersive virtual
reality environments, individuals without gaming experience have been found to
perform better, and comparable to individuals with gaming experience (Zaidi et al.,
2018). In immersive virtual reality systems, gaming ability does not have an effect on
performance due to the first-person perspective and ergonomic/naturalistic

interactions that are proximal to real-life settings and actions (Zaidi ef al., 2018).

1.5.2. Limitations of immersive virtual reality methods
Despite the important advantages of immersive virtual reality systems, researchers and
clinicians have reported caveats with their implementation, particularly when head
mounted display (HMD) systems are utilized (Davis, Nesbitt, & Nalivaiko, 2015; de
Franca & Soares, 2017; Palmisano et al., 2017; Sharples, Cobb, Moody, & Wilson,
2008). A predominant concern is the presence of adverse VRISE (Davis et al., 2015;
de Franca & Soares, 2017; Palmisano et al., 2017; Sharples et al., 2008), which may
risk the health and safety of participants or patients (Kane & Parsons, 2017; Parsons
et al., 2018), and consequently raises ethical considerations for the adoption of

immersive virtual reality HMDs as research and clinical tools.
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Additionally, the presence of intense VRISE appears to modulate a substantial decline
in reaction times and the overall cognitive performance of individuals (Mittelstaedt,
Wacker, & Stelling, 2019; Nalivaiko, Davis, Blackmore, Vakulin, & Nesbitt, 2015;
Nesbitt, Davis, Blackmore, & Nalivaiko, 2017; Plant, 2016; Plant & Turner, 2009).
Also, VRISE seem to increase body temperature and heart rates (Nalivaiko et al.,
2015). Regarding brain activity and connectivity, the presence of intense VRISE
substantially increases cerebral blood flow and oxyhaemoglobin concentration
(Gavgani et al, 2018), the power of brain signals (Arafat, Ferdous, & Quarles, 2018),
and the connectivity between stimulus response brain regions (e.g., prefrontal cortex)
and nausea-processing brain regions (e.g., temporal and occipital lobes; Toschi ef al.,
2017). Therefore, VRISE may confound the data deriving from neuropsychological
(e.g., cognitive tests and screens), physiological (e.g., electromyography or thermal
cameras), and neuroimaging methods (e.g., electroencephalography or magnetic

resonance imaging).

Lastly, VRISE are evaluated using questionnaires such as the Simulator Sickness
Questionnaire (SSQ; Kennedy, Lane, Berbaum, & Lilienthal, 1993) and the Virtual
Reality Sickness Questionnaire (VRSQ; Kim, Park, Choi, & Choe, 2018). The SSQ is
the most frequently used questionnaire. The SSQ includes 16 questions pertinent to
the symptoms of simulator sickness (e.g., general discomfort, fatigue, headache,
salivation, nausea, dizziness, eyestrain, blurred vision, vertigo, and burping; Kennedy
et al., 1993). The responses are assigned numbers indicating either the presence or the
severity of simulator sickness symptoms (i.e., 0 — None, 1 — Slight, 2 — Moderate, and
3 — Severe; Kennedy et al., 1993). However, the SSQ is specific to the symptoms

pertinent to simulator sickness (Kennedy et al., 1993), while simulator sickness
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symptomatology does not appear similar to VRISE (Stanney, Kennedy, & Drexler,
1997). Specifically, Stanney and collaborators (1997) clustered the 16 items of the
SSQ into three main categories: 1) Nausea; 2) Oculomotor; 3) Disorientation.
However, several of the SSQ items fall under of more than one category. For example,
vertigo falls under both nausea and disorientation. Stanney et al. (1997) found that the
most frequent symptoms related to VRISE were those related to the categories of
nausea and disorientation, while the main symptoms related to simulator sickness fall
under the oculomotor category. Also, the intensity of VRISE symptoms were

substantially greater than the simulator sickness symptoms (Stanney ef al., 1997).

The necessity for a tool which is specific to VRISE, led to the development of the
VRSQ (Kim et al., 2018). The development of the VRSQ was based on the SSQ,
where the researchers administered the SSQ and, by using an exploratory factor
analysis, attempted to isolate the items of the SSQ which are pertinent to VRISE (Kim
et al., 2018). However, only items pertinent to oculomotor and disorientation
categories of the SSQ displayed an adequate load to their factors, and all the items
pertinent to nausea (i.e., 7 out of the 16 items of SSQ) were rejected (Kim et al., 2018).
Consequently, the VRSQ includes only 9 of the 16 items of the SSQ which exclusively
relate to oculomotor and disorientation categories, while the most frequent VRISE
relate to the nausea category (Bohil et al., 2011; de Franca and Soares, 2017;
Palmisano et al., 2017; Sharples et al., 2008; Stanney et al., 1997). Hence, since the
VRSQ has important omissions and does not encompass the main symptoms of
VRISE, there is still a need for a questionnaire which measures the intensity of main

VRISE.
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1.5.2. Potential solutions
The physiological reasons for VRISE are predominantly due to oculomotor and
vestibular discrepancies (Davis ef al., 2015; de Franca & Soares, 2017; Palmisano et
al., 2017; Sharples et al., 2008). For example, there may be a discrepancy between
what is being perceived through the oculomotor (optic nerve) sensor and what is being
sensed via the rest of the afferent nerves in the human body (Davis ef al., 2015; de
Franca & Soares, 2017; Palmisano et al., 2017; Sharples et al., 2008). Nevertheless,
oculomotor and vestibular discrepancies are predominantly induced by hardware and
software inadequacies, such as the type of display screen, resolution and refresh rate
of the image, the size of the field of view as well as non-ergonomic movements and
interactions with the virtual environment (de Franca & Soares, 2017; Palmisano et al.,

2017).

The reports of VRISE derive from studies which have implemented obsolete
immersive virtual reality HMDs, while the last decade immersive virtual reality HMDs
have substantially evolved (de Franca & Soares, 2017; Palmisano et al., 2017). For
example, market dominant companies like HTC and Facebook released their
immersive virtual reality products in 2016. The HTC Vive and Facebook’s Oculus Rift
are new generation immersive virtual reality HMDs which have better image
resolution and refresh rates, a faster and more accurate motion tracking system, and
more ergonomic controllers than the old generation immersive virtual reality HMDs
(Borrego, Latorre, Alcaniz, & Llorens, 2018). These HMDs meet the health and safety
standards of these companies, and they do not seem to induce VRISE (Borrego et al.,
2018). However, immersive virtual reality software features should also be considered

for the avoidance or mitigation of VRISE (de Franca & Soares, 2017; Palmisano et al.,
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2017). Also, as discussed above, the development of a questionnaire to assess VRISE
intensity is required. However, as discussed above, the quality of the software features
implicates in the presence and intensity of VRISE. Therefore, this questionnaire may

be developed to assess both the quality of software features and the VRISE intensity.

1.6. Interim summary

In summary, everyday functioning is facilitated by cognitive functions such as
prospective memory, episodic memory, attention, and executive functions.
Prospective memory functioning, which appears crucial in everyday functioning, is
also mediated by episodic memory, attentional processes, and executive functions.
Thus, the assessment of prospective memory and these associated cognitive functions
plays an important role in understanding the everyday cognitive functioning of an
individual. In order to achieve this, the neuropsychological assessment of everyday
cognitive functions should be ecologically valid, which is achieved by adopting a
veridicality and/or verisimilitude approach, where verisimilitude appears to be more
effective than veridicality. Traditional paper-and-pencil tests and computerized tasks
lack an adequate level of verisimilitude. Those paper-and-pencil tests with
verisimilitude appear to be effective and have veridicality but they still do not resemble
the complexity and cognitive demands of real-life situations. Real-world tasks are not
feasible for implementation in clinics and laboratories albeit their efficiency in
assessing everyday functioning. Non-immersive virtual reality tests appear to
substantially improve the verisimilitude of neuropsychological assessment.
Nonetheless, they also suffer from considerable limitations such as the confounding
effects of VRISE and the gaming ability of individuals. In immersive virtual reality

applications, which seem capable of closely resembling everyday settings and
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situations, gaming ability does not seem to play a significant role, and adverse VRISE
are thought to be mitigated by recent technological advancements. However, the
VRISE may still have a confounding effect on neuroscientific and/or
neuropsychological data, while a tool for measuring both VRISE and immersive

virtual reality software features is required to assess whether this is the case or not.

1.7. Objectives and overall scope

This thesis aims to address the problem of ecological validity in neuropsychological
assessment, especially regarding the assessment of cognitive functions which are
central to everyday functioning. This thesis also endeavours to overcome the
shortcomings associated with the implementation of immersive virtual reality.
Specifically, I aim to develop and validate the Virtual Reality Everyday Assessment
Lab (VR-EAL), the first immersive virtual reality neuropsychological battery with
enhanced ecological validity of everyday cognitive functions such as prospective
memory, episodic memory, visual attention, visuospatial attention, auditory (bi-aural)
attention, planning, and multitasking. It is also hypothesised that the VR-EAL will not
induce intense VRISE. For this reason, the technological aetiologies of VRISE, both
in terms of hardware and software characteristics, are carefully examined. The
identification of appropriate hardware (i.e., HMDs) for the avoidance of VRISE
indicates which hardware the VR-EAL should be compatible with. Also, the
identification of software features which mitigate the intensity of VRISE will inform
on which software characteristics the VR-EAL should incorporate. Finally, since the
VR-EAL is developed for both clinical and research purposes, VR-EAL’s validity and

utility as neuropsychological tool is assessed, as well as VR-EAL’s potency to
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contribute to the understanding of essential everyday cognitive functions such as

prospective memory.

Firstly, Chapter 2 (published, Frontiers in Human Neuroscience) provides a systematic
literature review of the technological aetiologies of VRISE, and a meta-analysis in
terms of VRISE frequency, participants’ dropouts, generation of the HMD, and the
type of interactions within the virtual environment of the neuroscientific and
neuropsychological studies which had implemented immersive virtual reality HMDs
and software. Chapter 3 (published, Frontiers in Human Neuroscience) describes the
validation of the Virtual Reality Neuroscience Questionnaire (VRNQ), which
measures both VRISE and software quality, and explores the maximum duration of
the virtual reality sessions without the presence of VRISE. Chapter 4 (published,
Frontiers in Computer Science) presents and discusses the development of the VR-
EAL and investigates whether VR-EAL induces VRISE. Chapter 5 (in press, Journal
of the International Neuropsychological Society) discusses a comparison in terms of
testing experience (i.e., pleasantness) and verisimilitude, as well as the convergent,
construct, and ecological validity of VR-EAL against established ecological valid tests
such as CAMPROMPT, RBMTH-III, TEA, and BADS. Chapter 6 (submitted, Memory
and Cognition) discusses the differences in the performance on the VR-EAL’s focal
event-based, non-focal event-based, and time-based prospective memory tasks, as well
as the predictors (i.e., cognitive functions) of focal event-based, non-focal event-
based, and time-based prospective memory scores of VR-EAL. Finally, Chapter 7

provides an all-inclusive discussion of the findings of this thesis.
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Chapter 2: Technological Competence is a Precondition for
Effective Implementation of Virtual Reality Head Mounted
Displays in Human Neuroscience: A Technological Review and

Meta-analysis

In this chapter, the hardware and software features of immersive virtual reality (VR)
head-mounted display (HMD) systems, which contribute to the mitigation or
avoidance of virtual reality induced symptoms and effects (VRISE), are explored by
conducting a technological systematic review. Also, a meta-analysis of cognitive
neuroscience and neuropsychology studies which had implemented VR HMDs is
conducted to investigate the frequency of VRISE and the size of dropouts, when
using appropriate or inappropriate VR HMDs and software. The findings of this
chapter may assist with the identification of the appropriate VR HMDs which VR-
EAL should be compatible with, as well as the software features that the VR-EAL

should incorporate to ensure a mitigation or avoidance of VRISE.

This chapter has been published in the Frontiers in Human Neuroscience Frontiers:
Kourtesis, P., Collina, S., Doumas, L. A. A., & MacPherson, S. E. (2019).
Technological competence is a precondition for effective implementation of virtual
reality head mounted displays in human neuroscience: a technological review and
meta-analysis.  Frontiers in  Human  Neuroscience, 13, 342. doi:

https://doi.org/10.3389/fnhum.2019.00342
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Immersive virtual reality (VR) emerges as a promising research and clinical tool. However,
several studies suggest that VR induced adverse symptoms and effects (VRISE) may
undermine the health and safety standards, and the reliability of the scientific results. In
the current literature review, the technical reasons for the adverse symptomatology are
investigated to provide suggestions and technological knowledge for the implementation
of VR head-mounted display (HMD) systems in cognitive neuroscience. The technological
systematic literature indicated features pertinent to display, sound, motion tracking,
navigation, ergonomic interactions, user experience, and computer hardware that
should be considered by the researchers. Subsequently, a meta-analysis of 44
neuroscientific or neuropsychological studies involving VR HMD systems was performed.
The meta-analysis of the VR studies demonstrated that new generation HMDs induced
significantly less VRISE and marginally fewer dropouts. Importantly, the commercial
versions of the new generation HMDs with ergonomic interactions had zero incidents
of adverse symptomatology and dropouts. HMDs equivalent to or greater than the
commercial versions of contemporary HMDs accompanied with ergonomic interactions
are suitable for implementation in cognitive neuroscience. In conclusion, researchers'
technological competency, along with meticulous methods and reports pertinent to
software, hardware, and VRISE, are paramount to ensure the health and safety standards
and the reliability of neuroscientific results.

Keywords: virtual reality, VRISE, HMD, cybersickness, neuroscience, neuropsychology, psychology, VR
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INTRODUCTION

In recent years, virtual reality (VR) technology has attracted
attention, demonstrating its utility and potency in the field of
neuroscience and neuropsychology (Rizzo et al., 2004; Bohil
et al., 20113 Parsons, 2015). Traditional approaches in human
neuroscience involve the utilization of static and simple stimuli
which arguably lack ecological validity (Parsons, 2015). VR offers
the usage of dynamic stimuli and interactions with a high
degree of control within an ecologically valid environment which
enables the collection of advanced cognitive and behavioral data
(Rizzo et al., 2004; Bohil et al., 2011; Parsons, 2015). VR can be
combined with non-invasive imaging techniques (Bohil et al.,
2011; Parsons, 2015) and has been effective in the assessment
of cognitive and affective functions and clinical conditions (e.g.,
social stress disorders) which require ecological validity (Rizzo
etal., 2004; Parsons, 2015) for their assessment, rehabilitation and
treatment (e.g., post-traumatic stress disorder) (Rizzo et al., 2004;
Bohil et al., 2011).

However, researchers and clinicians have reported caveats
with the implementation of immersive VR interventions and
assessments, particularly when head mounted display (HMD)
systems are utilized (Sharples et al., 2008; Davis et al., 2015; de
Franca and Soares, 2017; Palmisano et al., 2017). A predominant
concern is the presence of adverse physiological symptoms (i.e.,
cyber/simulation-sickness which includes nausea, disorientation,
instability, dizziness, and fatigue). These undesirable effects are
categorized as VR Induced Symptoms and Effects (VRISE)
(Sharples et al., 2008; Davis et al.,, 2015 de Franga and Soares,
2017; Palmisano et al., 2017), and are evaluated by using
questionnaires such as the Simulator Sickness Questionnaire
(Kennedy et al, 1993) and the Virtual Reality Sickness
Questionnaire (Kim et al., 2018).

VRISE may risk the health and safety of patticipants or
patients (Kane and Parsons, 2017; Parsons et al., 2018), which
raises ethical considerations for the adoption of VR HMDs
as research and clinical tools. Additionally, the presence of
VRISE has modulated substantial decline in reaction times and
overall cognitive performance (Plant and Turner, 2009; Nalivaiko
et al., 2015; Plant, 2016; Nesbitt et al., 2017; Mittelstaedt et al.,
2018), as well as increasing body temperature and heart rates
(Nalivaiko et al., 2015). Also, the presence of VRISE robustly
increases cerebral blood flow and oxyhemoglobin concentration
(Gavgani et al., 2018), the power of brain signals (Arafat et al.,
2018), and the connectivity between stimulus response brain
regions and nausea-processing brain regions (Toschiet al., 2017).
Thus, VRISE could be considered confounding variables, which
significantly undermine the reliability of neuropsychological,
physiological, and neuroimaging data.

VRISE are predominantly mediated by an oculomotor
discrepancy between what is being perceived through the
oculomotor (optic nerve) sensor and what is being sensed via
the rest of the afferent nerves in the human body (Sharples et al.,
2008; Davis et al., 2015; de Franga and Soares, 2017; Palmisano
et al., 2017). Nevertheless, technologically speaking, VRISE are
derivatives of hardware and software inadequacies, ie., the type
of display screen, resolution, and refresh rate of the image,

the size of the field of view (FOV) as well as non-ergonomic
movements within an interaction in the virtual environment (VE;
de Franga and Soares, 2017; Palmisano et al., 2017). Notably, VR
HMDs have substantially evolved during the last two decades.
Important differences may be seen between the HMDs released
before 2013 (old generation) and those released from 2013
onwards (new generation). While the last old generation HMD
was released in 2001 (Le., nVisor SX111), the year 2013 is used
to distinguish between old and new generation HMDs, since
it is the year that the first new generation HMD prototype
(i.e., Oculus Development Kit 1) was released. This systematic
review attempts to clarify the technological etiologies of VRISE
and provide pertinent suggestions for the implementation of
VR HMDs in cognitive neuroscience and neuropsychology.
In addition, a meta-analysis of the neuroscience studies that
have implemented VR HMDs will be conducted to elucidate
the frequency of VRISE and dropout rates as per the VR
HMD generation.

TECHNOLOGICAL SYSTEMATIC REVIEW

In Table 1, a glossary of the key terms and concepts is provided
to assist with comprehension of the utilized terminology. We
followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines using a decremental
stepwise method to perform the literature review (see Figure 1),
The selected papers and book chapters included an explicit
explanation and discussion of VRISE and users’ experiences
pertinent with the specified technological features of the
VR hardware and software. Digital databases specialized in
technologies were used: (1) IEEE Xplore Digital Library; (2)
ACM Digital Library; (3) ScienceDirect; (4) MIT CogNet; and
(5) Scopus. Two categories of keywords were used, where
each category had three or more keywords and each paper
had to include at least one keyword from each category
in the main body of the text. The categories were: (1)
“virtual reality” OR “immersive virtual reality” OR “head-
mounted display;” AND (2) “VRISE” OR “motion sickness”
OR “cyber sickness” OR “simulation sickness.” Finally, the
extracted information from the identified papers was clustered
together under common features (i.e., display, sound, motion
tracking, navigation, ergonomic interactions, user experience,
and computer hardware).

Technological Etiologies of VRISE

Display

VR HMDs use the following three types of screens: Cathode
Ray Tubes (CRT); Liquid Crystal Display (LCD); and organic
light emitting diode (OLED). LCD screens replaced CRT ones
due to VRISE (Costello, 1997). LCD, in comparison to CRT,
alleviated the probability of visual complications and physical
burdens (e.g., fatigue) (Costello, 1997). However, the suitability
of LCD was challenged by the emergence of OLED screens.
While old generation VR HMDs mainly utilize LCD screens
(Costello, 1997), the commercial versions of new generation
VR HMDs predominantly use OLED screens (Kim J. W.
et al, 2017). The OLED screens have been found to be
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TABLE 1 | Glossary of key terms and concepts.

Terms and concepts

Explanation/definition

Headsets

Display

Interactions

Head mounted display (HMD)

Development kit (DK) HMD

Commercial version (CV) HMD

Liquid crystal display (LCD)

Organic light emitting diode (OLED)

Field of view (FOV)

Refresh rate and frame rate

Resolution

Motion tracking

Controllers/Wands with & degreas of freedom (DoF)

Direct hand interaction
Teleportation

Ergonomic interactions

Virtual environment (VE)

A display device which is worn on the head and provides an immersive virtual reality for
the wearer

A protatype device, which is utilized by the VR Software developers to develop VR
software before the commercial version of an HMD. The DIKs are not provided for general
use

The final version of an HMD, which is dispersed to the rarket for general use

Atype of display/screen that uses the light-modulating properties of liquid crystals. Liquid
crystals emit light indirectly, instead of using a reflector to produce images

Atype of display/screen that uses an organic compound film that emits light in response
to an electric current. OLEDs are used as displays in devices such as television screens,
computer monitars, and smartphones

The area captured by the display device. The size of the FOV and the size of the display
device diractly affsct the quality of the imags

The refresh rate is the number of times that the hardwars updates its display per second
It invelves the repeated display of identical frames. The frams rats indicates the fraquency
that software can add new data to a display

The number of distinct pixels in sach dimension displaysd in a frame

The process of tracking the movement of objects or people. It is faciitated by motion
sensars which dstect the position of motion trackers embeddad in devices (2.9, HMDs
and 6DoF contrallers)

Contrallers which have 8DoF of maverent in 3-D space on three directional axes (i.e.,
Forward-Back, Left-Right, Up-Down) and three rotational axes (ie., Rall, Pitch, Yaw)

A meotion tracking device (.e., a motion sensor) which directly tracks hand movements

A navigation system, which allows the user to be transferred to a new location in the virtual
environment without physically moving in the real environment

These resemble real-life interactions, which optimize user experience and overall VR
system performance (see also Definition of Ergonomic Interactions). Ergonaric
interactions are facilitated by and restricted to the capabiities of the VR hardware and
software

A three-dimensional artificial environment which is displayed on a display device and

allows the users to interact with it

better than LCD screens for general implementation in VR,
because of their faster response times, lighter weight, and
better color quality (Kim J. W. et al., 2017). OLED screens
decrease the likelihood of VRISE and offer an improved VR
display (Kim J. W. et al., 2017).

Three more factors related to display type are crucial for
the avoidance of VRISE: the width of the FOV (Rakkolainen
et al, 2016, Kim J. W. et al, 2017); the resolution of the
image per eye (Hecht, 2016; Rakkolainen et al., 2016; Kim J.
W. et al., 2017; Brennesholtz, 2018); and the latency of the
images (frames per second) (Hecht, 2016; Rakkolainen et al.,
2016; Kim J. W. et al., 2017; Brennesholtz, 2018). A wider FOV
significantly decreases the chance of VRISE and increases the
level of immersion (Rakkolainen et al., 2016; Kim J. W. et al,
2017). The canonical guidelines suggest a lowest threshold of
110° FOV (diagonal) (Hecht, 2016; Rakkolainen et al., 2016;
Kim J. W. et al,, 2017; Brennesholtz, 2018). In addition, an
increased refresh rate and resolution alleviates the danger of
discomfort or VRISE (Hecht, 2016; Rakkolainen et al., 2016;
Kim J. W. et al, 2017; Brennesholtz, 2018). The refresh rate
should be =75Hz (ie.,, =75 frames per s) (Goradia et al,
2014; Hecht, 2016; Brennesholtz, 2018), while the resolution
is required to be higher than 960 x 1,080 sub-pixels per eye
(Goradia et al., 2014).

Sound

A second important consideration for a user’s experience in VR
is the sound quality. The integration of spatialized sounds (e.g.,
ambient and feedback sounds) in the VE may increase the level
of immersion, pleasantness of the experience, and successful
navigation (Vorlinder and Shinn-Cunningham, 2014), while
they significantly decrease the likelihood of VRISE (Viirre et al.,
2014). However, the volume and localization of sounds need to
be optimized in terms of audio spatialization to ensure a user’s
experience is pleasant without adverse VRISE (Viirre et al., 2014;
Vorldnder and Shinn-Cunningham, 2014).

Motion Tracking

Motion tracking in VR is a pre-condition for naturalistic
movement within an immersive VE (Slater and Wilbur, 1997;
Stanney and Hale, 2014). Motion tracking allows the precise
tracking of the user’s physical body within the VE (ie.,
it allows the computer to provide accurate environmental
feedback, which modulates and consolidates the awareness of the
position and movement of the user’s body). This phenomenon
is called proprioception or kinesthesia (Slater and Wilbur,
1997) and is linked with vestibular and oculomotor mediated
VRISE (Slater and Wilbur, 1997; Plouzeau et al., 2015; Caputo
et al.,, 2017). Hence, motion tracking should be adequately
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3) ScienceDirect;
4) MIT CogNet;
5) Scopus.
Keywaords:

Identification

AND

sickness”

The following databases were included in the literature review
1) IEEE Xplore Digital Library;
2) ACM Digital Library;

1) “virtual reality” OR “immersive virtual reality” OR “head-mounted display”;

2) "VRISE" OR "motion sickness” OR “cyber sickness” OR “simulation

Critetia:

N=94

Review of the content pertinet to the evasion or presence of VRISE.

1) Applicability to the contemporary standards.
2) Detailed explanation and argumentation accompanied with evidence from
the literature or research results.

Excluded
N =42

Eligibiltiy & Screening

N =52

Selection of the papers wtih the most recently updated information.

Excluded
o N=17

1) Display
2) Sound

4) Navigation

Included

N =35

Categorisation of the final papers pertinent to a common feature or topic.
Final groups with a common topic are:

3) Motion tracking
5) Ergonomic interactions

5) User experience
6) Computer hardware

FIGURE 1 | Decremental stepwise methad for the technological [ferature review.

rapid and accurate to facilitate ergonemic interactions in
the VE (Caputo et al., 2017).

Navigation

A highly important factor in the quality of VR software
and toe avoid VRISE is the movement of the user in the
VI (Porcino el al, 2017). New generation 1IMDs deliver an
adequate play area for interactions to facilitate ecologically
valid scenarios (Porcino el al, 2017; Borrege el al, 2018).
However, there are restrictions in the size of the play area,
which does not permit navigation solely by physical walking

Frantiers in Hurnan Neuroscience | vaww frontiersin.org 4

(Porcine et al,, 2017; Borrego ct al, 2018). Teleportation
allows movement beyond the play arca size and clicits a
high-level of immersion and pleasant user experience, whilst
alleviating VRISE (Bozgeyikli et al., 2016; Frommel et al., 2017;
Porcino et al, 2017). In contrast, movement dependent on
a touchpad, keyboard, or joystick results to high occurrences
of VRISE (Bozgevikli el al, 2016; Frommel el al, 2017;
Porcino et al., 2017). Therefore, teleportation in conjunction
with physical movement (i.c., free movement of the upper
limbs and walking in a small-restricted area) is the most
suitable method for movement in VR (Bozgevikli ot al,, 2016;
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TABLE 2 | Minirurm hardware criteria: old and new generation VR HMDs

Product Generation Resolution Display Refresh Fov Motion trackers and sensors
{per eye) screen rate {Diagonal) {Type and quantity)

VFX 3D Cid 480 x 240 LCD 45Hz 45° -

WUZIX Wrap 1200 Cld 852 x 480 LCD 60Hz 36° Unknown type (1), 3 magnetometers,
3 accelerometers, and 3 gyroscopes

eMagin Z800 3DVisor Cid 800 x 600 OLED 60Hz 40° -

nvisor SX111 Cid 1,280 x 1,024 LCD 60Hz 110° -

Oculus rift developrment kit 1 New 640 x 800 LCD 60Hz 110@ -

Oculus rift development kit 2 New 960 x 1,080 OLED 75Hz 110° -

Minimum hardware criteria NA =860 x 1,080 OLED or >75Hz =110° Tracking should be adequately rapid

for the avoidance of VRISE LCD and accurate to facilitate ergonomic
interactions

Oculus rift cormmercial New 1,080 x 1,200 OLED 90Hz 110° Accelerometer, gyroscope,

version magnetomster,
360° constellation tracking camera

HTC VIVE commercial New 1,080 x 1,200 OLED 90Hz 110° Sensors (=70) including MEMS,

version

magnetometer, gyroscopse,
accelerometer, and laser position
sensars, lighthouse laser tracking
system (2 base stations emitting
pulsed InfraRed lasers),
front-facing camera

MEMS, Microglectromechanical systems.

TABLE 3 | Criteria for suitable VR software in cognitive neuroscience and neurapsychology.

Demains User experience Game mechanics

In-game assistance VRISE

Criteria An adequate level of immersion Asuitable navigation system (e.g.,
Teleportation)

Pleasant VR experience Availability of physical moverment

High quality graphics Naturalistic picking/placing of
iterms.

High quality sounds Naturalistic use of items.
Suitable hardware (HMD
and computer)

Naturalistic 2-handed interaction

Digestible tutorials Absence or insignificant presence of nausea

Helpful tutorials Absence or insignificant presence of
disorientation

Adequate duration of
tutorials

Absence or insignificant presence of

dizziness
Helpful in-game instructions, Absence or insignificant presence of fatigus
Helpfulin-game prompts Absence or insignificant presence

of instability

Frommel et al.,, 2017; Porcino et al, 2017). Yet, there are
additional factors such as external hardware (ie., controllers
and wands), which are needed to facilitate optimal ergonomic
interactions in VR.

Ergonomic Interactions

Ergonomic and naturalistic interactions are essential to minimize
the risk of VRISE, while non-ergonomic and non-naturalistic
interactions increase the occurrence of them (Slater and Wilbur,
1997; Stanney and Hale, 2014; Plouzeau et al., 2015; Caputoetal,,
2017; Porcino et al., 2017). Importantly, controllers, joysticks,
and keyboards do not support ergonomic and naturalistic
interactions in VR (Plouzeau et al., 2015 Bozgeyikli et al,
2016; Caputo et al., 2017; Frommel et al., 2017; Porcino et al,,
2017; Sportillo et al, 2017; Figueiredo et al, 2018). Instead,
wands with 6 degrees of freedom (DoF) of movement (e.g.,
Oculus Rift and HTC Vive wands), and realistic interfaces
with direct hand interactions (e.g., Microsoft’s Kinect) facilitate

naturalistic and ergonomic interactions (Sportillo et al., 2017;
Figueiredo et al., 2018). Both hardware systems facilitate easy
familiarization with their controls and their utilization (Sportillo
et al., 2017; Figueiredo et al., 2018). However, direct hand
interactions are easier than 6DoF controllers-wands in terms of
familiarization with their controls and efficiency (Sportillo et al.,
2017; Figueiredo et al., 2018). Direct hand interactions were also
found to offer more pleasant user experiences (Sportillo et al.,
2017; Figueiredo et al., 2018), although, they are substantially
less accurate than 6DoF controller-wands (Sportillo et al., 2017;
Figueiredo et al., 2018).

User Experience

Notably, ergonomic interactions might be available to the user
however, the user is required to learn the necessary interactions
and how the VE functions to facilitate a pleasant user experience
(Gromala et al., 2016; Jerald et al., 2017; Brade et al., 2018).
The inclusion of comprehensible tutorials where the user may
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spend an adequate amount of time acquiring the necessary skills
(i.e., navigation, use and grab of items, two-handed interactions)
and knowledge of the VE (i.e., how it reacts to your controls)
is crucial (Gromala et al., 2016; Jerald et al., 2017; Brade et al.,
2018). Additionally, in-game instructions and prompts should
be offered to the user through interactions in the VE (e.g,
directional arrows, non-player characters, signs, labels, ambient
sounds, audio, and videos) (Gromala et al., 2016; Jerald et al.,
2017; Brade et al., 2018).

Computer Hardware

The computer hardware (i.e., the processor, graphics card, sound
card) should at least meet the minimum requirements of the VR
software and HMD (Anthes et al., 2016). The performance of
VR HMDs is analogous to the computing power and the quality
of the hardware (Stanney and Hale, 2014; Anthes et al., 2016;
Borrego et al., 2018). The processor, graphics card, sound card,
and operating system (e.g., Windows) need to be considered
and reported because they modulate the performance of the
software (Plant and Turner, 2009; Plant, 2016; Kane and Parsons,
2017; Parsons et al., 2018). Research software developers and
researchers are required to be technologically competent in order
to opt for the appropriate hardware and software to achieve their
research and/or clinical aims (Plant, 2016; Kane and Parsons,
2017; Parsons et al., 2018).

Conclusions

Based on the outcomes of the above technological review,
VR HMDs should have a good quality display-screen (ie.,
OLED or upgraded LCD), an adequate FOV (ie., diagonal
FOV = 110°), adequate resolution per eye (ie., resolution
> 960 x 1,080 sub-pixels per eye), and an adequate image
refresh rate (i.e., refresh rate > 75Hz) to safeguard the
health and safety of the participants and the reliability of
the neuroscientific results (see Table2). Also, the VR HMD
should have external hardware which offers an adequate VR
area, fast and accurate motion tracking, spatialized audio, and
ergonomic interactions. The computer’s processor, graphics card,
and sound card should meet the minimum requirements of
the VR software and HMD too. New generation VR HMDs
appear to have all the necessary hardware characteristics (i.e.,
graphics, level of immersion, and sound) to be used in ecological
valid research and clinical paradigms (Borrego et al., 2018;
see Table 2 for a comparison between old and new generation
HMDs). New generation VR HMDs have the required hardware
to support and produce high-quality spatialized sounds in
VEs (Borrego et al., 2018). Additionally, new generation VR
HMDs have integrated rapid and precise motion tracking which
facilitates naturalistic and ergonomic interactions within the VE
(Borrego et al., 2018).

Both the Oculus development kit (DK) 1 and DK2 do
not meet the minimum hardware features highlighted by the
technological review, despite being new generation VR HMDs
(see Table 2). The DK1 has substantially lower resolution per eye
and image refresh rates, while the DK2 has marginally acceptable
refresh rates, yet a slightly lower resolution per eye. These DKs
are not available for general use but are used by professional

developers to produce beta (early) versions of their games or
apps (Goradia et al., 2014; Suznjevic et al, 2017). Moreover,
they were removed from the market after the release of the
Oculus Rift CV. VR HMDs should have hardware characteristics
equal to or better than the commercial versions (CV) of the
Oculus Rift and HTC Vive in order to ensure the health
and safety of the participants, as well as the reliability of the
neuroscientific results (i.e., physiological, neuropsychological,
and neurcimaging data). The researchers and clinicians should
have the technological competence to choose an HMD which is
equal to or greater than the CVs of the Oculus Rift and HTC
Vive (e.g., Valve Index, HTC Vive Pro, Oculus Quest, Pimax VR,
and StarVR).

However, the VR software’s features are equally important.
The VR software should include an ergonomic interaction and
navigation system, as well as tutorials, in-game instructions,
and prompts. A suitable navigation system should combine
teleportation and physical movement, while ergonomic
interactions should include those that simulate real-life
interactions by using a direct hands system or 6DoF controllers.
Also, the tutorials, in-game instructions, and prompts should
be informative and easy to follow, especially for experimental
or clinical purposes where users should be equally able to
interact with the VE (Plant and Turner, 2009; Plant, 2016;
Kane and Parsons, 2017; Parsons et al, 2018). The criteria
for effective VR software are displayed in Table 3. These
criteria should be met before implementing VR software for
research and/or clinical purposes. Otherwise, researchers or
clinicians may compromise the reliability of their study’s
results (Plant and Turner, 2009; Plant, 2016; Kane and Parsons,
2017; Parsons et al., 2018), and/or jeopardize the health and
safety of their participants/patients (Kane and Parsons, 2017;
Parsons et al., 2018).

The above features enable researchers or clinicians to
administer a sophisticated and pleasant VR experience,
which substantially alleviates or eradicates adverse VRISE.
Therefore, the technological competency of neuroscientists and
neuropsychologists is a pre-condition for the efficient adoption
and implementation of innovative technologies like VR HMDs
in cognitive neuroscience or neuropsychology.

META-ANALYSIS OF VR STUDIES IN
COGNITIVE NEUROSCIENCE

Literature Research and Inclusion Criteria

We followed the PRISMA guidelines to conduct the literature
research using a decremental approach, where the selection
commenced with a relatively vast accumulation of abstracts and
concluded with a diminished list of full papers that comprise
standardized and detailed VR research paradigms. The procedure
is described in Figure 2. The following databases were used
for the literature research: (1) PsycInfo; (2) PsycArticles; (3)
PubMed; and (4) Medline. Two categories of keywords were
used, with three keywords in each category. The minimum
threshold for each study was the inclusion of at least one keyword
from each category in the main body of text. The keywords
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The following databases were opted to attempt the literature review:
- Psycinfo, PsycArticles, PubMed, and Medline.
L
2 Keywords:
% "Virtual Reality" OR "Immersive” OR "Head Mounted Display”
Q
= "Psychology” OR "Neuropsychology" OR “Neuroscience”
A chronological specification was used as an additional filter (2004-2018).
Rejection of studies which do not include a comprehensive VR research Excluded
paradigm in their Methods. N = 246
N =320 -
[=1]
£
]
o Appraisal of Methods and Procedure:
& Standardised VR Studies approved (i.e., Head-Mounted Display, Excluded
3 Technological Specifications, Development of Virtual Environments, a > N=21
2 Tutorial for VR Systems). -
) ~84
w
Fulltext Review: Concentration on the description of VR research design
and supporting the research aims in Introduction and Discussion with robust _ Excluded
evidence from relevant literature. N=19
Differentiation between Old Generation (e.g., eMagin Z800, nVISOR SX111)
and New Generation VR systems
(e.g., Oculus Rift, HTC VIVE).
- N=44
(7]
=
2 Old Generation VR studies
= N=22
New Generation VR studies
N=22

FIGURE 2 | Decremental stepwise methad for the |iteraturs review of VR studies.

for cach category were: (1) “virtual reality;” OR “Immersive;”
OR “Head Mounted Display;” AND (2) “Psychology;” OR
“Neurapsychology” OR “Neuroscience.” Additicnal filters and
criteria were: (1) chronological specification (2004 and later); and
(2) a comprehensive description of the VR research methods
in conjunction with the research aims and results. Finally, the
selecled stndies were allocaled inlo two groups according lo the
generation of the implemented VR HMD. Two tables display the
studies that utilize old generation {Table 4) and new generation
(Table 5) [IMDs.

Frantiers in Human Meuroscience | v frontiersin.org

Data Collection and Coding

Target Variables

The principal aim of the mela-analysis was to measure the
frequency of VRISE in neuroscience or psychology studies
using a VR HMD. Howcever, only six studies reported VRISE
quantitatively (ie., using a questionnaire). For this reason,
we considered only the presence or absence of VRISE. The
dichotomous VRISE variable (i.e., presence or absence of VRISE)
was quanlilied (Le., absent VRISE = 0; present VRISE = 1) lo
facilitate a comparison (i.c., Bayesian t-tests) between the studies
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TABLE 4 | Neuroscience studies employing old generation VR HMDs.

References Topic HMD Ergonomic Clinical Age group N VRISE Dropouts
interactions  condition
YES =12 YES =14 YES =9
NO =10 NO =8 NO =13
Kim et al. (2004) Visuospatial Eye-trek YES Brain injury MA 52 YES NO-0
functions FMD-250W
Moreau et al. (2006) Executive Eye-trek YES ADHD and YA 22 YES YES -1
functions FMD-250W autism
Botella et al. (2007) Therapy VB VR NO Panic YA and MA 46 YES YES-9
(VRET) disorder
Matheis et al. (2007) Mermary ehMagin z800 YES Brain injury MA 40 NO NO-0
Parsons et al, (2007) Executive eMagin z800 NO ADHD (9] 20 YES YES -1
functions
Barwille et al. (2010) Memary eMagin z800 NO Brain injury YA 62 NO NO-0
Rizzo st al. (2010) Therapy sMagin z800 NO PTSD YA 20 YES YES-6&
(VRET)
Reger et al. (2011) Therapy sMagin z800 NO PTSD YA 24 YES YES-6
(VRET)
Bioulac et al. (2012) Executive eMagin z800 YES ADHD YA 36 NO NO-0
functions
Carlozzi et al. (2013) Rehabilitation  eMagin z800 YES Spinal cord MA 54 YES YES - 10
injury
Meyerbrosker et al. (2013) Therapy nvISOR YES Agoraphobia MA 55 YES YES - 17
(VRET) SX111
Parsons et al. (2013) Attention eMagin Z800 YES Healthy YA 50 YES NO-0
assessment
Peck et al, (2013) Ragcial nvISOR YES Healthy YA 60 NO NO-0
biases X111
Freeman et al, (2014) Sodcial nvISOR YES Paranoia YA 60 YES NO-0
cognition KA1
Rothbaum et al. (2014) Therapy ehagin Z800 NO PTSD YA and MA 156 NO NO-0
(VRET)
Veling et al. (2014) Parancid ehagin Z800 NO Psychosis YA 41 YES NO-0
thoughts
Hartanto et al. (2014) Social ehagin Z800 NO Healthy YA 54 NO NO-0
stress
Gaggioli et al. (2014) Stress Wuzix Wrap NO Healthy MA 121 YES NO-0
levels 1200VR
Shiban et al. (2015) Therapy ehagin Z800 NO Arachnophobia YA 58 YES YES-8
(VRET)
Freeman et al. (2016) Therapy nvISOR YES Persecutory MA 30 YES YES -1
(VRET) St delusions
Parsons and Carlew Attention ehMagin Z800 YES Healthy YA 50 NO NO-0
(2018) assessment
Parsons and Barnett Attention ehMagin Z800 YES Healthy YA and OA 89 NO NO-0
(2017) assessment

HMD, Head-Mounted Display; VRISE, VR induced adverse symptoms and effects; YA, Young Adults; MA, Middle-Aged Adufts; OA, Older Adults; C, Chifdren; VRET, VR Exposure
Therapy; PTSD, Post-Traumatic Stress Disorder; ADHD, Attention Daficit Hyperactity Disorder

that used old generation HMDs, new generation DK HMDs,
and new generation CV HMDs, as well as the examination
of potential correlations with other variables (i.e., Bayesian
Pearson’s correlation analysis).

secondary aim of the meta-analysis was to inspect the
dropout rates in neuroscience or psychology studies that
used VR HMDs. However, as the vast majority of studies
had no dropouts, studies with some dropouts (eg., 3, 5,

6) were statistically considered as outliers. For this reason,
we considered the existence of dropouts in each study. The
dropout variable was dichotomized as presence = 1 and
absence = 0. This dichotomous dropout variable was used
to investigate whether using a certain generation HMD
(i.e., old generation HMDs, new generation DK HMDs,
or new generation CV HMDs) could increase/decrease
the dropout size. We compared (ie., Bayesian -tests)

Frontiers in Hurman Neuroscience | wiww frontiersin.arg

Octaber 2019 | Volume 13 | Article 342

36|Page



Kourtesis et al

Technological Competence in VR Neuroscience

TABLE 5 | Neuroscience studies employing new generation VR HMDs.

References Topic HMD Ergonomic Clinical Age group N VRISE Dropouts
interactions condition
YES =18 YES =4 YES =4
NO =4 NO =18 NO =18
Foerster et al. (2016) Attention Oculus DK2 NO Healthy YA 44 NO YES-2
assessmant
Quinlivan et al. (2016) Attention Oculus DK2 YES Healthy YA 40 NO NO-0
assessmant
Kim A. et al. (2017) VR presence Oculus DK2 YES PD OA 33 NO NO-0
Mentenegro and Argyriou Memory, Qculus D2 YES AD (early QA 20 NO NO-0
(2017) attention, stages)
executive
functions
Parsons and Mchahan Mermory HTC vive YES Healthy YA 103 NO NO- 0
(2017) assessment
IKelly et al. (2017) Spatial HTC vive YES Healthy YA 76 NO NO- 0
perception
Bourdin et al. (2017) Fear of death Oculus D2 YES Healthy YA 36 NO NO- 0
Hasler et al. (2017) Racial bias Oculus DK2 YES Healthy YA 36 NO NO-0
Mottelson and Hombask Navigation, HTC vive YES Healthy YA and MA 31 NO NO-0
(2017) attention, B-P
Rooney et al. (2017) Sacial Oculus rift CV YES Healthy YA and MA 103 NO NO-0
cognition
Zimmer et al. (2018) Social stress. Oculus DK2 NO Healthy YA and MA 93 YES YES-6&
Hsieh et al. (2018) Spatial HTC vive YES Healthy YA 70 NO NO-0
perception
and
navigation
Yeh et al. (2018) Anxiety HTC vive YES Healthy YA 34 NO NO- 0
Collins et al. (2018) Psychoeducation  Oculus rift CV YES Movement OA 30 NO NO-0
on DBS disorder
Barberia et al. (2018) Fear of death Oculus DK2 YES Healthy YA 31 YES YES -1
Banakou et al. (2018) Embodiment, HTC vive YES Healthy YA 30 NO NO-0
cognition—1Q
Christou et al. (2018) Motor- HTC vive YES Stroke YA and MA 29 NO NO-0
rehabilitation patients
Gémez-Jordana et al Balance and Oculus DK2 YES PD OA 22 NO NO-0
(2018) walking
rehabilitation
Lubetzky et al. (2018) Sensory Oculus D2 NO Healthy YA and MA 21 YES NO- 0
integration
and balance
Oagaz et al. (2018) Mermory HTC vive YES Healthy YA 20 NO NO- 0
assessmant
George et al. (2018) Working HTC vive YES Healthy YA 20 NO NO- 0
mermory and
attention
assessment
Detez st al. (2019) Gambling HTC vive NO Healthy YA and MA &0 YES YES-8

HMD, Head-Mounted Display; VRISE, VA Induced adverse sympioms and effects; YA, Young Aduits; MA, Middie-Aged Adults; OA, Clder Adults; PD, Parkinson’s disease; AD, Alzhaimer's
dissase; DK, Devaloprment Kit; CV, Commercial Versiory B-F, Body Perception; DBS, Desp Brain Stimulation.

the dropout rate across studies that used old generation
HMDs, new generation DK HMDs, and new generation
CV HMDs. We also inspected whether the dropout rates
correlated with other variables by using Bayesian Pearson’s

correlation analysis.

Grouping Variables

We subdivided studies into groups based on the HMD generation
they used. Hence, two groups of studies were created and
compared by using Bayesian f-tests; the first group included
studies that utilized old generation HMDs, while the second
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group included studies which utilized new generation HMDs
(i.e., both DKs and CVs).

The new generation studies were further distinguished and
compared by using Bayesian f-tests based on the type of new
generation HMDs adopted (i.e., DK or CV). Two sub-groups
were formed; the first group included studies that utilized DK
HMDs, and the second group included studies that utilized
CV HMDs.

Furthermore, the recency of the HMD technology was
compared by using an ordinal variable where 1 indicated
old generation HMDs, 2 indicated new generation DKs,
and 3 indicated new generation CVs. This ordinal variable
allowed us to inspect whether the HMD generation
correlated with other variables by using Bayesian Pearson’s
correlation analysis.

Lastly, we considered the type of interactions, where the
type of interactions were expressed in a binary form (ie.,
non-ergonomic interactions = 0 and ergonomic interactions
1). This allowed a comparison between the VR studies
which had ergonomic interactions and the VR studies which
had non-ergonomic interactions by using a Bayesian f-
test. It also allowed us to inspect whether the interaction
type correlated with other variables (ie., Bayesian Pearson’s
correlation analysis).

Definition of Ergonomic Interactions

In line with the definition of ergonomic interactions in
our technological review, we considered interactions to be
ergonomic or non-ergonomic based on their proximity to real-
life interactions. We provide some examples below to clarify
our criteria:

Example 1—Ergonomic Interaction: if the VR software
required the participant to look around moving his or
her head.

Example 2—Non-Ergonomic Interaction: if the VR software
required the participant to look around by using a joystick
or mouse.

Example 3—Ergonomic Interaction: if the VR software
required the user to interact with objects (e.g., pushing
a button, holding an item) in the VE or to navigate
within the VE by using either 6DoF controllers or direct-
hand interactions.

Example 4—Non-Ergonomic Interaction: if the VR software
required the user to interact with objects (e.g., pushing a
button, holding an item) in the VE or to navigate within the
VE by using a keyboard or joystick (e.g., Xbox controller).

Statistical Analyses

Bayesian statistics were preferred over null hypothesis
significance testing (NHST). The Bayesian factor (BFyg)
was therefore used instead of p-values for statistical inference,
although we do report both BF g and p-values. P-values measure
the difference between the data and the null hypothesis (Hp)
(e.g., the assumption of no difference or no effect), while the
BFyg calibrates p-values by converting them into evidence
in favor of the alternative hypothesis (Hj) over the Hy (Cox

and Donnelly, 2011; Bland, 2015; Held and Ott, 2018). BFyg
is considered substantially more parsimonious than the p-
value in evaluating the evidence against the Hy (Cox and
Donnelly, 2011; Bland, 2015; Held and Ott, 2018). Also, the
difference between BFjp and the p-value in evaluating the
evidence against Hg is even greater in small sample sizes
(Held and Ott, 2018). Bayesian Factor (BFjq) threshold >
10 was set for statistical inference in all analyses, which
indicates strong evidence in favor of the H; (Rouder and
Morey, 2012; Wetzels and Wagenmakers, 2012; Marsman
and Wagenmakers, 2017), and corresponds to a p-value <
0.01 (e.g., BFjg = 10) (Cox and Donnelly, 2011; Bland, 2015;
Held and Ott, 2018). JASP software was used to perform the
statistical analyses (JASP Team, 2018). Bayesian independent
samples t-tests were conducted to investigate the difference
in VRISE frequency and dropout occurrence between old and
new generation HMDs, as well as between new generation
DKs and CVs. A Bayesian Peatsons correlations analysis
examined the possible statistical relationships amongst the
HMD generations, VRISE presence, the type of interactions, and
dropout occurrences.

Results
The Implementation of Old and New Generation
HMDs in Cognitive Neuroscience
The studies that utilized old generation HMDs are displayed
in Table 4 and recruited 1,200 participants in total. Nine out
of 22 studies examined stress disorders, 7 of these were VR
exposure therapy (VRET) studies either for phobias or post-
traumatic stress disorder (PTSD), while 2 studies attempted
to assess stress levels in context (e.g., assessment of social
stress during a job interview). In 9 studies, there were
VR assessments of cognitive functions, 2 studies assessed
memory, 3 studied attention, 3 examined executive functions,
and 1 examined visuospatial ability. Two of the studies
involved social cognition while only one involved paranoid
thinking. Lastly, only one study provided rehabilitation sessions
in VR for patients with spinal injuries. The targeted age
groups were young adults in 18 studies, middle-aged adults
in 8 studies, older adults in one study, and children in
one study.

The studies that utilized new generation HMDs are displayed
in Table 5 and recruited 982 individuals in total. Specifically, 376
individuals were recruited in 10 studies where new generation
DKs were used, while 606 individuals were recruited in 12
studies where new generation CVs were used. Nine out of
the 22 studies attempted to assess cognitive functions (i.e.,
memory, attention, visuospatial ability, executive functions), 4
investigated anxiety disorders (ie., fear of death, social stress,
general anxiety disorder), 3 provided sensorimotor rehabilitation
interventions, 3 studies examined the effects of presence in
specific VEs, 2 assessed social cognition and 1 study offered
a psychoeducational session to patients with motor-related
disorders. Lastly, the targeted age groups were young adults in
18 studies, middle-aged adults in 6 studies, and older adults
in 4 studies.
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Meta-Analysis

The descriptive statistics are presented in Figures3, 4. In
Figure 3, the number of studies with VRISE are displaved
according to their HMD generation and interaction type. In
Figure 4, the dropouls and sample sizes are presenled according
to their HMD generation, VRISE presence, and interaction type.
The presence of VRISE substantially becomes less frequent when
new generation HMDs are implemented (Figure3). In new
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generation HMDs, VRISE are present in only 4 out of 22 studics,
while across 982 participants, there are only 11 dropouts. In
contrast, in old generation HMDs, VRISE are present in 14 out
of 22 studies, while in a total sample size of 1,200 participants,
there are 58 dropouls.

In the 14 old generation HMDs studies where VRISE are
present, hall of them involved ergonomic inleractions and the
other half involved non-ergonomic interactions. Similarly, there
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is an equal distribution of dropouts (29 in each) between the
old generation HMDs studies that had ergonomic and non-
ergonomic interactions. When only old HMDs with ergonomic
interactions are considered, VRISE are present in 7 out of 12
studies, while in an entire sample size of 598, the dropouts are
29. In the studies with new generation DKs, non-ergonomic
interactions had an increased presence of VRISE than the ones
with ergonomic interactions. Also, in the studies which used
DKs with non-ergonomic interactions, 7 participants out of 158
dropped out, while in studies with ergonomic interactions, only
one participant out of 218 dropped out. Importantly, when
new generation CVs with ergonomic interactions are exclusively
considered, there are no VRISE or dropouts in any of the 11
studies with 546 participants. Finally, VRISE were only present in
one study using a new generation CV HMD, where 3 participants
dropped out. This study was the only one with a new generation
CV HMD that did not involve ergonomic interactions.

The Bayesian independent samples f-test highlighted that
studies involving new generation VR HMDs have significantly
less frequent VRISE (BFqg = 144.68; p < 0.001). The difference in
the existence of dropouts was not substantial, yet the studies with
new generation HMDs have less frequent dropouts (BF1p = 4.69;
p < 0.05) than studies with old HMDs. Notably, the studies which
used a new generation CV HMD have significantly less frequent
VRISE (BFjy = 46.39; p < 0.001) but not less frequent dropouts
(BF1p = 1.66; p = 0.16) than the studies which used a new
generation DK HMD, Finally, the studies which implemented
VR software with ergonomic interactions had substantially less
frequent VRISE (BF1g = 19.54; p < 0.001) and dropouts (BFjg
= 16.01; p < 0.001) than studies which used VR software with
non-ergonomic interactions.

The Bayesian Pearson’s correlations demonstrated a
substantial negative correlation between the presence of
VRISE and the HMD generation [BF1p = 328.03; r(44y = —0.56,
p < 0.001], while the presence of VRISE robustly demonstrated
a positive correlation with the existence of dropouts [BFjg
= 83510.53; rugy = 0.68, p < 0.001]. Also, the utilization of
ergonomic interactions was significantly negatively correlated
with VRISE [BFyg = 20.11; r(4q) = —0.42, p < 0.001] and the
existence of dropouts [BFyg = 16.11; rgqy = —0.41, p < 0.001].

Discussion

The results of the meta-analysis indicated that VR HMDs
have been implemented in diverse clinical conditions and age
groups, as well as the unquestionable difference between old
generation and new generation HMDs. There were significantly
more frequent VRISE in the studies involving old generation
VR HMDs compared to studies with new generation HMDs.
Additionally, the frequency of VRISE correlated negatively with
the HMD generation. Hence, the older the utilized HMD,
the higher the VRISE frequency. Moreover, the existence of
dropouts significantly and positively correlated with the presence
of VRISE.

Nevertheless, one potential reason for the higher dropouts in
old generation studies is that several studies included follow-
up sessions (e.g., VRET) and participants may have opted not
to return to complete the remaining sessions for reasons other

than the presence of VRISE. However, in the old generation
studies, the dropout rates were low in relation to the size of the
population, albeit there were VRISE present. The low dropout
rates in the old generation HMD studies may be due to the
fixed intervals between the VR sessions where the participants
were able to rest and obtain relief from any adverse effects they
were experiencing.

Furthermore, the incidence of VRISE in old generation HMD
studies may be due to anxiety levels (Bouchard et al., 2011) or
be self-induced (Almeida et al., 2017) as several of the studies
had either stress-related aims or included participants with stress
disorders. However, several of the new generation HMD studies
also had comparable aims and/or populations and included
patients with clinical conditions (e.g., Alzheimers disease,
Parkinson’s disease, stroke, and movement disorders) which have
high comorbidity with stress and anxiety (Factor et al., 1995;
Smith et al., 2000; Jenner, 2003; Allen and Bayraktutan, 2009).
Also, the rates of self-induced VRISE are expected to be equal
in both new and old generation HMD studies. In addition, the
reporting of VRISE may be for reasons unrelated to the quality
of the hardware or software (e.g., subjectivity in the reporting
of VRISE, individual differences in the experience of VRISE)
(Kortum and Peres, 2014; Almeida et al., 2017). However, this
modulation is again expected to have affected both new and old
generation HMD studies in a similar way.

Beyond the difference between old and new generations
HMDs, a substantial difference is observed between DK
and CV new generation HMDs. Significantly fewer VRISE
were present in the studies that used a CV, indicating
the superiority of new generation CV HMDs compared to
new generation DK HMDs. Furthermore, the studies (ie.,
both old and new generation studies) which utilized VR
software with ergonomic interactions had robustly less frequent
VRISE and dropouts than the studies which implemented
VR software with non-ergonomic interactions. However, the
ergonomic interactions do not appear to mitigate the dropout
frequency and the incidence of VRISE in old generation
HMDs. In contrast, VRISE were present in more DK studies
with non-ergonomic interactions compared to DK studies
with ergonomic interactions. Similarly, more participants
dropped out from DK studies with non-ergonomic interactions.
Notably, there were no VRISE or dropouts in CV studies
with ergonomic interactions. Therefore, the contribution of
ergonomic interactions in the reduction of VRISE increases
when newer and better HMDs are utilized. To conclude, the
findings of the meta-analysis are aligned with the outcomes of
the technological review.

GENERAL DISCUSSION

Technological Competence in VR

Neuroscience and Neuropsychology

The findings of our technological literature review suggest
that the hardware features of old generation HMDs and new
generation DKs do not meet the minimum hardware features
that alleviate or eradicate VRISE. Instead, the technological
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literature review postulates the suitability of new generation CVs
which have specific hardware capabilities to alleviate VRISE.
However, VR software attributes (e.g., ergonomic interactions)
are equally vital.

Secondly, the findings of our meta-analysis of 44
neuroscientific or neuropsychological studies using VR are
aligned with the outcomes of our technological review, where
VRISE were substantially less frequent in studies which
utilized new generation VR HMDs. In particular, the studies
which used new generation CVs accompanied by ergonomic
interactions did not have any VRISE or dropouts. Therefore,
the combined outcomes of the technological review and the
meta-analysis indicate that the appropriate VR HMDs are
those with hardware characteristics equal to or greater than
the HTC Vive and Oculus Rift, though the VR HMD should
be implemented in conjunction with VR software which offers
ergonomic interactions.

Howevet, researchers may have to opt for an HMD based
on their available budget. For example, the Oculus Rift costs
around $400, while the HTC Vive costs around $500. Moreover,
the majority of HMDs also require a VR-ready desktop PC or
a laptop to be operated, so a researcher needs to additionally
spend around $500-$1,500 for a desktop computer or laptop to
utilize these HMDs. Hence, the combined cost would be between
$800 and $1,900. The cost of VR equipment (e.g., both HMD and
computer) may lead researchers to use HMDs that are cheaper,
albeit that they are more likely to result in VRISE. However, in the
market, there are plenty of cost-effective alternatives that meet
the minimum hardware criteria. For example, the Oculus Quest
is a standalone HMD (i.e., it does not require a PC, a laptop, or
a smartphone to be operated) and it costs approximately $400.
Hence, a researcher can spend the equivalent of the price of a
neuropsychological test or a smartphone to acquire and use an
HMD that meets the minimum hardware criteria to lower the
presence of VRISE.

Nonetheless, the selection of an appropriate VR HMD and
software requires technological competency from the researchers,
clinicians, and/or research software developers. Unfortunately,
the meta-analysis results do not indicate that technological
knowledge of VR has been well-established in neuroscience.
Of course, the utilization of old generation HMDs and new
generation DKs pre-2016 is justified as the new generation CVs
were not available. However, in our meta-analysis, 25 studies
were conducted between 2016 and 2019, where half of these
studies (13/25) implemented an inappropriate HMD (i.e., old
generation HMD or new generation DK). However, 10 studies
used a DK2 which has a marginally lower resolution than the
minimum hardware criteria, while our meta-analysis results
indicated that its utilization in conjunction with ergonomic
interactions appears to alleviate the frequency of VRISE, but
not as effectively as the CV HMDs. Furthermore, one fifth of
the studies did use a new generation HMD, but they did not
have ergonomic interactions in their VR software. Therefore, at
this time, VR technological competence does not seem to have
been well-established in neuroscience. As a result, in the studies
since 2016, the health and safety of the participants may not
substantially guaranteed, and the reliability of the results may be

questionable, as VRISE substantially decreases reaction times and
overall cognitive performance (Plant and Turner, 2009; Nalivaiko
et al., 2015; Plant, 2016; Nesbitt et al., 2017; Mittelstaedt et al.,
2018), as well as confounding neuroimaging and physiological
data (Toschi et al, 2017; Arafat et al., 2018 Gavgani et al,
2018). The selection of an appropriate HMD is paramount for
successfully implementing VR HMDs in cognitive neuroscience
and neuropsychology.

However, the implementation of the currently available and
appropriate HMDs in neuroscience and neuropsychology should
be compatible with the research aims. For example, in research
designs where the user should be active (i.e., navigating, walking,
and interacting within the VE) instead of being idle, or in a
standing or a seated position, the researcher should opt for the
best HMD that permits intense body movement and activity.
In this setting, the Oculus Rift was found to be inferior to
the HTC Vive on pick-and-place (i.e., relocating objects) tasks,
whilst the HTC Vive also provided a substantially superior VR
experience for users compared to the Oculus Rift (Suznjevic
et al., 2017). Moreover, the HTC Vive provides an interactive
area that is twice the size (25 m?) of the Oculus Rift, albeit
that both are very accurate in tracking (Borrego et al., 2018).
Nevertheless, the HTC Vive was found to lose motion-tracking
and the ground level becomes slanted when the user goes out
of bounds (Niehorster et al., 2017). This shortcoming solely
affects studies where the participant needs to go out of the
tracking area. In most neuroscientific designs, the recommended
maximum play area by HTC (6.25 m?) or by Borrego et al.
(2018) (25 m?) are both substantially adequate for conducting
ecological valid experiments (Borges et al., 2018; Borrego et al.,
2018). Nonetheless, the slanted floor or lost tracking is not a
hardware problem but a software one (Borges et al., 2018). In
cases where the participant is required to go out of the tracking
area, the tracking problem or the slanted floor may be easily
corrected by adding 3 additional trackers (Peer et al., 2018),
using software with an improved algorithm (freely distributed
by NASA Ames Research Center) (Borges et al., 2018), or by
simply updating the firmware of the lighthouse base stations. In
summary, the researchers should be technologically competent to
not only identify and implement a safe HMD and software, but an
HMD and software that facilitate the optimal research methods
pertinent to their research needs and aims.

As discussed in our technological review, the quality of the
implemented VR software is equally important to avoid VRISE.
Our meta-analysis of VR studies indicated that the utilization of
ergonomic interactions is crucial albeit with the utilization of an
appropriate HMD. For example, Detezet al. (2019) used the HTC
Vive to investigate physiological arousal and behavior during
gambling. However, the interactions and navigation within the
VE were facilitated by using a typical controller (Detez et al.,
2019). Hence, their VR software did not support the utilization
of the ergonomic 6DoF controllers (both hands) of the HTC
Vive, which facilitate naturalistic navigation (e.g., teleportation)
and interaction within the VE. Consequently, Detez et al’s
(2019) participants experienced VRISE and 3 of their participants
discontinued their sessions and so their data were discarded
(Detezetal., 2019). Importantly, Detezet al. (2019) only reported
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the presence of VRISE and dropout size. They did not provide
any quantitative data on the intensity of VRISE, or the quality
of their software attributes (e.g., graphics, sound, tutorials, in-
game instructions and prompts) (Detez et al, 2019). Indeed,
only six of the studies in the meta-analysis provided adequately
explicit reports on VRISE and VR software. Since Detez et al.
(2019) assessed reaction times and heart rates, these data are
likely to be affected by VRISE, despite the study having a rigorous
experimental design and using the HTC Vive. Therefore, it is
important to use appropriate VR software and external hardware
to prevent risks to the health and safety of the participants as well
as the reliability of the results.

Limitations and Future Studies

The above technological review and meta-analysis of VR studies
evidenced the importance of technological and methodological
features in VR research and clinical designs. However, our
meta-analysis of VR studies has some limitations. The meta-
analysis considered VR studies with diverse populations and
designs, which may have affected the frequency of VRISE
and the existence of dropouts. Uniformity across studies (e.g.,
considering only VRET, assessments or a specific clinical
population) was not possible due to the scarcity of neuroscience
studies involving VR, especially using new generation HMDs.
Moreover, the review did not consider any software details due
to the scarceness of such descriptions in published studies. Future
VR studies should report software and hardware features to allow
an in-depth meta-analysis. Equally, only six studies provided
quantitative reports of VRISE intensity, consequently, only the
presence or absence of VRISE was considered. The dichotomous
consideration of VRISE is susceptible to reports based on
subjective criteria and individual differences, but this is likely to
have affected the VRISE rates in both old and new generation
studies. Future studies should aim to appraise the quality of
the software and intensity of VRISE (e.g., using questionnaires).
Studies should also attempt to clarify the acceptable duration of
immersive VR sessions, which will aid researchers in designing
their studies appropriately. Importantly, the cost of the VR
software development should also be considered. Finally, studies
should attempt to provide software development guidelines
that enable researchers and/or research software developers
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In this chapter, the minimum hardware characteristics of immersive VR HMDs for
the mitigation or avoidance of VRISE were identified. Equally, the required
software features (e.g., ergonomic interactions) which further mitigate the frequency
and intensity of VRISE were also identified and discussed. The meta-analysis of the
selected neuroscience studies confirmed the importance of the identified hardware
and software characteristics. Therefore, regarding the development of VR-EAL, the
findings of this chapter allow the selection of new generation of HMDs (e.g., HTC
Vive) which the VR-EAL should be compatible with, as well as the software features
that the VR-EAL should incorporate. However, the meta-analysis of the studies also
revealed that the researchers do not report the quality of the software and the
intensity of VRISE in a quantitative way, which postulates the requirement for a tool

(e.g., a questionnaire) which may measure both of them.
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Chapter 3: Validation of the Virtual Reality Neuroscience
Questionnaire: Maximum Duration of Immersive Virtual Reality
Sessions  Without the Presence of Pertinent Adverse

Symptomatology

Chapter 2 highlighted the necessity for a tool capable of measuring both the quality
of software features and the intensity of VRISE. Chapter 3 presents and discusses
the development and validation of the virtual reality neuroscience questionnaire
(VRNQ). Regarding the implementation of VR HMDs for research or clinical
purposes, Chapter 3 also investigates the possible maximum duration of the VR
sessions (i.e., the maximum duration of being immersed uninterruptedly), since
there are not any guidelines for the possible maximum duration of VR sessions
without experiencing intense VRISE. This study may offer a tool (i.e., VRNQ)
which may be implemented for evaluating VR-EAL during its development, as well

as may indicate the maximum duration that VR-EAL should have.

This chapter has been published in the Frontiers in Human Neuroscience: Kourtesis,
P., Collina, S., Doumas, L. A. A., & MacPherson, S. E. (2019). Validation of the
virtual reality neuroscience questionnaire: maximum duration of immersive virtual
reality sessions without the presence of pertinent adverse symptomatology. Frontiers

in Human Neuroscience, 13, 417. doi: https://doi.org/10.3389/fnhum.2019.00417
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There are major concerns about the suitability of immersive virtual reality (VR) systems
(i.e., head-mounted display; HMD) to be implemented in research and clinical settings,
because of the presence of nausea, dizziness, disorientation, fatigue, and instability (i.e.,
VR induced symptoms and effects; VRISE). Research suggests that the duration of a VR
session modulates the presence and intensity of VRISE, but there are no suggestions
regarding the appropriate maximum duration of VR sessions. The implernentation of
high-end VR HMDs in conjunction with ergonomic VR software seems to mitigate
the presence of VRISE substantially. However, a brief tool does not currently exist
to appraise and report both the quality of software features and VRISE intensity
quantitatively. The Virtual Reality Neuroscience Questionnaire (VRNQ) was developed
to assess the quality of VR software in terms of user experience, game mechanics, in-
game assistance, and VRISE. Forty participants aged between 28 and 43 years were
recruited (18 gamers and 22 non-gamers) for the study. They participated in 3 different
VR sessions until they felt weary or discomfort and subsequently filed in the VRNQ.
Our results demonstrated that VRNQ is a valid tool for assessing VR software as it
has good convergent, discriminant, and construct validity. The maximum duration of VR
sessions should be between 55 and 70 min when the VR software meets or exceeds the
parsimonious cut-offs of the VRNQ and the users are familiarized with the VR systern.
Also, the gaming experience does not seemn to affect how long VR sessions should last.
Also, while the quality of VR software substantially modulates the maximum duration
of VR sessions, age and education do not. Finally, deeper immersion, better quality of
graphics and sound, and more helpful in-game instructions and prompts were found
to reduce VRISE intensity. The VRNQ facilitates the brief assessment and reporting of
the quality of VR software features and/or the intensity of VRISE, while its minimum and
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parsimonious cut-offs may appraise the suitability of VR software for implementation in
research and clinical settings. The findings of this study contribute to the establishment
of rigorous VR methods that are crucial for the viability of immersive VR as a research
and clinical tool in cognitive neuroscience and neuropsychology.

Keywords: virtual reality, VRISE, VR

motion sickness

INTRODUCTION

Immersive virtual reality (VR) has emerged as a novel tool for
neuroscientific and neuropsychological research (Bohil et al.,
20113 Parsons, 2015; Parsons et al., 2018). Nevertheless, there
are concerns pertinent to implementing VR in research and
clinical settings, especially regarding the head-mounted display
(HMD) systems {Sharples et al., 2008; Bohil et al., 2011; de Franca
and Soares, 2017; Palmisano et al.,, 2017). A primary concern
is the presence of adverse physiological symptoms (i.e., nausea,
dizziness, disorientation, fatigue, and postural instability), which
are referred to as motion-sickness, cybersickness, VR sickness
or VR induced symptoms and effects (VRISE) (Sharples
et al., 2008; Bohil et al., 2011; de Franca and Soares, 2017;
Palmisano et al., 2017).

Longer durations in a virtual environment have been
associated with a higher probability of experiencing VRISE, while
the intensity of VRISE also appears to increase proportionally
with the duration of the VR session (Sharples et al, 2008).
However, extensive linear and angular accelerations provoke
intense VRISE, even in a short period of time (McCauley and
Sharkey, 1992; LaViola, 2000; Gavgani et al., 2018). VRISE may
place the health and safety of the participants or patients at
risk of experiencing adverse physiological symptoms (Parsons
et al., 2018). Research has also shown that VRISE induce
significant decreases in reaction times and overall cognitive
performance (Nalivaiko et al, 2015; Nesbitt et al, 2017
Mittelstaedt et al., 2019), as well as substantially increasing body
temperatures and heart rates (Nalivaiko et al, 2015), which
may compromise physiological data acquisition. Furthermore,
the presence of VRISE has been found to significantly augment
cerebral blood flow and oxyhemoglobin concentration (Gavgani
et al., 2018), electrical brain activity (Arafat et al., 2018), and
the connectivity between stimulus-response regions and nausea-
processing regions (Toschi et al., 2017). Thus, VRISE appear to
confound the reliability of neuropsychological, physiological, and
neuroimaging data (Kourtesis et al., 2019).

To our knowledge, there do not appear to be any guidelines as
to the appropriate maximum duration of VR research and clinical
sessions to evade or alleviate the presence of VRISE. Recently,
our work has suggested that VRISE are substantially reduced or
prevented by VR software that facilitates ergonomic navigation
(e.g., physical movement) and interaction (e.g., direct-hand
tracking) facilitated by the hardware capabilities (e.g., motion
tracking) of commercial, contemporary VR HMDs comparable
to or more advanced than the HTC Vive and/or Oculus Rift
(Kourtesis et al., 2019). However, there are other factors such
as the type of display and its features that may also induce or

cybersi neuropsy psy

reduce VRISE (Mittelstaedt et al., 2018; Kourtesis et al., 2019).
Nevertheless, we note that adequate technological competence
is required to be able to implement appropriate VR hardware
and/or software. In an attempt to reach a methodological
consensus, we have proposed minimum hardware and software
features, which appraise the suitability of VR hardware and
software (see Table 1; Kourtesis et al., 2019).

While VRISE may occur for various reasons, they are
predominantly the undesirable outcomes of hardware and
software insufficiencies (e.g., low resolution and refresh rates of
the image, a narrow field of view, non-ergonomic interactions,
and inappropriate navigation modes) (de Franga and Soares,
2017; Palmisano et al, 2017; Kourtesis et al., 2019). In terms
of hardware, the technical specifications of the computer (e.g.,
processing power and graphics card), and VR HMD (eg., the
field of view, refresh rate, and resolution) suffice to appraise
their suitability (Kourtesis et al., 2019). However, there is
not a tool to quantify the softwares recommended features,
as well as the intensity of VRISE (Kourtesis et al., 2019).
Currently, the most frequently used measure of VRISE is the
simulator sickness questionnaire (SSQ), which only considers
the symptoms pertinent to simulator sickness (Kennedy et al.,
1993). However, the SSQ does not assess software attributes
(Kennedy et al., 1993), and there is an argument that simulator
sickness symptomatology may not be identical to VRISE (Stanney
et al., 1997). There is thus a need for a tool, which will enable
researchers to assess both the suitability of VR software, as well as
the intensity of VRISE.

Our recent technological literature review of VR hardware and
software pinpointed four domains that should be considered in
the development or selection of VR research/clinical software
(Kourtesis et al., 2019), The domains are user experience, game
mechanics, in-game assistance, and VRISE. Each domain has
five criteria that should be met to ensure the appropriateness of
the software (see Table 1). Also, in the same study, the meta-
analysis of 44 VR neuroscientific studies revealed that most of the
studies did not report quantitatively VR software’s quality and/or
VRISE intensity (Kourtesis et al., 2019). In an attempt to provide
a brief tool for the appraisal of VR research/clinical software
features and VRISE intensity, we developed the virtual reality
neuroscience questionnaire (VRNQ), which includes twenty
questions that address five criteria under each domain. This
study aimed to validate the VRNQ and provide suggestions
for the duration of VR research/clinical sessions. We also
considered the gaming experience of the participants to examine
whether this may affect the duration of the VR sessions.
Lastly, we investigated the software predictors of VRISE as
measured by the VRNQ.
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MATERIALS AND METHODS

Participants

Forty participants (21 males) aged between 28 and 43 years
(M = 32.08; SD = 3.54) and an educational level between 12
and 16 full-time years of education (M = 14.25; SD = 1.37)
were recruited for the study. Eighteen participants (10 males)
identified themselves as gamers through self-report and 22
as non-gamers (11 males). The gamer experience was a
dichotomous variable (i.e., gamer or non-gamer) based on the
participants’ response to a question asking whether they played
games on a weekly basis. The participants responded to a call
disserninated through mailing lists at the University of Edinburgh
and social media. The study was approved by the Philosophy,
Psychology and Language Sciences Research Ethics Committee
of the University of Edinburgh. All participants provided written
informed consent prior to taking part.

Material

Hardware

An HTC Vive HMD with two lighthouse-stations for motion
tracking was used with two HTC Vives wands with 6 degrees
of freedom (DoF) to facilitate navigation and interactions within
the environment (Kourtesis et al., 2019). The VR area where
the participants were immersed and interacted with the virtual
environments was 4.4 m?. Additionally, the HMD was connected
to a laptop with an Intel Core i7 7700HQ processor at 2.80 GHz,
16 GB RAM, a 4095 MB NVIDIA GeForce GTX 1070 graphics
card, a 931 GB TOSHIBA MQO1ABD100 (SATA) hard disk, and
Realtek High Definition Audio.

Software

Three VR games were selected, which included ergonomic
navigation (i.e., teleportation and physical mobility) and
interactions (i.e., 6 DoF wands simulating hand movements) with
the virtual environment. In line with Kourtesis et al. (2019), the
VR software inclusion criteria (see Table 1) were: (1) ergonomic
interactions which simulate real-life hand movements; (2) a
navigation system which uses teleportation and physical mobility;
(3) comprehensible tutorials pertinent to the controls; and (4)
in-game instructions and prompts which assist the user in

orientating and interacting with the virtual environment. The
suitability of the VR software for both gamers and non-gamers
was also considered. The selected VR games which met the
above software criteria were: (1) “Job Simulator” (Session 1)'; (2)
“The Lab” (Session 2)* and (3) “Rick and Morty: Virtual Rick-
ality” (Session 3)°. In “Job Simulator,” the participant becomes an
employee who has several occupations, such as a cook (preparing
simply recipes), car mechanic (doing rudimentary tasks e.g.,
replacing faulty parts), and an office worker (making calls and
sending emails). In “The Lab;” the participant needs to complete
several mini-games like slingshot (shooting down piles of boxes),
longbow (shooting down invaders), xortex (spaceship-battles),
postcards (visiting exotic places), human medical scan (exploring
the human body), solar system (exploring the solar system), robot
repair (repairing a robot), and secret shop (exploring a magical
shop). In “Rick and Morty: Virtual Rick-ality,” the participant
needs to complete several imaginary home-chores as in “Job
Simulator]” though, in this case, the participant is required to
follow a sequence of tasks according to a fictional storyline.

Virtual Reality Neuroscience Questionnaire (VRNQ)

The VRNQ measures the quality of user experience, game
mechanics, and in-game assistance, as well as the intensity
of VRISE. The VRNQ involves 20 questions where each
question corresponds to one of the criteria for appropriate
VR research/clinical software (e.g., the level of immersion; see
Table 1). The 20 questions are grouped under four domains,
where each domain encompasses five questions. Hence, VNRQ
produces a total score corresponding to the overall quality of VR
software, as well as four sub-scores (i.e., user experience, game
mechanics, in-game assistance, VRISE). The user experience
score is based on the intensity of the immersion, the level of
enjoyment, as well as the quality of the graphics, sound, and
VR technology (i.e., internal and external hardware). The game
mechanics’ score depends on the ease to navigate, physically
move, and interact with the virtual environment (i.e., use, pick

'https:/store steampowered.com/app/445280/Job_Simulator/
“https://store.steampowered.com/app/450390/ The_Lab/

“https://store.steampowered.com/app/469610/Rick_and_Morty_Virtual
Rickality/

TABLE 1| Domains and oriteria for VR research/clinical software

Domains User experience Game mechanics

In-game assistance VRISE

CRITERIA An adequate level of

irrmersion

A suitable navigation system
(e.g., teleportation)
Awailability of physical
moverment

Pleasant VR experience
High quality graphics Naturalistic picking/placing of
items

High quality sounds Naturalistic use of items

Suitable hardware (HMD and Naturalistic 2-handed

Digestible tutorials Absence or insignificant
presence of nausea
Absence or insignificant
presence of disorientation
Absence or insignificant
presence of dizziness
Absence or insignificant
presence of fatigue

Absence or insignificant

Helpful tutorials

Adequate duration of tutorials

Helpful in-game instructions

Helpful in-game prompts

computer) interaction presence of instability
Derived from Kourtesis et al. (2019).
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and place, and hold items; two-handed interactions). The in-
game assistance scote appraises the quality of the tutorial(s),
in-game instructions (e.g., description of the aim of the task),
and prompts (e.g., arrows showing the direction). The VRISE
are evaluated by the intensity of primary adverse symptoms and
effects pertinent to VR (i.e., nausea, disorientation, dizziness,
fatigue, and instability). VRNQ responses are indicated on a
7-point Likert style scale, ranging from 1 = extremely low to
7 = extremely high. The higher scores indicate a more positive
outcome; this also applies to the evaluation of VRISE intensity.
Hence, the higher VRISE score indicates a lower intensity of
VRISE (ie., 1 = extremely intense feeling, 2 = very intense feeling,
3 = intense feeling, 4 = moderate feeling, 5 = mild feeling,
6 = very mild feeling, 7 = absent). The VRNQ also includes space
under each question, where the participant may provide optional
qualitative feedback. For further details, please see the VRNQ in
Supplementary Material.

Procedure

The participants individually attended three separate VR
sessions; in each session, they were immersed in different VR
software. The period between each session was 1 week for each
participant (i.e., 3 weeks in total). The participants went through
an induction pertinent to the VR software for that session and
the specific HMD and controllers used (i.e., HTC Vive and its
6DoF wands-controllers) before being immersed. Subsequently,
the participants were asked to play the respective VR game until
they completed it, or they felt any discomfort or fatigue. The
duration of each VR session was recorded from the time the
software was started until the participant expressed that they
wanted to discontinue. At the end of each session, participants
were asked to complete the VRNQ. The “Job Simulator” was
always used in the 1st session, “The Lab” was always used in the
2nd session, and “Rick and Motrty: Virtual Rick-ality” was always
used in the 3rd session.

Statistical Analyses

A reliability analysis of the VRNQ was conducted to
calculate Cronbach’s alpha and inspect whether the items
have adequate internal consistency for research and clinical
purposes. A Cronbach’s alpha of 0.70-1.00 indicates good to
excellent internal consistency (Nunally and Bernstein, 1994).
A confirmatory factor analysis (CFA) was performed to examine
the construct validity of the VRNQ in terms of convergent
and discriminant validity (Cole, 1987). The reliability analysis
and CFA were conducted using AMOS (version 24) (Arbuckle,
2014), and IBM Statistical Package for the Social Sciences (SPSS)
24.0 (Ibm Corp, 2016). Several tests for goodness of fit were
implemented to allow the evaluation of VRNQ’ structure. The
(CFI), Tuckere Lewis index (TLI), standardized root mean
square residual (SRMR), and the root mean squared error
of approximation (RMSEA) were used to assess model fit.
A CFI and TLI equal to or greater than 0.90 indicate good
structural model fit to the data (Hu and Bentler, 1999; Jackson
et al., 2009; Hopwood and Donnellan, 2010). An SRMR and
RMSEA less than 0.08 postulate a good fit to the data (Hu
and Bentler, 1999; Hopwood and Donnellan, 2010). Lastly,

the variance of the results was assessed by dividing the ¥?
by the degrees of freedom (df), which is an indicator of the
sample distribution (Hu and Bentler, 1999; Jackson et al., 2009;
Hopwood and Donnellan, 2010).

The reliability and confirmatory factor analyses were
conducted based on 120 observations (40 participants * 3
sessions with different software). The a priori sample size
calculator for structural equation models was used to calculate
the minimum sample size for model structure. This calculator
uses the error function formula, the lower bound sample
size formula for a structural equation model, and the normal
distribution cumulative distribution function (Soper, 2019a),
which are in perfect agreement with the recommendations for
statistical power analysis for the behavioral sciences (Cohen,
2013). A sample size of 100 observations was suggested as the
minimum for conducting CFA to examine the model structure
with statistical power equal to or greater than 0.80. Hence, the
120 observations in our sample appear adequate to conduct a
CFA with statistical power equal to or greater than 0.80.

Bayesian Pearson correlation analyses were conducted to
examine whether any of the demographic variables were
significantly associated with the VRNQ total score and sub-
scores, or the length of the VR sessions. Bayesian paired samples
t-tests were performed to investigate possible differences between
each session’s duration, as well as the VRNQ results for each
VR game. Also, a Bayesian independent samples ¢-test examined
whether there were any differences between gamers and non-
gamers in the duration of the session. Lastly, a Bayesian linear
regression was performed to examine the predictors of VRISE,
where the Jeffreys-Zellner-Siow (JZS) mixed g-prior was used
for the selection of the best model. JZS has the computational
advantages of a g-prior in conjunction with the theoretical
advantages of a Cauchy prior, which are valuable in variable
selection for the best model (Liang et al, 2008; Rouder and
Morey, 2012). For all the analyses, a Bayes Factor (BFyg) = 10
was set for statistical inference, which indicates strong evidence
in favor of the alternative hypothesis (Rouder and Morey, 2012
Wetzels and Wagenmakers, 2012; Marsman and Wagenmakers,
2017). All the Bayesian analyses were performed using JASP
(Version 0.8.1.2) (Jasp Team, 2017). The Bayesian Pearson
correlation analyses and Bayesian linear regression analysis
were conducted based on 120 observations (40 participants *
3 different software sessions). The post hoc statistical power
calculator was used to calculate the observed power of the best
model using Bayesian linear regression analysis (Soper, 2019b).

RESULTS

Reliability Analysis and CFA

The reliability analysis demonstrated good to excellent
Cronbach’s o for each domain of the VRNQ (ie., user
experience — « = 0.89, game mechanics - « = 0.89, in-game
assistance — « = 0.90, VRISE — « = 0.89; see Table 2), which
indicate very good internal reliability (Nunally and Bernstein,
1994). VRNQ’s fit indices are displayed in Table 2 with their
respective thresholds. The x>/df was 1.61, which indicates good
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TABLE 2| Internal reliability and goodness of fit for the YRNQ

Statistics Thresholds Results
Cronbach's a =0.70 USER - 0.886
GM - 0.888
GA-0.895
VR -0.891
x 2t =2.00 1610
Comnparative fit index (CFI) =0.90 0.954
Tuckere Lewis index (TLI) =0.90 0.938
Standardized root mean square <0.08 0.076
residual (SRMR)
Root mean square error of =0.08 0.071

approximation (RMSEA)

VRNQ Domains: USER, user experience; GM, game mechanics; GA, in-game
assistance; VR VAISE

variance in the sample (Hu and Bentler, 1999; Jackson et al.,
2009; Hopwood and Donnellan, 2010). Both CFI and TLI were
close to 0.95, which suggest a good fit for the VRNQ model (Hu
and Bentler, 1999; Jackson et al., 2009; Hopwood and Donnellan,
2010). Comparably, SPMR and RMSEA values were between
0.06 and 0.08, which also support a good fit (Hu and Bentler,
1999; Jackson et al., 2009; Hopwood and Donnellan, 2010). The
VRNQ’s path diagram is displayed in Figure 1, where from left
to right are depicted the correlations among the factors/domains
of the VRNQ, the correlations between each factor/domain
and its items, and the error terms for each item. The VRNQ
items/questions are efficiently associated with their respective
factor/domain, which shows good convergent validity (Cole,
1987). Furthermore, there was not any significant correlation
amongst the factors/domains, which indicates good discriminant
validity (Cole, 1987).

Descriptive Statistics of Sessions’
Duration and VRNQ Scores

The descriptive statistics for the sessions durations and the
VRNQ scores are displayed in Table 3. In session 1, the
participants were immersed for 59.65 (8.42) minutes. In session
1, the average time of gamers seems more than the average time
of non-gamers (Table 3). In session 2, the participants spent 64.72
(6.24) minutes (Table 3). In session 3, gamers spent 70.44 (7.78)
minutes, while non-gamers spent 65.73 (6.75) minutes (Table 3).
The average total score of the VRNQ for all software was 126,30
(7.55) (maximum score is 140), where gamers and non-gamers
scores did not appear to differ. Similarly, the median scores for
each domain were 30-32 out of 35, where again gamers and non-
gamers scores did not appear to differ. Importantly, all the VRISE
scores (per item) for both gamers and non-gamers were equal to
5 (ie., mild feeling), or 6 (i.e., very mild feeling), or 7 (absent
feeling). The vast majority of scores were equal to 6 (i.e., very mild
feeling) or 7 (absent feeling) (see Figure 2).

Minimum and Parsimonious Cut-Off

Scores of VRNQ
Cut-off scores were calculated for the VRNQ total score
and sub-scores to inspect the suitability of the assessed VR

software (see Table 4). In the VRNQ, the ordinal 1-3 responses
are paired with negative qualities, response 4 is paired with
neutral/moderate qualities, and 5-7 responses are paired with
positive qualities (see Supplementary Material). The minimum
cut-offs suggest that if the median of the responses is 25 for every
sub-score, and 100 in the total score (i.e., at least a median of 5 for
every item), then the VRNQ outcomes indicate that the evaluated
VR software is of an adequate quality not to cause any significant
VRISE. Furthermore, the parsimonious cut-offs suggest that, if
the median of the responses is 30 for every sub-score, and 120
for the total score (ie., at least a median of 6 for every item)
then the utilization of the parsimonious cut-offs more robustly
supports the suitability of the VR software. The minimum and
parsimonious cut-offs hence appear adequate to guarantee the
safety, pleasantness, and appropriateness of the VR software for
research and/or clinical purposes.

Bayesian T-Tests

The Bayesian independent samples ftest between gamers
and non-gamers indicated that the former spent significantly
more time in VR across the total duration for the 3
sessions (BFjp = 14.99), as well as the duration of the Ist
session (BF1g = 2,532; see Table 4) (Wetzels and Wagenmakers,
2012; Marsman and Wagenmakers, 2017). The difference is much
smaller in the total duration than the difference in the 1st session.
Thus, the difference between the gamers and non-gamers in the
total duration appears to be driven by the substantial difference in
thelst session’s duration (see Table 5). Conversely, the Bayesian
paired samples f-test (ie., differences between the VR games)
indicated significant differences in the total score and every sub-
score of VRNQ (see Table 6) between the VR software. The
VR software in the 3rd session was evaluated higher than the
VR software in the 1st and 2nd sessions, while the VR software
in the 2nd session was rated better than the VR software in
the 1st session. There was also an important difference between
the duration of the 3rd session (longer) and the duration of
the 1st session (shorter; BFg = 103,568), while there was not
a substantial difference between the duration of the 2nd and
3rd sessions (BFjp = 2.78), as well as between the duration of
1st and 2nd sessions (BFig = 7.05; see Table 6) (Wetzels and
Wagenmakers, 2012 Marsman and Wagenmakers, 2017).

Bayesian Pearson Correlation Analyses
and Regression Analysis

The Bayesian Pearson correlation analyses did not show any
significant correlation between age and any of the VRNQ
scores, between age and duration of the sessions, between
education and any of the VRNQ scores, or between education
and duration of the sessions. However, the duration of the
session was positively correlated with the total VRNQ score
[BF1p = 81.54; r(120) = 0310, p < 0.001]. Purthermore,
the VRISE score substantially correlated with the following
VRNQ items: immersion, pleasantness, graphics, sound, pick
and place, tutorial’s difficulty, tutorial’s usefulness, tutorial’s
duration, instructions, and prompts (see Table 7). In contrast,
VRISE did not significantly correlate with the following VRNQ
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items: VR tech, navigation, physical movement, use items, or
two-handed interactions (see Table 7). Motreovet, the Bayesian
regression analysis indicated the five best models that predicted
the VRNQ’s VRISE score (see Table 8). The best model includes
the following items from the VRNQ: immersion, graphics,
sound, instructions, and prompts. All the predictors exceeded
the prior inclusion probabilities (see Figure 3). The best model
showed a BFy = 117.42, whereas the second-best model
displayed a BFym = 5640 (see Table 8); hence, the difference
between the best model compared to the second-best model was
robust (Rouder and Morey, 2012; Wetzels and Wagenmakers,
2012; Marsman and Wagenmakers, 2017). Also, the best model
has an R? = 0.324 (see Table 8), which postulates that the model
explains the 32.4% of the variance of VRISE score (Rouder
and Morey, 2012; Wetzels and Wagenmakers, 2012). Lastly, the
post hoc statistical power analysis for the best model indicated an
observed statistical power of 0.998, p < 0.001, which postulates
a high efficiency, precision, reproducibility, and reliability

TABLE 3| Descriptive statistios: duration of VR sessions and VRNQ scores.

Group N Mean (SD) SE
Total duration Gamers 18 199.39 (13.63) 3.21

Non-Gamers 22 186.36 (11.76) 2.61

Total 40 192.2 (14.09) 2.23
Duration of session 1 Gamers 18 66.61 (7.14) 1.68

Non-Gamers 22 54.77 (5.91) 1.26

Total 40 £59.65 (8.42) 1.33
Duration of session 2 Gamers 18 63.33 (6.16) 1.45

Non-Gamers 22 65.86 (6.21) 1.32

Total 40 64.72 (6.24) 0.99
Duration of session 3 Gamers 18 70.44 (7.78) 1.83

Non-Gamers 22 65,73 (6.75) 1.44

Total 40 67.85 (7.52) 0.69
VRNQ total score out of Gamers 18 127.2 (7.32) 0.99
140 (across 3 sessions)

Non-Gamers 22 1266 (7.71) 0.95

Total 40 126.3 (7.65) 0.69
User's Gamers 18 31.37 (2.73) 0.34
experience (across 3
sessions) out of 35

Non-Gamers 22 30.91 (2.73) 0.37

Total 40 3112 (2.73) 0.25
Game Gamers 18 31.50 (2.68) 037
mechanics (across 3
sessions) out of 35

Non-Gamers 22 31.32 (2.81) 032

Total 40 31.40 (2.63) 0.24
In-garme Gamers 18 31.70 (2.59) 0.35
assistance (across 3
sessions) out of 35

Non-Garmmers 22 31.65 (2.62) 0.31

Total 40 31.68 (2.54) 0.23
VRISE (across 3 Gamers 18 32.67 (2.17) 0.30
sessions) out of 35

Non-Gamers 22 31.71 (2.56) 0.32

Total 40 32.14 (2.43) 0.22

of the regression analysis and results (Button et al,, 2013;
Cohen, 2013).

DISCUSSION

The VRNQ as a Research and Clinical

Tool

The VRNQ is a short questionnaire (5-10 min administration
time) which assesses the quality of VR software in terms
of user experience, game mechanics, in-game assistance, and
VRISE. The values of the fit indices of CFA (ie., CFL TLI,
SPMR, and RMSEA) indicated that the VRNQ's structure was
a good fit to the data, which postulates good construct validity
for the VRNQ (Hu and Bentler, 1999; Jackson et al., 2009;
Hopwood and Donnellan, 2010). In addition, the construct
validity of the VRNQ was supported by its convergent
and discriminant validity (Cole, 1987). VRNQ items were
strongly correlated with their grouping factor, which indicates
robust convergent validity, while there were substantially poor
correlations between the factors, which postulates very good
discriminant validity (Cole, 1987). Furthermore, the Cronbach’s
o for each VRNQ domain (i.e., user experience — o = 0.89,
game mechanics - o = 0.89, in-game assistance — o« = 0.90,
VRISE - « = 0.89 see Table 2) suggest very good construct
validity (Nunally and Bernstein, 1994). Henceforth, the VRNQ
emerges as a valid and suitable tool to evaluate the quality
of the VR research/clinical software as well as the intensity of
the adverse VRISE.

Furthermore, minimum and parsimonious cut-off scores were
calculated for the VRNQ total score and sub-scores to inspect the
suitability of the assessed VR software. The minimum cut-offs
indicate the lowest acceptable quality that VR research/clinical
software should be, while the parsimonious cut-offs are offered
for more robust support of the VR software’s suitability, which
may be required in experimental and clinical designs with more
conservative standards. However, the individual scores from
the VRNQ may be modulated by individual differences and
preferences unrelated to the quality of the software (Kortum
and Peres, 2014). In addition, the VRNQ produces ordinal
data; therefore, the median is the appropriate measure for their
analysis (Harpe, 2015). Hence, the median VRNQ scores for the
whole sample should be used to assess the VR software’s quality
effectively. Also, the medians of the VRNQ total score and sub-
scores allow the generalization of the results and comparison
between different VR software (Kortum and Peres, 2014;
Harpe, 2015). Researchers, clinicians, and/or research software
developers should use the medians of the VRNQ total score
and sub-scores to assess whether the implemented VR software
exceed the minimum or parsimonious cut-offs, Hence, if the
medians ofthe VRNQ sub-scores and totals score for VR research
software meet the minimum cut-offs, then these results support
the VR software’s suitability. Likewise, if the medians of VRNQ
sub-scores and totals score for VR research software meet the
parsimonious cut-offs, then these results provide even stronger
support for its suitability. However, median scores below these
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cuat-offs suggest that the suitability of the VR software is
questionable, but they do not indicate that this VR software is
certainly unsvitable.

Also, VRNQ appears as an appropriate tool to measure
both VRISE and VR software features compared to other
questionnaires. The SSQ is the most implemented questionnaire
in VR studies. However, the S5Q only considers the symptoms
pertinent to simulator sickness and it does not assess software
altributes (Kennedy et al, 1993), while there is a dispule
that simulator sickness symptomatology may not be the same
as VRISE (Stanney et al,, 1997). Alternatively, Virtual reality
sickness questionnaire {(VRSQ) was recently developed (Kim
et al, 2018). The development of VRSQ was based on the S5Q,
where the researchers attempted to isolate the items which are
pertinent to VRISE (Kim et al., 2018). However, their sample
size was relatively small {i.e., 24 participants * 4 sessions = 96
observations) (Kim et al,, 2018}. Notably, the factor analyses of
Kim el al. (2018) accepted only ilems pertinent lo eculomotor
and disorientation components of $5Q, and rejected all the items
pertinent to nausea (Le., 7 items) (Kim et al., 2018}, while nausea
is the most frequent symplom in VRISE (Stanncy ¢l al,, 1997;
Sharples et al., 2008; Bohil et al,, 2011; de Franga and Soares,
2017; Palmisano et al., 2017). Also, comparable to S8Q, VRSQ
docs not consider software features, Hence, the VRNQ appears to
be the only valid and suitable teol to evaluate both the intensity
of predominant VRISE and the quality of VR software features.

The VRNQ allows rescarchers 1o report the  quality
of VR software and/or the intensity of VRISE in their
VR studies. However, an in-depth assessment of the
numerous software features requires a questionnaire with
more than the 20 questions of the VRNQ (Zarour et al,
2015). PFor an in-depth software analysis, questionnaires
with more questions pertinent Lo the whale spectrum of
sollware features should be preferred (Zarour cl al, 2015).
Additionally, the VRNQ has solely five items pertinent to
VRISL. Hence, it does not offer an exhaustive assessment
of VRISE. Studies that aim to investigate VRISE in depth
should opt for a tool which contains more items pertinent
to VRISE than VRNQ (e.g, 55Q). The VNRQ is a brief
questionnaire (5-10 min administration time) including 20
items, which enables researchers, and research
software developers to evaluate and report the quality of the
VR software and the intensity of VRISE for research and
clinical purposes.

clinicians,

Maximum Duration of VR Sessions

The duration of the VR session is crucial factor in
research and/or clinical design. In our sample, the participants
discontinued the VR session due to loss of interest, while
none discontinued due to VRISE. In the lst session, gamers
spent significantly more time immersed than the non-gamers;
a ditference which modulated the difference between the two

a
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TABLE 4| VRNQ cut-offs

Score Minimum cut-offs Parsimonious cut-offs
User experience =25/35 =30/35

Garme mechanics =25/35 =30/35
In-game assistance =25/35 =30/35

VRISE >26/35 =30/36

VRNQ total score =100/140 =120/140

The median of each sub-score and totals scorss should mest the suggestsd cut-
offs to support that the evaluated VR software has an adequate quality without
any significant VRISE. The utlization of the parsimenious cut-offs more robustly
supports the suitability of the VR software.

TABLE 5| Bayesian independent samples t-test: gamers against non-gamers,

Variables Significance BF10 Error %
Age 0.323 0.008
Education 0.325 0.008
Total duration * 14.987 7.044e-6
Session 1 duration R 2531.886 7.491e-8
Session 2 duration 0.686 0.006
Session 3 duration 1.580 0.003
VRNQ total 0.425 0.007
User's experience 0.359 0.006
Game mechanics 0.315 0.008
In-game assistance 0.315 0.006
VRISE 0.745 0.003

BFjo = Bayss Factor; * BFio = 10, ¥ BFyo = 100,

groups in the summed duration across all sessions. However,
it is worth noting that there was not a significant difference
between the two groups in the time spent in VR for the
2nd and 3rd sessions. The observed difference in the Ist
session and the absence of a difference in the later sessions’
durations postulates that when users are familiarized with the
VR technology, while the influence of their gaming experience
on the session’s duration becomes insignificant. In support of
this, a recent study showed that user gaming experience does
not affect the perceived workload of the users in VR (Lum et al.,
2018). Hence, the level of familiarization of the participants with
the VR technology appears to affect substantially the duration
of the VR session.

Nevertheless, in the whole sample, irrespective of participants’
gaming experience, the durations of the 2nd and 3rd sessions
are sufficiently longer than the duration of the Ist session.
The duration of the 3rd session is not significantly longer
than the duration of the 2nd session. Furthermore, given that
in each session, a different VR software was administered,
the VRNQ correspondingly pinpointed significant differences
amongst the implemented VR software” quality. All the VRNQ
scores for the 3rd session’s VR software are greater than the
2nd session’s VR software scores. Similarly, all the VRNQ
scores for the 2nd session’s VR software are greater than the
1st session’s VR software scores. Also, the duration of VR
session was positively correlated with the total score of VRNQ.
Thus, the quality of the VR software as measured by the

VRNQ seems to be significantly associated with the duration
of the VR session.

Overall, in every session, the intensity of VRISE was
reported as very mild to absent by the vast majority of the
sample. However, comparable to the rest of the VRNQ scores,
the VRISE score for the 3rd VR session was significantly
higher (i.e, milder feeling) than the 2nd and 3rd sessions.
Similarly, the VRISE score for the 2nd session’s VR software
was substantially higher than the lst sessions VR software
score. Notably, there was not any difference between gamers
and non-gamers in the VRNQ scores across the three sessions.
Equally, the age and education of participants did not correlate
with any of the VRNQ scores or the duration of sessions.
Thus, the age, education, and gaming experience of the
participants did not affect the responses in the VRNQ. Therefore,
the observed differences in the VRISE scores between the
VR sessions support that the quality of the VR software
as measured by the VRNQ and the level of familiarization
of the participants with the VR technology also affect the
intensity of VRISE.

The findings postulate that the implementation of VR software
with a maximum duration between 55 and 70 min is substantially
feasible. However, long exposures in VR have been found to
increase the probability of experiencing VRISE and the intensity
of VRISE (Sharples et al., 2008). In our sample, especially in
the 3rd session, which was substantially longer than the other
sessions, the intensity of VRISE was significantly lower than
the rest of the sessions. As discussed above, the substantially
lower intensity of VRISE in the 3rd session appears to be a
result of increased VR familiarity, and the better quality of the
implemented VR software as measured by the VRNQ. Hence,
researchers and/or clinicians should consider the quality of their
VR software to define the appropriate duration of their VR
session. In research and clinical designs where the duration of
the VR session is required to be between 55 and 70 min, the
researchers and/or clinicians should opt for the parsimonious
cut-offs of the VRNQ to ensure adequate quality of their VR
software to facilitate longer sessions without significant VRISE.
Additionally, an extended introductory tutorial which allows
participants to familiarize themselves with the VR technologyand
mechanics would assist with the implementation of longer (i.e.,
55-70 min) VR sessions, where the presence and intensity of
VRISE would not be significant.

The Quality of VR Software and VRISE

The VRISE score substantially correlated with almost every item
under the section of user experience and in-game assistance (see
Table 6). However, the VRISE score did not correlate with
VR tech (the item under the user experience’s domain) or
most of the items under the section of game mechanics. The
quality of VR hardware (i¢., the HMD and its controllers)
and interactions (i.e., ergonomic or non-ergonemic) with the
virtual environment are crucial for the alleviation or evasion
of VRISE (Kourtesis et al., 2019). Nevertheless, in this sample,
the VR tech item (i.e., the quality of the internal and external
VR hardware) was not expected to correlate with the VRISE
score, because the HMD and its 6DoF controllers were the
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TABLE 6 | Bayesian paired samples t-tests: differences between the VR software.

Pairs Significance BF10 Error %
Sesslon 2 duration Session 1 duration 7.049 ~0.001
Sesslon 3 duration Session 2 duraticn 2.783 ~3.276e-4
Sesslon 3 duration Session 1 duration R 103568.858 NaN
S3VRNQtotal 32 VRNQ total i 6.942e 4 12 NaN
S3VRNQtotal S1VRNQ total i 3.620e 4 20 NaN
52 VRNQ total S1VRNQ total i 8.500e + 17 NaN
S3VRISE 82 VRISE e 22075036 NaN
83 VRISE S1VRISE e 1.8226 + 10 NaN
32 VRISE S1VRISE e 1160e +7 NalN
S3in-game assistance 52 in-game assistance b 207218.904 NaN
82 in-game assistance S1 in-game assistance AR 1187 +7 NaN
33 in-game assistance 51 in-game assistance R 8.028e 4+ 10 NaN
S$3 game rmechanics S2 game mechanics A 274310417 NalN
S2 game rmechanics S1 game mechanics A 4.883e + 14 NalN
S$3 game rmechanics S1 game mechanics A 2.876e + 14 NalN
S3 user's experience S2 user's experience A 2873+ 7 NalN
33 in-game assistance S1 user's experience i 25978 +7 NaN
S2 user's experience S1 user's experience i 1.7088 + 6 NaN

BF;0 = Bayss Factor; * BFio = 10, ** BFio » 80, *** BFio > 100, 51, Session 1; 82, Session 2; 53, Session 3.

same for all 3 VR software versions and sessions. Hence,
the variance in the responses to this item was limited. Also,
the three VR software games share common game mechanics,
especially the same navigation system (ie., teleportation) and
a similar amount of physical mobility. Likewise, apart from
some controls (ie., the button to grab items), the interaction
systems of the implemented VR software were very proximal.
Therefore, the absence of a correlation between VRISE scores
and most of the items in the game mechanics section was also
an expected outcome. Nonetheless, the VRISE score was strongly
associated with the level of immersion and enjoyment, the quality

TABLE 7 | Bayssian Pearson correlations analyses: VRISE score
with VRNQ itemns.

Pairs Significance BF10 r

VRISE Immersion e 1226.538 0371
VRISE Pleasantness * 20.504 0273
VRISE Graphics o 1629.195 0.377
VRISE Sound o 18586.578 0.421
VRISE VR Tech 5.004 0.228
VRISE Navigation 4.808 0.226
VRISE Physical movement 2.229 0197
VRISE Pick and place rrx 175.087 0.329
VRISE Use items 0.405 0.109
VRISE Two-handed interaction 0.506 0123
VRISE Tutorial difficulty A 28252.587 0.428
VRISE Tutorials usefulness e 161.949 0.327
VRISE Tutorials' duration e 128.539 0.322
VRISE Instructions e 962,871 0.366
VRISE Prompts e 706510.726 0.476

BFjo = Bayes Factor; * BFig > 10, ** BF1g > 30, *** BFig > 100,

of graphics and sound, the comfort to pick and place 3D objects,
and the usefulness of in-game assistance modes (i.e., tutorials,
instructions, and prompts).

The items which correlated with the VRISE score were also
included in the best models of predicting its value (see Table 7).
Importantly, the best model includes as predictors of VRISE, the
level of immersion, the quality of graphics and sound, and the
helpfulness of in-game instructions and prompts (see Table 7).
The higher scores for prompts and instructions indicate that the
user was substantially assisted by the in-game assistance (e.g.,
an arrow showing the direction that the user should follow) to
orientate and guide his or herself from one point of interest to
the next in accordance with the scenario of the VR experience.
This may be interpreted as ease to orient and interact with
the virtual environment, as well as a significant decrease in
confusion (Brade et al., 2018). The quality of the in-game
assistance methods is essential for the usability and enjoyment
that VR software offers (Brade et al., 2018). Equally, the quality
of the graphics is predominantly dependent upon rendering
which encompasses the in-game quality of the image known
as perceptual quality, and the exclusion of redundant visual
information known as occlusion culling (Lavoué and Mantiuk,
2015). The improvement of these two factors not only results
in improved quality of the graphics but also in improved
performance of the software (Brennesholtz, 2018). Furthermore,
the spatialized sound of VR software, which assists the user
to orient his or herself (Ferrand et al, 2017), deepens the
experienced immersion (Riecke et al, 2011), and enriches the
geometry of the virtual space without affecting the performance
of the software (Kobayashi et al., 2015). Lastly, the level of
immersion appears to be negatively correlated with the frequency
and intensity of VRISE (Milleville-Pennel and Charron, 2015
Weech etal,, 2019). The best model hence aligns with the relevant
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TABLE 8 | Madcls' campatison: predicters of VRISE scarc

Virtual Reality MNeuro:

Models P(M) F(M|data) BFw BFp RA®

Frompts | Sound | Graphics | Immarsion — Instructizns 0.004 0.304 T1742% 1,000 0.324
Frampts + Graphics + Immersion + Instructions + Pleasantnoss 0.004 0173 8647 0571 0317
Frompts | Sound | Graphics | Immersion  Instructicns |+ Pick and Place 0.004 0181 43,15 0443 0330
Frompts | Sound | Graphics | Immersion  Instructions | Pick and Place  Tutorials Usefulness | Pleasaniness  0.021 0123 6,62 o0re 0337
Prompts | Graphiss | Immersion | Instructions | Pick and Flace | Tirorials Usafulness | Pleasantness 0.008 [sRel 3 10.72% G121 0326

B Probabiity, M, Model: By, Modsl’s Bavesian Factor; ¥ BFyy = 10, ™ BFys = 30, °"" BRy = 100y BF; = BF against nul model,
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Graphics — |
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FIGURE 3 | Variablcs® prior inclusion Probabilitics.
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literature and provides further evidence in support of the wrlity
of the VRNQ as a valid and efficient tool to appraise the quality
of the VR software and intensity of VRISE.

Limitations and Future Studies

This study also has some lEmilations, Tn this study, construct
validity for the VRNQ is provided. However, future work
should endeavor to provide convergent validation of the VRNQ
with tools that measure VRISE symptomatology (e.g. $SQ)
and/or VR software attributes. Moreover, the sample size
was relatively small, but it offered an adequale statistical
power for the conducted analyses. Also, the VRNQ does
not directly quantify linear or angular accelerations, which
may induce intense VRISL in a relatively short period of
time (McCauley and Sharkey, 1992; LaViola, 2000; Gavgani
et al, 2018). However, the VRNQ quantifies the effect(s) of
linear and angular accelerations (Le., VRISE}, where VR software
with a highly provocative content {(e.g., linear and angular
accelerations) would fail to meet or exceed the VRN cut-
offs for the VRISE domain. Furthermore, the study utilized
only one type of VR hardware, which did not allow us to
inspect the effect of VR HMDS quality on VRISE presence

and intensity. Similarly, our VR software did not allow us to
compare different ergenomic interactions or levels of provocative
potency pertaining to VRISE. Future studies with a larger sample,
various types of VR hardware, and VR software with substantially
more diverse features will offer further insights on the mpact
of soltware [ealures on VRISE inlensity, as well as provide
additional support fer the VRNQ's structural model. Lastly,
neuroimaging (e.g., electroencephalography) and physiological
data {e.g., heart rates) may correlate, classify, and predict VRISE
symptomatology (Kim et al., 2005 Dennison et al,, 2016, 2019),
Hence, future studies should consider collecting neuroimaging
andfor physiclogical data that could further elucidate the
relationship between VRNQS VRISE score(s) and brain region
activation or cardiovascular responses (e.g., heart rate).

CONCLUSION

This study showed that the VRN is a wvalid and reliable
tool which assesses the quality of VR software and intensity
of VRISE. Our findings support the viability of VR sessions
with a duration up to 70 min, when the participants are
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familiarized with VR tech through an induction session, and the
quality of the VR software meets the parsimonious cut-offs of
VRNQ. Also, our results offered insights on the software-related
predictors of VRISE intensity, such as the level of immersion,
the quality of graphics and sound, and the helpfulness of in-
game instructions and prompts. Finally, the VRNQ enables
researchers to quantitatively assess and report the quality of
VR software features and intensity of VRISE, which are vital
for the efficacious implementation of immersive VR systems
in cognitive neuroscience and neuropsychology. The minimum
and parsimonious cut-offs of VRNQ may appraise the suitability
of VR software for implementation in research and clinical
settings. The VRNQ and the findings of this study contribute
to the endeavor of establishing thorough VR research and
clinical methods that are crucial to guarantee the viability of
implementing immersive VR systems in cognitive neuroscience
and neuropsychology.
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Chapter 3 provided the validation of VRNQ and the possible maximum duration of
a VR session. The VRNQ hence may be now implemented to assess the software
features of the VR-EAL, as well as the intensity of VRISE that the VR-EAL induces.
Also, Chapter 3 identified the preconditions (e.g., familiarisation with the VR
systems) that should be met in order the VR session to be long enough for an
extensive neuropsychological assessment. This identification will assist with the
design (e.g., an alternating scenario with both tutorials and tasks) and the

development of VR-EAL (e.g., required software features).
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Chapter 4: Guidelines for the Development of Immersive Virtual
Reality  Software for Cognitive  Neuroscience and
Neuropsychology: The Development of Virtual Reality
Everyday Assessment Lab (VR-EAL), a Neuropsychological

Test Battery in Immersive Virtual Reality

Chapter 2 indicated which VR HMDs should be used to avoid or mitigate VRISE,
as well as which VR software characteristics assist with the mitigation of VRISE.
Chapter 3 showed the possible maximum duration of the VR sessions and validated
the VRNQ which assesses both the quality of VR software features and the intensity
of VRISE. In this chapter, the development of VR-EAL will be performed based on
findings of the previous Chapters. Also, different versions of VR-EAL will be
developed and assessed using the VRNQ. The version of VR-EAL that will be
accepted for implementation should meet or surpass the parsimonious cut-offs of the

VRNQ to ensure a substantial mitigation of VRISE frequency and intensity.

However, the development of an immersive VR neuropsychological assessment of
everyday cognitive functions requires competency in programming, software
development, and psychometrics. These multidisciplinary requirements may
discourage the adoption of immersive VR methods in cognitive neuroscience and
neuropsychology. For this reason, Chapter 4 will provide guidelines for the
development of an immersive VR neuropsychological assessment by presenting and

discussing the software development process of the VR-EAL.

62| Page



This chapter has been published in the Frontiers in Computer Science: Kourtesis, P.,
Korre, D., Collina, S., Doumas, L. A., & MacPherson, S. E. (2020). Guidelines for
the development of immersive virtual reality software for cognitive neuroscience
and neuropsychology: the development of virtual reality everyday assessment lab
(VR-EAL), a neuropsychological test battery in immersive virtual reality. Frontiers

in Computer Science, 1, 12.doi: https://doi.org/10.3389/fcomp.2019.00012

63| Page


https://doi.org/10.3389/fcomp.2019.00012

3ﬂmmbm

in Computer Science o 16

ORIGINAL RESEARCH
pdblished: 14 Ja i

OPEN ACCESS

Edited by:

loanna facovidles,

Unhversity of York, United Kingdom
Reviewed by:

Wanista Chessa,

v of Genoa, Jisl
& Mendkez-Lopez,

Bailin. Germany

*Correspondence:
Fanagiotis Kourtesis
&Lk

phoulestexsaed oo

Specialty section:

This arffcle was submitted fo
Human-Medlia lnteraction,

& fournal
Frontiers in Computer Science

Received: | | Sepiember 2019
Accepted: |G Decermber 2019
Published: 14 January 202G

Citation:
Kourtesis P Kors O, Colina S,

Reality Softwars
roscionco and

Everyolay Assesament
Lab (WI-EAL)L & Newopsychological

Frantisrs in CompLr

Soience | www frontisrsinong 1

Guidelines for the Development of
Immersive Virtual Reality Software
for Cognitive Neuroscience and
Neuropsychology: The Development
of Virtual Reality Everyday
Assessment Lab (VR-EAL), a
Neuropsychological Test Battery in
Immersive Virtual Reality

Panagiotis Kourtesis ">**, Danai Korre®, Simona Coliina®*, Leonidas A. A. Doumas?® and
Sarah E. MacPherson -*

sity of Edinburgh, Edinburgi, L

fted Kingdom,
o, © STt

Virtual reality (VR) head-mounted displays (HMD) appear to be effective research tools,
which may address the problem of ecological validity in neuropsychological testing.
However, their widespread implementation is hindered by VR induced symptoms
and effects (VRISE) and the lack of skills in VR software development. This study
offers guidelines for the development of VR software in cognitive neurcscience and
neuropsychology, by describing and discussing the stages of the development of Virtual
Reality Everyday Assessment Lab (VR-EAL). the first neuropsychological battery in
immersive VR. Technigues for evaluating cognitive functions within a realistic storyline
are discussed. The utility of various assets in Unity, software development kits, and other
software are described so that cognitive scientists can overcome challenges pertinent
to VRISE and the quality of the VR software. In addition, this pllot study attempts to
evaluate VR-EAL in accordance with the necessary criteria for VR software for research
purposes. The VR neuroscience questionnaire (VBNGQ; Kourtesis et al, 2019b) was
implemented to appraise the quality of the three versions of VR-EAL in terms of user
experience, game mechanics, in-game assistance, and VRISE. Twenty-five participants
aged between 20 and 45 years with 12-16 years of full-time education evaluated various
versions of VR-EAL. The final version of VR-EAL achieved high scores in every sub-score
of the YRNQ and exceeded its parsimonious cut-offs. It also appeared to have better
in-game assistance and game mechanics, while its improved graphics substantially
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increased the quality of the user experience and almost eradicated VRISE. The results
substantially support the feasibility of the development of effective VR research and
clinical software without the presence of VRISE during a 60-min VR session.

Keywords: virtual reality, p

P

memory, cybersi

memaory,

psy ¥, everyday

INTRODUCTION

In cognitive neuroscience and neuropsychology, the collection
of cognitive and behavioral data is predominantly achieved by
implementing psychometric tools (i.e., cognitive screening and
testing). The psychometric tools are principally limited to paper-
and-pencil and computerized (ie., 2D and 3D applications)
forms. Psychometric tools in clinics and/or laboratories display
several limitations and discrepancies between the observed
performance in the laboratory/clinic and the actual performance
of individuals in everyday life (Rizzo et al., 2004; Bohil
et al, 2011; Parsons, 2015). The functional and predictive
association between an individuals performance on a set
of neuropsychological tests and the individual’s performance
in various everyday life settings is called ecological validity.
Ecological validity is considered an important issue that cannot
be resolved by the currently available assessment tools (Rizzo
et al., 2004; Bohil et al., 2011; Parsons, 2015).

Ecological validity is especially important in the assessment
of certain cognitive functions, which are crucial for performance
in everyday life (Chaytor and Schmitter-Edgecombe, 2003). In
particular, executive functioning (e.g., multitasking, planning
ability, and mental flexibility) has been found to predict
occupational and academic success (Burgess et al, 1998).
Similarly, the ecologically valid measurement of memory (e.g.,
episodic memotry) and attentional processes (e.g., selective,
divided, and sustained attention) have been seen as predictors
of overall performance in everyday life (Higginson et al., 2000).
Lastly, prospective memory (ie., the ability to remember to
carry out intended actions at the correct point in the future;
McDaniel and Einstein, 2007) plays an important role in everyday
life and the assessment of prospective memory abilities requires
ecologically valid tasks (Phillips et al., 2008).

Current ecologically valid tests are not thought to encompass
the complexity of real-life situations (Rizzo et al., 2004; Bohil
etal., 20113 Parsons, 2015). Assessments which take place in real-
wotld settings (e.g., performing errands in a shopping center)
are time consuming and expensive to set up, lack experimental
control over the external situation (e.g., Elkind et al., 2001),
cannot be standardized for use in other labs, and are not
feasible for certain populations (e.g., individuals with psychiatric
conditions or motor difficulties; Rizzo et al., 2004; Parsons, 2015).
The traditional approaches in cognitive sciences encompass the
employment of static and simple stimuli, which lack ecological
validity. Instead, immersive virtual reality (VR) technology
enables cognitive scientists to accumulate advanced cognitive and
behavioral data through the employment of dynamic stimuli and
interactions with a high degree of control within an ecologically
valid environment (Rizzo et al., 2004; Bohil et al., 2011; Parsons,

2015). Furthermore, VR can be combined with non-invasive
imaging techniques (Makeig et al, 2009; Bohil et al., 2011;
Parsons, 2015), wearable mobile brain/body imaging (Makeig
et al., 2009), and can be used for rehabilitation and treatment
purposes (Rizzo et al., 2004; Bohil et al., 2011; Parsons, 2015).

VR has great potential as an effective telemedicine tool that
may resolve the current methodological problem of ecological
validity (Rizzo et al, 2004; Bohil et al, 2011; Parsons, 2015;
Parsons et al., 2018). However, the appropriateness of VR,
especially for head-mounted display (HMD) systems, is still
controversial (Bohil et al., 2011; de Franga and Soares, 2017;
Palmisano et al.,, 2017). The principal concern is the adverse
symptomatology (i.e., nausea, dizziness, disorientation, fatigue,
and instability) which stems from the implementation of VR
systems (Bohil et al., 2011; de Franca and Soares, 2017; Palmisano
et al., 2017). These adverse VR induced symptoms and effects
(VRISE) endanger the health and safety of the users (Parsons
et al, 2018), decrease reaction times and overall cognitive
performance (Nalivaiko et al., 2015), while increasing body
temperature and heart rates (Nalivaiko et al., 2015), cerebral
blood flow and oxyhemoglobin concentration (Gavgani et al.,
2018), brain activity (Arafat et al., 2018), and the connectivity
between brain regions (Toschi et al, 2017). Hence, VRISE
may compromise the reliability of cognitive, physiological, and
neuroimaging data (Kourtesis et al., 2019a).

However, VRISE predominantly stem from hardware and
software inadequacies, which more contemporary commercial
VR hardware and software do not share (Kourtesis et al.,
2019a,b). The employment of modern VR HMDs analogous to
or more cutting-edge than the HTC Vive and/or Oculus Rift, in
combination with ergonomic VR software, appear to significantly
mitigate the presence of VRISE (Kourtesis et al., 2019a,b).
However, the selection of suitable VR hardware and/or software
demands acceptable technological competence (Kourtesis et al.,
2019a). Minimum hardware and software features have been
suggested to appraise the suitability of VR hardware and software
(Kourtesis et al., 2019a). The technical specifications of the
computer and VR HMD are adequate to assess their quality
(Kourtesis et al., 2019a), while the virtual reality neuroscience
questionnaire (VRNQ) facilitates the quantitative evaluation of
software attributes and the intensity of VRISE (Kourtesis et al.,
2019b).

Another limitation is that the implementation of VR
technology may necessitate high financial costs, which hinders
its widespread adoption by cognitive scientists. In the 90s, the
cost of a VR lab with basic features cost between $20,000 and
50,000, where nowadays the cost has decteased considerably
(Slater, 2018). At present, the cost of a VR lab with basic
features (e.g., a HMD, external hardware, and laptop) is between
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$2,000 and 2,500. However, the development of VR software is
predominantly dependent on third patties (e.g., freelancers or
companies) with programming and software development skills
(Slater, 2018). A solution that will promote the adoption of
immersive VR as a research and clinical tool might be the in-
house development of VR research/clinical software by computer
science literate cognitive scientists or research software engineers.

The current study endeavors to offer guidelines on the
development of VR software by presenting the development of
the Virtual Reality Everyday Assessment Lab (VR-EAL). Since the
assessment of prospective memory, episodic memory, executive
functions, and attention are likely to benefit from ecologically
valid approaches to assessment, VR-EAL attempts to be one of
the first neuropsychological batteries to apply immersive VR
to assess these cognitive functions. However, the ecologically
valid assessment of these cognitive functions demands the
development of a realistic scenario with several scenes and
complex interactions while avoiding intense VRISE factors.

The VR-EAL development process is presented systematically,
aligned with the steps that cognitive scientists should follow to
achieve their aim of designing VR studies. Firstly, the preparation
stages are described and discussed. Secondly, the structure of the
application (e.g., order of the scenes) is presented and discussed
in terms of offering comprehensive tutorials, delivering a realistic
storyline, and incorporating a scoring system. Thirdly, a pilot
study is conducted to evaluate the suitability of the different
versions of VR-EAL (i.e., alpha, beta, final) for implementation
in terms of user experience, game mechanics, in-game assistance,
and VRISE.

DEVELOPMENT OF VR-EAL

Rationale and Preparation

Prospective memoty encompasses the ability to remember to
initiate an action in the future (Anderson et al, 2017). The
prospective memory action may be related to a specific event
(e.g., when you see this person, give him a particular object)
or time (e.g., at 5 p.m. perform a particular task). Attentional
control processes, executive functioning, the difficulty of the
filler/distractor tasks, the length of the delay between encoding
the intention to perform a task and the presentation of the
stimulus-cue, as well as the length of the ongoing task, all
affect prospective memory ability (Anderson et al., 2017).
Therefore, the VR-EAL scenarios need to incorporate both types
of prospective memory actions and consider the length and
difficulty of the distractor tasks and delays, as well as attentional
and executive functioning.

The main theoretical frameworks of prospective memory
are the preparatory attentional and memory (PAM) and the
multiprocess (MP) theories (Anderson et al., 2017). The
PAM theory suggests that performing prospective memory
tasks efficiently requires a constant top-down monitoring for
environmental and internal cues in order to recall the intended
action and perform it (Smith, 2003; Smith et al., 2007). For
example, an individual wants to buy a pint of milk after work. On
her way home, she is vigilant (i.e., monitoring) about recognizing
prompts (e.g., the sign of a supermarket) that will remind

her of her intention to buy a pint of milk. In addition to
PAMs top-down monitoring, MP theory suggests that bottom-
up spontaneous retrieval also enables effective performance on
prospective memory tasks (McDaniel and Einstein, 2000, 2007).
Going back to the previous example, when the individual is
not being vigilant (ie., passive), she sees an advert pertaining
to dairy products, which triggers the retrieval of her intention
to buy a pint of milk. VR-EAL is required to incorporate
both predominant retrieval strategies in line with these main
theoretical frameworks of prospective memory (i.e., PAM and
MP). This may be achieved by including scenes where the user
should be vigilant (i.e., PAM) so they recognize a stimulus
associated with the prospective memory task (e.g., notice a
medicine on the kitchen’s table in order to take it after having
breakfast), as well as scenes where the user passively (i.e., MP) will
attend to an obvious stimulus related to the prospective task (e.g.,
while being in front of the library, the user needs to remember to
return a book).

Notably, the ecologically valid assessment of executive (ie.,
planning and multitasking), attentional (i.e., selective visual,
visuospatial, and auditory attention), and episodic memory
processes is an equally important aim of VR-EAL. The
relevant literature postulates that the everyday functioning of
humans is dependent on cognitive abilities, such as attention,
episodic memory, prospective memory, and executive functions
(Higginson et al., 2000; Chaytor and Schmitter-Edgecombe, 2003;
Phillips et al., 2008; Rosenberg, 2015 Mlinac and Feng, 2016;
Haines et al., 2019). However, the assessment of these cognitive
functions requires an ecologically valid approach to indicate
the quality of the everyday functioning of the individual in
the real world (Higginson et al., 2000; Chaytor and Schmitter-
Edgecombe, 2003; Phillips et al., 2008; Rosenberg, 2015; Mlinac
and Feng, 2016; Haines et al., 2019). However, the assessment
(ie., tasks) of these cognitive functions in VR-EAL will also
serve as distractor tasks for the prospective memory components
of the paradigm. Hence, the VR-EAL distractor tasks are vital
to the prospective memory tasks, but at the same time, they
are adequately challenging within a continuous storyline (see
Table 1).

Furthermore, ecologically valid tasks performed in VR
environments demand various game mechanics and controls to
facilitate ergonomic and naturalistic interactions, and these need
to be learnt by users. The scenario should include tutorials that
allow users to spend adequate time learning how to navigate,
use and grab items, and how the VE reacts to his/her actions
(Gromala et al., 2016; Jerald et al., 2017; Brade et al., 2018; see
Table 1). Additionally, the scenario should consider the in-game
instructions and prompts offered to users such as directional
arrows, non-player characters (NPC), signs, labels, ambient
sounds, audio, and videos that aid performance (Gromala et al.,
2016; Jerald et al.,, 2017; Brade et al.,, 2018). Importantly, this
user-centered approach appears to particularly favor non-gamers
in terms of performing better and enjoying the VR experience
(Zaidi et al., 2018). Thus, the development of VR-EAL should be
aligned with these aforementioned suggestions.

The first step of the development process was to select the
target platform. In VR’s case, this is the VR HMD, which allows
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TABLE 1| VR-EAL Scenario.

Order Type Description

Scene 1 Tutorial Basic interactions and navigation

Scene 2 Tutorial Interactive boards (recognition and planning)

Scens 3 Stonyline List of prospsctive memary tasks, shopping list (immediate recognition), and itinerary (planning)

Scene 4 Tutorial List of mechanics for the prospective memary tasks, prompts, and notes

Scene 5 Tutorial Coaking

Scene 6 Stonyline Prepare breakfast (multi-tasking) and take medication (prospective mermory, event-based, short delay)

Scene 7 Tutorial Tutorial: callect items.

Scene & Stonyline Collect iterns from the living-room (selective visuospatial attention) and take a chocolate pie out of the oven (prospective
mermory, event-based, short delay)

Scene 9 Tutorial Interaction with 3D non-player characters

Scene 10 Stonyline Call Rose (prospective memory task, time-based, short delay)

Scene 11 Tutorial Garze interaction

Scens 12 Stonyling Detsct posters on both sides of the road (selective visual attention)

Scene 13 Tutorial Shapping, how to collect the items from the supermarket

Scene 14 Stonyline Collect the shopping list items from the supermarket (delayed recognition)

Scene 16 Stonyline Go to the bakery to collect the carrot cake (prospective memory task, time-based, medium delay)

Scene 16 Stonyline False prompt before going to the library (prospective memory task, event-based, medium delay)

Scene 17 Stonyline Return the red book to the library (prospective memory task, event-based, medium delay)

Scene 18 Tutorial Auditory interaction

Scene 19 Stonyline Detect sounds from both sides of the road (selective auditory attention)

Scene 20 Stonyling False prompt before going back home (prospective memory task, time-based, long delay)

Scene 21 Stonfline When you return home, give the extra pair of keys to Alex (prospective memory task, event-based, long delay)

Scene 22 Stonline Put away the shopping items and take the medication (prospactive memory task, time-based, long delay)

various interactions to take place within a virtual environment
(VE) during the neuropsychological assessment. In our previous
work (Kourtesis et al., 2019a), we have highlighted a number
of suggested minimum hardware and software features which
appraise the suitability of VR hardware and software. Firstly,
interactions with the VE should be ergonomic in order to elude
or alleviate the presence of VRISE. Also, the utilization of 6
degrees of freedom (DoF) wands (ie., controllers) facilitates
ergonomic interactions and provides highly accurate motion
tracking. Lastly, the two types of HMD that exceed the minimum
standards and support 6DoF controllers are the HTC Vive
and Oculus Rift; hence, the target HMD should have hardware
characteristics equal to or greater than these high-end HMDs
(Kourtesis et al., 2019a). VR-EAL is developed to be compatible
with HTC Vive, HTC Vive Pro, Oculus Rift, and Oculus Rift-S.
The second step was to select which game engine (GE) should
be used to develop the VR software. For the development of
VR-EAL, the feasibility of acquiring the required programming
and software development skills was an important criterion for
the selection of the GE because the developer of VR-EAL (i.e.,
the corresponding author) is a cognitive scientist who did not
have any background in programming or software development.
The two main GEs are Unity and Unreal. Unity requires C#
programming skills, while Unreal requires C++ programming
skills. Learners of C#, either experienced or inexperienced
programmers, appear to experience a greater learning curve than
learners of C++ {(Chandra, 2012). While Unity and Unreal
are of equal quality (Dickson et al., 2017), Unity as a GE

has been found to be more user-friendly, and easier to learn
compared to Unreal (Dickson et al, 2017), Also, Unity has
an extensive online community and online resources (e.g., 3D
models, software development kits; SDK), and documentation
(Dickson et al., 2017). For these reasons, Unity was preferred for
the development of VR-EAL. Howevet, either Unteal or Unity
would have been a sensible choice since both GEs offer high
quality tools and features for software development (Dickson
et al., 2017).

The final step was the acquisition of skills and knowledge.
A cognitive scientist with a background either in computer or
psychological sciences should have knowledge of the cognitive
functions to be studied, as well as, intermediate programming
and software development skills pertinent to the GE. The
acquisition of these skills enables the cognitive scientist to design
the VR software in agreement with the capabilities of the GE and
the research aims. In VR-EALs case, its developer meticulously
studied the established ecologically valid paper-and-pencil tests
such as the Test of Everyday Attention (TEA; Robertson et al.,
1994), the Rivermead Behavioral Memory Test—III (RBMT-
III; Wilson et al., 2008), the Behavioral Assessment of the
Dysexecutive Syndrome (BADS; Wilson et al., 1998), and the
Cambridge Prospective Memory Test (CAMPROMPT; Wilson
et al., 2005). In addition, other research and clinical software
were considered. For example, the Virtual Reality Shopping
Task (Canty et al., 2014), Virtual Reality Supermarket (Grewe
et al, 2014), Virtual Multiple Errands Test (Rand et al., 2009),
the Invisible Maze Task (Gehrke et al., 2018), and the Jansari
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Assessment of Executive Function (Jansari et al., 2014) are non-
immersive VR software which assess cognitive functions such as
executive functions, attentional processes, spatial cognition, and
prospective memory.

Finally, the developer of VR-EAL attained intermediate
programming skills in C# and software development
skills in Unity. This was predominantly achieved by
attending online specializations and tutorials on websites

such as Coursera, Udemy, CodeAcademy, SoloLearn,
and EdX. Also, a developer may consider established
textbooks such as the “The VR book: Human-centered
design for wirtual reality” (Jerald, 2015), “3D wuser

interfaces: theory and practice” (LaViola et al., 2017), and
“Understanding virtual reality: Interface, application, and
design” (Sherman and Craig, 2018). To sum it up, the
acquisition of these skills enabled progression to the next
stage of the development of VR-EAL, which is the writing
of the scenarios/scripts.

Tutorials and Mechanics

VR-EAL commences with two tutorial scenes. The first tutorial
allows the user to learn how to navigate using teleportation,
to hold and manipulate items (e.g., throwing them away),
how to use items (e.g., pressing a button), as well as to
familiarize themselves with the in-game assistance objects (e.g.,
a directional arrow or a sign; see Figure1). The user is
prompted to spend adequate time learning the basic interactions
and navigation system because these game mechanics and
in-game assistance methods are fundamental to most scenes
in VR-EAL.

The second tutorial instructs the user how to use interactive
boards (ie., use a map or select items from a list). This tutorial
is specific to the tasks that the user should perform in the
subsequent storyline scene. Similarly, the remaining tutorials are
specific to their subsequent scene (i.e., the actual task) in which
the user is assessed. This design enables the user to perform the
tasks, without providing them with an overwhelming amount of
information that may confuse the user. However, the tutorial in
the fourth scene is specific to the prospective memory tasks that
are performed in several scenes throughout the scenario. The
instructions for all prospective memory tasks (i.c., what should
be performed and when) are provided during the third scene (i.e.,
storyline-bedroom scene), but the first prospective memory task
is not performed until the sixth scene (i.e., the cooking task; see
Table 1).

In scene 4, the user learns how to use a VR digital watch, use
prospective memory items and notes (toggle on/off the menuy),
and follow prospective memory prompts. These game mechanics
are essential to successfully perform the prospective memory
tasks. The VR digital watch is the main tool for checking the
time in relation to the time-based prospective memory tasks,
while the prospective memory notes are crucial reminders for the
time- and event-based prospective memory tasks. Subsequently,
in scene 5, the user completes a tutorial where s/he learns how
to use the oven and the stove as well as the snap-drop-zones to
perform the cooking task. The snap-drop-zones are game objects,
which are containers that the user may attach other game objects

too. In scene 7, the user learns how to collect items using the
snap-drop-zones attached to the left controller (see Figure 2).

In scene 9, the user learns how to interact with the 3D non-
player characters (NPC). The user is required to talk to the NPC
to initiate a conversation (i.e., detection of a sound through the
mic input), and use the interactive boards to select a response,
which either presents a dichotomous choice (i.e., “yes” or “no”)
or a list of items (see Figure 2). These interactions with the NPC
are central to the assessment of prospective memory, and the
user should effectively interact with the NPC in six scenes to
successfully perform an equal number of time- and event-based
prospective memory tasks.

In scene 11, the user learns how to use gaze interactions.
There is a circular crosshair, which indicates the collision point
of a ray that is emitted from the center of the user’s visual
field. The user is required to direct the circular crosshair over
the targets and avoid the distractors (see Figure 2). The user
needs to effectively perform a practice trial to proceed to the
next scene. The practice trial requires the user to spot the three
targets and avoid all the distractors while moving, If the user
is unsuccessful, then the practice trial is re-attempted. This
procedure is repeated until the user effectively completes the
practice trial.

Scene 13 is a short tutorial where the user is reminded how
to collect items using the snap-drop-zones attached to the left
controller and remove an item from the snap-drop-zone in
cases where an item is erroneously picked up. In scene 18,
the user learns how to detect target sounds (ie., a bell} and
avoid distractors (i.e., a high-pitched and a low-pitched bell).
The user looks straight ahead and presses the trigger button
on the right controller when a target sound is heard on the
right side. Likewise, the user presses the trigger button on the
left controller when a target sound is heard on the left side
(see Figure 2). The sounds are activated by trigger-zones, which
are placed within the itinerary of the user. This tutorial is
conducted in a similar way to the scene 11 tutorial (ie., gaze
interaction). The user, while being on the move, needs to detect
three target sounds and avoid the distractors to proceed to the
next scene.

The time spent on each tutorial is recorded to provide the
learning time for the various interaction systems (ie., game
mechanics). However, in the scene 11 and 18 tutorials, the
practice trial times are also recorded. The collected data (i.e., time
spent on tutorials and the attempts to complete the practice trials)
for each tutorial are added to a text file that contains the user’s
data (i.e., performance scores on every task).

Storyline and Scoring

The required times to complete scenes and tasks are recorded.
However, the task times are measured independently from the
total scene times. Additionally, in the scenes where the user
should perform prospective memory tasks, the number of times
and the duration that the prospective memory notes appeared are
also measured. These variables indicate how many times the user
relies on the prospective memory notes, and how long they read
them for.
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Scene 1

Scene 2
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Scene 4

Scene 5

FIGURE 1 | VR-EAL tutorials: scenes 1-5.

At Home

Bedroom: immediate recognition and planning

The storyline commences in a bedroom (i.e., scene 3; see Table 1),
where the user receives an incoming call from his/her close
friend, Sarah, asking the user to carry out some errands for her
(¢.g., buy some shopping from the supermarket, collect a carrot
cake from the bakery, return a library book). All the errands are

Frantiers in Computer Science | v frontiersin.org

prospeclive memory lasks excepl the shopping task. In this scene,
the user should perform three different tasks. The first task is
the prespeclive memory noles (i.e., PM-Noles) lask, where the
user responds affirmatively or negatively to three prompts asking
the user to write down the errands (i.e., PM-tasks). The response
of the user indicates his/her inlention (o use exlernal loals (Le.,
noles) as reminders.
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Scene 9

Scene 11

Scene 18

FIGURE 2 | VR-EAL tutorials: scenes /18

The second lask is the immediale recognition task where the
user should choose the 10 target items (i.c., create the shopping
list) from an extensive array of items (see Figure 3), which
also contains five qualitative distractors (e.g., semi-skimmed
milk vs. skimmed milk), five quantitative distractors (e.g., 1 vs.
2kg polatoes), and 10 false ilems (e.g., bread, bananas elc.).
The user gains 2 points for each correcily chosen item, 1
point for choosing a qualitative or quantitative distractor, and

Scene 9

Scene 9

Scene 11

Scene 18

0 poinls for the false items. The maximum possible score is
20 points.

The third task is the planning task. The user should draw a
route on a map to visit three destinations (ie., the supermarket,
bakery, and library) before returning home. The road system
comprises 23 streel unils (see Figure 3). When the user selecls
a unil, 1 point is awarded. The ideal route to visit all three
destinations is 15 units; hence, any extra or missing units are
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Scene 3 Scene 3

Scene 6 Scene 8

Scene 8 Scene 10

DT AT e o s o

O AT e e,

Scene 12 Scene 12

FIGURE 3 | VR-EAL storyline: scenes 312
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subtracted from the total possible score of 15. For example, if
the user draws 18 units, then the distance from the ideal route
is calculated as 3 (ie., 18 — 15 = 3). Three is then subtracted
from the ideal score of 15, resulting in a score of 12. If the
user draws 12 units, the distance from the ideal route is also 3
and again 3 is subtracted from 15, resulting in a score of 12.
The planning task score is also modified by the planning task
completion time (e.g., a completion time two standard deviations
below the average time of the normative sample is awarded 2
points while two standard deviations above the average time is
subtracted 2 points).

Kitchen: multitasking and prospective memory task
In the kitchen (i.e., scene &; see Table 1), the user should complete
two main tasks: the cooking task (i.e., preparing breakfast) and a
prospective memory task. The cooking task encompasses frying
an omelet and sausages, putting a chocolate pie in the oven,
as well as boiling some water for a cup of tea or coffee. The
user must handle two pans (one for the omelet and one for
the sausages) and a kettle. Images of the omelet and sausages
are presented above the cooker to display what their appearance
should be when they are ready. Scoring relies on the animations
from each game object (i.e., the omelet and the sausages). At the
beginning of the animation, both items have a reddish (raw) color
which gradually turns to either a yellowish (omelet) or brownish
(sausages) color, and finally both turn to black (burnt). The score
for each pan hence depends on the time that the user removes
the pans from the stove (pauses/stops the animation) and places
them on the kitchen worktop (for calculation of the score, see
Figure 4). Equally, the score for boiling the kettle is measured in
relation to the stage of the audio playback (e.g., the water is ready
when the kettle whistles; see Figure 4) when the kettle is placed
on the kitchen worktop.

After breakfast, the user needs to take his/her meds (ie.,
a prospective memory task). When the user has had his/her
breakfast, the final button of the scene appears (see Figure 3).
The user should press this button to confirm that all the tasks
in the scene are completed. If the user has already taken his/her
medication before pressing the final button, then the scene ends,
and the user receives 6 points. Otherwise, the first prompt
appears (i.e., “You Have to Do Something Else”). If the user then
follows the prompt and takes their medication, they receive 4
points. If the user presses the final button again, then the second
prompt appears (i.e., “You Have to Do Something After Having
your Breakfast”). If the user follows this prompt and takes their
medication, they receive 2 points. If the user presses the final
button again, then the third prompt appears (i.e., “You Have to
Take Your Meds”). If the user follows this prompt and takes their
medication, they then receive 1 point. If the user represses the
final button without ever taking their medication, they get zero
points, and the scene ends.

Living room: selective visuospatial attention and prospective
memory task

In the living room (i.e., scene 8; see Table 1), the user should
collect six items (i.e., a red book, £20, a smartphone, a library
card, the flat keys, and the car keys) that are placed in various

locations within the living room (see Figure 3). The user is not
required to memorize the items since there is a reminder list
on one of the walls of the living room. The user collects the
items by attaching them to the snap-drop-zones attached to the
left controller. The user receives 1 point for each item collected.
However, there are distractors (e.g., magazines, books, a remote
control, a notebook, a pencil, a chessboard, and a bottle of wine)
in the room. If the user attempts to collect one of the distractors,
the item falls (only the target items can be attached to the snap-
drop-zones), which counts as an error. After collecting all the
objects, the user needs to take the chocolate pie out of the oven
and place it on the kitchen worktop before leaving the apartment
(prospective memory task; see scoring for medication above).

Garden: prospective memory fask

In the garden (ie., scene 10; see Table 1), the user initiates a
conversation with Alex (an NPC), to perform a distractor task
(ie., to open the gate). The conversation continues after this
distractor task, where the user needs to respondto Alex’s question
(i.e., “Do we need to do something else at this time?”) by selecting
either “yes” or “no” (see Figure 3). This action is considered as
the first prompt for the prospective memory task, and if the user
responds “yes.” then the second interactive board appears (see
Figure 5 for scoring). If the user selects “no,” then the second
prompt is given by Alex (i.e., “Are you sure that we do not have
to do something around this time?”). If the user selects “no,” then
the third prompt is provided by Alex (i.e., “I think that we have to
do something around this time.”). If the user again selects “no,”
clarification is provided by Alex (ie., “Oh yes, we need to call
Rose”), and the user receives 0 points (see Figure 5).

When the user chooses “yes” the second interactive board
appears. This second interactive board displays eight items
(see Figure 3). There is one item, which presents the correct
prospective memory response (ie., the smartphone). There
are also three items which are responses related to the other
prospective memory tasks (i.e., a red book, carrot cake, flat keys).
There is one item, which is semantically related to the correct
prospective memory response (i.e., a tablet computer). Also, there
are three items which are unrelated distractors, which are neither
related to the other prospective memory tasks, norare in the same
semantic category as the correct prospective memory response
(i.e., ice cream and a smartphone). Scoring depends on the user’s
responses on the first and the second interactive boards (see
Figure 5).

In the City

On the road: selective visual attention

In this scenario, the user is a passenger in a car with Alex driving
(i.e., scene 12; see Table 1). The radio is on, and the speaker
announces a competition where the user needs to identify all
the radio stations’ target posters and avoid the distractor ones
(see Figure 3), which are hung along the street. There are 16
target posters and 16 distractors equally allocated on both sides
of the street. Eight of the distractors have the same shape as the
target poster, but a different background color. The other eight
distractors have the same background color as the target posters,
but they are a different shape (see Figure 3). The user is awarded
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0 Points
Cooking Very Early Early Slightly On Time Slightly Late Very Late
Ttem Early Late
Pan-Omeleite 0-13.99 secs 14-15.99 secs 16-17.99 secs 18-22 secs 22.01-23.99 secs 24-26 secs > 26 secs
Pan-Sausages 0-17.99 secs 18-19.99 secs ~ 20-21.99 secs 22-26 secs 26.01-27.99 secs 28-30 secs > 30 secs
Kettle 0-10.99 secs 11-12.99 secs 13-14.99 secs 15-17 secs 17.01-18.99 secs 19-21 secs > 21 secs

FIGURE 4 | A schematic reprasentation of the cooking task scoring.

1 point when a targel poster is “spotled” and subtracted 1 point
when a distraclor poster is “spolled.” The maximum score is 16,
and the number of correctly identified posters and distractors (for
each type) identified on each side of the road is recorded.

Supermarket: delayed recognition and prospective memory
task

‘Lhe user arrives al the supermarkel (i.e., scene 14; see Table 1),
where s/he should buy the items from the shopping list. The
user navigales within the shop by following the arrows, and
collects the items using the snap-drop-zenes attached to the
left controller (see Figure 6). The items on the shelves of the
supermarket are the same items as the immediate recognition
task in scene 3 {see Bedroom). The scoring system is identical
to the immediate recognition task in scene 3 (see Bedroom),
and the score is calculated when the user arrives at the till
1o buy the ilems, Outside the supermarkel (ie., scene 15), the
user has another conversation with Alex, where s/he needs to
remember that they must collect the carrot cake at 12 noon (e,

Frantiers in Gomputer Science | waww. frontiersin.org

a prospective memory task). The conversation is performed and
scored in the same way as the prospeclive memory lask in scene
10 {see Garden). The user then goes with Alex (o the bakery to
collect the carrot cake.

Bakery and library: prospective memory tasks

The user is outside the bakery (e, scene 16; see Table I),
aller already collecling the carrol cake, Llere, they have another
interaction with Alex where he asks, “Do we need to do
something else al this time?” [lowever, this lime, there is no
prospective memory task to perform and the user should respend
negatively. This deception helps to examine whether the user is
simply responding affirmatively to all prospective memory task
prompts. If the user responds affirmatively (.., “yes”), then s/he
loses points (see Figure7). This conversation is similar lo the
prospeclive memory task in scene 10 (see Garden). However,
the scoring is now inverted, where the user should ¢hoose “no”
three times in response to Alex’s prompts to avoid points being
subtracted. In the prospective memory task that follows in the
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FIGURE 6 | VR-EAL storyline: scenes 14-22.
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next scene, the user should again respond negatively to avoid a
maximum of 3 points being deducted (see Figure 7). Therefore,
in this task, up to 6 points may be subtracted. Then, the user
arrives at the library (ie., scene 17; see Table 1), where s/he has
another interaction with Alex (ie., a prospective memory task),
which is performed and scored in the same way as the prospective
memory task in scene 10 (see Garden and Figure 5). Afterleaving
thelibrary, Alex and the user proceed to the petrol station to refill
the car.

On the road home: selective auditory attention and
prospective memory fasks

The user is in the car with Alex and the radio station has another
challenge (i.e., scene 19; see Table 1 and Figure 6). This time
small speakers playing different sounds have been placed on both
sides of the street. The user should detect the target sounds and
avoid the false high-pitched and low-pitched sounds while Alex
drives along the street. As in the tutorial, the user presses the
controller trigger when they detect a sound. Ifthe user presses the
trigger on the right controller to detect a target sound originating
on the right side, then s/he gets 2 points. If the user presses the
trigger on the left controller to detect a target sound originating
on the left side, s/he also gets 2 points. If the user presses the
trigger on the right controller to detect a target sound originating
on the left side or a trigger on the left controller to detect a
target sound originating on the right side, s/he gains only 1
point. On the other hand, if the user responds to a distractor
sound, irrelevant of its origin or the controller used to respond,
1 point is deducted. The stored data summarize the number of
detected sounds of each type (i.e., target sounds, low pitched
distractor sounds, high pitched distractor sounds), the number
of sounds detected on the left and right sides, and how many
times the wrong controller (i.e., false side) was used to detect a
target sound.

After the car ride, the user is at the petrol station with Alex
(i.e., scene 20; see Table 1). The user has another conversation
with Alex, where s/he receives false prompts (i.e., there is not a
prospective memory task to perform). This prospective memory
task is performed and scored in the same way as the Bakery
prospective memory task (i.e., scene 20, see Figure 7). Then, the
user returns back home with Alex (i.e., scene 21), where the user
has their last interaction with Alex, and should give him the extra
pair of keys to the flat. This prospective memory task is also
performed and scored as the prospective memory task in scene
10 (i.e., see Garden and Figure 5).

Back Home: distractor and prospective memory task

In the final scene (i.e., scene 22), the user is back home, where
s/he is required to perform two tasks (see Figure 6). The first task
is a distractor task, where the user needs to put away the items
that s/he has bought from the supermarket. While doing this, s/he
needs to remember that s/he should take his/her medication at 1
p.m. If the user performs the task on time, then s/he receives 6
points. If the user fails to remember the prospective memory task
after 70's, a prompt appears. If the user performs the task after
this first prompt, s/he receives 4 points. If the user ignores the first
prompt, after another 10, a second prompt appears. If the user

performs the task after the second prompt, s/he receives 2 points.
If the user ignotes the second prompt, after a further 10, a third
and final prompt appears. If the user performs the task after the
third prompt, s/he receives 1 point. If the user ignores the third
prompt and presses the final button, s/he receives 0 points.

Once the user presses the final button, the scenario finishes
and the credits appear. Here, the user is informed of the
aims of VR-EAL. The VR-EAL attempts to be an extensive
neuropsychological assessment of prospective memory, episodic
memory, executive functions, and attentional processes by
collecting various data pertinent to these cognitive functions (see
Supplementary Material I for an example of VR-EAL data).

Development of VR Software in Unity

The scenario provides the main framework for developing the VR
application. VR-EAL was developed to be compatible with the
HTC Vive, HTC Vive Pro, Oculus Rift, and Oculus Rift-S to be
aligned with the minimum hardware technological specifications
for guaranteeing health and safety standards and the reliability
of the data (Kourtesis et al., 2019a). The quality of VR-EAL was
assessed in terms of user experience, game mechanics, in-game
assistance, and VRISE using the Virtual Reality Neuroscience
Questionnaire (VRNQ; Kourtesis et al., 2019b). The total
duration for the VR neuropsychological assessment is ~60 min,
which falls within the suggested maximum duration range for VR
sessions (Kourtesis et al., 2019b). Long VR sessions appear more
susceptible to VRISE, though, long (50-70 min) VR sessions
which exceed the parsimonious cut-offs from the VRNQ do
not induce VRISE (Kourtesis et al., 2019b). For this reason, the
parsimonious cut-offs for the VRNQ (see Table 2) will be used to
ensure that VR-EAL users do not suffer from VRISE (Kourtesis
etal., 2019b).

The development of VR-EAL should be proximal to
commercial VR applications. The first step of the development
is to select Unity’s settings to support the development of
VR software. For the development of VR-EAL, Unity version
2017.4.8f1 was used. Unity supports VR software development
kits (SDK). The built-in support for the SDKs is for the OpenVR
SDK and the Oculus SDK. In the player settings of Unity, the
developer may select the VR/XR supported box, which allows
the addition of the aforementioned SDKs. For VR-EAL, Unity’s

TABLE 2 | VRNQ minirum and parsimenious cut-offs

Score Minimum cut-offs Parsimonious cut-offs
User experience »25/35 >30/35

Garmne mechanics =>025/35 =>30/35
In-game assistance >25/35 >30/35

VRISE >25/35 >30/35

VRNQ Total Score >100/140 >120/140

The median of each sub-score and total score should mest the suggested cut-offs to
determine that the evaluated VR software is of adequate quallty without any significant
VRISE. The utilization of the parsimonious cut-offs more robustly supports the suitability
of the VIR software. Derived from Kourtesis et al (20190).
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support for both the OpenVR SDK and the Oculus SDK were
added, though, priority was given to the OpenVR SDK.

Navigation and Interactions

VR software for the cognitive sciences may require intensive
movement and interactions. However, the development of
such interactions demands highly advanced programming skills
in C# and expertise in VR software development in Unity.
Nonetheless, on Unity’s asset store and GitHub’s website, there
are some effective alternatives that facilitate the implementation
of intensive interactions without the requirement of highly
advanced software development skills. The utilization of the
SteamVR SDK, Oculus SDK, Virtual Reality Toolkit (VRTK)
or similar toolkits and assets are options which should be
considered. For the development of VR-EAL, the SteamVR
SDK and VRTK were selected to develop accurate interactions
compatible with the capabilities of the 6D0F controllers of HTC
Vive and Oculus Rift. The advantage of SteamVR SDK, which
was developed based on OpenVR SDK, is that is compatible with
both the HTC Vive and Oculus Rift, though, it does not offer a
wide variety of interactions or good quality physics. Nonetheless,
the VRTK mounts the SteamVR SDK and offers better quality
physics and plenty of interactions that support the development
of VR research software for cognitive sciences.

A fundamental interaction in the VE is navigation. HTC
Vive and Oculus Rift offer a play area of an acceptable size,
which permits ecologically valid scenarios and interactions to be
developed (Porcino et al., 2017; Borrego et al., 2018). However,
the VR play area is restricted to the limits of the physical space
and tracking area; hence, it does not allow navigation which is
based on physically walking (Porcino et al., 2017; Borrego et al.,
2018). A suitable solution is the implementation of a navigation
system based on teleportation. Teleportation enables navigation
exceeding the boundaries of the VR play area and delivers high-
level immersion, a pleasant user experience, and decreases the
frequency of VRISE. Typically, a navigation system of a VR
software which depends on a touchpad, keyboard, or joystick,
substantially increasing the frequency and intensity of VRISE
(Bozgeyikli et al, 2016; Frommel et al., 2017; Porcino et al.,
2017). In VR-EAL, a combination of teleportation and physical
movement (i.e., free movement of the upper limbs and walking
in a small-restricted area) is used (see Figures 1-3, 6).

The VRTK provides scripts and tools that aid the developer
to build a teleportation system. The VRTK is compatible with
6DoF controllers, which are necessary to provide naturalistic
and ergonomic interactions. In addition, the implementation of
6D0F controllers facilitates familiarization with their controls
and their utilization, because they imitate real life hand actions
and movements (Sportillo et al., 2017; Figueiredo et al., 2018).
The VR-EAL user learns the controls in the tutorials, though,
there are also in-game instructions and aids that assist even a
non-gamer user to grab, use, and manipulate items. These in-
game assistance methods significantly alleviate the occurrence of
VRISE, while increasing the user’s level of enjoyment (Caputo
et al, 2017; Potrcino et al., 2017). Finally, the VRTK offers
additional gamified interactions through the snap-drop-zones.
The snap-drop-zones are essentially carriers of game objects and

their mechanics are similar to the trigger-zones. For example,
when a game object (i.e., a child object of a controller) enters
the zone, if the game object is released (i.e., stops being a child
object of the controller), this game object is attached to the snap-
drop-zone (ie., it becomes a child object). In VR-EAL, the snap-
drop-zones are extensively used, allowing the scoring of tasks,
which otherwise would be less effective in terms of accuracy of
response times.

The interaction and navigation systems are essential to
increase immersion. However, immersion depends on the
strength of the placement, plausibility, and embodiment illusions
(Slater, 2009; Slater et al, 2010; Maister et al., 2015 Pan
and Hamilton, 2018). An ecologically valid neuropsychological
assessment necessitates genuine responses from the user. Robust
placement and plausibility illusions ensure that the user will
genuinely perform the tasks as s/he would perform them in real
life (Slater, 2009; Slater et al., 2010; Pan and Hamilton, 2018). The
placement illusion is the deception of the user that s/he is in a real
environment and not in a VE (Slater, 2009; Slater et al., 2010).
However, the placement illusion is fragile because the VE should
react to the user’s actions (Slater, 2009; Slater et al., 2010). This is
resolved by the plausibility illusion, which is the deception of the
user that the environment reacts to his/her actions. Therefore,
the user believes the plausibility of being in a real environment
(Slater, 2009; Slater et al., 2010). The naturalistic interactions in
the VE that VRTK and SteamVR SDK offer are pertinent to the
plausibility illusion.

Graphics
A strong placement illusion relies on the quality of the graphics
and 3D objects (Slater, 2009; Slater et al., 2010). Correspondingly,
the quality of the graphics principally depends on the rendering
(Lavoué and Mantiuk, 2015). The rendering comprises the
in-game quality of the image (ie., perceptual quality), and
the omission of unnecessary visual information (i.e., occlusion
culling) (Lavoué and Mantiuk, 2015). The advancement of
these rendering aspects ameliorates both the quality of graphics
and the performance of the VR software (Brennesholtz, 2018).
Likewise, the amplified image refresh rate and resolution decrease
the frequency and intensity of VRISE (Brennesholtz, 2018).
However, the rendering pipeline and shaders in Unity are not
optimized to meet VR standards. The VR software developer
should select different rendering options, so the quality of
graphics is good and the images refresh rate is equal to or
above 90 Hz, which is the minimum for high-end HMDs like
the HTC Vive and Oculus Rift. For example, the “Lab renderer”
is an asset that allows VR optimized rendering and replaces the
common shaders with VR optimized ones. Additionally, the “Lab
renderer” supports an extensive number of light sources (i.e., up
to 15), which otherwise would not be feasible in VR. However,
the developer needs to build a global illumination map (i.e.,
lightmap), which substantially alleviates the cost of lights and
shadows on the software’s performance (Jerald, 2015; LaViola
etal., 2017; Sherman and Craig, 2018). Usually, the lightmapping
process is the final step in the development process.

The acquisition of 3D objects may be expensive or time-
consuming. However, there are several free 3D objects on Unity’s
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asset store and webpages, such as TurboSquid and Cgtrader,
which can be used for the development of VR research software.
Importantly, the license for these 3D objects obliges the developer
not to use them for commercial purposes. However, research VR
software like VR-EAL is free, and research software developers
usually do not commercialize their products. Although there are
several free 3D objects on the websites mentioned above, it is
likely that these 3D objects are not compatible with VR standards.
In'VR, the 3D objects should comprise a low number of polygons
(Jerald, 2015; LaViola et al., 2017; Sherman and Craig, 2018). A
decrease in polygons may be achieved using software like 3DS
Max. The optimization of the 3D objects (to meet VR standards)
may be achieved by simply importing the 3D objects, optimizing
them, and then exporting them with a low number of polygons
in a Unity compatible format (i.e., fbx and obj).

Nevertheless, developers often aim to create large VEs such
as cities, towns, shops, and neighborhoods. Each 3D object,
whether it be small (e.g., a pen), medium (e.g., a chair), or
large (e.g., a building), may comprise several mesh renderers.
Unity requires one batch (i.e., draw call) for each mesh renderer.
In large environments, the batching may significantly lower
the images refresh rate and the overall performance of the
software (Jerald, 2015; LaViola et al., 2017; Sherman and Craig,
2018). However, assets like MeshBaker are designed to solve
this problem. MeshBaker merges all the selected textures and
meshes into a clone game object with a small number of meshes
and textures. For example, the town that was designed for VR-
EAL required >1,000 draw calls. After the implementation of
MeshBaker, the draw calls were decreased to 16. However, the
disadvantage of MeshBaker is that it does not clone the colliders.
Hence, the developer needs to deactivate the mesh renderers
of the original game object(s) and leave active all the colliders,
while the original game object(s) should be precisely in the same
position with the clone(s) so the colliders of the former are
aligned with the meshes of the latter. Of note, MeshBaker should
be purchased from Unity’s asset store in contrast with the other
assets used in VR-EALs development which are freely available
(i.e., Steam VR SDK, VRTK, and Lab renderer).

Sound

Another important aspect of VR software development is the
quality of the sound. The addition of spatialized sounds in the
VE (e.g., ambient and feedback sounds) augments the level of
immersion and enjoyment (Vorlinder and Shinn-Cunningham,
2014), and significantly reduces the frequency of VRISE (Viirre
et al., 2014). Spatialized sounds in VR assist the user to orient
and navigate (Ruminski, 2015), and enhance the geometry of
the VE without reducing the software’s performance (Kobayashi
et al., 2015). In Unity, a developer may use tools like Steam Audio,
Oculus Audio Spatializer, or Microsoft Audio Spatializer for
good quality and spatialization of the audio aspects. In VR-EALs
development, Steam Audio was used. SteamAudio spatializes
the sound to the location of the audio source’s location and
improves the reverberance of sounds (i.e., Unity’s reverb zone).
Notably, the strength of the plausibility illusion is analogous
to the sensorimotor contingency, which is the integration of

the senses (i.e., motion, vision, touch, smell, taste) (Gonzalez-
Franco and Lanier, 2017). Moreovet, the VRTK enables the
utilization of a haptic modality. For example, when the user
grabs an item in the VE, s/he expects a tactile sense as would
be experienced in real life. The haptic feedback of the VRTK
allows the developer to activate/deactivate the vibration system
of the 6 DoF controllers when an event occurs (e.g., grabbing
or releasing a game object) and define the strength and the
duration of the vibration. The spatialized audio and the haptics
additionally reinforce the plausibility illusion by providing an
expected auditory and haptic feedback to the user (Jerald, 2015;
LaViola et al., 2017; Sherman and Craig, 2018).

3D Characters

Furthermore, VR research software like VR-EAL, which includes
social interactions with virtual characters, should also consider
the quality of the 3D characters in terms of realistic appearance
and behavior. For example, Morph 3D and Mixamo both
offer free and low-cost realistic 3D characters that may be
used in VR software development. For VR-EAL, Morph 3D
was preferred, though, other virtual humans from Unity’s
asset store were used to populate the scenes (e.g., individuals
waiting for the bus at the bus stop). The 3D characters
provided by Morph 3D have modifiable features, which
may be used by the developer to customize the characters
appearance (e.g., body size) and expressions (e.g., facial
expressions which signify emotions such as happiness and
sadness). Morph 3D provides two free 3D characters (ie.,
female and male) capable of displaying naturalistic behavior
(i.e., body and facial animations). The developer may use
body animations which derive from motion capture (MoCap)
techniques. For the development of VR-EAL, body animations
were derived from free sample animations from Unity’s Asset
Store (e.g., hand movement during talking, and waving) and the
MoCap animations library of the Carnegie Mellon University.
However, the effective implementation of the animations requires
modification and synchronization (e.g., the animation should
be adjusted to the length of the 3D character’s interaction)
using Unity’s animation and the animator’s windows. The
animation window may be used for synchronization, while
the animator is a state machine controller that controls
the transition between animations (e.g., when this event
happens, play this animation, or when animation X ends, play
animation Y).

However, the most challenging aspect of realistic 3D
characters is the animation of their facial features. The 3D
character should have realistic eye interactions (ie., blinking,
looking at or away from the user) and talking (i.e., a realistic
voice and synchronized lip movements). Limitations in both
time and resources did not allow for seamless face and body
animations since that would require multimillion dollars’ worth
of equipment like those used by big game studios. This
limitation can result in an uncanny valley effect (Seyama
and Nagayama, 2007; Mori et al., 2012). However, previous
research has shown that, when users interact with 3D humanoid
embodied agents that have the role of an instructor (like the
ones used in VR-EAL), they have less expectations for that
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character due to their role and limited interactivity (Korre,
2019). The addition of 3D characters was important because
they deliver an interaction metaphor resembling human-to-
human interactions (Korre, 2019). Even though adding a 3D
character in the scene can introduce biases, the illusion of
humanness—which is defined as the user’s notion that the system
(in this case the 3D NPC) possesses human attributes and/or
cognitive functions—has been found to increase usability (Korre,
2019).

Realistic voices may be established by employing voice actors
to produce the script. However, the employment of temporary
staff increases development costs. For VR-EAL, text-to-speech
technologies were used as an alternative solution to deliver
realistic voices. Balabolka software was used in conjunction with
Ivona3D Voices (n.b., Ivona3D has been replaced by Amazon
Polly). Balabolka is an IDE for text-to-speech which allows
further manipulation of voices (i.e., pitch, rate, and volume),
while Ivona3D provides realistic voices. The developer types
or pastes the text into Balabolka, Balabolka modifies it with
respect to the desired outcome (e.g., high-pitched or low-
pitched voice) and exports the file in a.wav format. Additionally,
free software like Audacity may be used, which offers greater
variety in sound modifications. The second crucial part is to
synchronize the eyes and lip movements with the voice clips
and body animations. There are assets on Unity’s asset store
that may be used to achieve this desired outcome. In VR-EAL,
Salsa3D and RandomEyes3D were used to attain good quality
facial animations and lip synchronization. Salsa3D synchronizes
the lips with the voice clip, while RandomEyes3D allows the
developer to control the proportion of eye contact with the user
for each voice clip.

Summary of the VR-EAL lllusions

Summing up, the described VR-EAL development process
facilitates the utilization of ergonomic interactions, a VR
compatible navigation system, good quality graphics, haptics, and
sound, as well as social interactions with realistic 3D characters.
These software features contribute to the lessening or avoidance
of VRISE and augmentation of the level of immersion by
providing placement and plausibility illusions. However, VR-
EAL does not seem to deliver a strong embodiment illusion
(i.e., the deception that the user owns the body of the virtual
avatar), because it only relies on the presence of the 6 DoF
controllers. A possible solution would be the implementation of
inverse kinematics, which animatesthe virtual avatar with respect
to the user’s movements. In addition, the temporal illusion (i.e.,
deceiving the user into thinking that the virtual time is real -time)
only relies on changes in environmental cues (e.g., the movement
of the sun, and changes in lighting). Therefore, a VR digital
watch was developed (freely distributed on GitHub) and used in
an attempt to increase the strength of the temporal illusion. To
conclude, the development of VR research software is feasible
mainly using free or low-cost assets from GitHub, Unity Asset’s
store, and other webpages. However, the suitability and quality of
the VR software should be evaluated before its implementation in
research settings.

EVALUATION OF VR-EAL

Participants

Twenty-five participants (six female gamers, six male gamers,
seven female non-gamers, and six male non-gamers) were
recruited for the study via the internal email network of
University of Edinburgh as well as social media. The mean age
of the participants was 30.80 years (SD = 5.56, range = 20-45)
and the mean years of full-time education was 14.20 years (SD =
1.60, range = 12-16). Twelve participants (three female gamers,
three male gamers, three female non-gamers, and three male
non-gamers; mean age = 30.67 years, SD = 2.87, range = 26-36;
mean educational level = 14.75 years, SD = 1.30, range = 12-16
years) attended all three VR sessions (i.e., alpha, beta, and final
versions), while the remaining 13 participants only attended the
final version session. The gamer experience was a dichotomous
variable (i.e., gamer or non-gamet) based on the patticipants’
response to a question asking whether they played games on
a weekly basis. The current study has been approved by the
Philosophy, Psychology and Language Sciences Research Ethics
Committee of the University of Edinburgh. All participants were
informed about the procedures, possible adverse effects (e.g.,
VRISE), data utilization, and the general aims of the study both
orally and in writing; subsequently, every participant gave written
informed consent.

Material

Hardware and Software

AnHTC Vive HMD, two lighthouse-stations for motion tracking,
and two 6 DoF controllers were used. The HMD was connected
to a laptop with a 2,80 GHz Intel Core i7 7700HQ processor,
16 GB RAM, a 4,095 MB NVIDIA GeForce GTX 1070 graphics
card, a 931 GB TOSHIBA MQO01ABD100 (SATA) hard disk, and
Realtek High Definition Audio. The size of the VR play area was
4.4 m”. The software was the alpha version of VR-EAL for session
1, the beta version of VR-EAL for session 2, and the final version
of VR-EAL for session 3.

VRNQ

The VRNQ is a paper-and-pencil questionnaire containing 20
questions, where each question refers to one of the criteria
necessary to assess VR research/clinical software in neuroscience
(Kourtesis et al., 2019b). The 20 questions assess four domains:
user experience, game mechanics, in-game assistance, and
VRISE. The VRNQ has a maximum total score of 140, and
35 for each domain. VRNQ responses are indicated on a 7-
point Likert style scale ranging from 1= extremely low to 7 =
extremely high. Higher scores indicate a more positive outcome;
this also applies to the evaluation of VRISE intensity. Hence,
higher VRISE scores indicate lower intensities of VRISE (i.e., 1
= extremely intense feeling, 2 = very intense feeling, 3 = intense
feeling, 4 = moderate feeling, 5 = mild feeling, 6 = very mild
feeling, 7 = absent). Additionally, the VRNQ allows participants
to provide qualitative feedback, which may be useful during the
development process. Lastly, the VRNQ has two cut-off scores,
the minimum (i.e., 25 for every sub-score, and 100 for the total
score) and parsimonious (i.e., 30 for every sub-score, and 120
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for the total score) cut-offs. The median scores derived from
the user sample should exceed at least the minimum cut-offs,
while for VR software which requires long VR sessions, then the
parsimonious cut-offs should be preferred. For the evaluation
of VR-EAL, the parsimonious cut-offs were opted to support
the suitability of VR-EAL. The VRNQ can be downloaded from
Supplementary Material II.

Procedures

Twelve participants attended all three VR sessions, while an
additional 13 participants only attended the third session. The
period between each session was 6-8 weeks. In each session,
participants were immersed in a different version of VR-EAL.
Each session began with inductions in VR-EAL, the HTC Vive,
and the 6 DoF controller. Then, participants played a version of
VR-EAL. Lastly, after the completion of VR-EAL, participants
were asked to complete the VRNQ. A preview of the final
version of VR-EAL can be found in Supplementary Material ITI
or by following the hyperlink: https://www.youtube.com/watch?
v=IHEIvS$37Xy8andt=.

Statistical Analysis

Bayesian statistics were preferred over null hypothesis
significance testing (NHST). P-values calculate the distance
(i.e., the difference) between the data and the null hypothesis
(H0) (Cox and Donnelly, 2011; Held and Ott, 2018). The
p-values assess the assumption of no difference or no effect,
while the Bayesian factor (BF1g) converts p-values into evidence
in favor of the alternative hypothesis (H1) against the HO
(Cox and Donnelly, 20115 Held and Ott, 2018). BFyg is found
robustly more parsimonious than the p-value in evaluating the
evidence against the HO (Cox and Donnelly, 2011; Held and Ott,
2018; Wagenmakers et al., 2018a.b). Importantly, the difference
between BFjq and p-values is even greater (in favor of BFyg)
in small sample sizes, where BFig should be opted for as it is
more parsimonious (Held and Ott, 2018; Wagenmakers et al.,
2018a,b). For these reasons, the BF;y was preferred instead of
p-values for the assessment of statistical inference, especially
while having a relatively small sample size. Moreover, a larger
BF1g postulates more evidence in support of H1 (Cox and
Donnelly, 2011; Marsman and Wagenmakers, 2017; Held and
Ott, 2018; Wagenmakers et al., 2018a,b). Specifically, a BFjg < 1
indicates no evidence in favor of H1, while 1 < BFy4 < 3 indicates
anecdotal evidence for H1, 3 < BFjy < 10 indicates moderate
evidence for HI, 10 < BFjp < 30 indicates strong evidence for
HI1, 30 < BFyp < 100 indicates very strong evidence for HI,
and a BFyg > 100 indicates extreme evidence for H1 (Marsman
and Wagenmakers, 2017; Wagenmakers et al., 2018a,b). For our
analyses, we accept the notion put forward by Marsman and
Wagenmakers (2017), Wagenmakers et al. (2018a,b) of BFjg <
1 indicating no evidence in favor of H1, BFjy > 3 indicating
moderate evidence in favor of H1, BFyy > 10 indicating strong
evidence for H1, and BFj = 100 indicating extreme evidence for
HI. In this study, a parsimonious threshold of BF1p = 10 was set
for statistical inference, which postulates strong evidence in favor
of the H1 (Marsman and Wagenmakers, 2017; Wagenmakers
et al., 2018a,b), and corresponds to a p < 0.01 (e.g., BF1g = 10)

ortoap < 0.001 (eg., BFjp > 11) (Cox and Donnelly, 2011;
Held and Ott, 2018). Howevet, we teport both BFjg and p-values
in this study. A Bayesian paired samples ¢-test was performed to
compare the VRNQ results for each version of VR-EAL (N =
12), as well as to inspect potential differences between gamers
(N = 12) and non-gamers (N = 13). The Bayesian statistical
analyses were performed using JASP (Version 0.8.1.2) (JASP
Team, 2017).

Results

There was not a significant difference between gamers and non-
gamers in VRNQ scores (see Table 3). The final version of VR-
EAL exceeded the parsimonious cut-off for the VRNQ total
score, while the alpha and beta versions of VR-EAL did not (see
Table 4). Notably, the VRNQ sub-scores of the final version of
VR-EAL also exceeded the parsimonious VRNQ cut-offs (see
Table4), while the average duration of the VR sessions (i.c.,
duration of being immersed) was 62.2 min (SD = 5.59) across
the 25 participants. The beta version of VR-EAL approached the
cut-offs for user experience and game mechanics; however, it
was substantially below the cut-offs for in-game assistance and
VRISE. The alpha version of VR-EAL was significantly below the
cut-offs for every sub-score of VRNQ.

According to the adopted nomenclature (ie., BFjp < 1
indicating no evidence in favor of H1, BFjy > 3 indicating
moderate evidence in favor of HI, BFjg = 10 for Hi, and
BF1y = 100 indicating extreme evidence for H1) by Marsman
and Wagenmakers {2017) and Wagenmakers et al. (2018a,b),
the Bayesian f-test analysis (N = 12) demonstrated significant
differences in the VRNQ scores between the final, beta, and
alpha versions of the VR-EAL (see Table 5). We observed that
the probability of the alternative hypothesis that the VRNQ
total score for the final version is greater than the VRNQ total
score for the alpha version is 57,794 times greater (ie., BFjg =
57,974; see Table 5) than the probability of HO (i.e., not being
greater). Similarly, the probability of the alternative hypothesis
that the VRNQ total score for the final version is greater than
the VRNQ total score for the beta version is 855 times greater
(i.¢., BF1p = 855; see Table 5) than the probability of HO. Lastly,
the probability of the alternative hypothesis that the VRNQ total
score for the beta version is greater than the VRNQ total score
for the alpha version is 101 times greater (i.e., BFig = 101; see
Table 5) than the probability of H0. The remaining alternative
hypotheses for the comparisons between the versions of VR-EAL

TABLE 3 | Comparison of VRNQ scores between gamers and non-gamers.

VRNQ scores p-value BFio Error %
Total VRNQ p=08631 0.402 1.052e—4
User experience p=0289 0.546 0.001
Garmne mechanics p=0.459 0.429 2.003e—4
In-game assistance p=0841 0.374 0.030
VRISE p =0983 0.368 0.030

*BFio = 10; **BFig =30; **BF10 = 100; No significant differences observed.
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TABLE 4 | VRNQ scores for alpha, beta, and final version of VR-EAL

TABLE 5| Bayesian paired sample t-test results.

N Median Cut-off Maximum Alternative Hypothesis p-value BFyo Error %
{MAD}) score {H1)

Total VRNQ—alpha version 12 100 (6) =120 140 Total VRNQ—alpha < Total p < 0.001 101.651** ~2.226e-5

User experience —alpha 12 25(2) =30 35 VRNQ—beta

version Total VRNG-alpha < Total p < 0.001 B7974.267 ~ 9.361e-35

Garne rechanics —alpha 12 23.5(3.5) >80 35 VRNGHfinal

version Total VRNQ-beta < Total p < 0.001 855,603 ~ 1.506e-17

In-game assistance —alpha 12 24(3) =80 25 VRNGHfinal

wversion User experience-alpha < p < 0.001 21.221* ~ 9.876e—6

VRISE —alpha version 12 25.5(15) >80 35 User experience-beta

Total VRNQ—beta version 12 109.5 (2.5) =120 140 User experience-alpha < p < 0.001 681.518** ~ 8.429e-24

User experience —beta version 12 28 (1) =30 35 User experience-final

Garne mechanics —beta 1 201) =30 a5 User experience-beta < p < 0.001 17.697 ~2172e—4
User experience-final

version

I-gare assistance—beta 12 26 (1) =90 a5 Game mechanics-alpha < p < 0.001 47.214 ~1.820e—4
Game mechanics-beta

version

VRISE—beta version 12 26 (1) ~30 5 Game p <0001 487.798 ~ 2887619
rechanics-alpha<Games

Total VRNGQ—final version —all 25 128 (5) =120 140 rechanics-final

User experience —final 25 51(2) =50 L Garme mechanics-beta p < 0.001 17.262* ~ 228804

version —all <Game mechanics-final

Garme rechanics —final 25 82(2) =30 36 In-game assistance-alpha < p =009 1,095 ~ 94504

version —all In-game assistance-beta

In-game assistance —final 25 32(3) =30 35 In-game assistance-alpha p < 0001 204,329 ~1.110e-18

version —all <In-game assistance-final

VRISE —final version —all 25 33(1) =30 36 In-game assistance-beta < p < 0001 139,994 ~ 518885

Total VRNQ—final 12 129.5(5) =120 140 In-game assistance-final

version —gamers vrise-alpha < vrise-beta p=0111 0,988 ~0.001

User experience —final 12 32.5(1.8) =30 36 VRIS E-alpha <VRISE-final o < 0,001 1912808 ~ 3,6438-24

version —gamers VRISE-beta < VRISE-final b < 0,001 1277.335%  ~ 7.819e-21

Garne mechanics —final 12 32(1.8) =30 36

version —gamers *BFio = 10; *BFig =30; **BFio = 100; Apha, Alpha version of VR-EAL; Bela, Beta

In-garne assistance —final 12 325 (2) =30 35 version of VR-EAL; final, Final Version of VR-EAL.

version —gamers

VRISE—final version —gamers 12 33(1) =30 35

Total VANQ—final 13 128(4) =120 140 the VRNQ total score and all sub-scores. Though, the difference

version —non-gamers . .
between them was smaller in the game mechanics and user

User experience —final 18 3 z80 & experience sub-scores (see Table 5). Importantly, in the final

version —non-gamers . . "1

a o 9 il 5 . 5 - version of the VR-EAL, all users (N = 25) experienced mild (i.e.,

armne mechanics —final = . X ) .

version —non-gamers = five in VRNQ) to no VRISE (i.e., seven in VRNQ), while the vast

In-game assistancs —fnal 13 20) 230 5 majority (N = 2?) experienced very mild (ie., six in VRNQ) to

version —non-garers no VRISE (see Figure 8).

VRISE—final 13 33(2) =30 35

version —non-gamers

MAD, Median Absolute Deviation.

and their probabilities against the corresponding null hypotheses
are displayed in Table 5.

Moreover, the final version was substantially better than the
alpha version in terms of every sub-score and total score of the
VRNQ. The beta version was better than the alpha version in
terms of the VRNQ total score as well as the user experience and
game mechanics sub-scores. However, there was not a significant
difference between the VRNQ in terms of the VRISE or in-
game assistance sub-scores. Moreover, the final version was also
significantly improved compared to the beta version in terms of

DISCUSSION

The VR-EAL Versions

The present study attempted to develop a cost-effective VR
research/clinical software (i.e., VR-EAL) of a high enough quality
for implementation in cognitive studies and that does not
induce VRISE. The development included three versions of VR-
EAL (i.e., alpha, beta, and final) until the attainment of these
desired outcomes. The alpha version of VR-EAL revealed several
limitations. It had low frames per second (fps), which increased
the frequency and the intensity of VRISE. Also, the alpha version
did not include haptics during the interactions, and the in-game
assistance props were low in number. Lastly, the shaders of the
3D models were not converted to VR shaders (i.e., the function
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FIGURE 8 | VRISE in the final version of VR-EAL.

of the Lab renderer) and numercus game objects were defined
as non-static. As a result, the quality of the graphics was below
average, and the fps were substantially below 90 (ie., 70-80)
which is the lowest threshold for VR software targeting high-end
HMDs such as HTC Vive and Oculus Rift. However, the feedback
also confirmed thal several game mechanics and approaches (e.g.,
tutorials) were in the right direction, which was encouraging for
further VR-EAL development.

The principal improvements in the beta version of VR-
EAL were pertinent to the alpha version’s shortcomings. The
shaders for all the game objects were converted to VR shaders,
and several game objects, with which the user does not
interacl, were defined as slatic. The fps for the beta version
were above 90, though, there were various points where the
fps dropped for a couple of seconds. Although these [ps
drops were brief, their existence negatively affected the users
who reported moderate to intense VRISE. Nonetheless, the
bela version provided haplic and visnal {(ie, highlighiers)
feedback to the users during the interactions, which further
improved the quality of the game mechanics. In addilion,
the number of in-game aids was dramatically increased (e.g.,
more signs, labels, and directional arrows) and the duration
of the tutorials was substantially prolonged (i.e., the inclusion
of more explicit descriptions), which improved the quality of
the users” experience. Ilowever, while the beta version was an
improvement, it still failed to meet the parsimonious cut-offs of
the VRNQ.
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In the final version of VR-EAL, further improvements
were conducted. The programming scripts of VR-EAL were
re-assessed and correspondingly refined. Various chunks of
code were expressed more compactly. Tor example, part of
the code which had several Boolean values andfor float
numbers were replaced by evenls and delegales (ie, lhe
features of object-oriented programming languages like C#
that have substantially lower costs toward the performance
of the softwarc). Furthermore, the lightmapping of the 3D
environments of scenes was upgraded by calculating high-
resolution lightmaps instead of the medium resolution used in
previous versions of VR-EAL. Redundant shadows were also
deactivaled 1o improve the performance of VR-EAL withoul
degrading the quality of the graphics.

Moreover, major parls of (he 3D environmenls were
baked together (i.e, merged) through the implementation of
MeshBaker’s predominant functions to significantly reduce the
draw-calls of VR-LAL. Interestingly, the resull was a stable
number of fps during gameplay. Specifically, the final version
of VR-FAL has 120-140 {ps during gameplay. Laslly, there was
an improvement and enrichment of in-game assistance. In the
tutorials, video screens and videos were added, which show the
user how to use the controllers and perform cach task. This
visual and procedural demonstration allowed users to learn the
respective controls and task (rials faster and more effectively.
"This audio-visual demonstration using videos is feasible in VR
since il can inlegrale (he benefils of all mediums (e.g, video,
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audio, audio-visual). Furthermore, in the storyline scenes, where
the user performs the actual tasks, several visual aids were
added to provide additional guidance and alleviate confusion (see
Figures 3, 6).

Our results demonstrated that the VRNQ total and sub-
scores exceeded the parsimonious cut-offs of the VRNQ for the
final VR-EAL version. The improvements pertinent to graphics
substantially increased the quality of the user experience, while
they almost eradicated VRISE (see Figure 8). This substantial
decrease of VRISE also highlights the importance of fps in VR.
A developer should use the Unity profiler to check whether the
VR software has a steady number of fps during gameplay, which
the HMD requires. Also, the final version of VR-EAL appeared
to have better in-game assistance and game mechanics. However,
there was not any upgrade pertinent to the game mechanics.
The increase in the evaluation of the game mechanics probably
resulted due to the addition and improvement of in-game aids in
both tutorial and storyline scenes. This finding also supports that
in-game assistance has a paramount role in VR software. This
is especially the case when the software is developed for clinical
or research purposes, where the users could be either gamers or
non-gamers. The quality of the tutorials and in-game aids should
be cautiously designed to ensure the usability of the VR research
software. To sum up, the final version of VR-EAL seems to
deliver a pleasant testing experience and without the presence of
significant VRISE.

VR Software Development in Cognitive

Sciences

The current study demonstrated the procedure for the
development of immersive VR research/clinical software (ie.,
VR-EAL) with strong placement and plausibility illusions, which
are necessary for collecting genuine responses (ie., ecological
valid) from users (Slater, 2009; Slater et al., 2010; Maister et al.,
2015; Pan and Hamilton, 2018). The implementation of good
quality 3D models (e.g., objects, buildings, and artificial humans)
in conjunction with optimization tools (e.g., Lab Renderer and
MeshBaker) facilitated an analogous placement illusion. Also,
VR-EAL incorporates naturalistic and ergonomic interactions
with the VE facilitated by the VR hardware (e.g., HTC Vive and
6 DoF controllers), SDKs (e.g., SteamVR and VRTK), and Unity
assets pertinent to spatialized audio (e.g., Steam Audio) and
artificial characters’ animations (e.g., Salsa3D). These naturalistic
and ergonomic interactions with the VE are capable of inducing
a robust plausibility illusion.

Furthermore, a predominant concern for the implementation
of VR in cognitive sciences is the presence of VRISE (Bohil et al.,
2011; de Franga and Soares, 2017; Palmisano et al., 2017), which
may compromise health and safety standards (Parsons et al,
2018), as well as the reliability of cognitive (Nalivaiko et al., 2015),
physiological (Nalivaiko et al., 2015), and neuroimaging data
(Arafat et al., 2018; Gavgani et al., 2018). Equally, the high cost
of VR software development may additionally deter the adoption
of VR as a research tool in cognitive sciences (Slater, 2018).
However, the development of VR-EAL provides evidence that the

obstacles above can be surpassed to implement VR software in
cognitive sciences effectively.

The users of the final version of VR-EAL reported mild to
no VRISE, with the average value in the VRISE sub-score being
very mild to no VRISE. Importantly, these reports were offered
by the users after spending around 60 min uninterrupted in VR.
Typically, VRISE are intensified in longer VR sessions (Sharples
etal., 2008). However, the utilization of the parsimonious cut-offs
from the VRNQ guaranteed the significant alleviation of VRISE,
which was also supported by the users’ reports. Notably, the
results of this study are in line with our previous work (Kourtesis
et al., 2019b), where the gaming experience (i.e., gamer or non-
gamer) did not affect the responses on the VRNQ. Also, the
results support that the gaming experience does not affect the
presence or intensity of VRISE in software of adequate quality.
Therefore, VR software with technical features similarto VR-EAL
would be suitable for implementation in cognitive sciences.

Cognitive scientists already implement computational
approaches to investigate cognitive functions at the neuronal and
cellular level (Sejnowski et al., 1988; Farrell and Lewandowsky,
2010; Kriegeskorte and Douglas, 2018), develop computerized
neuropsychological tasks compatible with neuroimaging
techniques (Peirce, 2007, 2009; Mathét et al., 2012), as well as
conducting flexible statistical analyses and creating high-quality
graphics and simulations (Culpepper and Aguinis, 20115 Revelle,
2011; Stevens, 2017). The development of VR-EAL was achieved
by using C# and Unity packages (ie., SteamVR SDK, VRTK,
Lab renderer, MeshBaker, Salsa3D, RandomEyes3D, 3D models,
3D environments, and 3D characters) on the Unity game
engine, which is a user-friendly IDE equivalent to OpenSesame,
PsychoPy, and MATLAB.

The majority of these Unity packages are cost-free, while the
remainder are relatively low-cost, and could be used in future VR
software development. Also, the acquisition of VR development
skills by cognitive scientists with a background in either
psychology or computers science can be realized in a moderately
short period. Although, collaboration with a psychologist who
has the required knowledge and clinical experience is crucial
for a computer scientist with VR skills. Likewise, psychologists
should either collaborate with a computer scientist with VR
expertise or acquire VR development skills themselves. For the
acquisition of VR skills by a computer scientist or a psychologist,
there are online and on-campus interdisciplinary modules
(e.g., Unity tutorials and documentation, game development
courses, programming workshops, and specializations in VR)
which further support the feasibility of acquiring the necessary
skills. However, training cognitive scientists in VR software
development should be prioritized for institutions which
aspire to implement VR technologies in their studies. To
summarize, this study demonstrated that the development
of usable VR research software by a cognitive scientist
is viable.

Limitations and Future Studies

This study, however, has some limitations. The implementation
of novel technologies may result in more positive responses
toward them (Wells et al, 2010). A future replication
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of the current results would elucidate this issue. Also,
the study did not provide validation of VR-EAL as a
neuropsychological tool. Future work will consider validating the
VR-EAL against traditional paper-and-pencil and computerized
tests of prospective memory, executive function, episodic
memory, and attentional processes. A future validation study
should also include a larger and more diverse population
than the sample in this study. Regarding the quality of VR-
EAL, it is not able to induce a strong embodiment illusion.
The future version of the VR-EAL should include a VR
avatar that corresponds to the user'’s movements and actions.
Also, the integration of better 3D models, environments, and
characters may be beneficial, which will additionally improve the
quality of placement illusion and the user’s experience. Finally,
since VR-EAL is ultimately intended for implementation in
cognitive neuroscience and neuropsychology, the future version
of VR-EAL should include compatibility with eye-tracking
measurements and neuroimaging techniques (e.g., event-related
potentials measured by electroencephalography).

Conclusion

This study provided guidelines for the development of immersive
VR research software that can be implemented in cognitive
sciences to improve the ecological validity of the cognitive
tasks and automate the administration and scoring of the
neuropsychological assessment. The results substantially support
the feasibility of the development of low-cost and effective
immersive VR software without the presence of VRISE during
a 60min VR session by cognitive scientists who have skills in
VR software development. Technologically competent cognitive
scientists are able to develop cost-effective immersive VR
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This chapter provided guidelines for the development of immersive VR software for
implantation in cognitive neuroscience and neuropsychology. Also, this chapter
demonstrated how the VRNQ may be used for the assessment of the VR software
features and the intensity of VRISE. Importantly, Chapter 4 showed that the VR-
EAL provides an adequate level of immersion, a pleasant testing experience, and it
does not induce intense VRISE. However, the psychometric properties of the VR-
EAL were not explored in this chapter. Hence, the validity and reliability of VR-

EAL should be investigated.
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Chapter 5: Validation of the Virtual Reality Everyday
Assessment Lab (VR-EAL): An Immersive Virtual Reality

Neuropsychological Battery with Enhanced Ecological Validity

Chapter 4 showed that VR-EAL is an innocuous immersive VR software regarding
VRISE intensity, as well as that the VR-EAL offers a deep immersion and a pleasant
testing experience. However, the psychometric properties were not examined. In
Chapter 5, the construct, content, and ecological validity will be investigated, as well
as its internal reliability. Furthermore, a comparison in terms of pleasantness,
administration time, and similarity to the everyday life tasks between the VR-EAL
and an extensive paper-and-pencil neuropsychological battery will be conducted in
order the advantages of the VR-EAL and using immersive VR technologies to be

scrutinised.

This chapter has been accepted for publication by the Journal of the International
Neuropsychological Society: Kourtesis, P., Collina, S., Doumas, L. A., &
MacPherson, S. E. (2020). Validation of the Virtual Reality Everyday Assessment
Lab (VR-EAL): An immersive virtual reality neuropsychological battery with
enhanced ecological validity. Journal of the International Neuropsychological

Society, in press
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Abstract

Objective: The assessment of cognitive functions such as prospective memory,
episodic memory, attention, and executive functions benefits from an ecologically
valid approach to better understand how performance outcomes generalize to everyday
life. Immersive virtual reality (VR) is considered capable of simulating real-life
situations to enhance ecological validity. The present study attempted to validate the
Virtual Reality Everyday Assessment Lab (VR-EAL), an immersive VR
neuropsychological battery, against an extensive paper-and-pencil neuropsychological
battery.

Methods: Forty-one participants (21 females) were recruited: 18 gamers and 23 non-
gamers who attended both an immersive VR and a paper-and-pencil testing session.
Bayesian Pearson correlation analyses were conducted to assess construct and
convergent validity of the VR-EAL. Bayesian t-tests were performed to compare VR
and paper-and-pencil testing in terms of administration time, similarity to real life tasks
(i.e., ecological validity), and pleasantness.

Results: VR-EAL scores were significantly correlated with their equivalent scores on
the paper-and-pencil tests. The participants’ reports indicated that the VR-EAL tasks
were significantly more ecologically valid and pleasant than the paper-and-pencil
neuropsychological battery. The VR-EAL battery also had a shorter administration
time.

Conclusion: The VR-EAL appears as an effective neuropsychological tool for the
assessment of everyday cognitive functions, which has enhanced ecological validity,

a highly pleasant testing experience, and does not induce cybersickness.
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Introduction

The ability to perform activities in everyday life is dependent upon cognitive
abilities such as attention, episodic memory, executive abilities and prospective
memory (Mlinac & Feng, 2016). The neuropsychological assessment of these
cognitive abilities benefits from an ecologically valid approach to better understand
the quality of an individual’s everyday functioning (Chaytor & Schmitter-Edgecombe,
2003). Ecological validity increases the probability that an individual’s cognitive
performance will replicate how they will respond in real-life situations (Bailey, Henry,
Rendell, Phillips, & Kliegel, 2010; Burgess et al., 2006; Chaytor & Schmitter-
Edgecombe, 2003).

Verisimilitude and veridicality are the two predominant approaches for
achieving the ecological validity of neuropsychological tests (Franzen & Wilhelm,
1996; Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006).
Verisimilitude refers to the level of resemblance to the complexity and cognitive
demands of everyday tasks by the neuropsychological tests (Franzen & Wilhelm,
1996; Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006).
Veridicality refers to the strength of the relationship between the outcomes of
neuropsychological tests and everyday functioning measures (e.g., questionnaires
pertinent to everyday functioning and independence; Franzen & Wilhelm, 1996;
Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). While both
verisimilitude and veridicality approaches have their merits, the literature suggests that
the verisimilitude approach may be better predictors of real-world memory and
attention (Higginson, Arnett, & Voss, 2000), executive functioning (e.g., multi-

tasking, planning and mental flexibility; Burgess, Alderman, Evans, Emslie, &
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Wilson, 1998) and prospective memory abilities (e.g., remembering to initiate a
planned action in the future; Haines et al., 2019; Phillips, Henry, & Martin, 2012) than
the veridicality approach. (Chaytor & Schmitter-Edgecombe, 2003; Spooner &
Pachana, 2006).

Several laboratory-based test batteries that simulate real life tasks exist in the
neuropsychological literature including those assessing attention (e.g., Test of
Everyday Attention, TEA; Robertson, Ward, Ridgeway, & Nimmo-Smith, 1996),
memory (e.g., Rivermead Behavioral Memory Test-III, RBMT-III; Wilson,
Cockburn, & Baddeley, 2008), executive abilities (e.g., Behavioral Assessment of
Dysexecutive Syndrome, BADS; Wilson, Alderman, Burgess, Emslie, & Evans, 1997)
and prospective memory (e.g., Cambridge Prospective Memory Test, CAMPROMPT;
Wilson, 2005). Yet, such neuropsychological test batteries tend to incorporate simple,
static stimuli within a highly controlled environment and do not fully resemble the
complexity of real-life situations (Parsons, 2015; Rand, Rukan, Weiss, & Katz, 2009).
Attempts to provide better assessments of everyday abilities have involved
assessments in real-life settings such as performing errands in a shopping center or a
pedestrianized street (e.g., Garden, Phillips, & MacPherson, 2001; Shallice & Burgess,
1991). However, these cannot be standardized for use in other clinics or laboratories,
they may not be feasible for some individuals in challenging populations (e.g.,
psychiatric patients, stroke patients with paresis or paralysis), they are time-consuming
and expensive, they require participant transport and consent from local businesses
and they lack experimental control over the external situation (e.g., Elkind, Rubin,
Rosenthal, Skoff, & Prather, 2001; Logie, Trawley, & Law, 2011; Parsons, 2015; Rand

et al.,2009).
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The use of technology such as video recordings of real-world locations and
non-immersive virtual environments (Farrimond, Knight, & Titov, 2006; McGeorge
et al., 2001; Paraskevaides et al., 2010) have also been considered to simulate real-life
situations. Non-immersive virtual reality (VR) tests such as the Edinburgh Virtual
Errands Test (EVET; Logie et al., 2011), the Jansari Assessment of Executive
Function (Jansari ef al., 2014), the Virtual Multiple Errands Test (VMET) within the
Virtual Mall (VMall; Rand et al., 2009) and the Virtual Reality Shopping Task (Canty
et al., 2014) attempt to simulate real-life tasks and are considered more cost-effective,
require less administration time, have greater experimental control and can be easily
be adapted for other clinical or research settings (Parsons, McMahan, & Kane, 2018;
Werner & Korczyn, 2012; Zygouris & Tsolaki, 2015). Non-immersive VR tests can
also offer automated scoring and standardized administration, enabling clinicians and
researchers to administer these tests with only limited training. Finally, some non-
immersive VR tests also offer shorter versions of the test that focus on the assessment
of specific cognitive functions (Parsons et al., 2018; Werner & Korczyn, 2012;
Zygouris & Tsolaki, 2015).

However, the user interface and procedure of non-immersive VR tests can be
challenging for individuals without gaming backgrounds (Parsons ef al., 2018; Zaidi,
Duthie, Carr, & Maksoud, 2018), especially for older adults and clinical populations
such as individuals with mild cognitive impairment or Alzheimer’s disease (Werner &
Korczyn, 2012; Zygouris & Tsolaki, 2015). Immersive VR tests, which share the same
advantages as non-immersive ones, may overcome these challenges (Rizzo,
Schultheis, Kerns, & Mateer, 2004; Bohil, Alicea, & Biocca, 2011; Parsons, 2015; Teo

et al., 2016). In addition, individuals without gaming experience have been found to
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perform better in immersive VR environments due to the first-person perspective and
ergonomic/naturalistic interactions that are proximal to real-life actions (Zaidi et al.,
2018). Also, while VR tests have in the past resulted in VR-induced symptoms and
effects (VRISE) such as nausea, dizziness, disorientation, fatigue, or instability (Bohil
et al., 2011; de Franca & Soares, 2017; Palmisano, Mursic, & Kim, 2017), which
compromise neuropsychological (Mittelstaedt, Wacker, & Stelling, 2018; Nalivaiko,
Davis, Blackmore, Vakulin, & Nesbitt, 2015; Nesbitt, Davis, Blackmore, & Nalivaiko,
2017) and neuroimaging data (Arafat, Ferdous, & Quarles, 2018; Gavgani et al., 2018;
Toschi et al., 2017), certain contemporary VR head-mounted displays (HMDs) and
VR software with naturalistic and ergonomic interactions and navigation within the
virtual environment reduce or show no symptoms of VRISE (see Kourtesis, Collina,
Doumas, & MacPherson, 2019a). Lastly, immersive VR has been found to provide
deeper immersion in the virtual environment than non-immersive VR; deeper
immersion has been found to induce substantially less adverse VRISE (Kourtesis,
Collina, Doumas, & MacPherson, 2019b; Weech, Kenny, & Barnett-Cowan, 2019).
We recently developed the Virtual Reality Everyday Assessment Lab (VR-
EAL) to create an immersive virtual environment that simulates everyday tasks
proximal to real-life to assess prospective memory, episodic memory (immediate and
delayed recognition), executive functions (i.e., multitasking and planning) and
selective visual, visuospatial and auditory attention (Kourtesis, Korre, Collina,
Doumas, & MacPherson, 2020). In the VR-EAL, individuals are exposed to alternating
tutorials (practice trials) and storyline tasks (assessments) to allow them to become
familiarized with both the immersive VR technology and the specific controls and

procedures of each VR-EAL task. Moreover, VR-EAL offers also a shorter version
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(i.e., scenario) where only episodic memory, executive function, selective visual
attention, and selective visuospatial attention are assessed. Also, the examiner can opt
to simply assess a specific cognitive function, where the examinee will go through the
generic tutorial, the specific tutorial for this task, and the storyline task that assess the

chosen cognitive function (e.g., selective visual attention).

VR-EAL endeavors to be the first immersive VR neuropsychological battery
of everyday cognitive functions. Our previous work has shown that the VR-EAL does
not induce VRISE (Kourtesis et al., 2020). However, we have yet to demonstrate the
validity of the VR-EAL as a neuropsychological tool. In the current study, the full
version of the VR-EAL was administered to participants and compared with existing
paper-and-pencil neuropsychological tests to assess the construct validity of the VR-
EAL. We also aimed to replicate our previous findings that the VR-EAL does not
induce VRISE, using the virtual reality neuroscience questionnaire (VRNQ); Kourtesis
et al., 2019b). Finally, comparisons between the VR-EAL and neuropsychological
paper-and-pencil tests were conducted in terms of verisimilitude (i.e., ecological

validity), pleasantness, and administration time.

Methods

Participants

Participants were recruited via social media and the internal mailing list of the
University of Edinburgh. Forty-one participants (21 females) aged between 18 and 45
years (M = 29.15, SD = 5.80) were recruited: 18 considered themselves to be gamers
(7 females) and 23 (14 females) considered themselves to be non-gamers. The mean

education of the group was 13.80 years (SD = 2.36, range = 10-16). The study was
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approved by the Philosophy, Psychology and Language Sciences Research Ethics
Committee of the University of Edinburgh. Written informed consent was obtained
from each participant. All participants received verbal and written instructions
regarding the procedures, possible adverse effects of immersive VR (e.g., VRISE),

utilization of the data, and general aims of the study.

Materials

Hardware. An HTC Vive HMD with two lighthouse stations for motion
tracking and two HTC Vive wands with six degrees of freedom (6DoF) for navigation
and interactions within the virtual environment were implemented in accordance with
our previously published technological recommendations for immersive VR research
(Kourtesis et al., 2019a). The spatialized (bi-aural) audio was facilitated by a pair of
Senhai Kotion Each G9000 headphones. The size of the VR area was 5m? which
facilitates an adequate space for immersion and naturalistic interaction within virtual
environments (Borrego, Latorre, Alcafiz, & Llorens, 2018). The HMD was connected
to a laptop with an Intel Core 17 7700HQ 2.80GHz processor, 16 GB RAM, a 4095MB
NVIDIA GeForce GTX 1070 graphics card, a 931 GB TOSHIBA MQO1ABD100
(SATA) hard disk, and Realtek High Definition Audio.

VR-EAL. VR-EAL attempts to assess everyday cognitive functioning by
assessing prospective memory, episodic memory (i.e., immediate and delayed
recognition), executive functioning (i.e., planning, multitasking) and selective visual,
visuospatial and auditory (bi-aural) attention within a realistic immersive VR scenario
lasting around 60 minutes (Kourtesis et al., 2020). See Table 1 and Figures 1 and 2 for

a summary of the VR-EAL tasks assessing each cognitive ability. See Table 2 for the
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description of the VR-EAL tasks and Table 3 for the administration procedures and
scoring of the VR-EAL tasks. For a full description of the VR-EAL’s scenarios, tasks,

and scoring, see Kourtesis et al. (2020). Also, a brief video recording of the VR-EAL

may be

accessed at this hyperlink:

https://www.youtube.com/watch?v=IHEIvS37Xvy8&t=.

Table 1. VR-EAL tasks and score ranges

Scene Cognitive Function Task Score
Ranges
3 Prospective memory Write down the notes for the errands. 0-6
3 Immediate recognition Recognising items on the shopping list. 0-20
3 Planning Drawing the route to be taken. 0-19
6 Multitasking Cooking task (preparing breakfast). 0-16
6 Prospective memory — event based Take medication after breakfast. 0-6
8 Selective visuospatial attention Collect items from the living room. 0-20
8 Prospective memory — event based Take the chocolate pie out of the oven. 0-6
10 Prospective memory — time based Call Rose at 10 am. 0-6
12 Selective visual attention Find posters on both sides of the road. 0-16
14 Delayed recognition Recognising items from the shopping list. 0-20
15 Prospective memory — time based ~ Collect the carrot cake from the bakery at 12pm. 0—6
16 Prospective memory — event based False prompt before going to the library. -6-0
17 Prospective memory — event based Return the red book to the library. 0-6
19 Selective auditory attention Detect sounds from both sides of the road. 0-32
20 Prospective memory — time based False prompt before going back home. -6-0
21 Prospective memory — event based ~ Back home, give the extra pair of keys to Alex. 0-6
22 Prospective memory — time based Take the medication at 1pm. 0-6

*The tasks are presented in the same order as they are performed within the scenario.
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Table 2. VR-EAL tasks’ description

Cognitive Description

Function

Episodic Both immediate and delayed episodic memory are assessed. Firstly, the participant

memory needs to memorize a shopping list which is presented audio-visually. Immediately after
the presentation of the list, the participant is presented with 30 items and should
visually recognize and select the 10 items from the shopping list (immediate
recognition). Participants are then expected to choose the items from the list when they
arrive at the supermarket approximately 20 minutes later (delayed recognition).

Executive Planning ability is assessed by asking the participant to draw his or her route around the

Function: city (e.g., visiting the bakery, supermarket, library, and returning home) on a 3D

Planning interactive board.

Executive Multitasking is examined using a cooking task, where the participant should prepare

Function: and serve his or her breakfast (e.g., sausages, omelet, and a cup of tea/coffee) and place

Multitasking a chocolate pie in the oven.

Prospective ~ Comparable to the CAMPROMPT, VR-EAL considers both event-based and time-

Memory based prospective memory tasks. In the event-based tasks, the participant should
remember to perform a prospective memory action when a particular event occurs (e.g.,
take medicines after breakfast). In the time-based tasks, the examinee should remember
to perform a planned action at a specific time (e.g., call Rose at 12 pm).

Visuospatial Visuospatial attention is assessed by asking the participant to find and collect 6 specific

Attention items (i.e., a mobile phone, a £50 note, a library card, the flat keys, a red book, and car
keys) in the living-room. A reminder of these items remains on the wall (i.e., the items
are displayed as 3D objects with labels). However, there are also distractors (i.e.,
magazines, books, a remote control, a notebook, a pencil, a chessboard, and a bottle of
wine) in the room.

Visual Visual attention is measured while the participant is seated as a passenger in a car next

Attention to a driver. The participant should identify all the targets (i.e., 16 posters of a radio
station) on both sides of the road, while s/he needs to avoid any distractors (i.e., 8
posters that are a different shape and 8 posters with a different background color).

Auditory Auditory attention is also examined while the participant is seated as a passenger next

Attention to a driver. The participant should detect all the target sounds (i.e., 16 bell sounds)

presented on both sides of the road, while avoiding the distractor sounds (i.e., 8 high
pitch bells, and 8 dongs).
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Table 3. VR-EAL task administration and scoring

Task

Scoring

Episodic
memory

Planning

Multitasking

Prospective
Memory

Visuospatial
Attention

Visual
Attention

Auditory
Attention

The user should choose the ten target items (i.e., create the shopping list) from an
extensive array of items, which also contains five qualitative distractors (e.g., semi-
skimmed milk versus skimmed milk), five quantitative distractors (e.g., 1 kg potatoes
versus 2 kg potatoes), and ten false items (e.g., bread, bananas etc.). The user gains 2
points for each correctly chosen item, 1 point for choosing a qualitative or quantitative
distractor, and O points for the false items. Scores range from 0 to 20.

The road system comprises 23 street units. When the user selects a unit, 1 point is
awarded. The ideal route to visit all three destinations is 15 units; hence, any extra or
missing units are subtracted from the total possible score of 15. Up to 4 more points are
awarded for the time taken to complete the task. Scores range from 0 to 19.

Scoring relies on the animations from each game object (i.e., the omelet and the
sausages). At the beginning of the animation, both items have a reddish (raw) color
which gradually turns to either a yellowish (omelet) or brownish (sausages) color, and
finally both turn to black (burnt). The score for each pan hence depends on the time that
the user removes the pans from the stove and places them on the kitchen worktop.
Equally, the score for boiling the kettle is measured in relation to the stage of the audio
playback (e.g., the kettle whistles when the water is ready) that the kettle is placed on
the kitchen worktop. Scores range from 0 to 16.

Example: At the end of a scene, the user should press a button to confirm that all the
tasks in the scene are completed. If the user has already taken his/her medication (i.e.,
prospective memory task) before pressing the final button, then the scene ends, and the
user receives 6 points. Otherwise, the first prompt appears (i.e., “You Have to Do
Something Else”). If the user then follows the prompt and takes their medication, they
receive 4 points. If the user presses the final button again, then the second prompt
appears (i.e., “You Have to Do Something After Having your Breakfast”). If the user
follows this prompt and takes their medication, they receive 2 points. If the user presses
the final button again, then the third prompt appears (i.e., “You Have to Take Your
Meds”). If the user follows this prompt and takes their medication, they then receive 1
point. If the user represses the final button without ever taking their medication, they
get zero points, and the scene ends. Scores range from 0 to 6.

The user receives 2 point for each target item collected (6 target items). Also, up to 4
points are awarded for the speed of detecting the items. If the user attempts to collect
one of the distractors, it counts as an error. Up to 4 points are awarded for the accuracy
of detecting items. Scores range from 0 to 20.

The user is awarded 1 point when a target poster is “spotted” and subtracted 1 point
when a distractor poster is “spotted”. Scores range from 0 to 16.

Example: if the user presses the trigger on the right controller to detect a target sound
originating on the right side (i.e., controller and sound on the same side), then s/he gets
2 points. If the user presses the trigger on the right controller to detect a target sound
originating on the left side (i.e., controller on the opposite side), s/he gains only 1 point.
If the user responds to a distractor sound, irrelevant of its origin or the controller used
to respond, 1 point is deducted. Scores range from 0 to 32.

Note: For all measures, higher scores indicate better performance.
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Figure 1. VR-EAL Storyline: Scenes 3 - 12.
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Derived from Kourtesis et al., (2020b).
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Figure 2. VR-EAL Storyline: Scenes 14 —22

Scene 14 Scene 14
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Scene 15 Scene 17

Tablet Book Ice-cream Hor

Carrot Cake  Car Keys Phone i
Scene 19 Scene 19

Scene 20 Scene 22

You forgot
to do
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Scene 22 Scene 22

Derived from Kourtesis et al., (2020b).
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Paper-and-Pencil Tests. Established ecologically valid paper-and-pencil test batteries
in terms of both verisimilitude and veridicality were selected to match the equivalent
VR-EAL tasks and examine their ecological and construct wvalidity (i.e.,
CAMPROMPT, RBMT-III, BADS and TEA). Two additional neuropsychological
tests that are ecologically valid in terms of only veridicality were also included to
assess the validity of the VR-EAL’s visuospatial attention and multitasking tasks.
Tests of visuospatial attention and multitasking that are ecologically valid both in
terms of verisimilitude and veridicality are not available in the literature.

Prospective Memory. The CAMPROMPT was administered to evaluate
prospective memory using six prospective memory tasks (Wilson, 2005). Three tasks
are event-based, and three are time-based. The participant is required to perform
several distractor tasks (e.g., word-finder puzzles and general knowledge quizzes and
questions) for 20 minutes, as well as remember to perform the prospective memory
tasks (e.g., when the participant faces a question which includes the word
“EastEnders”, s/he needs to give a book to the examiner). The utilization of reminding
strategies (e.g., taking notes) is permitted to aid the participant to remember when and
how to perform the prospective memory tasks. The CAMPROMPT provides three
scores: a total score (out of 36), an event-based score (out of 18), and a time-based
score (out of 18).

Episodic Memory. Two subtests from the RBMT-III (Wilson et al., 2008) were
administered to assess episodic memory. The recall tasks were opted since they offer
two scores (immediate recall, delayed recall), while the recognition tasks provide a
score only for delayed recognition. The immediate and delayed story recall tasks were

used to match the VR-EAL’s immediate and delayed recognition tasks. The participant
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listens to a story from a newspaper read aloud by the examiner. The participant should
recall the story immediately (immediate recall out of 21) and after approximately 20
minutes (delayed recall out of 21).

Executive Function: Planning. The Key Search task from the BADS (Wilson
et al., 1997) was utilized as a test of planning (Wilson, Evans, Emslie, Alderman, &
Burgess, 1998). While the Key Search task assesses planning ability, it also involves
other aspects of executive function (e.g., problem-solving, and monitoring of behavior;
Wilson et al., 1998). The participant should draw his or her route to find lost keys in a
field. The quality of the route (e.g., whether it covers the whole field) and the time
taken to draw it are considered in the scoring (max score = 16).

Executive functioning. The Color Trails Test (CTT; D’Elia, Satz, Uchiyama, &
White, 1996) was administered to assess processing speed and executive functioning.
CTT is a non-alphabetical adaptation (i.e., colors and numbers) of the Trail Making
Test (Reitan, & Wolfson, 1993). CTT has two tasks (i.e., CTT-1 and CTT-2), where
the participant must draw a line to connect consecutive numbers. In CTT-1, the
numbers in the sequence are in a single color. Comparable to the TMT-A, CTT-1
assesses processing speed. In CCT-2, the numbers are displayed in two colors and the
examinee alternates between the two colors for each number in the sequence.
Comparable to the TMT-B, CTT-2 assesses task-switching, as well as inhibition and
visual attention (D’Elia et al., 1996). The CTT was chosen to assess the validity of the
VR-EAL’s multitasking task, and these aspects of executive functioning have been
found central in everyday multitasking (Logie ef al., 2011). Furthermore, the time to

complete in seconds is taken as the score for CTT-1 and CTT-2, and the difference
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between the two scores (i.e., CTT-2 minus CTT-1) is considered an index of executive
function.

Selective visual attention. The Ruff 2 and 7 Selective Attention Test (RSAT;
Ruff, Niemann, Allen, Farrow, & Wylie, 1992) was used to assess selective visual
attention. The participant is asked to identify target numbers (i.e., 2s and 7s) and ignore
the distractors (either numbers or letters) in the block. The examinee is required to
implement two different strategies for each type of block; an automatic selection of 2s
and 7s for the blocks with letter-distractors, and a controlled detection of 2s and 7s for
the blocks with number-distractors. The RSAT produces two scores: a detection speed
score (out of 80) and a detection accuracy score (out of 59). The scores consider the
number of detected 2s and 7s, as well as, the number of misses and errors. The RSAT
was opted to match the VR-EAL selective visuospatial attention task because it
requires different scanning strategies, shifting of attention to another block, and
considers the number of misses and mistakes.

Selective visual attention. The Map task from the TEA (Robertson et al., 1994)
was administered to assess selective visual attention (i.e., the ability to detect visual
targets, while disregarding similar visual distractors). The participant should find as
many as possible restaurant symbols (version A) or gas station symbols (version B) on
amap of Philadelphia (USA) within two minutes. The total score out of 80 corresponds
to the number of symbols detected overall, while one subscore corresponds to the
number of symbols found in the first minute, and the other subscore refers to the
number of symbols detected in the second minute.

Selective auditory attention. The Elevator Counting with Distraction task of

the TEA (Robertson et al., 1994) was administered, which measures auditory selective
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attention (i.e., the ability to select target sounds, while ignoring competitive auditory

distractors). In each trial, the participant listens to different sounds (beeps), where s/he

needs to count the number of normal pitched beeps (i.¢., targets) and disregard the high

pitched and low-pitched beeps (i.e., distractors). The total score is the number of

correct responses across the 10 trials (max score = 10).

Questionnaires. Questionnaires were administered to examine the VR software

quality and VRISE, gaming experience of the participants, as well as the verisimilitude

and pleasantness of the tests. See Table 4 for a description of the questionnaires.

Table 4. Questionnaires’ administration and scoring

Evaluation’s Administration and Scoring

Target

VR software =~ The VRNQ was administered to assess the quality of the VR-EAL and the intensity of
quality and VRISE. The VRNQ is a 1-7 Likert scale questionnaire comprising 20 questions in
VRISE. total; 5 questions are pertinent to each of the 4 domains (i.e., user experience, game

Gaming and
VR
experience

Verisimilitude
and
pleasantness

mechanics, in-game assistance and VRISE) (Kourtesis et al., 2019b). The assessed
VRISE are nausea, dizziness, disorientation, fatigue, and instability. VRNQ produces
a total score out of 140 and a subscore out of 35 for each domain. The parsimonious
cut-offs of VRNQ were used to assess the suitability of VR-EAL (Kourtesis et al.,
2020).

A survey questionnaire was administered to evaluate the gaming and VR experience
of the participants (see Supplementary Material — Figure 1). The questionnaire (Likert
scale 1-7) contains two questions regarding the weekly frequency of game playing
and VR technology use, and two questions pertinent to the ability to play games and
VR technologies use.

A comparison questionnaire (two versions, i.e., VR and paper-and-pencil) was
administered to examine the participants’ views on the pleasantness and ecological
validity of the tests performed (see Supplementary Material — Figures 2 and 3). There
were two separate versions of the comparison questionnaire with a Likert scale
ranging from 1 to 7. There was one version for the VR-EAL tasks (see Supplementary
Material — Figure 2), and another for the paper-and-pencil tests (see Supplementary
Material — Figure 3). Both versions had the same two questions referring to the level
of enjoyment (e.g., 1-highly unpleasant, 7-highly pleasant) and verisimilitude (e.g., 1-
totally different from the tasks in daily life, 7-nearly identical to the tasks in daily life)
of the tasks. For each version of the questionnaire, the maximum score was 14.
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Procedure

Participants individually attended both the VR session and the paper-and-
pencil session; the order was pseudorandomized across participants. In the VR session,
participants participated in an induction session to introduce them to the HMD and
controllers (i.e., HTC Vive and 6DoF wands-controllers) prior to immersion. After
completion of VR-EAL, participants completed the VRNQ and the VR versions of the
comparison questionnaire (i.e., to assess pleasantness and verisimilitude). During the
paper-and-pencil session, participants completed the paper-and-pencil comparison
questionnaires (i.e., pleasantness and verisimilitude) after each test. The duration of

each session was timed using a stopwatch.

Statistical Analyses

A reliability analysis for the VR-EAL was conducted calculating Cronbach’s
alpha to inspect the internal consistency and reliability of the VR-EAL. A threshold of
0.70-1.00 for Cronbach’s alpha was used, which indicates good (i.e., 0.70) to excellent
(i.e., 1.00) internal consistency and reliability (Nunally & Bernstein, 1994).

The Bayesian factor (BF10) was used for assessing statistical inference. The
BFo threshold > 10 was set for statistical inference in all analyses, which indicates
strong evidence in favor of the H1 (Marsman & Wagenmakers, 2017; Rouder &
Morey, 2012; Wetzels & Wagenmakers, 2012) and corresponds to a p-value < 0.01
(e.g., BFi0 = 10) (Bland, 2015; Cox & Donnelly, 2011; Held & Ott, 2018). BFo is
considered substantially more parsimonious than the p-value in evaluating the
evidence against the HO (Bland, 2015; Cox & Donnelly, 2011; Held & Ott, 2018),

especially when evaluating the evidence of H1 against HO in small sample sizes (Held
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& Ott, 2018), as in the present study. Notably, BF o allows evidence in either direction
(i.e., towards H1 and HO), and its measurement of evidence is insensitive to the
stopping rule, which substantially mitigates the issue of multiple comparisons and
generates reliable and more generalizable results (Dienes, 2016; Marsman &
Wagenmakers, 2017; Wagenmakers et al., 2018).

Bayesian Pearson correlational analyses were conducted to examine
associations between age, years of education, VR experience, gaming experience, and
performance on the VR-EAL and paper-and-pencil tasks. Similarly, Bayesian Pearson
correlational analyses were performed to assess construct validity for the entire VR-
EAL and convergent validity between the VR-EAL tasks and the paper-and-pencil
tasks. Furthermore, Bayesian paired samples t-tests were performed to investigate the
differences between VR-EAL and paper-and-pencil tests in terms of verisimilitude,
pleasantness, and administration time. Finally, a post hoc analyses for the achieved
statistical power of the Bayesian Pearson’s correlations and Bayesian paired samples
t-tests were performed using G*Power (Faul, Erdfelder, Lang, & Buchner, 2007; Faul,
Erdfelder, Buchner, & Lang, 2009). All Bayesian analyses were performed using

JASP (Version 0.8.1.2) (JASP Team, 2018).

Results
The descriptive statistics of the sample performing the VR-EAL, the paper-

and-pencil tests and questionnaires are displayed in Table 5.

Table 5. Descriptive statistics for the VR-EAL, paper-and-pencil tests and

questionnaires
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N Mean (SD) Range

Gaming Experience 41 6.12 (3.95) 2-13

VR Experience 41 3.29 (1.29) 2-6

Total Time VR-EAL (in minutes) 41 63.95 (7.88) 50-81
Total Time VR Session (in minutes) 41 73.95 (7.88) 60-91
Total Time Paper-Pencil Assessment (in minutes) 41 85.41(3.97) 76-92
CAMPROMPT - Total Score (max = 36) 41 30.83 (3.49) 24-36
VR-EAL — PM Total Score (max = 48) 41 35.78 (4.73) 24-46
CAMPROMPT - Event Based (max = 18) 41 16.39 (1.63) 12-18
VR-EAL - Total Event Based (max = 24) 41 18.15 (3.26) 8-24
CAMPROMPT - Time Based (max = 18) 41 14.44 (2.66) 10-18
VR-EAL - Time Based (max = 18) 41 11.63 (3.10) 6-18

RBMT - Immediate Recall (max = 21) 41 14.93 (2.24) 10-18
VR-EAL - Immediate Recognition (max = 20) 41 15.51 (1.98) 10-18
RBMT - Delayed Recall (max =21) 41 15.98 (2.61) 11-21
VR-EAL - Delayed Recognition (max = 20) 41 17.17 (2.42) 12-20
TEA — Map Total Score (max = 80) 41 70.32 (6.87) 52-82
VR-EAL - Selective Visual Attention Accuracy (max = 32) 41 22.98 (3.84) 17-30
RSAT — Accuracy (max = 59) 41 47.51(7.14) 27-58
VR-EAL - Selective Visual Attention Speed (max = 32) 41 23.61 (3.69) 18-30
RSAT — Speed (max = 80) 41 57.78 (9.39) 33-74
VR-EAL - Selective Visuospatial Attention Total (max = 20) 41 12.00 (2.42) 4-15

VR-EAL - Selective Visuospatial Attention Speed (max = 16) 41 11.90 (1.50) 8-14
VR-EAL - Selective Visuospatial Attention Accuracy (max = 16) 41 12.10(1.18) 8-13

TEA - Elevator Counting with Distraction (max = 10) 41 9.05 (1.05) 7-10

VR-EAL - Selective Auditory Attention (max = 32) 41 29.56 (3.66) 20-32
BADS — Key Search (max = 16) 41 14.20 (1.47) 10-16
VR-EAL - Planning (max = 19) 41 14.90 (1.51) 11-17
CTT - 1 (max = 80) 41 49.37 (8.65) 32-68
VR-EAL - Cooking Task (max = 16) 41 9.68 (2.57) 2-13

CTT - 2 (max = 80) 41 55.20 (9.94) 27-70

VR-EAL = Virtual Reality Everyday Assessment Lab; CAMPROMPT = Cambridge Prospective
Memory Test; RBMT = Rivermead Behavioral Memory Test; TEA = Test of Everyday Attention;

BADS = Behavioral Assessment of Dysexecutive Syndrome; CTT = Color Trails Test.
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Correlations between demographics and performance

No significant correlations were found between age, education, VR experience,
gaming experience, or performance on any of the paper-and-pencil tests or the VR-
EAL tasks. The only significant correlations were observed between gaming
experience and VR experience, VR experience and the VR session duration, gaming
experience and the VR session duration, gaming experience and the duration of the
paper-and-pencil testing session, and the duration of the VR session and the paper-

and-pencil session (see Table 6).

Table 6. Bayesian correlations between users’ experience and the sessions’ durations.

Correlational Pairs r BF1o SP
Gaming experience - VR experience 0.84™ 1.72e+10 ~100%
VR experience - VR session duration -0.60™"" 690.55 99%
Gaming experience - VR session duration -0.55™ 136.41 97%
Gaming experience - Paper-and-pencil session duration -0.45™ 12.17 94%
VR session duration - Paper-and-pencil session duration 0.53"" 87.22 97%

The alternative hypothesis specifies that the correlation is positive. " BFio> 10; ™ BF1o> 30;
** BF10> 100; r = Pearson’s r; SP = Statistical Power at o < .05;

Convergent and construct validity of the VR-EAL
The VR-EAL scores were significantly positively correlated with their
equivalent scores on the paper-and-pencil tests (see Table 7). These results support the

convergent validity of the VR-EAL tasks, as well as the construct validity of the VR-

111 |Page



EAL as an immersive VR neuropsychological battery. The reliability analysis
demonstrated a Cronbach’s a = 0.79 for VR-EAL, which indicates good internal

reliability (Nunally & Bernstein, 1994).

Table 7. Bayesian correlations between the VR-EAL and the paper-and-pencil tests

Paper-and-Pencil Scores VR-EAL Scores r BF10 SP
CAMPROMPT - Total Total PM 0.82""  3.20et9 ~100%
CAMPROMPT - Event Based Event Based PM 0.73""  3.97e+3 ~100%
CAMPROMPT - Time Based Time Based PM 0.67""  2.6let2 ~100%
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RBMT - Immediate Recall Immediate Recognition 077" 7.34e+7 ~100%

RBMT — Delayed Recall Delayed Recognition 0.82"  3.90e+9 ~100%
TEA — Map Total Score Selective Visual Attention Accuracy 0.48™ 50.53 95%
TEA — Map Total Score Selective Visual Attention Speed 0.46™ 34.99 93%
RSAT — Accuracy Selective Visual Attention Accuracy 0.43" 16.94 89%
RSAT — Accuracy Selective Visuospatial Attention Total Score ~ 0.61"" 2101 99%
RSAT - Speed Selective Visuospatial Attention Speed 0.49™ 63.15 96%
RSAT — Accuracy Selective Visuospatial Attention Accuracy ~ 0.58™  778.50 99%
Coungr}ngw'i}fﬁe]‘;?;‘t’r;C o Selective Auditory Attention 070" 89le+s ~100%
BADS - Key Search Planning 0.80™"  4.65¢+8 ~100%
CTT-1 Planning 0.47" 41.74 94%
CTT-2 Planning 0.51™ 109.73 97%
CTT-1 Cooking Task 0.70™"  9.88e+4 ~100%
CTT-2 Cooking Task 0.80™"  8.75e+8 ~100%
BADS — Key Search Cooking Task 0.62™"  2.99e+3 99%

The alternative hypothesis specifies that the correlation is positive. * BFjo> 10; ™ BFjo> 30; ™ BF;o>
100; r = Pearson’s r; SP = Statistical Power at a2 <.05; VR-EAL = Virtual Reality Everyday Assessment
Lab; CAMPROMPT = Cambridge Prospective Memory Test; RBMT = Rivermead Behavioral Memory
Test; TEA = Test of Everyday Attention; RSAT = Ruff 2 and 7 Selective Attention Test; BADS =
Behavioral Assessment of the Dysexecutive Syndrome; CTT = Color Trails Test
Quality of VR-EAL and VRISE: VRNQ

The median of the VRNQ total score for VR-EAL was 128, which is
substantially above the parsimonious cut-off of 120 (maximum score = 140). The
medians of the VRNQ domains (i.e., user experience, game mechanics, in-game
assistance and VRISE) were between 31 and 33, again above their respective
parsimonious cut-offs of 30 (maximum score = 35). Notably, the medians for all the
individual VRISE items (i.e., nausea, dizziness, disorientation, fatigue, and instability)

were 7 (i.e., absent feeling), except for fatigue, which was 6 (i.e., very mild feeling).

No participant reported a VRISE subscore less than 5 (i.e., mild feeling).
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Comparison of the testing experience between VR-EAL and paper-and-pencil tests
The median for enjoyment level was 6 (very pleasant) for the VR-EAL and 5
(pleasant) for the paper-and-pencil assessments (see Figure 3). The median for
verisimilitude was 6 (i.e., very similar to everyday life) for VR-EAL, 4 (neither similar
nor dissimilar to everyday life) for the ecologically validity tests, and 3 (dissimilar to
everyday life) for the remaining paper-and-pencil tests (see Figure 3). The Bayesian t-
tests demonstrated significant differences between the VR-EAL and paper-and-pencil
tests, where the VR-EAL is rated significantly more pleasant and ecologically valid
(i.e., verisimilitude) than the paper-and-pencil tests (see Table 8). In addition, the VR

session was substantially shorter than the paper-and-pencil session (see Table 8).

Figure 3. Self-report verisimilitude and enjoyment of the VR-EAL and paper-and-pencil

tests.
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VR = Virtual Reality; CAMPROMPT = Cambridge Prospective Memory Test; PM = Prospective
Memory; VR-EAL = Virtual Reality Everyday Assessment Lab; BADS = Behavioral Assessment of
the Dysexecutive Syndrome; CTT = Color Trails Test; RSAT = Ruff 2 and 7 Selective Attention Test;
TEA = Test of Everyday Attention; RBMT = Rivermead Behavioral Memory Test

Table 8. Comparison between administration time and participants’ ratings of

verisimilitude and enjoyment for the VR-EAL and paper-and-pencil tests
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Paper-and-Pencil Test

VR-EAL

BF10

SP

Total Administration Time > VR-Session Time 1.224e+11™"
Testing Pleasantness < VR-Testing Pleasantness 188,842™

Total Verisimilitude < VR-EAL Verisimilitude 4.898¢ +15™"

Ecologically Valid Tests/Tasks < VR-EAL Verisimilitude 3.575¢+13™"

Verisimilitude

CAMPROMPT Verisimilitude < PM Verisimilitude 1.179¢ +9™*

BADS Key Search Verisimilitude < Planning Verisimilitude 1.950e +13™

CTT Verisimilitude < Cooking Task Verisimilitude 6.849¢ +21"""

RSAT Verisimilitude < Visuospatial Attention Verisimilitude 2.635¢ +13*"

TEA Map Verisimilitude < Visual Attention Verisimilitude 3.774e +12""

TEA Elevator Counting with < Auditory Attention Verisimilitude 436e+11""

Distraction Verisimilitude
RBMT Story Recall Verisimilitude < Episodic Memory Verisimilitude 1.244e+7"""

~100%

~100%

~100%

~100%

~100%

~100%

~100%

~100%

~100%

~100%

~100%

" BF9> 10; ™ BFyo > 30; " BF;o > 100; SP = Statistical Power at a < .05; VR-EAL = Virtual Reality
Everyday Assessment Lab; CAMPROMPT = Cambridge Prospective Memory Test; BADS =
Behavioral Assessment of the Dysexecutive Syndrome; CTT = Color Trails Test; RSAT = Ruff 2 and
7 Selective Attention Test; TEA = Test of Everyday Attention; RBMT = Rivermead Behavioral
Memory Test; PM = Prospective Memory; VR = Virtual Reality

Discussion

The VR-EAL was devised to assess cognitive functions (i.e., prospective
memory, episodic memory, executive functions, and attentional processes) that are
central to everyday functioning. Being an immersive VR research/clinical software,
the VR-EAL aims to increase the likelihood that individuals’ performance will
replicate how they will act in real-life situations (Higginson et al., 2000; Chaytor &
Schmitter-Edgecombe, 2003; Phillips et al., 2012; Rosenberg, 2015; Mlinac & Feng,
2016; Haines et al., 2019). In the current study, we attempted to provide convergent,

construct, and ecological validity for the VR-EAL tasks. Indeed, we demonstrated that

116 |Page



all VR-EAL tasks significantly correlated with their corresponding ecologically valid
paper-and-pencil tasks. The VR-EAL also showed good internal consistency, allowing
implementation in clinical and research settings (Nunally & Bernstein, 1994).
Therefore, the VR-EAL appears to be an effective, reliable, and ecologically valid tool
for the assessment of everyday cognitive functioning, which can be used for clinical
and research purposes. Importantly, the VR-EAL is a highly immersive and ergonomic
VR neuropsychological battery; immersive VR provides a more ecological valid
experience than non-immersive VR (Weech, Kenny, & Barnett-Cowan, 2019) and
ergonomic interactions benefit non-gamers as their performance is comparable to
gamers (Zaidi et al., 2018).

Notably, the paper-and-pencil tests utilized in this study have been found to be
ecologically valid in terms of both verisimilitude and veridicality (or veridicality only),
evidencing their ability to predict everyday functioning. For example, the RBMT was
highly accurate in predicting the everyday memory functionality of patients with
traumatic brain injuries (TBI; Makatura, Lam, Leahy, Castillo, & Kalpakjian, 1999).
Also, the RBMT has been strongly associated with occupational therapists’
observations of general cognitive activities of daily living (ADL) in depressed and
healthy older adults (Goldstein, McCue, Rogers, & Nussbaum, 1992). The RBMT, as
well as the TEA, have been found to be the best predictors of general functional
impairment in multiple sclerosis (MS) patients compared to traditional cognitive tests
(Higginson et al., 2000). The TEA was also successful in detecting cognitive aging
effects in attentional processes in healthy old adults (Robertson et al., 1994). The
CAMPROMPT was a significant predictor of the occupational performance (e.g.,

returning to work, withdrawal, or compromised performance) in MS patients (Honan,
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Brown, & Batchelor, 2015) and the BADS was significantly associated with everyday
executive skills (Evans, Chua, McKenna, & Wilson, 1997) and general cognitive
performance (Norris & Tate, 2000) in neurological patients and healthy individuals.
Equally, the Trail Making Test B (i.e., comparable to CTT-2) was a significant
predictor of the everyday executive skills of neurological (Burgess et al., 1998) and
TBI patients (Chaytor, Schmitter-Edgecombe, & Burr, 2006). Lastly, the RSAT was
found to be a key predictor of TBI patients’ ability to return to professional or academic
environments after rehabilitation (Ruff ez al., 1993).

Our findings regarding the convergent validity of the VR-EAL tasks with the
corresponding paper-and-pencil tasks that have been established as predictors of real-
world performance support the VR-EAL’s ability to reflect performance outcomes in
everyday life. However, the ecological validity of the VR-EAL would benefit from
future work directly comparing the VR-EAL with true real-world functioning. For
example, studies have shown that performance on real-world tasks (e.g., household
chores) is significantly associated with self-ratings of instrumental activities of daily
living (IADL) and independence questionnaires (Weakley, Weakley, & Schmitter-
Edgecombe, 2019), which produce reliable and generalizable outcomes (Bottari,
Dassa, Rainville, & Dutil, 2010; Bottari, Shun, Le Dorze, Gosselin, & Dawson, 2014).
Thus, the predictive ability and/or veridicality of the VR-EAL could be further
examined by investigating its relationship with real-world tasks and/or established
IADL questionnaires in healthy older adults and/or clinical populations.

Nevertheless, considering that the verisimilitude approach may be more
efficient than the veridicality approach in predicting everyday performance (Chaytor

& Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006), our findings suggest that
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VR-EAL’s high verisimilitude is an advantage over other ecological valid tests.
Previous studies examining the ecological validity of other VR neuropsychological
tools have not considered users’ perceptions of the task’s verisimilitude (e.g., Canty et
al., 2014; Jansari et al., 2014; Logie et al., 2011; Rand et al., 2009). Therefore, a
further advantage of VR-EAL is that the participants rated it as more similar to the
tasks that they perform in their daily life (i.e., more ecologically valid in terms of
verisimilitude) than all tests in the paper-and-pencil neuropsychological battery and
the group of well-established ecological valid tests with verisimilitude (i.e.,
CAMPROMPT test, RBMT-Story Recall, BADS-Key Search, TEA-Map, and TEA-
Elevator Counting with Distraction). Furthermore, the VR-EAL tasks were
individually compared to their corresponding paper-pencil test, where the results
postulated that the VR-EAL tasks are significantly more ecologically valid in terms of
verisimilitude than the equivalent paper-pencil tests. Also, as far as we are aware, our
study is the first to compare the pleasantness of the testing experience between
immersive VR and paper-and-pencil tests. Here, the full-version of the VR-EAL was
also considered by the participants to be a more pleasant testing experience than the
paper-and-pencil neuropsychological battery. Furthermore, the duration of the entire
VR session (i.e., the induction and performance of VR-EAL) was considerably shorter
than the administration time for the paper-and-pencil neuropsychological battery.
Therefore, the VR-EAL emerges as substantially more enjoyable and ecologically
valid testing experience with a significantly shorter administration time in comparison
with the equivalent paper-and-pencil neuropsychological battery.

Age and education did not correlate with performance on the VR-EAL or the

paper-and-pencil tests. While the paper-and-pencil scores were adjusted for age and
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education, the VR-EAL scores were not. Therefore, the VR-EAL may have the
advantage that performance is not dependent on age or education. However, this needs
to be further investigated in a larger and more diverse population, as the population of
this study predominantly comprised younger adults aged 18 to 45 years with a
relatively high level of education (i.e., 10-16 years).

Gaming experience strongly and positively associated with VR experience,
indicating that gamers are also more experienced immersive VR users. Also, VR and
gaming experience were both negatively correlated with the duration of the VR
session, where more experienced gamers complete the assessment faster than non-
gamers. Interestingly, however, gaming experience was also correlated with the
duration of the paper-and-pencil session, indicating that gamers complete the paper-
and-pencil assessment faster than non-gamers. Finally, the duration of the VR session
was correlated significantly with that of the paper-and-pencil session, which also
indicates that the speed of performing tasks affects the duration of both types of tasks
(i.e., immersive VR and paper-and-pencil). Our findings are aligned with the relevant
literature where gamers have been found to have enhanced perceptual processing
speed (Anguera et al., 2013; Dye, Green, & Bavelier, 2009; Kowal, Toth, Exton, &
Campbell, 2018). However, in our sample, the gaming ability was not associated with
the performance on the cognitive tests, indicating that gaming ability is not linked with
an improved overall cognition, which is also in line with the relevant literature (Kowal
etal.,2018).

Another aim of the study was to provide immersive VR software for clinical
and research use that has minimal VRISE, since adverse symptomology associated

with VR can significantly decrease participants’ reaction times and overall cognitive
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performance (Nalivaiko ef al., 2015; Nesbitt et al., 2017; Mittelstaedt et al., 2018).
Albeit that the incidence of VRISE is more frequent in immersive VR, these symptoms
are also highly frequent in non-immersive VR (Sharples, Cobb, Moody, & Wilson,
2008). However, the examination and report of VRISE has not been considered in non-
immersive VR studies of neuropsychological tools for clinical and research purposes
(e.g., Canty et al., 2014; Jansari et al., 2014; Logie et al., 2011; Rand et al., 2009).
Similarly, the examination of VRISE is under-reported or not examined in immersive
VR studies of neuropsychological tools (Kourtesis ef al., 2019a).

In contrast, the examination and report of VRISE was central in our endeavour
to scrutinise the suitability of VR-EAL as a neuropsychological tool for research and
clinical purposes. Our current findings replicate those of our previous work where VR-
EAL did not induce VRISE in participants (Kourtesis et al., 2020). In this study, VR-
EAL exceeded the parsimonious cut-offs for the VRNQ scores (total score, user
experience, game mechanics, in-game assistance, and VRISE). The outcomes of
VRNQ hence postulate that VR-EAL is a suitable VR software for implementation in
research and clinical settings, without inducing VRISE. On all VRISE items, except
fatigue, there was an absence of adverse symptoms. Participants reported only very
mild feelings of fatigue albeit that this was an expected outcome since the duration of
VR-EAL was around 60 minutes. However, fatigue was equally present during the
paper-and-pencil session (80 minutes).

This study also has some limitations. The sample was moderately small (N =
41), though, every statistical analysis displayed a substantially robust statistical power
(>90%). Moreover, as the current study is the first to provide validity for the VR-EAL,

it was only administered to younger but not older adults. Yet, the eventual aim is to
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use the VR-EAL to assess cognitive impairments in healthy aging and dementias
(Anderson & Craik, 2017) or attention-deficit/hyperactivity disorder and autism
(Karalunas et al., 2018). Future work should examine the performance and experiences
of different clinical populations performing the VR-EAL to provide further evidence
for the clinical utility of VR-EAL for assessing everyday cognitive functioning.

In summary, this study provides evidence supporting the validation of VR-EAL
as an effective neuropsychological tool with enhanced ecological validity for the
assessment of everyday cognitive functioning. In addition, the VR-EAL does not seem
to induce VRISE (i.e., cybersickness). Therefore, our preliminary findings support the
VR-EAL as an immersive VR assessment tool that has the potential to be implemented

in both research and clinical settings in the future.
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Chapter 5 provided evidence for the psychometric properties of the VR-EAL such
as its content and construct validity. Also, this chapter demonstrated that the VR-
EAL offers a more pleasant and ecologically valid neuropsychological assessment
of everyday cognitive functions with a substantially shorter administration time
against the equivalent paper-and-pencil neuropsychological battery. Also, Chapter
5 replicated the findings of Chapter 4 regarding the mitigation of VRISE by the VR-
EAL. The findings of Chapter 5 hence demonstrated the utility of the VR-EAL as a
neuropsychological assessment. However, as discussed in Chapter 4 the VR-EAL
was also developed in line with the principal theoretical frameworks of prospective
memory. Therefore, the capability of the VR-EAL to contribute to the understanding

of the everyday prospective memory should be examined.

123 |Page



Chapter 6: An Ecologically Valid Examination of the Theoretical
Framework of Prospective Memory: The Facilitation of Real-
World Prospective Memory by Attention, Memory, and

Executive Function Processes.

Chapter 5 demonstrated the psychometric properties and utility of the VR-EAL.
Nevertheless, as discussed in Chapter 4, the VR-EAL was designed in line with the
preparatory attentional and memory processes (PAM) and mutiprocess theories,
which are the predominant theoretical frameworks of prospective memory. The VR-
EAL assesses the whole spectrum of prospective memory (i.e., focal event-based,
non-focal event-based, and time-based task), as well as other cognitive processes
pertaining to attention, episodic memory, and executive functions, which are
associated with prospective memory. In Chapter 6, using the VR-EAL, an ecological
valid examination of the principal theoretical frameworks of prospective memory
will be conducted, as well as an exploration of the cognitive processes which

facilitate everyday prospective memory functioning.

This chapter has been submitted for publication in the Memory & Cognition journal:
Kourtesis, P., Collina, S., Doumas, L. A., & MacPherson, S. E. (submitted). An
ecologically valid examination of the theoretical framework of prospective memory:
the facilitation of real-world prospective memory by attention, memory, and

executive function processes. Memory & Cognition.
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Abstract

The main theories explaining prospective memory (PM) functioning are the
preparatory attentional and memory processes (PAM) and the multiprocess theories.
These theories mainly explain focal and non-focal event-based PM but not time-based
PM or the role of executive functions in PM. Notably, the evidence supporting the
PAM and multiprocess theories mainly derive from non-ecological laboratory tasks.
Ecologically valid neuropsychological tasks resemble the complexity and cognitive
demands of everyday tasks and allow a generalization of the findings to real-life
cognitive functioning. The Virtual Reality Everyday Assessment Lab (VR-EAL), an
immersive virtual reality neuropsychological battery with enhanced ecological
validity, was implemented to assess everyday PM (i.e., focal and non-focal event-
based, and time-based), episodic memory, attentional processes, and executive
functions. Bayesian statistics examined the differences between PM tasks and the
predictors of PM scores. The results revealed that the type of PM task does not play a
significant role in everyday PM functioning, but instead the length of delay between
encoding and retrieving the PM intention plays a central role. Support for the PAM
and multiprocess frameworks was found in non-focal and focal event-based tasks
respectively. However, the findings, inferring a dynamic interplay between automatic
and intentional monitoring and retrieval processes, agree with the inclusive approach
of the multiprocess framework. Also, the role of executive functions appears crucial
in everyday PM. Finally, everyday PM is predominantly facilitated by episodic
memory, visuospatial attention, auditory attention, and executive functions.
Keywords: event-based prospective memory; time-based prospective memory;

multiprocess framework; preparatory attentional and memory processes, executive
functions
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Background & Rationale

Prospective memory (PM) involves the ability to remember to initiate an
action in the future (Brandimonte, Einstein, & McDaniel, 2014). The PM action may
be associated with either a certain event (event-based e.g., when you see Alex, give
him this card) or a specific time (time-based e.g., at 3 pm call John; Einstein &
McDaniel, 1996). The two predominant theoretical models of PM are the preparatory
attentional and memory (PAM) theory and the multiprocess theory (Anderson,
McDaniel, & Einstein, 2017). The PAM theory suggests that an efficient PM ability
stems from a constant top-down monitoring of environmental and internal cues
which allow the individual to recall the intended action and initiate it (Smith, 2003;
Smith, Hunt, McVay, & McConnell, 2007). For example, if an individual wants to
buy a loaf on their way home from work, they engage attentional processes to
monitor their environment for cues (e.g., a bakery sign) that will remind them of their
intention to buy a loaf. The multiprocess theory is complementary to the PAM theory
(McDaniel & Einstein, 2000; McDaniel & Einstein, 2007). In addition to PAM’s top-
down monitoring, the multiprocess theory postulates that effective performance on
PM tasks is also facilitated by bottom-up spontaneous retrieval (McDaniel &
Einstein, 2000; McDaniel & Einstein, 2007). In the previous example, when the
individual is not engaging their attentional processes, they may see a billboard
displaying pastry products, which then triggers the retrieval of the intention to buy a
loaf. Hence, when retrieving the intention to perform a PM task, the PAM theory
suggests there is an intentional retrieval process through the constant monitoring for

cues, while the multiprocess theory adds a reflexive associative retrieval process by
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passively detecting environmental and internal cues (McDaniel, Umanath, Einstein,
& Waldum, 2015).

There are, however, further differences between the PAM and multiprocess
theories. One difference is the salience of the internal or environmental cue that
triggers the retrieval of the PM intention. For example, while both the PAM and
multiprocess theories state that preparatory attentional processes are required when
the cue is non-focal (e.g., a sign amongst several signs for the nearby shops and
buildings), when the cue is focal (e.g., a large and easily detectable billboard on the
side of the road), only the PAM theory predicts that preparatory attentional processes
are necessary for high levels of PM performance (Einstein, Smith, McDaniel, &
Shaw, 1997; Einstein, McDaniel, Manzi, Cochran, & Baker, 2000; McDaniel et al.,
2015; Smith, 2003). Another difference between the theories is that individuals
perform substantially better on focal PM tasks than non-focal PM tasks, which
indicates the difference in difficulty between the intentional and reflexive associative
retrieval of the intention for each type of PM task (Anderson et al., 2017; McDaniel
et al., 2015; Mullet, Scullin, Hess, Scullin, Arnold, & Einstein, 2013; Scullin,
McDaniel, Shelton, & Lee, 2010). Lastly, the PAM theory postulates that preparatory
processes pertaining to memory (e.g., encoding and maintaining the PM intention)
are equally important as attentional processes for the successful retrieval of
intentions (Smith, 2003; Smith et al., 2007). The multiprocess theory emphasizes that
greater overlap between the processing required by the ongoing task (i.e., non-PM
tasks) and the processing required by the PM cue assists in better encoding and
retrieval of the PM intention (Anderson et al., 2017; McDaniel & Einstein, 2000;

McDaniel & Einstein, 2007; McDaniel et al., 2015).
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The PAM theory argues that the retrieval of the intention is always non-
automatic to some degree (Smith, 2003; Smith et al., 2007). The multiprocess theory
agrees that there are non-automatic retrieval processes but also postulates an
interplay between automatic and non-automatic retrieval processes (McDaniel &
Einstein, 2000; McDaniel & Einstein, 2007). McDaniel and Einstein (2000, 2007)
argued that it is unlikely that individuals in the real-world are constantly monitoring
for cues; that would be cognitively unsustainable. PM functioning in everyday life is
likely facilitated by both reflexive associative retrieval and intentional monitoring
and retrieval (McDaniel & Einstein, 2000; McDaniel & Einstein, 2007).

More recently, McDaniel and collaborators (2015) provided methodological
considerations for studies examining the multiprocess theory. These suggestions
include the use of event-based PM tasks and a suspended intention paradigm (e.g., to
instruct participants that there is a PM task but they need to perform another task
now and the PM task later) (McDaniel et al., 2015). Also, the event-based tasks need
to have as many characteristics as possible from the following list: a) a single focal
cue; b) minimal cues prompting individuals to focus on the PM task(s) rather than
the ongoing tasks; ¢) emphasize the importance of the ongoing task(s) and minimize
the importance of the PM task(s); d) use long-lasting ongoing task(s), while the
occurrence of PM cue(s) should be delayed and minimized; ) instruct the
participants that they may perform the PM task at any point after seeing the PM cue
(McDaniel et al., 2015).

Since PM functioning in everyday life consists of both event- and time-based
tasks (Einstein & McDaniel, 1996), including only event-based tasks in the

assessment of PM does not allow for generalization of the results to PM in the real
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world (e.g., Einstein et al., 1997, 2000; Mullet et al., 2013; Scullin et al., 2010;
Smith, 2003; Smith et al., 2007). The literature suggests that time-based tasks are
more cognitively demanding than event-based tasks as individuals frequently
perform more poorly on time-based tasks compared to event-based tasks (Einstein &
McDaniel, 1996). Also, PM is supported by attention demanding processes that are
strongly associated with executive functioning, which monitor the environment for
prospective cues (e.g., Smith & Bayen, 2004), inhibit performance of the ongoing
task, and switch to the PM intention at the correct time (Marsh, Hicks, & Watson,
2002; West, 2011). While there is ample evidence for a robust relationship between
PM and executive functions (e.g., Azzopardi, Auffray, & Kermarrec, 2017;
Gonneaud et al., 2011; Schnitzspahn, Stahl, Zeintl, Kaller, & Kliegel, 2013; Zuber,
Kliegel, & Thle, 2016; Zuber ef al., 2019), the executive functions that underlie and
predict performance on these different PM tasks in everyday life seems somewhat
unclear. The most adopted approach to study the relationship between PM and
executive functions is the three-function model (Miyake et al., 2000). This model
comprehends three distinct executive functioning processes: 1) updating (i.e.,
controlling the stored information in working memory); 2) inhibition (i.e., refraining
from responding prematurely and resisting distractions); and 3) shifting (i.e., shifting
attention between different tasks). These executive functioning processes have been
found to facilitate event-based and time-based PM functioning (Azzopardi et al.,
2017; Gonneaud et al., 2011; Schnitzspahn et al., 2013; Zuber et al., 2016, 2019).
Therefore, the diverse types of PM tasks (i.e., focal event-based, non-focal event-
based, and time-based) and executive functioning processes should be included in

paradigms that can generalize to everyday PM functioning.
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Another criticism is the ecological validity of the task(s) that assess PM
functioning. Ecologically valid neuropsychological tasks resemble the complexity
and cognitive demands of corresponding everyday tasks (Franzen & Wilhelm, 1996;
Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). Implementing
ecologically valid tasks allows one to generalize the findings to everyday functioning
(Chaytor & Schmitter-Edgecombe, 2003; Haines et al., 2019; Higginson, Arnett, &
Voss, 2000; Mlinac & Feng, 2016; Parsons, 2015; Phillips, Henry, & Martin, 2008;
Rand et al., 2009; Rosenberg, 2015). The existing findings pertaining to the PAM
and multiprocess theories tend to derive from laboratory experiments (e.g., Einstein
etal., 1997, 2000; Mullet et al., 2013; Scullin et al., 2010; Smith, 2003; Smith ef al.,
2007). These laboratory tasks incorporate simple, static stimuli within a highly
controlled environment and do not resemble the complexity of real-life situations
(Parsons, 2015; Rand, Rukan, Weiss, & Katz, 2009). PM studies adopting
experimental tasks that diverge from being ecologically valid may provide discrepant
results compared to ecologically valid research paradigms (Marsh, Hicks, & Landau,
1998). Lastly, ecologically valid PM research paradigms may elucidate processes
that facilitate everyday PM functioning such as attentional switching, sustained
attention, retrospective memory, and metamemory (e.g., knowledge of one’s own
strategies to encode, redefine, and consolidate PM intentions; Marsh et al., 1998).
The implementation of an ecologically valid research paradigm therefore is required
to scrutinize the complex structure of everyday PM functioning.

Ecologically valid research paradigms have predominantly involved
assessments in real-life settings such as performing errands in a shopping centre or a

pedestrianized street (e.g., Garden, Phillips, & MacPherson, 2001; Marsh et al.,
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1998; Shallice & Burgess, 1991). However, real-world tasks suffer from several
limitations such as an inability to be standardized for use in other clinics or
laboratories, reduced feasibility with certain neurological populations (e.g.,
schizophrenia patients), augmented time, fiscal, procedural and bureaucratic
demands, as well as diminished experimental control over external factors (Elkind,
Rubin, Rosenthal, Skoff, & Prather, 2001; Logie, Trawley, & Law, 2011; Parsons,
2015; Rand et al., 2009). Another approach for achieving ecological validity pertains
to the implementation of technological mediums such as recordings of real-world
locations and non-immersive virtual environments (Farrimond, Knight, & Titov,
2006; Logie et al., 2011; McGeorge et al., 2001; Paraskevaides ef al., 2010; Rand et
al., 2009), which are able to simulate real-life tasks, are cost-effective, require less
administration time, enable increased experimental control, and can be implemented
in other clinical or research settings (Parsons, McMahan, & Kane, 2018; Werner &
Korczyn, 2012; Zygouris & Tsolaki, 2015). However, non-immersive virtual reality
(VR) tests can be challenging for individuals without gaming backgrounds (e.g.,
familiarization with using a keyboard and mouse to interact with the virtual
environment; Zaidi, Duthie, Carr, & Maksoud, 2018) and they are substantially less
ecologically valid than immersive VR tests (Parsons ef al., 2018). In contrast,
immersive VR tests benefit from the same advantages as non-immersive ones, while
they facilitate an enhanced ecologically valid testing environment (Bohil, Alicea, &
Biocca, 2011; Parsons, 2015; Rizzo, Schultheis, Kerns, & Mateer, 2004; Teo et al.,
2016). Also, the first-person view and ergonomic interactions that are proximal to
real-life actions in immersive VR environments significantly mitigate the differences

in performance between gamers and non-gamers (Zaidi et al., 2018). Consequently,
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an immersive VR research paradigm would be the most efficient approach to study
everyday PM functioning.

We have recently developed the Virtual Reality Everyday Assessment Lab
(VR-EAL), which is an immersive VR neuropsychological battery assessing
everyday cognitive functions such as PM (i.e., event-based and time-based), episodic
memory (i.e., immediate and delayed recognition), attentional processes (i.e., visual,
visuospatial, and auditory), and executive functioning (i.e., planning and task-
shifting; Kourtesis, Korre, Collina, Doumas, & MacPherson, 2020b). The
convergent, construct, and ecological validity of the VR-EAL has been maintained
against established ecologically valid paper-and-pencil tests such as the Cambridge
Prospective Memory Test (Wilson et al., 2005), the Rivermead Behavioral Memory
Test—III (Wilson, Cockburn, & Baddeley, 2008), the Test of Everyday Attention
(Robertson, Ward, Ridgeway, & Nimmo-Smith, 1996), and the Behavioral
Assessment of Dysexecutive Syndrome (Wilson, Alderman, Burgess, Emslie, &
Evans, 1997; Kourtesis, Collina, Doumas, & MacPherson, 2020a). Notably, the VR-
EAL does not induce differences in performance between gamers and non-gamers,
and the VR-EAL tasks were rated by participants as substantially more similar to
everyday tasks than the equivalent ecologically valid paper-and-pencil tasks
(Kourtesis et al., 2020a). Hence, the VR-EAL appears to resemble the complexity
and cognitive demands of real-life tasks.

The VR-EAL includes PM tasks which are consistent with both the PAM and
multiprocess theories, while assessing both event-based and time-based PM
(Kourtesis et al., 2020b). The VR-EAL incorporates five event-based tasks and four

time-based tasks. The event-based tasks consist of two non-focal event-based tasks,
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two focal event-based tasks, and one misleading task (i.e., prompting the examinee to
perform a task when there is no task to perform). Also, the focal and non-focal event-
based tasks are further segregated into tasks performed at an early or late stage of the
scenario. Similarly, the time-based tasks are divided into early (two tasks) and late
tasks (two tasks), where one of the two late tasks is a misleading task. The
segregation of the PM tasks into early and late tasks allows us to investigate the
effect of the length of the delay between encoding the PM intention and performing
the PM action. Moreover, the assessment of PM in the VR-EAL is aligned with the
methodological suggestions by McDaniel and collaborators (2015). There are only
two focal event-based tasks within a scenario of approximately 70 minutes. The focal
event-based tasks have a single focal cue each and there are no other cues driving the
participant’s attention to the PM task. Participants are instructed that the PM tasks
need to be performed later in the scenario (i.e., anytime between 15 and 60 minutes
after forming a PM intention). Finally, the importance of PM and non-PM tasks is
equally highlighted, while non-PM tasks appear of high importance (e.g., planning
the itinerary in the city, preparing breakfast, and buying groceries from the
supermarket).

The non-PM VR-EAL tasks do not serve simply as distractors but are
cognitively demanding tasks which assess cognitive functions associated with PM
functioning. In line with the PAM theory, the VR-EAL assesses attentional (i.e.,
visual, visuospatial, and auditory attention) and memory (i.e., immediate and delayed
recognition) processes, which are consistently found to contribute to PM functioning
(Cona, Scarpazza, Sartori, Moscovitch, & Bisiacchi, 2015). Also, the VR-EAL

assesses planning and task-shifting abilities. In line with the three-function model,
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the cooking task (i.e., multitasking/task-switching) pertains to updating the stored
information in working memory, shifting attention between different tasks (i.e.,
switching), as well as inhibiting premature responses or actions prompted by
distractions (i.e., inhibition; Craik & Bialystok, 2006; Doherty, Barker, Denniss, Jalil,
& Beer, 2015; Zuber et al., 2019). Similarly, the planning task involves the control of
information stored in working memory (i.e., updating; Zuber et al., 2019). Both
planning and task-shifting have also been found to contribute to PM functioning
(e.g., Azzopardi et al., 2017; Gonneaud et al., 2011; Schnitzspahn et al., 2013; Zuber
etal.,2016,2019).

The present study is the first to adopt an ecologically valid paradigm using
immersive VR to examine real-life PM and cognition. Also, our study is the first to
assess focal event-based, non-focal event-based, and time-based PM, as well as
attentional, episodic memory, and executive functioning processes pertinent to PM
functioning in the same sample to investigate whether the observed differences in
laboratory paradigms will be replicated in our ecologically valid paradigm. Similarly,
we compared performance on early and late stage PM tasks to examine the effect of
the delay from forming the PM intention (i.e., encoding) until performing the PM
action (i.e., retrieval) on PM functioning. Finally, we explored the cognitive

functions facilitating everyday PM functioning.

Methods

Participants
Participants were recruited via social media and the internal mailing list of

the University of Edinburgh and were the same cohort as in Kourtesis et al. (2020a).
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Forty-one participants (21 females) with a mean age of 29.15 years (SD = 5.80, range
= 18-45) and mean education of 13.80 years (SD = 2.36, range = 10-16) were
recruited. The study was approved by the Philosophy, Psychology and Language
Sciences Research Ethics Committee of the University of Edinburgh. Written
informed consent was obtained from each participant. All participants received
verbal and written instructions regarding the procedures, possible adverse effects of
immersive VR (e.g., cybersickness), utilization of the data, and general aims of the

study.

Materials
Hardware.

An HTC Vive HMD with two lighthouse stations for motion tracking and two
HTC Vive wands with six degrees of freedom (6DoF) for navigation and interactions
within the virtual environment were implemented in accordance with our previously
published technological recommendations for immersive VR research (Kourtesis,
Collina, Doumas, & MacPherson, 2019). The spatialized (bi-aural) audio was
facilitated by a pair of Senhai Kotion Each G9000 headphones. The size of the VR
area was 5m?, which provides an adequate space for immersion and naturalistic
interaction within virtual environments (Borrego, Latorre, Alcafiz, & Llorens, 2018).
The HMD was connected to a laptop with an Intel Core 17 7700HQ 2.80GHz
processor, 16 GB RAM, a 4095MB NVIDIA GeForce GTX 1070 graphics card, a
931 GB TOSHIBA MQO1ABD100 (SATA) hard disk, and Realtek High Definition

Audio.
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VR-EAL.

VR-EAL assesses everyday cognitive functions such as PM, episodic
memory (i.e., immediate and delayed recognition), executive functioning (i.e.,
planning, multitasking) and selective visual, visuospatial and auditory (bi-aural)
attention within a realistic immersive VR scenario lasting around 70 minutes
(Kourtesis et al., 2020a). See Table 1 and Figures 1 and 2 for a summary of the VR-
EAL tasks assessing each cognitive ability. The VR-EAL tasks’ descriptions are
presented in Table 2, and VR-EAL tasks’ scoring is shown in Table 3. Lastly, see
Table 4 for a description of each type of VR-EAL PM task and the comparisons
between them. For a full description of the VR-EAL’s scenarios, tasks, and scoring,
see Kourtesis ef al. (2020). Also, a brief video recording of the VR-EAL may be

accessed at this hyperlink: https://www.youtube.com/watch?v=IHEIvS37Xy8&t= .
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Table 1. VR-EAL tasks and score ranges

Scene Cognitive Function Task Score
Ranges
3 Prospective memory Write down the notes for the errands. 0-6
3 Immediate recognition Recognising items on the shopping list. 0-20
3 Planning Drawing the route to be taken. 0-19
6 Multitasking Cooking task (preparing breakfast). 0-16
6 Prospective memory — event based Take medication after breakfast. 0-6
8 Selective visuospatial attention Collect items from the living room. 0-20
8 Prospective memory — event based Take the chocolate pie out of the oven. 0-6
10 Prospective memory — time based Call Rose at 10 am. 0-6
12 Selective visual attention Find posters on both sides of the road. 0-16
14 Delayed recognition Recognising items from the shopping list. 0-20
15 Prospective memory — time based  Collect the carrot cake from the bakery at 12 pm. (0 —6
16 Prospective memory — event based False prompt before going to the library. -6-0
17 Prospective memory — event based Return the red book to the library. 0-6
19 Selective auditory attention Detect sounds from both sides of the road. 0-32
20 Prospective memory — time based False prompt before going back home. -6-0
21 Prospective memory — event based ~ Back home, give the extra pair of keys to Alex. 0-6
22 Prospective memory — time based Take the medication at 1pm. 0-6

*The tasks are presented in the same order as they are performed within the scenario. The table

derives from Kourtesis et al., (2020a).
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Table 2. VR-EAL tasks’ descriptions

Type

Description

Prospective
Memory

Episodic
Memory

Multitasking/
Task-Shifting

Planning

Visuospatial
attention

Visual
attention

Auditory
attention.

VR-EAL considers both event-based and time-based PM tasks. The PM tasks are divided
into five event-based tasks and four time-based tasks. In the event-based tasks, the
participant should remember to perform a PM action when a specific event occurs (e.g.,
take medicines after breakfast). In the time-based tasks, the examinee should remember to
perform a planned action at a specific time (e.g., call Rose at 12 pm).

Both immediate and delayed episodic memory are assessed. Firstly, the participant needs
to memorize a shopping list which is presented audio-visually. Immediately after the
presentation of the list, the participant is presented with 30 items and should visually
recognize and select the 10 items from the shopping list (immediate recognition).
Participants are then expected to choose the items from the list when they arrive at the
supermarket approximately 20 minutes later (delayed recognition).

The examinee should choose the ten target items (i.e., create the shopping list) from an
extensive array of items, which also contains five qualitative distractors (e.g., semi-
skimmed milk versus skimmed milk), five quantitative distractors (e.g., 1 kg potatoes
versus 2 kg potatoes), and ten false items (e.g., bread, bananas etc.).

Multitasking is examined using a cooking task, where the participant should prepare and
serve his or her breakfast (e.g., sausages, omelet, and a cup of tea/coffee) and place a
chocolate pie in the oven. Scoring relies on the animations from each game object (i.e., the
omelet and the sausages). At the beginning of the animation, both items have a reddish
(raw) color which gradually turns to either a yellowish (omelet) or brownish (sausages)
color, and finally both turn to black (burnt).

Planning ability is assessed by asking participants to draw his or her route around the city
(e.g., visiting the bakery, supermarket, library, and returning home) on a 3D interactive
board. The road system comprises 23 street units.

Visuospatial attention is assessed by asking the participant to find and collect 6 specific
items (i.e., a mobile phone, a £50 note, a library card, the flat keys, a red book, and car
keys) in the living-room. A reminder of these items remains on the wall (i.e., the items are
displayed as 3D objects with labels). However, there are also distractors (i.e., magazines,
books, a remote control, a notebook, a pencil, a chessboard, and a bottle of wine) in the
room.

Visual attention is measured while the participant is seated as a passenger in a car next to a
driver. The participant should identify all the targets (i.e., 16 posters of a radio station) on
both sides of the road, while s/he needs to avoid any distractors (i.e., 8 posters that are a
different shape and 8 posters with a different background color).

Auditory attention is also examined while the participant is seated as a passenger next to a
driver. The participant should detect all the target sounds (i.e., 16 bell sounds) presented
on both sides of the road, while avoiding the distractor sounds (i.e., 8 high pitch bells, and
8 dongs).
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Table 3. VR-EAL tasks’ scoring

Cognitive Scoring
Function
Prospective  An example: At the end of a scene, the examinees should press a button to confirm that all
Memory the tasks in the scene are completed. If the examinees have already taken their medication
(i.e., PM task) before pressing the final button, then the scene ends, and the examinees
receive 6 points. Otherwise, the first prompt appears (i.e., “You Have to Do Something
Else”). If the examinees then follow the prompt and take their medication, their receive 4
points. If the examinees press the final button again, then the second prompt appears (i.e.,
“You Have to Do Something After Having your Breakfast”). If the examinees follow this
prompt and take their medication, they receive 2 points. If the examinees press the final
button again, then the third prompt appears (i.e., “You Have to Take Your Meds”). If the
examinees follow this prompt and take their medication, they then receive 1 point. If the
examinees repress the final button without ever taking their medication, they get zero
points, and the scene ends. Scores range from 0 to 6.
Episodic The examinee gains 2 points for each correctly chosen item, 1 point for choosing a
Memory qualitative or quantitative distractor, and 0 points for the false items. Scores range from 0
to 20.
Multitasking/ The score for each pan depends on the time that the examinee removes the pans from the
Task- stove and places them on the kitchen worktop. Equally, the score for boiling the kettle is
Shifting measured in relation to the stage of the audio playback (e.g., the kettle whistles when the
water is ready) that the kettle is placed on the kitchen worktop. Scores range from 0 to 16.
Planning When the examinee selects a unit, 1 point is awarded. The ideal route to visit all three
destinations is 15 units; hence, any extra or missing units are subtracted from the total
possible score of 15. Up to 4 more points are awarded for the time taken to complete the
task. Scores range from 0 to 19.
Visuospatial The examinee receives 2 point for each target item collected (6 target items). Also, up to 4
attention points are awarded for the speed of detecting the items. If the examinee attempts to collect
one of the distractors, it counts as an error. Up to 4 points are awarded for the accuracy of
detecting items. Scores range from 0 to 20.
Visual The examinee is awarded 1 point when a target poster is “spotted” and subtracted 1 point
attention when a distractor poster is “spotted”. Scores range from 0 to 16.
Auditory If the examinee presses the trigger on the right controller to detect a target sound
attention. originating on the right side (i.e., controller and sound on the same side), then s/he gets 2

points. If the examinee presses the trigger on the right controller to detect a target sound
originating on the left side (i.e., controller on the opposite side), s’he gains only 1 point. If
the examinee responds to a distractor sound, irrelevant of its origin or the controller used to
respond, 1 point is deducted. Scores range from 0 to 32.
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Table 4. VR-EAL prospective memory tasks and comparisons

Type

Description

Focal
event-based
tasks.

Non-focal
event-based
tasks.

Time-based
tasks

Misleading
tasks.

Early & Late
tasks

There are two focal event-based tasks, where the first task is performed in an early stage of
the scenario (15-30 minutes after encoding the intention), and the second one is performed in
a late stage (45-60 minutes after encoding the intention). The environmental cue in focal
event-based tasks should be easily detected (i.e., focal) and of high salience (e.g., to be in the
same semantic category). For example, the examinee is in front of the library facing the
large sign displaying “Library”, where the examinee should remember to return a book.
Comparable to the focal event-based tasks, there are two non-focal event-based task which
are performed in an early and late stage correspondingly. However, in the non-focal event-
based tasks, the focality and salience of the cue should be adequately low to motivate the
examinee to monitor the area for cues. For example, the examinee finishes preparing
breakfast (see the cooking task below), after having breakfast the examinee should
remember to take her/his medicine (see the scoring example above). The medicine is out of
the field of view of the examinee, but it is in the same room (i.e., kitchen) among other
kitchen objects (e.g., cups, plates, towels, microwave, and toaster). Hence, the examinee
should purposefully monitor the area to detect the medicine and perform the PM task.

There are four time-based tasks, from which, three are traditional time-based tasks (e.g., call
Rose at 12pm) and one is a misleading task (see below). The examinee should be checking
her/his digital watch, which is attached to the left hand/controller in the virtual environment,
to perform the time-based task. Two of the traditional time-based tasks, one performed in an
early stage (i.e., 15-30 minutes after encoding the intention) and one in a late stage (i.e., 45-
60 minutes after encoding the intention), are used for the comparison with the focal and non-
focal event-based tasks.

There are two misleading tasks. One is related to an event (i.e., event-based) and the other to
a specific time (i.e., time-based). However, in the misleading tasks, the examinee should
respond negatively to the prompts by a virtual human to perform a task, because there is not
a task to perform. The misleading tasks serve two purposes. The first purpose of this
deception is to examine whether the user is simply responding affirmatively to all PM task
prompts. If the user responds affirmatively, then s/he loses points (see Table 1). The second
purpose is that these false prompts are common in everyday life (e.g., a friend invites you to
watch together an episode of a TV series, but you refuse because you remember that the
episode will be aired tomorrow and not today). Hence, their inclusion increases the
ecological validity of VR-EAL. Nevertheless, in this study, the misleading tasks are only
considered for the PM total score, and not for the comparisons between PM tasks.

The PM tasks are also divided into early and late tasks, where the early tasks are performed
approximately 15-30 minutes after forming the PM intention (i.e., encoding), and the late
tasks are performed approximately 45-60 minutes after forming the PM intention. This
allows a comparison between the performance on early and late PM tasks (i.e., focal event-
based, non-focal event-based, and time-based tasks). However, for this comparison, only one
early and one late task comparison from each type is considered, while the misleading tasks
are not considered.

Figure 1. VR-EA L Storyline: Scenes 3 - 12.
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Scene 12

Derived from Kourtesis et al., (2020b).

Figure 2. VR-EAL Storyline: Scenes 14 —22
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Derived from Kourtesis et al., (2020b).
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Statistical Analyses

The Bayesian factor (BF10) was used for assessing statistical inference. The
BF 1o threshold > 10 was set for statistical inference in all analyses, which indicates
strong evidence in favor of the H1 (Marsman & Wagenmakers, 2017; Rouder &
Morey, 2012; Wetzels & Wagenmakers, 2012) and corresponds to a p-value < 0.01
(e.g., BFip = 10) (Bland, 2015; Cox & Donnelly, 2011; Held & Ott, 2018). BF o is
considered substantially more parsimonious than the p-value in evaluating the
evidence against the HO (Bland, 2015; Cox & Donnelly, 2011; Held & Ott, 2018),
especially when evaluating the evidence of H1 against HO in relatively small sample
sizes (Held & Ott, 2018), as in the present study. Importantly, BFo allows evidence
in either direction (i.e., towards H1 and HO), and its measurement of evidence is
insensitive to the stopping rule, which substantially mitigates the issue of multiple
comparisons and generates reliable and more generalizable results (Dienes, 2016;
Marsman & Wagenmakers, 2017; Wagenmakers et al., 2018).

Bayesian paired samples t-tests were conducted to explore the differences
among different PM measures (i.e., time-based, focal event-based, and non-focal
event-based tasks) and examine whether they were aligned or discrepant with the
relevant literature. Bayesian Pearson correlational analyses were conducted to
examine associations between the scores of VR-EAL, especially with the PM scores.
Bayesian linear regression analyses were performed to examine the predictors of the
PM scores, where the Jeffreys—Zellner—Siow (JZS) mixed g-prior was used to select
the variables for the best model. JZS has the computational advantages of a g-prior in
conjunction with the theoretical advantages of a Cauchy prior (Liang, Paulo, Molina,

Clyde, & Berger, 2008; Rouder & Morey, 2012). Finally, post hoc statistical power
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analyses of the Bayesian paired samples t-tests and Bayesian linear regression
analyses were performed using G*Power (Faul, Erdfelder, Lang, & Buchner, 2007;
Faul, Erdfelder, Buchner, & Lang, 2009). All Bayesian analyses were performed

using JASP (Version 0.8.1.2) (JASP Team, 2018).

Results

The descriptive statistics for the performance on the VR-EAL’s PM, attention,

episodic memory, and executive functioning tasks are displayed in Table 5.
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Table 5. Descriptive statistics for the VR-EAL scores

N Mean (SD) Range
PM Total Score (max = 48) 41 35.78 (4.73) 24-46
Total Event Based (max = 24) 41 18.15 (3.26) 8-24
Focal Event Based (max = 12) 41 10.00 (1.83) 4-12
Focal Event Based — Early (max = 6) 41 5.37(0.92) 2-6
Focal Event Based — Late (max = 6) 41 4.63 (1.26) 1-6
Non-Focal Event Based (max = 12) 41 9.27 (2.00) 5-12
Non-Focal Event Based — Early (max = 6) 41 5.22 (1.01) 2-6
Non-Focal Event Based — Late (max = 6) 41 4.05 (1.84) 0-6
Total Time Based (max = 18) 41 11.63 (3.10) 6-18
Time Based — Comparison (max = 12) 41 9.29 (1.97) 4-12
Time Based — Comparison Early (max = 6) 41 5.17 (1.34) 0-6
Time Based — Comparison Late (max = 6) 41 4.12 (1.29) 1-6
Immediate Recognition (max = 20) 41 15.51 (1.98) 10-18
Delayed Recognition (max = 20) 41 17.17 (2.42) 12-20
Visual Attention Accuracy (max = 32) 41 22.98 (3.84) 17-30
Visual Attention Speed (max = 32) 41 23.61 (3.69) 18-30
Visuospatial Attention Speed (max = 16) 41 11.90 (1.50) 8-14
Visuospatial Attention Accuracy (max = 16) 41 12.10 (1.18) 8-13
Auditory Attention (max = 32) 41 29.56 (3.66) 20-32
Planning (max = 19) 41 14.90 (1.51) 11-17
Cooking Task (max = 16) 41 9.68 (2.57) 2-13

“Time Based — Comparison”, “Time Based — Comparison Early”, and “Time Based — Comparison
Late” were used for the comparisons with the corresponding “Focal Event Based” and “Non-Focal
Event Based” tasks. “Early” and “Late” corresponds to the time in the scenario that this PM task was
performed.

Comparisons between the different types of PM tasks
Table 6 demonstrates the VR-EAL PM scores. No significant differences
were observed among the focal event-based, non-focal event-based, and time-based

tasks. Despite the absence of significant differences, performance on the focal event-
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based tasks was higher than the non-focal event-based and time-based tasks,
especially in the tasks performed during the late stage of the scenario. Performance
was significantly higher on the tasks performed during the early stage of the scenario
compared to the late stage of the scenario. Also, performance on the non-focal event-
based task was significantly lower in the late stage compared to performance on the
focal event-based and time-based tasks performed in the early stage. Equally,
performance on the time-based task performed during the late stage was significantly
lower than performance on the focal and non-focal event-based tasks performed in
the early stage. However, late focal event-based tasks did not show a significant
difference with early non-focal event-based and time-based tasks, albeit that
performance on the specific focal event-based task was lower than performance on

the other two tasks.
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Table 6. Comparison between the VR-EAL prospective memory tasks and scores

Comparison p-value t BF1o error% SP
Focal Event Based > Non-Focal Event Based 0.065 1.549 0.942 ~3.874e-5 100 %
Focal Event Based > Time Based — Comparison 0.039 1.810 1.427 ~1.093¢ -4 100 %
Non-Focal Event Based > Time Based — Comparison 0.521 0.054 0.162 ~5.508¢ -6 6.32 %
Focal Event Based - Early > Non-Focal Event Based — Early 0.269 0.621 0.293 ~0.005 97.25%
Focal Event Based - Early > Time Based - Comparison Early 0.205 0.831 0.367 ~2.035e-5 99.93 %
Non-Focal Event Based - > Time Based - Comparison Early 0.428 0.183 0.195 ~5.495¢ -6 20.81 %
Early
Focal Event Based - Late > Non-Focal Event Based —Late 0.052 1.668 1.133 ~6.915¢e-5 100 %
Focal Event Based - Late > Time Based - Comparison Late 0.032 1.908 1.685 ~1.372e-4 100 %
Non-Focal Event Based - > Time Based - Comparison Late 0.577 0.197 0.146 ~3.610e -6 23.37%
Late
Focal Event Based - Early > Focal Event Based — Late <.001 3.824 123.801 ~3.855¢e-5 100 %
sk
Non-Focal Event Based - > Non-Focal Event Based — Late <.001 3.406 41.867 ~ 1.666e -5 100 %
Early oK
Time Based - Comparison > Time Based - Comparison — Late <.001 3.847 131.608 ~3.750e -5 100 %
Early ok
Non-Focal Event Based - > Focal Event Based — Late 0.021 2.096 2357 ~2.001e-4 100 %
Early
Time Based - Comparison > Focal Event Based — Late 0.028 1.966 1.865 ~1.546¢ -4 100 %
Early
Focal Event Based - Early >  Non-Focal Event Based — Late <.001 3.782 110.788 ~3.988e-5 100 %
sksksk
Time Based - Comparison > Non-Focal Event Based — Late 0.002 3.132 21.414 ~7.988e -6 100 %
Early *
Focal Event Based - Early > Time Based - Comparison — Late <.001 4.999 3406.650 ~1.417e-7 100 %
skksk
Non-Focal Event Based - > Time Based - Comparison — Late <.001 4.453 703.315 ~4.009¢ -6 100 %
sheskosk

Early

*BF10> 10; ™ BF10> 30; ™" BF10 > 100; SP = Statistical Power at o. = .05; For all tests, hypothesis is
measurement one greater than measurement two.
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Correlations between the VR-EAL scores
The only significant correlations were found between delayed recognition and
the total PM score, and between visual attention accuracy and non-focal event-based

score (see Table 7).
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Table 7. Bayesian correlations between the VR-EAL scores

Focal Event Non-Focal Event Time Total PM
Based Event Based Based Based Score
p-value 0.547 0.172 0.077 0.691 0.140
Immediate Recognition r 0.097 0.217 0.279 0.064 0.234
BF1o 0.232 0.478 0.879 0.210 0.556
p-value 0.598 0.347 0.007 0.132 0.004
Delayed Recognition r 0.085 0.151 0.412 0.239 0.441
BF1o 0.222 0.298 6.217 0.581 10.759*
p-value 0.211 0.003 0.151 0.361 0.110
Visual Attention Accuracy r 0.199 0.449 0.228 0.147 0.253
BF1o 0.414 12.695% 0.526 0.291 0.667
p-value 0.309 0.006 0.142 0.325 0.095
Visual Attention Speed r 0.163 0.419 0.233 0.158 0.264
BF1o 0.320 6.993 0.551 0.311 0.746
p-value 0.564 0.050 0.588 0.079 0.449
Visuospatial Attention r 0.093 0.308 0.087 0.278 0.122
Accuracy
BF1o 0.228 1.245 0.224 0.864 0.257
p-value 0.151 0.759 0.038 0411 0.389
Visuospatial Attention Speed r 0.228 0.049 0.326 0.132 0.138
BF1o 0.526 0.204 1.568 0.270 0.278
p-value 0.023 0.429 0.091 0.102 0.023
Auditory Attention r 0.354 0.127 0.267 0.259 0.354
BF1o 2.363 0.263 0.773 0.708 2.339
p-value 0.098 0.131 0.121 0.030 0.011
Planning r 0.262 0.240 0.246 0.339 0.392
BFo 0.728 0.587 0.623 1.883 4.298
p-value 0.046 0.422 0.198 0.278 0.108
Cooking Task r 0.313 0.129 0.205 0.173 0.255
BF1o 1.327 0.266 0.434 0.343 0.679

The alternative hypothesis specifies that the correlation is positive. * BF 19> 10; ** BF1p> 30; ™ BFy
> 100

r = Pearson’s r; PM = prospective memory, In bold, there are significant and tended to be significant
correlations.
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Predictors of PM scores

We provided a brief description of the covariates and model selection of our
Bayesian regression analyses in JASP (see Liang e al., 2008; Rouder & Morey,
2012). The very first step was the selection of the covariates which form the full
model. In our case, each full model included all the non-PM VR-EAL scores. JASP
then formed sub-models with all the possible combinations of the covariates included
in the full model, and then compared these sub-models to select the best one. Of
note, one of the possible models is the null model (i.e., no covariates), which
postulates that none of the covariates and their combinations substantially explained
the variance of the dependent variable. For the inclusion of the covariates in the
model, JASP uses the BF-inclusion, which is the ratio of the prior inclusion
probability and the posterior inclusion probability. For the selection of the best model
from all possible sub-models (including the full model and the null model), JASP
uses the BFm, which is the change from prior model odds to posterior model odds.

Table 8 demonstrates the predictive models for the PM scores. In all models,
the variance inflation factor and tolerance were acceptable, suggesting an absence of
multicollinearity issues in the models. The most frequent predictors in the five
models of the PM scores (i.e., included in the 4 best models) were delayed
recognition, visuospatial accuracy, multitasking/task-switching (i.e., the cooking
task), and auditory attention; closely followed (i.e., included in the 3 best models) by
the planning task. All models achieved good to excellent statistical power (i.e., = 83 -
99%), while they explained a significant percentage of the variance on the PM scores
(i.e., =26 - 47%). The best predictive model for the focal event-based score included

auditory attention, multitasking/task-switching, and visual attention speed. The best
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model for the non-focal event-based score included visual attention accuracy,
visuospatial attention accuracy, planning, and delayed recognition. The best
predictive model for the event-based score included delayed recognition, visuospatial
attention accuracy and speed, multitasking/task-switching, and auditory attention.
Lastly, the predictive models for the time-based score and PM total score included
the same predictors: delayed recognition, visuospatial attention accuracy, auditory

attention, multitasking/task-switching, and planning.
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Table 8. Predictive models of prospective memory scores

Target Best Model P(M) P(M/Data) BFm R? SP
Focal Auditory Attention + 0.002 0.041 26.644 0.256  83.21%
Event Cooking Task +
Based Visual Attention Speed

Non-Focal Visual Attention Accuracy + 0.002 0.014 12.198 0.358  94.13%
Event Visuospatial Attention Accuracy +
Based Planning +
Delayed Recognition
Event Delayed Recognition + 0.002 0.015 12.535 0.301 86.27%
Based Visuospatial Attention Speed +
Auditory Attention +
Cooking Task +
Visuospatial Attention Accuracy
Time Planning + 0.004 0.025 11.589 0.355  91.72%
Based Visuospatial Attention Accuracy +
Auditory Attention +
Delayed Recognition +
Cooking Task
Total PM Delayed Recognition + 0.002 0.042 27.596 0.469  98.80%
Score Planning +

Auditory Attention +
Cooking Task +

Visuospatial Attention Accuracy

P = Probability;, M = Model; BFy = Model’s Bayesian Factor; SP = Model’s Statistical Power at a

=05
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Discussion

The current study investigated everyday PM functioning by implementing an
immersive VR research paradigm (i.e., VR-EAL) with enhanced ecological validity.
Performance on diverse PM tasks (i.e., focal event-based, non-focal event-based, and
time-based tasks) was examined and the cognitive functions and processes
facilitating everyday PM functioning were explored. We will now discuss our
findings pertaining to everyday PM functioning in relation to the predominant
theories of PM (i.e., the PAM and multiprocess theories), and the contribution of
executive functions to PM functioning.
Performance on everyday PM tasks

Performance on focal event-based tasks was higher than performance on non-
focal event-tasks, which is in line with the findings of previous studies making
similar comparisons (e.g., Loft & Remington, 2013; McDaniel, Shelton, Breneiser,
Moynan, & Balota, 2011; Mullet et al., 2013; Scullin et al., 2010; Zuber et al., 2019).
However, in our study, this difference in performance was not significant. Equally,
Loft and Remington (2013) found a non-significant difference between focal and
non-focal event-based tasks when participants delayed their response to the PM cue
for 600ms or longer. Loft and Remington (2013) argue that the design of laboratory
PM tasks motivates participant to respond as fast as possible, while a delay seems to
allow participants to refocus their preparatory processes (e.g., attentional and
memory) from the ongoing task (i.e., distractor) to the PM task, substantially
increasing performance on non-focal event-based tasks. The performance on focal
and non-focal event-based tasks was also comparable to performance on time-based

tasks. Again, this contradicts findings from the PM literature where performance on
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time-based tasks was poorer than focal and non-focal event-based tasks (e.g., Conte
& McBride, 2018; Zuber et al., 2019). These discrepancies may be attributed to the
delay to perform the PM tasks after the detection of the associated cue or prompt,
which is potentially due to the ecological nature of the VR-EAL.

VR-EAL is an immersive and realistic simulation of a day (i.e., 8am — 3pm),
where the participant has to perform several everyday tasks (i.e., both PM and non-
PM tasks) according to a scenario. There are several factors that make the VR-EAL
significantly closer to real life situations and PM functioning than other PM
paradigms, such as the complexity and synthesis of the environment (i.e., a realistic
and complex 360° environment), the quality of the stimuli (i.e., dynamic and
realistic), the duration of the experiment (i.e., approximately 70 minutes), the
naturalistic and ergonomic interactions within the testing environment, the response
type (i.e., naturalistic) and time (i.e., in seconds), the length of the delay from
encoding the PM intention to performing the PM action (i.e., 15 — 60 minutes), as
well as the quantity (i.e., several) and quality (i.e., cognitively demanding) of the
ongoing and PM tasks. We have previously demonstrated that participants rate the
similarity of VR-EAL’s tasks with real-world tasks as very high (Kourtesis et al.,
2020a). By adopting an ecologically valid paradigm like the VR-EAL, participants
are thought to respond in a more realistic way, rather than responding almost
automatically (i.e., measured in milliseconds) on laboratory tasks. For example, in
VR-EAL, participants responded several seconds (or even a couple of minutes) after
the presentation or detection of the PM prompt or cue. This delay suggests that, in
everyday PM functioning, individuals inhibit impulsive responses related to the PM

task, and/or shift their attention to the PM task, and/or check their stored information
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(e.g., a plan of action) to decide which response would be appropriate. However,
laboratory-based PM tasks tend to adopt a single ongoing task, and a single PM cue
and task (e.g., Gonneaud et al., 2011; Loft & Remington, 2013; McDaniel et al.,
2011; Mullet et al., 2013; Scullin et al., 2010; Schnitzspahn et al., 2013; Zuber et al.,
2016, 2019), which substantially reduces the requirement of executive functions on
PM functioning. Hence, the observed contributions of updating, shifting, and
inhibition on PM functioning in studies which have implemented such laboratory
tasks may be underestimated (e.g., Gonneaud et al., 2011; Schnitzspahn et al., 2013;
Zuber et al., 2016, 2019).

Another reason for the discrepancy between the current findings and previous
studies may be the implementation of Bayesian factors for significance testing
instead of p-values (i.e., the null hypothesis significance testing; NHST). Reporting
failures to replicate seems crucial for scientific progress (Ioannidis, 2015), while one
of the main causes for failing to replicate results appears to be the false positive
findings through utilizing p-values for testing significance (Ioannidis, 2005, 2014,
2015; Benjamin et al., 2018). Research has shown that Bayesian statistics are
substantially more parsimonious and reliable than NHST (Benjamin et al., 2018;
Dienes, 2016; Held & Ott, 2018; Marsman & Wagenmakers, 2017; Wagenmakers et
al., 2018). In our study, some of our comparisons would have been labelled
“significant” (e.g., focal event-based against time-based) if we had adopted a NHST
approach using a threshold of p < .05. The utilization of Bayesian statistics rather
than NHST assured more robust and reliable results but may have contributed to our
discrepant findings compared to previous studies using NHST and a threshold of p

<.05.
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The only significant differences that we found were pertaining to the duration
between encoding the PM intention and performing the PM action. Performance on
time-based, focal, and non-focal event-based tasks performed during the early stage
(i.e., 15 — 30 minutes after encoding) was substantially higher than performance on
the corresponding tasks (e.g., time-based early > time-based late) performed during
the late stage (i.e., 45 — 60 minutes after encoding). This indicates that PM declines
over delays of 45 minutes or longer. Our findings are concordant with the findings of
previous studies that have attempted to examine the effect of delay on focal (e.g.,
Kliegel & Jager, 2006; Meier, Zimmermann, & Perrig, 2006; Scullin & McDaniel,
2010) and non-focal even-based tasks (e.g., Martin, Brown, & Hicks, 2011;
McBride, Beckner, & Abney, 2011), as well as on time-based tasks (McBride,
Coane, Drwal, & LaRose, 2013).

It has been argued that a delay may leave PM performance intact or even
increase performance, if the ongoing task permits rehearsal (Hicks, Marsh, &
Russell, 2000; Martin et al., 2011) and does not induce a moderate to high working
memory load (Kliegel & Jager, 2006). In VR-EAL, the ongoing tasks are highly
engaging and demanding like real-life tasks, so they are not thought to permit
rehearsal. Indeed, our findings are in line with studies where the duration of the delay
(e.g., 12 hours) was more representative of everyday PM (e.g., McBride et al., 2013;
Scullin & McDaniel, 2010). These findings postulate the important role of episodic
memory in everyday PM functioning for maintaining and retrieving the PM
intention. Also, performance on late time-based and non-focal event-based tasks was
significantly lower than on other early PM tasks (e.g., non-focal late < focal even-

based early or time-based early). However, performance on the late focal event-based
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task was not significantly lower than on other early PM tasks (e.g., focal late < non-
focal early or time-based early). In line with the multiprocess theory, this suggests
that the role of episodic memory in focal event-based tasks, which require reflexive
associative retrieval, is not as crucial as it is in non-focal and time-based tasks which
require intentional retrieval (McDaniel & Einstein, 2000, 2007). Indeed, the pattern
of PM forgetting seems comparable to episodic memory forgetting on non-focal
event-based (Martin et al., 2011; McBride et al., 2011) and time-based tasks
(McBride et al., 2013), which indicates the critical importance of episodic memory in
these PM tasks.
Cognitive functions facilitating everyday PM

The VR-EAL subtests assessing auditory attention, multitasking/task-
switching, and visual attention speed significantly predicted performance on the focal
event-based tasks. Auditory and visual attention may assist with the encoding of the
PM intention and its automatic retrieval (McDaniel & Scullin, 2010). However,
automatic retrieval is predominantly facilitated by the focality and salience of the PM
cue (McDaniel & Scullin, 2010; McDaniel et al., 2015). The involvement of visual
attention speed appears to be in line with the multiprocess framework, where the
focality of the cue (i.e., easily detected) appears to diminish the role of attentional
accuracy on PM performance, and highlights the importance of attentional speed
(i.e., how fast the cue is detected). Similarly, the presence of auditory attention in the
model may also indicate that the ability to detect auditory cues (e.g., the virtual
character who accompanies the participant mentions the word “Library”) also assists

in the retrieval of the PM intention as the visual cues do.
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Also, the inclusion in the focal event-based model of a visual attention score
rather than a visuospatial attention score seems to support the multiprocess
framework. This framework suggests that monitoring is sometimes passive/automatic
and not always intentional/strategic as the PAM theory suggests (McDaniel &
Einstein, 2000; 2007; McDaniel et al., 2015). Specifically, the automatic monitoring
and retrieval takes place when the PM cue is focal (i.e., the PM cue is easily
detected; McDaniel & Einstein, 2000; 2007; McDaniel et al., 2015). Visuospatial
attention refers to the ability to intentionally select and scan a specific area in the
surrounding environment (i.e., 360°) where a specific cue may be detected, while the
visual attention speed measure refers to the speed of detecting a cue within the visual
field. Hence, the inclusion of visual attention speed instead of a visuospatial attention
score in our predictive model for the focal event-based score might support the
distinction between strategic and automatic monitoring as suggested by the
multiprocess framework.

The inclusion of multitasking/task-switching in the focal event-based model
highlights the role of executive functions in PM functioning. The multitasking/task-
switching ability was assessed by a cooking task. Cooking tasks are composite
assessments of executive functioning processes such as updating stored information,
inhibiting responses discordant to the plan of action, and switching attention between
tasks (Craik & Bialystok, 2006; Doherty et al., 2015; Rose et al., 2015), which have
been found to contribute to PM functioning (Azzopardi et al., 2017; Gonneaud et al.,
2011; Schnitzspahn et al., 2013; Zuber et al., 2016, 2019). Specifically, updating and
inhibition have been found to facilitate focal event-based PM (Zuber et al., 2016,

2019).
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The predictive model for the non-focal event-based score included the scores
for visual attention accuracy, visuospatial attention accuracy, planning, and delayed
recognition. The inclusion of both these attentional processes emphasizes the
importance of preparatory attentional processes to facilitate the strategic monitoring
for non-focal PM cues (Smith, 2003; Smith ez al., 2007). Here both the ability to
select and scan a specific area in the surrounding environment for a cue, and the
ability to detect the correct cue within the visual field, play a role. The presence of
visual attention accuracy and visuospatial accuracy in the non-focal model supports
the distinction between automatic and strategic monitoring as suggested by the
multiprocess framework.

The non-focal model also included delayed recognition. The PAM theory
highlights the importance of preparatory memory processes (Smith, 2003; Smith et
al., 2007), while the multiprocess theory suggests that memory processes are only
required for non-focal cues. Focal cues do not require memory processes because of
the high salience between the cue and the PM intended action (McDaniel & Einstein,
2000, 2007; McDaniel et al., 2015). Hence, the inclusion of delayed recognition only
in our non-focal model (and not in the focal model) provides further evidence for the
differentiation between these two PM models (i.e., automatic retrieval with focal
cues and intentional retrieval with non-focal cues).

Lastly, the non-focal model also included planning. Planning can be
described as future thinking that organizes and prioritizes future actions (Morris &
Ward, 2004). In everyday life, planning defines when and where an action will take
place (e.g., tomorrow I will pay my overdue electricity bill after work; Morris &

Ward, 2004). Planning appears to be central to Gollwitzer’s term implementation
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intention, which is an encoding technique for future actions by associating a cue with
the intended action (i.e., “if I encounter X then I will do Y”’; Gollwitzer, 1999). This
encoding technique has been found to significantly ameliorate PM performance (Liu
& Park, 2004; McDaniel & Scullin, 2010; Milne, Orbell, & Sheeran, 2002). In focal
tasks, the cue is highly associated with the intended action; however, in non-focal
tasks, the cue is not strongly associated with the intended action. Thus, planning (i.e.,
when I see X, then I will do Y) emerges as a paramount factor for encoding the
association between the cue and the PM action in non-focal event-based tasks.

The distinct models for the focal and non-focal event-based scores have
highlighted the differences between the PAM and multiprocess theories in terms of
monitoring and retrieval processes. In line with the multiprocess framework, the
focal model postulates an automatic and cognitively cost-effective monitoring and
retrieval. In line with both the PAM and multiprocess theories, the non-focal model
hypothesizes a strategic, yet cognitively high cost, monitoring and intentional
retrieval. Our current findings contradict the claim of the PAM theory that
monitoring and retrieval processes are always, to some extent, strategic and
intentional (Smith, 2003; Smith ez al., 2007). In contrast, our findings support the
proposal of the multiprocess framework that suggests that monitoring and retrieval
are sometimes intentional but sometimes automatic, depending on the focality of the
PM cue (McDaniel & Einstein, 2000; 2007; McDaniel et al., 2015). Hence, as
suggested by the multiprocess framework, there is an interplay between the two
processes that occurs in real-life PM functioning. Our findings also pinpoint the
importance of executive functions in both focal and non-focal event-based PM in

encoding and maintaining the PM intention. However, they may also facilitate the
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interplay between intentional and automatic monitoring and retrieval. This could be
seen as an extension of Gollwitzer’s implementation intention; planning ability may
assist with defining when shifting from cost-effective automatic monitoring to
intentional and strategic monitoring will occur (e.g., the Z environmental cue was
automatically detected, which provides a hint for the existence of the X cue, whereas
the X cue is associated with the Y PM action). For example, on my way back home, I
passively detect a huge billboard (i.e., Z cue) which indicates that [ am entering the
commercial area of the town (i.e., the hint for an X cue in the area) and this reminds
me that [ want to buy something. So, I start strategically monitoring the area until I
spot the bakery sign (i.e., X cue), which reminds me that [ want to buy a loaf (i.e., Y
PM action).

In the model for the event-based total score which included two focal tasks,
two non-focal tasks, and one misleading task, there were two predictors from the
focal model (i.e., auditory attention and multitasking/task-switching), two predictors
from the non-focal model (i.e., visuospatial attention accuracy and delayed
recognition), and visuospatial attention speed. Hence, this model appears to integrate
the focal and non-focal models. However, the visuospatial attention accuracy
prevailed as a more significant predictor than visual attention accuracy, as well as
visuospatial attention speed over visual attention speed. Nevertheless, this preference
in favor of visuospatial attention is justified by the fact, as described above, that
these scores embed information (i.e., accuracy and speed of scanning) and are related
to visual attention scores. The cooking task is related to updating stored information

(e.g., plan an action), inhibiting responses discordant with the plan of action, and
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switching attention between tasks. The cooking task was included in the event-based
total score model, while the planning task was not.

Similarly, the predictive model for the time-based total score included
delayed recognition, visuospatial attention accuracy, auditory attention, the cooking
task, and planning. Episodic memory has been seen to play an important role in
retrieving time-based intention (Einstein & McDaniel, 1996; Mackinlay, Kliegel, &
Mintyla, 2009; McFarland & Glisky, 2009); hence, the inclusion of delayed
recognition as a predictor in the time-based model supports these findings. The
incorporation of visuospatial attention accuracy in the time-based model is
interpreted as an indication of effective time monitoring. In VR-EAL, the watch is
attached to the left hand/controller of the participant which is accessible at all stages
of the scenario (see scene 10 in Figure 1). In relation to the location of the
hand/controller, most of the time the watch is not within the visual field of the
participant (see Figures 1 and 2), while time monitoring requires the participant’s
effort to focus on the watch. Hence, time monitoring can be only achieved when the
participant detects and focuses on the watch. Consequently, the inclusion of
visuospatial attention accuracy is accordant with the findings highlighting the role of
time monitoring on time-based PM (McFarland & Glisky, 2009; Mioni & Stablum,
2014; Vanneste, Baudouin, Bouazzaoui, & Taconnat, 2016).

As discussed previously, the inclusion of auditory attention in the time-based
model implicates auditory attention in encoding the PM intention and detecting
relevant reminding cues (e.g., the word “time” mentioned by the virtual character).
Also, the time-based model included the executive functions (i.e., planning and

multitasking/task-shifting). These have been found to facilitate time-based PM
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functioning (Azzopardi et al., 2017; Gonneaud ef al., 2011; McFarland & Glisky,
2009; Mioni & Stablum, 2014; Vanneste et al., 2016; Zuber et al., 2019), and
highlights the agreement of our findings with this literature. The time-based model
also indicates the similarities between time-based and non-focal event-based tasks. In
time-based and non-focal event-based tasks, the attentional processes are used for
strategic monitoring of temporal or environmental cues respectively, while the
episodic memory involvement in both models indicates an analogous intentional
retrieval process. Indeed, performance on both time-based and non-focal event-based
tasks is mediated by the same frontal areas (e.g., posterior frontal cortices),
indicating similarities in monitoring and retrieval processes (Cona, Arcara, Tarantino,
& Bisiacchi, 2012; Cona et al., 2015; Gonneaud et al., 2014). However, the main
distinction between time-based and non-focal event-based tasks is that monitoring
relates to temporal cues (i.e., time estimation and monitoring) in the time-based tasks
and mainly to environmental cues in the non-focal event-based tasks, which also
shows activation of diverse regions in the former (e.g., dorsolateral prefrontal cortex)
and in the latter (e.g., occipital lobe; Cona et al., 2012, 2015; Gonneaud et al., 2014).
Finally, the predictive model for the PM total score includes the same
predictors as the time-based model. The inclusion of these predictors which explain a
high percentage of the variance (i.e., 47%), further supports the importance of these
cognitive functions in everyday PM functioning. Our findings hence postulate that
real-life PM functioning is predominantly facilitated by episodic memory (i.e.,
delayed recognition), visuospatial attention (i.e., visuospatial attention accuracy),
auditory attention, and executive functions (i.e., multitasking/task-shifting and

planning). Interestingly, these cognitive functions were also found to be the most
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frequent predictors in the five models of the PM scores. The delayed recognition and
the visuospatial accuracy were found to be significant predictors in the same four
models (i.e., non-focal, event-based, time-based, and total PM score). Likewise, the
auditory attention and multitasking/task-switching were found in the same four
models (i.e., focal, event-based, time-based, and total PM score). Lastly, planning
was found in the three best models (i.e., non-focal, time-based, and total PM score).
As discussed above, the inclusion of attentional and memory processes is explained
by the PAM and multiprocess theoretical frameworks. However, these theories do not
explain time-based PM, or the specific role of executive functions (i.e., planning and
multitasking/task-switching) on PM functioning. Time-based PM appears proximal
to non-focal event-based PM, and executive functions were seen as contributors in
both encoding and maintaining PM intentions, and regulating the interplay between
automatic and strategic monitoring and retrieval. The dual pathways neurocognitive
model (see Figure 1 in McDaniel et al., 2015), which is based on the multiprocess
framework, describes the interplay between intentional and automatic monitoring
and retrieval when the PM cue is non-focal or focal respectively, and seems the
closest model in depicting our findings and conclusions. However, we would also
suggest the integration of time-based PM (e.g., proximal to non-focal) and the role of
executive functions in the dual pathways model to better illustrate the complexity of
PM.
Methodological considerations and future studies

This study has some limitations. The sample size was relatively small,
although Bayesian statistics allowed us to facilitate sound statistical analyses with

high statistical power. Future studies should include a larger population which would
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allow a factorial analysis of the components of PM. Also, the participants were only
young adults. A more diverse population including both younger and older adults
may help to elucidate the effect of aging on PM assessed using the VR-EAL. While
everyday PM functioning should be studied by implementing immersive VR
simulations (e.g., VR-EAL) or real-world tasks, the VR-EAL has the limitation that it
cannot measure time monitoring. A future version of the VR-EAL should integrate a
mechanism that allows for the direct quantification of time monitoring. Furthermore,
while ecologically valid paradigms are suitable for the investigation of real-life PM,
they may be susceptible to confounding factors and fail to thoroughly examine
specific processes. Laboratory tasks have the advantage of isolating confounding
factors and allowing the examination of specific processes. However, laboratory PM
tasks in their current form suffer from certain limitations (e.g., a two-dimensional
environment, keyboard-based responses, static stimuli, and a lack of realism). A
solution would be the modernization of laboratory tasks using immersive VR
technology, which has the advantage of reducing the divergence from real-life
conditions, and enabling a meticulous examination of the PM components, cue

attributes, and the role of executive functions.

Conclusions

In summary, our findings postulate that the performance differences between
focal, non-focal, and time-based are not significant in everyday PM. In contrast, the
length of delay between encoding and retrieving the PM intention appears to play a
central role in everyday PM functioning. Our results pertaining to non-focal and
focal event-based PM support both the PAM and multiprocess frameworks,

respectively. However, our findings inferring a dynamic interplay between automatic
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and intentional monitoring and retrieval processes, agree with the inclusive approach
of multiprocess framework. We also found that real-life PM functioning is
predominantly facilitated by episodic memory, visuospatial attention, auditory
attention, and executive functions. Future research should attempt to further
investigate everyday PM functioning, especially time-based PM, and the role of

executive functions in PM.
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Chapter 6 showed that the real-world prospective memory is facilitated by episodic
memory, attentional processes, and executive functions such as planning and
multitasking. Also, Chapter 6 demonstrated that the everyday prospective memory
functioning incorporates an interplay between automatic and intentional monitoring
and retrieval processes, which aligns with the multiprocess framework. However,
the differences of the performance on diverse types of prospective memory tasks,
which were observed in laboratory paradigms, they were not replicated in an
ecologically valid paradigm like the VR-EAL. Nonetheless, the length of delay
between encoding and retrieval has an impact on the prospective memory
functioning. Overall, the Chapter 6 offered evidence that the VR-EAL may also
contribute to the understanding of real-world prospective memory functioning. The
following chapter will offer an all-inclusive discussion of the findings of this thesis

pertinent to the utility of the VR-EAL.
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Chapter 7: General Discussion

This final chapter provides a summary of the findings and a general discussion of

the results. Limitations and future directions related to this work are also discussed.
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7.1. Aims of this thesis

This thesis adopted a multidisciplinary approach (i.e., computer science and
psychology) to explore the potency of immersive virtual reality (VR) as a research and
clinical tool in cognitive neuroscience and neuropsychology, as well as to address the
issue of ecological validity in neuropsychological testing, especially regarding the
assessment of cognitive functions which are central to everyday functioning. Finally,
the technical and methodological pitfalls associated with the implementation of
immersive VR in cognitive neuroscience and neuropsychology were also examined.
In Chapter 2, a technological systematic literature review of the reasons for adverse
VR induced symptoms and effects (VRISE) was conducted. Also, suggestions and
technological knowledge for the implementation of VR head-mounted displays
(HMD) in cognitive neuroscience were provided. A meta-analysis of 44
neuroscientific and neuropsychological studies involving VR HMD systems was
performed. Another aim was to devise a brief tool to appraise and report both the
quality of software features and VRISE intensity quantitatively, due to the absence of
such a tool. Chapter 3 described and discussed the development and validation of the
Virtual Reality Neuroscience Questionnaire (VRNQ), a tool to assess the quality of
VR software in terms of user experience, game mechanics, in-game assistance, and
VRISE. In the same chapter, suggestions pertaining to the maximum duration of VR
sessions were offered. In Chapter 4, guidelines were proposed for the various stages
in the development of the Virtual Reality Everyday Assessment Lab (VR-EAL), the
first immersive VR neuropsychological battery, programmed using Unity game
development software. In Chapter 5, the convergent, construct, and ecological validity

of VR-EAL as an assessment of prospective memory, episodic memory, visual
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attention, visuospatial attention, auditory attention, and executive functions were
examined. Finally, in Chapter 6, using VR-EAL, the predominant theories of
prospective memory, the preparatory attentional and memory processes (PAM) and
the multiprocess frameworks, were examined by comparing performance on diverse
prospective memory tasks (i.e., focal and non-focal event-based, and time-based tasks)
and identifying the cognitive functions which predict everyday prospective memory
functioning. The findings of these aforementioned studies have already been discussed
individually in each chapter. However, in this final chapter, the results of these studies

will be discussed using an all-inclusive approach.

7.2. Summary of the results

Table 1 provides a summary of the aims and the findings of each study of this thesis.
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7.2.1. Table 1. The main findings of each study

Chapter Aims Findings
Chapter 2 Identify the technical The review indicated features pertinent to display, sound, motion tracking, navigation mode,
reasons for VRISE and ergonomic interactions, user experience, and computer hardware that should be considered by
examine the effect of researchers.
these technical factors The meta-analysis of the VR studies demonstrated that new generation HMDs induce
in neuroscientific and significantly less VRISE and marginally fewer dropouts. Importantly, the commercial versions
neuropsychological of the new generation HMDs with ergonomic interactions had zero incidents of adverse
studies. symptomatology and dropouts. HMDs equivalent to or greater than the commercial versions of
contemporary HMDs, accompanied with ergonomic interactions, are suitable for
implementation in cognitive neuroscience.
Chapter 3  Develop and validate VRNQ is a valid tool for assessing VR software in terms of self-reported user experience, game

the VRNQ and explore
the maximum duration

of VR sessions.

mechanics, in-game assistance, and VRISE intensity; it has good convergent, discriminant, and
construct validity.

The maximum duration of VR sessions should be between 55 and 70 minutes when the VR
software meets or exceeds the parsimonious cut-offs of the VRNQ, and the users are

familiarized with the VR system.
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Chapter 4  Provide guidelines for

Chapter 5

the development of VR

software in cognitive
neuroscience and
neuropsychology, by
describing the
development of VR-
EAL.

Validate and compare
VR-EAL against a
paper-and-pencil
ecologically valid
neuropsychological

battery.

The Unity game engine, in conjunction with compatible software incorporating assets and
software development kits, assist cognitive scientists in overcoming challenges pertinent to
VRISE and the quality of the VR software.

Better in-game assistance, game mechanics, and graphics substantially increase the quality of
the user experience and almost eradicate VRISE.

It is feasible to develop effective VR research and clinical software without the presence of

VRISE during a 60-min VR session.

VR-EAL scores were significantly correlated with their equivalent scores on the paper-and-
pencil tests.

The participants’ self-reports indicated that the VR-EAL tasks were considered significantly
more ecologically valid and pleasant to perform than the paper-and-pencil neuropsychological
battery. Also, the VR-EAL battery had a shorter administration time.

The VR-EAL is a suitable neuropsychological assessment of everyday cognitive functions with
enhanced ecological validity, providing a highly pleasant testing experience, and not inducing

cybersickness.
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Chapter 6

Examine the main
theoretical frameworks
of focal and non-focal
event-based, and time-
based prospective
memory using an
ecological valid
research paradigm, as
well as to identify the
cognitive functions
which predict everyday
prospective memory

functioning.

The type of prospective memory task does not seem to influence everyday prospective memory
functioning.

The length of the delay between encoding and retrieving the prospective memory intention
appears to play a central role in everyday prospective memory functioning.

The PAM and multiprocess frameworks were found to depict prospective memory functioning
in non-focal and focal event-based tasks respectively.

Everyday prospective memory functioning is mediated by the dynamic interplay between
automatic and strategic monitoring and retrieval processes.

The integration of time-based prospective memory and executive functions in the dual pathways
model is suggested.

Everyday prospective memory functioning is predominantly facilitated by episodic memory,

visuospatial attention, auditory attention, and executive functions.
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As Table 1 illustrates, the implementation of immersive VR in cognitive neuroscience
and neuropsychology may be efficient and advantageous. Specifically, it is feasible to
avoid or substantially alleviate adverse VRISE and provide a neuropsychological
assessment like VR-EAL with enhanced ecological validity and a shorter
administration time. Also, the VR-EAL was rated as a highly pleasant testing

experience and able to contribute to the understanding of everyday cognition.

In Chapter 2, the meta-analysis showed that the technical reasons for VRISE pertain
to a number of factors: the type of display (Kim, Choe, Hwang, & Kwag, 2017); the
quality and spatialization of sound (Vorlinder & Shinn-Cunningham, 2014); the
accuracy and speed of motion tracking (Plouzeau, Paillot, Chardonnet, & Merienne,
2015); the navigation method within the virtual environment (Porcino, Clua, Trevisan,
Vasconcelos, & Valente, 2017); the type of interactions within the virtual environment
(Figueiredo, Rodrigues, Teixeira, & Techrieb, 2018); the quality of in-game
instructions, prompts, and tutorials (Jerald, LaViola Jr, & Marks, 2017); and the
potency of the hardware (Anthes, Garcia-Hernandez, Wiedemann, & Kranzlmiiller,
2016). New generation HMDs were found to induce significantly less VRISE and
marginally fewer dropouts than obsolete HMDs. Notably, there were no incidents of
adverse symptomatology and dropouts in studies that have used a contemporary HMD
in conjunction with ergonomic interactions within the virtual environment. However,
this meta-analysis also indicated that technological competency in VR is inadequate
among many neuroscientists, and that researchers did not quantitatively report the

quality of the VR software or the intensity of VRISE (Kourtesis, Collina, Doumas, &
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MacPherson, 2019). The latter was attributed to the absence of a tool that would

quantify the quality of the software and the intensity of VRISE.

In Chapter 3, the VRNQ was found to be a valid tool for assessing VR software in
terms of user experience, game mechanics, in-game assistance, and VRISE intensity.
The VRNQ was implemented to assess commercial VR software which incorporate
the aforementioned technical details. The findings postulated that deeper immersion,
better quality of graphics and sound, and more helpful in-game instructions and
prompts were found to substantially reduce VRISE intensity. Hence, these findings are
in agreement with the existing literature on the importance of these technical features
(e.g., de Franca & Soares, 2017; Palmisano, Mursic, & Kim, 2017). Also, the overall
quality of the VR software substantially modulates the maximum duration of VR
sessions, while gaming experience, age, and education of the participants do not.
Research involving immersive VR software should meet or exceed the parsimonious
cut-offs of the VRNQ, and participants should be familiarized with the VR HMD
system prior to being immersed. Meeting these criteria facilitates a maximum duration
of VR session of approximately 55 to 70 minutes. However, the development of VR
software is predominantly dependent on third parties (e.g., freelancers or companies)
with programming and software development skills (Slater, 2018). One solution that
might promote the adoption of immersive VR as a research and clinical tool might be
the in-house development of VR software by computer science literate cognitive

neuroscientists or research software engineers.

Chapter 4 went on to demonstrate that it is feasible to develop VR software in-house

that does not result in VRISE if the cognitive neuroscientist is computer science
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literate. This is done using the Unity game engine, together with other software that
provide assets and facilitate VR software development. The comparison amongst the
versions of VR-EAL (i.e., alpha, beta, and final) postulated that better in-game
assistance, game mechanics, and graphics substantially increased the quality of the
user experience and almost eradicated VRISE. The final version of VR-EAL achieved
high scores in every sub-score of the VRNQ and exceeded its parsimonious cut-offs.
Hence, the VR-EAL, which incorporates a scenario of approximately 60 minutes,
appears to be an immersive VR neuropsychological battery of everyday cognition
which does not induce VRISE. As discussed in Chapter 4, the scoring criteria and
design of the cognitive tasks in the VR-EAL were based on existing paper-and-pencil
or non-immersive VR tests that were considered ecological valid. However, the
validity of VR-EAL was not assessed against those established ecologically valid tests;

this was the purpose of Chapter 5.

In Chapter 5, VR-EAL scores were significantly correlated with their equivalent scores
on the ecologically valid paper-and-pencil tests, which support the convergent,
construct, and ecological validity of the VR-EAL. The participants’ reports indicated
that the VR-EAL tasks were considered significantly more similar to real-world tasks
and more pleasant than the paper-and-pencil neuropsychological battery. The VR-
EAL battery also had a shorter administration time. The VR-EAL appears to be an
effective neuropsychological tool for the assessment of everyday cognitive functions,
which has enhanced ecological validity, a highly pleasant testing experience, and does
not induce cybersickness symptomatology. Ecological validity is essential for
assessing everyday cognitive functioning (Franzen & Wilhelm, 1996; Chaytor &

Schmitter-Edgecombe, 2003; Spooner & Pachana, 2006). Notably, VR-EAL assesses
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prospective memory; the importance of being able to assess prospective memory has
been highlighted in studies on cognitive aging (Kidder, Park, Hertzog, & Morrell,
1997), mild cognitive impairment (Schmitter-Edgecombe, Woo, & Greeley, 2009),
brain injuries (Groot, Wilson, Evans, & Watson, 2002; Shallice & Burgess, 1991),
human immunodeficiency viruses (HIV; Woods et al., 2008), schizophrenia (Twamley

et al., 2008), and Parkinson’s disease (Pirogovsky, Woods, Filoteo, & Gilbert, 2012).

Chapter 6 showed that immersive VR methods are capable of contributing to our
understanding of prospective memory in the real-world. The VR-EAL was designed
in line with the theoretical frameworks pertaining to prospective memory and the
methodological guidelines for examining prospective memory by McDaniel,
Umanath, Einstein, and Waldum (2015). Using the VR-EAL, the prospective memory
task type (i.e., focal event-based, non-focal event-based, and time-based) does not
seem to differ in terms of participants’ performance, as has been observed in previous
lab-based experiments (e.g., Conte & McBride, 2018; McDaniel, Shelton, Breneiser,
Moynan, Balota, 2011; Mullet ef al., 2013; Scullin, McDaniel, Shelton, & Lee, 2010;
Zuber, Kliegel, & Thle, 2016; Zuber, Mahy, & Kliegel, 2019). Instead, the length of
the delay between encoding and retrieving the prospective memory intention appears
to play a central role in everyday prospective memory functioning, again this aligns
with the existing literature (Kliegel & Jager, 2006; Martin, Brown, & Hicks, 2011;
McBride, Beckner, & Abney, 2011; McBride, Coane, Drwal, & LaRose, 2013; Meier,
Zimmermann, & Perrig, 2006; Scullin & McDaniel, 2010). The intentional and
automatic monitoring and retrieval processes were found to explain prospective
memory functioning in non-focal and focal event-based tasks respectively, which

aligns with the PAM (Smith, 2003; Smith, Hunt, McVay, & McConnell, 2007) and
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multiprocess (McDaniel & Einstein, 2000; 2007; McDaniel et al., 2015) theories. In
line with the dual pathways model, a dynamic interplay between automatic and
intentional monitoring and retrieval processes was observed (McDaniel et al., 2015).
However, my findings suggested that the dual pathways model should also integrate
time-based prospective memory proximal to non-focal event-based prospective
memory and the role of executive functions to comprehensively depict the complexity
of prospective memory functioning. Concordant with the relevant literature, our
findings postulated that everyday prospective memory functioning is predominantly
facilitated by episodic memory (Einstein & McDaniel, 1996; Mackinlay, Kliegel, &
Mintyld, 2009; McFarland & Glisky, 2009), visuospatial attention (Smith, 2003;
Smith et al., 2007), auditory attention (McDaniel & Scullin, 2010), and executive
functions (Azzopardi, Auffray, & Kermarrec, 2017; Gonneaud et al., 2011;
Schnitzspahn, Stahl, Zeintl, Kaller, & Kliegel, 2013; Zuber et al., 2016; Zuber et al.,

2019).

In summary, the implementation of immersive VR software such as the VR-EAL
appears to be valuable in cognitive neuroscience and neuropsychology. However,
competence in immersive VR technology is required to avoid the pitfalls of VRISE
and provide a pleasant and ecological valid assessment of everyday cognitive

functions.

7.3. VR-EAL as an ecological valid neuropsychological assessment.

Bauer and collaborators (2012) published the official joint position of the American
Academy of Clinical Neuropsychology (AACN) and the National Academy of

Neuropsychology (NAN) which discusses 8 key issues regarding the development,
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dissemination, and implementation of Computerized Neuropsychological Assessment
Devices (CNADs) for research and clinical purposes. The CNADs encompass any new
computer-based neuropsychological assessments or computerised versions of already
established paper-and-pencil tests (e.g., Wisconsin Card Sorting Test; Sahakian &
Owen, 1992) or web-based tests. The CNAD could be a standalone device (i.c.,
hardware and software) or software (i.e., either installed locally or on the internet) that
can be run on a device with processing power such as personal computers, laptops,
tablets, or smartphones (Bauer, Iverson, Cernich, Binder, Ruff, & Naugle, 2012). The
VR-EAL as an immersive VR software and neuropsychological assessment would be
categorised as a CNAD. Hence, VR-EAL should meet the criteria of AACN and NAN

to be effectively implemented for clinical or research purposes.

The AACN and NAN recognise the potential advantages of CNADs such as testing
larger number of individuals quickly (e.g., parallel administration); immediately
available tests; enhanced accuracy and precision (e.g., reaction time measurements);
shorter administration time and reduced costs (e.g., for test administration and
scoring); adaptable in different languages; exporting the data automatically (e.g., for
research purposes); increased accessibility (e.g., remotely); and the integration of
algorithms for making decisions on issues such as the identification of an impairment
or a statistically reliable change (Bauer et al., 2012). In my PhD thesis, the VR-EAL
has already shown that it achieves several of these benefits. The VR-EAL is
immediately available after its installation on a personal computer and automatically
produces accurate performance scores that are exported into a .txt file (Kourtesis,
Korre, Collina, Doumas, & MacPherson, 2020b). Consequently, the VR-EAL has also

no costs for administration and scoring, and it requires a substantially shorter
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administration time as compared to the equivalent paper-and-pencil batteries

(Kourtesis, Collina, Doumas, & MacPherson, 2020a).

However, the VR-EAL currently does not incorporate a predictive algorithm for
identifying cognitive impairment, since the VR-EAL was not administered to any
clinical population. Thus, the predictive validity of VR-EAL has not been established.
This is considered one of the future directions, which will also allow the formulation
of a predictive algorithm for identifying impairment in the targeted population. Also,
the procedure for adapting VR-EAL into a different language and culture is more
complex than the adaptation of a paper-and-pencil test, since, in the case of the VR-
EAL, this procedure requires programming and software development skills, which
will necessitate more time. Lastly, the VR-EAL may be accessible remotely, yet the
unsupervised (i.e., supervision by a trained clinician or a researcher) administration of
the VR-EAL is not recommended, while the installation requires hardware (i.e.,
immersive VR HMD, controllers, motion tracking devices, and a VR-ready personal

computer) which may be unaffordable for an individual to purchase.

Nevertheless, as mentioned above, AACN and NAN specified eight issues that should
be addressed to benefit from the aforementioned advantages of CNADs (Bauer et al.,
2012). These issues are pertaining to: (1) the safety and effectivity of the CNAD; (2)
the identity of the end-user (i.e., the operator of the CNAD); (3) the technical hardware
and software features of the CNAD; (4) privacy and data security; (5) the psychometric
properties of the CNAD; (6) examinee issues (e.g., cultural, experiential, and disability
issues); (7) the use of reporting services; and (8) the reliability of the responses and

results of the CNAD:s (i.e., the performance on CNADs; Bauer et al., 2012). Therefore,
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the utility of the VR-EAL should be discussed in relation with the guidelines for
CNADs by AACN and NAN. The aim of this discussion is to highlight how the VR-
EAL already satisfies these criteria, as well as to identify the shortcomings of the VR-
EAL and define the necessary future directions for improving VR-EAL’s utility as a

research and clinical tool.

7.3.1. End-user, privacy, and reliability issues (points 2, 4, 7, and 8)
A critical issue is the targeted end-user of the CNAD (i.e., the person who operates the
CNAD). As defined by the American Psychological Association (APA), researchers
and clinicians “do not promote the use of psychological assessment techniques by
unqualified persons, except when such use is conducted for training purposes with
appropriate supervision” (APA, 2010, Ethical Standard 9.07, Assessment by
Unqualified Persons). CNADs can be implemented by other professionals who do not
have a background in psychometrics or neuropsychology but the results should be
integrated and interpreted by a competent professional such as a cognitive
neuroscientist or neuropsychologist (Bauer et al., 2012). Specifically, in Chapter 4
where I discuss the development of VR-EAL, it is clearly stated that the VR-EAL
should be administered by a clinician or researcher who has competency in both
neuropsychological assessment and immersive VR technologies (Kourtesis et al.,
2020b). Therefore, the definition that the end-user of VR-EAL should be a trained
professional hence aligns with the ethical principles of the APA (APA, 2010, Ethical

Standard 9.07, Assessment by Unqualified Persons).

Furthermore, regarding privacy and data security, test scoring and interpretation, and

record keeping, the principal concern of AACN and NAN pertains to whether the end-
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user would be trained to follow the respective APA guidelines and ethical standards
(Bauer et al., 2012). The cognitive neuropsychologist or neuroscientist administering
the VR-EAL should abide with the record keeping guidelines (e.g., data should be
stored and encrypted locally) of the APA (APA, 2007, Record Keeping Guidelines).
The VR-EAL offers a .txt file to the end-user, where all the recorded data (i.e.,
response times, duration of each task, quantification of various types of errors, and
cognitive performance scores) are displayed (Kourtesis ef al., 2020b). This .txt file and
the containing data (e.g., if they have been transferred to an excel file) should be stored
locally and encrypted, which is a common practice among researchers and clinicians,
(APA, 2007, Record Keeping Guidelines). Moreover, since the end-user of VR-EAL
should be an individual trained in psychometrics and neuropsychology, the end-user
should be capable of integrating and interpreting the data amassed by VR-EAL, which
also agrees with the APA ethical standards for test scoring and interpretation (APA,
2010, Ethical Standard 9.09, Test Scoring and Interpretation Services). Therefore, the
guideline that every VR-EAL end-user should be a cognitive neuropsychologist or
neuroscientist meets points 2 (i.e., end-user issues), 4 (i.e., privacy and data security
issues), and 7 (i.e., scoring and data recording issues) of the guidelines of AACN and

NAN for the appropriate implementation of CNAD:s.

Furthermore, examinee cooperation and sufficient motivation are crucial for obtaining
reliable neuropsychological test scores (AACN, 2007; Bauer et al., 2012; Heilbronner
et al., 2009). Specifically, participants’ efforts have been found to substantially affect
performance on neuropsychological tests; indeed, in some studies, participants’ effort
was found to have a greater impact on their cognitive performance than the

pathophysiological condition (Constantinou, Bauer, Ashendorf, Fisher, & McCaftrey,
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2005; Stevens, Friedel, Mehen, & Merten, 2008; West, Curtis, Greve, & Bianchini,
2011). However, when the end-user of the CNAD is a trained clinician or researcher,
they are capable of identifying behavioural signs (e.g., slow movements when there is
not any motor disability) that there is reduced effort by the participant through
behavioural observation (Bauer et al., 2012; Heilbronner et al., 2009). Nevertheless,
the suspicion for poor effort on cognitive tests should be further explored and
confirmed (e.g., using an effort test; Bauer et al., 2012; Heilbronner et al., 2009).
Consequently, the suggestion that the end-user of VR-EAL should be a trained
clinician or researcher assists with the detection and confirmation of poor effort on the
VR-EAL’s tasks by the participant. In addition, the VR-EAL, as an immersive VR
software which has game-like features (e.g., a user-centred interface) and simulates
everyday tasks within a realistic scenario, appears to engage and motivate the
examinees (Kourtesis et al., 2020a, 2020b). Notably, the two different samples of
participants in the studies described in Chapters 4 and 5 rated the VR-EAL as a highly
pleasant testing experience (Kourtesis et al., 2020a, 2020b). Motivating the participant
to perform the tasks is important for acquiring reliable data, while it also assists with
identifying behavioural signs of poor effort (Heilbronner et al., 2009). Thus, the
motivating nature of VR-EAL (i.e., a highly pleasant testing experience with an
engaging scenario) may also assist with the avoidance or the detection of potential

issues pertaining to the examinee’s effort.
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7.3.2. Technical features, safety, and effectivity issues (points 1 and 3)

The AACN and NAN underline that a CNAD should meet the safety criteria of the
Federal Food, Drug & Cosmetic Act (FD&C; Bauer ef al., 2012). Section 201(h) of
the FD&C (21 U.S.C. 301) defines a “medical device” as “an instrument, apparatus,
implement, machine, contrivance, implant, in vitro reagent, or other similar or related
article, including a component part, or accessory which is . . . intended for use in the
diagnosis of disease or other conditions, or in the cure, mitigation, treatment, or
prevention of disease, in man or other animals . . . .”. Hence, a CNAD as a medical
device should also comply with the safety criteria of FD&C (i.e., to not cause any harm
to the examinees; Bauer et al., 2012). Any inconvenience or adverse effects may be
attributed to the hardware and software features of the CNAD (Cernich, Brennana,
Barker, & Bleiberg, 2007; Bauer et al., 2012). Likewise, the hardware and software
features of a CNAD may compromise the effectivity of a CNAD and the reliability of
the acquired neuropsychological and/or physiological data (e.g., Cernich et al., 2007;
Bauer et al., 2012). Nonetheless, Parsons, McMahan, and Kane (2018) argued that
contemporary hardware (e.g., personal computers with dual processors) have the
computing power to sustain the parallel operation of several software, while software
are now developed to exploit and effectively use this computing power. These recent
technological advancements pertaining to hardware and software, allow the parallel
acquisition of accurate and reliable data such as reaction times, errors, neuroimaging
data, and physiological data (Parsons, McMahan, & Kane, 2018). Regarding VR-EAL,
the principal problem is the presence of adverse VRISE, which compromise the safety
of the participants and the reliability of the acquired data. Intense VRISE have been

found to compromise overall cognitive performance (i.e., neuropsychological data;
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Mittelstaedt, Wacker, & Stelling, 2019; Nalivaiko, Davis, Blackmore, Vakulin, &
Nesbitt, 2015; Nesbitt, Davis, Blackmore, & Nalivaiko, 2017) and increase electrical
activity and connectivity of frontotemporal and occipital lobes (i.e., neuroimaging
data; Arafat, Ferdous, & Quarles, 2018; Gavgani et al., 2018; Toschi et al., 2017). The
main cause of VRISE is the implementation of immersive VR hardware (e.g., HMDs
and personal computers) of inadequate quality (e.g., low resolution or processing
power) and/or software that does not have certain features (e.g., ergonomic navigation

and interaction system; Kourtesis et al., 2019).

The meta-analysis in Chapter 2 confirmed the importance of the hardware
characteristics for removing VRISE, where studies which utilized contemporary
HMDs had substantially less incidents of VRISE and dropouts. Studies that used an
HTC Vive HMD (Kim et al., 2017) with two lighthouse stations for motion tracking
(Plouzeau et al., 2015) and two HTC Vive wands with six degrees of freedom (6DoF)
for navigation and interactions within the virtual environment (Figueiredo et al., 2018)
have reduced or eradicated VRISE. In line with this, Chapters 3, 4, and 5 used
hardware that was in line with the hardware-related suggestions. There were no
dropouts and the presence and intensity of VRISE was minimal to none, which further
confirms the importance of the suggested hardware characteristics. The acquisition of
an appropriate HMD by labs or clinics is financially feasible since commercial
desktop-based (e.g., HTC Vive) and standalone (e.g., Oculus Quest) HMDs can be
purchased for a relatively low price (e.g., £300 - £500; Kourtesis et al., 2019b). As a
result, recent immersive VR studies have implemented HMDs which meet the
minimum hardware characteristics (e.g., Banakou, Kishore, & Slater, 2018; Detez et

al., 2019; George, Demmler, & Hussmann, 2018; Mottelson & Hornnaek, 2017;
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Parsons & McMahan, 2017). Also, the VR-EAL is compatible only with these recent
HMDs. Therefore, the VR-EAL appears to meet the hardware criteria of AACN and

NAN, which ensure the safety of the examinees and the reliability of the acquired data.

However, beyond the hardware characteristics, the quality of the software is equally
important in avoiding or alleviating VRISE incidence and intensity. Using an
appropriate HMD and hardware while the software does not have the required
characteristics may still result in intense VRISE and dropouts (e.g., Detez et al., 2019).
The navigation within the virtual environment should be facilitated by teleportation or
physical movement or a combination of both (Porcino et al., 2017), and the interactions
with the virtual environment should be ergonomic and naturalistic (Figueiredo et al.,
2018). Furthermore, the in-game instructions, prompts, and tutorials should provide
the user with adequate and salient information regarding the storyline, controls, and
orientation (Jerald et al., 2017). Lastly, the audio and ambient sounds within the virtual
environment should be spatialized and of high quality (Vorldnder & Shinn-
Cunningham, 2014). On the basis of these recommendations, the VR-EAL adopted a
navigation method combining teleportation and physical movement (Porcino et al.,
2017), ergonomic and naturalistic interactions (Figueiredo et al., 2018), spatialized
and high definition audio (Vorldnder & Shinn-Cunningham, 2014), and several
informative in-game instructions, prompts, and tutorials (Jerald et al, 2017). In
Chapter 3, the VRISE intensity was minimal and only related to fatigue. In Chapters 4
(i.e., final version) and 5, the implementation of VR-EAL showed no dropouts and the
VRISE incidence and intensity was negligible and again solely related to fatigue.
These replicating results in Chapters 3, 4, and 5 confirm the significance of these

software features in avoiding or alleviating the incidence and intensity of VRISE, as
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well as demonstrating that the VR-EAL incorporates these software features and does
not induce significant VRISE, which comply with the software criteria of AACN and

NAN.

However, the VR software features are not only crucial for the avoidance or alleviation
of VRISE, but also for the efficiency of the VR software. The ultimate purpose of VR
is for the immersion to be adequately deep to deceive the brain into believing that the
virtual world is the real world. The depth of immersion depends on the strength of
three perceptual illusions: the placement, plausibility, and embodiment illusions
(Maister, Slater, Sanchez-Vives, & Tsakiris, 2015; Pan & Hamilton, 2018; Slater,
2009; Slater, Spanlang, & Corominas, 2010). The placement illusion is the deception
that the virtual environment is a real one; hence, it depends on the proximity of the
appearance of the virtual environment to an equivalent real environment (Slater, 2009;
Slater et al., 2010). The plausibility illusion is the deception that the virtual
environment reacts to the laws of physics and the actions of the participant, thus, it
depends on the proximity of the virtual environment’s behaviour and senses to real life
(Slater, 2009; Slater et al., 2010). The embodiment illusion is the deception that the
virtual body of the participant is her/his own body; hence, it depends on the proximity
of the virtual body’ appearance and behaviour (i.e., synchronized with the movements
in the physical environment) to the participant’s real body and movement (Maister et

al., 2015; Pan & Hamilton, 2018).

Beyond the level of immersion, the three illusions (i.e., placement, plausibility, and
embodiment) are also important for the ecological validity of the immersive VR

CNAD. The three illusions ensure that the individual will perform the tasks as s/he
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would perform them in real life (Maister ef al., 2015; Pan & Hamilton, 2018; Slater,
2009; Slater et al., 2010). The VR-EAL has substantially strong placement and
plausibility illusions, and a moderate embodiment illusion. As reported by the
participants, these illusions resulted in deep immersion levels in Chapters 4 and 5.
Chapter 4 provided an explicit description of how the VR-EAL tasks were designed to
resemble everyday life tasks (e.g., cooking, shopping, and finding items in the living
room). In Chapter 5, the participants reported that the VR-EAL tasks are very similar
to the corresponding tasks that they perform in everyday life. Also, the performance
of the participants on the VR-EAL tasks was significantly correlated with their
performance on ecological valid paper-and-pencil tasks. Hence, the findings of
Chapters 4 and 5 postulated that the three illusions are crucial to ecological validity,
as it has been supported by the relevant literature (i.e., Maister et al., 2015; Pan &
Hamilton, 2018; Slater, 2009; Slater et al., 2010). Also, in line with the criteria of the
Federal Food, Drug & Cosmetic Act, the software features of VR-EAL enabled the
VR-EAL to efficiently achieve its purpose to deliver an ecological valid assessment of

these everyday cognitive functions.

7.3.3. Psychometric properties issues (point 5)

An important issue highlighted by the AACN and NAN is that, similar to traditional
psychometric tests, the CNADs abide to the same standards and conventions of
psychometric test development, such as providing evidence regarding their reliability,
validity, and utility (Bauer et al., 2012). The information pertaining to the

psychometric properties of the CNAD, which support the claimed purpose or
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application of the test, should be provided to potential end-users of the CNAD (Bauer
etal.,2012). Notably, the APA ethical standards (APA, 2010) state that “Psychologists
who develop tests and other assessment techniques use appropriate psychometric
procedures and current scientific or professional knowledge for test design,
standardization, validation, reduction or elimination of bias, and recommendations
for use” (Standard 9.05). Hence, all cognitive tests, either traditional or CNAD, must
meet minimum psychometric standards for reliability and validity. The validity of a
test examines different psychometric properties of the test such as the content validity
(i.e., the test measures the cognitive domain that is supposed to measure; e.g., episodic
memory), construct validity (i.e., the test measures the cognitive function(s) that is
supposed to measure), and criterion-related validity (e.g., diagnostic validity, the test
efficiently detects a cognitive disorder such as Alzheimer’s disease; Nunnally &
Bernstein, 1994). Similarly, the aspects that are examined for the reliability of a test
are the internal consistency (i.e., the consistency across all the items of the test), rest-
retest (i.e., consistency over time), alternate forms (i.e., consistency across all
forms/versions of the test), and inter-rater reliability (i.e., consistency of the scores
across diverse examiners; Nunnally & Bernstein, 1994). Importantly, as APA (2010)
Ethical Standard 9.02 (Use of Assessments), Section (b) states, “Psychologists use
assessment instruments whose validity and reliability have been established for use
with members of the population tested. When such validity or reliability has not been
established, psychologists describe the strengths and limitations of test results and

interpretation.”

In VR-EAL, the principal aim was to develop an immersive VR neuropsychological

battery with enhanced ecological validity for the assessment of cognitive functions
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central in everyday functioning. Hence, VR-EAL had to be consistent with the
available ecological valid assessments of these everyday cognitive functions. For the
development of VR-EAL, the procedures and scoring systems of established
ecologically valid paper-and-pencil tests such as the Test of Everyday Attention
(Robertson, Ward, Ridgeway, and Nimmo-Smith, 1996), the Rivermead Behavioral
Memory Test — III (Wilson, Cockburn, & Baddeley, 2008), the Behavioral
Assessment of the Dysexecutive Syndrome (Wilson, Evans, Emslie, Alderman, &
Burgess, 1998), and the Cambridge Prospective Memory Test (Wilson et al., 2005)
were meticulously studied. However, the fact that the development of VR-EAL was
based on the procedures and scoring of established ecological valid tests does not
ensure that the VR-EAL will have equivalent psychometric properties. As the AACN
and NAN suggest, even a computerised version of an established paper-and-pencil test
should be treated as a new test, for which validity (e.g., content and construct validity)
should be examined and confirmed (Bauer ef al., 2012). For this reason, the
psychometric properties of VR-EAL were assessed in Chapter 5. In Chapter 5, the
performance on VR-EAL tasks significantly correlated with the performance on the
equivalent ecologically valid tests, which also supported the construct and content
validity of VR-EAL to assess these everyday cognitive functions. Also, in the same
chapter, the tasks of VR-EAL were rated by participants as substantially more
ecologically valid than the corresponding tasks of these tests, which may be attributed

to the benefits of using immersive VR methods.

Overall, in Chapter 5, the content, construct, and ecological validity were explored and
supported (Kourtesis et al., 2020a). Additionally, in the same chapter, the VR-EAL

showed good internal consistency (i.e., reliability; Kourtesis et al., 2020a).
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Furthermore, since the VR-EAL has a standardised and automated scoring method
means that there are not any differences across diverse end-users (i.e., the VR-EAL
has an impeccable inter-rater reliability). In addition, since the VR-EAL does not have
alternate forms, the alternate-form reliability was not examined and the test-retest
consistency was not examined in Chapters 4 and 5. Nonetheless, the test-retest
reliability of VR-EAL should be explored in future work. However, both the validity
and reliability of a test are not unitary psychometric properties, and they should be re-
examined as populations and the testing context changes over time (Nunnally &
Bernstein, 1994). Notably, the eventual aim of CNADs, such as VR-EAL, is their
utilization for research and clinical purposes in healthy aging and clinical groups such
as dementias (Anderson & Craik, 2017), attention-deficit/hyperactivity disorder and
autism (Karalunas ef al., 2018), mild cognitive impairment (Schmitter-Edgecombe et
al., 2009), acquired and traumatic brain injuries (Groot et al., 2002), HIV (Woods et
al., 2008), schizophrenia (Twamley et al., 2008), and Parkinson’s disease (Pirogovsky
et al., 2012). Thus, the administration of VR-EAL in healthy aging and clinical
populations may highlight its clinical utility through an exploration of its diagnostic
validity (e.g., in the detection of mild cognitive impairment) and predictive validity

(e.g., predicting everyday functionality and the independence of older adults).

One limitation of my PhD work was that the VR-EAL was only administered to
healthy young adults (18 — 45 years old) who are unlikely to demonstrate any cognitive
impairments or disorders (Chaytor & Schmitter-Edgecombe, 2003). Hence, the
validity of VR-EAL should also be studied in older adults. As an ecologically valid
test, the VR-EAL may also elucidate issues associated with cognitive ageing. For

example, regarding prospective memory and older adults, an age-related paradox is
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observed, where older adults appear impaired on laboratory-based prospective
memory tasks, while they perform better than younger adults on naturalistic tasks
(Schnitzspahn, Thle, Henry, Rendell, & Kliegel, 2011). Due to their increased life-
experience and crystallised intelligence, older adults appear to be more effective in
using environmental cues and compensatory strategies such as having a structured plan
of action (e.g., noting down the sequence of necessary tasks), setting reminders (e.g.,
using notes, alarm clocks, or smartphones), making stronger and more complex
associations between a task and an environmental cue (e.g., seeing a building, which
used to be a post-office in the past, may remind the intention to mail a postcard to a
relative), and using specialised items (e.g., using a dosette box to manage medications;
Chaytor & Schmitter-Edgecombe, 2003; Marsh, Hicks, & Landau, 1998; Schnitzspahn
et al., 2011). However, the utilisation of such techniques is not feasible in non-
ecologically valid tests because of their structured procedures which only allow
participants to respond or perform the task in a certain way (e.g., pressing a button on
the keyboard, when seeing a specific item on the screen; Marsh et al., 1998;

Schnitzspahn et al., 2011).

Consequently, the prospective memory age-related paradox highlights the importance
of ecological validity in the assessment of everyday cognitive functioning (Chaytor &
Schmitter-Edgecombe, 2003; Schnitzspahn et al., 2011). However, as discussed in
Chapter 1, tasks performed in the real world (e.g., Marsh et al., 1998) cannot be
standardized to allow their administration in other clinics or laboratories (Parsons,
2015). Also, they may not be appropriate for some individuals in challenging
populations (e.g., a disabled patient using a wheelchair), they are time-consuming and

expensive (e.g., they require participant transport and consent from local businesses),
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and they do not have experimental control over the external situation (Parsons, 2015).
In contrast, immersive VR CNADs like VR-EAL enable an adequate level of
experimental control, while they are more cost-effective and inclusive than real-world

tasks (i.e., naturalistic tasks; Parsons, 2015).

Potentially the VR-EAL could be used in the future to investigate the age-related
paradox in prospective memory functioning in older and younger adults, which may
also clarify the veridicality and predictive validity of VR-EAL by examining the
existence of potential relationships between the VR-EAL scores and established
questionnaires assessing the ability to perform instrumental activities of daily life.
Also, the inclusion of patients with mild cognitive impairment, which is a challenging
population for diagnostic cognitive tests (i.e., tests frequently fail to achieve an
adequately high sensitivity and specificity in differentiating individuals with mild
cognitive impairment from healthy controls; Schmitter-Edgecombe et al., 2009), in the
same future study may inform on the predictive validity of VR-EAL by examining its
sensitivity and specificity in differentiating older adults with mild cognitive
impairment from healthy older adults. In summary, in line with the guidelines of
AACN and NAN on providing evidence for a CNAD’s utility (i.e., psychometric
properties), the studies of this thesis have demonstrated the ecological validity of VR-
EAL, as well as its content and construct validity in young adults. However, the
experimental and clinical utility of VR-EAL should be further explored in healthy

older adults and dementias (e.g., mild cognitive impairment).
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7.3.4. Examinee issues (point 6)

Another important concern of AACN and NAN regarding the implementation of
CNAD is that individual differences (e.g., age, culture, education, motor abilities, and
computer skills) may affect the examinees’ performance on CNADs (Bauer et al.,
2012). For these reasons, the developers of CNADs should investigate how diverse
cultural, age, and educational background may affect the performance of the
examinees, and then provide normative data correspondingly (Bauer et al., 2012).
Furthermore, cognitive, motor, or sensory disabilities might have an impact on the
examinees’ ability to perform the CNAD’s tasks effectively; hence, the suitability of
the tests for individuals with disabilities should be explored and documented (Bauer
et al., 2012). Finally, competency and familiarity with computers may also affect the
validity of the CNAD’s results (Bauer et al., 2012). Indeed, there are significant
individual differences pertaining to the competency and familiarity with computer use
(Iverson, Brooks, Ashton, Johnson, & Gualtieri, 2009). For example, gamers have
been found to have faster perceptual processing speed compared to non-gamers,
regardless their performance on tasks (e.g., number of errors and correct responses;
Kowal, Toth, Exton, & Campbell, 2018). Importantly, the results from computerized
against paper-and-pencil tests may be substantially different in computer-familiarised

against computer-naive populations (Iverson ef al., 2009; Feldstein et al., 1999).

However, the examinee’s competency in using computers mainly influences the
performance on non-immersive CNADs. The user interface and procedure of non-
immersive CNADs can be challenging for individuals without gaming background or

familiarization with computers (Parsons ef al., 2018; Zaidi, Duthie, Carr, & Maksoud,
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2018), especially for older adults (Werner & Korczyn, 2012; Zygouris & Tsolaki,
2015). On the other hand, immersive VR CNADs appear to rely significantly less on
gaming or computing ability than non-immersive CNADs (Bohil, Alicea, & Biocca,
2011; Parsons, 2015; Teo et al., 2016). The first-person perspective in conjunction
with naturalistic interactions (i.e., close to real-life actions) assist non-gamers to
perform comparable to gamers in immersive VR environments (Zaidi ef al., 2018).
Indeed, the findings of the studies in this thesis indicated that the gaming ability of the
examinee does not affect the utilisation of immersive VR technologies and
performance on the VR-EAL. In Chapter 3, there was no significant difference
between gamers and non-gamers in the duration of the VR session. Similarly, in
Chapters 4 and 5, the performance on VR-EAL appeared to demonstrate no difference
between gamers and non-gamers. Finally, the performance on VR-EAL was not found
to be affected by the age or educational background. Therefore, the VR-EAL appears
to be appropriate for the assessment of young individuals regardless of their

educational background, age, or competency in using computers.

However, as discussed above, the VR-EAL should also be administered to older adults
to allow an investigation of their attitudes towards VR-EAL, and whether their
competency in computers affects their performance on the VR-EAL. Nevertheless,
recent studies have found that older adults, after using immersive software, expressed
a very positive attitude towards immersive VR technologies and rated immersive VR
software as a highly pleasant experience, while they did not experience adverse VRISE
(Appel et al., 2020; Brown, 2019; De Vries, Van Dieén, Van Den Abeele, &
Verschueren, 2018; Huygelier, Schraepen, van Ee, Abeele, & Gillebert, 2019). Also,

the application of immersive VR software was feasible in older adults with lower-
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motor disabilities (Appel et al., 2020; Brown, 2019), as well as in older adults with
various levels of cognitive impairments (i.e., mild, moderate, and severe; Appel et al.,
2020). However, older adults were found to prefer and perform better on immersive
VR software that have ergonomic and naturalistic interactions (De Vries et al., 2018).
Furthermore, both younger and older adults showed an increased motivation to
perform cognitive tasks in immersive VR rather than traditional paper-and-pencil tests
(Corriveau Lecavalier, Ouellet, Boller, & Belleville, 2020). Finally, the performance
of'both younger and older adults on episodic memory tasks in an immersive VR CNAD
were analogous to their performance on traditional paper-and-pencil episodic memory
tests, indicating that the performance of both younger and older adults was not affected

by their competency in using computers (Corriveau Lecavalier ef al., 2020).

In this thesis, the VR-EAL, which provides ergonomic and naturalistic interactions,
was rated as a highly pleasant testing experience by younger adults, whose
performance on the VR-EAL was substantially correlated with their performance on
equivalent paper-and-pencil tests. Therefore, based on the findings of the
aforementioned studies (i.e., Appel ef al., 2020; Brown, 2019; Corriveau Lecavalier et
al., 2020; De Vries et al., 2018), in conjunction with the findings of this thesis, it may
be hypothesised that the future implementation of VR-EAL in older adults with diverse
functionality (i.e., healthy individuals, individuals with cognitive impairments and/or
lower-motor disabilities) is feasible. Furthermore, comparably to the findings of this
thesis, the implementation of VR-EAL in older adults is expected to offer a pleasant
testing experience without VRISE and show equivalent psychometric properties
regardless their gaming/computing ability. Nevertheless, future implementations of

the VR-EAL in diverse populations will allow a scrutiny of VR-EAL’s psychometric
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properties, strengths, and limitations, which will allow the creation of more detailed
documentation to assist VR-EAL’s end-users with implementing VR-EAL

competently.

7.4. Limitations and future directions

This thesis has also some limitations that should be considered. As the current thesis
aimed to explore the appropriateness and utility of the immersive VR methods in
cognitive neuroscience and neuroscience, the various types of VR software (i.e.,
including VR-EAL) were only administered to younger healthy adults with a relatively
medium to high education. While the performance on VR-EAL was found not to be
affected by age, education, or gaming ability, it would be important for these
relationships to be examined in a more education- and age-diverse population
including older adults. Also, as discussed above, the clinical and experimental utility
of VR-EAL should be further investigated in dementia-related conditions such a mild

cognitive impairment.

Furthermore, the VR-EAL as a CNAD presented some limitations in the studies of this
thesis. As discussed in Chapter 4 and above, the VR-EAL induces strong placement
and plausibility illusions, though, the embodiment illusion is only of moderate strength
because it relies only on hands/controllers’ movements. The embodiment illusion
pertains to the illusion of owning a virtual body (i.e., virtual avatar; Maister et al.,
2015; Pan & Hamilton, 2018). The embodiment illusion is important for acquiring
cognitive and behavioural data, which resemble the individual’s cognition and

behaviour in real life (Maister et al., 2015; Pan & Hamilton, 2018). Despite this
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limitation, VR-EAL was rated as very similar to real life (i.e., enhanced ecological
validity); however, the improvement of the embodiment illusion would probably
increase the already enhanced ecological validity of VR-EAL. The most common and
easy technique to create a responsive virtual body is the utilisation of software
development kits (e.g., VRIK, Final IK, and IK for VR) which offer reliable and
accurate inverse kinematics (i.e., animating the virtual avatar with respect to the user's

movements; Lugrin et al., 2018).

Nonetheless, the virtual body should be as close as possible to the actual appearance
and body of the examinee. Owning a virtual body that is dissimilar to the examinee’s
body may affect the performance of the examinee, either positively or negatively
(Maister et al., 2015; Pan & Hamilton, 2018). For example, owning a virtual body
which resembles that of Albert Einstein was found to significantly increase cognitive
performance (Banakou, Kishore, & Slater, 2018). Regardless of whether the impact of
the virtual body on cognitive performance is positive or negative, the virtual body that
an immersive VR CNAD like VR-EAL offers should be as similar as possible to the
examinee’s body in order that the observed cognitive performance relates to the
examinee’s everyday cognitive ability. Hence, a future version of VR-EAL should
include an application (e.g., using a photograph(s) of the examinee) which generates a
virtual avatar looking similar to the participant as happens in other immersive VR

software (e.g., EngageVR).

Also, as discussed in Chapter 6, the VR-EAL does not have a mechanism to measure
time monitoring, although there is a digital watch which the examinee uses to monitor

time. Time monitoring has been found crucial in time-based prospective memory
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functioning (McFarland & Glisky, 2009; Mioni & Stablum, 2014; Vanneste,
Baudouin, Bouazzaoui, & Taconnat, 2016). As mentioned in Chapter 4, the VR-EAL
includes a visual attention task, where the participant detects visual targets in the
environment. The measurement of performance is facilitated by a gaze interaction
system which uses an invisible ray emitted (i.e., ray-casting) from the forehead point
between the eyes (i.e., the upper point of the nose) and straight forward to the centre
of the participant’s field of view. Thus, the same gaze interaction system may be
implemented to accurately quantify time monitoring in terms of when and how many
times the participant reads the time on the digital watch. The inclusion of a quantified
time monitoring score in a future version of the VR-EAL will facilitate a more

comprehensive assessment of time-based prospective memory.

Moreover, as discussed in Chapter 6, prospective memory components (e.g.,
retrospective), cue attributes (e.g., focality and salience of the cue) and the role of
executive functions are important in prospective memory functioning, and they should
be further explored in future studies. However, ecological valid CNADs like VR-EAL,
which simulate everyday tasks (e.g., cooking), may be susceptible to confounding
factors and fail to thoroughly examine a specific cognitive process. On the other hand,
laboratory tasks are able to exclude confounding factors and permit the examination
of a specific cognitive process. Nevertheless, laboratory tasks in their current form
suffer from limitations such as the two-dimensional environment, the non-naturalistic
and non-ergonomic responses (i.e., using a keyboard, a button box, or joystick), static
stimuli, and a substantial divergence from looking realistic. The utilization of
immersive VR technologies may be capable of resolving the limitations of laboratory

tasks. Immersive VR laboratory experiments would be advanced further by having a
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360° testing environment, which incorporates realistic and dynamic stimuli, where the
participant can interact in an ergonomic and naturalistic way (i.e., using
wands/controllers or her/his own hands). Therefore, immersive VR laboratory
experiments would minimize the divergence from real-life conditions, while
facilitating a meticulous examination of the prospective memory components and cue
attributes, as well as the role of executive functions in prospective memory

functioning.

As mentioned in Chapters 4 and 5, the VR-EAL can be utilized as an entire scenario
for the assessment of everyday prospective memory, episodic memory, visual
attention, visuospatial attention, auditory attention, and executive functions. However,
the VR-EAL also offers a shorter scenario, where the aforementioned cognitive
functions can be assessed except for prospective memory and auditory attention.
Moreover, the tasks of VR-EAL may be administered independently (i.e., generic
tutorial, the specific tutorial for this task, and the storyline task) for the assessment of
a specific cognitive function (e.g., multitasking, visual attention). Hence, VR-EAL
could be considered as a mini library of immersive VR assessments. In the future, the
sum of VR-EAL assessments (i.e., whole scenario, short scenario, and independent
tasks) in conjunction with any future immersive VR CNAD may form an open access
and source library of immersive VR software for cognitive neuroscience and
neuropsychology. Considering the widespread adoption of open access and source
tools such as PsychoPy (Peirce, 2007; 2009), OpenSesame (Mathdt, Schreij, &
Theeuwes, 2011), R software (Culpepper & Aguinis, 2011), and Psych Package

(Revelle, 2011) in the last decade, the creation of an open access and source library of
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immersive VR software will promote the adoption of immersive VR technologies in

cognitive neuroscience and neuropsychology.

Immersive VR software for implementation in cognitive neuroscience should
incorporate neuroscientific methods in the future. Immersive VR technologies (i.e.,
HMDs) are compatible with electroencephalography (EEG; Teo et al., 2016), eye-
tracking (Pettersson et al., 2018), and near-infrared spectroscopy (Teo et al., 2016),
albeit they have scarcely been implemented in combination with immersive VR
(Pettersson et al., 2018; Teo et al., 2016). Eye-tracking may offer a detailed map with
the trajectories of the examinee’s eye gaze alongside with the times (i.e., the time that
the examinee’s gaze fell on this point) and performance on the immersive VR CNAD
(Petterson et al., 2018). For example, combining eye-tracking with an immersive VR
CNAD may assist with clarifying whether impaired performance on a cognitive task
(e.g., of abstract reasoning) is indeed due to an impaired ability on the assessed
cognitive function or due to impaired attentional processes (Petterson et al., 2018).
Comparably to traditional approaches, combining neuroimaging techniques (e.g.,
EEG) with an immersive VR CNAD may inform on which brain regions are activated
when a cognitive task i1s performed (Teo et al, 2016). Also, the combined
implementation of immersive VR software with neuroimaging techniques such as
EEG facilitate the utilisation of a brain computer interface (BCI; i.e., a direct
communication pathway between the brain and an external device), where the
examinee controls her/his virtual body in the virtual environment by activating
predefined brain regions (Teo et al., 2016). For example, the examinee thinks the word
“forward” to move her/his virtual body forward in the virtual environment. Using a

BCI allows examinees with severe motor disabilities (e.g., tetraplegic) to perform the
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tasks in an immersive VR CNAD (Teo et al., 2016). Hence, an open access and source
library for immersive VR software in cognitive neuroscience should facilitate and/or
incorporate some of the aforementioned neuroscientific methods (e.g., eye-tracking

and EEG).

7.5. Conclusions

This thesis endeavoured to address the shortcomings pertaining to the implementation
of immersive VR technologies in cognitive neuroscience and neuropsychology by
providing essential technological knowledge for the selection of appropriate hardware
(i.e., HMDs, external, and computer) and software, as well as guidelines for the in-
house and cost-effective development of immersive VR software. In addition, an
advancement of the current available immersive VR research methods was attempted
by developing and validating the VRNQ and VR-EAL. The VRNQ appears to be a
valid and reliable tool for the appraisal of the intensity of VRISE and the VR software
features which are crucial for the alleviation or avoidance of VRISE. The VR-EAL is
the first immersive VR neuropsychological battery with enhanced ecological validity
for the assessment of everyday cognitive functions, which facilitates a pleasant testing
experience without inducing VRISE. The VR-EAL was also found able to contribute
to the theoretical framework of prospective memory, which provides further evidence
for the utility of immersive VR methods in cognitive neuroscience and
neuropsychology. It is hoped that the findings of these series of studies have
demonstrated the utility of immersive VR methods for improving the ecological

validity and realism of neuropsychological assessment.
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Appendix A: Virtual Reality Neuroscience Questionnaire (VRNQ)
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VIRTUAL REALITY NEUROSCIENCE QUESTIONNAIRE

Please, from 1 to 7, circle the response that closely represents your opinion.

=
% SCIENZA

THE UNIVERSITY of EDINBURGH

| nbova :
it BB School of Philosophy, Psychology
SugzaRsoL and Language Sciences

User Experience

What is the level of immersion you experienced?

1 2 3 4 5 6 7

Extremely Low Very Low Low Neutral High Very High Extremely High

Please write below any additional comments and/or suggestions relevant to the question above:

What was vour level of enjoyment of the VR experience?

1 2 3 4 B 6 7

Extremely Low Very Low Low Neutral High Very High Extremely High

Please write below any additional comments and/or suggestions relevant to the question above:
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How was the quality of the graphics?

1 2 3 4 5 6 7

Extremely Low Very Low Low Neutral High Very High Extremely High

Please write below any additional comments and/or suggestions relevant to the question above:

How was the quality of the sound?

1 2 3 4 5 6 7

Extremely Low Very Low Low Neutral High Very High Extremely High

Please write below any additional comments and/or suggestions relevant to the question above:

How was the quality of the VR technology overall (i.e. hardware & peripherals)?

1 2 3 4 5 6 7

Extremely Low Very Low Low Neutral High Very High Extremely High

Please write below any additional comments and/or suggestions relevant to the question above:
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Game Mechanics

How easy was to use the navigation system (e.g. teleportation) in the virtual environment?

1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:

How easy was to physically move in the virtual environment?

1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:

How easy was to pick up and/or place items in the virtual environment?
1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:

232 | Page



How easy was to use items in the virtual environment?

1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:

How easy was the 2-handed interaction e.g., grab the tablet with the one hand, and push the
button with the other hand?

1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:

In-Game Assistance

How easy was to complete the tutorial(s)?

1 2 3 4 5 6 7

Extremely Difficult Very Difficult Difficult Neutral Easy Very Easy Extremely Easy

Please write below any additional comments and/or suggestions relevant to the question above:
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How helpful was/were the tutorial(s)?

1 2 3 4 5 6 7

Extremely Unhelpful Very Unhelpful Unhelpful Neutral Helpful Very Helpful Extremely Helpful

Please write below any additional comments and/or suggestions relevant to the question above:

How did you feel about the duration of the tutorial(s)?

1 2 3 4 5 6 7
Extremely More Much More More Neutral Enough Time Much Time Plenty of Time
Time Needed Time Needed Time Needed Available Available Available

Please write below any additional comments and/or suggestions relevant to the question above:

How helpful were the in-game instructions for the task vou needed to perform?

1 2 3 4 5 6 7

Extremely Unhelpful Very Unhelpful Unhelpful Neutral Helpful Very Helpful Extremely Helpful

Please write below any additional comments and/or suggestions relevant to the question above:
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How helpful were the in-game prompts e.g. arrows showing the direction, or labels?

1 2 3 4 5 6 7

Extremely Unhelpful Very Unhelpful Unhelpful Neutral Helpful Very Helpful Extremely Helpful

Please write below any additional comments and/or suggestions relevant to the question above:

VR Induced Symptoms and Effects (VRISE}

Did vou experience nausea?

1 2 3 4 5 6 7
Extremely Intense Very Intense Intense Moderate Mild Very Mild Absent
Feeling Feeling Feeling Feeling Feeling Feeling

Please write below any additional comments and/or suggestions relevant to the question above:

Did you experience disorientation?

1 2 3 4 5 6 7
Extremely Intense Very Intense Intense Moderate Mild Very Mild Absent
Feeling Feeling Feeling Feeling Feeling Feeling

Please write below any additional comments and/or suggestions relevant to the question above:
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Did you experience dizziness?

1 2 3 4 5 6 7
Extremely Intense Very Intense Intense Moderate Mild Very Mild Absent
Feeling Feeling Feeling Feeling Feeling Feeling

Please write below any additional comments and/or suggestions relevant to the question above:

Did you experience fatigue?

1 2 3 4 5 6 7
Extremely Intense Very Intense Intense Moderate Mild Very Mild Absent
Feeling Feeling Feeling Feeling Feeling Feeling

Please write below any additional comments and/or suggestions relevant to the question above:

Did you experience instability?

1 2 3 E 5 6 7
Extremely Intense Very Intense Intense Moderate Mild Very Mild Absent
Feeling Feeling Feeling Feeling Feeling Feeling

Please write below any additional comments and/or suggestions relevant to the question above:
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Virtual Reality Neuroscience Questionnaire (VRNQ) — Scores

Section Score Minimum Cut-offs Parsimonious Cut-offs

User Experience >25 =30

I N
I N T

Total VRNO =100 =120

The median of each sub-score and totals score should meet the suggested cut-offs to support that the
evaluated VR software has an adequate quality without any significant VRISE.
The utilisation of the parsimonious cut-offs more robustly supports the suitability of the VR software.

The VR Neuroscience Questionnaire (VRNQ) was developed by Panagiotis Kourtesis

in affiliation with University of Edinburgh & University Suor Orsola Benincasa of Naples.

.;r " \!“'”‘4"
| SC[EnZH . THE UNIVERSITY of EDINBURGH

0;' School of Philosophy, Psychology
‘o> and Language Sciences

"~ UNIVERSITA DEGLI STUDI
SUOR ORSOLA
BENINCARSA
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Appendix B: VR-EAL Collected Data Sample

Scene - 1 - Tutorial Basic Interactions

Tutorial Time = 125.9119 ‘

Scene - 2 - Tutorial - Interactive Boards

Interactive Boards Tutorial Time = 262.7656

Scene - 3 Bedroom - Immediate Recognition & Planning

PM Intro Notes Score = 6 Immediate Specific Memory Score = 18

Planning/Thinking Time = 6.042221 Immediate Qualitative Memory Score = (

Immediate Recognition Time = 3.059387 Imm. Quantitative Memory Score = 0

Map Planning Time = 32.21278 Immediate Proxy Memory Score = 0

Scene Time Bedroom = 273.2998 Immediate Memory Total Score = 18
Planning Map Score = 15

Scene - 4-Tutorial Prospective Memory

PM Tutorial Time = 115.6898 |

Scene - 5 -Tutorial Cooking

Tutorial Cooking Time = 223.2638 ‘

Scene - 6-Kitchen Cooking Task (Multitasking)

Cooking Score = 11 PM Meds Score =6
Task Time = 53.27881 Times Notes Used = 2
Scene Time = 97.93003 Time Spent Reading the Notes = 7.584717

Scene - 7-Tutorial Collect Items

Collect Items Tutorial Time = 214.8167 |

Scene - 8-LivingRoom Collect Items (Selective Visuospatial Attention)

Visuospatial Attention Score = 6 Times Notes Used = 2

Task Living-Room Time = 39.93291 Time Spent Reading the Notes =4.232811
Selective Attention Mistakes = 3 Scene Living-Room Time = 90.64527

PM PIE Score =6

Scene - 9-Tutorial Interact With 3D Characters

Tutorial Time = 148.2682 |

Scene - 10 - PM Task (Meet Alex)

PM Score =4 Time Spent Reading the Notes = 18.1607
Times Notes Used = 6 Scene Time = 70.98004

Scene - 11-Tutorial Gaze Interaction

Gaze Tutorial Total Time = 185.7015 Times of Practicing Gaze Interaction = 1
Scene - 12- On the Road (Selective Visual Attention i.e., SVA; Spot the Targets)

SVA Score =13 SVA Distractor (Same Shape) =0

SVA Correct on Right =6 SVA Distractor (Same Colour) Right =0
SVA Correct on Left =7 SVA Distractor (Same Colour) Left =0
SVA Correct=13 SVA Distractor (Same Colour) =0

SVA Distractor (Same Shape) Right =0 Total Time of the scene = 192.9267
SV A Distractor (Same Shape) Left= 0

Scene - 13 -Tutorial Shopping

Collect Items Tutorial Time = 87.6929
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Scene - 14 - Supermarket: Delayed Recognition Task

Delayed Recognition Score = 20

Task Time = 142.6777

Specific Memory = 10

Times Notes Used = 2

Proxy Memory =0

Time Spent Reading the Notes = 8.08563

Qualitative Distraction = 0

Scene Time = 189.6496

Quantitative Distraction = 0

Scene - 15 - Supermarket (Outside): Prospective Memory Task

PM Score =6

Time Spent Reading the Notes = 13.48413

Times Notes Used = 2

Scene Time = 33.99336

Scene - 16 - Bakery: Prospective Memory Task

PM Score =0

Time Spent Reading the Notes = 25.3338

Times Notes Used = 3

Scene Time = 67.80582

Scene - 17 - Library: Prospective Memory Task

PM Score =6

Time Spent Reading the Notes = 0

Times Notes Used =0

Scene Time = 26.94465

Scene - 18 - Auditory Attention Tutorial

Times to Practice = 1

‘ Tutorial Time = 181.7337

Scene - 19 — On the Road (Selective Auditory Attention)

Scene Time =217.0072

False Sounds =0

Auditory Attention Scene Time = 224.241

False Sounds on The Right =0

Auditory Attention Score = 28

False Sounds on The Left=0

Sum of Sounds Detected = 14

Distractor - High Pitch Sounds =0

Sounds Detected by False Controller = 0

Distractor - High Pitch Right = 0

Sounds on The Right Side, Left Cont. = 0

Distractor - High Pitch Left =0

Sounds on The Left Side Right Cont. =0

Distractor - Low Pitch Sounds =0

Correct Sounds = 14

Distractor - Low Pitch Right =0

Correct Sounds on The Right =7

Distractor - Low Pitch Left =0

Correct Sounds on The Left =7

Scene - 21 - Back Home - Prospective Memory Task

PM Score = 3 Semantic Mistake(!) = 1

Times Notes Used = 2

Scene Time = 29.7544

Time Spent Reading the Notes = 4.968964

Scene - 22 - Final Scene - Back Home - Prospective Memory Task

Total Time - Sorting Task = 67.71269

Times Notes Used =0

Meds (Time) Final Scene - PM Score = 6

Time Spent Reading the Notes = 0

Scene Time = 90.33228
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