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Abstract

Objective, reliable, and ecologically valid measurement of goal-directed behavior and
related cognitive processes, such as executive functions and prospective memory, has
proven to be challenging. Difficulties in these cognitive domains can have severe
consequences for everyday life, but current neuropsychological tests may not be optimal
tools for the comprehensive assessment of such problems. It has been suggested that
naturalistic tasks that simulate everyday life activities could provide the researcher and
clinician with complementary means to better evaluate these important domains while
allowing the assessment of other aspects of behavior, such as the symptoms of various
clinical disorders like attention deficit/hyperactivity disorder (ADHD).

The main aim of this Dissertation was to develop and apply a new virtual reality (VR)
task, named Executive Performance in Everyday LIving (EPELI), as a more ecologically
valid alternative for the assessment of goal-directed behavior in children. More specific
aims included examining EPELI’s ecological validity, discriminating capacity for ADHD,
reliability, usability, and potential cybersickness symptoms. Also, eye movement behavior
was quantified to study visual attention in ADHD. In addition to the immersive head-
mounted display version, a non-immersive version for flat screen displays was developed
and tested. A total of 85 children with ADHD and 146 typically developing children aged 9
to 13 years took part in the four studies comprising this Dissertation.

The results revealed that EPELI shows ecological validity by being associated with parent-
rated everyday problems of attention and executive function. Furthermore, task
performance in EPELI successfully discriminates between children with and without
ADHD. Eye movement behavior can be used to further improve this discriminating
capacity and to quantify visual attention in greater detail. EPELI has good usability, is
considered enjoyable by children, and does not cause cybersickness symptoms. Moreover,
most of its measures show adequate reliability. The non-immersive flat screen display
version can be used remotely with commonly available hardware, but children consider it
less immersive than the head-mounted display version.

All in all, EPELI was shown to be a valuable complement to the assessment of goal-
directed behavior in children. To our knowledge, it is the first immersive VR task for
school-aged children that can be used to quantify goal-directed behavior and ADHD
symptoms in open-ended everyday scenarios. EPELI provides rich yet well-controlled
objective data that reflect these behaviors and symptoms. In clinical settings, such data
could be used to complement survey instruments and interviews, which are subjective.
Being able to replicate some aspects of real-life problems in simulated settings could also
facilitate communication with the child, caregivers, and other stakeholders such as
teachers. These findings encourage to extend the research on VR with function-led tasks
like EPELI to other clinical neuropsychiatric conditions and further simulated contexts.



Finnish summary

Tavoitesuuntautuneen kayttaytymisen ja sen taustalla vaikuttavien toiminnanohjaus- ja
muistiprosessien objektiivinen, luotettava ja ekologisesti validi arviointi on osoittautunut
haasteelliseksi. Vaikka niiden tiedonkaisittelyprosessien vaikeudet voivat merkittiavasti
heikentdi arjen toimintakykyéd, nykyiset neuropsykologiset testit eivat valttamatta tarjoa
riittavia valineita niiden kattavaan arviointiin. On ehdotettu, ettd arkisia toimintoja ja
tilanteita jaljittelevit tehtivat voisivat tdydentdad nykyisia arviointimenetelmia
mahdollistaen samalla aktiivisuuden ja tarkkaavuuden hiirion (ADHD) oireiden ja myo6s
muiden kayttdytymispiirteiden arvioimisen.

Taman vaitoskirjan paitavoite oli kehittda uusi, virtuaalitodellisuutta (engl. Virtual
Reality, VR) hy6dyntiva ja ekologisesti validi lasten tavoitesuuntautuneen toiminnan
arviointimenetelma, EPELI (engl. Executive Performance in Everyday LIving).
Alatavoitteina oli tarkastella EPELIn ekologista validiteettia, erottelukykya suhteessa
ADHD:hen, reliabiliteettia, kiytettavyyttd, mahdollisia pahoinvointioireita ja
silmanliikkeiden kdytt6d naonvaraisen tarkkaavuuden arvioinnissa. EPELIstd kehitettiin
VR-laseilla kdytettavin version liséksi tavallisille tietokonenaytoille soveltuva versio.
Tutkimukseen osallistui yhteensd 85 ADHD-diagnoosin saanutta ja 146 tavanomaisesti
kehittynyttd 9—13-vuotiasta lasta.

Tulokset osoittivat, ettd EPELI on yhteydessd vanhemman arvioon lapsen
toiminnanohjausvaikeuksista, mika tukee EPELIn ekologista validiteettia. Suoriutuminen
EPELIssi erottelee ADHD-diagnoosin saaneita ja tyypillisesti kehittyvia lapsia.
Silmanliikkeita voidaan hyodyntéa erottelutarkkuuden parantamiseen ja naonvaraisen
tarkkaavuuden tarkempaan mittaamiseen. Menetelmén kéytettavyys on hyva, lapset
nauttivat sen suorittamisesta, eiki sen kaytto aiheuta pahoinvointia. Reliabiliteetti on
riittdva suurimmassa osassa EPELIn mittareita. Tavallisille tietokonendytéille soveltavaa
versiota voidaan kayttda myos etdyhteyden vilityksella, mutta lapset pitavat sita
vihemman immersiiviseni eli mukaansatempaavana kuin VR-lasiversiota.

Kokonaisuutena tutkimus osoitti, ettd EPELI on hy6dyllinen lisa lasten
tavoitesuuntautuneen toiminnan arviointiin. Tietojemme mukaan EPELI on
ensimmainen VR-laseilla toteutettava tehtivi, jolla voidaan mitata lasten
tavoitesuuntautunutta toimintaa ja ADHD-oireita avoimessa, luonnollisenkaltaisessa
tehtavaymparistossa. Menetelma tuottaa monipuolista, tarkasti kontrolloitua ja
objektiivista tietoa tavoitesuuntautuneesta kayttaytymisesta ja ADHD-oireista. Kliinisessa
kaytossa tallaista tietoa voitaisiin hyodyntaa subjektiivisten arviointimenetelmien kuten
kyselylomakkeiden ja haastatteluiden rinnalla. EPELI4 voidaan mahdollisesti my6s
hy6dyntai tavoitesuuntautuneen toiminnan vaikeuksien havainnollistamiseen ja niista
keskustelemiseen. Tutkimusloydokset kannustavat jatkamaan VR-pohjaisten, luonnollisia
tilanteita jaljittelevien tehtdvien kehittimistd muun muassa muiden neuropsykiatristen
sairauksien oireiden tutkimisessa.



Preface

“[TThe argument here is that one should consider in the design of new
tasks the demands that the “real world” may make but that are not
presented to the participant performing existing tests in a lab setting.
By not considering these aspects, we may be missing decrements in
many aspects of cognition which are critical to competence in everyday
life.” (Burgess et al., 2006)

My inspiration to get involved in developing a novel neuropsychological task was
grounded in observations made during clinical work. While certain aspects of
children’s cognition, such as logical reasoning and language, appeared to yield
themselves to be evaluated in the structured one-to-one sessions of
neuropsychological assessment, others surely seemed to elude trustworthy
evaluation under such circumstances. For the aspiring neuropsychologist-to-be,
interviews and rating measures involving the child, parents, and other adults
seemed to provide an important alternative to the performance-based measures.
Yet, they occasionally appeared to mostly reflect the subjective attitudes,
motivations, and expectations of the assessor, not the skills or difficulties of the
assessee. Very importantly, the psychologist's own observations and
interpretations are also subjective. Thus, becoming overconfident in one’s own
skills, honed by the accumulating clinical experience, seemed like a bad strategy to
overcome the limitations of tools currently available to the clinical
neuropsychologist. Luckily, there was already an abundant body of literature on
how naturalistic tasks may improve the assessment of goal-directed behavior.
Moreover, recent improvements in VR technology supported the idea that it was a
good time to have a go on developing a new naturalistic VR task for children.
Despite facing some setbacks and challenges, like performing the data collection
in 2020-2021 amidst the fluctuating restrictions caused by the COVID-19
pandemic, I think we managed to pull this through surprisingly well. For this,
THANK YOU for all the wonderful people involved.

First, I want to thank my outstanding supervisors for doing their part with
utmost professionalism and dedication. Juha, thank for always keeping up with
what has been agreed on and pursuing research with such an inspirational drive. I
admire your superhuman efficiency in pursuing goal-directed research. Thank you
also for the support during moments when things were not that easy and coming



up with solutions to all imaginable and unimaginable problems along the way.
And btw, sorry for the skiing. Matti, I am deeply grateful that you agreed to
supervise me and share your truly enormous experience of neuropsychology with
me. To have been able to develop and discuss all the ideas with you has really been
most crucial for me for believing in what we were doing here. As a bonus, you are
by far the nicest grand old man of neuropsychology in Finland. This has been
confirmed by numerous independent raters. Eeva, your support and guidance has
been essential to this project. Furthermore, I have learned a lot from you about
ADHD, related psychiatric conditions, and clinical interviewing. As a clinical
neuropsychologist, I really value this.

This work would not have been possible without the support of Peili Vision
company that implemented the EPELI versions used here. Thank you, Topi,
Mikko, Joonas, Vesa, Jussi, Akviliina, and the others! I really appreciate a startup
that takes the challenge of providing new solutions to the health care sector.
Because, if we do not have the tools, we just do not have the tools. It’s simple as
that and everyone devoted to providing better care for the patients and their
families should acknowledge this.

I am grateful for all the coauthors for their hard work and effort. Here, a
special mention needs to be given to our collaborators Matthias Kliegel, Alexandra
Hering, and Sascha Zuber, whose world-leading expertise on prospective memory
has been crucial. Liya, I am very happy that you choose to join Juha’s project and
brought your own expertise to it. Without you, things simply would not be where
they are today. Jasmin and Kaisla, big thank you for taking part in the project and
especially in the data collection. Working with kids is often very rewarding, yet it
can also be challenging from time to time. I believe you both have a natural talent
for this. Furthermore, warm thanks to all the following people who have
supported my work on this Thesis: Jussi Jylkkd, Liisa Ritakallio, Veli-Matti
Saarinen, Jaakko Kauramiki, Jari Lipsanen, Minna Mannerkoski, Hanna
Huhdanpad, Kati Pettersson, Linda Henriksson, Joe MacInnes, Emiliano
Macaluso, Tessa Tolonen, Sofia Tauriainen, Daniel Fellman, Daniel Warna, and
Juuso Rasdnen. Eeva Eskola, thank you for taking the time to read the thesis
summary draft and providing many great insights. I also want to thank Kenneth
Quek for proofreading the manuscripts of Studies I, III, and IV and taking his time
to answer all my silly questions about the English language. I apologize for all new
grammatical errors I've introduced to the text(s) during the review processes that
took place after your proofreading.

This Dissertation was funded by grants from the Finnish Cultural Foundation
(#00190963 and #00201002), the Arvo and Lea Ylppo Foundation
(#202010005), and the Instrumentarium Science Foundation (#200005). I am
thankful for this essential financial aid and the support of Piivi Klemola, Irmeli
Kosonen, and all the others who have helped me here.
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I have done this Thesis while working as a clinical neuropsychologist in
Helsinki University Hospital. The support and ideas from neuropsychologists,
both seniors and newcomers, have been invaluable. I extend my gratitude to
Susanna Huju, Henri Lehtinen, Satu Korpela, and all the others involved. I also
want to thank my thesis supervision committee members, Leena Haataja and Vesa
Nirhi, for their wise advises regarding this research and how to continue pursuing
goals that seem meaningful and important.

The recruitment of participants has included numerous people from several
schools in Kirkkonummi and Espoo, Helsinki University Hospital, Finnish ADHD
Foundation (including subassociations Aisti, Neuris, and Itua), the Espoo City
Child Psychiatric Unit, the Vantaa Family Counselling Unit, and ProNeuron LTD.
This includes many who have done their work pro bono. For this, I am very
thankful to Annamaija Kyla-Setdld, Anu Virtanen, Hanna Uurainen, Jari
Hamaldinen, Juulia Paavonen, Katri Lahti, Anu Kivist6, Henna Kainomaa, Marja
Kantele, Sari Korpirinne, Jaana Wessman, Marjo Raita, Pidivi Harjula, Anssi
Iivonen, Mikko Hommo, Eeva Lumiaro, Jukka Sarpila, Arja Rantala, all the
wonderful teachers, all the persons I forgot, and all of those that I do not even
know.

EPELI would not exist without the children and families who gave their time to
take part in the studies and piloting that commenced before Study I. It means so
much for me that you agreed to do so. Furthermore, the discussions during the
assessments and parent feedback sessions have been truly inspirational. You know
things that we, as researchers and clinicians, do not. By sharing your own
experiences and perspectives, you really help us to do better.

Finally, I want to thank my wife, children, parents, parents-in-law, siblings,
other family members, and close friends for your support. This PhD would simply
not exist without it. Thank you for what matters most beyond life.
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1 Introduction

1.1 Goal-directed behavior and related concepts

The present Dissertation focuses on the assessment of goal-directed behavior,
that is, behavior taken toward attaining a specific goal (American Psychological
Association, 2015). These goals are presented in mind as imagined future states,
and they activate and are influenced by other mental content such as knowledge,
beliefs, norms, values, and preferences (Doebel, 2020). The higher-level
psychological processes that allow goal-directed behaviors are often
conceptualized as executive functions (EF; Barkley, 2012; Goldstein et al., 2014).
EF are needed particularly when dealing with novel tasks, where the individual
cannot rely only on previous, well-learned behaviors to reach their goals (see
Rabbit, 2004). Thus, an intimate link between goal-directed behavior and EF can
be postulated (see Friedman & Robbins, 2022), even though a universally agreed
definition of EF has not yet been reached (Barkley, 2012; Goldstein et al., 2014;
Jurado & Rosselli, 2007; cf. Diamond, 2013). Prospective memory (PM), the
memory for to-be-performed future activities (Einstein & McDaniel, 1990; Kliegel
et al., 2008b), can also be regarded as a form of goal-directed behavior. As both
EF and PM play prominent roles in how goal-directed behavior has been
conceptualized and evaluated, a brief overview of these concepts is given next,
before moving on to their assessment.

1.1.1 Executive functions

EF is an umbrella term used for a diverse set of hypothesized cognitive processes,
including planning, working memory, attention, inhibition, self-monitoring, self-
regulation, and initiation (Goldstein et al., 2014; see also Baggetta & Alexander,
2016; Barkley, 2012; Diamond, 2013; Zelazo et al., 2008). EFs relate to multiple
important life domains, ranging from success in school to physical health (e.g.,
Barkley, 2012; Diamond, 2013; Goldstein et al., 2014), and EF deficits are linked
to various clinical outcomes (e.g., Pennington and Ozonoff, 1996; Snyder et al.,
2015). First EF skills are observable in very early childhood and their maturation
is critical from a developmental perspective, as it is related to the development of



autonomy, socioemotional functioning, and academic performance (Best & Miller,
2010; Denham et al., 2015; Diamond and Ling, 2016; Riggs et al., 2006).

Over 30 different EF definitions originating from various empirical findings
and theoretical backgrounds have been presented (Barkley, 2012; Goldstein et al.,
2014; see also Baggetta & Alexander, 2016). In some models and definitions, EF
are conceptualized as purely cognitive processes or constructs without accounting
for the impact of emotional processes on cognition (e.g., Miyake et al., 2000),
whereas other authors try to also embed these processes in their models (e.g.,
Barkley, 2012). Recently, Doebel (2020) suggested that instead of defining EF as a
set of separate domain-general cognitive processes, EF should be viewed as
employment of control when pursuing goals that activate and are influenced by
diverse mental content such as knowledge, beliefs, norms, values, and preferences.
Although the first publications that used the term EF located its neural basis in the
frontal lobes (e.g., Pribram, 1973; see historical reviews by Barkley, 2012 and
Goldstein et al., 2014), it has been pointed out that EF also involves other brain
areas and not all cognitive processes that employ the frontal lobes should
necessarily be classified as EF (Barkley, 2012; see also Friedman & Robbins,
2022). Also, to define EF as what the frontal lobes or their prefrontal areas do and
then state that what these brain areas do is EF results in a circular argument
(Barkley, 2014), and thus a definition based solely on brain anatomy remains
problematic.

To study which and how many separate cognitive constructs EF consists of,
several authors have applied various statistical methods to empirical data to
produce psychometric models of EF (Anderson, 2002; Grodzinsky & Diamond,
1992; Levin et al., 1996; Mariani & Barkley, 1997; Miyake et al., 2000; Shute &
Huertas, 1990). A particularly influential psychometric model was presented by
Miyake and colleagues (2000) based on adult data and later replicated with
children by Lehto and others (2003). The model is often referred as the Miyake or
Miyake-Friedman model and includes three basic EF components, namely
shifting, updating, and inhibition (Miyake et al., 2000). However, other authors
using different sets of EF measures have ended up with different models with a
different number of latent variables and different descriptions (e.g., Anderson,
2002; Grodzinsky & Diamond, 1992; Levin et al., 1996; Mariani & Barkley, 1997;
Shute & Huertas, 1990). Because of this, several authors have argued that these
studies do little to shed light on the structure of EF, as the results depend on what
tasks are considered EF measures to begin with (e.g., Andrewes, 2016; Barkley,
2012), and the differences between the results could simply reflect variation in
task choice between the studies (Barkley, 2012). Furthermore, the psychometric
models based on “cold” cognitive tasks have been criticized for neglecting
emotional influences in goal-directed behavior (Barkley, 2012; see also Baggetta &
Alexander, 2016), and their adequacy in providing satisfactory explanations for



empirical findings as well as specific, testable hypotheses has been questioned
(e.g., Doebel, 2020; Perone et al., 2021; see also Burgess et al., 2006).

To conclude, there are numerous different definitions, theories, and models
of EF that vary in their scope and origins (Baggetta & Alexander, 2016; Barkley,
2012; Goldstein et al., 2014; Jurado & Rosselli, 2007). However, all of them
converge in that EF are seen as processes that are needed for effortful, goal-
directed behavior. To fit the concept to a larger whole, EF can also be regarded as
the cognitive top-down processes in a larger concept of self-regulation, which
encompasses both top-down and bottom-up regulatory processes of action,
emotion, and cognition during goal-directed behavior (Hofmann et al., 2012;
Doebel, 2020; Nigg et al., 2017).

1.1.2 Prospective memory

PM, the memory for activities to be performed in the future (Einstein & McDaniel,
1990; Kliegel et al., 2008b), is another concept related to goal-directed behavior.
These activities are intentions that cannot be completed immediately when they
are formed but only several minutes, hours, days, or even weeks later (Rummel &
Khavilashvili, 2022). The earliest PM studies tended to focus on remembering
intentions in naturalistic everyday life settings, but later experimental paradigms
have also been devised (Burgess et al., 2011). Akin to EF problems, PM failures
can have a major impact on independent daily functioning of the individual, and
they are very common complaints in clinical interviews (Einstein and McDaniel,
2005; McDaniel & Einstein, 2007). Thus, PM is important across the lifespan
(Ballhausen et al., 2019). PM matures throughout childhood (Kvavilashvili et al.,
2008, Mahy et al., 2014) and the development of EF and PM are intertwined
(Zuber et al., 2019). Like EF, PM is also critical for gaining autonomy and
independence from parents and caregivers (Cottini, 2023; Zuber et al., 2019).

When related to goal-directed behavior, PM can be seen as a form of goal-
directed behavior where the aim is to perform the right action at the right time in
the future. In event-based PM (EBPM), this is dictated by an external event (e.g.,
seeing a friend prompts you to return the money you borrowed earlier), whereas
in time-based PM (TBPM), the given action should be performed at a specific time
of the day or after a particular elapsed time (e.g., leave for school at 8.45 a.m.;
Einstein & McDaniel, 1990). Some researchers (e.g., Kvavilashvili & Ellis, 1996)
also make note of activity-based PM, where the intention needs to be executed
after the completion of another activity (e.g., to take medication after breakfast).
In real life, TBPM tasks are more common than EBPM tasks (Rummel &
Khavilashvili, 2022).



As with EF, several theories have been advanced to define the cognitive
processes involved in PM. The three main theories of PM are the multi-process
theory, preparatory attention and memory processes theory, and prospective
memory decision control theory (Rummel & Khavilashvili, 2022). All three
theories are based on the task type first introduced by Einstein and McDaniel
(1990), called the dual-task paradigm, which consists of an actual PM task and an
ongoing task in which the actual PM task is embedded. The first of the theories,
the multi-process theory of PM, states that both effortful cue monitoring (a top-
down process) and spontaneous retrieval (a bottom-up process) underlie
successful PM performance (McDaniel & Einstein, 2000). In turn, the preparatory
attention theory states that individuals always need to engage in preparatory
processing prior to PM target, which requires top-down working memory
resources (Smith, 2003). Prospective memory decision control theory suggests
that a self-imposed strategic slowing of ongoing task responding allows the PM
responses (Strickland et al., 2018). One key difference between the latter two
theories is that the prospective memory decision control theory suggests that the
processing of the two tasks will only interfere with each other when individuals
work beyond their cognitive capacity limits (Rummel & Khavilashvili, 2022). In
their current forms, the three theories seem increasingly similar with regard to the
types of processes involved in PM (Rummel & Khavilashvili, 2022). All three
theories consider mainly EBPM and do not include hypotheses about any of the
specific time perception and time management processes required in TBPM
(Rummel & Kavhilashvili, 2022). Thus, as is the case with EF, a comprehensive
theory of PM that would cover its different forms remains to be postulated.

Regarding neural correlates, research shows a consistent relation between
activation in rostral prefrontal cortex and performance in PM tasks (Burgess et al.,
2011). Thus, as with EF, frontal lobes seem to be particularly important for PM,
even though more widespread brain networks, for example, in the parietal lobe
and anterior cingulate cortex, are involved in both (Burgess et al., 2011).

1.2 Construct-driven assessment of goal-directed
behavior

The development of assessment methods for goal-directed behavior and its
underlying cognitive processes, such as EF and PM, has been dominated by the
so-called construct-driven approach (Burgess et al., 2006; see also Dawson &
Marcotte, 2017; Parsons et al., 2017). In this approach, measures are developed
and their results evaluated based on the latent cognitive constructs that they are
hypothesized to tap (Burgess et al., 2006; Dawson & Marcotte, 2017; Parsons et
al.,, 2017). As these hypothetical constructs cannot be directly observed, their
existence is inferred from research findings such as correlations between different



measures (Burgess et al., 2006). These measures can be divided into performance-
based measures and ratings, which are covered next.

1.2.1 Performance-based measures

As regards to performance-based measures, experimental psychology has heavily
relied on simplified paradigms that comprise impoverished stimuli and limited
behavioral responses and supposedly measure some given cognitive construct
(Hatfield, 2002; see also Dawson & Marcotte, 2017). In test measures utilized in
clinical neuropsychology, the patient is typically given a single explicit problem at
a time in short trials while task initiation is strongly prompted by the examiner
(Shallice & Burgess, 1991; see also Dawson & Marcotte, 2017). These tests and
measures have the advantage of being explicit, objective and well-controlled,
which helps to minimize any unwanted effects of confounding variables (Toplak et
al., 2013; see also Hatfield, 2002). On the downside, these typical performance-
based measures lack the abundance of contextual information that triggers
affordances, prospective goals, and cognitive schemas characterizing everyday life
(see Wilson, 2002). Depending on the features of the targeted cognitive process or
construct, this may pose problems for the assessment in varying degrees. For
example, the performance-based measures are subject to the task-impurity
problem, which means that since any target process/construct needs to be
measured within some specific task context, all scores necessarily include
systematic variance attributable to other cognitive factors (e.g., Miyake &
Friedman, 2012; Miyake et al., 2000). It has thus been questioned if these kinds of
paradigms are sufficient for studying something as complex as human goal-
directed behavior as it occurs in everyday situations (e.g., Bronfenbrenner, 1977;
Gibson, 1970; Kingstone et al., 2008; Neisser, 1976).

Performance-based measures of EF are tasks that have been considered to
measure EF either on theoretical grounds or after being found to be sensitive to
cognitive impairments caused by prefrontal lesions (Burgess et al., 2006;
Pennington & Ozonoff, 1996). Thus, they originate from varied conceptual and
experimental frameworks (Burgess et al., 2006). Some of the most widely used EF
tests include variants of the Wisconsin Card Sorting Test (Grant & Berg, 1948), the
Stroop task (Stroop, 1935), the Trail Making Test (Armitage, 1946), and the Tower
of London (Shallice, 1982). Many neuropsychological test batteries, such as the
NEPSY-II (Korkman et al.,, 2007), and the Delis-Kaplan Executive Function
System (Delis et al., 2001), either include implementations of these EF paradigms
or consist solely of them.

Criticizing the performance-based measures of EF, Barkley (2012) argues that
"a myopic emphasis on short-term (minutes) cold cognitive psychometric tasks
preferred by most contemporary neuropsychological studies has left a gapping



chasm between the constructs sampled by these tests and the executive deficits
evident in patients in their everyday life”. Also others have questioned the utility
of these measures in predicting how well individuals will do with EF in their daily
life activities (e.g., Burgess et al., 2006; Chaytor and Schmitter-Edgecombe, 2003;
see also Chan et al., 2008). Because of the simplified nature of many of the EF
tasks and low correlations between them and EF ratings (e.g., Barkley, 2012;
Toplak et al., 2013), it remains unclear how the results of EF tasks are linked to
everyday life and what implications they may have to the real-life functioning of
an individual (Burgess et al., 2006), thus resulting in limited utility in the
evaluation of daily adaptive functioning (Barkley, 2012).

Features of a typical performance-based PM measure has been described by
Burgess, Scott and Frith (2002; see also Burgess et al., 2011; Rummel &
Kvavilashvili, 2022) and can be summarized as follows: 1) there is an intention
that cannot be performed immediately, but needs to be performed in a particular
circumstance, and the delay between creating the intention and the appropriate
time to act is filled with an ongoing task; 2) the performance of the ongoing task
prevents continuous rehearsal of the intention over the delay; 3) the intention cue
(i.e., the particular circumstance) does not interfere with performance of the
foreground task; 4) in most situations, no immediate feedback is given to
participants regarding PM performance. Probably the most influential PM task
paradigm has been the dual-task paradigm that was introduced by Einstein and
McDaniel (1990). In a typical dual task paradigm, the ongoing task is simple and
appropriate moment to perform the PM task is signaled by a certain event (EBPM)
or a given time (TBPM; see section 1.1.2). After the study of Einstein and
McDaniel (1990), numerous different dual-task variants have been introduced,
and the main theories of PM have also been influenced by the dual task paradigm
(Rummel & Khavilashvili, 2022). Some PM tests intended for clinical use other
tasks, which yield clinically relevant information in their own right, as ongoing
task, which can save valuable evaluation time (See Thone-Otto & Walther, 2008).

As a response to recognizing that everyday life PM is employed under complex
environmental factors, also complex PM tasks have been devised (e.g., Kliegel et
al., 2000; Kliegel et al., 2006). Interestingly, some of these complex PM tasks,
such as the MET and Six Element Test (Shallice & Burgess, 1991), were first
developed to study EF deficits but have successfully been adopted to study PM
(Burgess et al., 2000; Kliegel et al., 2000; Kliegel et al., 2004; Kliegel et al., 2006).
Several other studies also provide converging evidence about the close
relationship between EF and PM performance measures (e.g., Groot et al., 2002;
Kliegel et al., 2003; McDaniel et al., 1999). Thus, even though performance-based
measures can be designed in a construct-driven manner, that is, targeting a
specific area of cognition, it can remain ambiguous which cognitive constructs are
actually being quantified.



1.2.2 Ratings

Ratings like questionnaires provide another way for measuring goal-directed
behavior or hypothesized cognitive processes. With adults, these are usually self-
reports or are filled out by the spouse/family member, while with children,
teacher reports are also common. Ratings are able cover areas of goal-directed
behavior that can be difficult to assess with traditional performance-based
measures, for example the ability to pursue goals that span over longer time
periods, such as weeks or months. Toplak and colleagues (2013) suggest that EF
questionnaires are indicative of success in goal pursuit, whereas performance-
based measures capture the efficiency of cognitive abilities. This distinction shares
resemblance to a suggestion made by Barkley (2012), who states that
performance-based EF tests, despite with their shortcomings, can be used to
assess the instrumental level of EF. In contrast the methodological, tactical, and
strategic levels of his extended phenotype model of EF are more successfully
captured by ratings.

According to Toplak and colleagues (2013), the Behavior Rating Inventory of
Executive Function (BRIEF; Gioia et al., 2000) has been the most common EF
questionnaire. Originally, the BRIEF was developed to provide an ecologically
valid alternative for EF tests, while also aiming to quantify EF aspects that may
not be covered by these performance-based measures (Gioia et al., 2000; Roth et
al., 2013). In some other EF questionnaires the design can be seen to more closely
assess the same cognitive constructs as the EF tasks (Toplak et al., 2013). For
example, the Childhood Executive Functioning Inventory has only scales for
inhibition and working memory, which are measured by many performance-based
tests (Thorell et al., 2010; Thorell & Nyberg, 2008). Other common questionnaires
probing EF include the Attention and Executive Function Rating Inventory
(Klenberg et al., 2010), Behavioural Assessment of the Dysexecutive Syndrome
(Norris & Tate, 2000), and 5—15 questionnaire (Kadesjo et al., 2004), which also
cover other cognitive processes and behaviors.

Also PM can be evaluated with ratings, such as the Prospective Retrospective
Memory Questionnaire (Crawford et al.,, 2003) and Metacognitive Prospective
Memory Inventory (Rummel et al., 2019). Also diaries, where the respondents on
several occasions make notes of their PM performance, are commonly used in
adults (e.g., Haas et al., 2020; Jylkka et al., 2023a; Jylkka et al., 2023b). It should
be noted that some questionnaires not originally designed to measure PM have
items that may clearly be regarded as measuring PM. For example, the BRIEF
includes questions about failures to fulfill previously planned intentions (Gioia et
al., 2000), and the ADHD Rating Scale-IV (ADHD-RS; DuPaul, 1998) has items
about being forgetful in daily activities.

Like performance-based measures, ratings have their own shortcomings. Most
notably, the evaluation is subjective and may be biased because of the personal



views of the assessor or because the assessor may not know the assessee well
enough to make informed evaluations. This can be the case, for example, when a
teacher is asked to fill out a questionnaire about a pupil who just recently has
joined the class. Also, the assessment of the severity of the possible symptoms
could be particularly difficult. This is because questionnaires tend to have vague
rating scales, such as, ”is never a problem”/”is sometimes a problem”/”is often a
problem”, with no accurate way of defining at what point, for example,
“sometimes” becomes “often”. The questionnaires often ask the respondent to
make evaluations about behaviors that occur over a long period of time. For
instance, in the BRIEF and ADHD-RS this period is last six months (DuPaul,
1998; Gioia et al., 2000). This may be an advantage as it increases the possibility
that the respondent has witnessed the behavior of the assessee in an adequate
number of situations, but remembering incidents that happened almost half a year
ago or making good generalizations from longer time spans can be difficult. The
behavior can also fluctuate very much, either as a function of time or depending
on the context. In some cases a suitable person to fill out the questionnaire may
simply not exist. Finally, the way the questionnaire or its individual items are
designed or administered can produce bias in multiple ways (Choi & Pak, 2005).

One influential challenge in the construct-driven approach is shared by both
performance-based and rating measures. As mentioned in section 1.1.1, there is no
general of agreement on EF and what specific cognitive constructs it consists of.
Therefore, the selection of a constellation of construct-driven tasks for a
comprehensive assessment of EF remains challenging. Together with the task-
impurity problem (e.g., Miyake et al., 2000; Miyake & Friedman, 2012), this
makes the interpretation of construct-driven measures difficult, especially in
clinical settings (see Burgess et al., 2006).

1.3 Ecological validity

As mentioned in section 1.2, the construct-driven tests and measures of goal-
directed behavior have been criticized for not being representative of the contexts
and challenges of real life and providing little predictive value for everyday
executive and goal-directed behaviors (Barkley, 2012; Burgess et al., 2006; see
also Chaytor and Schmitter-Edgecombe, 2003; Parsons, 2015). Thus, these tests
are considered to have low ecological validity. The origins of the term ecological
validity can be traced back to Brunswik (1943), but the current use of ecological
validity has drifted away from the original context (see, e.g., Bronfenbrenner,
1977; Chaytor & Schmitter-Edgecombe, 2003; Franzen and Wilhelm, 1996;
Kvavilashvili and Ellis, 2004; Spooner & Pachana, 2006).

Franzen and Wilhelm (1996) recognize two different types of ecological
validity, namely verisimilitude and veridicality. They define verisimilitude as how



accurately the test properties resemble the corresponding situations in the real
world and veridicality as the extent a test reflects or predicts the skills or
performances in everyday life (see also Chaytor & Schmitter-Edgecombe, 2003;
Spooner & Pachana, 2006). This definition bears resemblance to the one used by
Kvavilashvili and Ellis (2004), who define ecological validity as consisting of
representativeness (i.e., verisimilitude) and generalizability (i.e., veridicality). The
terms verisimilitude and veridicality have also been applied to describe two ways
for improving ecological validity (Chaytor & Schmitter-Edgecombe, 2003;
Spooner & Pachana, 2006). In the verisimilitude approach, new tests are designed
to simulate critical everyday cognitive tasks (Chaytor & Schmitter-Edgecombe,
2003; Spooner & Pachana, 2006). The veridicality approach, in turn, involves
using existing tests and optimizing their measures to be optimally related to real-
world functioning (Chaytor & Schmitter-Edgecombe, 2003; Spooner & Pachana,
20006).

To attain higher ecological validity, goal-directed behavior has been evaluated
with tasks that take place in actual real-life locations, such as a shopping street,
instead of laboratory or hospital rooms (e.g., Garden et al., 2001; Shallice and
Burgess, 1991). These tasks have very high verisimilitude, as they are conducted in
actual real-life environments (Spooner and Pachana, 2006). However,
experiments conducted in real-life settings come with several obvious drawbacks
(Parsons, 2015). For example, they can be difficult to standardize or replicate,
because unpredictable events and behavior of other people may affect the results,
as the researchers have only limited control over the environment. The precise
measurement of behavior can also be challenging, even though new
methodologies, such as ecological momentary assessment, that is, repeated
sampling of subjects’ behaviors in natural environments, have produced
advancements in this matter (see, Shiffman et al., 2008). Experiments in real-life
locations may not always be suitable for patients with mobility, behavioral, or
psychiatric problems (Knight et al., 2002). Therefore, despite the benefits, using
real-life environments may in some cases result in low reliability and participant
safety can be compromised (Logie et al., 2011). Using real-life environments can
also be time-consuming and impractical.

A less laborious approach is to include real-life features to laboratory tasks. In
the Virtual Week task, participants are asked to perform everyday tasks in a board
game (Rendell and Craik, 2000). However, whereas tasks performed in real-life
locations have been shown to better predict behavioral everyday difficulties than
the traditional EF tests (Alderman et al., 2003), the same remains to be shown for
laboratory tasks depicting everyday situations.

Yet another attempt to improve the ecological validity of EF assessments has
been to complement the results of EF tests with questionnaires regarding
everyday compensatory strategies and environmental cognitive demands (Chaytor



et al., 2006). Miller and Barr (2017) suggest that methods quantifying real-time
behavior in the real world alongside information about the local context could
substantially improve the ecological wvalidity of cognitive assessments.
Furthermore, they criticize the field of neuropsychology of being reliant on
outdated data collection methods that do not, unlike those employed in most
other fields of medicine, take advantage of rapid technological innovations.
Applying new technological advancements could result in better treatment
recommendations and thus improved patient outcomes (Miller & Barr, 2017).

The issue of ecological validity is very relevant to both scientific research and
clinical work. Virtually all psychiatric and neurological disorders and conditions
have everyday life implications, and a core goal in neuropsychological
rehabilitation is to enhance quality of life (Dawson & Marcotte, 2017). Traditional
cognitive tasks often require discrete responses to singular events in carefully
controlled environments, whereas performance in the real world involves parallel
streams of tasks, often in disordered environments (Dawson & Marcotte, 2017; see
also Hatfield, 2002; Wilson, 2002). This discrepancy between traditional tasks
and real-life functions may significantly limit the ecological validity of these
measures (Barkley, 2012; Dawson & Marcotte, 2017; Levine et al., 2000). All in
all, new assessment methods with higher ecological validity or improved versions
of the old ones are needed, especially for studying goal-directed behavior and
related concepts like EF and PM.

1.4 Function-led assessment of goal-directed behavior

To overcome the challenges in the construct-driven assessment methods of goal-
directed behavior, alternative approaches have been proposed (e.g., Burgess et al.,
2006; Kingstone et al., 2008; Parsons et al., 2017). These approaches converge in
that for attaining higher ecological validity, task design should be based on real-
world behaviors and functions rather than hypothetical cognitive constructs.

In the function-led task design approach, the rationale is to emulate real-world
functions and the environments in which these functions are used to reach
increased ecological validity (Burgess et al., 2006; Parsons et al., 2017). This
approach can be taken to produce measures to be performed either in the
laboratory, such as the Six Element Test (Shallice & Burgess, 1991; see also
Burgess et al., 1996; Kliegel et al., 2000), or in other environments, like the
Multiple Errands Test (MET) and its variants (Shallice & Burgess, 1990; see also
Rotenberg et al., 2020). Such tests should be validated against measures of ability
in the real world, such as observer or self-ratings (Burgess et al., 2006). Burgess
and colleagues (2006) argue that function-led tests may better be suited to clinical
use than construct-driven tests because of the transparency afforded by increased
representativeness (i.e., verisimilitude) and generalizability (i.e., veridicality) for
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real-life functioning, while being psychometrically as robust as construct-driven
tests. As regards to generalizability, for example, a hospital version of the MET has
been found to correlate with self-report measures of everyday ability (Dawson et
al., 2005), objective assessment of daily living skills (Dawson et al., 2005), and
caretakers’ ratings of everyday life problems (Knight et al., 2002). In their meta-
analysis, Rotenberg and collaborators (2020) found strong evidence for some
psychometric properties of the MET, such as validity for discriminating certain
clinical groups (e.g., dementia and acquired brain injury) from control groups.
However, they also found that more research is needed on certain other
psychometric aspects, such as test-retest stability and internal consistency.
Burgess and collaborators (2006) underline that the argument should not be
taken as suggesting the sole use of tests that are carried in the real-world settings,
but that these new tasks are complementary as they could cover aspects of real-life
situations that are not accounted for by the current construct-driven tests (see also
Parsons, 2015). An obvious challenge for the MET and other tasks performed in
real-life environments is how to maintain sufficient experimental control. This is
needed for participant safety and to ensure reliability, which remains to be
insufficiently studied for the MET (Rotenberg et al., 2020).

The function-led approach has also been utilized with children (e.g.,
Chevignard et al., 2010; Rocke et al., 2008). Chevignard and colleagues (2010)
devised the Children’s Cooking Task, where the participants prepare two simple
recipes in a hospital kitchen. In this task, outcome measures comprise the number
of errors and overall qualitative performance analysis, in which performance time,
whether the child was able to prepare both recipes or not, and evidence for any
dangerous behaviors, was considered. The authors found high internal
consistency and test-retest stability for these measures. The Children’s Cooking
Task has been found to discriminate children with traumatic brain injury
(Chevignard et al.,, 2010; Finnanger et al.,, 2022; Fogel et al., 2020),
developmental dyspraxia (Toussaint-Tohrin et al., 2013), or neurodevelopmental
disorders (Fogel et al., 2020) from typically developing controls. As the task is
performed in a dedicated room, there is more control to the environment that with
tasks that take place in larger environments like pedestrian areas (cf. Shallice &
Burgess, 1990). However, such a specialized room may not be readily available
and could need to be standardized to some extent.

Advocating for an approach coined as cognitive ethology, Kingstone and
colleagues (2008) argue that laboratory research of human cognition is founded
on two principles they view as unrealistic, namely the invariance assumption and
the attempt to maximally control the test situation. The invariance assumption
means that human cognition is underpinned by processes that are constant across
situations, and by exercising control over the test situation, the researcher
attempts to ensure that any change can be attributed to the variable that is being
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manipulated. The authors proceed to point out that even very minor changes to a
typical restricted laboratory paradigm can compromise the replicability of an
effect, a fact that raises serious doubts as to whether the findings obtained using
simplified laboratory tasks have utility in understanding real-world behavior. As a
remedy, they suggest the cognitive ethology approach, where the aim is to first
directly observe how people behave in their real-world environments, and once
this complex problem space is sufficiently characterized, move into the laboratory
to test hypotheses that are generated based on the real-world observations. This
means moving away from making causal claims about fundamental cognitive
processes towards observing and describing behavior as it occurs in real life
(Kingstone et al., 2005). Overall, approaches like function-led task design and
cognitive ethology can be seen as attempts to provide tools for understanding
human behavior in its natural environments.

1.5 ADHD and its behavioral indications

The syndrome at the focus of this Thesis, Attention-deficit/hyperactivity disorder
(ADHD), is one of the most common neurodevelopmental disorders in childhood
(Bitsko et al., 2022) with prevalence of 5 to 11 percent in persons under 18 years of
age (Francés et al., 2022). ADHD is characterized by symptoms that fall on the
three dimensions of inattention, hyperactivity, and impulsivity (World Health
Organization, 2016). The diagnostic criteria for ADHD according to the Tenth
Edition of the Internal Classification of Diseases (ICD-10; World Health
Organization, 2016) are presented in Table 1.

Depending on which of the three symptom dimensions are predominant in
individual’s behavior, three ADHD subtypes can be recognized, namely
predominantly inattentive, predominantly hyperactive/impulsive, and combined
subtype. ADHD is linked with several adverse outcomes, such as impairments in
quality of life, emotional and social challenges, and educational underachievement
(Agnew-Blais et al., 2018; Faraone et al., 2021). Comorbid diagnoses are common
(Faraone et al., 2021; Francés et al., 2022). Furthermore, individuals with ADHD
often display problems with EF (see, e.g., Barkley, 2012; Barkley & Murphy, 2011)
and PM (e.g., Kliegel et al., 2008a; Talbot et al., 2018).

As ADHD often is a lifelong disorder and interventions can reduce its adverse
consequences, timely diagnostics with accurate and objective triaging of the core
symptoms is vital (Sayal et al., 2018; Sonuga-Barke & Halperin, 2010). As of
today, diagnosing ADHD relies mainly on interviews and questionnaires that are
prone to subjective bias (Gualtieri and Johnson, 2005), while the predictive value
and clinical utility of objective experimental test methods (Hall et al., 2016;
Nichols and Waschbusch, 2004) and possible biomarkers (Mehta et al., 2020;
Thome et al., 2012) is being investigated. Next, the effects of ADHD on task-
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performance measures and motion- and eye tracking-based assessment of ADHD
symptoms are discussed.

Table 1 The diagnostic criteria for ADHD according to the Internal Classification of Diseases,
Tenth edition.

G1. Inattention. At least six of the following symptoms of inattention have persisted for at least six
months, to a degree that is maladaptive and inconsistent with the developmental level of the child:

(1) Often fails to give close attention to details, or makes careless errors in schoolwork, work, or
other activities.

(2) Often fails to sustain attention in tasks or play activities.
(3) Often appears not to listen to what is being said to him or her.

(4) Often fails to follow through on instructions or to finish schoolwork, chores, or duties in the
workplace (not because of oppositional behaviour or failure to understand instructions).

(5) Is often impaired in organizing tasks and activities.
(6) Often avoids or strongly dislikes tasks, such as homework, that require sustained mental effort.

(7) Often loses things necessary for certains tasks or activities, such as school assignments,
pencils, books, toys, or tools.

(8) Is often easily distracted by external stimuli.
(9) Is often forgetful in the course of daily activities.

G2. Hyperactivity. At least three of the following symptoms of hyperactivity have persisted for at
least six months, to a degree that is maladaptive and inconsistent with the development level of
the child:

(1) Often fidgets with hands or feet or squirms on seat.
(2) Leaves seat in classroom or in other situations in which remaining seated is expected.

(3) Often runs about or climbs excessively in situations in which it is inappropriate (in adolescents
or adults, only feelings of restlessness may be present).

(4) Is often unduly noise in playing or has difficulty in engaging quitely in leisure activities.

(5) Exhibits a persistent pattern of excessive motor activity that is not substantially modified by
social context or demands.

G3. Impulsivity. At least one of the following symptoms of impulsivity has persisted for at least six
months, to a degree that is maladaptive and inconsistent with the developmental level of the child:

(1) Often blurts out answers before questions have been completed.

(2) Often fails to wait in lines or await turns in games or group situations.

(3) Often interrupts or intrudes on others (e.g., butts into others' conversations or games).
(4) Often talks excessively without appropriate response to social constraints.

G4. Onset of the disorder is no later than the age of seven years.

G5. Pervasiveness. The criteria should be met for more than a single situation, e.g., the
combination of inattention and hyperactivity should be present both at home and at school, or at
both school and another setting where children are observed, such as a clinic. (Evidence for cross-
situationality will ordinarily require information from more than one source; parental reports about
classroom behavior, for instance, are unlikely to be sufficient.)

G6. The symptoms in G1-G3 cause clinically significant distress or impairment in social,
academic, or occupational functioning.

G7. The disorder does not meet the criteria for pervasive developmental disorders (F84.—), manic
episode (F30.-), depressive episode (F32.—), or anxiety disorders (F41.-).
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1.5.1 Task-performance measures

When studied using conventional, construct-driven paradigms, ADHD is
associated with impairments in multiple cognitive domains, such as working
memory, response inhibition, decision making, and attention (Pievsky and
McGrath, 2018). This is hardly surprising, given that ADHD symptom dimensions
include inattention and impulsivity, which attention and inhibition tasks should
logically tap. Still, cognitive impairments in ADHD do not necessarily fall into
categorical cognitive domains as defined by conventional test paradigms (Willcutt
et al., 2005), but instead manifest themselves in heterogeneous and idiosyncratic
patterns (Luo et al., 2019).

Perhaps the test paradigm with most consistent findings in differentiating
children with versus without ADHD is the Continuous Performance Task (CPT;
Albrecht et al., 2015; Ogundele et al., 2011; see also Berger et al., 2017). The CPT
was originally developed to study brain damage (Rosvold et al., 1956). Later,
several CPT variants have been developed that use either visual and/or auditory
stimuli (see, e.g., Gualtieri & Johnson, 2005). Even though originally used for
other purposes, the CPT has been considered useful as an adjunct to clinical
diagnosis of ADHD and in the neuropsychological assessment of individuals with
ADHD (Fuermaier et al., 2019; Gualtieri & Johson, 2005).

Accumulating brain imaging findings support the hypothesis that ADHD is not
primarily a problem of cognitive resources but rather a problem of excessive
fluctuation of how these resources are successfully used (e.g., Sonuga-Barke and
Castellanos, 2007). If this is the case, variability measures that account for
possible fluctuation of performance could better capture the cognitive
manifestations of ADHD than sum scores, such as the mean reaction time or the
total number of correct responses. This hypothesis is supported by task-
performance findings showing that in various neuropsychological tasks, ADHD is
more related to increased reaction time variability than reaction time itself (Kofler
et al., 2013; Tamm et al., 2012; see also Pievsky and McGrath, 2018).

Regarding the assessment of ADHD symptoms, an important drawback in
these conventional, construct-driven paradigms relates to their highly structured
nature and the assumption that maximal performance in a simplified task with
limited behavioral responses is an informative predictor of how these symptoms
manifest in the complex and varied situations of everyday life (Barkley and
Murphy, 2010; Parsons et al., 2017). Monotonous and highly structured tasks
where the participants are forced to constantly work at their capacity limits is not
akin to most situations where goal-directed behavior occurs in real life. Rather,
real-life goal-oriented behavior is composed of dynamically changing cascades of
daily actions and affected by the interplay between the individual and the
environment (Ackerman, 1994; Toplak et al., 2013). Also, real-life environments
are abundant with contextual information that trigger, support, and sometimes
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distract goal-directed behavior (e.g., Marsh et al., 2008), which is lacking in
simplified tasks that use restricted stimuli. It is therefore not surprising that
measures and behavioral observations in such tasks have limited predictive value
to the real-life settings where the children with ADHD live and where their
symptoms emerge (Barkley, 1991; Barkley & Murphy, 2010, 2011; Grodzinsky &
Barkley, 1999; Hall et al., 2016). To summarize, there is a need for measures that
would quantify ADHD symptoms in rich, open-ended, and dynamic environments
akin to real life (e.g., Kingstone et al., 2008).

1.5.2 Motion-based measures

Of ADHD diagnostic criteria presented in Table 1, those falling into the dimension
of hyperactivity are perhaps most straightforward to measure, as most of them are
reflected in gross motor activity. Previously, activity levels of persons with ADHD
have been quantified using various sensor technologies worn in different body
parts like wrist, waist, and ankle (see meta-analysis by De Crescenzo et al., 2016).
Naturalistic motion tracking studies have the challenge of distinguishing
abnormal or non-adaptive motion patterns from typical overall activity levels and
variations caused by contextual factors. There are also studies that measure
participant movement during cognitive tasks like the CPT (e.g., Nolin et al., 2012;
Mangalmurti et al., 2020; Teicher et al., 1996; see also Parsons et al., 2019). Tasks
used in these studies often call for sitting in a fixed position and require only
minimal physical movement, such as pressing a single button. This means that
despite their indisputable achievements, these tasks may not be optimally
representative of real-life physical activity. It has been suggested that
hyperactivity would be most clearly observed in cognitive tasks where the level of
stimulation is low (Kofler et al., 2016). While there is no clear evidence to dispute
this, paradigms that call for more naturalistic and varied movements could offer
better representativeness (i.e., verisimilitude) of everyday situations.

1.5.3 Eye movement behaviors

The attentional difficulties in ADHD are reflected in different eye movement
behavior aspects, such as saccades and fixations. Saccades are ballistic eye
movements that redirect gaze, and between them, during fixations, gaze is held
almost stationary by slow stabilizing movements (Liversedge et al., 2011).
Reflecting visual attention control and depth of the visual information processing,
studies with restricted tasks have reported group differences between children
with ADHD and their typically developing peers (Caldani et al., 2019; Fried et al.,
2014; Karatekin, 2007; Levantini et al., 2020; Mohammadhasani et al., 2020).
Based on these studies, ADHD is associated with deficits in goal-directed
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attention, such as difficulties in maintaining fixation on a target stimulus
(Karatekin, 2007), less accurate saccades to target location (Karatekin, 2007), and
reduced ability to suppress saccades (Caldani et al., 2019; Fried et al., 2014;
Levantini et al., 2020). Children with ADHD also exhibit shorter saccade latencies,
lower saccade peak velocities, and less accurate saccade landing (Bucci et al.,
2017; Castellanos et al., 2000; Karatekin, 2007). Regarding stimulus-driven
attention, that is, engagement of attention via some external factor in the
environment (Corbetta & Shulman, 2002), some studies have indicated that
children with ADHD show a bias toward salient locations (e.g., Tseng et al., 2013).
While these studies with restricted stimuli shed light on attention-related
characteristics of ADHD, it remains unresolved if the results concerning the
aberrant eye movement behaviors in ADHD generalize to real-life situations. To
identify the attention-related mechanisms of ADHD symptoms in real life, eye
movements could be studied in more naturalistic tasks where the participants are
able to move their head, navigate freely, and interact with objects (Parsons et al.,
2019). This could be accomplished with head-mounted displays (see section 1.6),
but previous ADHD studies with this technology have either not used naturalistic
tasks or have focused on gaze and scan path analyses rather than on an in-depth
analysis of saccades and fixations (Mangalmurti et al., 2020; Sitzmann et al.,
2018; Stokes et al., 2022).

In addition to being related to total amount of eye movement in a given time,
ADHD manifests itself as increased fluctuations in attention over time (e.g.,
Cheung et al., 2017). In visual attention research, a distinction between ambient
(long saccades and short fixations scattered over wider area) and focal (shorter
saccades and longer fixation within a smaller area) mode has been made
(Eisenberg & Zacks, 2016; Holm et al., 2021). With static stimuli, ambient mode
usually changes to focal mode over time, but with dynamic stimuli the participants
start to alternate between the two modes (Eisenberg & Zacks, 2016; Velichkovsky
et al., 2002). Reaction time variability is one of the most promising behavioral
markers of ADHD (Kofler et al., 2013; Tamm et al., 2012), but it remains unclear if
this fluctuation also happens in eye movement behavior such as mode switching.

Visual saliency indicates how much a particular visual area stands out from its
environment in color, orientation, intensity, or other low level visual
characteristics (Itti & Koch, 2001; Parkhurst et al., 2002). In absence of an active
task, saliency is considered a main factor to guide human attention (Itti & Koch,
2001; Judd et al., 2012; Parkhurst et al., 2002). During task performance, salient
but irrelevant stimuli can interfere with task performance (Theeuwes &
Belopolsky, 2012). Based on previous research, individuals with ADHD tend to
orient their gaze to highly salient stimuli more than their typically developing
peers (Tseng et al., 2013; Shalev et al., 2010), which can manifest as higher rate of
saccades towards location of salient stimuli and longer fixation times on them.
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This can also be observed, for instance, as higher error rate in an anti-saccade task
(Bucci et al., 2017; Fernandez-Ruiz et al., 2020; Mostofsky et al., 2001). Moreover,
neuroimaging studies suggest abnormal function of the salience network in the
brain of individuals with ADHD (Cortese et al., 2012). Stimulus-driven (bottom-
up, saliency-related) shift of attention and voluntary goal-directed (top-down)
attention regulation are two major attentional mechanisms that guide selective
visual attention (Parkhurst et al., 2002). Therefore, the number and duration of
fixations to salient locations can indicate distraction during active task
performance (Geng & DiQuattro, 2010; Born et al., 2011), which could potentially
be used to quantify attentional lapses in children with ADHD (Stokes et al., 2022).

1.6 Virtual reality

Virtual reality (VR) can be defined as “an advanced computer interface that
allows the user to interact and become immersed within computer-generated
simulated environments” (Rizzo et al., 1997). The first papers describing potential
computer-generated environments akin to immersive VR were published in the
1960s (e.g., Sutherland, 1965; see also Cipresso et al., 2018; Slater and Sanchez-
Vives, 2016). In the 1980s, the term VR was used by Jaron Lanier, who has been
credited for applying the term in the way it is known today (Slater and Sanchez-
Vives, 2016). In the 1990s, VR hardware was still very modest compared to the
standards of today, but there already were commercial products in several areas,
such as vehicle simulation, medicine, probe microscopy, and architectural design
(Brooks, 1999). Researchers also acknowledged the potential of VR in clinical
psychology (Riva, 1997) and cognitive rehabilitation (Rizzo et al., 1997). Moreover,
the development of some landmark task paradigms in the field of VR-based
psychological research, such as the Virtual Classroom, began (Rizzo et al., 2009).
During this millennium, the number of scientific publications encompassing
VR has increased rapidly (Krohn et al., 2020). Already in 2016, there already was
a notable number of 186,000 scientific VR papers to be found in Google Scholar
(Slater and Sanchez-Vives, 2016). This scientific development has been
accompanied by increased attraction from investors and the general public,
especially after Facebook (Meta from 2021 onwards) acquired Oculus company for
two billion dollars in 2014 (Luckerson, 2014). After this, many other major
companies, such as HTC, Sony, Google, and Samsung, have made formidable
investments in VR (Castelvecchi, 2016), which had led to rapid improvements in
the low-cost VR technology. Up to this day, VR has been applied in a wide range of
fields, such as gaming, psychotherapy, education, social skills training,
simulations of surgical procedures, military training, and architectural design
(Cipresso et al., 2018; Slater & Sanchez-Vives, 2016). The potential of VR for
widespread clinical use has also been acknowledged (Rizzo & Koenig, 2017).
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Next, the features of immersive and non-immersive VR platforms are
compared, and the studies comparing these two platforms are reviewed. As the
focus of this Thesis is on immersive VR, this is followed by a review of
psychological studies with tasks designed either construct-driven or function-led
manner and implemented using immersive VR technology.

1.6.1 Immersive and non-immersive VR

VR can be implemented with various technical solutions that differ in their
immersiveness, such as traditional flat screen displays (FSDs) with traditional
interaction devices (e.g., keyboards, gamepads, and mice) or head-mounted
displays (HMDs; Cipresso et al., 2018; Di Natale et al., 2020) with related hand
controllers. An immersive VR system is one that allows the participant to perceive
the environment and interact with it through natural sensorimotor contingencies
(Slater & Sanchez-Vives, 2016). Alternatively, an immersive VR system can be
defined as a system that blurs the lines between the physical and virtual worlds
(Suh & Prophet, 2018). High immersiveness calls for effective sensory
substitution, which depends on factors such as a wide field-of-view (FOV), using
head tracking for changing the FOV, a short latency from head move to display
change, a high display resolution, and stereoscopic vision and sound (Slater &
Sanchez-Vives, 2016). As a broad categorization, the HMD-based VR systems and
related position-tracking controllers and camera-based hand tracking can be
regarded as immersive VR, and the systems using FSDs and more traditional
controllers as non-immersive VR (e.g., Di Natale et al., 2020; Suh & Prophet,
2018). It should be noted that there are also semi-immersive VR technologies,
such as the cave automatic virtual environment, where walls, ceiling and floor are
covered with projected images (see, e.g., Di Natale et al.,, 2020). The
immersiveness of VR systems should therefore be regarded as a continuum, not a
dichotomy. In this Thesis, only FSD- and HMD-based VR systems were used and
only these technologies are covered in greater detail.

The sense of presence, a subjective correlate of immersion, is the illusion of
“being there” in the VR environment while being aware that this is not actually
true (Slater & Sanchez-Vives, 2016). The sense of presence can be considered a
key aspect of VR experience and its ecological validity in terms of verisimilitude,
as it can be argued that only when the participants are experiencing a strong sense
of presence, they will perform the task as they would do them in real life (Pan &
Hamilton, 2018; Slater, 2018) and show similar reactions to the environment as in
real world (Kothgassner & Felnhofer, 2020).

Systems that use HMDs have several advantages over those employing
traditional FSDs and the related peripherals, as they can more closely emulate
real-life sensorimotor experiences than FSDs and therefore better match the
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criteria for an immersive VR system. For example, turning and rotating the head
with an HMD alters the view in the VR world in parallel with the actual physical
movement, which cannot be achieved with typical FSDs. The hand controllers of
the current HMD hardware, such as Pico Neo 3 or Oculus (Meta) Quest 2, track
their position and rotation, hence moving and turning the physical controller
leads to similar movements and rotations in the controller object seen in the
virtual space. The FOV in the current HMDs is also considerably larger than in the
traditional FSDs. As an example, Pico Neo 3 Pro HMD has a horizontal FOV of 98
degrees, while a 27” FSD with an aspect ratio of 16:9 produces a horizontal FOV of
41 degrees when viewed from 80 cm. Systems with HMDs produce a stereoscopic
visual experience (Parsons, 2015) and usually block the view of the surrounding
physical environment completely, which can further increase immersiveness (see
Slater, 2018). These advantages in HMDs can lead to higher sense of presence
(Caroux, 2023; Chang et al., 2020; Li et al.,, 2020; Makransky et al., 2019;
Pallavicini et al., 2019; Pallavicini & Pepe, 2019; Pallavicini et al., 2018; Tan et al.,
2015; Yao & Kim, 2019) and behavioral consequences, such as greater physical
effort (e.g., Yao & Kim, 2019).

There are also potential drawbacks with HMDs compared to FSDs. The earlier
HMD models released before 2010 were sometimes reported to cause
cybersickness symptoms (Bohil et al., 2011) which include nausea, disorientation,
and oculomotor symptoms (Kourtesis et al., 2023). However, these adverse effects
are markedly smaller or absent with HMD models released in 2016 or later
(onwards from Oculus Rift and HTC Vive; Kourtesis et al., 2019a; Weech et al.,
2019). Eliminating cybersickness is essential not only for the comfort of the
participant but also for ensuring ecological validity, as cybersickness and the sense
of presence are negatively associated (Weech et al., 2019). Recent studies show
that cybersickness is related to display lag in virtual and physical head pose
(Palmisano et al., 2022) and that it can be countered with dynamic FOV
restriction (Teixeira & Palmisano, 2021). Despite technological improvements,
cybersickness could arise in situations where there is a conflict between perceived
and physical movements (Bohil et al., 2011; Palmisano et al., 2020; Palmisano et
al., 2022), and some individuals may be particularly sensitive to it (Parsons et al.,
2017). Because of potential cybersickness symptoms, FSDs could still be the
preferred choice in some situations, such as in wheelchair training (Alapakkam
Govindarajan et al., 2022) or in race driving simulations (Walch et al., 2017).
Accordingly, Parsons and others (2019) note that due to the sensory issues of
many individuals with autism spectrum disorder, less invasive methods of
presenting virtual environments than HMDs should also be studied. As typical
laptop and desktop computers with FSDs and related peripherals can be used as
non-immersive VR systems, the required technology is widely available, and even
less technically oriented users have been accustomed to use the related user
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interfaces and operating systems. The HMD-based VR systems are still less widely
available than FSDs, and the user could need additional training to use them, if
one does have no prior experience using the hardware and related software.
Overall, the FSD-based VR systems can provide a cost-efficient and flexible option
for VR, especially when web-based remote testing is desired.

1.6.2 Studies comparing FSD- and HMD-VR

As mentioned in section 1.6.1, FSD- and HMD-based VR systems share many
similarities but also have their distinctive advantages. Since VR can be used in
many different fields that have different requirements (Cipresso et al., 2018;
Slater & Sanchez-Vives, 2016), it is often worthwhile to compare the different
technologies to decide which one would be more fitting for a given application.
Next, studies that have compared the FSD- and HMD-based VR systems in
learning outcomes, gaming, and traditional cognitive tasks with construct-driven
design are reviewed.

Regarding learning outcomes, Makransky and others (2019) compared
learning in HMD and FSD versions of a science lab simulation and found that the
students reported having a stronger sense of presence in the HMD version while
learning less and having a higher cognitive load based on electroencephalogram.
Studying category learning, Barrett and others (2022) found no group differences
in learning accuracy between HMD and two FSD conditions, but the participants
in the HMD and 3D-stimuli+FSD conditions had slower reaction times than those
in the 2D-stimuli+FSD condition. Ventura and colleagues (2019) examined the
performance in memorizing items from a 360-degree picture in HMD and FSD
conditions and found the performance to be better with the HMD. Next, Schloss
and others (2021) compared learning about the functional anatomy of visual and
auditory perceptual pathways either presented with HMD or FSD. Both
technologies were effective platforms for teaching neuroanatomy with no
differences between the devices, but participants reported enjoying the HMD
format more than the FSD format. In a subsequent classroom implementation of
the HMD version, students reported it as being effective in helping them visualize
the perceptual systems.

As regards to commercial games, a recent meta-analysis found that the
hardware (i.e., playing with an HMD and motion controller rather versus a FSD
and non-motion controller) had a large effect on participants’ sense of presence
(Caroux, 2023). Several studies that compare FSD and HMD game versions have
found that HMDs provide stronger sense of immersion and greater arousal of
positive emotions (e.g., Pallavicini et al., 2019; Pallavicini & Pepe, 2019;
Pallavicini et al., 2018; Tan et al., 2015), as well as higher user satisfaction
(Shelstad et al., 2017). Regarding gaming performance, the results have been
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mixed with some studies reporting no difference between the FSD and HMD
versions (e.g., Pallavicini et al., 2019; Pallavicini & Pepe, 2019; Pallavicini et al.,
2018; Shelstad et al., 2017) while other studies have reported higher performance
in the FSD than HMD condition (Tan et al.,, 2015; Martel et al., 2015). As
suggested by Pallavicini and colleagues (2019), the observed differences in the
results could be due to changes in the hardware as the studies that have found
superior performance in FSD condition (Tan et al., 2015; Martel et al., 2015) have
included older HMD models. In addition, the game type and differences in the
implementation of the controls could play some role here.

Several traditional cognitive tasks with a construct-driven design have first
been implemented with the FSD and later adopted to the HMD. The original
versions of these tasks have been non-immersive by nature, as they employ two-
dimensional stimuli, unnaturalistic responses (e.g., using a keyboard or button
box) and stimulus dynamics, and substantially diverge from looking realistic
(Kourtesis & MacPherson, 2021). To better simulate everyday life, the HMD
versions typically take use of the extended capabilities of the technology, for
example, by embedding the task to a virtual scene (e.g., Armstrong et al., 2013;
Brooks et al., 2017; Chang et al., 2020; Diaz-Orueta et al., 2014; Negut et al., 2017)
or by embedding distracting stimuli to the task (see, e.g., Negut et al., 2017;
Parsons et al., 2019). Studies have found correlations between the HMD and FSD
versions suggesting convergent validity, for example, in the Stroop (Armstrong et
al., 2013) and CPT tasks (e.g., Diaz-Orueta et al., 2014, see also the meta-analysis
by Parsons et al., 2019). Typically, the sense of presence is evaluated to be
stronger (e.g., Li et al., 2020) and the experience more positive with HMD than
with FSD (e.g., Chang et al., 2020), but with older HMD hardware opposite results
have also been reported (e.g., Brooks et al., 2017; Rand et al., 2009; for discussion
on the differences between generations of HMD hardware on this matter, see
Kourtesis et al., 2019a). Like with commercial games, some studies report equal
task performance between the two platforms (Brooks et al., 2017), while others
have found enhanced attentional performance with HMD (e.g., Li et al., 2020).

Taken as a whole, these studies of learning outcomes, commercial games, and
cognitive tasks provide an important reference for the studies implemented either
with the FSD or HMD. Depending on the task and hardware, the learning
outcomes and other task performance may either be equal between the platforms
(Barrett et al., 2022; Brooks et al., 2017; Schloss et al., 2021), superior with the
FSD (Makransky et al., 2019; Martel et al., 2015; Tan et al., 2015) or superior with
the HMD (Li et al., 2020; Ventura et al., 2019). The current HMD systems seem to
yield higher sense of presence (Caroux, 2023; Makransky et al., 2019; Pallavicini
et al., 2019; Pallavicini & Pepe, 2019; Pallavicini et al., 2018; Tan et al., 2015) and
greater enjoyment/user satisfaction (Chang et al., 2020; Schloss et al., 2021;
Shelstad et al., 2017) than the FSD, contrary to the results reported with some
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earlier HMD models (Brooks et al., 2017; Rand et al., 2009; see also Kourtesis et
al., 2019a). However, these studies do not address the implications of platform
choice for function-led tasks that involve open-ended naturalistic scenarios from
everyday life.

1.6.3 Function-led VR task in adults

As VR offers flexible and cost-efficient ways to create reproducible environments
and allows different types of behavioral responses (e.g., movements of the eyes,
head and body) to be measured accurately (see Campbell et al., 2009), it has been
recognized as an ideal way of implementing function-led tasks with high ecological
validity (Chan et al., 2008; Parsons, 2015; Parsons et al., 2017). Function-led
naturalistic tasks mimic real-life situations and can be sensitive to cognitive
impairments in situations where traditional tasks fail to do so (Cipresso et al.,
2014; Shallice & Burgess, 1991). Potentially, they could also offer higher predictive
value for everyday functions (Burgess et al., 2006; Chan et al., 2008; Parsons et
al,, 2017). As function-led paradigms can take full advantage of the new
possibilities of immersive VR technologies, they have the potential to become the
hallmark of VR-based cognition research (see Parsons et al., 2017). For adults,
several studies with naturalistic VR tasks that simulate daily functions and
activities already exist, both for FSDs and HMDs. The related findings are
summarized below.

The contexts and situations simulated in FSD-based VR tasks include, for
example, shopping (Canty et al., 2014; Cipresso et al., 2014; Grewe et al., 2014;
Matheis et al., 2007; Parsons & Barnett, 2017; Rand et al., 2009; Raspelli et al.,
2012; Ruse et al., 2014; Webb et al., 2021), food preparation (Allain et al., 2014;
Besnard et al., 2016), running a library (Renison et al., 2012), and doing multiple
chores in a city environment (Jovanovski et al., 2012). Also, virtual home
(Sauzéon et al., 2012) and city environments (Plancher et al., 2012) have been
mostly used to study memory performance in ecologically valid environments. In
these studies, clinical groups, such as patients with Alzheimer’s disease (Allain et
al., 2014; Plancher et al., 2012), amnestic mild cognitive impairment (Plancher et
al., 2012), traumatic brain injury (Besnard et al., 2016; Canty et al., 2014; Renison
et al., 2012), stroke (Rand et al., 2009; Raspelli et al., 2012; Webb et al., 2021),
schizophrenia (Ruse et al., 2014), Parkinson’s disease (Cipresso et al., 2014) and
focal epilepsy (Grewe et al., 2014) seem to perform worse than their controls on
different measures, such as performance time, the number of errors/rule breaks,
and learning performance.

Regarding HMD-based tasks, the simulated situations have included, for
instance, shopping (Ouellet et al., 2018; Porffy et al., 2022) and food preparation
(Barnett et al., 2021; Chicchi Giglioli et al., 2021). These studies have found that
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the patients with a neurocognitive diagnosis (Barnett et al., 2021), alcohol use
disorder (Chicchi Giglioli et al., 2021) or psychosis (Porffy et al., 2022) perform
worse than their healthy controls on measures of memory and EF. Systems with
HMDs have also been successfully employed to study memory function in
ecologically valid task environments (Parsons & Rizzo, 2008). As a particularly
comprehensive example of the potential of HMD systems, the Virtual Reality
Everyday Assessment Lab (VR-EAL; Kourtesis et al., 2020; Kourtesis et al., 2021)
follows a storyline with several scenes and functions that take place in several
different environments (a bedroom, a kitchen, a garden, a car, a supermarket, a
bakery, and a library).

To summarize, the literature of function-led VR tasks in adults is already
sizable (see Negut et al., 2016; Parsons, 2015; Parsons et al., 2017; Pieri et al.,
2023), and new HMD-based research is being published at an accelerating pace
(see, e.g., the review by Kim et al., 2021).

1.6.4 Function-led VR tasks in children

Contrasting the abundant function-led VR adult literature cited in section 1.6.3,
the literature on respective child studies is scarce. Using non-immersive VR and a
function-led task, it has been found that children with traumatic brain injury use
more time and do more mistakes than their controls during a shopping task (Erez
et al., 2013). Moreover, children with acquired brain injury perform worse than
their controls on a task that requires multitasking and prospective planning
during a birthday party preparation (Gilboa et al., 2019). Clancy and others (2010)
used immersive VR to study road-crossing behavior and found children with
ADHD to use lower safety margin, walk slower, underutilize the available gap in
incoming traffic, show greater variability in road-crossing behavior, and be
involved in twice as many collisions than their typically developing peers.

Instead of using function-led tasks, many HMD studies in children have
focused on construct-driven paradigms, such as the CPT, that have been
embedded to a virtual scene. Perhaps the most notable of the HMD-based CPTs
has been the Virtual Classroom (Parsons et al., 2019; Parsons & Rizzo, 2019; Rizzo
et al., 2009; for other HMD-based CPTs see the review by Pieri et al., 2023). It has
been found that children with ADHD perform worse than their controls on the
Virtual Classroom (Parsons et al., 2007). Adding ecologically valid distractors to
the Virtual Classroom increases its ability to distinguish adolescents with/without
ADHD (Adams et al., 2009), and methylphenidate decreases omission errors of
children with ADHD in it (Miihlberger et al., 2020; Pollak et al., 2010).
Furthermore, the Virtual Classroom seems more sensitive to subtle attention
deficits related to sport-induced concussions than the traditional CPT (Nolin et al.,
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2012), and children with neurofibromatosis type 1 do more commission and
omission errors than their controls (Gilboa et al., 2011).

Importantly, there have been no child studies that would employ an immersive
(i.e., HMD-based) virtual environment and use function-led task design to probe
the children’s abilities to perform varied everyday chores in a life-like
environment.

1.7 General prerequisites of psychometric measures

All psychometric measures and tests, whether designed in a construct-driven or
function-led manner, should meet certain criteria to be accepted for their
intended purpose. Among these prerequisites are validity, which has already been
discussed in the form of ecological validity, and reliability. Broadly speaking,
validity refers to the extent to which an instrument measures the intended
construct, and reliability refers to how accurately it does so (Raykov &
Marcoulides, 2011). Validity and reliability of a measure are often evaluated
quantitatively. This can be done, for example, by using different correlation
coefficients, such as the Pearson correlation coefficient (Raykov & Marcoulides,
2011), different intra-class correlation coefficients (see, e.g., Koo & Li, 2015), or
concepts related to signal-detection theory, such as receiver operating
characteristic (ROC) curve and area under the curve (AUC; see, e.g., Stanislaw &
Todorov, 1999). Both validity and reliability have different forms. Next, the forms
used in the present Thesis are defined.

1.7.1 Concurrent, predictive, and discriminant validity

Concurrent and predictive validity can be regarded as two types of criterion
validity (Cronbach & Meehl, 1955). In both, the researcher is interested in some
criterion which (s)he wishes to predict (Cronbach & Meehl, 1955).

To estimate concurrent validity, the researcher should obtain the test and the
criterion at the same time (Cronbach & Meehl, 1955). For example, if a test that
seeks to measure ADHD symptoms is conducted while asking the parent to assess
the same symptoms by filling out a rating questionnaire, and a correlation is
calculated between the test result and the rating questionnaire, this correlation
can be regarded as reflecting concurrent validity of the test while using the rating
questionnaire as the criterion (Nichols & Waschbusch, 2003). This definition of
concurrent validity can be especially suited for function-led measures, as in them
the target phenomenon is defined as on the functional level (Burgess et al., 2006),
and ADHD rating scales are enquiries about observations collected during daily
activities, that is, functions, of the individual. In contrast, construct-driven
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measures are usually seen as targeting hypothesized cognitive constructs, which
are on a different level of explanation (Burgess et al., 2006).

Predictive validity differs from concurrent validity in that the criterion and the
test result are not obtained simultaneously. Usually, the criterion is collected after
the test result (see Cronbach & Meehl, 1955), but can also be obtained before the
test result. For example, if a test shows group differences between a clinical group
and control group, it can be regarded as having predictive validity to that clinical
condition.

In this Thesis, following the paper by Nichols and Waschbusch (2003),
discriminant validity refers to a measure’s ability to successfully -classify
participants on some criterion based on their measured performance. For
example, this criterion could be diagnostic status such as whether a participant
has ADHD or not. To summarize, concurrent, predictive and discriminant validity
can all be used to evaluate if a measure successfully quantifies differences related
to a given criterion, such as ADHD.

1.7.2 Reliability as internal consistency and test-retest stability

In classical test theory, each measurement or observed score is regarded as
consisting of two parts, the measurement error and true score that is of interest to
evaluate (Raykov, Marcoulides, 2011). As only the observed score can be directly
measured, it is important to evaluate, how closely it corresponds to the true score
that cannot be measured. Reliability is an index that indicates how much
information about the true score is contained in the observed score (Raykov &
Marcoulides, 2011). This corresponds to the correlation between the two and can
only be estimated, not accurately measured (McDonald, 1999; Raykov &
Marcoulides, 2011). Establishing reliability is essential not only for judging the
consistency of a measure, but also for considering its validity, as no validity
coefficient can be interpreted without some appropriate estimate of the magnitude
of measurement error (i.e., reliability; Cronbach, 1951). Reliability can be
estimated using several ways, of which internal consistency measures and test-
retest stability are covered here.

Internal consistency indicates how closely the individual items of a measure
are related and can be acquired by calculating the correlation between different
subsets of items within the measure (Cronbach, 1951). Of the internal consistency
measures and reliability measures in general, the Cronbach’s alpha has been the
most widely used in psychological research (Hogan et al., 2000; see also Trizano-
Hermosilla and Alvarado, 2016). Cronbach’s alpha is the mean of all split-half
reliabilities and assumes tau-equivalence, that is, that all test items have equal
factor loadings on the latent variable being measured (Cronbach, 1951).
Cronbach’s alpha has been criticized and its use questioned especially in situations
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where the test items differ in quality or the distributions are skewed (Trizano-
Hermosilla and Alvarado, 2016; McNeish, 2018). When the tau-equivalence is
violated Cronbach’s alpha will produce be an underestimation of true reliability up
to 11.1 % (Green and Yang, 2009). Because of the shortcomings of Cronbach’s
alpha, many other internal consistency measures have been developed, such as
McDonald’s omega (McDonald, 1999; see also McNeish, 2018; Trizano-
Hermosilla and Alvarado, 2016). Nevertheless, Cronbach’s alpha remains the most
popular option for determining the internal consistency of a measure (McNeish,
2018).

Test-retest reliability (stability) can be established by administering the same
test or measure on two different occasions and examining the correlation between
observed scores to evaluate stability over time (Raykov & Marcoulides, 2011).
Some researchers prefer referring to the correlation between two occasions of the
same measure as test-retest stability instead of reliability, as the temporary
changes in participants’ true scores affect these correlations (Raykov &
Marcoulides, 2011; Cronbach, 1951). For example, Cronbach (1951) states that a
retest after an interval with an identical test indicates how stable scores are and
should therefore be called a coefficient of stability. Regardless of whether the
correlation of two instances of the same measure is referred as test-retest
reliability or stability, it is important to be established, especially if a measure is
intended for repeated assessments, which is common in clinical practice (Lo et al.,
2012). After Cronbach’s alpha, test-retest stability is the second most common
reliability coefficient in psychological research (Hogan et al., 2000).
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2 Aims of the study

The overarching aim of the present Thesis was to develop and apply a new VR task
for the assessment of children’s goal-directed behavior and ADHD symptoms in
real-life contexts. The development was inspired by naturalistic PM studies (e.g.,
Rendell & Craik, 2000), studies carried out in real-life environments, such as the
MET (Shallice & Burgess, 1991), and computerized tasks that simulate real-world
environments (e.g., Rand, 2009; Cipresso et al, 2014). This novel VR task, named
Executive Performance in Everyday LIving (EPELI)!, was designed with equal
contributions by Matti Laine, Juha Salmitaival (aka Salmi), and Erik Seesjarvi.

Following the rationale of function-led task design described in the
introduction, EPELI was intended as a more versatile and ecologically valid
instrument for the assessment of goal-directed behavior, which requires a diverse
set of cognitive abilities, including EF and PM. These functions have been found to
be impaired in ADHD (e.g., Barkley, 2012; Kliegel et al., 2006). Furthermore, it
was presumed that simulating everyday situations would allow the measurement
of other behavioral aspects as well, such as hyperactivity and impulsivity, which
are key characteristics in ADHD (Faraone et al., 2021). The freedom to interact
with an engaging open-ended realistic environment creates an immersive illusion
of real life (Bohil et al., 2011; Slater, 2018), which was expected to prompt typical
ADHD-related behaviors, such as impulsive actions directed towards attractive
but task-irrelevant stimuli. The function-led approach was chosen to overcome
some of the key limitations of simplified, “construct-driven” laboratory tasks (e.g.,
Barkley et al.,, 2012; Burgess et al.,, 2006; Chaytor et al., 2006; Dawson &
Marcotte, 2017; Miller & Barr, 2017).

To our knowledge, EPELI is the first VR-based task for children that requires
them to carry out various everyday chores while planning their movement around
the virtual environment, monitoring the time, and avoiding getting distracted by
irrelevant objects, sounds, or events. EPELI was first implemented with HMD
technology (i.e., HMD-EPELI), which was used in Studies I, II, and III. In Study

1 See https://aalto.cloud.panopto.eu/Panopto/Pages/Viewer.aspx?id=3eb4836f-1238-4f27-853a-
ad3700745b31 for an example video of EPELL.
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IV, another EPELI version, which uses the widely available FSD technology, was
used (i.e., FSD-EPELI). Next, the specific aims of each Study are reviewed.

2.1 Specific aims of Studies |-V

In Study I, the main aim was to test the predictive, discriminant and concurrent
validity of EPELI using groups of children with/without ADHD. To do so, we
operationalized a diverse set of measures targeted at quantifying goal-directed
behavior and ADHD symptoms. The study was preregistered
(https://aspredicted.org/gk7js.pdf). As regards predictive, discriminant, and
concurrent validity, it was hypothesized that: i) the ADHD children’s task efficacy
would be lower than that of the controls, reflecting attentional-executive function
problems; ii) that the movement trajectories when moving around the
environment would be longer and the motion sensors would detect higher levels of
motion with the ADHD children than the controls, indicating hyperactivity; and
iii) because of impulsivity, the ADHD children would perform more actions than
the controls. Based on previous VR research, these differences were expected to be
pronounced in scenarios with more distractors (Negut et al., 2017; Parsons et al.,
2007). We also expected that the ADHD participants would show higher
variability in the EPELI measures (Sonuga-Barke & Castellanos, 2007) and that
their performance would not improve during EPELI, unlike that of the typically
developing controls. Regarding concurrent validity, it was expected that the
EPELI measures would correlate with parent evaluations of ADHD symptoms and
EF deficits, as EPELI scenarios simulate everyday situations akin to those in
which these symptoms and deficits manifest themselves.

In Study II, the key aims were to replicate the findings of Study I concerning
the predictive and discriminant validity of EPELI using another data set
comprising groups of children with/without ADHD and to collect additional eye
movement data for further analyses. It has hypothesized in the preregistration
(https://tinyurl.com/yck2y7u2) that, besides replication of the findings of Study I,
(i) eye movement data would further improve EPELI’s discriminant validity (i.e.,
prediction of group status); (ii) salient objects would attract the gaze of ADHD
children more effectively than that of typically developing control children; (iii)
children with ADHD would focus less efficiently on relevant stimuli than the
controls; and (iv) the ADHD group would exhibit a greater number of switches
between ambient and focal processing due to fluctuating attention.

The main aim of Study IIT was to examine several key properties of EPELI in
typically developing children, and thus evaluate its applicability to further
research and clinical work. The key properties examined included psychometric
features of internal consistency reflecting reliability and the two types of ecological
validity, namely veridicality and verisimilitude. Furthermore, the possible effects
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of age, gender, gaming background, previous familiarity with the task contents,
HMD type, and verbal recall ability on EPELI measures were tested. Finally, the
associations between parent-rated EF problems and EPELI measures reported in
Study I were reinvestigated in greater detail: that is, we probed whether EPELI
performance would correlate either only with problems in behavioral regulation,
metacognitive skills, or both. In addition to the five EPELI measures employed in
Studies I and II, another three EPELI measures specific to PM were used.

In Study IV, the primary aim was to compare immersive and non-immersive
implementations of EPELI. The first version, HMD-EPELI, was used in Studies I—
III and implemented with HMD technology. The second version, FSD-EPELI, was
developed for Study IV and is based on the FSD technology, which is widely
available as the standard display technology in laptop and desktop computers. All
participants performed both versions in an order that was counter-balanced
between the participants. To see if parent-supervised remote testing would yield
results comparable to those obtained in laboratory settings, we asked half of the
participants to perform FSD-EPELI at home, with their own computers. The more
specific aims of Study IV were: (i) to test possible differences in the eight EPELI
measures between the two versions and learning effects between the first and
second assessment; (ii) to test possible differences in subjective experience ratings
between the two versions; (iii) to examine possible differences between the EPELI
measures and subjective ratings between experimenter-supervised laboratory
testing and parent-supervised home testing; (iv) to reinspect the associations
between parent-rated difficulties of executive function and EPELI, which had been
reported in Studies I and IIT using HMD-EPELI and also with FSD-EPELI; and (v)
to evaluate the inter-version correlations and test-retest stability of EPELL.
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3 Methods

3.1 Participants

A total of 85 children with ADHD and 146 typically developing children took part
in the studies of this Dissertation. After exclusion and propensity matching
procedures (see below), the final samples included data from 74 children with
ADHD and 123 typically developing children, some of them taking part in more
than one study (see Figure 1).

All participants were school-aged children from southern Finland. The
typically developing children (Studies I-IV) were recruited from schools in Espoo
and Kirkkonummi by inviting them to participate after a lecture where they had
been informed about the given study and by sending recruitment letters to their
parents via schools’ electronic message board Wilma. The eligibility of each
typically developing child was initially checked on the first contact (phone call or
email) with the parent and later controlled from the parent questionnaires, where
the parents listed possible medical diagnoses of their child. The participants with
ADHD (Studies I-II) were recruited via child psychiatric units of Helsinki
University Hospital, Finnish ADHD Foundation contact channels, the Espoo City
Child Psychiatric Unit, the Vantaa Family Counselling Unit, and a private clinic in
Espoo (ProNeuron LTD). Also for the ADHD participants, the eligibility was
initially probed on the first contact with the parent. For children with ADHD, all
diagnoses were confirmed from medical records and the other criteria from the
parent questionnaires. Before participating, all children and their parents gave
their informed consent according to the declaration of Helsinki. All studies were
approved by the Ethics Committee of the Helsinki University Hospital. The
children received either two (Studies I-III) or four (Study IV) movie tickets as a
compensation for participating.

Study I included two groups, one with children diagnosed with ADHD and
another with typically developing controls. For the ADHD group, the inclusion
criteria were (i) ADHD diagnosis with predominantly hyperactive/impulsive or
combined inattention and hyperactive-impulsive subtype (F9o0) set by a licensed
physician using the ICD-10 criteria (World Health Organization, 2016), (ii) age of
9—12 years when recruited, and (iii) native language Finnish. The exclusion
criteria were (i) any diseases of the nervous system (ICD-10, Goo—G99) and (ii)
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any additional mental and behavioral disorders (Foo—F99) except F93 (Emotional
disorder with onset specific to childhood) and F98 (Unspecified behavioral and
emotional disorder), which were allowed as secondary diagnoses as being
common comorbidities in ADHD. For the control group, the criteria were the
same, except that the exclusion criteria included any mental or behavioral
disorders (Foo—F99) and the need for special support at school. In total, 47
children with ADHD and 68 typically developing controls took part in the study.
Nine children with ADHD and 17 control participants had to be excluded due to
not fitting the inclusion criteria or because of incomplete EPELI data. To select a
matching control group for the ADHD group from the remaining 51 control
participants, propensity matching with age, gender, parental education, and
familial income as the matching variables was performed using R package MatchIt
(Ho et al., 2011). The final sample consisted of 38 ADHD and 38 control
participants with no group differences in age, handedness, gender, parental
education, familial income, or reasoning abilities (see Table 2). In the ADHD
group, 30 out of 38 children had a medication to alleviate their ADHD symptoms,
but they took part in the study unmedicated (24-hour washout period).

In Study II, the sample consisted of groups of ADHD children and typically
developing controls. For both groups, the inclusion and exclusion criteria were the
same as in Study I, except that children with predominantly inattentive subtype of
ADHD were also allowed to take part in the study. Before data analysis, four
children from the control group had to be excluded due to technical problems.
Also, one control participant was excluded because of difficulties with Finnish
language due to significant time living abroad and one participant with ADHD
because of dropping out during the measurements. The final sample comprised 37
children with ADHD and 36 typically developing controls. The groups were
matching on age and handedness, but control group had higher familial income
and performed better on reasoning tasks (see Table 2). In the ADHD group, 34
children had a prescription for their ADHD symptoms, but they took part in the
study unmedicated (24-hour washout period). In MINI-KID interview (Sheehan et
al., 1998), 12 children with ADHD met the criteria for some other psychiatric
condition.

In Study III, the data of the typically developing children, who had participated
in Studies I and II, was used. After the exclusion of 20 participants due to
incomplete EPELI data and outlier analyses, the final sample comprised 77
children (see Table 3).

Study IV included 101 typically developing children, and the inclusion criteria
were the same as in the Study III. The control participants from the Study I were
invited to this study, and new participants were recruited by sending new
advertisement letters to parents via schools’ electronic message board Wilma and
giving brief educational lectures at schools and online, during which the
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opportunity to take part in the study was mentioned. The data for one of the
sessions (see 3.3.4) was missing from 29 children because of dropping out of the
study after the first sessions or due to technical issues. The final sample included
72 typically developing children (see Table 3).

Figure 1 A chart that shows the number of participants in the final sample of each study and
illustrates the relationships between the samples.

Study | Study Il
38 children with ADHD 37 children with ADHD
38 typically developing controls 36 typically developing controls
\ . \
Study IV Study Il
36 typically developing children from Study | 51 typically developing children from Study |
36 new typically developing participants 29 typically developing children from Study I

3.2 The EPELI task

The following sections describe the development and contents of HMD-EPELI and
FSD-EPELI, which were both implemented by Peili Vision company
(https://peilivision.fi). After that, the measures operationalized in the studies of
the present Thesis are described.

3.2.1 The development and task contents of EPELI

After the initial conceptualization, the development was started by choosing a
suitable virtual environment for the task. A typical home environment was chosen
among several alternatives (e.g., a classroom, a grocery store, and a cafeteria) as
the concept of home was evaluated to be familiar enough for all children to ensure
an unbiased evaluation, and a home environment allows many kinds of typical
real-life scenarios to be implemented. The apartment was designed to include
multiple rooms: a children’s room, living room, kitchen, open adult bedroom,
utility room, bathroom, and a balcony that could be seen through windows but not
be accessed. The multiroom layout allowed the scenarios to require moving and
thus the planning of movement around a bigger, non-unified area. The floor plan
of the apartment, which was not shown to the participants at any point, can be
seen in Figure 2.
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Figure 2 The floor plan of the apartment in EPELI (not shown to the participants). Copyright
Peili Vision, 2022. Adapted with permission from Study III.

After choosing the environment, instructions for several everyday scenarios
were written. The scenarios were chosen as situations where difficulties of goal-
directed behavior may occur in real life and as having themes that would be easily
recognizable for school-aged children (e.g., going to school, coming back from a
hobby, and preparing a meal). During piloting phases, some difficult or
unambiguous words causing confusion were changed to make the instructions
easy to understand. Furthermore, the participants of Study I were asked to name
or recognize by name a group of key items and objects used in EPELI, which they
all were able to do (see Supplementary Table in Study I). A cartoon dragon
character named Laura Lohikddrme (Laura the Dragon) was chosen to give the
instructions to the children. An animal cartoon character was chosen as being
more entertaining for the children than a human character and to avoid the
uncanny valley effect, which refers to a situation where an artificial agent is very
lifelike but still clearly recognizable as non-human, which can feel disturbing
(Mori et al., 2012).

After several piloting iterations, a final set of scenarios were chosen. This final
set includes a practice session and 13 scenarios. In the practice session, Laura
Lohikddrme helps the participant to become familiar with the environment and
navigate in it, interact with the objects, and monitor the time. The practice session
has no time limit and takes around a couple of minutes. The 13 scenarios comprise
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a total of 70 subtasks, of which 52 can be completed at any time, while 13 are to be
performed at a given time (TBPM subtasks) and 5 after an external cue (a given
sound, such as a signal from the dish-washer, doorbell or cell phone tone; EBPM
subtasks).

Each EPELI scenario starts with an encoding phase, during which Laura
Lohikdadrme orally gives the instructions of the scenario to the child. The
instructions start by mentioning the theme (e.g., “you are just about to leave for
the school”) and continue by listing the subtasks (e.g., "turn off the tap that your
father forgot to close”, "call your mother at two o’clock”, “take your backpack to
your room”). Depending on the scenario, the encoding phase includes four to six
subtasks covered by 30—66 words and takes 22—47 seconds.

The encoding phase is followed by an execution phase, which lasts a maximum
of 90 seconds but ends earlier if all subtasks are performed before that. During the
execution phase, the child should perform the given tasks by navigating the
environment and interacting with relevant objects. The subtasks need be executed
from memory, as the instructions are not repeated. During the development, some
experimentation was also made with versions in which the child could ask the
remaining instructions to be repeated and the maximum duration of the execution
phase was longer. However, the children used the possibility to check the
instructions very differently. Therefore, to ensure the uniformity of the task to all
children, this option was later removed, the maximum duration was set at 9o
seconds, and the number of scenarios was increased. The maximum duration of
90 seconds allows the given subtasks to be performed even at an easy pace, if the
participant can successfully engage in effective goal-directed behavior without
being distracted with non-irrelevant activities and stimuli and remember the
remaining subtasks. The participant is asked to perform the subtasks in the given
order, except for the EBPM and TBPM subtasks. However, the completion order
does not influence the scoring (see 3.2.5 EPELI measures).

The maximum duration of the final EPELI version with a practice session and
13 scenarios was found to be around 35 minutes, but on average, the children
performed it somewhat faster (on average in 27 minutes in Study IV). As the
research group had no previous experience about how long VR sessions are
suitable for school-aged children, the scenarios were made independent so that it
would have been possible to shorthen the overall duration of EPELI by removing
some scenarios. However, if was found that a vast majority of children could
perform this the set of 13 scenarios nonstop with the absence of any sickness
symptoms. The very few children who reported any nausea after the task were
nevertheless able to complete the whole task, and some of them spontaneously
commented, that the symptoms they reported were not related to VR but had been
present already before EPELI. In all studies of this Thesis, the order of the
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scenarios was counterbalanced between the participants, that is, every other
participant performed them in reversed order.

To emulate stimulus-rich everyday environments, the possibility to embed the
scenarios with additional distractors was also introduced. These included (i)
auditory distractors, such as traffic noises, music coming from the radio, dog
barking, and child coughing, and (ii) audiovisual distractors, like a fly buzzing
nearby the character, a TV with several channels, and a tap left running. In all
studies, the distractors were used in seven (for participants performing the
scenarios in forward order) or six (for participants conducting the sevarios in
reverse order) scenarios. These scenarios also contained more task-irrelevant
objects. The distractions were counterbalanced between the participants the same
way as the order of the scenarios, which meant that all scenarios were played both
with and without distractors, but by different participants. In the distracted
scenarios, the distractors were on during the whole scenario except for the TV,
radio and running tap, which the participant could turn off.

Time monitoring was given some special consideration. As some children may
not be familiar with analog watch with moving hands showing the hours, minutes,
and seconds, it was decided that a simplified version would be used. The
simplified version has numbers from zero to three and only one hand that does a
full circle in 60 seconds (see Figure 3). While the hand is moving, the clock face
turns gradually red, like a reversed time timer. During piloting, it was confirmed
that all test children could easily learn how the clock works the way it was
explained by the dragon character. To follow the time monitoring behavior of the
children, it was decided that the watch should be hidden unless the children
purposefully take an action to view it, as is often done in PM paradigms (e.g.,
Kerns, 2000; Zuber et al., 2021).

For walking around the apartment, several options were considered. Even
though the current HMDs like Pico Neo 3 Pro track the movement of the headset
in physical space and thus allow navigation to be performed by simply walking in
physical space, this implementation was evaluated to be an unpractical especially
regarding portability. The navigation was therefore decided to be implemented via
clickable waypoint circles on the floor. Clicking a waypoint results the participant
to teleport to the corresponding location in the virtual space. First, this movement
was animated, that is, the participant could see him/herself gliding to the new
location. After some pilot participants complained that the gliding caused them
slight nausea, it was substitued with instant teleporting, which eliminated the
problem. For the reasons mentioned in section 3.2.2, all children performed
EPELI in a sitting position, even though using a standing position is also possible
with HMDs.
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3.2.2 HMD-EPELI and related hardware

Before starting the actual data collection in Study I, we conducted several pilot
measurements to decide, whether the task should be performed in a standing or
seated position. Especially younger children with no prior VR experience had
problems when playing in a standing position. For example, they tried to reach a
table or wall to lean to and reported mild adverse effects, such as feeling dizzy. We
therefore instructed the children to play in a seated position, even though a
standing position could provide better sensorimotor contingency. This was to
assure safety and avoid problems that could potentially compromise data quality,
such as cybersickness.

To look around in HMD-EPELLI, the participants can rotate their head and spin
with the chair. To interact with objects, they can point objects with a ray coming
from the virtual hand controller object and push a button. With Oculus Go, the
button is pressed with the thumb and with Pico Neo using the index finger.
Movable objects can be picked up by pointing at them and pressing the button and
released by pointing at a desired location and pushing the button again. To check
the time, the participant needs to rise the controller slightly and look at it, like
checking the time from a wristwatch. The drums in the virtual environment can be
played by swinging the hand controller at them. This is required in only one
scenario but can spontaneously be done in others. Navigating is performed by
pointing at the desired waypoint circle and pressing the button. This one-button
approach was chosen to make the interface easy to use for participants who may
have only limited or no previous experience with HMD technology.

In Studies I and IV, the HMD hardware was Oculus Go (2560 x 1440
resolution, 16:9 aspect ratio, 60/72 Hz refresh rate, and 101-degree horizontal
field of view). In Study II, Pico Neo 2 Eye goggles (3840 x 2160 resolution, 16:9
aspect ratio, 75 Hz refresh rate, and 101-degree horizontal field of view) were used.
Eye tracking was done using the inbuilt Tobii eye tracker (90 Hz recording rate,
0.5 degree stated system accuracy). Study III used data pooled from Studies I and
I1, which allowed the two HMD models to be compared.
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Figure 3 Pictures and screenshots from EPELL. (A), a child during HMD-EPELL. (B), the same
child performing FSD-EPELI. (C), an HMD-EPELI screenshot that shows the virtual
hand controller with the clock. (D), an FSD-EPELI screenshot that shows the clock in
the lower right corner of the screen and the crosshairs in the middle of the screen.
Adapted with permission from Study IV.

The two HMD models differ in the way they track participant motion: the
Oculus Go tracks only rotation of the headset and controller, and the movement of
head and hand in virtual space is estimated from the rotation (three degrees of
freedom tracking), while the Pico Neo 2 Eye tracks both position and rotation,
therefore moving the head or hand results in similar movement in the virtual
space (six degrees of freedom tracking). For audio, both models have integrated
speakers located near (~ 3 cm) each ear. In all studies, the volume was kept fixed
at a predetermined level that allowed the children to hear the instructions easily.
The examiner was encouraged to adjust the loudness if the participant could not
hear the speech of the dragon during the practice session, but this was not
necessary for any of the participants. In the Presence questionnaire that was
presented after EPELI (see section 3.3.1), all participants reported that they had
heard the instructions easily. The experimenter launched EPELI and could follow
the gameplay using a Samsung Galaxy Tab S2/3 tablet.

3.2.3 FSD-EPELI and related hardware

FSD-EPELI was developed for Study IV. The key differences to the HMD version
are as follows: (i) in FSD-EPELI, the participant uses a mouse/trackpad to change
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the direction of the view instead of rotating the head, (ii) the FOV is markedly
smaller (depending on the screen size and viewing distance, approximately 25—60
degrees as measured horizontally), (iii) the view of the surrounding physical
environment is not blocked as with HMDs, (iv) the interaction with the objects is
done by rotating the view until the desired object is located in the crosshairs in the
middle of the screen, which means that unlike in the HMD version, the participant
cannot interact with the objects independently from the direction of the view, (v)
the watch is viewed by clicking the right mouse/trackpad button, which makes the
white circle located at the lower right corner of the screen to reveal a clock (see
Figure 3).

The hardware used for FSD-EPELI in Study IV was as follows. The participants
who performed FSD-EPELI supervised by an experimenter used a Dell Latitude
7400 laptop computer (Inter i5-8365 CPU @ 1,6 MHz, 16 GB of RAM, Intel UHD
Graphics 620 GPU, 14-inch screen, 1920 x 1080 resolution, 60 Hz refresh rate,
16:9 aspect ratio, Windows 10 OS), a Logitech M100 mouse, and Jabra Evolve 40
MS headphones. The participants who played FSD-EPELI at home used various
typical laptop/desktop configurations. The screen size was 12—32 inches with the
most popular options being 14 inches (four participants) and 24 inches (five
participants). As the viewing distance was not measured, the exact FOV is not
known. It can be approximated that when a typical viewing distance of 60 cm was
used, the horizontal FOV varied between 25—-60 degrees, meaning it was markedly
narrower than that of the HMD (101 degrees). Of the participants who performed
EPELI at home, 25 used a mouse, four a trackpad, and six failed to report this. For
audio, 18 participants used headphones, 11 conventional speakers, and six did not
report this. In the FSD version, the correct loudness level was determined
individually for each participant by first finding the threshold level of hearing and
then setting the volume to a comfortable level above it. If needed, the children
could manually adjust the volume before starting EPELL.

3.2.4 The EPELI measures

During the development of EPELI, several indices and measures were first
operationalized. In data analyses of Study I, 14 measures were chosen as reflecting
different aspects of goal-directed behavior and the key features of ADHD
symptomatology, namely attentional-executive function problems, impulsivity,
and hyperactivity (see Study I, Supplementary Table 1). The final number of
measures was reduced to eight by examining their pairwise correlations in the
sample of typically developing children and dropping out one measure from each
pair with a correlation of .85 or more. This final set of measures included Total
score, Task efficacy, Navigation efficacy, Controller motion, Total actions, TBPM
score, Clock checks, and EBPM score.
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Total score (the number of correctly performed subtasks) taps the general
prowess in executing multistage goals in a naturalistic condition. Being the
number of correctly remembered and executed target items, it is considered to
have a strong memory component. This interpretation is supported by the
correlation between Total score and the Instruction recall task ( = .49 in Study I),
where participants verbally repeat instructions similar than those given in EPELI.
However, unlike the Instruction recall task, achieving high Total score also
requires ability to plan and execute the given tasks.

Task efficacy measures how well the participant can selectively focus on
executing the relevant goals. It is calculated as the percentage of relevant actions,
that is, actions that where needed for the completion of the correctly performed
subtasks, out of all actions excluding clicks on the waypoints that enable
navigating around in the environment. As EPELI environment includes a wealth
of irrelevant stimuli that can be distractive or attractive, efficient performance
requires ability to inhibit irrelevant stimuli that may capture one’s attention (e.g.,
a toy object that would be nice to play with) or cause interference (e.g., noticing
and grabbing another fruit when the task would be to eat an orange). Thus, the
definition of task efficacy comes close to a typical definition of selective attention,
that is the ability to selectively process the relevant stimuli and ignore the
irrelevant stimuli. However, unlike in typical experimental cognitive tasks, the
irrelevant stimuli in EPELI are designed so that they would be rewarding and
appealing to act upon.

Navigation efficacy reflects the economy of walking movement in the task
environment. It is calculated by dividing the Total score by distance covered,
which includes the distance walked and the distance to each manipulated object.
Efficient navigation requires planning, strategy, and inhibition (i.e., avoiding any
additional movements or operations and focusing on the relevant tasks). As Total
score, Navigation efficacy is correlated with the Instruction recall task (r = .51
correlation in Study I).

Controller motion is a general measure of motor activity. It is the amount of
angular controller movement in degrees and thus indicates the hand movement
during the task. Only the movement during task execution phase of each scenario
is included. While neither a low nor high level of controller motion is not
necessarily an indication of good or bad performance, extreme values may be
indicative of neuropsychiatric symptoms, such as hyperactivity symptoms in
ADHD.

Total actions measure reflects the total activity with the VR environment. It
includes the number of clicks during the task execution (also those used for
navigating the environment and those that are not targeted at any object), the
number of times hitting the drums in the child’s room by swinging the controller,
and the clicks done during the instruction phase of each task scenario. Like Task
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efficacy, it reflects the amount of irrelevant activity, but without considering the
overall task performance. Therefore, it captures the tendency to actively interact
with different types of stimuli in the environment. As many objects in EPELI are
designed to be attractive and tempting for children, Total actions is expected to
reflect impulsive behaviors.

TBPM score reflects time-based prospective memory ability, that is, the
accuracy in performing tasks in designated time. It is the number of time-based
subtasks executed within + 10 seconds from the target time. TBPM measures are
widely used in PM research and supposed to reflect ‘when’ aspect in remembering
to perform everyday life tasks (e.g., when to take food out of the oven and when to
leave for school).

Clock checks reflects active time-monitoring behavior and is the number of
times when the clock has been viewed. Like in real life, checking the time too often
can be disadvantageous to the tasks at hand, but doing so at well-planned times to
optimize the use of time (e.g., do I have time to go take my backpack to my room
before I need to turn off the oven) can be important for good task performance,
especially regarding time-dependent tasks.

EBPM score measures PM ability in the form of responsiveness to external
memory cues. It comprises the number of event-based subtasks to be performed
within 10 seconds from the start of the cue. External cue processing is one of the
core processes in PM, meaning that seeing objects or hearing sounds related to a
PM task often triggers us to recall what we were supposed to do. EBPM differs
from TBPM in that no strategic monitoring of time is needed.

3.3 Procedure and collected data

The tasks and questionnaires in each Study are summarized below. For more
details, see the corresponding section in the original publication of each Study.

3.3.1 Study |

In Study I, all participants performed the HMD version of EPELI. After EPELI,
they orally answered a shortened version of the Presence Questionnaire 3.0
(Witmer et al., 2005), the Simulator Sickness Questionnaire (Kennedy et al.,
1993), a gaming experience questionnaire, and an object familiarity questionnaire
(see Study I Supplementary Tables 5 and 6). In the Presence Questionnaire, the
children answered questions regarding the sense of presence during EPELI. Their
possible cybersickness symptoms were probed with the Simulator Sickness
Questionnaire and familiarity with computer, console, cell phone and VR games
with the gaming experience questionnaire. The object familiarity questionnaire
was used to ensure that the children were familiar with and could name the
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objects used in EPELI. Also, to probe the children’s familiarity with the task
contents in EPELI they were asked "From a scale of 1 to 7, how much have you
performed similar tasks in real life?”.

The conventional neuropsychological tasks included the Similarities, Matrix
reasoning and Digit span subtests from the Finnish version of the Wechsler
Intelligence Scale for Children (WISC-IV; Wechsler, 2003), the CPT (Rosvold et
al., 1956), Simple Reaction Task (SRT; see Psycho-Motor Vigilance Task in Wilson
et al., 2010), Cruiser task (Kliegel et al., 2013; see also CyberCruiser in Kerns &
Price, 2001), the Clock task (see the Finger-snapping task in Kerns & Price, 2021),
Heidelberger Exekutivfunktionsdiagnostikum task (HEXE; Kliegel et al., 2006),
and the Frogs and Cherries task (F&C; see Dots & Triangles in Zuber et al., 2019).
They also performed the Instruction recall task (aka the Repetition task), in which
they had to orally repeat instruction akin to those heard during EPELI. For a more
detailed description, see Supplementary Methods of Study I.

The parent questionnaires included the ADHD-RS (DuPaul, 1998), BRIEF
(Gioia et al., 2000), Child Behavior Checklist (CBCL; Achenbach, 1991), and
Executive Questionnaire of Everyday LIfe (EQELI; see Study I Supplementary
Table 4). From ADHD-RS, the total score (i.e., sum of all questions, range 0—56)
was selected as the dependent variable. In the BRIEF, the total score (i.e., General
Executive Composite aka GEC; range 72—216) was used as the dependent variable.
To gather information about problems in specific life scenarios (e.g., cleaning the
house, preparing for school) presented in EPELI, we designed a new
questionnaire, EQELI, from which the total score (i.e., sum of all questions, range
0-100) was used as the dependent variable. The CBCL was used to screen overall
psychiatric symptoms, and total internalizing (range 0-62) and externalizing
(range 0-64) symptoms were reported as background information. The
participants with ADHD and their caregivers also took part in the MINI-KID
interview (see 3.1 Participants).

3.3.2 Study Il

In Study II, the participants performed HMD-EPELI and answered the same oral
questionnaires than in Study I (see 3.3.1). They also performed the Instruction
recall task, a VR visual search task (Shoot the Target), and the Similarities and
Matrix Reasoning subtests from WISC-IV (Wechsler, 2003). In Shoot the Target
task, the children were asked to search for target objects appearing in the visual
space in front of them and shoot those targets by orienting their gaze to them (for
details, see Supplementary Materials in Study II). The analyzed measures
included Total Score (correctly shot targets out of the number of presented targets
plus false alarms), Head Rotation Angle (sum of head rotation in degrees during
the task), and Head Rotation Speed (average head angular speed). The parent
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questionnaires and their dependent variables were the same as in Study I. Like in
Study I, the participants with ADHD took part in the MINI-KID interview with
their parents.

3.3.3 Study il

The data of Study III was drawn from the samples of Studies I and II. The
dependent variables of each task and questionnaire were as described above, with
the exception that from the BRIEF, three different dependent variables were used.
The BRIEF questionnaire includes eight clinical scales that form two broad
indexes, namely the Behavioral Regulation Index (BRI) and Metacognition Index
(MI). When summed together, the BRI and MI form the overall score GEC (see
section 3.2.1). In Study III, the raw BRI and MI scores were used as dependent
variables in addition to the GEC used in Studies I and II.

3.3.4 Study IV

Study IV included two measurement sessions, one with HMD-EPELI and the
other with FSD-EPELI. All HMD-EPELI sessions and 37 of the FSD-EPELI
sessions were conducted either in laboratory at Aalto University or a comparable
school room, and the remaining 35 FSD-EPELI sessions at home. In laboratory
and school, the children were assisted and supervised by one of the researchers,
and at home by a parent. The order of the sessions was counter-balanced between
the participants, and the time between the sessions was 3.3 to 10.5 months. There
was no difference in the average time between the sessions between the groups
who performed the HMD session or FSD session first, as the average time between
the sessions was 220 days for the HMD-first group and 208 days for the FSD-first
group (t(69.34) = 0.980, p = .33). However, for both groups, the average delay
between the sessions was longer than planned because of the restrictions caused
by the global COVID-19 pandemic. After performing EPELI (either HMD or FSD)
in the second session, the children were asked to evaluate, which version was
more realistic, preferable, and easier to play, with response alternatives
HMD/FSD/”I don’t know”. The parent or primary caregiver filled in the BRIEF
questionnaire during both sessions, and the GEC raw score was used as the
dependent variable.

The HMD-EPELI session included HMD-EPELI followed by the same oral
questionnaires than in Study I and the WISC-IV Matrix reasoning and Similarities
subtasks (Weschler, 2003). The participants who had already taken part in Study I
were designated to the HMD-EPELI first group and did not perform that session
again.
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The FSD-EPELI session began with FSD-EPELI, which was followed by the
Simulator Sickness Questionnaire (Kennedy et al., 1993) and the shortened
version of the Presence Questionnaire 3.0 (Witmer et al., 2005; see also
Supplementary Methods of Study I), which were read aloud and filled in by the
experimenter for the lab group and by the parent for the home group. The group
that performed FSD-EPELI at home also filled in a hardware questionnaire (see
Supplementary Table 2 of Study IV).

3.4 Statistical analyses

Statistical analyses and data visualizations were done with R version 4.0.3
(Studies I, III, and IV) and version 4.2.0 (Study II; R Core Team, 2020). In
addition to the base R packages, several other packages were employed. In Studies
I, III, and IV, these included psych (Revelle 2020), tidyverse (Wickham et al.,
2019), Ime4 (Bates et al., 2015), ImerTest (Kuznetsova et al., 2017), and ggplot2
(Wickham, 2016). In Study I, additional packages also included BayesFactor
(Morey & Rouder, 2015), pROC (Robin et al., 2011), MatchIt (Ho et al., 2011), and
rstatix (Kassambara, 2020). In Study II, additional packages were rcompanion
(Mangiafico, 2023), and lmer (Bates et al., 2015). In Studies III and IV, data.table
(Dowle & Srinivasan, 2021), stringr (Wickham, 2019), stringi (Gagolewski, 2020),
dplyr (Wickham et al., 2021), gridExtra (Auguie, 2017), and patchwork (Pedersen,
2020) were also used. Finally, packages effectsize (Ben-Shachar et al., 2020) and
ppcor (Kim, 2015) were employed in Study IV.

3.4.1 Study |

A small part (2.4 %) of the task performance data was missing because of technical
failures and as one participant in the ADHD group refused to perform three tasks
in the second measurement session. Before statistical analyses, first, the data of
two participants (one from the control group and one from the ADHD group) was
removed in the Cruiser task as they were purposefully colliding into other cars
instead of avoiding them and said that this was more fun than the task they had
been given. Second, participants who were not able to recall the PM task
instructions after the HEXE, Cruiser or Clock task were excluded from the
analyses of that task. Third, participants were removed from the analyses of the
CPT, F&C, or HEXE task if they had performed near chance level (60 % or less on
total correct answers). Fourth, all univariate outliers (+ 3 standard deviations
from the group mean) in the dependent variables were removed. Fifth, the data
were controlled for possible multivariate outliers (Mahalanobis distance y2 using
alpha level p < .001) but none was found. The total amount of excluded data was
9.0 %.
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From EPELI five measures were used, namely Total score, Task efficacy,
Navigation efficacy, Controller motion, and Total actions (see section 3.2.4). The
background variables were tested for possible group differences with t-tests and
Fisher’s exact test.

The predictive validity of the EPELI measures for detecting group differences
between the ADHD and control group were tested using two-way analysis of
variance (ANOVA) with two independent variables, group (ADHD/control) and
distractors (on/off). An additional ANOVA with scenario playing order (A/B) was
the third independent variable was conducted, but as the results were very similar
to those in the two-way ANOVA, they are not reported. All the assumptions of
ANOVA were met, as evaluated through visual inspection. To examine the effects
of scenario-to-scenario task progression on EPELI measures, general linear mixed
models (LMMs) were used. In all LMMs, the random intercept model was the best
fitting error covariance structure for all EPELI measures based on the Bayesian
Information Criterion (BIC). The scenario-to-scenario variability of each EPELI
measure and the dependent measures of conventional neuropsychological tasks
were tested for group effects using t-tests. Bayes factors were calculated for all
tests mentioned above.

The discriminant validity of each EPELI measure to classify individuals to the
ADHD and control groups was evaluated by calculating the AUC from the ROC
curve. A cutoff point with the highest percentage of correctly classified cases was
determined with Youden’s index (Youden, 1950), and the sensitivity and
specificity at this cutoff was reported. The multivariate classification capacity of
both EPELI and the CPT was evaluated by creating a composite measure from
each task using logistic regression as group (ADHD/control) as the dependent
variable and five measures from the corresponding task as the independent
variables, and then evaluating the discriminant validity of this composite measure
in the same way than for the individual variables. For EPELI, these five measures
were Total score, Task efficacy, Navigation Efficacy, Controller motion, and Total
actions, and for the CPT, they were omission errors, commission errors, reaction
time variability, mean reaction time, and the number of correct responses.

The concurrent validity of the EPELI measures was examined by calculating
Pearson’s correlation coefficients between the EPELI measures and parent
questionnaires (the BRIEF and ADHD-RS) over all participants, that is, the
ADHD and control groups were combined for this analysis. As secondary analyses,
correlations between the EPELI measures and conventional neuropsychological
tasks and the parent questionnaires and conventional neuropsychological tasks
were also calculated.
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3.4.2 Study Il

To control for possible differences between the ADHD and control groups in the
background variables, t-tests and Mann-Whitney U-tests were used for age,
average parental income, WISC-IV Matrix Reasoning, WISC-IV Similarities, the
ADHD-RS total score, the CBCL internalizing and externalizing symptoms total
score, the BRIEF total score, and the EQELI total score. For gender, Fisher’s Exact
test was used. All p values were adjusted for multiple comparisons with False
Discovery Rate correction (FDR; Benjamini & Hochberg, 1995).

The differences between the ADHD and control group were tested with t-tests
and Mann-Whitney U-tests in EPELI measures (Total score, Task efficacy,
Navigation efficacy, Controller Motion, and Total actions), three eye movement
measures (Fixation duration, Saccade duration, and Saccade amplitude) for each
group of EPELI objects separately (attractive and relevant, attractive and
irrelevant, non-attractive and relevant, non-attractive and irrelevant objects),
three eye movement measures for two EPELI conditions (distracted vs. non-
distracted), Normalized Scanpath Saliency (NSS), and Shoot the Target
behavioral measures (Total score, Head rotation, and Head rotation speed).

To study classification accuracy, four support vector machine (SVM) classifiers
were used. SVM1 was trained on the five EPELI measures (Total score, Task
efficacy, Navigation efficacy, Controller motion, and Total actions), SVM2 on three
eye movement metrics (Fixation duration, Saccade duration, and Saccade
amplitude) averaged on each EPELI task scenario, and SVM3 on the same eye
movement metrics using data from the Shoot the Target task. Additional SVM was
trained on the same eye movement metrics using the instruction phase of each
EPELI task scenario. The SVMs were trained in one cross-validation loop with
automatic hyper-parameter search and evaluated in a separate loop with 10-fold
cross-validation with the sklearn package version 1.0.02 in Python. The AUC on
validation sample is reported. The data was first divided into ten folds for cross-
validation samples, then scaled, decomposed with principal component analysis,
and then used as input for each SVM classifier. The number of principal
component analysis components, SVM kernel, C, and gamma parameters were
select automatically using grid search. Differences in classifiers’ performance were
statistically tested with 30 iteration bootstrap cross-validation (see Fu et al.,
2005).

3.4.2.1 Eye movement data processing

Two participants were excluded from the EPELI eye movement analysis because
of high rate of invalid samples (30 % and 80 %). After the exclusion, there were no
differences in the number of lost samples between the ADHD and control groups
after, and the overall percentage of lost data was low (75 percentile, 5 %;
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maximum, 16 %). In the Shoot the Target data, the percentage of invalid gaze
samples was small in both groups (75 percentile, 1 %; maximum 10 %). However,
the ADHD group had a higher percentage of lost data samples (Z = 3.00, p =
.002). Therefore, the percentage of invalid gaze samples was included in the
reported mixed models as a random effect.

Saccades and fixations were derived from raw gaze data using a modification of
Engbert and Kliegl’s algorithm (Engbert & Kliegl, 2003) for detecting eye
movement events with unconstrained head movements (Larsson et al., 2016).
Head movement compensation was performed by mapping raw gaze positions to
world space coordinates. The eye movement features comprise saccade duration,
saccade amplitude, and fixation duration. Peak velocity was not included to the
analysis because of low sample rate of the eye tracker. Smooth pursuit detection
was not included, since there were only few objects moving at a suitable speed in
EPELL

Saccades shorter than 22 ms (i.e., 1/sampling rate * 2), and with amplitude
under 0.75 (following the suggestion by Larsson et al., 2016) were excluded from
the analysis. Moreover, saccades longer than 300 ms were considered as noise and
excluded, and the maximum saccade acceleration accepted was 36 000 degrees
per second (see Larsson et al., 2016). Similarly, fixations shorter than 100 ms and
longer than 1000 ms were removed.

From EPELI, only eye movements during the execution phase of each scenario
were included in the analysis if not mentioned otherwise. Walls, the floor, and
teleport waypoints were not considered as objects and fixations on them were not
included in the analyses regarding relevance of the objects. They were also
removed when calculating saccade proportions within the same object (for the
analysis comparing ambient versus focal mode). However, an additional analysis
was done for non-object related eye movements, in which fixations on the floor
and walls where included. This was done to clarify the role of object interactions in
group differences (see Study II Supplementary Results).

For saliency analysis, the participants view in the HMD was broadcasted to a
tablet and recorded. The recording was cut into segments corresponding to each
task based on time stamps. Each segment was processed using MT_TOOLS
toolbox for creating saliency maps based on color, intensity, orientation,
flickering, and motion (Bordier et al., 2013). For saliency index, NSS was used
(Peters et al., 2005).

In the analysis of ambient versus focal mode, the execution phase of each
EPELI scenario was divided into one second bins. For each bin, Number of
Fixations, mean Fixation Duration, mean Saccade Amplitude and proportion of
Saccades within the same object were calculated as features reflecting processing
mode. The group differences in switches between the modes were examined with
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the interaction effect between Group and Time on the selected features (See Study
IT Supplementary Methods).

3.4.3 Study il

Before the statistical analyses, the samples derived from Study I and II were tested
for differences in age, gender, average parental income, and average parental
education using t-tests and Fisher’s Exact tests. As no differences were found (see
Supplementary Appendix A in Study III), the samples were combined for all
statistical analyses. The data were complete, except for the Instruction recall task,
which one participant found oppressive and did not finish. In Study III, all eight
EPELI measures (Total score, Task efficacy, Navigation efficacy, Controller
motion, Total actions, TBPM score, Clock checks, and EBPM score) were analyzed
(see section 3.2.4).

In the outlier analyses, the EPELI measures were checked for univariate
outliers (+ 3 standard deviations from the group mean). Three participants with
outliers were excluded from the final sample, as all analyses included EPELI (final
N = 77). The BRIEF measures (GEC, BRI, MI) were also checked for univariate
outliers using same criterion, which resulted one more participant being removed
from the analyses that included the BRIEF. The data were also controlled for
multivariate outliers (Mahalanobis distance y2 using alpha level p < .001) but
none was found.

The internal consistency of each EPELI measure across scenarios was
examined with the reliability measure of Cronbach’s alpha using functions alpha
and alpha.ci from psych package. Following an often-used interpretation,
reliabilities of 0.7 and above were considered acceptable (see Nunnally &
Bernstein, 1994).

The effects of background factors (age, gender, gaming background, familiarity
with the tasks, and the HMD type) on each EPELI measure were tested with
general linear models using function Im from stats package. The only collinearity
between the independent variables (background factors) was that more boys than
girls played regularly (for boys: 45 playing regularly and 1 not; girls: 22 playing
regularly and 9 not; Fisher’s Exact test p < .001). For each EPELI measure, the
best fitting model was determined by three methods (forward, backward, and
combination) using function step in package stats (for description of the methods,
see Statistical analyses in Study III). All three selection methods resulted in the
same models except for the measure of Clock checks. For Clock checks, the model
acquired when starting from the null model was chosen as it had lower Akaike
information criterion (AIC) than the model that resulted from starting from the
full model. In the Results, the best fitting models are reported (for the full models,
see Supplementary Appendix C in Study III). For all EPELI measures, the same
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independent variables yielded statistically significant effects in both the best
fitting and full model. To probe the effects of child’s capacity for encoding verbal
instructions on EPELI performance, general linear models with each EPELI
measure at a time as the dependent variable and the Instruction recall task raw
score as the independent variable were fitted to the data. The associations between
the EPELI measures and parent-reported executive function difficulties (the
BRIEF measures of GEC, BRI, MI) were quantified with Pearson’s correlation
coefficients. To study these relationships in greater detail, general linear models
with each BRIEF measure at a time as the dependent variable and the EPELI
measures as independent variables were fitted to the data, and the best fitting
models were determined using the three selection methods (forward, backward,
and combination) described above. Here, all three methods resulted in the
selection of the same independent variables.

3.4.4 Study IV

Before statistical analyses, the data were inspected for missing values, data
handling errors, and possible outliers. In the home group, the questionnaires to be
answered after FSD-EPELI were missing from six participants and one parent had
not answered the BRIEF questionnaire. Univariate outliers in EPELI, the BRIEF,
and Presence questionnaire were first identified visually and confirmed
numerically (+ 3 SDs from the group mean). For FSD-EPELI, this was performed
separately for the lab and home groups. Three HMD-EPELI gameplays, two FSD-
EPELI gameplays, and two BRIEF questionnaires were excluded from the
analyses because of outliers in at least one measure. The total amount of excluded
data was 3.2 %. As in other studies, no multivariate outliers were found. The
average administration time was equal between the EPELI versions, 27.5 minutes
for the FSD and 27.8 minutes for the HMD version (#(122) = -0.59, p = .55).
Similarities and differences in task performance between the FSD and HMD
version and the first and second session were examined with LMMs with each
EPELI measure at a time as the dependent variable, EPELI version (FSD/HMD)
and session (first/second) as fixed factors, and participant as a random factor. As
an exception, the measure of Controller motion was not included in this analysis,
as it measures somewhat different aspects in the two versions: in the FSD version
the view is rotated using the controller (i.e., mouse/trackpad), while in the HMD
this is done with head movements. In the models with Total actions and Clock
checks as the dependent variable, the error terms were not normally distributed.
For these measures, additional generalized LMMs with Poisson distribution were
fitted. As these models yielded very similar results, only the general LMMs are
reported. Cohen’s d was used as the measure of effect size and interpreted as
suggested by Cohen (1988) as small (> 0.20), medium (> 0.50), or large (> 0.80).
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For the LMMs, the Imer function from the Ime4 package was used, while Cohen’s
ds were obtained using the t_do_d function from package effectsize.

Similarities and differences in subjective experience between the FSD and
HMD versions were studied as follows. LMMs with each Presence questionnaire at
a time as the dependent variable, EPELI version and session as fixed factors and
participant as a random factors were calculated. As the error term distributions in
the models of questions 5, 6, 7, 8, and 12 were not normally distributed, the main
effects of version and time were additionally tested with Wilcoxon signed-rank
tests with continuity correction for these questions. These analyses yielded similar
results as the LMMs and are therefore not shown. The three questions with head-
to-head comparison of the two versions were tested with the exact binomial test.

Similarities and differences in FSD-EPELI measures and subjective
experiences between the laboratory and home groups were tested with LMMs
using each EPELI measure and Presence questionnaire item at a time as the
dependent variable, place of the assessment (lab/home) and session as fixed
factors, and participant as a random factor.

The associations between the EPELI efficacy measures (Task and Navigation
efficacy) and BRIEF measures were evaluated using bivariate correlations. As all
distributions were near to normal based on visual inspection, Pearson’s
correlation coefficients were used. The correlations were calculated for both
EPELI versions (HMD/FSD) and the corresponding BRIEF questionnaire, as well
as for both EPELI sessions (first/second) and the corresponding BRIEF
questionnaire.

To allow comparison with earlier literature, the inter-version correlations and
test-retest stabilities of EPELI measures were first evaluated with bivariate
correlation coefficients. To account not only for the within-subject change but also
for the differences in the group means between the versions, intraclass
correlations (ICCs) were also obtained using single-rating, absolute agreement,
two-way random effect models (ICC 2,1 in Shrout & Fleiss, 1979) using function
ICC from the psych package. To inspect the effect of one factor (version or session)
while controlling for the other but without accounting for the within-subject
variation, partial correlations were calculated for both inter-version and test-
retest correlations with the other factor as a covariate. The partial correlations
were obtained with the pcor function from package ppcor and were considered as
the primary correlation measures. Based on visual inspection, all distributions in
both EPELI versions were normally distributed, except those of Total actions,
which were strongly skewed to the right. To evaluate if this skewness affected the
results, these distributions were normalized with logarithmic transformations,
and the inter-version and test-retest correlations were also calculated for the
transformed variables. These results were almost identical (i.e., within + 0.01
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units) with those of the untransformed variables, and therefore only the results
with the original variables are reported.
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4 Results

4.1 Background characteristics

Background characteristics of the final samples in Studies I and II are shown in
Table 2. In Study I, the ADHD and control groups were matching on age,
handedness, gender, parental income, parental education, verbal reasoning
abilities, and perceptual reasoning abilities. In Study II, the groups did not differ
in terms of age or gender, but participants with ADHD had lower parental income
and performed worse in verbal and perceptual reasoning tasks from the WISC-IV.
In both studies, parent rated more inattention and hyperactivity-impulsivity
symptoms (the ADHD-RS) and executive function problems (the BRIEF) for the
children with ADHD than their controls. There were also more parent-reported
psychiatric internalizing and externalizing symptoms (CBCL) and difficulties in
real-life situations (EQELI) in the ADHD group. In neither study did the two
groups differ in gaming experience, perceived familiarity of the tasks, or overall
sense of presence. Both groups were able to reliably name the objects in EPELI
(object naming task) and reported very few cybersickness symptoms.

Table 3 shows background characteristics of the final samples in Studies III
and IV. As the sample of Study III was derived from the control groups of Studies I
and II, the reported background characteristics are very close to those in Table 2.
The sample of Study IV was also very similar, as 36 participants had earlier taken
part in Study I as control participants and the inclusion criteria in Study IV were
the same as those for the control participants in Study I. In both Study III and IV,
the average parental income and education level was slightly higher than in the
Finnish population aged 30 to 44 years2. In Study III, the verbal reasoning
abilities were on average slightly higher (t(77) = 4.41, p < .001) and perceptual
reasoning abilities on the same level (t(77) = .061, p = .550) than in the normative
data reported in the Finnish WISC-IV test manual (Wechsler, 2003). Most
children in Study II reported that they regularly played video, computer, or
smartphone games.

2 According to Official Statistics of Finland (2022a and 2022b), the average income before tax was
3406 €/m and the average education 2.3 (when converted to the scale used in the study) for adults
aged 30 to 44 years.
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Table 3 Background characteristics of the final samples in Studies Il and IV.

Vatabe Sty I Sty v
Age (years) 10.8 (1.1) 11.0 (1.0)
Handedness (right / left) 71/6 67/5
Gender (boys / girls) 45/ 31 43/29
Parental income* 4.3 (0.83) 4.45 (0.79)
Parental education** 2.8 (0.41) 2.89 (0.30)
WISC-IV Similarities 11.3 (2.70) -
WISC-IV Matrix reasoning 10.2 (3.38) -
BRIEF GEC (0-144) 101.1 (15.77) -
BRIEF BRI (0-56) 35.2 (5.48) -
BRIEF MI (0—44) 65.4 (11.64) -
Gaming background (regular / not) 67 /10 -

Note. The numbers in parentheses indicate group standard deviation. * Before tax per adult: 1 = less than
1500 €/m, 2 = 1500-2200 €/m, 3 = 2200-3000 €/m, 4 = 3000—4000 €/m, 5 = over 4000 €/m. ** 1 =
Comprehensive school, 2 = High school / Vocational school, 3 = University degree or equivalent.

4.2 Study |

4.2.1 Predictive and discriminant validity of the EPELI measures

Predictive validity. Figure 4 shows the distributions of the EPELI measures, and
the effects of group and distractions on the same measures are presented in Table
4. For Total score, there were main effects of group and distractions, with the
control group attaining higher scores than the ADHD group and the non-
distracted scenarios resulting in higher scores than the distracted ones. Task
efficacy and Navigation efficacy also had main effects of group and distractions
with the control group being more efficient than the ADHD group and efficacy
being higher in the non-distracted than distracted scenarios. Controller motion
was also affected by main effects of group and distraction, as the ADHD group
displayed more movement than the control group and the distracted scenarios
yielding more motion than the non-distracted scenarios. For Total actions, there
was a main effect of group, as the participants in the ADHD group performed
more actions than those in the control group.
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Figure 4 Boxplots showing the distributions of the EPELI measures per group (ADHD or
typically developing [TD] controls). The vertical lines indicate the median. The dots in
Total actions are outliers (+ 1.5 * interquartile range from the mean). Adapted with
permission from Study I.

Table 4

Analysis of variance for the effects of Group, Distractions, and Group x Distraction
interaction for the EPELI measures.

Dependent variable Effect F(1,74) P n% 1/BF
Total score Group 12.31 <.001 A2 39.03
Distractions 26.97 <.001 .07 8550.36
Group x Distractions 2.50 118 .01 0.60
Task efficacy Group 35.64 <.001 .28 145317.90
Distractions 16.31 <.001 .04 167.64
Group x Distractions 0.113 .738 <.01 0.25
Navigation efficacy Group 16.67 <.001 .16 205.41
Distractions 31.13 <.001 .07 34542.69
Group x Distractions 1.51 .223 <.01 0.45
Controller motion Group 16.79 <.001 16 219.42
Distractions 6.00 .017 .01 2.58
Group x Distractions 1.76 .188 <.01 0.51
Total actions Group 19.75 <.001 19 579.12
Distractions 0.30 .585 <.01 0.21
Group x Distractions 0.04 .840 <.01 0.24

Note. The effects that are significant at p < .05 are written in bold. n?s, effect size partial eta squared. BF,

bayes factor.

In scenario-to-scenario progression (see Supplementary Figure 1 in Study I),
there was a main effect of time on Task efficacy (t[910] = -5.61, p < .001),
Navigation efficacy ([910] = -4.19, p < .001), Controller motion (t{910] = 3.92, p
< .001), and Total actions (t[910] = 7.27, p < .001) with the efficacy declining but
the amount of motion and actions increasing as a function of time. These LMMs
also showed main effects of group in all EPELI measures similar to those reported



in Table 4. Furthermore, an interaction effect between time and group was found
on three measures. On Task efficacy (t[910] = 2.21, p < .027) and Navigation
efficacy (t{910] = 2.43, p = .015) the ADHD group displayed stronger decline and
on Total actions ({[910] = -3.05, p < .002) a stronger increase over time than the
control group. In the scenario-to-scenario variability, a group effect was found in
Task efficacy (t[74] = -3.67, p < .001), Controller motion (t[74] = 4.10, p < .001),
and Total actions (t{74] = 3.53, p < .001), as the ADHD group displayed less
variability in Task efficacy but more in the two other measures than the control
group. As Task efficacy is the percentage of relevant actions of total actions
(excluding moving actions), separate analyses for the variabilities of its
constituent measures were conducted to better interpret the group effect in the
variability of Task efficacy. There was no group effect in the number of relevant
actions, but total actions excluding moving actions had a group effect with the
ADHD group demonstrating more variability than the control group (t{74] = 3.53,
p < .001). Therefore, the group difference in Task efficacy results from more
variability in total actions in the ADHD group.

Discriminant validity. Table 5 shows the AUCs and cutoff values for the EPELI
measures and logistic regression composite variable based on all five EPELI
measures. Of the single EPELI measures, Task efficacy yielded the highest AUC
(.83). The composite logistic regression analysis measure had a slightly higher
AUC (.88), but based on the confidence intervals, the difference to the AUC of
Task efficacy was not significant. The ROC curve of the composite logistic
regression analysis measure is shown in Figure 5.

Table 5 Area under the curves (AUCs) from ROC analyses, 95 % confidence intervals and
optimal cutoffs for each EPELI measure and logistic regression analysis composite
utilizing all five EPELI measures at the same time.

Optimal cutoff*

Variable AUC 95%ClI Threshold Sensitivity Specificity
Total score .70 .59-.82 46.5 76 % 55 %
Task efficacy .83 .74-92 .29 66 % 89 %
Navigation efficacy .75 .64-.86 .06 76 % 66 %
Controller motion 73 .62-.85 68588.85 71 % 66 %
Actions .78 .68—.89 463 61 % 89 %
Logistic regression analysis .88 .80-.94 431 79 % 87 %

Note. * Based on Youden's index. AUC, area under the curve. Cl, confidence interval.
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Figure 5 Receiver operating characteristic (ROC) curves of the logistic regression analysis
measures from five EPELI and five CPT measures. Adapted with permission from Study
I.

4.2.2 Group differences and discriminative ability of the
conventional neuropsychological tasks

The group (ADHD/control) differences on the conventional neuropsychological
tasks are shown in Table 6 and the distributions of the tasks with significant group
differences in Figure 6. The control group had better performance than the ADHD
group in the Digit span task but not in the Instruction recall task, where the
material was similar to the instructions heard in EPELI. Regarding the CPT, the
participants with ADHD made more omission and commission errors and had
higher variability in reaction time than the controls. Moreover, the ADHD group
showed longer mean reaction times in SRT and a higher switching cost in F&C. In
the PM tasks, the ADHD group performed worse than the control group in the
time-based PM task Cruiser, but no group effects were found in the event-based
PM Clock task or the PM measures in the HEXE task (self-initiation and
switching). As regards to ongoing task performance of the PM tasks, the ADHD
participants made more mistakes than the controls both in the Cruiser (the
number of crashes) and HEXE (ongoing errors) tasks, but there was no group
difference in the number of correct ongoing task responses in HEXE. The control
participants engaged in more active time monitoring in the Cruiser task than the
participants with ADHD.
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Table 6 Group effects in the conventional neuropsychological tasks.

Variable Test statistic P 1/BF Effect size*
Digit span {(74)=-2.78 .007 6.14 .638
Instruction recall task K74)=1.04 .301 0.38 .239
CPT omissions (65) = -3.16 .002 14.80 -.786
CPT commissions t(65) = -2.91 .005 8.08 =71
CPT RT variability t(65) = -5.54 <.001 21755.35 -1.38
SRT mean RT {(73) = -2.98 .004 9.62 -.684
F&C switching cost (66) = -3.21 .002 16.64 -.765
Cruiser PM accuracy t(70) = 3.83 <.001 91.93 913
Cruiser monitoring {(70) = 2.23 .029 1.98 .527
Cruiser the number of crashes t(70) = -2.48 .016 3.20 -.589
Clock task PM accuracy K72) = 0.47 .637 0.25 110
HEXE correct task responses t(57)=-1.31 .195 0.54 -.335
HEXE ongoing errors t(57) = -2.08 .028 1.57 -.544
HEXE self-initiated PM task Fisher's Exact test .332 0.64 .094
HEXE switching PM task Fisher's Exact test .691 0.51 <.001

Note. The effects significant at the level of p < .05 are written in bold. PM, prospective memory. RT, reaction
time. BF, bayes factor. * Cohen'’s d for continuous variables, Cramér’s V for categorial variables.
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Figure 6 Boxplots showing the distributions of the conventional neuropsychological tests, which
showed group differences, per group (ADHD/control). The vertical lines indicate the
median. The dots are outliers (+ 1.5 * interquartile range from the mean). Adapted with
permission from Study I.
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The AUCs and cutoff values with optimal discrimination ability for the
conventional neuropsychological tasks and logistical regression analysis measure
based on all five CPT measures are presented in Table 7. The highest AUC (.90)
was that of the logistic regression measure in the CPT, but based on the
confidence intervals, this was not statistically higher than the AUC for CPT
reaction time variability (.85). When considering the AUCs of EPELI and the
conventional neuropsychological tasks together, the highest were those yielded by
the EPELI logistic regression analysis, EPELI Task efficacy, the CPT logistic
regression analysis, and CPT reaction time variability, which did not differ from
each other (all p values > .05). However, the AUC of EPELI Task efficacy was
significantly higher than that of the conventional neuropsychological tasks, except
Digit span, CPT reaction time variability, F&C switching cost, and HEXE ongoing
€errors.

Table 7 Area under the curves (AUCs), 95 % confidence intervals and optimal cutoffs from the
ROC analyses for each conventional neuropsychological task and logistic regression
analysis composite utilizing all five CPT measures at the same time.

Optimal cutoff*

Variable AUC 95%ClI Threshold Sensitivity  Specificity
Digit span .70 .58-.82 12.5 74 % 66 %
Instruction recall task A7 .34-.60 255 39 % 66 %
CPT omission errors .70 57-.82 3.5 50 % 80 %
CPT commission errors .70 .58-.82 13.5 78 % 51 %
CPT RT variability .85 .76-.94 150.32 88 % 77 %
SRT mean RT .67 54-.79 508.12 58 % 73 %
F&C switching cost .71 .58-.84 274.01 97 % 47 %
Cruiser PM accuracy .70 .60-.80 0.88 86 % 51 %
Cruiser number of clock checks .66 .53-.78 18.5 77 % 54 %
Cruiser number of crashes .63 .50-.76 7.5 100 % 22 %
Clock task PM accuracy 48 .36-.60 0.0 0% 100 %
HEXE correct task responses .55 .38-72 41 82 % 44 %
HEXE ongoing errors .67 .53-.81 25 62 % 72 %
CPT logistic regression analysis .90 .82-.96 0.43 81 % 86 %

Note. * Based on Youden's index. RT, reaction time. AUC, area under the curve. Cl, confidence interval.

4.2.3 Concurrent validity of the EPELI measures

Regarding concurrent validity, correlations of EPELI and the BRIEF and ADHD-
RS questionnaires across all participants are shown in Table 8. All EPELI
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measures correlated with both the BRIEF and ADHD-RS (absolute r values [.312—
.574]). For EPELI Total score, Task efficacy, and Navigation efficacy, this
association was negative, meaning that higher performance in these measures
correlated with fewer executive function problems and lower ADHD symptom
scores. For Controller motion and Total actions, the direction was the opposite.

Table 8 Correlations between the EPELI and conventional neuropsychological measures and
the BRIEF and ADHD-RS questionnaires.

BRIEF ADHD-RS

Variable r 95 % CI r 95 % ClI

EPELI Total score -.356 ** [-.539, -.142] -312* [-.502, -.093]
EPELI Task efficacy -574 *** [-.708, -.400] -.553 *** [-.692, -.375]
EPELI Navigation efficacy -.466 *** [-.626, -.269] -.453 *** [-.615, -.253]
EPELI Controller movement 414 = [.208, .585] 430 *** [.227, .598]
EPELI Total actions 457 *** [.258, .619] ATT *** [.282, .634]
Digit span -.304 * [-.496, -.084] -.249 [-.449, -.024]
Instruction recall task -.144 [-.358, .084] -.057 [-.279, .171]
CPT omissions .368 ** [.141, .559] .38 ** [.153, .568]
CPT commissions 329 ¢ [.096, .527] .353 ** [.123, .546]
CPT variability AT6 *** [.266, .643] 469 *** [.258, .638]
SRT mean RT 372 ** [.159, .553] .335 ** [.116, .522]
F&C switching cost 219 [-.020, .435] 175 [-.066, .397]
Cruiser PM accuracy -.329 * [-.521, -.106] -.288 * [-.487, -.061]
Cruiser monitoring -.213 [-.424, .019] -.18 [-.395, .054]
Cruiser number of crashes 232 [.000, .440] 146 [-.089, .365]
Clock task PM accuracy -.042 [-.268, .189] -.033 [-.260, .197]
HEXE correct task responses .225 [-.033, .455] 227 [-.031, .456]
HEXE ongoing errors .257 [.001, .481] .267 [.012, .490]
HEXE self-initiated PM task .017 [-.238, .270] .073 [-.184, .321]
HEXE switching PM task -.064 [-.195, .315] -.027 [-.281, .231]

Note. The correlations that are significant at the level of p < .05 are written in bold. * p <.05. ** p < .01. ** p <
.001. FDR adjusted point estimates with unadjusted 95 % confidence intervals (Cl).

4.2.4 Associations between the conventional neuropsychological
tasks and parent-rated EF deficits and ADHD symptoms

The correlations between the conventional neuropsychological tasks and the
BRIEF and ADHD-RS questionnaires across all participants are shown in Table 8
(absolute r values [.017—.476]). The CPT measures and SRT reaction time were
positively correlated with both questionnaires, Digit negatively with the BRIEF,
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and PM accuracy in the Cruiser negatively with both the BRIEF and ADHD-RS.
The correlation between EPELI Task efficacy and the BRIEF was stronger than
any of the correlations between the conventional neuropsychological tasks and the
BRIEF, except for that between the CPT reaction time variability and the BRIEF,
when the unadjusted confidence intervals were used as the criterion.

4.2.5 Associations between the EPELI measures and
conventional neuropsychological tasks

The correlations between the EPELI measures and conventional
neuropsychological tasks that yielded group differences (see Table 6) are
displayed in Table 9. The commission errors in the CPT correlated positively with
Controller motion and Total actions in EPELI. The omissions in the CPT showed a
negative correlation with EPELI Task and Navigation efficacy and a positive
correlation with EPELI Total actions. The reaction time variability in the CPT was
negatively associated with EPELI efficacy measures and positively correlated with
EPELI Controller motion and Total actions. As regards to the mean reaction time
in SRT, negative correlations to EPELI Total score and efficacy measures were
found. The switching cost in the F&C task correlated negatively with EPELI Total
score. Regarding PM, the PM performance in the Cruiser task correlated positively
with EPELI Total score, Task efficacy, and Navigation efficacy. The ongoing task
performance in HEXE correlated negatively with EPELI Total score and efficacy
measures but positively with EPELI Controller motion and Total actions.

Table 9 Correlations between the EPELI measures and conventional neuropsychological
measures that yielded group differences.

2 z 2 5
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= h b h i $ 38 =28 wmeg
[a] (@) O (@] n (e O® O G T o
Total score 244 -.151 -.181 -252 -383* -315* .452*** 110 -354*
Task efficacy 167 -260 -346* -407* -278* -218 .338* -135 -515**
Navigation * * * . "
efficacy 211 -254 -290* -.351 -.331 -220 .358 -.061 -425
Controller * * Kk
motion -134 295 193 294 .072 115 -192  -001 .566
Total actions -171 .312* 375** 413* 220 .093 -.197 071 .581 ***

Note. The correlations that are significant at p < .05 are written in bold. * p = .05. ** p = .01. *** p = .001. RT,
reaction time.
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The correlations between the EPELI measures and other conventional
neuropsychological tasks (i.e., those not yielding group differences) can be in
Supplementary Table 3 of Study I. The Instruction recall task correlated positively
with EPELI Total score and efficacy measures but negatively with EPELI
Controller motion and Total actions. Both WISC-IV reasoning tasks were
positively associated with EPELI Total score and Similarities also with EPELI
efficacy measures. Regarding PM, time monitoring in the Cruiser task positively
correlated with EPELI Total score, and the total number of correct task responses
in HEXE with EPELI Controller motion and Total actions.

4.3 Study I

4.3.1 Task performance

The distributions of the EPELI measures per group can be seen in Figure 7. The
ADHD group had a lower Total score (Z = 2.31, p = .021), Task efficacy (Z = 3.10, p
= .005), and Navigation Efficacy (Z = 2.73, p = .009), and a higher level of
Controller motion (Z = 2.70, p = .009) and more Total actions (Z = 3.20, p =
.005), compared to the control group. This finding replicated the group effects
found in Study I (see Figure 4 and Table 4).

To study how well the EPELI measures can classify participants to the ADHD
and control groups in these data, a SVM classifier was trained based on these five
performance measures (SVM 1). This analysis yielded an AUC score of .77.

In Shoot the Target task, the ADHD group acquired lower Total score than the
control group (t(54) = 3.63, p = .002). There were no group differences in Head
rotation angle and Head rotating speed (see also Supplementary Results Figure S3
in Supplementary Material of Study II).

Total Score Task Efficacy Navigation Efficacy ~ Controller Motion Total Actions
(%] [%] [1/m] [degi10° ct.
900
74 5 0042 %0 Group
72 0.040 85 800 ADHD
70 20 008 &0 0 Control
5} 75
. 18 0.036 - o
B4 0034 &

Figure 7 The distributions of EPELI performance measures per group (ADHD/control) in Study
IL. Error bars indicate the standard error of mean. Adapted permission from Study II.
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4.3.2 Eye movement behaviors

The effects on fixations and saccades across the EPELI scenarios. LMMs were
used to analyze Saccade duration, Saccade amplitude, and Fixation duration
across the EPELI scenarios. The models included Group and Task scenario as
fixed effects and Participant and Task scenario order (forward/reversed) as
random effects (see Table 10). A possible distractor effect was accounted for by
including Task scenario order as a random factor, as different scenarios were
embedded with the distractions in the two task scenario orders. The LMMs
revealed that the ADHD group had overall shorter Saccade durations and smaller
Saccade amplitudes, and the effect was consistent across EPELI scenarios (see
Figure 8). On average, Fixation durations were longer in the ADHD group than
control group, but this effect was moderated by Task scenario (see Table 10 and
Figure 8).

Table 10  Test statistics and linear mixed effect models for the eye movement features in
EPELI.

ADHD Control

Dependent group group

variable Mean (SD) Mean (SD) Effect Va df I o

Saccade 57 (8.3) 67 (10.1) Task scenario 186.5 12 1.74 <.001

duration

(ms) Group 1795 1 0.57 <.001
Task scenario x Group 13.20 12 049 .35

Saccade 5.44 (1.4) 6.29 (1.7) Task scenario 243.5 12 2.01 <.001

Amplitude

(deg) Group 9.99 1 0.44 .002
Task scenario x Group 18.94 12 0.56 14

Fixation 317 (36) 309 (30) Task scenario 1286 12 143 <.001

duration

(ms) Group 3.93 1 0.25 .047

Task scenario x Group 25.47 12 0.64 .038

Note. The effects that are significant at p < .05 are written in bold. ¢?, omega squared.
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Figure 8 The effects of Task Scenario and Group on the eye movement features in EPELI per
group. Each column pair represents one EPELI scenario. Error bars indicate the
standard error of mean. Adapted permission from Study II.

To study the main research question related to the classification capacity of
the eye movement features in EPELI, we trained an SVM classifier (SVM 2) on
Saccade duration, Saccade amplitude, and Fixation duration data aggregated per
task scenario. This classifier demonstrated an excellent AUC score of .92 after
tenfold cross-validation (see Figure 9), which was higher than that of SVM 1
trained on the five EPELI performance measures (t(58) = 8.40, p < .001).
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A. Confusion Matrix B. Receiver Operating Characteristic Curve

o8 10 ROC fold 0 (AUC = 1.00)
R% fold 1 [A£ =1,00)
0.7 R fold 2 (Al =1.00)
Control 0.22 0.8 ROC fold 3 {Auc = 1.00;
] 06 Z ROC fold 4 (AUG = 1.00)
g E a6 ROC fold 5 (AUC = 0.89)
s 0s B ROC fold & [AUC = 1.00)
2 c ROC fold 7 (AUGC = 0.67)
= s Hos ROC fold 8 (AUC = 0.78)
a ROC fold 9 (AUC = 0.78)
ADHD 016 s -~ Chance
03 g — Mean ROC (AUC =0.91 £ 0.12)
+1 std. dev.
. joz 00
Control ADHD 0.0 0.2 0.4 06 0.8 10
Predicted label 1 - Specificity

Figure 9 Evaluation of the SVM classifier trained on EPELI eye movement features (SVM 2). (A)
Confusion matrix that shows the percentage of correctly classified and mislabeled
individuals per group averaged on tenfold validation, (B) panel that shows the ROC
curve and AUC scores fold and the average. Adapted with permission from Study II.

The effect of task performance on the eye movements in EPELI. To probe the
role of task performance on the group effects in eye movement features, the LMMs
testing the group effects were reran by regressing out the effect of Total score. The

group differences remained significant in adjusted Saccade duration (y2(1)
14.60, ¢ = 0.48, p < .001) and Saccade amplitude (y2(1) = 5.90, ¢ = 0.31, p =
.002). The LMM with adjusted Fixation duration no longer showed a significant
group effect (y2(1) = 2.44, ¢ = 0.20, p = .120), but the interaction between Task
scenario and Group remained significant (y2(12) = 25.45, ¢ = 0.64, p = .038).

The effect of saliency on task performance in EPELI. The impact of saliency on
participants’ performance was examined with a LMM that included Total score as
the dependent variable, NSS calculated per task scenario, Task scenario, and
Group as fixed effects, and participant as a random effect. The results (see Table
11) showed a difference in difficulty between EPELI scenarios (the effect of Task
scenario on Total score) and a group effect with the controls performing better
than the children with ADHD. However, there was no effect of NSS nor an
interaction effect of NSS and Group. Moreover, NSS did not differ between the
groups, across all EPELI scenarios, or when the distracted and non-distracted
scenarios were tested separately. On average NSS, was near to zero in both groups
(0.21 *+ 1.4 in the ADHD and 0.02 * control group), suggesting that saliency had
only a weak effect on gaze allocation.

Table 11 The linear mixed model of normalized scanpath saliency (NSS) on Total score.

Dependent variable Effect 72 df o p

Total score*® Task scenario 124.89 12 1.41 <.001
NSS* 1.96 1 0.18 150
Group 6.05 1 0.31 .014
NSS x Group 0.513 1 0.08 510

Note. The effects that are significant at p < .05 are written in bold. ¢?, omega squared.
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The effects of object relevance in EPELI. To further clarify which factors drive
the observed group effects on eye movements, it was investigated how the
relevance of objects in EPELI affected attention allocation (see Figure 10). Overall,
Fixation duration was different between task-relevant and task-irrelevant objects
(Z = 8.6, p < .001). However, there was no group differences between the task-
irrelevant and task-relevant objects. The ADHD group had a tendency for longer
Fixation durations to the task-irrelevant objects than the control group, but the
effect was not significant (Z = 2.2, p = .060).
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Figure 10 The left panel shows normalized scan path saliency (NSS) averaged by Condition. (A)
Task scenarios without distractions, (B) Task scenarios with distractors. The right panel
represents fixation durations to different types of objects. (C) Task-irrelevant objects,
(D) Task-relevant objects. Adapted with permission from Study II.

The effects of ambient versus focal processing in EPELI. There was an effect of
time on eye movement features, which suggests that the participants were indeed
switching between ambient and focal processing during EPELI (see Figure 11).
However, there were no group differences in switching between the ambient and
focal modes. An additional analysis revealed that the group effects on the eye
movement features where markedly different in the instruction and task execution
phases of each scenario (see Supplementary Results of Study II).
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Figure 11 Eye movement characteristics over time. Zero time point is the time when the
instruction phase ended and task execution phase began. (A) Fixation duration, (B)
Saccade amplitude. For features tested in the analyses, see Figure 1 in Supplementary
Material of Study II. Adapted with permission from Study II.

The effects of eye movement features in Shoot the Target. Like in EPELI, the
LMMs in Shoot the Target task showed that the ADHD participants had shorter
Saccade durations (y2(1) = 10.25, ¢ = 0.41, p = .002) and Saccade amplitudes
(72(1) = 4.17, ¢ = 0.26, p = .041) and longer Fixation durations (y2(1) = 12.04, ¢ =
0.44, p = .002).

To accommodate for the difference in data loss between the groups (see section
3.4.2.1), an additional LMMs with the percentage of invalid gaze samples as a
random factor was fitted to the data. In these models, the group difference in
Fixation duration was not affected by the lost data (group effect: y2(1) = 8.43,p =
.011, percentage of invalid gaze samples effect: y2(1) = 0.02, p = .87), but there
was no significant group effect on Saccade duration (group effect: y2(1) = 3.04, p
= .12, percentage of invalid gaze samples effect: y2(1) = 6.58, p = .03) or Saccade
amplitude (group effect: y2(1) = 1.41, p = .23, percentage of invalid gaze samples
effect: y2(1) = 1.40, p = .36).

To examine the classification capacity of eye movement features in Shoot the
Target, another SVM classifier (SVM 3) was trained. This classifier yielded AUC
score of .78, which was worse than that of SVM 2 based on the eye movement
features in EPELI (#(58) = 9.93, p < .001).

66



4.4 Study lli

4.4.1 Reliability of the EPELI measures

The internal consistency was acceptable (Cronbach’s « >= .70) for all EPELI
measures except TBPM and EBPM score (Table 12). The average consistency of
the measures was .79 when TBPM and EBPM scores, which are included in Total
score, were not also separately considered. When the average consistency was
evaluated using all eight EPELI measures without considering the dependency
between Total score and TBPM and EBPM scores, it was .71.

When shorter EPELI sections were evaluated by decreasing the number of
scenarios stepwise from 13, the consistency remained acceptable down to five
scenarios for Total actions, to seven scenarios for Task efficacy and Controller
motion, and to 11 scenarios for Navigation efficacy and Clock checks. For Total
score, it dropped under .70 in 12 scenarios (see Supplementary Appendix B in
Study III). As regards to improving the internal consistency, dropping out the
scenario least inconsistent with the others increased the internal consistency of
Total score from .70 to .73.

Table 12  Internal consistency of the EPELI measures.

Measure a(95%Cl)*
Total score .70 [.59, .79]
Task efficacy .83 [.77, .88]
Navigation efficacy .74 [.65, .81]
Controller motion .88 [.85, .92]
Total actions .87 [.82, .91]
TBPM score .59 [.45, .71]
Clock checks .72 [.62, .80]
EBPM score .33 [.13, .54]

Note. N = 77. * a Bootstrap 95 % Confidence Interval. TBPM, time-based
prospective memory score. EBPM, event-based prospective memory score.

4.4.2 Associations between the EPELI measures and background
factors

Table 13 shows the best fitting linear models with each EPELI measure as the
dependent variable and background factors (gender, age, gaming background,
task familiarity, HMD type) as the independent variables (for full models, see
Supplementary Appendix C in Study III). Gender differences were found in five
measures as girls obtained higher Total scores, higher Task and Navigation
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efficacies, and performed fewer Total actions and Clock checks. Regarding age,
older children acquired higher Total and TBPM scores, better Navigation
efficacies and perform fewer actions. For the measures with both gender and age
effects, additional models with interaction between these independent variables
were fitted, but no interactions effects were present. Scatter plots of EPELI
measures per age and gender are shown in Figure 12 (for descriptive statistics, see
Supplementary Appendix I in Study III). For all EPELI measures the amount of
variance explained was low (adjusted R2 = .04—.20).

Table 13  The best fitting models with each EPELI measure as the dependent variable and age,
gender, gaming background, familiarity of the tasks, and the head-mounted display
(HMD) type as independent variables.

Dependent Independent Estimate(8) SD t p AAIC R2 Adj.R?

variable variable

Total score (Intercept) 21.253 8.166 2.60 .011 -3.77 .192 .159
Gender 4.524 1.615 2.80 .007
Age (years) 2.326 0.700 3.33 .001
Gaming background 4.272 2344 182 .072

Task efficacy (Intercept) 0.138 0.153 0.90 .371 -3.04 .185 .151
Gender 0.099 0.029 3.34 .001
Age (years) 0.024 0.013 1.77 .082
HMD -0.051 0.030 -1.74 .085

Navigation efficacy (Intercept) 0.010 0.021 046 .645 -2.97 220 .199
Gender 0.014 0.004 3.35 .001
Age (years) 0.006 0.002 3.25 .002

Controller motion (Intercept) 92835 18483 5.02 <.001 -5.33 .073 .048
Gender -7095 3580 -1.98 .051
Age (years) -2664 1685 -1.58 .118

Total actions (Intercept) 836.820 157.34 5.32 <.001 -5.01 .137 .114
Gender -85.100 30.480 -2.79 .007
Age (years) -32.570 14.340 -2.27 .026

TBPM score (Intercept) -3.586 2921 -1.23 223 -2.16 .130 .107
Age (years) 0.787 0.266 2.95 .004
Gender 1.038 0.566 1.83 .070

Clock checks (Intercept) 34.696 1.919 18.08 <.001 -3.02 .055 .042
Gender -6.309 3.025 -2.09 .040

EBPM score (Intercept) 3.870 0.118 32.79 <.001 -6.42 .039 .026
Gender 0.324 0.186 1.74 .086

Note. N = 77. The effects that are significant at p < .05 are written in bold
For gaming background, regular = 1, not regular = 0. For HMD, Pico Neo 2 Eye = 1, Oculus GO = 0. AAIC,
change in the Akaike Information Criterion from the full model.

. For gender, girl = 1 and boy = 0.
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To facilitate the interpretation of the associations presented above, the best
fitting models were reanalyzed with Instruction recall task score as an additional
independent variable (Supplementary Appendix D in Study III). In these models,
instruction recall task performance had an effect on Total score, Task efficacy,
Navigation efficacy, and EBPM score. Compared to the models presented above,
the gender effect on Total score and the age effect on Total actions become non-
significant, but in Controller motion a gender effect was found (boys > girls).

Even though gaming background, familiarity of the task contents, and HMD
type showed no statistically significant effects on the EPELI measures (Table 13),
there was a difference in the perceived hand controller quality as the Pico Neo 2
Eye group reported fewer problems than the Oculus GO group (see
Supplementary Appendix G in Study III).

4.4.3 Associations between the EPELI measures and Instruction
recall task performance

Higher performance in the Instruction recall task was associated with higher Total
and EBPM score, better Task efficacy and Navigation Efficacy, and fewer Total
actions (adjusted R2 = .07—.18, see Table 14).

Table 14  The models with each EPELI measure as the dependent variable and the Instruction
recall task as an independent variable.

\?:r‘i’:g]ge”t L’;dr;pbfgde”t Estimate (5)  SD t p R Ad.R

Total score (Intercept) 42.645 2352 1813 <.001 .194 .183
Instruction recall task 0.309 0.073 4.23 <.001

Task efficacy (Intercept) 0.245 0.049 495 <.001 .162 .151
Instruction recall task 0.006 0.002 3.79 <.001

Navigation (Intercept) 0.058 0.007 8.23 <.001 .160 .149

efficacy Instruction recall task 0.001 <0.001 3.76 <.001

Controller (Intercept) 65541 6151 10.65 <.001 .006 -.007

motion Instruction recall task 133 191 -069 491

Total actions (Intercept) 593.161 52119 11.40 <.001 .099 .087
Instruction recall task -4.633 1.621 -2.86  .006

TBPM score (Intercept) 3.926 0990 3.965 <.001 .030 .017
Instruction recall task 0.047 0.031 1523 132

Clock checks (Intercept) 29.226 5.238 5.580 <.001 .005 -.008
Instruction recall task 0.100 0.163 0.617 .539

EBPM score (Intercept) 3.340 0.297 11.237 <.001 .073 .060
Instruction recall task 0.022 0.009 2417 .018

Note. N = 76. The effects that are significant at p < .05 are written in bold.
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4.4.4 Associations between the EPELI measures and subdomains
of parent-reported EF problems

Table 15 shows the correlations between the EPELI and BRIEF measures. The
GEC was negatively associated with Task and Navigation efficacies. Of the two
indexes that comprise the GEC, the BRI was negatively correlated with Task and
Navigation efficacy and positively correlated with Total actions, whereas the MI
showed only a negative correlation to Task efficacy. In comparison, the
Instruction recall task correlated negatively with the BRI but not with other
BRIEF measures (see Supplementary Appendix H in Study III).

Table 15  Correlations between the EPELI and BRIEF measures.

BRIEF
GEC BRI MI
Total score -17 -15 -17
Task efficacy =33 * -34* -29*
Navigation efficacy -29* =31 -.24
E Controller motion 14 .21 .09
& Total actions 27 40 * 18
TBPM score =11 -.06 -12
Clock checks .15 .09 .16
EBPM score -.22 -.20 -.21

Note. N = 76. The correlations that are significant at p < .05 are written in bold. GEC = Global
Executive Composite. BRI = Behavioral Regulation Index. Ml = Metacognition Index. FDR
correction. ** p < .01, * p < .05.

To study the associations between EPELI and the BRIEF further, linear models
with each BRIEF measure as the dependent variable and the EPELI measures as
the independent variables were fitted. The best fitting models of these analyses are
shown in Table 16. For the GEC and MI, the best models included Task efficacy as
the only independent variable, and thus the R2 of these models is identical to the
squares of corresponding correlations in Table 15. For the BRI, the best model was
that with Task efficacy and EBPM score as the independent variables.
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Table 16  The best fitting models of the analyses with each BRIEF measure as the dependent
variable and the EPELI measures as independent variables.

Dependent Independent Estmate (})  SD t p R Adj. R?
BRIEF GEC (Intercept) 117.061 5645 2078 <.001 111 .100
Task efficacy  -39.115 12.834 -3.05 .003
BRIEFBRI (Intercept) 32.486 3704 877 <001 .178 .156
Task efficacy 0.015 0.004 3.53 <.001
EBPM score 1.012 0.724 140 0.166
BRIEF M (Intercept) 76.027 4227 1799 <001 .086 .073
Task efficacy  -25.280 9.610 -2.63 .010

Note. N = 76. The effects that are significant at p < .05 are written in bold.

4.5 Study IV

4.5.1 EPELI task performance in FSD/HMD and learning effects

The effects of version (FSD/HMD) and time (first/second assessment) on EPELI
measures and related descriptive statistics are shown in Table 17. Children
achieved higher Total and TBPM scores and Task efficacies in the FSD version
with small effect sizes. They made almost twice as many clock checks during the
FSD version, which can partly explain the better TBPM performance in that
version. To inspect this further, we reran the analysis regarding time monitoring
by using clock-viewing duration (i.e., the total duration of clock-viewing in
seconds) as the dependent variable and found a medium-sized version effect
(t(69.155) = 4.544, p < .001, d = 0.55). As Total score includes TBPM score, we
performed additional analysis for Total score without the TBPM tasks. Also here,
there were effects of version (#(67.40) = 2.642, p < .01, d = 0.32) and time
(t(67.38) = 6.786, p < .001, d = 0.83), which shows that the difference in Total
score between the versions is not solely attributable to better TBPM performance
in the FSD version.

In the second session, the children acquired higher Total scores (large effect
size), TBPM scores (medium effect size), and EBPM scores (small effect size).
They also did more actions and navigate more efficiently (small effect sizes for
both measures). As there was no difference in Task efficacy between the sessions,
it can be reasoned that they did both more relevant and irrelevant actions during
the second session compared to the first. In line with this, the number of
irrelevant actions (i.e., actions that are not needed for executing the given tasks)
increased from the first session to the second (¢(70) = 3.501, p < .001, d = 0.40).
As learning effects were found in five EPELI measures, we did a post hoc analysis
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to enquire if their magnitude was different depending on which version was
performed first. There was a larger increase after the HMD version than after the
FSD version in Total score (mean change: after HMD 8.42, after FSD 3.18;
t(63.72) = 3.47, p < .001, d = 0.44) and TBPM score (mean change: after HMD
3.55, after FSD 1.00; t(64.50) = 3.395, p = .001, d = 0.42). In other measures,
version order did not affect the learning effect.

4.5.2 Subjective experiences in FSD/HMD

Table 18 shows the effects of version and time on the Presence questionnaire,
which was used to examine differences in participants’ subjective experience. The
children reported that with the HMD the environment is more involving (small
effect size), their experiences felt more consistent with the real world (medium
effect size), they can concentrate better on the given tasks (small effect size), and
the tasks seemed more interesting (small effect size) than with the FSD version.
They also reported more display quality problems for the HMD than FSD version
(small effect size), but for both versions, the number of reported problems was
small (HMD mean: 2.22; FSD mean: 1.70; on a scale of 1—7). The only difference
between the sessions was that the children evaluated the tasks as more interesting
after the first session than the second (small effect size). The children reported
very few cybersickness symptoms after either version with no difference between
the versions (HMD mean: 0.83; FSD mean: 0.56; on a scale of 0—14; V = 358.5, p
=.07).

When asked to compare the versions, most children reported the HMD version
as being more realistic (48 out of 51, exact binomial test, p < .001) and preferable
(36 out of 48, exact binomial test, p < .001) than the FSD version. Furthermore,
majority of the children reported the HMD version was easier to play, but this
difference was not significant (31 out of 49, exact binomial test, p = .09).
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4.5.3 Differences between experimenter-supervised laboratory
testing and parent-supervised home testing

There were no differences in task performance or perceived presence between the
groups who performed FSD-PELI either in laboratory supervised by experiment
or at home supervised by parent (Supplementary Tables S3 and S4, Study IV).
There were also no differences between these groups in age, handedness, gender,
parental education, or family income (Supplementary Table S1, Study IV).

4.5.4 Associations between the EPELI efficacy measures and
parent-rated EF deficits

Table 19 contains the correlations between EPELI efficacy measures and the
BRIEF across EPELI versions (FSD/HMD) and sessions (first/second). The
BRIEF was associated with both Task efficacy and Navigation efficacy on the first
session, but not on the second. To shed light on this result, we investigated the
association of the BRIEF between the two sessions and found that this correlation
was strong (r = .77, t(67) = 9.905, p < .001). To evaluate how carefully the parents
had considered their answers, we compared the time used to fill the BRIEF on
each session and discovered that parent had used less time on the second session
(median time 9.00 mins for the first session and 7.13 mins for the second session,
U = 3166, p = .14). When the correlations were calculated separately for both
versions but including both sessions, only Navigation efficacy in the HMD version
was associated with the BRIEF.

Table 19  Correlations between EPELI efficacy measures and the BRIEF measures across
EPELI versions (FSD/HMD) and sessions (first/second).

BRIEF (GEC)

EPELI measure session version r

Task efficacy first both =37 *
Navigation efficacy first both -33*
Task efficacy second both .03
Navigation efficacy second both -.15
Task efficacy both HMD -.18
Navigation efficacy both HMD =37 *
Task efficacy both FSD -.18
Navigation efficacy both FSD =11

Note. N = 69-72. The correlations that are significant at p < .05 are written in bold. *** p <.001, ** p <.01,*p
< .05, based on p-values with FDR correction.
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4.5.5 Inter-version correlations and test-retest stability

Table 20 shows the inter-version and test-retest correlations for the eight EPELI
measures and Figure 13 the distributions of the same measures in both versions.
Regarding partial correlations between EPELI versions, the highest were in Total
score, Task efficacy, and Total actions (.43—.52), followed by Navigation efficacy,
Controller motion, TBPM score, EBPM score, and Clock checks (.29—.40). The
highest partial correlations between test sessions were those of Total score, Task
efficacy, and Total actions (.43—.53), followed by Navigation efficacy, TBPM,
EBPM, and Controller motion (.31—.39). Clock checks did not correlate between
test sessions. As the effects of version (HMD/FSD) and session (first/second) were
analyzed not only for the number of clock checks but also for clock-viewing
duration (see section 4.5.1), we also calculated the inter-version and test-retest
correlations for this measure and found it to be associated both between test
versions (partial r = .46, p < .001) and test sessions (partial r = .28, p < .05).

Table 20 EPELI measure intercorrelations between the HMD- and FSD-versions and the first
and second sessions.

HMD vs FSD-version 1st vs 2nd session
Measure r ICce? partial r° r ICce? partial r
Total score .25 23 * .52 *** AT R 32 .54 ***
Task efficacy AT 46 2 .48 ¥ A5 46 7 AT
Navigation efficacy .36 ** sing.¢ .40 ** .39 ** .38 *** .39 **
Controller motion 33 % A5 % .34 ** -.16 sing.® 31
Total actions 37 .38 ** 43 A2 7% 4 43
TBPM score 12 11 32 .25 19* 32+
Clock checks 27 % .10 29 % 15 sing.® 18
EBPM score .21 21 .30 29 * 25 ** 31

Note. N = 67. The correlations that are significant at p < 0.05 are written in bold. *** p <.001, ** p<.01,*p <
.05, based on p-values with FDR correction. @ = ICC2,1. ® = partial correlations with time (1st or 2nd session)
as a covariate. ° = singularity error. 9 = partial correlations with version (HMD or FSD) as a covariate. TBPM,
time-based prospective memory. EBPM, event-based prospective memory.

77



8L

‘Al Apnis wogy uorssturtod Yim paidepy 9100s A1owrowt
aAnadsoad paseq-1uanay ‘INJGH "109s Arowaw aA130adsold paseq-owil], ‘INd 4L "(ASA/ANH) uorsiaa 1od samseawt [THJH JO SUONNLISIP 9Y], €} a4nbi4

UOISSAS IST o UI [THIH-QNH W UOISS3S IST o Ul [THdH~ASd ° dnoi3
asd asd asd asd
S 14 [ 0 0ST 001 0s 0 €1 (08 S 0 006 009 00¢
ro ro v v 0
v (] v
v v o & vy v Vo R ) 00€
v vv Tze¥ o o v o
L2 4 we v ¢ Vv .v ° % (4
v® Iv °%°a® Tou © v . e
e oV ° i e F0S h4. 4 ﬂ
re 5 v sw oo eolgs \ «o
YVOVY o o fur % 009
v vV o
;o : e i | e
ow® ve ° °
00T L] v
Wy b v eooe o o1 ° °
vy o 006
® » rs ° e o
Lost €l °
(s-0) Wwadd (0310 JO01) (€1-0) WL SYOT[O [e10],
asd asd asd asd
0000L 00009 0000S 0000F 0000€ 0000T 7o 600 900 SLO 050 20 0L 09 0$ or 0€
0¢
v v e Y ®, v o
L 2 r 0000% v | ° . v
) o 40\4 v . o V@ F90°0 4014 ) o §TOo = o
° 0& ovy ° ° b4 W Ve f<o *Vy Ve o
(] PR AN SR 1 00009 v v p4 vV ee@g v - Y Yww o ®
®owY v g v T 600 £ e .:.wo oy 050 2 Ve, . os 2
A A ov i a ’4“. g V gve v S| 4«34« ve ® o i
. Y v MIE LRl . w v m« (P
o® I 00008 PP -, T v v o %0 ° L 0
v % v . . v 9
2 oV F2ro SLO v 8 oo
g YW e
¥ °
F 000001 oL
uorouw J2[[0NnU0)) Koeorgye uonediaeN Koeorggo ysel, (0L—0) 2109s [e10],



4.6 Summary of the main results

The main results of the Dissertation are summarized in Table 21.

Table 21

A summary of the main results.

Area of research

Findings

Concurrent validity via
associations between
EPELI and traditional
performance measures

Study |: observed correlations between EPELI and some conventional
attention, PM and EF measures (absolute r values [.29-.58]).

Concurrent validity
(veridicality) via
associations between
EPELI and EF ratings

Study |: observed correlations between EPELI and parent-rated EF
deficits in a sample consisting of children with ADHD and their controls
(absolute r values [.36-.571]).

Study lll: observed correlations between EPELI and parent-rated EF
deficits in a sample comprising only typically developing children
(absolute r values [.29-.40]).

Study IV: observed correlations between both the FSD and HMD
versions of EPELI and parent-rated EF deficits in a sample comprising
typically developing children, but only in the first session (absolute r
values [.33-.37]).

Predictive, discriminant,
and concurrent validity
regarding ADHD

Study I: for predictive validity, observed group effects between children
with and without ADHD (effect size of n?s [.12-28]). Found EPELI to
discriminate children with ADHD from typically developing controls
(AUC .88). For concurrent validity, observed correlations between
EPELI and parent-rated ADHD symptoms (absolute r values [.31-.56])

Study II: replicated findings of Study | regarding predictive validity
(group effects Z = [2.31-3.20]) and discriminant validity (AUC .77).

Eye movement

Study II: found eye movement features to yield higher discriminant

behavior validity between children with and without ADHD than the EPELI
performance measures introduced in Study | (AUC .92). Successfully
used eye movement data to study ADHD-related effects in visual
attention.

Usability Study |: favorable evaluations from the children, no cybersickness

symptoms.
Study llI: favorable evaluations from the children, no cybersickness
symptoms, gaming background not found to affect EPELI performance.

Study IV: replicated the findings with FSD-EPELI. Found the children to
prefer the HMD version and evaluate it to be more immersive.

Reliability in terms of
internal consistency

Study llI: found adequate to good internal consistency for six out of
eight EPELI measures (Cronbach’s a [.70-.88]).

Reliability in terms of
interversion consistency

Study IV: found all eight EPELI measures to be correlated between the
versions (partial r values [.29-52]).

Test-retest stability

Study IV: tentative support for test-retest stability with seven out of the
eight EPELI measures correlating between the sessions using two
different EPELI versions (partial r values [.31-54]).
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5 Discussion

The overarching aim of this Dissertation was to develop and apply a novel,
function-led VR task for the assessment of goal-directed behavior and ADHD
symptoms in real-life contexts. Based on its associations with other measures,
EPELI successfully quantifies its target phenomena. The results also show that
EPELI has good usability and adequate to good psychometric properties, and is
considered enjoyable by children. Furthermore, FSD-EPELI, developed for Study
IV, allows EPELI to be performed with common laptop and desktop computers,
even remotely. Next, the findings are discussed in greater detail.

5.1 Assessing goal-directed behavior with EPELI

5.1.1 Associations between conventional performance measures
and EPELI

As conventional construct-driven performance measures originate from various
frameworks with premises that are very different from those of the function-led
design approach (see Burgess et al., 2006), these tasks may not be the optimal
benchmark for new function-led paradigms. Moreover, tasks that simulate
everyday functions should logically, like the actual everyday functions, utilize
multiple cognitive processes, whereas in many construct-driven tests the rationale
is to quantify only one or perhaps a few cognitive domains at a time. Even so,
probing the associations between a new test and well-established ones can provide
important insights into concurrent validity.

Study I revealed a few associations between some commonly used performance
measures and the five EPELI measures included in that study (Total score, Task
efficacy, Navigation efficacy, Controller motion, and Total actions). Supporting the
concurrent validity of EPELI, links between EPELI and conventional PM
measures were observed (Table 9). As EPELI Total score is essentially a PM
measure, it is not surprising that it correlated with PM performance in the Cruiser
task. The number of errors in the ongoing task of a complex PM task, HEXE, was
associated with all five EPELI measures used in Study I. One potential explanation
is that a tendency to engage in less goal-oriented and more exploratory behavior
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results in a lower number of correctly performed tasks (Total score), lower
behavioral efficacy, and a greater amount of physical movement in EPELI, as well
as more error-prone performance in HEXE. Regarding measures of other
cognitive processes, EPELI efficacy measures correlated negatively with reaction
time variability in the CPT, even though this was not the case with the EPELI Total
score. This finding could mean that efficient performance in EPELI is related to
the ability to maintain a stable level of performance for a prolonged period, as
reaction time variability is expected to reflect fluctuations of performance over
time, rather than maximal performance (e.g., Sonuga-Barke & Castellanos, 2007).
Performance fluctuations were also observed in the EPELI measures (see section
4.2.1), which suggests that open-ended naturalistic tasks could be employed to
study attention dynamics as has been done in virtual classroom studies (e.g.,
Mangalmurti et al., 2020). Commission errors in the CPT have been regarded as
being indicative of impulsivity (e.g., Berger et al., 2017) and were associated with
the amount of Controller motion and number of Total actions in EPELI (Table 9).
This supports the assumption that these two EPELI measures may also be linked
to impulsivity. As a general note, the associations found between EPELI and the
conventional measures all follow a logical pattern where more error-prone or
slower (in terms of reaction time) performance in the conventional tasks is
negatively correlated with the EPELI score and efficacy measures but positively
with EPELI Controller motion and Total actions.

Based on the role of episodic memory in PM task outcomes (Kliegel et al.,
2008b), we hypothesized that a simple instruction recall task would be associated
with EPELI performance. This hypothesis was examined in Studies I and III to
reveal the extent to which EPELI performance relies on episodic memory
processes. Study I found that in a sample comprising both children with and
without ADHD, all five EPELI measures were correlated with the Instruction
recall task, in which the children verbally repeat similar instructions that they
perform during EPELI (see Supplementary Table 3 of Study I). This finding was
elaborated in Study III using all eight EPELI measures and a sample of typically
developing children (Table 14). Here, Instruction recall task was associated with
five of the eight EPELI measures. Even so, the variability explained by the
Instruction recall task was only 6—20 percent of the total variability of these
EPELI measures, which underlines the role of other cognitive processes, such as
attention and EF, besides memory in EPELI performance.

5.1.2 Associations between EF ratings and EPELI

Given that a key motivation for developing EPELI was to create an ecologically
valid measure for goal-directed behavior and related concepts such as EF,
associations between EF ratings and EPELI are particularly important in
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evaluating how EPELI meets its goals. As expected, Study I found EPELI
measures to be associated with parent-rated EF problems (the BRIEF
questionnaire) in a sample including children with ADHD and typically
developing controls (Table 8). These associations follow a logical pattern. EPELI
Total score and efficacy measures are negatively associated with parent-rated EF
difficulties, while Controller motion and Total actions, which can be regarded to
be indicative of hyperactivity and impulsivity, are positively associated with these
difficulties. The strongest correlation, which was observed between EPELI Task
efficacy and the BRIEF, is stronger than any of the correlations between the
EPELI and the conventional neuropsychological tests except for CPT reaction time
variability. In earlier studies, the correlations reported between traditional
performance-based and rating measures of EF have generally been low (e.g.,
Toplak et al., 2013; Pino Mufioz & Aran Filippetti, 2021; see also Barkley, 2012).
Noteworthy, the correlation between EPELI Task efficacy and the BRIEF is similar
to the strongest of the correlations reported by Toplak and collaborators (2013)
between the BRIEF and construct-driven EF tests (see also Barkley, 2012; Pino
Muioz & Aran Filippetti, 2021). Regarding ecological validity, this suggests that
EPELI matches the earlier performance-based measures in terms of veridicality,
while surpassing them in verisimilitude because of the increased
representativeness to everyday life. As the differences in sample characteristics
between the studies affect these correlations, this comparison is only tentative.
Still, this is a promising finding for the first iteration of a new paradigm and
suggests that function-led task design could indeed lead to more ecologically valid
EF tasks, also in terms of veridicality. In further studies, correlations between
EPELI, the BRIEF, and different sets of conventional EF tasks should be tested
within the same sample for any differences in magnitude.

In Study III, we found the associations between EPELI efficacy measures and
the BRIEF also to exist in a sample of typically developing children (Table 15).
However, EPELI Total score, Controller motion and Total actions were not
associated with the BRIEF in this sample. This lack of correlation could be
affected by the fact that typically developing children have fewer EF problems
than children with ADHD (e.g., Faraone et al, 2021), and as expected, the
variability in the BRIEF scores was smaller. Another factor could be that the
typically developing children display less hyperactivity and impulsivity as
indicated by the corresponding EPELI measures (Controller motion and Total
actions). Closer inspection on the BRIEF subdomains revealed that problems of
behavioral regulation are associated with EPELI Total actions while the BRIEF
total score and metacognitive problems are not, which supports the interpretation
that Total actions is indicative of impulsivity.

Based on the findings of Study III, the PM-specific EPELI measures (TBPM
score, EBPM score and Clock checks) are not associated with the BRIEF in
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typically developing children. It can be speculated that the global measures that
reflect the overall task performance may be more sensitive to EF problems than
the performance in specific cognitive domains. However, further research should
be conducted to confirm this.

In Study III, it was also examined which set of EPELI measures provide
highest predictive value for each sum measure in the BRIEF (GEC, BRI, and MI).
For the GEC and MI, using only Task efficacy as the sole predictor produced the
best fitting model, whereas for the BRI, the best fitting model included Task
efficacy and EBPM score as predictors (0). This suggests that in EPELI, behavioral
problems are best predicted by low Task efficacy, and, in the case of behavioral
regulation, also by more difficulties in cue-triggered PM. It also suggests that with
the current set of EPELI measures, multivariate methods do not necessarily
provide better predictive power for EF problems.

In Study IV, the analysis between the BRIEF and EPELI included only the
EPELI efficacy measures and the BRIEF global score GEC, as these had yielded
the strongest associations in Studies I and III. Study IV replicated the findings of
Studies I and III with the FSD version, which suggests that associations between
EPELI and the BRIEF also exist when a non-immersive version of the task is used
(Table 19). However, surprisingly, these associations were only observed in the
first but not in the second assessment session. This was the case with both EPELI
versions. As the correlation of the BRIEF itself between the sessions was strong,
this change was most likely due to a change in children’s behavior in EPELI from
the first session to the second. One potential explanation is that in the second
session, children who do not display EF problems in everyday life are also more
likely to resort to non-relevant, extraneous behavior more easily, which would
make Task efficacy less representative of these problems in the second
assessment. This explanation is supported by the fact that on average children
performed more actions during the second assessment as compared to the first.
An alternative explanation is that it is the novelty of the task that makes Task
efficacy representative of EF problems in the first session. This possibility is
consistent with the suggestion that the role of EF is particularly prominent in
novel situations (Rabbit, 2004). In any case, this result suggests that EPELI may
not work optimally for its intended use in subsequent assessments and that
further research with EPELI in test-retest settings is needed. It would be
interesting to examine whether EPELI successfully discriminates children with
and without ADHD not only in the first but also in subsequent assessments. This
analysis could not be done in the scope of this Dissertation, as Study IV included
only typically developing children.
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5.2 Quantifying ADHD symptoms with HMD-EPELI

5.2.1 Associations between HMD-EPELI measures and ADHD

In Study I, the expected differences between children with versus without ADHD
were found in all five EPELI measures included in that study, which supports the
predictive validity of EPELI (Figure 4 and Table 4; cf. Figure 6). These findings
were successfully replicated in Study II using another sample (Figure 7), which
supports the robustness of the results. This is especially important considering
that while Study I included clinical participants only with predominantly
hyperactive/impulsive subtype or combined subtype of ADHD, Study II also
included children with predominantly inattentive subtype of ADHD, making it
more representative of the full spectrum of ADHD.

In the multiple regression analysis including five EPELI measures, the
discriminant validity of EPELI was on par with the CPT (Figure 5), which has been
regarded as the current gold standard cognitive test in the ADHD assessment
(Albrecht et al., 2015; Ogundele et al., 2011). When considered in the context of
ecological validity, this finding could be interpreted as indicating that, regardless
of the relative simplicity of the CPT, both tasks show equal veridicality as they
discriminate ADHD children from typically developing controls to the same
degree. However, as EPELI comprises varied everyday chores in a typical home
environment, while the CPT consists only of pressing a single button as a response
to a stream of individual stimuli without anything else, the verisimilitude of
EPELI can be argued to surpass that of the CPT. A similar argument has been
made of another VR task with ecologically valid contexts, the VR-EAL, as
Kourtesis and collaborators (2021) found participants to evaluate the
verisimilitude of that task to be higher than that of the compared paper-and-
pencil tasks.

The inattention symptoms of ADHD, which comprise a varied set of attention
and executive problems (see Table 1), were supposed to be reflected especially in
the measure of Task efficacy. Indeed, Task efficacy seemed to capture the general
ADHD symptoms to the greatest degree, as it showed strongest associations to
ADHD symptoms (the ADHD-RS) and EF problems (the BRIEF) as rated by
parent and yielded highest accuracy in classifying children with and without
ADHD (Table 8 and Table 5). It should be noted that with the sample size used
here (n=76), the difference to the correlations between the other EPELI measures
and the BRIEF or the classification accuracies of the other EPELI measures were
not statistically significant. Still, based on the results of Studies I and II, efficacy
measures, that is, measures that take into account both success in task execution
and the amount of irrelevant behavior, show the best potential in quantifying the
general ADHD symptoms in a life-like task. Task efficacy represents the relative
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percentage of relevant actions out of all actions, and it is linked to selective
attention, which is typically defined as focusing on a given target while ignoring
irrelevant stimuli. Traditional attention measures typically focus on a specific
attentional component at a time in a simplified context. In contrast, EPELI Task
efficacy is likely to tap various aspects of participant-environment interaction,
such as listening to the instructions and keeping them in mind during task
performance, planning and executing the task set, and self-monitoring. As such,
Task efficacy can be seen to come closer to the diagnostic criteria of inattention in
ADHD than the traditional paradigms. This closer match to the diagnostic
definitions was expected to result in higher predictive validity and stronger
correlations with the subjective questionnaires for Task efficacy than for the
conventional neuropsychological tasks, and such results were indeed observed. In
the context of ADHD, Task efficacy was considered a global measure of inattention
and it showed robust group differences, was effective in predicting the group
status of individual participants and had strong correlations with ratings of ADHD
symptoms and EF deficits.

Of the three ADHD symptom dimensions, hyperactivity may be the most
straightforward to measure, as most of its criteria are related to physical
movement of the individual. Previously, activity levels of persons with ADHD have
been quantified using various technologies (see meta-analysis by De Crescenzo et
al., 2016). The studies that register participant movement during cognitive tasks
usually call for a constant inhibition of movement (e.g., Teicher et al., 1996), even
though the ADHD hyperactivity symptoms manifest themselves during everyday
life situations in which some movement is often normal or even required. In
comparison, EPELI hyperactivity measures quantify typical spontaneous behavior
during simulated everyday tasks. The results of Study I showed that children with
ADHD clearly display excessive Controller motion and Controller motion
variability as compared to their control peers during EPELI. Kofler and colleagues
(2016) have suggested that hyperactivity is most clearly observed in cognitive
tasks with low levels of stimulation. While this may the case, the present results
suggest that ADHD-related hyperactivity can also be objectively quantified during
open-ended tasks where the participants are moving freely. Although the previous
research on the topic has mostly been on head movements (see, e.g., Mangalmurti
et al.,, 2020; Parsons et al., 2019), we chose Controller motion as the primary
hyperactivity measure, since it is more straightforwardly linked to executing
actions, while head movements also reflect visual search and could hence also
relate to successful task performance. Naturally, either head or hand movements
(or both) can be employed in future studies.

The third symptom dimension in ADHD is impulsivity, for which the main
measure in EPELI was expected to be Total actions. As expected, the children with
ADHD performed a higher number of actions, taken to reflect impulsive
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interactions with various irrelevant but attractive objects in the environment (e.g.,
toys, drums, and TV). The ADHD participants also displayed more fluctuation in
the number of actions between the scenarios than the typically developing
controls (see section 4.2.1). It can be proposed that these impulsive actions toward
attractive stimuli in EPELI could be more representative of the daily situations the
ADHD children face, than, for example, the lack of ability to inhibit the response
to a non-target letter in a continuous sequence of stimuli in the CPT. To draw a
comparison to another paradigm, measuring impulsivity in EPELI can be
considered similar to delayed reward tasks where the target that triggers
impulsive behavior is tempting (e.g., Dalley & Robbins, 2017). As performing
impulsive actions in EPELI carries no penalty, the measure is assumed to reflect
typical spontaneous behavior.

Analyzing the change in EPELI performance from scenario-to-scenario
revealed some further findings related to ADHD (see section 4.2.1). Contrary to
our hypothesis, there was relatively little improvement in Total score during
EPELI in either group (ADHD/control; see Supplementary Figure 1 in Study I).
Even so, both Task and Navigation efficacy declined during EPELI, and more so in
the ADHD group than in the control group. At the same time, the amount of
Controller motion and the number of Total actions increased during the task. This
may reflect an increase in hyperactivity-impulsivity symptoms explained by a
decrease in top-down control (e.g., Mangalmurti et al., 2020). Matching our
hypothesis, the ADHD group showed more variability in Controller motion and
Total actions. Adding distractions and extraneous objects to the scenarios resulted
in lower Total scores, lower efficacies, and higher Controller motion in both
groups, but the expected stronger distractor effect for the ADHD children was not
observed. One explanation for this is that also the non-distracted task scenarios
include all kinds of task-irrelevant but tempting objects that may have distracted
children with ADHD more than their typically developing peers. This explanation
is supported by the fact that ADHD children displayed less efficient performance
throughout EPELI. Also, the distractors in EPELI were constantly present during
the distracted scenarios, while many of the previous studies have used
instantaneous distractors (see Parsons et al., 2019), which may be more ideal for
quantifying distractibility in ADHD children. To test this, such distractors have
been embedded to newer EPELI versions that are currently used for data
collection.

As a task designed using the function-led approach, EPELI consists of everyday
scenarios that allow the measurement of different aspects behavior. To quantify
ADHD symptoms in VR, others have used the construct-driven approach, where
the task design is guided more by the attempt to measure the major symptoms of
inattention, hyperactivity, and impulsivity (Fang et al. 2019; Ryu et al., 2020)
rather than to maximize the similarity of the tasks as regards to everyday
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situations. The EPELI measures reflecting ADHD symptomology should be
regarded to quantify a diverse set of cognitive processes and their interactions. To
capture specific ADHD symptom dimensions in even greater precision, new
methods could certainly be developed. Further machine learning techniques
beyond SVMs used in Study II have been suggested as potential tools for
improving prediction accuracy (Orru et al., 2020). As indicated by the eye
movement behavior results of Study II, there are also new measures that can be
used to attain a higher discriminative and predictive validity. Finally, the
measures presented here could be employed to study also other clinical
symptoms, for example, those present in autism spectrum disorder. Moreover, the
findings should be replicated with the FSD version.

5.2.2 Links between ADHD and eye movement behavior during
EPELI

Besides replicating the group differences that support predictive validity and were
first reported in Study I with the first five EPELI measures, Study II displayed
additional benefits and possibilities of eye tracking in a naturalistic VR task. Eye
tracking data considerably improved the discriminative ability of EPELI, as the
SVM classifier based on eye movement measures reached 0.92 AUC (Figure 9),
which was significantly higher than what was acquired with the SVM based on five
EPELI measures in these data (0.77) and with the SVM based on same eye
movement metrics in a conventional visual search task Shoot the Target (0.78).
Moreover, eye movement data was used to pursue further research questions that
are discussed below.

Analyses of the separate eye movement features showed that children with
ADHD demonstrate longer fixations and shorter saccades with lower amplitudes
than their typically developing peers (Table 10 and Figure 8). Group differences in
these parameters have been reported in earlier eye tracking studies with restricted
experimental tasks that do not allow active interaction with the environment
(Karatekin, 2007; Levantini et al., 2020). Adding to the previous literature, the
results of Study II demonstrate that such group differences in eye movement
behavior are dependent on the task context. This is an important finding given
that in majority of the tasks used in ADHD studies possible behavioral responses
are restricted, interaction is limited, and required level of activity is low. Longer
fixations in the ADHD group may reflect inefficient and superficial information
processing. This explanation is supported by computational modelling work on
decision-making in ADHD (Metin et al., 2013; Ziegler et al., 2016) and consistent
with the absence of group differences in fixations to relevant objects in Study II
(Figure 10). The reasoning here is that shorter fixations to target objects for
children with ADHD would presumably have indicated more superficial
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processing of target objects. Saccades are used to orient the gaze towards objects
that are relevant for ongoing behavior (Eisenberg & Zacks, 2016), and thus their
role in inefficient visual search can be argued even more convincingly (Boot et al.,
2006). In congruence with the findings of Study II, fewer saccades during task
performance have also previously been linked to successful task performance
(Tanke et al., 2021). As saccades becoming longer and fixations shorter can be
regarded to reflect the development of visual attention (Tanke et al., 2021; Helo et
al., 2014), the results here may indicate that maturation of the visual system is
delayed in ADHD (Tanke et al., 2021).

In EPELI, the ADHD-related alterations of eye movements were scattered over
the whole task rather than being associated either with specific types of events or
objects thought to be related to goal-directed (e.g., relevant vs. irrelevant objects)
or with stimulus-driven (e.g., object salience) processes. It should be noted that
execution of goal-directed behaviors happens throughout EPELI, also when the
gaze is not on target objects. Thus, it is likely that the observed eye movement
findings are related to goal-directed behavior, although in this type of dynamic
task it seems to be the visual search rather than the depth of processing relevant
objects that differentiates children with ADHD from their typically developing
peers. Even so, the absence of salience effects during active execution of goal-
directed behaviors can indicate that such effects, which can be observed in
conditions with isolated and static stimuli are presented, are absent in open-ended
tasks where top-down processes may suppress them (Risko & Kingstone, 2015).
Despite having observed trends that point at possible small effects of bottom-up
processes, we did expect more robust evidence for a larger role of stimulus-driven
behaviors in ADHD, and the results were interpreted as not supporting the initial
hypotheses on this matter.

5.3 Usability, reliability, and scalability of EPELI

In this Dissertation, the usability of EPELI was evaluated by examining the
possible effects of gaming experience to EPELI performance and with self-reports
regarding possible cybersickness symptoms and the sense of presence, including
potential problems with the interface. Reliability was studied by examining
EPELT’s internal consistency, inter-version correlations, and test-retest stability.
By developing an FSD version of EPELI and using that version in home-based
remote assessments, scalability of the task beyond its initial form of researcher-
supervised immersive HMD-VR was explored. Together, the results in these three
areas provided support for EPELI’s applicability to further use, but also revealed
some limitations of the current versions.
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5.3.1 Gaming background, cybersickness and sense of presence

As gaming background can influence performance in computerized cognitive tasks
(e.g., Bediou et al., 2018), it was essential to evaluate its potential effects in EPELL.
This was done in Study III, and no effects between regular and non-regular
gamers were found in any of the eight measures in HMD-EPELI. It is noteworthy
that in the same analyses some robust gender and age differences were found with
girls outperforming boys and older children the younger ones (Table 13 and Figure
12). Therefore, even though possible small effects of gaming background may not
be detected with the present sample size (n=77), it can be reasoned that based on
the current knowledge gaming background should not affect EPELI in a degree
that would seriously contaminate the results. Similarly, no performance
differences were found between gamers and non-gamers in the VR-EAL, another
task with real-life contexts and implemented with immersive VR (Kourtesis et al.,
2021), even though the gamers went through its scenes more quickly. Zaidi and
collaborators (2018) suggest that the more ergonomic and naturalistic interfaces
of the HMD systems could diminish the effects of gaming background on
naturalistic VR tasks by making the paradigms easy to use for both gamers and
non-gamers. It can also be speculated that different types of tasks are probably
affected by gaming expertise to a different degree. Both EPELI and the VR-EAL
simulate everyday contexts and situations that do not require fast, immediate
actions to surprising events, whereas cognitive tasks that place heavy emphasis on
reaction time could be more influenced by gaming, especially fast-paced action
games (see Bediou et al., 2018). In terms of usability, the most critical finding was
that children with no regular gaming background also found it easy to learn the
controls in both FSD- and HMD-EPELI, and there were very few problems with
the control interfaces (see Table 18).

As brought up in the Introduction (see section 1.6.1), cybersickness can
compromise both the comfort of the participant and ecological validity. Very few
cybersickness symptoms were reported after the HMD version in Studies I-III
(Table 2). Including both HMD-EPELI and FSD-EPELI, Study IV found no
difference in cybersickness symptoms between the versions, and the reported
symptoms were very negligible for both. These findings are important, as they
suggest that regardless of the hardware, the self-paced tasks and naturalistic home
environment in EPELI do not induce adverse effects that could make the children
uncomfortable and affect the ecological validity (see Weech et al., 2019). Our
findings are in concordance with results showing that new HMDs produce only
negligible or no cybersickness symptoms (Kourtesis et al., 2019a). Based on adult
data, Kourtesis and collaborators (2019b) suggest that to avoid cybersickness
symptoms, the maximum duration of an immersive VR session should be between
55 and 70 minutes. The administration time of the full version of EPELI never
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exceeds 35 minutes if done non-stop and therefore clearly stays under that
recommendation.

In Study IV, different aspects of self-reported sense of presence were evaluated
for both EPELI versions (Table 18). For both versions, the answers of the children
to the questions regarding naturalness, involvement, consistency with the real
world and immersiveness of EPELI on the higher side of the scale (mean 4.39 or
more on the scale of 1—7). The naturalness of the moving mechanism was
evaluated somewhat less positively (mean 3.93 for the HMD and 3.74 for the FSD
version on the scale of 1—7), but actual interference from the control interface for
performing the tasks was reported to be low (mean 1.58 for the HMD and 1.55 for
the FSD version on the scale of 1—7). These results could be taken as an additional
support for the ecological validity in terms of verisimilitude, but the lack of a
reference point to which these values could be compared makes this interpretation
tentative. Kourtesis and collaborators (2021) compared adult participants’
evaluations of verisimilitude of the VR-EAL and paper-and-pencil tasks for
everyday life and found significantly higher ratings for the VR task as compared to
the paper-and-pencil tasks. It is reasonable to assume that the findings would be
similar in children and in other ecologically valid tasks such as EPELI. However,
this cannot be confirmed here as the children were not asked to make such
comparisons to any conventional paper-and-pencil tasks. The VR-EAL was also
evaluated more pleasant than the paper-and-pencil tasks (Kourtesis et al., 2021).
Likewise, the answers the children in Study IV gave to questions about feelings of
enthusiasm, how interesting the tasks seemed, and how much effort their put in
their performance were on the higher end of the scale (mean 4.56—6.25 on the
scale of 1-7).

The analysis regarding version differences in the sense of presence revealed
some interesting findings favoring the HMD version, which was evaluated as more
involving and more consistent with the real world than the FSD version. The
children also reported that in the HMD version, they were better able to
concentrate on the given tasks and the tasks seemed more interesting to them. In
direct comparison between the versions, HMD-EPELI was evaluated to be more
realistic and preferable (see section 4.5.2). The results are in line with previous
literature that has compared HMD- and FSD-based VR and found that the HMD
provokes a stronger sense of presence (see meta-analysis by Caroux, 2023), a
greater arousal of positive emotions (e.g., Tan et al., 2015; Pallavicini et al., 2018;
Pallavicini et al., 2019; Pallavicini & Pepe, 2019), and greater enjoyment/user
satisfaction (Chang et al., 2020; Shelstad et al., 2017) than the FSD.
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5.3.2 Reliability

Reflecting the accuracy of the given instrument, reliability is a key criterion for
any psychological measure, but it has not been reported for many of the new VR
tasks (e.g., Barnett et al., 2021; Chicchi Giglioli et al., 2021; Ouellet et al., 2018). In
this Dissertation, the internal consistency results in Study III provide the most
reliable evidence of EPELI’s reliability. From Study IV, the correlations between
the performances of the two EPELI versions (FSD/HMD) separated by a fairly
long delay (i.e., over seven months on average) provide preliminary estimates of
EPELT’s test-retest stability.

Six out of eight EPELI measures were found to have acceptable internal
consistency (Cronbach’s a = 0.70—0.88) when all 13 scenarios were used (Table
12). The average consistency for all eight EPELI measures was 0.71. If TBPM and
EBPM measures, which are included in Total score, are not accounted for
separately, the average consistency was 0.79. A similar level of internal
consistency (a = 0.79) was recently reported for the VR-EAL (Kourtesis et al.,
2021). Burgess and colleagues (2006) claim that function-led tests can be
psychometrically as robust as experimentally derived ones, and the findings
regarding the two VR tasks discussed here, EPELI and the VR-EAL, support this
argument. The only two measures in EPELI that failed to show acceptable internal
consistency were those dedicated to PM. For PM measures, a long inter-item
interval is often necessary, which limits the acquisition of a sufficient number of
datapoints (McDaniel & Einstein, 2007). This may be the reason why PM
measures sometimes fail to reach adequate reliability (see, e.g., Mioni et al., 2015).
Given that PM plays an important role in daily functioning of the individual
(Einstein and McDaniel, 2005; McDaniel & Einstein, 2007) and is important in
gaining autonomy and independence from caregivers (Cottini, 2023; Zuber et al.,
2019), future research should continue to pursue more reliable PM measures.

The internal consistency of possible shorter EPELI versions was also examined
by dropping out one task scenario at a time from the analyses (see Supplementary
Appendix B in Study III). It was found that already with approximately half of the
scenarios, the internal consistency was acceptable for some of the measures. For
example, a version with seven task scenarios instead of thirteen already yielded
acceptable internal consistency for the measures of Task efficacy, Controller
motion, and Total actions, while being considerably shorter. Interestingly, these
measures are the ones considered best for quantifying the ADHD symptom
dimensions of inattention, hyperactivity, and impulsivity (see section 5.2). Even
though children seem able to perform the full version without being affected by
cybersickness and report enjoying doing so, shorter versions can be beneficial for
time-constrained situations. As an example, a shorter version with six or seven
scenarios has later been developed to be used in clinical neuropsychological
evaluations.
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Internal consistency could further be improved based on the results of Study
III. For example, dropping out the scenario least consistent with the others
increases the Cronbach’s a of Total score from 0.70 to 0.73 while making the task
shorter. Also, replacing items that seem to be functioning worse than the others is
a standard procedure in the development of new test versions. Thus, the internal
consistency of EPELI may probably be improved by replacing some scenarios or
individual test items (i.e., subtasks) with new ones.

Regarding test-retest stability (section 4.5.5), all participants in Study IV
performed both FSD- and HMD-EPELI once separated by rather long delay, over
seven months on average. This interval is much longer than those used in many
studies that focus on test-retest stability (see, e.g., Calamia et al., 2013). This
should be considered when interpreting the results, because the test-retest
stability has been found to decrease when the test-retest interval becomes longer
(Duff, 2012), as the correlation may be affected not only by measurement error
but also by true change. Despite the slight differences in the two EPELI versions
and the long interval between the sessions, all EPELI measures except the number
of clock checks were correlated between the sessions (partial r = 0.31-0.54).
These findings can be compared to some earlier studies with shorter time intervals
and tasks of various complexity. Backx and others (2020) reported correlations (p
= 0.39-0.73) between laboratory and home sessions with one week interval with
several tasks from the Cambridge Neuropsychological Test Automated Battery.
Using a typical dual-task PM task Cruiser, Zuber and colleagues (2021) found
correlations between laboratory and home assessment sessions separated by one
week (r = 0.56—0.68) and between two laboratory sessions separated by the same
interval (r = 0.66—0.78). It has also been suggested that the complex nature of EF
tasks, which recruit multiple cognitive processes, makes them more prone to
performance variability compared to simpler tasks (Delis et al., 2004). Logically,
this should also apply for more complex PM tasks. In line with this, Mioni and
colleagues (2015) found varied correlations (r = 0.13—0.74) for somewhat more
complex PM task, the Virtual Week. These reference studies point out that test-
retest correlations can vary considerably based on task complexity, type of the
measure, and the environment (laboratory/home). Noteworthy, test-retest
stability of real-world versions of the MET has not yet been sufficiently studied
(Rotenberg et al., 2020), even though the original paradigm was developed over
30 years ago. This and the fact that EPELI measures were not correlated with the
BRIEF on the second assessment suggest that more research is needed on using
function-led tasks in repeated assessments (see also the discussion in section
5.1.2).

It should be noted that the test-retest correlations in Study IV were acquired
with two different versions (HMD/FSD) that are not identical. Furthermore, half
of the FSD version assessment were made remotely at home. To make more
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reliable test-retest stability estimates that would be comparable to earlier
literature, future studies should be pursued by using only one EPELI version at a
time in laboratory sessions separated by markedly shorter time interval (e.g., two
weeks). The test-retest findings reported here such be regarded as initial but have
the benefit of showing that almost all EPELI measures are correlated even across
two slightly different versions and such a long delay.

5.3.3 Distinctions between the HMD and FSD versions

The FSD version of EPELI was developed as an alternative to the HMD version
that would, given the prevalence of typical computers with FSDs, have the
potential to widen the paradigm’s scalability, reachability, and cost-effectiveness.
The results discussed above regarding usability attest to the applicability of both
versions. Furthermore, all eight EPELI measures were correlated between the
versions (partial r = 0.29—0.52; Table 20), which suggests that the FSD version
can be considered to tap the same phenomena as the original HMD version. There
were some small-sized effects that suggest that the FSD is slightly easier, and time
monitoring behavior seems to be different in the versions. These differences
between the versions raise some interesting questions that are discussed next.
Regarding task performance, the children achieved higher Total and TBPM
scores and Task efficacies in the FSD version (Table 17 and Figure 13). Some
previous studies have found that even though the HMD may promote a higher
sense of presence, the FSD can lead to better performance (Barrett et al., 2022;
Makransky et al., 2019). This leads to interesting questions about the effect of
immersiveness to task performance. It should be noted that in EPELI, the task
instructions are given orally and in a similar way in both versions. The children
can look around (but not walk around) while listening to the instructions and may
be more tempted to do so with the HMD version, which is evaluated to be more
involving. Thus, when using the HMD version, the children may focus less on
listening to the instructions and more on irrelevant but appealing visual stimuli.
Similarly, during the subsequent execution phase, the more immersive experience
of the HMD version could lead them to be more distracted by the irrelevant
stimuli. Therefore, a reasonable explanation for these inter-version differences is
that the higher immersiveness of the HMD version may make children to be more
distracted from the task at hand, which leads to a slightly worse performance.
Based on eye tracking findings, Barrett and colleagues (2022) argue that simply
looking around could be more fun with the HMD as compared to the FSD, which
supports the explanation offered above. This explanation aligns with previous
research, which demonstrates that children with ADHD, as well as typically
developing children, exhibit longer reaction times (Negut et al., 2017; Pollak et al.,
2010) and omission errors (Pollak et al., 2010) with an HMD version of the CPT
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compared to an FSD version of the same task. A potential lack of motivation is
unlikely to explain the better performance in the FSD version, as the children
reported the tasks as more interesting after the HMD version, and there was no
difference in reported effort between the versions. The control interface is
different in the two versions, but for several reasons, this is unlikely to cause the
performance differences. First, most of the children evaluated the HMD version to
be the easier to play, and in general, very few problems were reported regarding
the control devices with no differences between the versions. Second, no quick
actions or particularly skillful use of the controls are needed to perform well in
EPELI, as the task does not place heavy time pressure on the participant. There is
enough time to perform all required actions even at a relaxed pace if one keeps
focused on the given tasks and avoids getting distracted by the environment.
Third, it was ensured that all children had sufficient time to familiarize themselves
with the controls during the demo section of each EPELI version and use them
with ease afterwards.

The differences between the HMD and FSD versions were particularly clear in
time monitoring. The number of clock checks in the FSD version were almost
twice the number of those during the HMD version, indicating a large-sized effect.
This finding could be attributed to at least three separate phenomena. First, a
potential higher visual load with the HMD due to a larger FOV could cause less
cognitive resources to be available for time monitoring in that version. This
potential explanation is compatible with previous research showing that
increasing the difficulty of the ongoing task in a PM dual task can result in less
active time monitoring (e.g., Khan et al., 2008). Second, in the FSD version, a
white circle where the watch appears is also displayed when the time is not shown.
This may serve as an additional time monitoring cue compared to the HMD
version. Third, in the FSD version the time can be checked with a single click,
whereas in the HMD version, the participant needs to raise or rotate the arm
slightly and turn the head towards the hand controller to do so. This could reduce
the tendency to actively monitor the time. These three possible accounts do not
rule each other out and may all play some role behind the differences in checking
the time in the two versions. To disentangle their distinctive influences, further
EPELI variations, such as an FSD version that does not have a white circle on the
screen as a constant potential reminder about time monitoring, could be
implemented in forthcoming studies.

To evaluate the potential of FSD-EPELI for remote use, one should consider
the FSD-EPELI results between the groups who performed the task either at the
laboratory supervised by a researcher or at home supported by a parent. Between
these two groups, no differences were found either in EPELI task performance or
subjective presence ratings (see Supplementary Tables S2 and S3 in Study IV). To
summarize, Study IV shows that remote home testing with FSD-EPELI has the

94



potential to produce similar results than laboratory-based measurements with
HMD-EPELI. Therefore, the FSD version can improve scalability, reachability,
and cost-effectiveness of EPELI without compromising the quality of the results.
At the same time, the HMD version was found to be more immersive and it
permits the measurement of additional behavioral features like head and eye
movements.

5.4 Theoretical comparisons with other tasks

Earlier function-led paradigms have inspired the development of EPELI, and
some other tasks, such as the CPT and various PM paradigms, provide comparison
points for it. Hence, it is fruitful not only to examine the statistical associations
between them, but also to consider differences in task structure, amount of and
role played by the stimuli, and possible behavioral responses in EPELI and the
other paradigms.

Compared to function-led paradigms like the MET that are executed in real-life
environments or with real-life objects (cf. Shallice & Burgess, 1991, Chevignard et
al., 2010), VR implementation gives EPELI the benefit of an environment that can
be meticulously controlled and in which behavior can be measured with the
utmost accuracy. As a downside, even the more immersive HMD version of EPELI
can be seen as being less ecologically valid in terms of verisimilitude than these
real-life tasks, where, for example, object manipulation and moving around is
accomplished with natural physical movements. However, VR has the benefit that
it allows very different situations and places to be simulated in a short time
without the need to move between any actual real-locations or rearrange contents
in the physical environment. The scenarios simulated in EPELI comprise a set of
various everyday events and, even though all happen in the same home
environment, most of the objects need to be changed between the scenarios as
different items are present in different everyday situations. Changing these
contents between scenarios could be very laborious to implement using only
physical objects, whereas in VR, it happens automatically based on previously
planned programming. Introducing some of the distractions could also be very
challenging. For example, it is not very probable that an annoying fly that follows
the participant could be reliably implemented without digital technology. For
adults, there exist several VR-based tasks that have taken inspiration from the
original MET (see section 1.6.3), and these tests naturally share the benefits of VR
with EPELL

Some special consideration should also be given to the differences between the
CPT and EPELI. In Study I, we observed similar discriminative validity, that is,
the capacity to classify children into the ADHD and control groups, for EPELI and
the CPT. Thus, even though the CPT is a simple paradigm consisting of
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responding with one button to the stream of stimuli and is therefore far distant
from the richness and variety of everyday situations, it seems to match the current
first version of EPELI in providing discriminative validity for ADHD and to
capture some core behavioral phenomenon in ADHD. Thus, it could be argued
that, at least for this diagnosis, the CPT provides similar ecological validity in
terms of veridicality, even though it does not match EPELI in verisimilitude. The
relationship between the CPT and ADHD has been studied extensively (Albrecht
et al., 2015). Several CPT versions are available, both for FSDs (see Gualtieri &
Johnson, 2005) and immersive HMD-VR (e.g., Rizzo et al., 20009; Iriarte et al.,
2016; Climent et al., 2021), making the paradigm more accessible to researchers
and clinicians than EPELI for the time being. It is argued here that both tasks
have their distinctive strengths and weaknesses, which makes them suited for
different applications. These relative pros and cons rise from several key
differences between the tasks. First, in the CPT, the task is externally paced — that
is, the stimuli are presented at a predesigned rate that the participant cannot
control. In EPELI, the participant is free to proceed at his own pace, and only the
timing of a few events is fixed (i.e., the cues for EBPM tasks). Second, whereas in
the CPT the participant needs only to push a single button after each target
stimulus, in EPELI he needs to move around the environment that consists of
several rooms and manipulate objects to achieve the given goals. Third, only in
EPELI is the participant required to keep track of time while performing the other
tasks, in order to perform the time-based task at a given moment. Fourth, whereas
the target stimuli in different CPT paradigms belong to some fairly restricted
category (e.g., letters, small set of pictures that appear on a whiteboard, single
words), in EPELI the target stimuli and cues are more varied and include, for
example, inanimate objects of various sizes, animated objects with sounds, such as
a TV or a running tap, and unanimated objects with sounds, such as a door buzzer,
a radio, and a washing machine with an alarm sound. Fifth, EPELI alternates
between phases of listening to task instructions and executing them, whereas a
typical CPT paradigm is characterized by a short training phase followed by a
longer (e.g., 14 minutes) and monotonous execution phase. Because of these
differences, EPELI may provide a richer and more heterogenous sample of
everyday behavioral responses, which increases its representativeness
(verisimilitude) as regards everyday functions (see Burgess et al., 2006). These
rich data could also make EPELI particularly well-suited for some machine
learning techniques that have been advocated for a data-driven approach (e.g.,
Vélez, 2021) and developing more efficient techniques in analyzing the results of
psychological experiments (e.g., Orru et al., 2020). On the other hand, the CPT
has the benefit of providing a stringent sample of participant responses to target
and non-target stimuli, which could possibly result in more reliable sampling of
some behavioral metrics, such as reaction time. This could be beneficial, for
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example, in screening concussion-related cognitive symptoms (see, e.g., Lecci et
al., 2021). Many of the differences between the CPT and EPELI remain to be
studied. For example, in Study II, eye movement metrics were successfully used to
improve the classification capacity of EPELI from that obtained with the
behavioral EPELI measures. The eye movement metric from the compared visual
search task, Shoot the Target, failed to match the discrimination accuracy of
EPELI, but this does not rule out the possibility that the eye movement metrics
derived during the CPT would fail to do so. This option could be studied to
determine whether the excellent classification capability obtained with eye
tracking during EPELI is more due to characteristics of the task or simply reflects
the measurement method (eye tracking instead of behavioral measures such as the
number of actions). As there are already several excellent VR-based versions of the
CPT (see 1.6.4), such a comparison would be easy to make.

To summarize, even though direct comparisons can be made between EPELI
and the CPT variants in some respects, like classification capacity, the distinct
characteristics of the tasks make them complementary rather than ruling each
other out. It is noteworthy that the studies in this Dissertation represent the first
implementation of EPELI, whereas the introduction of the CPT happened almost
70 years ago (Rosvold et al., 1956) and has been followed by many developments
and iterations. It is likely that further iterations of EPELI will prove to be better
than the first in numerous aspects, and other function-led VR tasks are bound to
extend the possibilities of EPELI in many ways.

EPELI can also be compared to the features of typical PM tasks (Burgess et al.,
2002) and popular dual-task paradigm tasks like the Cruiser (Kliegel et al., 2013)
that was included in Study I. First, like in typical PM tasks, in EPELI the given
tasks cannot be fulfilled immediately. However, the delay between any given
instruction and the moment it should be executed is less than two minutes, as the
instructions last around 30 seconds and the subsequent execution phase a
maximum of 90 seconds. Most PM dual-task paradigms include a filler task
between the instructions and the first occasion to perform the given PM task,
which lengthens the delay. As a typical example, the filler task of the Cruiser task
in Zuber and colleagues (2019) lasted three minutes. Second, the ongoing task
prevents continuous rehearsal of the PM task in PM paradigms. This can be
likened to what happens in EPELI since, as the participant needs to perform a set
of tasks in each scenario, there is no idle time that could be used to memorize the
later tasks. Whereas in typical PM paradigms the intention cue does not interfere
with the ongoing task, in EPELI all tasks are embedded in the same environment
and performing one task can provide cues for the remaining tasks (e.g., seeing a
TV to be turned off while cleaning the living room). Third, while typical PM
paradigms do not provide feedback about the PM performance, in EPELI the
participant sees an animation and hears a sound that signals the successful
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performance of a given task. This was implemented to make it unambiguous
whether a given task had been correctly performed, which may not always be clear
in VR environments. Furthermore, during the task development some children
spontaneously commented that this animation and sound were motivating. These
comparisons show that EPELI resembles dual-task PM tasks in some respects, but
is more proximal to complex PM tasks, such as the Six Element Test (Shallice &
Burgess, 1991; for PM use see Burgess et al., 2000; Kliegel et al., 2004) and HEXE
(Kliegel et al., 2006).

In one important respect, EPELI is quite different from most conventional
neuropsychological tasks: most stimuli in EPELI are irrelevant to the tasks at
hand and have the potential to distract the participant. In contrast, many
conventional neuropsychological tasks, including those employed in the studies of
this Thesis (see section 3.3), mostly contain only stimuli that are relevant to the
given tasks. In this sense, EPELI converges much more closely to the demands of
everyday life situations that often require us to ignore a great deal of irrelevant
stimuli.

5.5 Future directions

After the first EPELI versions used here, several new developments have already
taken place. For instance, an adult version has been developed (Jylkka et al.,
2023b) and applied to study ADHD (Jylkkd et al., 2023a) and spontaneous
memory strategies in adults (Kangas, 2023; Laine et al., 2023). Another EPELI
version that can be used during magnetic resonance imaging has been used to
study brain activation during this naturalistic task (Kantonistov, 2023;
Tauriainen, 2022). The current children’s version has also been applied to study
irrelevant behavior (Kasteenpohja, 2023), intraindividual fluctuations of attention
(Erdaste, 2022), and further ADHD-related phenomena (Puhakka, 2021).
Importantly, EPELI has also been piloted in clinical use by at least 15
neuropsychologists in Helsinki University Hospital. Naturally, this transition of
new methodology to the clinic is essential for realizing the potential of function-
led VR assessments in clinical use (see Parsons et al., 2017). The rationale for
pursuing function-led task development for the assessment of goal-directed
behavior and the findings of this Dissertation suggest directions for further
research. Some of these possibilities are discussed next.

Naturalistic tasks like EPELI, which let the participant interact freely with a
stimulus-rich environment and call for multiple objectives to be met, produce data
with many possibilities for the operationalization of new measures. In this Thesis,
the operationalized measures were mostly quite straightforward, such as the total
number of correctly performed subtasks or actions during the whole test. In Study
I, the variability of the EPELI measures used in that study were also examined,
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and in Study II, eye movement behavior was quantified. Further research should
continue to explore how to derive different kinds of potentially informative
behavioral correlates from the rich EPELI data. For instance, multivariate
methods and machine learning techniques could be applied for this purpose (e.g.,
Orru et al., 2020; Vélez, 2021). The further machine learning applications include,
for example, using convolutional neural networks with visual data (see, e.g., Jha et
al., 2023). Machine learning was already used in Study II by using SVMs with
EPELI data to enhance the classification accuracy of the task for discriminating
ADHD and typically developing children. Some further areas to cover could be to
apply similar methods to other clinical groups such as autism spectrum disorder,
to study intraindividual variability in greater detail, and to investigate walking
trajectories. The effect of spontaneous memory strategies on EPELI performance
has already been examined in adults (Laine et al., 2023), and the same should be
attempted with children. It should be noted that even though EPELI is considered
to quantify goal-directed behavior, none of the EPELI measures is taken to
present a “pure” index of a single underlying cognitive construct, such as EF or
PM. As already described in the introduction (see section 1.2.1), naturalistic tasks
have been acknowledged to recruit both EF and PM, as close relationships
between the performance measures of the two constructs have been identified
(e.g., Groot et al., 2002; Kliegel et al., 2003; McDaniel et al., 1999). Each EPELI
scenario consists of an encoding and an execution phase that differ in eye
movement behavior (see Figure 11) and brain activity (Tauriainen, 2022). Further
work should be devoted to developing measures that take advantage of the
differences between these two phases.

As it is important to validate function-led measures against measures of ability
in the real world (Burgess et al., 2006), more research should be conducted to do
so with EPELI. As ratings are subjective and include measurement errors, using
multiple respondents could be useful to maximize the accuracy of the
benchmarking evaluation. In this Thesis, only the parent reports were used, partly
because the onset of the COVID-19 pandemic placed heavy demands on the
schools and thus the collection of teacher reports was stopped during Study I. In
future, asking not only the parent or legal guardian but also the teacher and the
child him/herself to fill in ratings for EF and PM could provide the best
benchmark of ecological validity for EPELI. Interestingly, the BRIEF manual
states that in the normative sample, the correlation between the parent and
teacher reports is rather low (r = .34) compared to the test-retest correlations for
each report (r = .86 and .91; Gioia et al., 2000). This suggests that the associations
between EPELI and the BRIEF could be substantially different depending on the
respondent. In addition, future studies should include larger data sets, which
would allow more fine-grained analysis, such as examining the associations
between EPELI and the individual BRIEF subscales.
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Even though a naturalistic function-led task like EPELI may provide
opportunities to sample aspects of goal-directed behavior not accessible by
simplified construct-driven tasks, it is far from reasonable to rationalize that any
single task would prove to be indicative of the whole array of difficulties that
individuals encounter while pursuing their goals in everyday life. Instead, several
tasks that simulate different environments and functions should be developed
(Burgess et al., 2006; Parsons et al., 2017). As both research test batteries and
clinical assessments face practical time constraints, the function-led tasks should
be compared against each other to see which combination of tasks would be the
most informative in each situation. As EPELI has now proven to be a successful
VR tool for quantifying goal-directed behavior in children, further modifications
should be attempted. One important addition would be to include scenarios with
less precise instructions. EF and therefore goal-directed behavior can be difficult
to fully assess with conventional performance-based measures in a typical
neuropsychological setting because of the structured nature of the tests and
testing situation (see Cripe, 1996). While in the current version of EPELI, the child
is given a precise list of tasks to be done, giving less specific instructions, such as
“Next, you should tidy up your room”, would place greater emphasis on the child’s
ability to plan and initiate his/her actions, which are obviously important aspects
of goal-directed behavior. Of course, such even more open-ended tasks face the
challenge of how to objectively quantify the success of task execution. Given the
importance of the ability to engage in goal-directed behavior for everyday life and
the limitations encountered in its measurement, this challenge may be worth
accepting.

From the clinical point of view, one of the greatest assets of EPELI and other
function-led measures comes from their resemblance to the everyday situations of
interest (see Burgess et al., 2006). This means that instead of first performing a
neuropsychological task to measure some hypothetical cognitive construct, for
example, quantifying working memory by using the respective tasks from the
WISC-IV test battery, then scoring and interpreting the results, and finally
explaining to the child and the parents what working memory is, how it could be
related to the everyday situations of that particular individual, and what kind of
compensatory strategies could be tried, the clinician can simply point to concrete
performances observed by both the child and clinician in a life-like task and
suggest ways in which possible problems could be better overcome. Furthermore,
the children may find it easier to describe their own behavior and strategies in
executing a goal-directed task when they are doing one, instead of asking them to
imagine and explain what could happen in a situation where they are preparing to
go to school but fail to do so in time or at all. These qualities of function-led tasks
could prove to be particularly beneficial in rehabilitation settings.
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5.6 Conclusion

This Dissertation describes the development process and reports key
psychometric qualities of a new function-led task, EPELI. To our knowledge,
EPELI is the first HMD-based task for school-aged children that quantifies their
goal-directed behavior and ADHD symptoms in open-ended everyday scenarios. It
provides rich, well-controlled and objective data about these behaviors and
symptoms and can be considered an ecologically valid research tool with adequate
to excellent psychometric qualities. In clinical settings, it can be used to
complement questionnaires and interview that are influenced by subjective bias.
Furthermore, EPELI could potentially facilitate communication with the child,
parents and teachers about possible difficulties in these areas, as it allows these
problems to be replicated in simulated, observable settings. In all, the findings of
this Thesis display the possibilities of function-led VR tasks for the study of
human behavior (see Parsons, 2017) and suggest that such tasks may also have
remarkable potential in the study of many other neuropsychiatric conditions
besides ADHD, and in other simulated contexts than the home environment.
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