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Abstract

Objectives Atypical executive functions (EF) have long been observed in individuals with autism spectrum disorders (ASD) of
any age. To compensate for EF-related difficulties and to cope with the demands of daily life, assistive technology for cognition
may represent a valid solution, but at present, no information is available on the range of accessible solutions nor on their
effectiveness in ASD. This paper reports on a review conducted to identify assistive technologies that may compensate for EF-
related difficulties in ASD.

Methods A systematic search was conducted following the PRISMA Extension for Scoping Reviews (PRISMA-ScR) reporting
guideline recommendations.

Results Fifteen studies met inclusion criteria, with most studies following a single-subject research design (rz = 11). The assistive
technologies identified were grouped into two categories (context-aware, mobile) addressing four EF-related cognitive processes
classified according to the taxonomy proposed by the International Classification of Functioning (i.e., organization and planning,
time management, cognitive flexibility, and insight). Insight (e.g., self-monitoring) resulted as the only intervention that may be
considered evidence-based.

Conclusions This review highlights that assistive technology may be effective in compensating for specific EF-related difficulties
in ASD, but more rigorous research involving (a) a wider range of EF-related skills, (b) older participants, and (c) diverse settings
(e.g., workplaces) is necessary.
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Many individuals diagnosed with autism spectrum disorders
(ASD) struggle with independence and coping with the de-
mands of daily life due to atypical executive-functions skills
(hereafter, EF; Abbott et al. 2018; Kenny et al. 2018;
Kenworthy et al. 2008; Wallace et al. 2016). EF are higher
cognitive processes that allow planning, control, and monitor-
ing of goal-directed behavior and are involved in various as-
pects of everyday life such as adaptive skills, self-regulation of
emotions, and social interactions (Dawson and Guare 2018;
Jurado and Rosselli 2007; Mazefsky et al. 2012).
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Atypical EF skills have long been observed in ASD across
all ages (for a recent review and meta-analysis see Demetriou
et al. 2018a; see also Velikonja et al. 2019). Although current
evidence suggests that EF differences in people with ASD
compared with the typical population do not reflect a diagnos-
tic feature of ASD (Geurts et al. 2014; de Vries and Geurts
2015), EF are increasingly considered an important target for
interventions to make people with ASD more resilient to the
negative consequences of being on the autism spectrum and
improve overall function and independence (Fletcher-Watson
and Happé 2019; Leung et al. 2016; Wallace et al. 2016).

Components of EF interventions targeting ASD include
teaching EF skills (i.e., treatments) and environmental modi-
fications (Dawson and Guare 2018). Treatment interventions
focusing on specific EF cognitive domains (e.g., working
memory) to improve adaptive functioning, however, have
produced mixed results (for a review see Wallace et al.
2016), likely due to high attrition rates and lack of generaliz-
ability of domain-specific gains to other cognitive or
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behavioral domains (Van Steenburgh et al. 2017; de Vries
et al. 2015). Moreover, current evidence suggests that EF
atypicalities in ASD may reflect an overall and non-
fractionated impairment of cognitive control functions
(Demetriou et al. 2018a), suggesting that more comprehensive
interventions are warranted to achieve greater independence
for people with ASD (Kirk et al. 2015). In this view, along
with cognitive-based interventions, the use of compensatory
strategies that change the environment to facilitate task per-
formance may increase the overall effectiveness of treatments
aimed at promoting the autonomy and participation of indi-
viduals with ASD (Kenworthy et al. 2014a, b).

Assistive technologies for cognition (ATC) refers to tech-
nologies that “can be used to enable, enhance, or extend cog-
nitive function” (O’Neill and Gillespie 2014, p. 1; for similar
constructs see also Cole 1999; Lopresti et al. 2004; Scherer
et al. 2005; Wehmeyer and Shogren 2013) and include tools
that are primarily aimed at supporting individuals with cogni-
tive disabilities to promote independent action and social par-
ticipation (Best et al. 2014; Cole 1999; O’Neill and Gillespie
2014). ATC have been applied to cope with impairments in a
variety of cognitive domains such as memory (e.g., note-
books, voice recorders), language and social interaction
(e.g., augmentative and alternative communication), reading
and learning (e.g., text-to-speech devices, concept maps), way
finding, spatial orientation, and navigation (e.g., GPS; for a
review see O’Neill and Gillespie 2014).

More specifically, ATC used to compensate for EF-related
difficulties have been applied to a range of cognitive impair-
ments including poor working memory, poor time manage-
ment, difficulties in planning, goal maintenance, and organi-
zation, and poor initiation (Schwartz 2014). For instance,
Evans et al. (1998) reported on the use of a digital reminder
that enabled a patient with EF deficits to autonomously initiate
a daily task (e.g., watering houseplants) and sustain her atten-
tion to that task once initiated through continuous loud
beeping and vibrations. Micro-prompting is also a common
strategy to guide individuals with EF deficits through a task
that has several steps (O’Neill et al. 2018). To this end, exter-
nal devices that provide timely audio/video prompts have
proven useful in supporting patients with cognitive impair-
ments in a variety of daily activities such as hand-washing
or cooking a meal (e.g., Mihailidis et al. 2008; for a review
see Gillespie et al. 2012).

As already highlighted by Bouck (2010), technology can
be broken down into low, moderate, and high technologies.
Low technology includes all non-digital artifacts that may
help thinking and remembering (e.g., written notes); moderate
technology encompasses devices that have electronic compo-
nents but are not computerized (e.g., calculators), while high
technology includes computerized devices such as personal
computers, smartphones or smartwatches, tablets, and robots.
All these solutions can be used to compensate for the same

cognitive impairment (e.g., memory), but in certain situations,
high technology is considered more effective than low
technology-based strategies as, for instance, one may forget
to check a written note while a high-tech device can send an
automatic prompt at a relevant time to remind about an event
(Jamieson et al. 2017).

To date, there has been little consensus on the definition
of EF, nor on the cognitive processes that should be in-
cluded within this construct (Friedman and Miyake
2017). The International Classification of Functioning,
Disability and Health (ICF; World Health Organization
2001) defines EF as specific mental functions especially
dependent on the frontal lobes of the brain, including
goal-directed behaviors such as abstract thinking, organi-
zation of ideas, time management, executing plans, mental
flexibility, and deciding which behaviors are appropriate
and under what circumstances (see Table 1 for a complete
list of the ICF components related to EF processes as well
as examples of abilities compensated for by ATC). Given
the breadth and depth of the cognitive processes included
in the ICF definition, for the scope of the present study, we
focused only on four components of executive functioning,
namely organization and planning, time management, cog-
nitive flexibility, and insight (see Table 1 for definitions of
each component). Together, these components embrace
those higher-level EF-related cognitive processes that are
widely considered most significantly related to adaptive
capabilities (Demetriou et al. 2018b), and those in which
individuals with ASD are expected to show an impairment
when compared with typical populations (Wallace et al.
2016).

Existing reviews have already focused on ATC effective-
ness to support training in skills which are mediated by EF-
related cognitive processes, including communication (Logan
et al. 2017), social skills (Wass and Porayska-Pomsta 2014),
self-management (Chia et al. 2018), learning skills (Den Brok
and Sterkenburg 2015), and vocational abilities (Odom et al.
2015; Smith et al. 2017; Walsh et al. 2017). However, the
extent to which ATC may be primarily used to compensate
for EF-related difficulties in ASD has not been systematically
explored. In this view, the present review not only represents
an update of the available evidence on important EF-related
skills (e.g., insight (self-management); Chia et al. 2018), but it
also proposes a systematic conceptualization of ATC inter-
ventions in terms of the EF-related cognitive processes being
compensated (Gillespie et al. 2012).

The objectives of the present review were thus to (a) iden-
tify the range of computerized ATC that have been used to
compensate for EF-related difficulties in individuals with
ASD of any age, as conceptualized by the ICF taxonomy,
and (b) gain an overall view of the effectiveness of such
ATC for this population. Specifically, the paper (a) explores
the use of ATC to compensate for EF atypicalities in
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Table 1 Components of executive functioning included in the International Classification of Functioning (World Health Organization 2001)
Component ICF definition Examples of abilities compensated by assistive

technology for cognition

Abstraction (b1640)

Organization and
planning (b1641)*

Time management (b1642)*

Cognitive flexibility (b1643)*

Insight (b1644)*

Judgment (b1645)

Problem-solving (b1646)

Mental functions of creating general ideas, qualities, or
characteristics out of, and distinct from, concrete
realities, specific objects, or actual instances.

Mental functions of coordinating parts into a whole,
of systematizing; the mental function involved in
developing a method of proceeding or acting.

Mental functions of ordering events in chronological
sequence, allocating amounts of time to
events and activities.

Mental functions of changing strategies, or shifting
mental sets, especially as involved in
problem-solving.

Mental functions of awareness and understanding of
oneself and one’s behavior.

Mental functions involved in discriminating between
and evaluating different options, such as those
involved in forming an opinion.

Mental functions of identifying, analyzing,
and integrating incongruent or conflicting

The ability for abstract thought and reasoning, often
referred to as fluid intelligence. 1t includes abilities
such as, for instance, classifying objects or people on
the basis of super ordinal categories
(e.g., “fruits,” “friends”).

The ability to design and maintain systems for keeping
track of information or materials (organization), and
to formulate a solution prior to carrying it out
(planning; it includes sequencing).

Prospective memory functions ensuring that one
behavior stops and another begins at a specific time.
It further includes the ability to independently begin
a task when someone wants or is instructed to do so
(i.e., task initiation).

Adjusting to changed demands or priorities (e.g.,
changing a plan in response to
environmental/contextual changes). Being able to
take the perspective of others (e.g., Theory of Mind).

The ability to analyze one’s own behavior and modify
it in response to the current situation
(i.e., metacognition; it includes
self-monitoring of behavior).

The ability to estimate the likelihood of future events
(or the outcomes of a behavior) on the basis of the
information available to inform decision-making.

The ability to spontaneously produce solutions in
response to a novel situation.

information into a solution.

*Component addressed in the present study

individuals with ASD, and (b) identifies gaps in the existing
databases so as to stimulate future research efforts aimed at
developing additional effective applications of ATC in the
interventions targeting EF-related skills in persons with ASD.

Method

A systematic search was conducted following the PRISMA
Extension for Scoping Reviews (PRISMA-ScR) reporting
guideline recommendations (Tricco et al. 2018) to identify
empirical studies that used ATC solutions to compensate for
EF-related difficulties in individuals with ASD. A scoping
review approach was used as our primary aim was to examine
how research is conducted on ATC in compensating for EF-
related difficulties and identifying knowledge gaps. This study
may be thus considered a precursor of a systematic review in
which detailed statements to guide decision-making can be
produced (Munn et al. 2018). The identified studies that met
pre-determined inclusion criteria were then coded in terms of
(a) participants (e.g., age, gender, sample size, and diagnosis),

@ Springer

(b) setting (e.g., school, home, or community setting), (c) type
of technology used, (d) training duration, (e) EF skill(s) ad-
dressed with the technology, (f) study design, and (g) out-
comes of the intervention.

Search Strategy

We knew from previous searches that we were at risk of in-
cluding few papers. We therefore extended the search to mul-
tiple databases using broad search terms. More specifically,
we searched the following academic databases: MEDLINE,
consulted through the free electronic access PubMed;
PsycINFO; ERIC; CINAHL, consulted through
EBSCOHost; and Web of Science. During this process, we
used the same free-text terms for all databases: autism, ASD,
autism spectrum disorder, pervasive developmental disorder,
cognitive aid, assistive technology, assistive device, and cog-
nitive prosthetics. The search terms were combined by means
of Boolean logical operators (“and”, “or”) in order to reduce
the number of non-pertinent results. The search was limited to
English-language, peer-reviewed journals published between
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January 2010 and January 2019. This starting date (i.e.,
January 2010) was chosen as it represents the year when most
of the currently used computerized ATC (e.g., touch-screen
devices) were first introduced on the market (Stephenson and
Limbrick 2015).

After removal of duplicates, the titles and abstracts of
the remaining studies were assessed for suitability for fur-
ther review by two independent researchers using the fol-
lowing inclusion criteria: (a) the study had to focus on
ASD or previously recognized subtypes such as autism,
Asperger’s syndrome (AS), or a not-otherwise-specified
pervasive developmental disorder; (b) the study had to re-
port on the implementation or use of at least one comput-
erized ATC (mobile, desktop, wearable, virtual/augmented
reality, robotics); (c) the technology was used to provide
ongoing support to an individual who is completing a task
by compensating for one or more EF skills (see Table 1);
and (d) use of experimental design.

Exclusion criteria were the following : (a) studies
employing computer-based technologies to enhance cognitive
performance (i.e., cognitive training; Wass and Porayska-
Pomsta 2014); (b) studies primarily aimed at teaching EF-
related skills (e.g., self-monitoring) in which the technology
is no longer used once the skill is acquired (e.g., Finn et al.
2015); (c) studies using technology for language or (multi-
step) communication (e.g., AAC, sign language) or video
modeling; (d) studies reporting the assessment of EF skills
needed to operate assistive devices or ATC; and (e) reviews
of literature (e.g., systematic reviews and meta-analyses), ed-
itorials, or book chapters.

Inter-Rater Agreement

Two independent raters were involved in the inter-rater agree-
ment process. Proportional agreement on the eligibility stage
(“yes” or “no”’) was calculated by taking the number of agree-
ments and dividing this by the number of agreements plus
disagreements, multiplied by 100. This procedure yielded an
agreement of 88%. Analysis of the records that were differ-
ently rated by the two researchers revealed that all disagree-
ments resulted from differential interpretation of the cognitive
skills addressed by the studies. After consensus building,
agreement reached 100%.

Quality of Evidence

Though we did not limit our research to a specific research
design (e.g., single-case studies, group-design studies), we
however expected single-case research designs (SCD) to be
the most represented approaches. Accordingly, we used the
What Works Clearinghouse (WWC) standards (Institute of
Education Sciences 2017) to assess the quality of the literature

retrieved against two criteria: (1) methodological rigor and (2)
replicability of the effects.

Methodological Rigor The WWC standards categorized stud-
ies as meets standards without reservations, meets standards
with reservations, or does not meet standards. To meet stan-
dards with or without reservation, studies had to meet the
following criteria: (a) the researcher systematically manipulat-
ed the independent variable and decided when and how inde-
pendent variable conditions changed; (b) each outcome was
measured over time by more than one assessor, with inter-
assessor agreement collected during each phase and at 20%
of data points in each condition and that meets minimal thresh-
olds; (c) the study had to have the minimum number of phases
(i.e., multiple baseline designs require at least six phases, and
withdrawal designs require at least four phases) and data
points per phase as required for the different research designs.
The number of data points per phase was used to differentiate
studies that met standards without reservations (i.c., at least
five data points per phase) from those that met standards with
reservations (i.c., at least three data points per phase).

Replicability of the Effects The WWC standards recommend
that interventions under review may be considered evidence-
based if at least (a) a minimum of five SCD studies examining
the same intervention meet the standards either with or with-
out reservation; (b) the studies are conducted by at least three
different research teams with no overlapping authorship at
three different institutions; and (c¢) the combined number of
participants totals at least #=20. This 5-3-20 threshold was
applied to SCD studies grouped according to (1) types of
technology used, and (2) ICF components addressed (as
listed in Table 1).

Results

The search and selection process resulted in the inclusion of
15 studies in this review (Fig. 1). The included studies were
published between the years 2010 and 2019 and were con-
ducted primarily in the USA (n=12; 80%). Summaries of
each of the studies are presented in Table 2.

Participants, Settings, and Experimental Designs

There was a total of 117 participants diagnosed with ASD across
the 15 studies, 20% females (n = 23). The majority of the studies
included participants in the age range between 11 and 17 (n =8,
53%), 33% (n=>5) included participants over 18 years old, and
two studies included a sample of children aged below 10 years.
Most of the studies (n = 10; 66%) involved participants without
intellectual disabilities, and nearly half of the studies reported
scores from formal IQ assessments (Bouck et al. 2014; Bouck
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Fig. 1 Flow diagram of the
literature search 3 Records identified through Additional records identified
.g database searching through other sources
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-
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3
PR Records after duplicates removed
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2 Records screened R Records excluded
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% Full-text articles assessed Full-text articles excluded, with
=) for eligibility 5 reasons
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- treatment only (n = 13)
— - usability assessment (n = 5)
P, - communication only (n =2)
-no ASD included (n = 2)
Y - no experimental (n = 4)
° Studies included in - not pertinent (n = 8)
3 qualitative synthesis
§ (n=15)

etal. 2017; Cihak et al. 2010; Crutchfield et al. 2015; Cullen et al.
2017; Fage et al. 2018; Palmen et al. 2012; Xin et al. 2017). Most
of the studies (n = 8) took place in school settings, two at partic-
ipants’ homes, two in work-related settings, one within the com-
munity (market), one in a clinic, and one in a mixed setting (i.e.,
home and school). The majority of the studies followed a single-
subject research design (n = 11). Details on the designs used are
included in Table 2. Of the four studies employing a group
design, one was a randomized control trial (Gentry et al. 2015).

Uses of Technology

Overall, the studies targeted 18 ICF components. Two studies
addressed more than one component with a device (Bimbrahw
etal. 2012; Gentry etal. 2015). Insight was the most addressed
EF with 10 occurrences, followed by organization and plan-
ning (n = 4), time management (n = 3), and cognitive flexibil-
ity (n=1). The devices used to compensate for EF difficulties
can be grouped according to two technology types: context-
aware (n=1) and mobile (n = 14).

Context-Aware Technology Context-aware technologies refer

to devices able to determine the state of the users in their
environments. Bimbrahw et al. (2012) used the COACH

@ Springer

(Cognitive Orthosis for Assisting aCtivities in the Home) sys-
tem to monitor the hand-washing activities of five children
with ASD and to automatically prompt them whenever they
interrupted the correct sequence of steps necessary to com-
plete the activity. Therefore, COACH was classified as a mul-
tifunctional system supporting time management (i.e., task
initiation), insight (i.e., self-monitoring of activities), and or-
ganization and planning (i.e., providing step-by-step instruc-
tions to complete the task). The acceptability of the system by
children and their parents resulted as good, but the reliability
of COACH was not fully satisfactory (Bimbrahw et al. 2012).

Mobile Technology Devices in this category included personal
digital assistants (PDA; Cihak et al. 2010; Gentry et al. 2010),
iPods (Gentry et al. 2015; Palmen et al. 2012), iPads (Bouck
et al. 2014; Bouck et al. 2017; Cullen et al. 2017; Fage et al.
2018; Hampshire & Allred, 2018; Xin et al. 2017), and
android-based tablets (Clemons et al. 2016; Crutchfield et al.
2015; Huffman et al. 2019; Rosenbloom et al. 2016). Mobile
devices were mostly used to support insight, namely to help
students self-monitor their attention-related behaviors (i.e.,
being on task; Bouck et al. 2014; Bouck et al. 2017; Cihak
et al. 2010; Clemons et al. 2016; Crutchfield et al. 2015;
Hampshire & Allred, 2018; Huffman et al. 2019;
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Rosembloom et al., 2015; Xin et al. 2017). For instance, the
app [-Connect (Clemons et al. 2016; Crutchfield et al. 2015;
Huffman et al. 2019; Rosembloom et al., 2015) was used to
cue students’ self-monitoring processes on a fixed interval
schedule (e.g., every 30 s) by asking them to answer a ques-
tion (“are you on task?”’) appearing on the touchscreen while
engaged in the academic activities. Overall, the results were
positive in terms of increased rates of task completion and
engagement, with encouraging results also for the use of
self-monitoring devices to reduce inappropriate and stereotyp-
ic behaviors (Crutchfield et al. 2015; Huffman et al. 2019;
Rosembloom et al., 2015).

Mobile technology was also used to address organization and
planning (Cullen et al. 2017; Fage et al. 2018). Cullen et al.
(2017) used self-directed video prompting on iPads with a young
adult on the autism spectrum, showing that this technology had a
positive effect on the percentage of vocational task steps com-
pleted accurately when compared with usual job coaching.
Importantly, use of an iPad successfully generalized to other
job-related materials (Cullen et al. 2017). Fage et al. (2018) de-
veloped and tested a package of apps (“School+”) on mobile
tablets to promote school inclusion of children with ASD in
secondary school settings. The package included both compen-
satory and cognitive training apps. The compensatory apps were
specifically designed to address difficulties in planning and exe-
cuting by providing guidance on daily routines such as going to
the classroom, entering the classroom, getting out school sup-
plies, taking notes, and leaving the classroom. Overall, the results
showed significant improvements in terms of socio-cognitive
functioning, behavior adaptation, and social response, although
it is not possible to disentangle the effects of compensatory from
training applications.

Time management and cognitive flexibility were addressed
using a mobile device by Gentry et al. (2010) and Palmen et al.
(2012) respectively. Gentry et al. (2010) trained a sample of
adolescents and young adults to use a PDA as a task manage-
ment tool (i.e., setting reminders and using a digital calendar).
Eight weeks after training, participants self-reported improve-
ments in their independence as well as satisfaction in
performing functional activities.

Palmen et al. (2012) trained a sample of four adolescents
without intellectual disability on the use of an iPod to facilitate
transitioning between daily tasks and activities at a daily treat-
ment facility. The iPod resulted effective in supporting inde-
pendent transitions between activities compared with baseline.
However, when no intervention was in effect, the participants
still needed prompts from staff to use their device, thus show-
ing some difficulties in independently using their ATC
(Palmen et al. 2012).

While the majority of studies including mobile devices
focused on a limited range of EF-related difficulties, Gentry
et al. (2015) reported on a delayed randomized control trial to
assess the effectiveness of an iPod-based set of applications to

@ Springer

support a variety of adult cognitive skills (i.e., prospective
memory, organization, planning) for vocational purposes.
The applications included task reminders, task lists, video-
based task-sequencing prompts, behavioral self-management
adaptations, and way-finding tools. The results showed posi-
tive outcomes in terms of fewer hours of job-coaching support
(Gentry et al. 2015), further underpinning the idea that mobile
devices may indeed stand as a flexible and easy-to-use support
for EF-related difficulties.

Technology Training

Seven studies provided information on the duration of the
training needed to correctly operate the device. All were
studies employing mobile devices. Duration ranged from
a minimum of one 15-min training session (Crutchfield
et al. 2015) to about 240 min over four training sessions
(Gentry et al. 2015).

Quality of Evidence

Of the SCD studies assessed for methodological rigor (n=
11), eight met the standards without reservations, two with
reservations, and one did not meet the standards (see
Table 2). Combined research grouping studies employing mo-
bile devices exceeded the replication threshold (5-3-20) for
evidence-based practice, with a result ratio of 10-7-25.
Regarding types of ICF components addressed, the replication
threshold was satisfied only by insight, with a result ratio of 8-
5-20.

Considerations on EF

The included studies were also inspected to assess whether the
authors made explicit reference to specific EF-related skills as
the target of their technology-based interventions or, more in
general, recognized that their interventions might potentially
address the EF-related vulnerabilities of individuals with
ASD. Gentry et al. (2010) refer to the notion of “executive
dysfunction” for which students with ASD may forget to refer
to their schedules. Accordingly, their results are interpreted as
evidence of the fact that such executive dysfunctions may be
compensated for by learning to operate a mobile cognitive
support such as a mobile device (Gentry et al. 2010; see also
Gentry et al. 2015, for a similar discussion involving adults).

Fage et al. (2018) recognize that students with ASD might
exhibit the executive functioning disorders (activity planning,
time management, inhibition, flexibility) for which their com-
pensatory apps were specifically developed. The authors thus
interpret the efficacy of their intervention as the result of an
effective combination between compensatory in situ assis-
tance of executive (dys)functioning and rehabilitation inter-
ventions (Fage et al. 2018). Lastly, Huffman et al. (2019) were
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the only ones to report on assessment of the EF abilities of the
participant involved. The researchers used the Behavior
Rating Inventory of Executive Function (BRIEF), a proxy-
or self-reported questionnaire that can be used to assess EF
in both children and adults (Gioia et al. 2000). In this study,
results from the BRIEF assessment showed that the participant
needed support in areas such as inhibition, self-monitoring,
and task-monitoring, thus providing robust support to the tar-
get of the intervention (Huffman et al. 2019).

Discussion

Through this review, we attempted to highlight the breadth
of technology-based compensatory interventions (i.e.,
ATC) to support EF-related difficulties in persons with
ASD. Current accounts of ASD (John et al. 2018; Valeri
et al. 2019; for similar considerations regarding other
neurodevelopmental disorders, see also Bertelli et al.
2018; Henry and Bettenay 2010) support the notion that
assessment of EF-related skills is highly relevant for the
understanding of the person’s ability to manage environ-
mental demands, in certain cases even more so than assess-
ment of a more global intellectual functioning alone (e.g.,
1Q; Bertelli et al. 2018). Accordingly, our assumption was
that clinicians may benefit from evidence-based knowl-
edge that helps them in linking results from their assess-
ments of specific cognitive functions with reliable inter-
ventions aimed at fostering adaptive behaviors in ASD
individuals of any age. Overall, the results from the current
search of the literature show a paucity of literature in this
respect, thus suggesting that the potential of ATC in com-
pensating for EF-related difficulties in ASD is rather un-
der-investigated. Despite limited evidence, however, a
number of considerations stemming from the present find-
ings may be put forward.

Firstly, from the results of the present review, it emerges
that there is reliable evidence on the effectiveness of ATC in
supporting higher-level functions related to the insight com-
ponent of the ICF (i.e., meta-cognitive processes), and in par-
ticular self-monitoring, for improving task completion and
performance. This result is not surprising given the amount
of research on technology-based self-management interven-
tions targeting autism (for a relevant review, see Chia et al.
2018), and is consistent with wider evidence on the benefits of
interventions that provide typically and atypically developing
children with strategies of self-regulation (e.g., goal setting,
self-instruction, self-evaluation; for relevant reviews, see
Bruhn et al. 2015; Takacs and Kassai 2019). Technology-
based self-monitoring, in particular, refers to the use of elec-
tronic devices to analyze one’s own behavior (Bruhn et al.
2016). The available literature emphasizes the added value
of employing technology-based self-monitoring interventions

compared with traditional ones (e.g., paper and pencil
methods) as the former may allow for (a) timely prompting,
(b) more precise recording of target behaviors, and (c) better
efficiency in collecting and analyzing data (Bruhn and Wills
2018). As emerged in the current paper, technology-based
self-monitoring resulted effective not only to promote on-
task behaviors but also to reduce inappropriate and stereotypic
behaviors (Rosenbloom et al. 2016). As such, this intervention
represents a relatively affordable strategy to deliver concurrent
interventions. A matter of further inquiry, however, is related
to the effectiveness of such concurrent interventions in other
settings other than primary education, such as workplaces.

Secondly, the majority of participants in the studies includ-
ed in this review were between 11 and 17 years old, suggest-
ing that young adults and adults are under-represented in the
available literature on ATC for EF supports. It is recognized
that, due to developmental maturity and/or increased use of
compensatory strategies, adults with ASD perform better in
EF than younger age groups do (Demetriou et al. 2018a). As
such, it is reasonable that research is mainly focused on com-
pensating for EF-related difficulties in school-aged popula-
tions. However, there is general agreement that EF is an
under-investigated construct in adulthood (Brady et al. 2017;
Kiep and Spek 2017), an age in which individuals with ASD
and without cognitive and language impairments may actively
contribute in community life (e.g., Frank et al. 2018).
Planning skills and cognitive flexibility, in particular, are
widely considered the EF sub-components in which adults
with ASD who have IQs in the average range are expected
to show reduced performance compared with typical popula-
tions (Wallace et al. 2016). Such EF-related difficulties may
represent one of the main factors, together with social diffi-
culties, negatively affecting access to and maintenance of em-
ployment (Frank et al. 2018). The study by Gentry et al.
(2015) on the use of a mobile support in vocational settings
suggests that providing ATC in compensating for EF-related
skills may be an effective strategy to allow individuals with
ASD to successfully transition into employment. More re-
search is however needed on this topic to understand what
(personal and environmental) factors may facilitate or hinder
the adoption and use of ATC in workplaces.

Thirdly, the female-to-male ratio found in our review (i.e.,
1:5) mirrors available estimates reported in the ASD literature
(e.g., Rivet and Matson 2011), with an even lower female-to-
male ratio (1:10) for those with a diagnosis of autism without
intellectual disabilities (Dworzynski et al. 2012). Irrespective
of whether such gender-related differences in prevalence of
ASD diagnoses are due to, for instance, autism as an extreme
of the male brain characteristics (Baron-Cohen 2002), biolog-
ical factors (e.g., Ferri et al. 2018), or girls’ and women’s
better abilities in camouflaging their difficulties (Dean et al.
2017), robust evidence exists on weaker EF-related abilities
and adaptive skills in girls and women when compared with
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men (White et al. 2017). It can be thus argued that girls and
women are the subjects who would benefit more from ATC
support, even if at present, there is no evidence of possible
gender-related differences in technology needs and applica-
tions. An additional aspect that deserves further consideration
is whether differences between males and females in technol-
ogy acceptance and use often observed in the general popula-
tion (e.g., Cai et al. 2017) also occur in ASD.

Fourthly, only one of the studies included in this review
assessed the participants’ EF (Huffman et al. 2019). BRIEF
may be of immediate practical utility for both clinicians and
educators as it allows identification of problems related to a
wide variety of EF skills that have implications for adaptive
functioning in everyday activities. The results obtained could
thus be used to guide professionals in matching a user with the
available ATC. For instance, Huffman et al. (2019) used
BRIEF to document that the participant included in the study
showed difficulties related to self-monitoring, for which the I-
Connect app could stand as a valid support.

Fifthly, and differently from the available reviews, the
present paper was primarily focused on the use of ATC as a
compensatory strategy. Indeed, the use of computerized tech-
nologies to increase the effectiveness of interventions
targeting children and adults with ASD is a well-established
field of research, and a number of influential systematic re-
views have been published that report on a broader number of
studies and devices compared with those included here
(Aresti-Bartolome and Garcia-Zapirain 2014; Chia et al.
2018; Den Brok and Sterkenburg 2015; Grynszpan et al.
2014; Kagohara et al. 2013; Logan et al. 2017; Odom et al.
2015; Smith et al. 2017; Walsh et al. 2017; Wass and
Porayska-Pomsta 2014). The majority of the available evi-
dence, however, is mainly concerned with using technology
to improve the effectiveness of training or teaching interven-
tions (e.g., shopping; Burckley et al. 2015) in which the de-
vice is no longer used once the skill is acquired and general-
ized to other similar contexts. In such studies, a variety of
technological solutions were employed, including, for in-
stance, virtual reality (Bradley and Newbutt 2018), social
robotics (Pennisi et al. 2016), or wearable technologies
(Koumpouros and Kafazis 2019). In contrast, our paper was
specifically focused on compensatory interventions in which
it is expected that the device is used any time the subject
performs the target activity. In this view, our results suggest
that research on the use of ATC to compensate for EF-related
difficulties in individuals with ASD lags well behind the
available research on the use of technology to train their cog-
nitive and social skills. It is thus important that future research
addresses this evident gap by focusing on the link between
specific EF processes and ASD individuals’ adaptive behav-
iors, with a view to identifying which ATC is most effective
in promoting independent participation in a variety of con-
texts (e.g., education, employment).

@ Springer

Limitations and Future Research

Two main limitations must be taken into account when
interpreting the present findings. First, only a few studies
among those included in the present review made explicit
reference to EF-related difficulties as the target of their inter-
ventions employing ATC (i.e., Fage et al. 2018; Gentry et al.
2010, 2015; Huffman et al. 2019). It may thus be argued that
the majority of included papers did not directly address EF in
their proposed interventions. While we recognize this as a
potential limit of our paper, it should also be highlighted that
the use of ICF constructs and related definitions (see Table 1)
was instrumental in linking assumed cognitive processes to
observable behaviors directly or partly related to EF skills,
as already done by similar investigations (see e.g., Gillespie
etal. 2012). In this view, the current results may be illustrative
of the potential use of ATC to support EF-related difficulties.
Future research may learn from the available recent studies in
which ASD participants’ EF skills were assessed prior to the
intervention taking place (Huffman et al. 2019) in order to
advance the understanding of the effects of ATC solutions
on cognitive processes and related adaptive behaviors.

A second limitation concerns the modularity of the cogni-
tive processes assumed by the ICF framework. While, on one
hand, it must be recognized that the same ATC may support a
variety of cognitive processes other than those addressed in
the present paper (e.g., working memory, emotion regulation),
on the other hand, the use of ICF classification may be useful
for clinicians and assistive technology professionals in linking
neuropsychological functions with observable outcomes (e.g.,
being independent in performing activities). Further reviews
are however needed to understand the effectiveness of ATC in
compensating areas of functioning not addressed in this paper,
such as working memory.

In conclusion, the present review further supports the avail-
able evidence on the positive effects of ATC for self-
monitoring interventions in ASD (Chia et al. 2018). It how-
ever adds to the current evidence base on the need to broaden
the spectrum of EF-related difficulties that may benefit from
the use of ATC. Little research has indeed been conducted that
systematically investigates the effectiveness of ATC in
supporting EF-related difficulties in ASD individuals of any
age, from early childhood to late adulthood. As technology
continues to evolve and the estimates of those diagnosed with
ASD grow, understanding the potential of ATC to address the
core vulnerabilities of ASD may become increasingly impor-
tant to improving the quality of life and social inclusion of this
population. Future studies in this regard, for instance, may
further explore the usefulness and effectiveness of combina-
tions of emerging forms of technologies such as wearable
devices (e.g., smartwatches, smartglasses) and Internet of
Things (IoT) in providing online cognitive support to ASD
individuals in different settings.
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