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ABSTRACT KEYWORDS
Nowadays, there is a broad range of methods for detecting and evaluating executive dysfunction rang- Ecological validity; executive
ing from clinical interview to neuropsychological evaluation. Nevertheless, a critical issue of these assess- function; Information and

Communications

ments is the lack of correspondence of the neuropsychological test’s results with real-world functioning. Technologies; neuropsycho-

This paper proposes serious games as a new framework to improve the neuropsychological assessment logi R
s X . N L gical assessment; real

of real-world functioning. We briefly discuss the contribution and limitations of current methods of world functioning; serious

evaluation of executive dysfunction (paper-and-pencil tests, naturalistic observation methods, and game

Information and Communications Technologies) to inform on daily life functioning. Then, we analyze

what are the limitations of these methods to predict real-world performance: (1) A lack of appropriate

instruments to investigate the complexity of real-world functioning, (2) the vast majority of neuro-

psychological tests assess well-structured tasks, and (3) measurement of behaviors are based on simplis-

tic data collection and statistical analysis. This work shows how serious games offer an opportunity to

develop more efficient tools to detect executive dysfunction in everyday life contexts. Serious games

provide meaningful narrative stories and virtual or real environments that immerse the user in natural

and social environments with social interactions. In those highly interactive game environments, the

player needs to adapt his/her behavioral performance to novel and ill-structured tasks which are suited

for collecting user interaction evidence. Serious games offer a novel opportunity to develop better tools

to improve diagnosis of the executive dysfunction in everyday life contexts. However, more research is

still needed to implement serious games in everyday clinical practice.

Introduction human behavior, processes that underlie goal-directed behav-

) ) . . iors (Best & Miller, 2010; Burgess et al., 2006; Chan et al,
Nowadays, there are different views of executive functions 2008; Chaytor et al., 2006; Gioia & Isquith, 2004; Manchester
(EF), but it is common to refer to it as an “umbrella concept” ¢t a1 2004). EF is a skill essential for physical and mental
due to the multidimensionality of its nature (Goldstein et al., health; success in life (school) work) famlly)’ and Cognitive)
2014). EF is one of the most complex cognitive domains of social, and psychological development (Diamond, 2020, 2013).
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Some authors define EF mainly centered in the cognitive
process involved, such as self-monitoring, task-setting, work-
ing memory, problem solving, and planning (Burgess, 2004).
Although EF as a neuropsychological construct has long
been considered a unitary, general purpose higher-order
ability, most authors proposed that it is more accurately
characterized as a collection of three core processes: inhib-
ition, working memory, and cognitive flexibility (e.g., Lehto
et al, 2003, Miyake et al., 2000; McAlister et al, 2016).
From these, higher-order EF are built, such as problem-
solving, reasoning, and planning (Collins & Koechlin, 2012,
Lunt et al., 2012).

However, other authors have proposed that EF also refers
to the ability to monitor and modulate emotion and behav-
ior include in EF both cognitive processes (the cold compo-
nent of EF) and self-regulation of behavior (the hot
component of EF) (Chan et al., 2008; Stuss, 2011). As stated
by Lezak (1995) “EF refer to a collection of interrelated cog-
nitive and behavioral skills that are responsible for purpose-
ful, goal-directed activity, and include the highest level of
human functioning, such as intellect, thought, self-control,
and social interaction.”

In practical terms, EF acts when the person needs to take
an active position in controlling their behavior, going from
automatic processing to the formulation planning, and exe-
cution of objectives (Stuss, 2009). EF comprises a wide range
of cognitive subdomains and behavioral competencies, such
as cognitive flexibility, the ability to move from one task to
another (“shifting”), the inhibition of automatic responses
not appropriate to the context, the ability to keep in mind
the information necessary to carry out the ongoing actions,
the ability to modify behavior to adapt to the context,
multitasking, problem-solving, resistance to interference, self-
awareness, metacognition, and the capacity to address novelty
(Burgess et al., 2000; Chan et al., 2008), among others.

This manuscript will consider EF in this wide meaning
(cognitive processes and self-regulation) because it is now
well-established that EF depends on multiple and distributed
systems (Duncan et al., 2020).

Executive dysfunction is defined as impairment of EF.
However, there is a trend to use the term “executive dys-
function,” a psychological construct, and “frontal lobe dys-
function,” an anatomical syndrome, as two interchangeably
concepts, leading to a conceptual confusion (Stuss, 2011). In
this paper, we use the concept “executive dysfunction” as a
psychological construct.

In neuropsychiatric disorders, executive dysfunction has
been described as the main factor associated with functional
impairment, which is manifested as problems with managing
daily routine or emotional lability. Executive dysfunction is
experienced by persons with brain disorders independently of
the cause of their disease (Cieza et al., 2015; Sabariego et al.,
2015; Slachevsky et al.,, 2009). Moreover, functional impair-
ment due to executive dysfunction is observed in neurological
disorders (Royall et al., 2002; Sabariego et al., 2015), such
as brain tumor (Robinson et al, 2014), traumatic brain
injury (Karr et al, 2014), cerebrovascular disease (Hua
et al., 2014), Parkinson disease (Gasca-Salas et al., 2014),

Multiple sclerosis (Phillips et al., 2014), Tourette syndrome
(Eddy et al, 2012), attention-deficit/hyperactivity disorders
(Sebastian et al., 2014), and dementia (Marshall et al., 2011;
Moheb et al.,, 2017), but also in psychiatric disorders, for
example, schizophrenia (Xu et al., 2014), or obsessive-com-
pulsive disorder (Nakao et al., 2014), among others.
Moreover, a shared set of functional impairments and envir-
onmental factors experienced across different brain disor-
ders has been proposed as the hypothesis of the so-called
medical “horizontal epidemiology” by the European
PARADISE consortium (Cieza et al., 2015). This hypothesis
suggests that functional impairment and environmental fac-
tors are shared by nine brain disorders (epilepsy, migraine,
multiple sclerosis, Parkinson disease, stroke, dementia,
schizophrenia, substance dependence), which are assessed
by the use of an extensive protocol in the different
European populations (Cieza et al., 2015).

Therefore, regardless of the pathology that produces it,
executive dysfunction might cause people to be significantly
affected in their ability to manage themselves in their daily
context effectively. Thus, an adequate assessment of execu-
tive dysfunction might be a good predictor and indicator of
the functional impairment (Adamit et al., 2015; Garrett
et al, 2019; Romero-Ayuso et al.,, 2019), regardless of age
(Chan et al,, 2008; Hosenbocus & Chahal, 2012) or the
severity of the underlying disease (McDonald et al.,, 2002).
Even though there is a substantial number of EF assessment
methods, there is consensus that there are numerous limita-
tions and barriers to effectively predicting functional impact
(Burgess, 1997; Burgess et al., 2006). As we will show in the
manuscript, three main challenges remain in the assessment
of the real-world functioning: (i) there is a lack of appropri-
ate instruments to investigate the complexity of real-world
functioning (Schmitter-Edgecombe &  Arrotta, 2022),
because EF are usually assessed as an isolated cognitive
domain disconnected from the social and intersubjective
context (content of evaluation). (ii) most EF tests assess
tasks with clearly specified criteria. This contrasts with re al-
world situations, which typically lack well-defined criteria
for evaluating whether the goal has been met (task struc-
ture). (iii) measurements of behaviors are based on simplis-
tic data collection and statistical analysis (measurement of
performance).

To address the challenges in the assessment of real-world
performance, this paper proposes serious games as a new
framework to improve the detection of real-world function-
ing caused by executive dysfunction. Thus, we show three
topics consecutively in the manuscript: First, we will briefly
review the current methods of evaluation of executive dys-
function. Second, we will describe the main limitations of
these methods to predict real-world performance (content of
evaluation, task structure, and measurement of perform-
ance). Finally, we will show how the use of Information and
Communication Technologies (ICT), and more specifically,
the use of serious games based on screen-based simulations,
offer a novel opportunity to develop better tools to improve
the diagnosis of executive dysfunction in everyday life con-
texts. Serious games provide meaningful narrative stories



Table 1. Tests to detect executive dysfunction.
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Paper-and-pencil tests

Naturalistic observation ICT

Test based on specific cognitive domains:
Rey Complex Figure Test (Osterrieth, 1944)
Rivermead Behavioral Memory Test (Wilson et al.,

Burgess, 1991)

Test of Everyday Attention (Manly et al., 2001)
Wisconsin Card Sorting Test (WCST) (Axelrod et al.,

Trail Making Test (TMT) (Reitan, 1958)

Neuropsychological batteries:

Wechsler Adult Intelligence Scale (WAIS) (Wechsler,
1939)

Luria-Nebraska Battery (Golden et al., 1985)

Questionnaires:

Behavioral Assessment of the Dysexecutive
Syndrome (Wilson et al., 1996).

Behavioral Dysexecutive Syndrome Inventory (BDSI)
(Godefroy et al., 2010)

The Neuropsychiatric Inventory (NPI) (Cummings
et al,, 1994)

(Keitll et al., 1987).

Multiple Errands Test (MET) (Shallice &

Executive Function Route-finding Task (EFRT)

1985) (Boyd & Sautter, 1993)

Executive Function Performance Test (EFPT) 2006)
(Baum et al., 2008; Weiner et al., 2012)

1996) Functional Independence Measure (FIM)

Computer-based neuropsychological assessment:
Tower of Hanoi (Mataix-Cols & Bartrés-Faz, 2002)
The Category Test (Choca & Morris, 1992)

Raven Progressive Matrices Test (Williams & McCord,

CANTAB (Sahakian & Owen, 1992)

Virtual reality:

V-Store (Lo Priore et al., 2003)

Virtual Action Planning-Supermarket (VAP-S) (Klinger
et al., 2004)

Virtual Mall (Rand et al., 2005)

Virtual MET (Rand et al., 2009)

Serious games:

Virtual Reality Grocery (V-Store) (Levy et al., 2019)

The multitasking in the city test (MCT) (Jovanovski,
Zakzanis, Campbell, et al., 2012; Jovanovski,
Zakzanis, Ruttan, et al,, 2012)

Non-immersive Virtual Coffee task (NI-VCT) (Besnard
et al.,, 2016).

and virtual or real environments that involve the user in
goal-directed actions in natural and social environments
with social interactions (Przybylski et al, 2010). Serious
games allow the creation of interactive social contexts more
naturalistic and close to every life situation, generating an
atmosphere as if the person is in the intersubjective social
world (Poulin et al., 2013).

Current assessment of executive function

Nowadays, there are different proposals for evaluating EF
associated with real-world functioning (Chan et al, 2008;
Verdejo-Garcia & Bechara, 2010), making it clear that there
is no single instrument for this purpose. The assessment
methods of executive dysfunction are the clinical interview
and the traditional neuropsychological assessment.
Currently, these two methods are the most informative to
determine cognitive and behavioral sequelae of brain dis-
eases (Bigler, 2016), given that brain imaging studies, by
themselves, show a minimum value when predicting such
deficits in the clinical context at the individual level
(Slachevsky et al., 2009; Slachevsky et al., 2022). For this art-
icle, we are going to focus on neuropsychological assessment
only (Table 1 summarizes some of the main evaluations of
executive dysfunction).

Over time, the neuropsychological assessment of execu-
tive dysfunction has evolved into three different main
methods.

i. The first method, and probably the most used, is the
paper-and-pencil tests, and there are numerous spe-
cially designed for the evaluation of EF. While some of
them are intended to measure a single subdomain of
EF, other ones seek to measure several aspects of this
cognitive area (Burgess, 2004). Although clinicians
widely use them, paper-and-pencil tests are not exempt
from limitations. Firstly, this assessment requires the
physical presence of an expert evaluator (Brearly et al,,
2017; Valladares-Rodriguez et al., 2016), restricting
access to neuropsychological services depending on the

country’s health system (Adjorlolo, 2016; Jacobsen
et al., 2003). Another critical issue is that the ecological
validity of these tests to detect real-world performance
could be improved (Chaytor & Schmitter-Edgecombe,
2003; Marcotte & Grant, 2009; Sbordone, 1996;
Sbordone et al, 1998; Sharma et al., 2014). For
instance, it was found that the performance of EF tests
(i.e., Wisconsin Card Sorting Test, Trail Making Test,
Stroop, and Controlled Oral Word Association Test)
accounted for 18-37% of the variance in daily life
activities (McAlister et al., 2016; Schmitter-Edgecombe
& Burr, 2006). Despite these associations, a large pro-
portion of variance in functional outcomes is still not
explained by performances in these cognitive tasks
showing that they present a limited capacity to predict
daily functioning (McAlister et al., 2016). For instance,
some people with significant cognitive impairment
maintain a good level of real-world functioning, while
others with less cognitive impairment are more func-
tionally disabled. Thus, there is clear that the ability to
function in one’s environment is determined by non-
cognitive factors (e.g., social, physical, environmental),
which contribute to the maintenance of real-world
functioning (Tomaszewski Farias et al, 2020). It is
important to highlight that real-world functioning
requires other than cognitive and emotional functions,
physical or sensory functions, among others, are
needed for everyday life functioning and achieve a
comprehensive evaluation in real-life contexts.

To overcome this limitation in the paper-and-pencil
tests, it has been proposed to apply instruments with
ecological validity, which means that the neuropsycho-
logical test can predict the behavioral outcomes in real
life (Franzen & Wilhelm, 1996). In recent decades,
neuropsychology has advanced with two fundamental
strategies in developing ecologically valid evaluation:
veridicality and verisimilitude (Franzen & Wilhelm,
1996). The veridicality approach suggests that the EF
tests, which were not designed from an ecological
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perspective, are valid measures to predict the functional
capacity of the subject in their daily lives (Franzen &
Wilhelm, 1996). To do this, they study the correspond-
ence established between these tests and tools that
assess functional aspects of daily life. The verisimilitude
approach [also referred to as “representativeness”
(Kvavilashvili & Ellis, 2004)] claims that the degree of
cognitive demand of a test must reproduce the cogni-
tive demand that the subject performs in the activities
that he develops in his day to day (Chaytor &
Schmitter-Edgecombe, 2003). Although it is generally
assumed that the tests based on the verisimilitude
approach have higher face validity than those tests
based on a veridicality approach (Zartman et al., 2013),
recent research has demonstrated that they do not
necessarily have a greater ability to predict functional
independence (Ziemnik & Suchy, 2019).

Subsequently, instruments were developed based on nat-
uralistic observation, which consists of an observational
assessment while the patient performs specific daily life
activities. Some of these are the Multiple Errands Test
(MET) (Shallice & Burgess, 1991), the Executive
Function Route-finding Task (EFRT) (Boyd & Sautter,
1993), the Executive Function Performance Test (EFPT)
(Baum et al, 2008; Weiner et al, 2012), and the
Functional Independence Measure (FIM) (Keitll et al,
1987). This assessment method is generally developed in
facilities specially designed to simulate real environments
(Giovannetti et al., 2002) and focused on measuring the
participant’s activity and participation level rather than
their impairment level (Poulin et al., 2013). These real-
life assessments have been shown to be more accurate
than assessments developed in laboratory settings
(Burgess et al, 2006; Rand et al, 2009). Nevertheless,
they present some limitations, such as that they are time-
consuming and it is challenging to obtain standardized
measures among administration centers (Chevignard
et al., 2000; Fortin et al., 2003).

Finally, with the explosive growth of Information and
Communication Technologies (ICT), evaluations based
on ICT have emerged as a new method to overcome the
inherent limits of traditional neuropsychological assess-
ment (Burgess et al., 2006). The use of ICTs has become
an innovative methodology, which has been termed the
“Neuropsychological Evaluation 3.0” (Parsons, 2016).
Nowadays, there are three primary assessment methods
based on ICTs: Computer-based neuropsychological
assessment; virtual reality; and serious games.

iiia. Computer-based neuropsychological assessment:
This is an assessment procedure similar to the
paper-and-pencil tests but administered by compu-
tational support. This method focuses on identify-
ing impairments in complex cognitive and
behavioral abilities, such as memory, EF, and activ-
ities of daily living (Edwards et al, 2014). Some
examples of computerized versions applied to assess
EF are the Tower of Hanoi (Mataix-Cols & Bartrés-

iiib.

iiic.

Faz, 2002), the Category Test (Choca & Morris,
1992), the Raven Progressive Matrices Test
(Williams & McCord, 2006), and the CANTAB
(Sahakian & Owen, 1992), which have shown a
high correlation in administration times and scores
obtained compared to paper and pencil tests
(Choca & Morris, 1992; Hoskins et al., 2010;
Mataix-Cols & Bartrés-Faz, 2002; Sahakian &
Owen, 1992; Schatz & Browndyke, 2002; Williams
& McCord, 2006). Since most computerized neuro-
psychological tests just automate construct-driven
paper-and-pencil assessments, they show similar
limitations to predict a person’s real-world func-
tioning (Parsons, 2016).

Virtual reality (VR): This is a technological assess-
ment that simulates real-life situations with the
potential to have higher ecological validity (Parsey
& Schmitter-Edgecombe, 2013; Parsons, 2011). This
evaluation allows the user to immerse themselves in
interactive three-dimensional environments that
reproduce natural environments and situations that
directly measure the functional limitations caused
by neuropsychological impairments. For example,
some of the tasks that have been used to detect
executive dysfunction associated with a functional
impairment through VR are: to perform an errand
task in a three-floor building (McGeorge et al,
2001), to buy fruit in a store(V-Store) (Lo Priore
et al,, 2003), to make a purchase in a supermarket
(VAP-S, VMall, VMET) (Klinger et al., 2004; Rand
et al,, 2005; Rand et al., 2009), to prepare soup in a
kitchen setting (Zhang et al., 2001), and the devel-
opment of different tasks both in the house and the
city (Kourtesis et al., 2020), among others. The per-
formance on VR is significantly associated with
computerized and pencil-paper assessments (e.g.,
Armstrong et al., 2013). Limitations of VR to pre-
dict real-world functioning will be reviewed in
“Future perspectives: the opportunity of serious
games.”

Serious games (SG): A third alternative for
assessing executive dysfunction through the ICTs
is the use of serious games. SG are defined as
specialized digital games whose main purpose is
not entertainment (Michael & Chen, 2005; Robert
et al, 2014). At present, the use of SG for pur-
poses other than mere enjoyment has been well-
received in the field of rehabilitation
(Legouverneur et al., 2011; Manera et al., 2015,
2017; Martinez-Pernia et al., 2017), as a virtual
training simulator to improve real-life skills
(Vallejo et al., 2017), and as a therapeutic tool to
improve behavioral disturbances associated with
the EF [e.g., apathy (Robert et al, 2020, 2021)].
Besides, several SG developments have been
applied in children, adults, and older adults
(healthy and unhealthy populations) to assess
executive dysfunction (e.g., Jansari et al., 2014;



Neto et al., 2018; Valladares-Rodriguez et al., 2019;
Van de Weijer-Bergsma et al, 2015; Wang
et al, 2022). For instance, Levy and colleagues
(Levy et al., 2019) created a virtual environment
with a seven-aisle grocery story (V-mart) where
participants are required to perform different tasks
(time management, budgeting, planning) of
increasing complexity. Another example is the
multitasking in the city test (MCT) (Jovanovski,
Zakzanis, Campbell, et al, 2012; Jovanovski,
Zakzanis, Ruttan, et al., 2012) where participants
have to perform specific errands while moving
through the city composed of different services,
shops, and the participant’s home. Another
example is the Non-immersive Virtual Coffee task
(NI-VCT), where participants have to make a cup
of coffee with a coffee machine by selecting from a
virtual workbench the items necessary to achieve
the task (Besnard et al., 2016). Finally, the whack-
a-mole game consists of hitting any moles that
appeared on the screen (Tong, 2014; Tong et al,,
2015, 2016), avoiding other targets (moles with
hats and butterflies) (Tong et al, 2021).
Furthermore, different studies developed with SG
have shown both good psychometric properties
and ecological validity, measured with naturalistic
event-based tasks and in the real-word, in the
assessment of the executive dysfunction, such as
the Video Assessment of Prospective Memory
(VAPM) (Clune-Ryberg et al.,, 2011), the Virtual
Interactive Shopper (VIS) (Hadad et al., 2012), the
Virtual Library Task (VLT) (Renison et al., 2012),
the Virtual Reality automated Teller Machine (VR-
ATM) (Fong et al., 2010), and the Virtual Reality-
Based Prospective Memory Training Programme
(VRPM) Assessment Scenario (Yip & Man, 2013).
Limitations of SG to predict real-world functioning
will be reviewed in “Future perspectives: the
opportunity of serious games.”

Despite the advances during last years, where the neuro-
psychological assessments (traditional and technological)
have shown a good external validity to predict real-world
functioning, they still have substantial limitations reflecting
a relatively low capacity to predict the impact of executive
dysfunction in daily life activities (Chaytor et al, 2006;
Chaytor & Schmitter-Edgecombe, 2003; Martinez-Pernia
et al., 2017; McAlister et al., 2016; McGeorge et al., 2001;
Sbordone, 2010; Spooner & Pachana, 2006; Tupper &
Cicerone, 1990; Zhang et al., 2001), as it is to face the chal-
lenges of the workplace, the academic field or interpersonal
relationships, whose rules of action are not explicit and have
an important demand for EF.

Limitations of current neuropsychological
instruments for the evaluation of executive
dysfunction in the detection and prediction of
functional impairment

Despite recent progress in the development and refinement
of neuropsychological instruments to evaluate executive
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dysfunction, considerable challenges remain. We summarize
three key issues below.

Content of evaluation

While there has been a long history of assessments for
investigating specific aspects of EF, such as cognitive flexibil-
ity or set-shifting ability (e.g., Grant & Berg, 1948; Reitan,
1958), other aspects of EF have traditionally received far less
attention. This includes domains, such as prospective mem-
ory, which requires both memory for the content of delayed
intentions and also EF due to the need to inhibit an ongoing
activity and switch to the intended action at the appropriate
time (Fish et al., 2010; Kourtesis & MacPherson, 2021).
Other examples of relatively-neglected areas include context-
ual control (Ibanez & Manes, 2012), and multitasking
(Burgess, 2010). Each of these could be associated with func-
tional impairment associated with executive dysfunction;
however, the relative paucity of appropriate measures for
assessment makes this hard to evaluate. It should also be
noted that executive dysfunction is also likely to play a role
in domains that are not traditionally considered to fall
within the definition of EF, for example, aspects of social
cognition (Adolphs, 1999; Amodio & Frith, 2006), emotion
regulation (Goldin et al, 2008), and creativity (Gonen-
Yaacovi et al., 2013). A lack of appropriate instruments to
investigate these aspects of cognition can also lead to a fail-
ure to evaluate functional impairment appropriately.
Furthermore, even when these domains have been evaluated,
they are typically considered in isolation. This contrasts with
real-world situations in which cognitive demands across
multiple domains must be integrated (e.g., tasks that involve
both social and executive demands). As a result, the stand-
ard tools for evaluating executive dysfunction could mask
difficulties that only become apparent when multiple
demands, across distinct cognitive domains, need to be inte-
grated (Mesulam et al., 2014). In sum, while typical neuro-
psychological tests are valuable as a way of identifying
selective cognitive deficits, this approach can be comple-
mented by tests that assess additional socio-cognitive
domains which are not typically assessed, as well as the
manner in which these domains are integrated within stand-
ardized assessment protocols.

Task structure

The vast majority of tests used for neuropsychological
assessment are “well-structured” (for discussion of this con-
cept, see Gilbert et al., 2010; Goel & Grafman, 2000). That
is, the goal of the task, the set of appropriate responses, and
the criteria to evaluate whether or not the goal has been
achieved are clearly specified. This contrasts with “ill-
structured” tasks, which typically lack well-defined criteria
for evaluating whether the goal has been met. Ill-structured
tasks may also be open-ended in the sense that it is not
obvious at what point the task has been completed.
Although the ultimate goal may be imposed by an experi-
menter, it is up to the individual performing the task to set
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their own criteria for whether or not they have been suc-
cessful, and when the task is complete. Although ill-
structured tasks are rare in neuropsychological assessment,
this type of task may be much more characteristic of every-
day life than the standard assessment procedures used by
neuropsychologists. Patients with frontal lesions may per-
form relatively poorly on ill-structured tasks, such as those
involving creative planning (Goel & Grafman, 2000) and
multitasking (Burgess, 2000; Shallice & Burgess, 1991), even
in the context of good performance on other well-structured
tests of EF. Therefore, testing on well-structured tasks alone
may miss the difficulty that some patients have with ill-
structured ones, as found by Shallice and Burgess (1991) in
their Multiple Errands Test, an ill-structured planning task.
One characteristic of the ill-structured tasks is that the
neuropsychological assessment allows different courses of
action that participants might take, and they must decide
for themselves what approach they will take. These tasks
stress the critical executive ability to find for themselves a
way of approaching that makes it easier or makes their per-
formance more effective (Burgess & Shallice, 1996).
Different studies have shown that patients with executive
dysfunction performed less effective strategies than healthy
groups (Alderman et al., 2003; Burgess & Shallice, 1996;
White et al., 2009).

Measurement of performance

The arguments above highlight the utility of developing new
assessment methods that can provide rich multidimensional
datasets in the context of ill-structured tasks. Such methods
will also require new analysis techniques. This is for two key
reasons. First, whereas traditional tasks, such as the Trail
Making Test yield only a small number of measures (e.g.
completion time) which can be analyzed separately with a
univariate approach, more complex datasets with a large
number of measures will require multivariate methods (see
e.g. Kourtesis & MacPherson, 2021, for an example from the
domain of prospective memory). A second issue when it
comes to ill-structured tasks is that, by definition, such
tasks lack clear criteria according to which an individual’s
performance can be scored as “correct” or “incorrect.”
Instead, it is up to the individual to set their own criteria.
To link functional outcomes or diagnostic categories with
multidimensional datasets from ill-structured tasks, novel
statistical approaches will be required. One promising
approach is to use machine learning methods to reduce the
dimensionality of complex datasets (Alonso-Ferndndez
et al., 2019; Karapapas & Goumopoulos, 2021).

Therefore, there are still critical deficiencies in detecting
and predicting functional impairment associated with execu-
tive dysfunction. An analysis resulting from the insights in
the previous paragraphs is related to the fact that these
assessment methods consider the EF in a narrow sense. This
means, on the one hand, that these methods focus on assess-
ing some specific subdomains of the EF, while other subdo-
mains are rarely considered part of real-world functioning
(e.g., contextual control, decision-making intersubjective

contexts, multitasking). On the other hand, and more critic-
ally, these evaluation methods prioritize the understanding
of EF as cognitive processes depending on mechanistic and
logical tasks, but they omit those cognitive processes influ-
enced by social and interactional context. It is worth noting
that, for example, the diagnostic criteria for “Major neuro-
cognitive disorder” (DSM V) require clinicians to demon-
strate a substantial impairment in cognitive performance,
documented through neuropsychological testing, and that
such impairments interfere with independence in daily func-
tioning, requiring assistance with activities of daily living
(American Psychiatric Association, 2013). Hence, such crite-
ria expect an association between the type and severity of
cognitive decline and the loss of functional abilities.
Unfortunately, such an association is rarely found relying on
available assessment forms. Nevertheless, we are witnessing
the emergence of functional assessments, which capture the
potential contribution of domain-specific cognitive decline
to impairments in everyday life functions (e.g., Farias et al,,
2013). The search for more ecologically valid cognitive tests
and theory-driven functional scales would allow the assess-
ment of functional abilities distilling the contributions of the
underpinning cognitive processes and the influences of
social and interactional contexts.

Predicting real-world behavior based only on non-social
tasks is a key deficiency that needs to be addressed in
neuropsychological assessment; because the ability to inter-
pret and coordinate behaviors in social situations is one of
the main functions of prefrontal cortex and EF (Hari &
Kujala, 2009), and this ability enables appropriate behavior
in daily life (Ibanez & Manes, 2012). Nowadays, the neuro-
psychological evaluation assesses the performance of the per-
son embedded in the environment (e.g., buying food in the
supermarket, cooking in a kitchen, self-caring in the house).
However, it does not assess how the social-interaction influ-
ences EF in everyday life (e.g., regulation of one’s social
behavior, decision-making involving emotional interpret-
ation, multitasking in unstructured environments, resistance
to social-context-interference, understanding explicit and
implicit contextual keys, among others). Mesulam (1986)
argues that conventional neuropsychological tests are
insensitive to executive dysfunction because their diagnostic
capacity places cognition as a phenomenon outside the per-
son’s daily activity and of social context. Therefore, trad-
itional tests are limited for the evaluation of real-world
dysexecutive function because their cognitive demands do
not integrate fundamental cognitive and emotional processes
into the carrying out actions in everyday life (Burgess et al.,
2009), limiting the ability to infer the meaning of the per-
formance of these tests to the personal and social conditions
of the evaluated individual. In addition, Damasio (1994)
points out that these evaluation methods lack ecological util-
ity as “instruments of rationality,” which means that the
mind is understood in logical and abstract terms (words,
numbers, objects, space, temporality). Some authors consider
that the neuropsychological tests do not evaluate cognition
according to the facilities or difficulties that a person
presents in their daily lives but only as a disembodied



cognition, separated from the social and interpersonal con-
text (Damasio, 1994; Martinez-Pernia, 2020).

Therefore, to improve the detection and prediction of
functional impairment, we believe that a neuropsychological
assessment that considers EF in a broad sense is necessary.
That is an assessment that, in addition to assessing simul-
taneously the different components of EF (Chan et al., 2008;
Schwartz et al., 1991; Shallice & Burgess, 1991; Wilson et al.,
1996), assesses how these processes are influenced by the
social context and social interaction. In the following sec-
tion, we will show how information and communication
technology (ICT), and more specifically, SG, offers an
opportunity to develop tools to more efficiently diagnose
executive dysfunction in everyday life contexts.

Future perspectives: the opportunity of serious
games

In the scientific community, there is a consensus to develop
tools for the more efficient evaluation of executive dysfunc-
tion in real-life contexts and with a greater capacity to pre-
dict real-world functioning (Burgess et al, 1998; Burgess
et al.,, 2006). Given the recent analysis presented in the pre-
vious section, we consider that the two most promising lines
of research related to ICTs are: on the one hand, immersive
technologies (VR and augmented reality) and on the other
hand, SG. However, the frontier between both methods is
not always straightforward (e.g., Corti et al., 2021), and
besides, there are SG that use immersive technologies (e.g.,
Sanchez-Herrera-Baeza et al., 2020; Vogiatzaki & Krukowski,
2014).

The main characteristic of immersive technologies is that
they immerse the user in a 3D virtual world, either entirely
in the VR or combined with the real world in augmented
reality (Cipresso et al., 2018). Immersive technologies, and
especially VR, are being used in the detection of executive
dysfunction, but above all, they are being applied extensively
in the creation of new treatments and interventions for
neurological disorders (Ghai et al, 2020; Saredakis et al.,
2020). For instance, VR memory training improved cogni-
tive abilities in participants navigating along with virtual
environments with a head-mounted system (Optale et al,
2010). However, despite immersive technologies’ evolution,
they are still not completely mature and have not yet been
widely adopted in society, making their application more
costly and difficult in neuropsychological assessment (Rizzo
& Koenig, 2017). Moreover, VR still has critical issues
related to body-machine interactions, social interactions, and
technological developments that hinder its simple imple-
mentation in detecting real-world behavior. Below, we
explain these three limitations.

1. Concerning body-machine interactions with VR, it has
been shown that the performance of a test in a semi-
closed environment (VR glasses) could produce anxiety,
preventing participants (cognitively impaired and
healthy) from completing the assessment (Rizzo et al.,
2003; Saredakis et al, 2020; Stanney et al, 2002).
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Besides, the use of head-mounted display systems causes
motion sickness (dizziness, nausea, headache, instability,
fatigue), which endangers the health and safety of the
participants (Parsons et al., 2018), affects behavioral and
cognitive performances (Nalivaiko et al., 2015), and
decreases the reliability of data (Kourtesis et al., 2019).
Additionally, most VR produces a strong sense of
stimulation and immersion to generate a vivid virtual
environment, which may be unsuitable in some popula-
tions (e.g., people with heart diseases) or, being cautious
in its use (e.g., elderly people) (Ning et al., 2020).

2. Concerning social interactions, realistic social interac-
tions are not yet possible to implement in VR (Pan &
Hamilton, 2018). This is caused because (i) the avatars’
appearance and behavior are not “truly life-like,” and
(ii) although game users can interpret avatars’ thoughts
and emotions, participants never interact with them
(Hermans et al., 2019). These limitations can result in
the uncanny valley effect (Kourtesis et al, 2020).
Concerning this effect, Mori et al. (2012, p. 98) stated,
“in climbing toward the goal of making robots appear
like a human, our affinity for them increases until we
come to a valley” (Mori et al, 2012). Therefore, the
uncanny valley effect negatively impacts the detection of
real-world functioning using VR.

3. Concerning the technological limitations of immersive
systems, different factors complicate its clinical imple-
mentation: (i) VR is a high-cost technology that still has
high technical maintenance requirements (Parsey &
Schmitter-Edgecombe, 2013), both in the devices needed
for their deployment and in the development of the
contents. In addition, the lack of widely accepted indus-
try standards means that developments and devices
have a shorter life cycle, making VR even more expen-
sive. (i) VR development is still a fragile and complex
process that requires high technical expertise, hamper-
ing the incorporation of clinical professionals (neurolo-
gists and neuropsychologists) (Martinez-Pernia et al,
2017). (iii) Immersive systems have specific require-
ments that limit their application in the clinical field
(i.e., lighting and large-scale game devices) (Rizzo et al.,
2004; Werner et al., 2009).

These issues are possible reasons why VR is still limited
to an evaluation method in the experimental phase (Camara
Lopez et al., 2016), where only a handful of investigations
have established virtual environments’ ecological and con-
structive validity (Besnard et al., 2016). Some authors have
stated that the VR ecological validity could not be better
than traditional evaluation methods (Chan et al., 2008). As
Rizzo and Koening point out for VR technologies, “the
majority of conducted studies are pilot trials without suffi-
cient power or the study design needed to draw decisive
conclusions about efficacy, transfer of gained skills to the
daily life of clients, long-term outcomes, and cost-
effectiveness.” (Rizzo & Koenig, 2017, p. 888). The literature
confirms these aspects because most applications of immer-
sive technologies are mainly exploratory experiments to
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verify the feasibility, with a limited number of subjects, and
conducted in controlled environments where there is exten-
sive technical support (Kim et al., 2019; Park et al., 2019).

As an alternative to the use of immersive technologies to
detect real-world functioning, we support the idea that the
SG, and more specifically, the screen-based simulations, are
potentially the most promising technology for neuropsycho-
logical assessment. SG is rapidly becoming an essential tool
in the medical domain used with different goals, such as
improving health behaviors, training, and research
(Wattanasoontorn et al.,, 2013). These real simulations are
developed through a multimodal interaction (de Freitas &
Liarokapis, 2011) using animations, texts, language, graphics,
haptics, audios, and so on (Arnab et al., 2011; Chicchi et al.,
2018; Laamarti et al., 2014; Orozco et al, 2012). For
instance, they can better include recorded voices and sounds
to simulate social interactions in a real-world environment
or to include distractors. Other forms of multimodality are
possible, such as haptic interaction, but this significantly
increases the cost and is more challenging to deploy. Within
this realistic simulation, the player has to explore, make
decisions, solve tasks, decide among alternative strategies,
plan, sequence, interact socially, interpret the behaviors of
others, and so on, instead of just physical challenges (Adams
& Rollings, 2010) (Figure 1 shows an example of an SG
based on screen-based simulations for the evaluation of
executive dysfunction). SG are currently employed to sup-
port and improve the assessment of different functional and
cognitive abilities and provide alternative solutions for
patients’ treatment, stimulation, and rehabilitation (Manera
et al,, 2015). SG have already demonstrated that they can
overcome some of the limitations identified with immersive
systems and non-technological VR and traditional pen-and-
paper-based neuropsychological tests. Below, we will show
some advantages of the SG for the detection of executive
dysfunction with higher ecological validity. We will show
how the use of SG allows overcoming some of the chal-
lenges of current neuropsychological assessment and con-
sider the assessment of EF in a broad sense.

As mentioned, the boundaries between SG and VR are
blurred, but the most mentioned difference is that SG usu-
ally have a more elaborate supporting narrative to enhance
players’ relatedness and engagement (Przybylski et al., 2010).
As the environments are games or game-like simulations,
the gamified aspects are naturally embedded in the game
mechanics and interactions and in correlation with the
game-supporting narrative. For instance, the game proposes
a challenge consistent with the supporting narrative that the
user has to achieve by figuring out how it can be achieved
and discovering how to achieve it while the game keeps the
user informed of the player’s progress or failures. All these
characteristics can be used to create evaluation situations in
social contexts that are more naturalistic and close to the
daily living situations as they can also include social inter-
action with one or many game characters simultaneously.
An SG can simulate the social interaction aspect with the
other game characters even though it is a single-player
game. This is done by programming one or several

predefined behaviors for the other characters that appear in
the game [so-called non-playable characters (NPCs)]. Thus,
when the player approaches NPCs, a set of interactions can
be initiated by either the NPC or the player (e.g., a shopper
asks for the time to be served at the fruit store). This also
allows for the inclusion of social distractors produced by
NPCs (e.g., an NPC tries to skip the line to be served first
by the fruit platter). As the game has complete control, it is
easier to include different stimuli related to social cognition,
empathy, emotional regulation, motivation, morality, and
emotional recognition in a natural way and incorporate
meaningful tasks for the user. Therefore, SG allows for the
inclusion of dimensions, all of which directly affect
the modulation and processing of the EF, and to assess at
the same time other processes involves in the goal-directed
actions (e.g., Sacco et al., 2019). The screen-based simula-
tions allow for accurate reproduction of tasks and proce-
dures in real environments (Martinez-Pernia et al., 2017),
generating an atmosphere as if the person is in the intersub-
jective social world (Lamberts et al., 2010; Poulin et al,
2013), and not just embedded in an environment (in a kit-
chen, in a city).

SG allow the generation of evaluation that include differ-
ent stimuli in ill-structured tasks that are not always pre-
sented in the same form or sequence but that are presented
in a way that is still meaningful for the user and overcome
limitations of the neuropsychological assessment methodolo-
gies based on “well-structured” tasks. Exploration is a nat-
ural behavior in games. SG give the opportunity to generate
different game dynamics in which the user requires continu-
ous adaptation and innovation in the way he/she responds
to the stimuli. This element is fundamental to adequately
evaluate the EF as a process that is evaluated in novel situa-
tions that the user has not faced before (Chan et al., 2008).
SG are capable of generating evaluation processes where
simultaneously a narrative of social interaction is generated
and where the subject must act through this social influence
and his EF skills.

The development of EF assessments relying on SG needs
to be rooted in psychometric theories (Bowden, 2017). To
such an aim, it is critical to select tasks with adequate con-
struct, content, and ecological validity. Regarding construct
validity, we propose assessments that comprise EF tasks that
correlate with performance on tasks carried out in an envir-
onment equivalent to those simulated by SG. Regarding con-
tent validity, assessments should involve tasks that: (i) index
several EF functions, such as updating, shifting, and inhib-
ition; (ii) tap into cognitive and also emotional processes
(e.g., recognition of emotional valence in faces or voices);
(iii) are ill-structured; and (iv) do not require expert know-
ledge. Finally, (v) such tasks should yield multiple metrics to
assess performance. By combining the above construct and
content validity properties, ecological validity would be
likely achieved.

In SG, it is common to track user interaction in detail,
obtaining evidence of the actual user behavior, and even
adapt the game’s behavior to those interactions. These cir-
cumstances make games particularly suitable for
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Figure 1. In this serious game, the user has the objective of buying food in the supermarket to cook a recipe. To do the task successfully, the user will need to
select products to cook with, interact with vendors to buy the right product, tailor the purchase to available products, interact with other shoppers in uncomfortable
or friendly social situations, adjust behavior based on social circumstances and social-emotional interpretation. In more concrete terms, the social interaction in the
serious game could occur when the user buys products in the butcher while is being attended by the clerk. In those moments, another shopper (NPC) can verbally
advise him to buy a cheaper product by pointing his finger at the item he refers to (explicit and implicit contextual keys). Likewise, shoppers (NPCs) can also be dis-
tracted from the task the user is performing by starting conversations or performing physical actions that interfere with goal-directed actions (resistance to cogni-
tive interference in the social context).

Real simultations
through
multimodal
interactions

Multiple game Highly interactive

development environments
environments for (natural, social,
professionals and and
beginners interpersonal)

Serious
Games

Advanced game lll-structured
| analitycs systems | tasks ]

Figure 2. SG offers the opportunity to improve the detection of executive dysfunction in real-world contexts through real simulations based on multimodal interac-
tions, highly interactive environments (natural, social, and interpersonal), ill-structured tasks, advanced game analytics systems, and multiple game development
environments for professionals and beginners.
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neuropsychological assessment. SG can be easily adminis-
tered and can feature-rich interactive environments to
evaluate complex neuropsychological constructs that are dif-
ficult to evaluate through traditional tests (Valladares-
Rodriguez et al.,, 2016). It is possible to use game analytics
techniques, all the rich in-game user interaction data to esti-
mate the parameters of the underlying cognitive processes,
and use the parameters’ values to estimate the user perform-
ance (Hagler et al., 2014). SG can include advanced game
analytics systems that allow the discovery of complex multi-
dimensional patterns. Game analytics will allow a richer
analysis of the data (including machine learning) than some
ICT evaluation systems that focus on simpler data, such as
speed of response, the accuracy of response, or the number
of errors (Alonso-Fernandez et al, 2019; Valladares-
Rodriguez et al., 2018).

SG is a robust and proven technology since the video
game industry is the most important in the entertainment
field and is present in most homes in the world. There are
many game development platforms ranging from profes-
sional environments (e.g., Unity3D, Unreal) to authoring
environments that simplify the creation of SG (e.g.,
eAdventure). SG environments, such as eAdventure simplify
the creation of the games by clinicians with a minimal back-
ground in computer science (Martinez-Pernia et al., 2017;
Perez-Colado et al.,, 2017). Also, those environments allow
for the deployment of SG on different devices without
requiring any additional development (or with minimal
ones). For instance, the game can be used on a computer or
a mobile device (e.g., tablet or mobile), simplifying the
administration at the point of care or in other environments
(Tong et al.,, 2015; Valladares-Rodriguez et al., 2019).

Despite the advantages recently mentioned (for a sum-
mary see Figure 2), SG do have their drawbacks. For
instance, the participant’s interaction with the non-immer-
sive virtual environment does not directly correspond to
how their sensorimotor system works in real life, requiring
the participant to undergo a learning process to integrate
their feeling of “being there” (Corti et al., 2021; Slater,
2009). Another example is that in contrast to the traditional
view of assessment methods, where the focus is on assessing
specific EF subdomains, our proposal is focused on globally
understanding the participant’s real-world functioning in
their social and intersubjective environment, losing the pos-
sibility of assessing specific EF subdomains. For this reason,
we suggest that the best practice to detect executive dysfunc-
tion associated with real-world functioning is to complement
both assessment methods. Finally, SG are played on elec-
tronic devices in front of screens, potentially damaging the
user’s sight. Furthermore, it implies that some populations
with poor eyesight could find it hard to interact on the
screen (elderly people) (Ning et al., 2020).

However, by the arguments previously indicated, we
consider that SG are a mature technology, with potentially
high power as a predicting tool of executive dysfunction
associated with real-world functioning. However, more
research is still needed to implement SG that are reliable,
validated in different environments, real-world simulations,

and interactional social contexts, and thus ready to be used
in everyday clinical practice.

Conclusion

Nowadays, there is a broad range of methods for detecting
and evaluating executive dysfunction ranging from clinical
interview to neuropsychological evaluation. This diversity of
methods suggests that current approaches do not account
for EF complexity. On many occasions, a dissociation is
observed regarding the scores obtained in the tests—many
times in normal ranges—and the severe difficulties in daily
life. For instance, clinical observation of patients with good
performance in traditional neuropsychological tests, but with
different degrees of executive dysfunction in real-world
functioning (Mesulam, 1986).

An innovative strategy is the use of information technol-
ogy and communication (ICT). The development of techno-
logical methods increases ecological validity while keeping
satisfactory control of experimental variables (Fan et al,
2021). In the present work, we propose that SG, and more
specifically, the screen-based simulations, offer an opportun-
ity to develop more efficient tools to detect executive dys-
function in everyday life contexts. This statement is
supported by five main arguments: (1) SG develops real--
world contexts through real simulations based on multi-
modal interactions, (2) SG are highly interactive
environments (natural, social, and interpersonal), (3) SG
allow the assessment through ill-structured tasks, (4) SG
include advanced game analytics systems, and (5) SG sim-
plify the administration in an evaluation setting.

In conclusion, SG provides meaningful narrative stories
and virtual or real environments that immerse the user in
natural and social environments with social interactions,
while the player needs to adapt his/her behavioral perform-
ance to the challenges of ill-structured tasks (natural, social,
cognitive, and interpersonal). Moreover, the user has to
explore, make decisions, solve tasks, interact socially, and
interpret the behaviors of others, all of which are inter-
spersed with each other and presented in different forms
and sequences. We believe that SG are a well-balanced non-
intrusive method for obtaining users’ behavioral data in
more naturalistic settings that can be used by clinical per-
sonnel as evidence to detect executive dysfunction in real-
world performance.

Acknowledgments

We want to thank the reviewers for their valuable comments and sug-
gestions, which helped us improve the manuscript’s quality.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

DM-P is partially supported by ANID/Fondecyt/11190507 & 1231839 and
ANID / FONDEEF / ID 22110251 & ID 18I10113. BFM has been partially
funded by Regional Government of Madrid (eMadrid S2018/TCS4307, co-



funded by the European Structural Funds FSE and FEDER), the
Telefonica-Complutense Chair on Serious Games and by the Ministry of
Education (PID2020-119620RB-100). AS is partially funded by ANID /
FONDEF / ID 22110251 & ID 18110113; ANID/FONDAP/15150012,
ANID/Fondecyt/1231839 ; ANID/PIA/Anillos ACT210096 and MULTI-
PARTNER CONSORTIUM TO EXPAND DEMENTIA RESEARCH IN
LATIN AMERICA [ReDLat, supported by National Institutes of Health,
National Institutes of Aging (RO1 AG057234), Alzheimer’s Association
(SG-20-725707), Tau Consortium, and Global Brain Health Institute], and
Alzheimer’s Association GBHI ALZ UK-20- 639295. LO is supported by
ANID / FONDEF / ID 22110251 & ID 18110113 and ANID/PIA/Anillos
ACT210096. AA, VC, SB, SG, JV & FH were partially supported by
ANID / FONDEF / ID 18110113. JV was partially funded by
ANID/Fondecyt 1231122 and PIA/PUENTE AFB220003. MC & GF are
partially supported by ANID / FONDEF / ID 22I10251. Al is partially
supported by grants from CONICET; ANID/FONDECYT Regular
(1210195 and 1210176 and 1220995); FONCYT-PICT 2017-1820;
ANID/FONDAP/15150012; ANID/PIA/ANILLOS ACT210096;
ANID/FONDEF ID 20110152 and ID 22110029, Takeda CW2680521;
Alzheimer’s Association GBHI ALZ UK-20-639295; and the MULTI-
PARTNER CONSORTIUM TO EXPAND DEMENTIA RESEARCH IN
LATIN AMERICA [ReDLat, supported by National Institutes of Health,
National Institutes of Aging (ROl AGO057234), Alzheimer’s Association
(SG-20-725707), Rainwater Charitable Foundation-Tau Consortium, and
Global Brain Health Institute)]. The contents of this publication are solely
the responsibility of the authors and do not represent the official views of
these Institutions.

ORCID

David Martinez-Pernia ([s) http://orcid.org/0000-0003-2830-7920
Baltasar Fernandez-Manjon ([5) http://orcid.org/0000-0002-8200-6216
Sam Gilbert ([5) http://orcid.org/0000-0002-3839-7045

Andrea Slachevsky ([s) http://orcid.org/0000-0001-6285-3189

References

Adamit, T., Maeir, A., Assayag, E. B., Bornstein, N. M., Korczyn,
A. D., & Katz, N. (2015). Impact of first-ever mild stroke on partici-
pation at 3 and 6 month post-event: The TABASCO study.
Disability and Rehabilitation, 37(8), 667-673. https://doi.org/10.
3109/09638288.2014.923523

Adams, E., & Rollings, A. (2010). Fundamentals of game design (2nd
ed.). New Riders Press.

Adjorlolo, S. (2016). Ecological validity of executive function tests in
moderate traumatic brain injury in Ghana. The Clinical
Neuropsychologist, 30(supl), 1517-1537. https://doi.org/10.1080/
13854046.2016.1172667

Adolphs, R. (1999). Social cognition and the human brain. Trends in
Cognitive Sciences, 3(12), 469-479. https://doi.org/10.1016/S1364-
6613(99)01399-6

Alderman, N., Burgess, P. W., Knight, C,, & Henman, C. (2003).
Ecological validity of a simplified version of the multiple errands
shopping test. Journal of the International Neuropsychological
Society, 9(1), 31-44. https://doi.org/10.1017/S1355617703910046

Alonso-Fernandez, C., Calvo-Morata, A., Freire, M., Martinez-Ortiz, L,
& Fernandez-Manjén, B. (2019). Applications of data science to
game learning analytics data: A systematic literature review.
Computers & Education, 141, 103612. https://doi.org/10.1016/j.com
pedu.2019.103612

American Psychiatric Association (2013). Diagnostic and statistical
manual of mental disorders (DSM-5). American Psychiatric
Association.

Amodio, D. M., & Frith, C. D. (2006). Meeting of minds: The medial
frontal cortex and social cognition. Nature Reviews. Neuroscience,
7(4), 268-277. https://doi.org/10.1038/nrn1884

Armstrong, C. M., Reger, G. M., Edwards, J., Rizzo, A. A., Courtney,
C. G, & Parsons, T. D. (2013). Validity of the Virtual Reality

APPLIED NEUROPSYCHOLOGY: ADULT . 1

Stroop Task (VRST) in active duty military. Journal of Clinical and
Experimental Neuropsychology, 35(2), 113-123.

Arnab, S., Petridis, P., Dunwell, I, & de Freitas, S. (2011). Enhancing
learning in distributed virtual worlds through touch: A browser-
based architecture for haptic interaction. In M. Ma, A. Oikonomou,
& L. C. Jain (Eds.), Serious games and edutainment applications (pp.
149-167). Springer. https://doi.org/10.1007/978-1-4471-2161-9_9

Axelrod, B. N., Goldman, R. S., Heaton, R. K., Curtiss, G., Thompson,
L. L., Chelune, G. J., & Kay, G. G. (1996). Discriminability of the
Wisconsin Card Sorting Test using the standardization sample.
Journal of Clinical and Experimental Neuropsychology, 18(3), 338-
342. https://doi.org/10.1080/01688639608408991

Baum, C. M., Connor, L. T., Morrison, T., Hahn, M., Dromerick,
A. W, & Edwards, D. F. (2008). Reliability, validity, and clinical
utility of the Executive Function Performance Test: A measure of
executive function in a sample of people with stroke. The American
Journal of Occupational Therapy, 62(4), 446-455. https://doi.org/10.
5014/ajot.62.4.446

Besnard, J., Richard, P., Banville, F., Nolin, P., Aubin, G., Le Gall, D.,
Richard, I, & Allain, P. (2016). Virtual reality and neuropsycho-
logical assessment: The reliability of a virtual kitchen to assess daily-
life activities in victims of traumatic brain injury. Applied
Neuropsychology. Adult, 23(3), 223-235. https://doi.org/10.1080/
23279095.2015.1048514

Best, J. R, & Miller, P. H. (2010). A developmental perspective on
executive function. Child Development, 81(6), 1641-1660. https://doi.
org/10.1111/j.1467-8624.2010.01499.x

Bigler, E. D. (2016). Systems biology, neuroimaging, neuropsychology,
neuroconnectivity and traumatic brain injury. Frontiers in Systems
Neuroscience, 10, 55. https://doi.org/10.3389/fnsys.2016.00055

Bowden, S. C. (Ed.). (2017). Neuropsychological assessment in the age of
evidence-based practice: Diagnostic and treatment evaluations.
Oxford University Press.

Boyd, T. M., & Sautter, S. W. (1993). Route-finding: A measure of
everyday executive functioning in the head-injured adult. Applied
Cognitive Psychology, 7(2), 171-181. https://doi.org/10.1002/acp.
2350070208

Brearly, T. W., Shura, R. D., Martindale, S. L., Lazowski, R. A., Luxton,
D. D., Shenal, B. V., & Rowland, J. A. (2017). Neuropsychological
test administration by videoconference: A systematic review and
meta-analysis. Neuropsychology Review, 27(2), 174-186. https://doi.
org/10.1007/s11065-017-9349-1

Burgess, P. W. (2000). Strategy application disorder: The role of the
frontal lobes in human multitasking. Psychological Research, 63(3-4),
279-288. https://doi.org/10.1007/s004269900006

Burgess, P. W. (2010). Assessment of executive function. In Handbook
of clinical neuropsychology (pp. 302-321). Oxford University Press.

Burgess, P. W. (1997). Theory and methodology in executive function
research. In P. Rabbitt (Ed.), Methodology of frontal and executive
function (pp. 81-116). Psychology Press Ltd. https://doi.org/10.4324/
9780203344187-8

Burgess, P. W. (2004). Theory and methodology in executive func-
tion research. In P. Rabbitt (Ed.), Methodology of frontal and
executive function (pp. 87-121). Routledge. https://doi.org/10.
4324/9780203344187-8

Burgess, P. W., Alderman, N., Evans, J., Emslie, H., & Wilson, B. A.
(1998). The ecological validity of tests of executive function. Journal
of the International Neuropsychological Society, 4(6), 547-558.
https://doi.org/10.1017/S1355617798466037

Burgess, P. W., Alderman, N., Forbes, C., Costello, A., Coates, L. M.-
A., Dawson, D. R., Anderson, N. D., Gilbert, S. J., Dumontheil, I., &
Channon, S. (2006). The case for the development and use of
“ecologically valid” measures of executive function in experimental
and clinical neuropsychology. Journal of the International
Neuropsychological Society, 12(2), 194-209.

Burgess, P. W., Alderman, N., Volle, E., Benoit, R. G., & Gilbert, S. J.
(2009). Mesulam’s frontal lobe mystery re-examined. Restorative
Neurology and Neuroscience, 27(5), 493-506. https://doi.org/10.3233/
RNN-2009-0511


https://doi.org/10.3109/09638288.2014.923523
https://doi.org/10.3109/09638288.2014.923523
https://doi.org/10.1080/13854046.2016.1172667
https://doi.org/10.1080/13854046.2016.1172667
https://doi.org/10.1016/S1364-6613(99)01399-6
https://doi.org/10.1016/S1364-6613(99)01399-6
https://doi.org/10.1017/S1355617703910046
https://doi.org/10.1016/j.compedu.2019.103612
https://doi.org/10.1016/j.compedu.2019.103612
https://doi.org/10.1038/nrn1884
https://doi.org/10.1007/978-1-4471-2161-9_9
https://doi.org/10.1080/01688639608408991
https://doi.org/10.5014/ajot.62.4.446
https://doi.org/10.5014/ajot.62.4.446
https://doi.org/10.1080/23279095.2015.1048514
https://doi.org/10.1080/23279095.2015.1048514
https://doi.org/10.1111/j.1467-8624.2010.01499.x
https://doi.org/10.1111/j.1467-8624.2010.01499.x
https://doi.org/10.3389/fnsys.2016.00055
https://doi.org/10.1002/acp.2350070208
https://doi.org/10.1002/acp.2350070208
https://doi.org/10.1007/s11065-017-9349-1
https://doi.org/10.1007/s11065-017-9349-1
https://doi.org/10.1007/s004269900006
https://doi.org/10.4324/9780203344187-8
https://doi.org/10.4324/9780203344187-8
https://doi.org/10.4324/9780203344187-8
https://doi.org/10.4324/9780203344187-8
https://doi.org/10.1017/S1355617798466037
https://doi.org/10.3233/RNN-2009-0511
https://doi.org/10.3233/RNN-2009-0511

12 . D. MARTINEZ-PERNIA ET AL.

Burgess, P. W., & Shallice, T. (1996). Bizarre responses, rule detection
and frontal lobe lesions. Cortex, 32(2), 241-259.

Burgess, P. W., Veitch, E., de Lacy Costello, A., & Shallice, T. (2000).
The cognitive and neuroanatomical correlates of multitasking.
Neuropsychologia, 38(6), 848-863. https://doi.org/10.1016/S0028-
3932(99)00134-7

Camara Lopez, M., Deliens, G., & Cleeremans, A. (2016). Ecological
assessment of divided attention: What about the current tools and
the relevancy of virtual reality. Revue Neurologique, 172(4-5), 270-
280. https://doi.org/10.1016/j.neurol.2016.01.399

Chan, R. C. K,, Shum, D., Toulopoulou, T., & Chen, E. Y. H. (2008).
Assessment of executive functions: Review of instruments and iden-
tification of critical issues. Archives of Clinical Neuropsychology,
23(2), 201-216. https://doi.org/10.1016/j.acn.2007.08.010

Chaytor, N., & Schmitter-Edgecombe, M. (2003). The ecological valid-
ity of neuropsychological tests: A review of the literature on every-
day cognitive skills. Neuropsychology Review, 13(4), 181-197. https://
doi.org/10.1023/B:NERV.0000009483.91468.tb

Chaytor, N., Schmitter-Edgecombe, M., & Burr, R. (2006). Improving
the ecological validity of executive functioning assessment. Archives
of Clinical Neuropsychology, 21(3), 217-227. https://doi.org/10.1016/
j.acn.2005.12.002

Chevignard, M., Pillon, B., Pradat-Diehl, P., Taillefer, C., Rousseau, S.,
Le Bras, C., & Dubois, B. (2000). An ecological approach to plan-
ning dysfunction: Script execution. Cortex, 36(5), 649-669. https://
doi.org/10.1016/S0010-9452(08)70543-4

Chicchi, I. A, Ripoll, C., Parra, E., & Alcaniz Raya, M. (2018).
EXPANSE: A novel narrative serious game for the behavioral assess-
ment of cognitive abilities. PLOS One, 13(11), 1-14. https://doi.org/
10.1371/journal.pone.0206925

Choca, J., & Morris, J. (1992). Administering the category test by com-
puter: Equivalence of results. Clinical Neuropsychologist, 6(1), 9-15.
https://doi.org/10.1080/13854049208404112

Cieza, A., Anczewska, M., Ayuso-Mateos, J. L., Baker, M., Bickenbach,
J.» Chatterji, S., Hartley, S., Leonardi, M., & Pitkdnen, T. (2015).
Understanding the impact of brain disorders: Towards a ‘horizontal
epidemiology’ of psychosocial difficulties and their determinants.
PLOS One, 10(9), e0136271. https://doi.org/10.1371/journal.pone.
0136271

Cipresso, P., Giglioli, I. A. C., Raya, M. A, & Riva, G. (2018). The
past, present, and future of virtual and augmented reality research:
A network and cluster analysis of the literature. Frontiers in
Psychology, 9, 2086. https://doi.org/10.3389/fpsyg.2018.02086

Clune-Ryberg, M., Blanco-Campal, A., Carton, S., Pender, N., O’Brien,
D., Phillips, J., Delargy, M., & Burke, T. (2011). The contribution of
retrospective memory, attention and executive functions to the pro-
spective and retrospective components of prospective memory fol-
lowing TBI. Brain Injury, 25(9), 819-831. https://doi.org/10.3109/
02699052.2011.589790

Collins, A., & Koechlin, E. (2012). Reasoning, learning, and creativity:
Frontal lobe function and human decision-making. PLOS Biology,
10(3), €1001293. https://doi.org/10.1371/journal.pbio.1001293

Corti, C., Oprandi, M. C,, Chevignard, M., Jansari, A., Oldrati, V.,
Ferrari, E., Martignoni, M., Romaniello, R., Strazzer, S., & Bardoni,
A. (2021). Virtual-reality performance-based assessment of cognitive
functions in adult patients with acquired brain injury: A scoping
review. Neuropsychology Review, 32, 352-399. https://doi.org/10.
1007/s11065-021-09498-0

Cummings, J. L., Mega, M., Gray, K., Rosenberg-Thompson, S., Carusi,
D. A, & Gornbein, J. (1994). The Neuropsychiatric Inventory:
Comprehensive assessment of psychopathology in dementia.
Neurology, 44(12), 2308-2308. https://doi.org/10.1212/WNL.44.12.
2308

Damasio, A. R. (1994). Descartes’ error: Emotion, reason, and the
human brain: Amazon.es: Antonio R. Damasio: Libros en idiomas
extranjeros. GP Putnam.

de Freitas, S., & Liarokapis, F. (2011). Serious games: A new paradigm
for education? In M. Ma, A. Oikonomou, & L. C. Jain (Eds.),
Serious games and edutainment applications (pp. 9-23). Springer.
https://doi.org/10.1007/978-1-4471-2161-9_2

Diamond, A. (2020). Executive functions. Handbook of Clinical
Neurology, 173, 225-240. https://doi.org/10.1016/B978-0-444-64150-
2.00020-4

Diamond, A. (2013). Executive functions. Annual Review of Psychology,
64, 135-168. https://doi.org/10.1146/annurev-psych-113011-143750

Duncan, J., Assem, M., & Shashidhara, S. (2020). Integrated intelligence
from distributed brain activity. Trends in Cognitive Sciences, 24(10),
838-852. https://doi.org/10.1016/j.tics.2020.06.012

Eddy, C. M., Rickards, H. E., & Cavanna, A. E. (2012). Executive func-
tions in uncomplicated Tourette syndrome. Psychiatry Research,
200(1), 46-48. https://doi.org/10.1016/j.psychres.2012.05.023

Edwards, J., Vess, J., Reger, G., & Cernich, A. (2014). The use of virtual
reality in the military’s assessment of service members with trau-
matic brain injury: Recent developments and emerging opportuni-
ties. Applied Neuropsychology. Adult, 21(3), 220-230. https://doi.org/
10.1080/09084282.2013.796554

Fan, S., Dal Monte, O., & Chang, S. W. C. (2021). Levels of naturalism
in social neuroscience research. iScience, 24(7), 102702. https://doi.
org/10.1016/j.is¢i.2021.102702

Farias, S. T., Park, L. Q., Harvey, D. ], Simon, C., Reed, B. R,
Carmichael, O., & Mungas, D. (2013). Everyday cognition in older
adults: Associations with neuropsychological performance and struc-
tural brain imaging. Journal of the International Neuropsychological
Society, 19(4), 430-441. https://doi.org/10.1017/S1355617712001609

Farias, S. T., Gravano, J., Weakley, A., Schmitter-Edgecombe, M.,
Harvey, D., Mungas, D., Chan, M., & Giovannetti, T. (2020). The
everyday compensation (EComp) questionnaire: Construct validity
and associations with diagnosis and longitudinal change in cognition
and everyday function in older adults. Journal of the International
Neuropsychological Society, 26(3), 303-313.

Fish, J., Wilson, B., & Manly, T. (2010). The assessment and rehabilitation
of prospective memory problems in people with neurological disorders:
A review. Neuropsychological rehabilitation, 20(2), 161-179. https://doi.
org/10.1080/09602010903126029

Fong, K. N. K., Chow, K. Y. Y,, Chan, B. C. H, Lam, K. C. K,, Lee,
J. C. K, Li, T. H. Y, Yan, E. W. H,, & Wong, A. T. Y. (2010).
Usability of a virtual reality environment simulating an automated
teller machine for assessing and training persons with acquired
brain injury. Journal of Neuroengineering and Rehabilitation, 7(1),
19. https://doi.org/10.1186/1743-0003-7-19

Fortin, S., Godbout, L., & Braun, C. M. J. (2003). Cognitive structure
of executive deficits in frontally lesioned head trauma patients per-
forming activities of daily living. Cortex, 39(2), 273-291. https://doi.
org/10.1016/S0010-9452(08)70109-6

Franzen, M. D., & Wilhelm, K. L. (1996). Conceptual foundations of
ecological validity in neuropsychological assessment. In R. J.
Sbordone & C. J. Long (Eds.), Ecological validity of neuropsycho-
logical testing (pp. 91-112). St Lucie Press.

Garrett, S. L., Kennedy, R. E., Sawyer, P., Williams, C. P., Brown, C. J.,
& Allman, R. M. (2019). Association between executive dysfunction
and instrumental activities of daily living: Racial and ethnic differen-
ces among community-dwelling older adults in the southeastern US.
Journal of the National Medical Association, 111(3), 320-327. https://
doi.org/10.1016/j.jnma.2018.11.002

Gasca-Salas, C., Estanga, A., Clavero, P., Aguilar-Palacio, I., Gonzalez-
Redondo, R., Obeso, J. A, & Rodriguez-Oroz, M. C. (2014).
Longitudinal assessment of the pattern of cognitive decline in non-
demented patients with advanced Parkinson’s disease. Journal of
Parkinson’s Disease, 4(4), 677-686. https://doi.org/10.3233/JPD-
140398

Ghai, S., Ghai, I, & Lamontagne, A. (2020). Virtual reality training
enhances gait poststroke: A systematic review and meta-analysis.
Annals of the New York Academy of Sciences, 1478(1), 18-42.
https://doi.org/10.1111/nyas.14420

Gilbert, S. J., Zamenopoulos, T., Alexiou, K., & Johnson, J. H. (2010).
Involvement of right dorsolateral prefrontal cortex in ill-structured
design cognition: An fMRI study. Brain Research, 1312, 79-88.
https://doi.org/10.1016/j.brainres.2009.11.045


https://doi.org/10.1016/S0028-3932(99)00134-7
https://doi.org/10.1016/S0028-3932(99)00134-7
https://doi.org/10.1016/j.neurol.2016.01.399
https://doi.org/10.1016/j.acn.2007.08.010
https://doi.org/10.1023/B:NERV.0000009483.91468.fb
https://doi.org/10.1023/B:NERV.0000009483.91468.fb
https://doi.org/10.1016/j.acn.2005.12.002
https://doi.org/10.1016/j.acn.2005.12.002
https://doi.org/10.1016/S0010-9452(08)70543-4
https://doi.org/10.1016/S0010-9452(08)70543-4
https://doi.org/10.1371/journal.pone.0206925
https://doi.org/10.1371/journal.pone.0206925
https://doi.org/10.1080/13854049208404112
https://doi.org/10.1371/journal.pone.0136271
https://doi.org/10.1371/journal.pone.0136271
https://doi.org/10.3389/fpsyg.2018.02086
https://doi.org/10.3109/02699052.2011.589790
https://doi.org/10.3109/02699052.2011.589790
https://doi.org/10.1371/journal.pbio.1001293
https://doi.org/10.1007/s11065-021-09498-0
https://doi.org/10.1007/s11065-021-09498-0
https://doi.org/10.1212/WNL.44.12.2308
https://doi.org/10.1212/WNL.44.12.2308
https://doi.org/10.1007/978-1-4471-2161-9_2
https://doi.org/10.1016/B978-0-444-64150-2.00020-4
https://doi.org/10.1016/B978-0-444-64150-2.00020-4
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1016/j.tics.2020.06.012
https://doi.org/10.1016/j.psychres.2012.05.023
https://doi.org/10.1080/09084282.2013.796554
https://doi.org/10.1080/09084282.2013.796554
https://doi.org/10.1016/j.isci.2021.102702
https://doi.org/10.1016/j.isci.2021.102702
https://doi.org/10.1017/S1355617712001609
https://doi.org/10.1080/09602010903126029
https://doi.org/10.1080/09602010903126029
https://doi.org/10.1186/1743-0003-7-19
https://doi.org/10.1016/S0010-9452(08)70109-6
https://doi.org/10.1016/S0010-9452(08)70109-6
https://doi.org/10.1016/j.jnma.2018.11.002
https://doi.org/10.1016/j.jnma.2018.11.002
https://doi.org/10.3233/JPD-140398
https://doi.org/10.3233/JPD-140398
https://doi.org/10.1111/nyas.14420
https://doi.org/10.1016/j.brainres.2009.11.045

Gioia, G. A., & Isquith, P. K. (2004). Ecological assessment of executive
function in traumatic brain injury. Developmental Neuropsychology,
25(1-2), 135-158. https://doi.org/10.1080/87565641.2004.9651925

Giovannetti, T., Libon, D. J., & Hart, T. (2002). Awareness of naturalis-
tic action errors in dementia. Journal of the International
Neuropsychological Society, 8(5), 633-644. https://doi.org/10.1017/
S135561770280131X

Godefroy, O., Azouvi, P., Robert, P., Roussel, M., LeGall, D., &
Meulemans, T. (2010). Dysexecutive syndrome: Diagnostic criteria
and validation study. Annals of Neurology, 68(6), 855-864. https://
doi.org/10.1002/ana.22117

Goel, V., & Grafman, J. (2000). Role of the right prefrontal cortex in
ill-structured planning. Cognitive Neuropsychology, 17(5), 415-436.
https://doi.org/10.1080/026432900410775

Golden, C., Purisch, A., & Hammeke, T. (1985). Luria-Nebraska neuro-
psychological battery: Forms I & II. Retrieved from https://nsuworks.
nova.edu/cps_facbooks/223

Goldin, P. R., McRae, K., Ramel, W., & Gross, J. J. (2008). The neural
bases of emotion regulation: Reappraisal and suppression of negative
emotion. Biological Psychiatry, 63(6), 577-586. https://doi.org/10.
1016/j.biopsych.2007.05.031

Goldstein, S., Naglieri, J. A., Princiotta, D., & Otero, T. M. (2014).
Introduction: A history of executive functioning as a theoretical and
clinical construct. In Handbook of executive functioning (pp. 3-12).
Springer.

Gonen-Yaacovi, G., de Souza, L. C,, Levy, R., Urbanski, M., Josse, G.,
& Volle, E. (2013). Rostral and caudal prefrontal contribution to
creativity: A meta-analysis of functional imaging data. Frontiers in
Human Neuroscience, 7, 465. https://doi.org/10.3389/fnhum.2013.
00465

Grant, D. A, & Berg, E. (1948). A behavioral analysis of degree of
reinforcement and ease of shifting to new responses in a Weigl-type
card-sorting problem. Journal of Experimental Psychology, 38(4),
404-411. https://doi.org/10.1037/h0059831

Hadad, S., Fung, J., Weiss, P. L., Perez, C., Mazer, B., Levin, M. F,, &
Kizony, R. (2012). Rehabilitation tools along the reality continuum:
From mock-up to virtual interactive shopping to a Living Lab. In
Proceedings of the International Conference on Disability, Virtual
Reality and Associated Technologies (pp. 47-52).

Hagler, S., Jimison, H. B., & Pavel, M. (2014). Assessing executive func-
tion using a computer game: Computational modeling of cognitive
processes. IEEE Journal of Biomedical and Health Informatics, 18(4),
1442-1452. https://doi.org/10.1109/JBHI.2014.2299793

Hari, R,, & Kujala, M. V. (2009). Brain basis of human social inter-
action: From concepts to brain imaging. Physiological Reviews, 89(2),
453-479. https://doi.org/10.1152/physrev.00041.2007

Hermans, K., Achterhof, R., Myin-Germeys, 1., Kasanova, Z., Kirtley,
0., & Schneider, M. (2019). Chapter ten—Improving ecological val-
idity in research on social cognition. In K. E. Lewandowski & A. A.
Moustafa (Eds.), Social cognition in psychosis (pp. 249-268).
Academic Press. https://doi.org/10.1016/B978-0-12-815315-4.00010-0

Hosenbocus, S., & Chahal, R. (2012). A review of executive function
deficits and pharmacological management in children and adoles-
cents. Journal of the Canadian Academy of Child and Adolescent
Psychiatry, 21(3), 223-229.

Hoskins, L. L., Binder, L. M., Chaytor, N. S., Williamson, D. J., &
Drane, D. L. (2010). Comparison of oral and computerized versions
of the Word Memory Test. Archives of Clinical Neuropsychology,
25(7), 591-600. https://doi.org/10.1093/arclin/acq060

Hua, P, Pan, X,, Hu, R, Mo, X,, Shang, X., & Yang, S. (2014). Factors
related to executive dysfunction after acute infarct. PLOS One, 9(9),
€108574. https://doi.org/10.1371/journal.pone.0108574

Ibanez, A., & Manes, F. (2012). Contextual social cognition and the
behavioral variant of frontotemporal dementia. Neurology, 78(17),
1354-1362. https://doi.org/10.1212/WNL.0b013e3182518375

Jacobsen, S., Terje, S., Stein, A, & Jan-Magne, K. (2003).
Neuropsychological assessment and telemedicine: A preliminary
study examining the reliability of neuropsychology services per-
formed via telecommunication. Journal of the International

APPLIED NEUROPSYCHOLOGY: ADULT . 13

Neuropsychological Society, 9(3), 472-478. https://doi.org/10.1017/
S1355617703930128

Jansari, A. S., Devlin, A., Agnew, R., Akesson, K., Murphy, L, &
Leadbetter, T. (2014). Ecological assessment of executive functions:
A new virtual reality paradigm. Brain Impairment, 15(2), 71-87.
https://doi.org/10.1017/BrImp.2014.14

Jovanovski, D., Zakzanis, K., Campbell, Z., Erb, S., & Nussbaum, D.
(2012). Development of a novel, ecologically oriented virtual reality
measure of executive function: The multitasking in the city test.
Applied Neuropsychology: Adult, 19(3), 171-182. https://doi.org/10.
1080/09084282.2011.643955

Jovanovski, D., Zakzanis, K., Ruttan, L., Campbell, Z., Erb, S., &
Nussbaum, D. (2012). Ecologically valid assessment of executive dys-
function using a novel virtual reality task in patients with acquired
brain injury. Applied Neuropsychology: Adult, 19(3), 207-220.
https://doi.org/10.1080/09084282.2011.643956

Karapapas, C., & Goumopoulos, C. (2021). Mild cognitive impairment
detection using machine learning models trained on data collected
from serious games. Applied Sciences, 11(17), 8184. https://doi.org/
10.3390/app11178184

Karr, J. E., Areshenkoff, C. N, Duggan, E. C., & Garcia-Barrera, M. A.
(2014). Blast-related mild traumatic brain injury: A Bayesian ran-
dom-effects meta-analysis on the cognitive outcomes of concussion
among military personnel. Neuropsychology Review, 24(4), 428-444.
https://doi.org/10.1007/s11065-014-9271-8

Keitll, R., Granger, C., & Hamilton, B. (1987). The functional inde-
pendence measure: A new tool for rehabilitation. In Advances in
clinical rehabilitation (Vol. 1, pp. 6-18). Springer Verlag.

Kim, O., Pang, Y., & Kim, J.-H. (2019). The effectiveness of virtual
reality for people with mild cognitive impairment or dementia: A
meta-analysis. BMC Psychiatry, 19(1), 219. https://doi.org/10.1186/
$12888-019-2180-x

Klinger, E., Chemin, I, Lebreton, S., & Mari¢, R. M. (2004). A virtual
supermarket to assess cognitive planning. CyberPsychology &
Behavior, 7(3), 292-293.

Kourtesis, P., Collina, S., Doumas, L. A. A., & MacPherson, S. E.
(2019). Technological competence is a pre-condition for effective
implementation of virtual reality head mounted displays in human
neuroscience: A technological review and meta-analysis. Frontiers in
Human Neuroscience, 13, 342. https://doi.org/10.3389/fnhum.2019.
00342

Kourtesis, P., Korre, D., Collina, S., Doumas, L. A. A., & MacPherson,
S. E. (2020). Guidelines for the development of immersive virtual
reality software for cognitive neuroscience and neuropsychology:
The development of Virtual Reality Everyday Assessment Lab (VR-
EAL), a neuropsychological test battery in immersive virtual reality.
Frontiers in Computer Science, 1, 486-506. https://doi.org/10.3389/
fcomp.2019.00012

Kourtesis, P., & MacPherson, S. E. (2021). An ecologically valid exam-
ination of event-based and time-based prospective memory using
immersive virtual reality: The influence of attention, memory, and
executive function processes on real-world prospective memory.
Neuropsychological Rehabilitation. https://doi.org/10.1080/09602011.
2021.2008983

Kvavilashvili, L., & Ellis, J. (2004). Ecological validity and twenty years
of real-life/laboratory controversy in memory research: A critical
(and historical) review. History and Philosophy of Psychology,

Laamarti, F., Eid, M., & El Saddik, A. (2014). An overview of serious
games. International Journal of Computer Games Technology, 2014,
358152. https://doi.org/10.1155/2014/358152

Lamberts, K. F., Evans, J. J., & Spikman, J. M. (2010). A real-life, eco-
logically valid test of executive functioning: The executive secretarial
task. Journal of Clinical and Experimental Neuropsychology, 32(1),
56-65. https://doi.org/10.1080/13803390902806550

Legouverneur, G., Pino, M., Boulay, M., & Rigaud, A.-S. (2011). Wii
sports, a usability study with MCI and Alzheimer’s patients.
Alzheimer’s & Dementia, 7(4S_Part_14), S500-S501. https://doi.org/
10.1016/j.jalz.2011.05.2398

Lehto, J. E., Juujarvi, P., Kooistra, L., & Pulkkinen, L. (2003).
Dimensions of executive functioning: Evidence from children.


https://doi.org/10.1080/87565641.2004.9651925
https://doi.org/10.1017/S135561770280131X
https://doi.org/10.1017/S135561770280131X
https://doi.org/10.1002/ana.22117
https://doi.org/10.1002/ana.22117
https://doi.org/10.1080/026432900410775
https://nsuworks.nova.edu/cps_facbooks/223
https://nsuworks.nova.edu/cps_facbooks/223
https://doi.org/10.1016/j.biopsych.2007.05.031
https://doi.org/10.1016/j.biopsych.2007.05.031
https://doi.org/10.3389/fnhum.2013.00465
https://doi.org/10.3389/fnhum.2013.00465
https://doi.org/10.1037/h0059831
https://doi.org/10.1109/JBHI.2014.2299793
https://doi.org/10.1152/physrev.00041.2007
https://doi.org/10.1016/B978-0-12-815315-4.00010-0
https://doi.org/10.1093/arclin/acq060
https://doi.org/10.1371/journal.pone.0108574
https://doi.org/10.1212/WNL.0b013e3182518375
https://doi.org/10.1017/S1355617703930128
https://doi.org/10.1017/S1355617703930128
https://doi.org/10.1017/BrImp.2014.14
https://doi.org/10.1080/09084282.2011.643955
https://doi.org/10.1080/09084282.2011.643955
https://doi.org/10.1080/09084282.2011.643956
https://doi.org/10.3390/app11178184
https://doi.org/10.3390/app11178184
https://doi.org/10.1007/s11065-014-9271-8
https://doi.org/10.1186/s12888-019-2180-x
https://doi.org/10.1186/s12888-019-2180-x
https://doi.org/10.3389/fnhum.2019.00342
https://doi.org/10.3389/fnhum.2019.00342
https://doi.org/10.3389/fcomp.2019.00012
https://doi.org/10.3389/fcomp.2019.00012
https://doi.org/10.1080/09602011.2021.2008983
https://doi.org/10.1080/09602011.2021.2008983
https://doi.org/10.1155/2014/358152
https://doi.org/10.1080/13803390902806550
https://doi.org/10.1016/j.jalz.2011.05.2398
https://doi.org/10.1016/j.jalz.2011.05.2398

14 D. MARTINEZ-PERNIA ET AL.

British Journal of Developmental Psychology, 21(1), 59-80. https://
doi.org/10.1348/026151003321164627

Levy, C. E.,, Miller, D. M., Akande, C. A,, Lok, B., Marsiske, M., &
Halan, S. (2019). V-Mart, a virtual reality grocery store: A focus
group study of a promising intervention for mild traumatic brain
injury and posttraumatic stress disorder. American Journal of
Physical Medicine ¢ Rehabilitation, 98(3), 191-198. https://doi.org/
10.1097/PHM.0000000000001041

Lezak, M. D. (1995). Neuropsychological assessment (3rd ed.). Oxford
University Press.

Lo Priore, C., Castelnuovo, G., Liccione, D., & Liccione, D. (2003).
Experience with V-STORE: Considerations on presence in virtual
environments for effective neuropsychological rehabilitation of
executive functions. Cyberpsychology & Behavior, 6(3), 281-287.
https://doi.org/10.1089/109493103322011579

Lunt, L., Bramham, J., Morris, R. G., Bullock, P. R., Selway, R. P.,
Xenitidis, K., & David, A. S. (2012). Prefrontal cortex dysfunction
and “jumping to conclusions”™ Bias or deficit? Journal of
Neuropsychology, 6(1), 65-78. https://doi.org/10.1111/j.1748-6653.
2011.02005.x

Manchester, D., Priestley, N., & Jackson, H. (2004). The assessment of
executive functions: Coming out of the office. Brain Injury, 18(11),
1067-1081. https://doi.org/10.1080/02699050410001672387

Manera, V., Ben-Sadoun, G., Aalbers, T., Agopyan, H., Askenazy, F.,
Benoit, M., Bensamoun, D., Bourgeois, J., Bredin, J., Bremond, F.,
Crispim-Junior, C., David, R., De Schutter, B., Ettore, E., Fairchild,
J., Foulon, P., Gazzaley, A., Gros, A., Hun, S., ... Robert, P. (2017).
Recommendations for the use of serious games in neurodegenerative
disorders: 2016 Delphi Panel. Frontiers in Psychology, 8, 1243.
https://doi.org/10.3389/fpsyg.2017.01243

Manera, V., Petit, P.-D., Derreumaux, A., Orvieto, 1., Romagnoli, M.,
Lyttle, G., David, R., & Robert, P. H. (2015). ‘ Kitchen and cooking,’
a serious game for mild cognitive impairment and Alzheimer’s dis-
ease: A pilot study. Frontiers in Aging Neuroscience, 7, 24. https://
doi.org/10.3389/fnagi.2015.00024

Manly, T., Anderson, V., Nimmo-Smith, I., Turner, A., Watson, P., &
Robertson, I. H. (2001). The differential assessment of children’s
attention: The Test of Everyday Attention for Children (TEA-Ch),
normative sample and ADHD performance. journal of Child
Psychology and Psychiatry, and Allied Disciplines, 42(8), 1065-1081.
https://doi.org/10.1111/1469-7610.00806

Marcotte, T. D., & Grant, I. (Eds.) (2009). Neuropsychology of everyday
functioning: The science and practice of neuropsychology. The
Guilford Press.

Marshall, G. A., Rentz, D. M., Frey, M. T., Locascio, J. J., Johnson,
K. A., & Sperling, R. A. (2011). Executive function and instrumental
activities of daily living in mild cognitive impairment and
Alzheimer’s disease. Alzheimer’s & Dementia: The Journal of the
Alzheimer’s Association, 7(3), 300-308. https://doi.org/10.1016/j.jalz.
2010.04.005

Martinez-Pernia, D. (2020). Experiential neurorehabilitation: A neuro-
logical therapy based on the enactive paradigm. Frontiers in
Psychology, 11, 924. https://doi.org/10.3389/fpsyg.2020.00924

Martinez-Pernia, D., Gonzalez-Castan, O., & Huepe, D. (2017). From
ancient Greece to the cognitive revolution: A comprehensive view of
physical rehabilitation sciences. Physiotherapy Theory and Practice,
33(2), 89-102. https://doi.org/10.1080/09593985.2016.1266720

Martinez-Pernia, D., Nunez-Huasaf, J., Del Blanco, A, Ruiz-Tagle, A,
Velasquez, J., Gomez, M., Robert Blesius, C., Ibanez, A., Fernandez-
Manjén, B., & Slachevsky, A. (2017). Using game authoring plat-
forms to develop screen-based simulated functional assessments in
persons with executive dysfunction following traumatic brain injury.
Journal of Biomedical Informatics, 74, 71-84. https://doi.org/10.1016/
j.jbi.2017.08.012

Mataix-Cols, D., & Bartrés-Faz, D. (2002). Is the use of the wooden
and computerized versions of the Tower of Hanoi puzzle equivalent?
Applied Neuropsychology, 9(2), 117-120. https://doi.org/10.1207/
S15324826AN0902_8

McAlister, C., Schmitter-Edgecombe, M., & Lamb, R. (2016).
Examination of variables that may affect the relationship between

cognition and functional status in individuals with mild cognitive
impairment: A meta-analysis. Archives of Clinical Neuropsychology,
31(2), 123-147.

McDonald, B. C., Flashman, L. A, & Saykin, A. J. (2002). Executive
dysfunction following traumatic brain injury: Neural substrates and
treatment strategies. NeuroRehabilitation, 17(4), 333-344. https://doi.
org/10.3233/NRE-2002-17407

McGeorge, P., Phillips, L. H., Crawford, J. R., Garden, S. E., Sala, S. D,,
Milne, A. B., Hamilton, S., & Callender, J. S. (2001). Using virtual
environments in the assessment of executive dysfunction. Presence:
Teleoperators and Virtual Environments, 10(4), 375-383. https://doi.
org/10.1162/1054746011470235

Mesulam, M. (1986). Frontal cortex and behavior—Mesulam. Annals of
Neurology, 19(4), 320-325. https://doi.org/10.1002/ana.410190403

Mesulam, M.-M., Weintraub, S., Rogalski, E. J., Wieneke, C., Geula, C,,
& Bigio, E. H. (2014). Asymmetry and heterogeneity of Alzheimer’s
and frontotemporal pathology in primary progressive aphasia. Brain,
137(Pt 4), 1176-1192.

Michael, D. R, & Chen, S. L. (2005). Serious games: Games that edu-
cate, train, and inform. Muska & Lipman/Premier-Trade.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter,
A., & Wager, T. D. (2000). The unity and diversity of executive
functions and their contributions to complex “frontal lobe” tasks: A
latent variable analysis. Cognitive Psychology, 41(1), 49-100. https://
doi.org/10.1006/cogp.1999.0734

Moheb, N., Mendez, M. F., Kremen, S. A, & Teng, E. (2017).
Executive dysfunction and behavioral symptoms are associated with
deficits in instrumental activities of daily living in frontotemporal
dementia. Dementia and Geriatric Cognitive Disorders, 43(1-2), 89—
99. https://doi.org/10.1159/000455119

Mori, M., MacDorman, K. F., & Kageki, N. (2012). The uncanny valley
[from the field]. IEEE Robotics & Automation Magazine, 19(2), 98-
100. https://doi.org/10.1109/MRA.2012.2192811

Nakao, T., Okada, K., & Kanba, S. (2014). Neurobiological model of
obsessive-compulsive disorder: Evidence from recent neuropsycho-
logical and neuroimaging findings. Psychiatry and Clinical
Neurosciences, 68(8), 587-605. https://doi.org/10.1111/pcn.12195

Nalivaiko, E., Davis, S. L., Blackmore, K. L., Vakulin, A., & Nesbitt,
K. V. (2015). Cybersickness provoked by head-mounted display
affects cutaneous vascular tone, heart rate and reaction time.
Physiology & Behavior, 151, 583-590. https://doi.org/10.1016/j.phys-
beh.2015.08.043

Neto, H. S., Cerejeira, J., & Roque, L. (2018). Cognitive screening of
older adults using serious games: An empirical study. Entertainment
Computing, 28, 11-20. https://doi.org/10.1016/j.entcom.2018.08.002

Ning, H.,, Li, R, Ye, X,, Zhang, Y., & Liu, L. (2020). A review on ser-
ious games for dementia care in ageing societies. IEEE Journal of
Translational Engineering in Health and Medicine, 8, 1-11. https://
doi.org/10.1109/JTEHM.2020.2998055

Optale, G., Urgesi, C., Busato, V., Marin, S., Piron, L., Priftis, K.,
Gamberini, L., Capodieci, S., & Bordin, A. (2010). Controlling
memory impairment in elderly adults using virtual reality memory
training: A randomized controlled pilot study. Neurorehabilitation
and Neural Repair, 24(4), 348-357. https://doi.org/10.1177/
1545968309353328

Orozco, M., Silva, J., El Saddik, A., & Petriu, E. (2012). The role of
haptics in games. In Haptics rendering and applications (pp. 217-
234). In Tech.

Osterrieth, P. A. (1944). Le test de copie d’une figure complexe; contri-
bution a I’étude de la perception et de la mémoire [Test of copying
a complex figure; contribution to the study of perception and mem-
oryl. Archives de Psychologie, 30, 206-356.

Pan, X., & Hamilton, A. F. d C. (2018). Why and how to use virtual
reality to study human social interaction: The challenges of explor-
ing a new research landscape. British journal of Psychology, 109(3),
395-417. https://doi.org/10.1111/bjop.12290

Park, M. ], Kim, D. ], Lee, U, Na, E. J., & Jeon, H. J. (2019). A litera-
ture overview of virtual reality (VR) in treatment of psychiatric dis-
orders: Recent advances and limitations. Frontiers in Psychiatry, 10,
505. https://doi.org/10.3389/fpsyt.2019.00505


https://doi.org/10.1348/026151003321164627
https://doi.org/10.1348/026151003321164627
https://doi.org/10.1097/PHM.0000000000001041
https://doi.org/10.1097/PHM.0000000000001041
https://doi.org/10.1089/109493103322011579
https://doi.org/10.1111/j.1748-6653.2011.02005.x
https://doi.org/10.1111/j.1748-6653.2011.02005.x
https://doi.org/10.1080/02699050410001672387
https://doi.org/10.3389/fpsyg.2017.01243
https://doi.org/10.3389/fnagi.2015.00024
https://doi.org/10.3389/fnagi.2015.00024
https://doi.org/10.1111/1469-7610.00806
https://doi.org/10.1016/j.jalz.2010.04.005
https://doi.org/10.1016/j.jalz.2010.04.005
https://doi.org/10.3389/fpsyg.2020.00924
https://doi.org/10.1080/09593985.2016.1266720
https://doi.org/10.1016/j.jbi.2017.08.012
https://doi.org/10.1016/j.jbi.2017.08.012
https://doi.org/10.1207/S15324826AN0902_8
https://doi.org/10.1207/S15324826AN0902_8
https://doi.org/10.3233/NRE-2002-17407
https://doi.org/10.3233/NRE-2002-17407
https://doi.org/10.1162/1054746011470235
https://doi.org/10.1162/1054746011470235
https://doi.org/10.1002/ana.410190403
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1159/000455119
https://doi.org/10.1109/MRA.2012.2192811
https://doi.org/10.1111/pcn.12195
https://doi.org/10.1016/j.physbeh.2015.08.043
https://doi.org/10.1016/j.physbeh.2015.08.043
https://doi.org/10.1016/j.entcom.2018.08.002
https://doi.org/10.1109/JTEHM.2020.2998055
https://doi.org/10.1109/JTEHM.2020.2998055
https://doi.org/10.1177/1545968309353328
https://doi.org/10.1177/1545968309353328
https://doi.org/10.1111/bjop.12290
https://doi.org/10.3389/fpsyt.2019.00505

Parsey, C. M., & Schmitter-Edgecombe, M. (2013). Applications of
technology in neuropsychological assessment. The Clinical
Neuropsychologist, 27(8), 1328-1361. https://doi.org/10.1080/
13854046.2013.834971

Parsons, T. D. (2011). Neuropsychological assessment using virtual
environments: Enhanced assessment technology for improved eco-
logical validity. In S. Brahnam & L. C. Jain (Eds.), Advanced compu-
tational intelligence paradigms in healthcare 6. Virtual reality in
psychotherapy,  rehabilitation, and assessment (pp. 271-289).
Springer. https://doi.org/10.1007/978-3-642-17824-5_13

Parsons, T. D. (2016). Neuropsychological assessment 2.0: Computer-
automated assessments. In T. D. Parsons (Ed.), Clinical neuropsych-
ology and technology: What’s new and how we can use it (pp. 47-
63). Springer International Publishing. https://doi.org/10.1007/978-3-
319-31075-6_5

Parsons, T. D. (2016). Neuropsychological Assessment 3.0. In T. D.
Parsons (Ed.), Clinical neuropsychology and technology: What’s new
and how we can use it (pp. 65-96). Springer International
Publishing. https://doi.org/10.1007/978-3-319-31075-6_5

Parsons, T. D., McMahan, T., & Kane, R. (2018). Practice parameters
facilitating adoption of advanced technologies for enhancing neuro-
psychological assessment paradigms. The Clinical Neuropsychologist,
32(1), 16-41. https://doi.org/10.1080/13854046.2017.1337932

Perez-Colado, 1. J., Perez-Colado, V. M., Martinez-Ortiz, I., Freire-
Moran, M., & Fernandez-Manjén, B. (2017). uAdventure: The
eAdventure reboot: Combining the experience of commercial gam-
ing tools and tailored educational tools. In 2017 IEEE Global
Engineering Education Conference (EDUCON) (pp. 1755-1762).
https://doi.org/10.1109/EDUCON.2017.7943087

Phillips, L. H., Henry, J. D., Nouzova, E., Cooper, C., Radlak, B., &
Summers, F. (2014). Difficulties with emotion regulation in multiple
sclerosis: Links to executive function, mood, and quality of life.
Journal of Clinical and Experimental Neuropsychology, 36(8), 831-
842. https://doi.org/10.1080/13803395.2014.946891

Poulin, V., Korner-Bitensky, N., & Dawson, D. R. (2013). Stroke-
specific executive function assessment: A literature review of per-
formance-based tools. Australian occupational Therapy Journal,
60(1), 3-19. https://doi.org/10.1111/1440-1630.12024

Przybylski, A. K., Rigby, C. S., & Ryan, R. M. (2010). A motivational
model of video game engagement. Review of General Psychology,
14(2), 154-166. https://doi.org/10.1037/a0019440

Rand, D., Katz, N., Shahar, M., Kizoni, R., & Weiss, P. L. (2005). The
virtual mall: A functional virtual environment for stroke rehabilita-
tion. Annual Review of CyberTherapy and Telemedicine, 3, 193-198.

Rand, D., Rukan, S. B.-A., Weiss, P. L., & Katz, N. (2009). Validation
of the Virtual MET as an assessment tool for executive functions.
Neuropsychological Rehabilitation, 19(4), 583-602. https://doi.org/10.
1080/09602010802469074

Reitan, R. M. (1958). Validity of the Trail Making Test as an indicator
of organic brain damage. Perceptual and Motor Skills, 8(3), 271-276.
https://doi.org/10.2466/pms.1958.8.3.271

Renison, B., Ponsford, J., Testa, R., Richardson, B., & Brownfield, K.
(2012). The ecological and construct validity of a newly developed
measure of executive function: The virtual library task. Journal of
the International Neuropsychological Society, 18(3), 440-450. https://
doi.org/10.1017/S1355617711001883

Rizzo, A., & Koenig, S. T. (2017). Is clinical virtual reality ready for
primetime? Neuropsychology, 31(8), 877-899. https://doi.org/10.1037/
neu0000405

Rizzo, A. A., Schultheis, M., Kerns, K. A, & Mateer, C. (2004).
Analysis of assets for virtual reality applications in neuropsychology.
Neuropsychological Rehabilitation, 14(1-2), 207-239. https://doi.org/
10.1080/09602010343000183

Rizzo, M., Sheffield, R., Stierman, L., & Dawson, J. (2003).
Demographic and driving performance factors in simulator adapta-
tion syndrome. Driving Assessment Conference, 2, 201-208.

Robert, P., Albrengues, C., Fabre, R., Derreumaux, A., Pancrazi, M. P.,
Luporsi, I, Dubois, B., Epelbaum, S., Mercier, G., Foulon, P,
Bremond, F., & Manera, V. (2021). Efficacy of serious exergames in
improving neuropsychiatric symptoms in neurocognitive disorders:

APPLIED NEUROPSYCHOLOGY: ADULT . 15

Results of the X-TORP cluster randomized trial. Alzheimer’s &
Dementia, 7(1), €12149. https://doi.org/10.1002/trc2.12149

Robert, P. H., Konig, A., Amieva, H., Andrieu, S., Bremond, F.,
Bullock, R., Ceccaldi, M., Dubois, B., Gauthier, S., Kenigsberg, P.-A.,
Nave, S., Orgogozo, J. M., Piano, J., Benoit, M., Touchon, J., Vellas,
B., Yesavage, J., & Manera, V. (2014). Recommendations for the use
of Serious Games in people with Alzheimer’s disease, related disor-
ders and frailty. Frontiers in Aging Neuroscience, 6, 54. https://doi.
org/10.3389/fnagi.2014.00054

Robert, P., Manera, V., Derreumaux, A., Montesino, M. F. Y., Leone,
E., Fabre, R., & Bourgeois, J. (2020). Efficacy of a web app for cog-
nitive training (MeMo) regarding cognitive and behavioral perform-
ance in people with neurocognitive disorders: randomized
controlled trial. Journal of Medical Internet Research, 22(3), e17167.

Robinson, K. E., Pearson, M. M., Cannistraci, C. J., Anderson, A. W.,
Kuttesch, J. F., Wymer, K., Smith, S. E., & Compas, B. E. (2014).
Neuroimaging of executive function in survivors of pediatric brain
tumors and healthy controls. Neuropsychology, 28(5), 791-800.
https://doi.org/10.1037/neu0000077

Romero-Ayuso, D., Castillero-Perea, A., Gonzdlez, P., Navarro, E.,
Molina-Massd, J. P., Funes, M. J., Ariza-Vega, P., Toledano-
Gonzilez, A., & Trivino-Judrez, J. M. (2019). Assessment of cogni-
tive instrumental activities of daily living: A systematic review.
Disability and Rehabilitation, 43(10), 1342-1358. https://doi.org/10.
1080/09638288.2019.1665720

Royall, D. R,, Lauterbach, E. C., Cummings, J. L., Reeve, A., Rummans,
T. A, Kaufer, D. L, LaFrance, W. C., & Coffey, C. E. (2002).
Executive control function. The Journal of Neuropsychiatry and
Clinical Neurosciences, 14(4), 377-405. https://doi.org/10.1176/jnp.
14.4.377

Sabariego, C., Coenen, M., Ballert, C., Cabello, M., Leonardi, M.,
Anczewska, M., Pitkdnen, T., Raggi, A., Mellor, B., Covelli, V.,
éwitaj, P., Levola, J., Schiavolin, S., Chrostek, A., Bickenbach, J.,
Chatterji, S., & Cieza, A. (2015). Determinants of psychosocial diffi-
culties experienced by persons with brain disorders: Towards a
‘horizontal epidemiology approach’. PLOS One, 10(12), €0141322.
https://doi.org/10.1371/journal.pone.0141322

Sacco, G., Ben-Sadoun, G., Bourgeois, J., Fabre, R., Manera, V., &
Robert, P. (2019). Comparison between a paper-pencil version and
computerized version for the realization of a neuropsychological
test: The example of the trail making test. Journal of Alzheimer’s
Disease, 68(4), 1657-1666. https://doi.org/10.3233/JAD-180396

Sahakian, B. J., & Owen, A. M. (1992). Computerized assessment in
neuropsychiatry using CANTAB: Discussion paper. Journal of the
Royal Society of Medicine, 85(7), 399-402.

Sanchez-Herrera-Baeza, P., Cano-de-la-Cuerda, R., Ona-Simbana,
E. D., Palacios-Cena, D., Pérez-Corrales, J., Cuenca-Zaldivar, J. N,
Gueita-Rodriguez, J., Balaguer-Bernaldo de Quirds, C., Jarddon-
Huete, A., & Cuesta-Gomez, A. (2020). The impact of a novel
immersive virtual reality technology associated with serious games
in Parkinson’s disease patients on upper limb rehabilitation: A
mixed methods intervention study. Sensors, 20(8), 2168. https://doi.
0rg/10.3390/520082168

Saredakis, D., Szpak, A., Birckhead, B., Keage, H. A. D., Rizzo, A, &
Loetscher, T. (2020). Factors associated with virtual reality sickness
in head-mounted displays: A systematic review and meta-analysis.
Frontiers in Human Neuroscience, 14, 96. https://doi.org/10.3389/
fnhum.2020.00096

Sbordone, R. J. (1996). Ecological validity: Some critical issues for the
neuropsychologist. In R. J. Sbordone & C. J. Long (Eds.), Ecological
validity of neuropsychological testing (pp. 15-41). St Lucie Press.

Sbordone, R. J., Seyranian, G. D., & Ruff, R. M. (1998). Are the sub-
jective complaints of traumatically brain injured patients reliable?
Brain Injury, 12(6), 505-515. https://doi.org/10.1080/02699059812
2467

Sbordone, R. J. (2010). Neuropsychological tests are poor at assessing
the frontal lobes, executive functions, and neurobehavioral symp-
toms of traumatically brain-injured patients. Psychological Injury
and Law, 3(1), 25-35. https://doi.org/10.1007/s12207-010-9068-x


https://doi.org/10.1080/13854046.2013.834971
https://doi.org/10.1080/13854046.2013.834971
https://doi.org/10.1007/978-3-642-17824-5_13
https://doi.org/10.1007/978-3-319-31075-6_5
https://doi.org/10.1007/978-3-319-31075-6_5
https://doi.org/10.1007/978-3-319-31075-6_5
https://doi.org/10.1080/13854046.2017.1337932
https://doi.org/10.1109/EDUCON.2017.7943087
https://doi.org/10.1080/13803395.2014.946891
https://doi.org/10.1111/1440-1630.12024
https://doi.org/10.1037/a0019440
https://doi.org/10.1080/09602010802469074
https://doi.org/10.1080/09602010802469074
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.1017/S1355617711001883
https://doi.org/10.1017/S1355617711001883
https://doi.org/10.1037/neu0000405
https://doi.org/10.1037/neu0000405
https://doi.org/10.1080/09602010343000183
https://doi.org/10.1080/09602010343000183
https://doi.org/10.1002/trc2.12149
https://doi.org/10.3389/fnagi.2014.00054
https://doi.org/10.3389/fnagi.2014.00054
https://doi.org/10.1037/neu0000077
https://doi.org/10.1080/09638288.2019.1665720
https://doi.org/10.1080/09638288.2019.1665720
https://doi.org/10.1176/jnp.14.4.377
https://doi.org/10.1176/jnp.14.4.377
https://doi.org/10.1371/journal.pone.0141322
https://doi.org/10.3233/JAD-180396
https://doi.org/10.3390/s20082168
https://doi.org/10.3390/s20082168
https://doi.org/10.3389/fnhum.2020.00096
https://doi.org/10.3389/fnhum.2020.00096
https://doi.org/10.1080/026990598122467
https://doi.org/10.1080/026990598122467
https://doi.org/10.1007/s12207-010-9068-x

16 D. MARTINEZ-PERNIA ET AL.

Schatz, P., & Browndyke, J. (2002). Applications of computer-based
neuropsychological assessment. The Journal of Head Trauma
Rehabilitation, 17(5), 395-410. https://doi.org/10.1097/00001199-
200210000-00003

Schmitter-Edgecombe, M., & Arrotta, K. (2022). Naturalistic assess-
ment: Everyday environments and emerging technologies. In T. D.
Marcotte, M. Schmitter-Edgecombe, & I Grant (Eds.),
Neuropsychology of everyday functioning (pp. 263-286). The Guilford
Press.

Schwartz, M. F.,, Reed, E. S., Montgomery, M., Palmer, C., & Mayer,
N. H. (1991). The quantitative description of action disorganisation
after brain damage: A case study. Cognitive Neuropsychology, 8(5),
381-414. https://doi.org/10.1080/02643299108253379

Sebastian, A., Jung, P., Krause-Utz, A., Lieb, K., Schmahl, C., &
Tiischer, O. (2014). Frontal dysfunctions of impulse control — A sys-
tematic review in borderline personality disorder and attention-
deficit/hyperactivity disorder. Frontiers in Human Neuroscience, 8,
698. https://doi.org/10.3389/fnhum.2014.00698

Shallice, T. I. M., & Burgess, P. W. (1991). Deficits in strategy applica-
tion following frontal lobe damage in man. Brain, 114(2), 727-741.
https://doi.org/10.1093/brain/114.2.727

Sharma, B., Bradbury, C., Mikulis, D., & Green, R. (2014). Missed diag-
nosis of traumatic brain injury in patients with traumatic spinal
cord injury. Journal of Rehabilitation Medicine, 46(4), 370-373.
https://doi.org/10.2340/16501977-1261

Slachevsky, A., Ramos, T., & Olavarria, L. (2022). Syndromes and dis-
eases studied by behavioral neurology. In Encyclopedia of behavioral
neuroscience (2nd ed., pp. 1-16). Elsevier.

Slachevsky, A., Reyes, P., Rojas, G., & Silva, J. R. (2009). Prefrontal cor-
tex and control of behavior - Evidence from neuropsychological
studies. In F. Aboitiz & D. Cosmelli (Eds.), From attention to goal-
directed behavior: Neurodynamical, methodological and clinical
trends (pp. 231-248). Springer. https://doi.org/10.1007/978-3-540-
70573-4_12

Slater, M. (2009). Place illusion and plausibility can lead to realistic
behaviour in immersive virtual environments. Philosophical
Transactions of the Royal Society B: Biological Sciences, 364(1535),
3549-3557. https://doi.org/10.1098/rstb.2009.0138

Spooner, D. M., & Pachana, N. A. (2006). Ecological validity in neuro-
psychological assessment: A case for greater consideration in
research with neurologically intact populations. Archives of Clinical
Neuropsychology, 21(4), 327-337. https://doi.org/10.1016/j.acn.2006.
04.004

Stanney, K. M., Kingdon, K. S., & Kennedy, R. S. (2002). Dropouts and
aftereffects: Examining general accessibility to virtual environment
technology. Proceedings of the Human Factors and Ergonomics
Society Annual Meeting, 46(26), 2114-2118. https://doi.org/10.1177/
154193120204602603

Stuss, D. T. (2009). Rehabilitation of frontal lobe dysfunction: A work-
ing framework. In The rehabilitation of executive disorders: A guide
to theory and practice (pp. 3-17). Oxford University Press. Retrieved
from https://doi.org/10.1093/med/9780198568056.001.0001/med-
9780198568056-chapter-1

Stuss, D. T. (2011). Traumatic brain injury: Relation to executive dys-
function and the frontal lobes. Current opinion in Neurology, 24(6),
584-589. https://doi.org/10.1097/WCO.0b013e32834c7eb9

Tong, T. (2014). Designing serious games as cognitive assessment tools
for the elderly. In Int. Symp. Hum. Factors Ergon. Heal. Care Adv.
Cause (vol. 3, pp. 28-35).

Tong, T., Chignell, M., & DeGuzman, C. A. (2021). Using a serious
game to measure executive functioning: Response inhibition ability.
Applied Neuropsychology. Adult, 28(6), 673-684. https://doi.org/10.
1080/23279095.2019.1683561

Tong, T., Chignell, M., Tierney, M. C., & Lee, J. (2016). A serious
game for clinical assessment of cognitive status: Validation study.
JMIR Serious Games, 4(1), e5006. https://doi.org/10.2196/games.5006

Tong, T., Guana, V., Jovanovic, A., Tran, F., Mozafari, G., Chignell,
M., & Stroulia, E. (2015). Rapid deployment and evaluation of
mobile serious games: A cognitive assessment case study. Procedia

Computer Science, 69, 96-103. https://doi.org/10.1016/j.procs.2015.
10.010

Tupper, D. E., & Cicerone, K. D. (Eds.). (1990). The neuropsychology of
everyday life: Assessment and basic competencies. Springer US.
https://doi.org/10.1007/978-1-4613-1503-2

Valladares-Rodriguez, S., Ferndndez-Iglesias, M. J., Anido-Rifén, L.,
Facal, D., Rivas-Costa, C., & Pérez-Rodriguez, R. (2019). Touchscreen
games to detect cognitive impairment in senior adults. A user-inter-
action pilot study. International journal of Medical Informatics, 127,
52-62. https://doi.org/10.1016/j.ijmedinf.2019.04.012

Valladares-Rodriguez, S., Pérez-Rodriguez, R., Fernandez-Iglesias, J. M.,
Anido-Rifén, L. E., Facal, D., & Rivas-Costa, C. (2018). Learning to
detect cognitive impairment through digital games and machine
learning techniques. Methods of Information in Medicine, 57(4),
197-207. https://doi.org/10.3414/ME17-02-0011

Valladares-Rodriguez, S., Pérez-Rodriguez, R., Anido-Rifén, L., &
Fernandez-Iglesias, M. (2016). Trends on the application of serious
games to neuropsychological evaluation: A scoping review. Journal
of Biomedical Informatics, 64, 296-319. https://doi.org/10.1016/j.jbi.
2016.10.019

Vallejo, V., Wyss, P, Chesham, A., Mitache, A. V., Miiri, R. M,,
Mosimann, U. P.,, & Nef, T. (2017). Evaluation of a new serious
game based multitasking assessment tool for cognition and activities
of daily living: Comparison with a real cooking task. Computers in
Human Behavior, 70, 500-506. https://doi.org/10.1016/j.chb.2017.01.
021

Van de Weijer-Bergsma, E., Kroesbergen, E. H., Prast, E. J., & Van
Luit, J. E. H. (2015). Validity and reliability of an online visual-
spatial working memory task for self-reliant administration in
school-aged children. Behavior Research Methods, 47(3), 708-719.
https://doi.org/10.3758/s13428-014-0469-8

Verdejo-Garcia, A., & Bechara, A. (2010). Neuropsicologia de las fun-
ciones ejecutivas. Psicothema, 22(2), 227-235.

Vogiatzaki, E., & Krukowski, A. (2014). Serious games for stroke
rehabilitation employing immersive user interfaces in 3D virtual
environment. Journal of Health Informatics, 6, 1-15. http://www.
jhi-sbis.saude.ws/ojs-jhi/index.php/jhi-sbis/article/view/370

Wang, P., Fang, Y., Qi, J. Y., & Li, H. J. (2022). FISHERMAN: A ser-
ious game for executive function assessment of older adults.
Assessment. https://doi.org/10.1177/10731911221105648

Wattanasoontorn, V., Boada, 1., Garcia, R., & Sbert, M. (2013). Serious
games for health. Entertainment Computing, 4(4), 231-247. https://
doi.org/10.1016/j.entcom.2013.09.002

Wechsler, D. (1939). The measurement of adult intelligence. William
and Wilkins.

Weiner, N. W,, Toglia, J., & Berg, C. (2012). Weekly calendar planning
activity (WCPA): A performance-based assessment of executive
function piloted with at-risk adolescents. The American Journal of
Occupational Therapy, 66(6), 699-708. https://doi.org/10.5014/ajot.
2012.004754

Werner, P., Rabinowitz, S., Klinger, E., Korczyn, A. D., & Josman, N.
(2009). Use of the virtual action planning supermarket for the diagno-
sis of mild cognitive impairment. Dementia and Geriatric Cognitive
Disorders, 27(4), 301-309. https://doi.org/10.1159/000204915

White, S. J., Burgess, P. W., & Hill, E. L. (2009). Impairments on
“open-ended” executive function tests in autism. Autism Research,
2(3), 138-147. https://doi.org/10.1002/aur.78

Williams, J. E., & McCord, D. M. (2006). Equivalence of standard and
computerized versions of the Raven Progressive Matrices Test.
Computers in Human Behavior, 22(5), 791-800. https://doi.org/10.
1016/j.chb.2004.03.005

Wilson, B., Alderman, N., Burgess, P. W., Emslie, H., & Evans, J. (1996).
Behavioural assessment of the dysexecutive syndrome. Bury St Edmunds.

Wilson, B., Cockburn, J., & Baddeley, A. (1985). The Rivermead
Behavioural Memory Test (RMBT). Thames Valley Test Company.

Xu, J.-Q., Hui, C. L.-M., Longenecker, J., Lee, E. H.-M., Chang, W.-C,,
Chan, S. K.-W., & Chen, E. Y.-H. (2014). Executive function as pre-
dictors of persistent thought disorder in first-episode schizophrenia:
A one-year follow-up study. Schizophrenia Research, 159(2-3), 465—
470. https://doi.org/10.1016/j.schres.2014.08.022


https://doi.org/10.1097/00001199-200210000-00003
https://doi.org/10.1097/00001199-200210000-00003
https://doi.org/10.1080/02643299108253379
https://doi.org/10.3389/fnhum.2014.00698
https://doi.org/10.1093/brain/114.2.727
https://doi.org/10.2340/16501977-1261
https://doi.org/10.1007/978-3-540-70573-4_12
https://doi.org/10.1007/978-3-540-70573-4_12
https://doi.org/10.1098/rstb.2009.0138
https://doi.org/10.1016/j.acn.2006.04.004
https://doi.org/10.1016/j.acn.2006.04.004
https://doi.org/10.1177/154193120204602603
https://doi.org/10.1177/154193120204602603
https://doi.org/10.1093/med/9780198568056.001.0001/med-9780198568056-chapter-1
https://doi.org/10.1093/med/9780198568056.001.0001/med-9780198568056-chapter-1
https://doi.org/10.1097/WCO.0b013e32834c7eb9
https://doi.org/10.1080/23279095.2019.1683561
https://doi.org/10.1080/23279095.2019.1683561
https://doi.org/10.2196/games.5006
https://doi.org/10.1016/j.procs.2015.10.010
https://doi.org/10.1016/j.procs.2015.10.010
https://doi.org/10.1007/978-1-4613-1503-2
https://doi.org/10.1016/j.ijmedinf.2019.04.012
https://doi.org/10.3414/ME17-02-0011
https://doi.org/10.1016/j.jbi.2016.10.019
https://doi.org/10.1016/j.jbi.2016.10.019
https://doi.org/10.1016/j.chb.2017.01.021
https://doi.org/10.1016/j.chb.2017.01.021
https://doi.org/10.3758/s13428-014-0469-8
http://www.jhi-sbis.saude.ws/ojs-jhi/index.php/jhi-sbis/article/view/370
http://www.jhi-sbis.saude.ws/ojs-jhi/index.php/jhi-sbis/article/view/370
https://doi.org/10.1177/10731911221105648
https://doi.org/10.1016/j.entcom.2013.09.002
https://doi.org/10.1016/j.entcom.2013.09.002
https://doi.org/10.5014/ajot.2012.004754
https://doi.org/10.5014/ajot.2012.004754
https://doi.org/10.1159/000204915
https://doi.org/10.1002/aur.78
https://doi.org/10.1016/j.chb.2004.03.005
https://doi.org/10.1016/j.chb.2004.03.005
https://doi.org/10.1016/j.schres.2014.08.022

Yip, B. C. B., & Man, D. W. K. (2013). Virtual reality-based prospect-
ive memory training program for people with acquired brain injury.
NeuroRehabilitation, 32(1), 103-115. https://doi.org/10.3233/NRE-
130827

Zartman, A. L., Hilsabeck, R. C., Guarnaccia, C. A.,, & Houtz, A.
(2013). The Pillbox Test: An ecological measure of executive func-
tioning and estimate of medication management abilities. Archives
of Clinical Neuropsychology, 28(4), 307-319. https://doi.org/10.1093/
arclin/act014

APPLIED NEUROPSYCHOLOGY: ADULT . 17

Zhang, L., Abreu, B. C., Masel, B., Scheibel, R. S., Christiansen, C. H.,
Huddleston, N., & Ottenbacher, K. J. (2001). Virtual reality in the
assessment of selected cognitive function after brain injury.
American Journal of Physical Medicine & Rehabilitation, 80(8), 597-
604; quiz 605. https://doi.org/10.1097/00002060-200108000-00010

Ziemnik, R. E., & Suchy, Y. (2019). Ecological validity of performance-
based measures of executive functions: Is face validity necessary for
prediction of daily functioning? Psychological Assessment, 31(11),
1307-1318. https://doi.org/10.1037/pas0000751


https://doi.org/10.3233/NRE-130827
https://doi.org/10.3233/NRE-130827
https://doi.org/10.1093/arclin/act014
https://doi.org/10.1093/arclin/act014
https://doi.org/10.1097/00002060-200108000-00010
https://doi.org/10.1037/pas0000751
https://www.researchgate.net/publication/368779671

	Abstract
	Introduction
	Current assessment of executive function
	Limitations of current neuropsychological instruments for the evaluation of executive dysfunction in the detection and prediction of functional impairment
	Content of evaluation
	Task structure
	Measurement of performance

	Future perspectives: the opportunity of serious games
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	Orcid
	References


