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Abstract

This randomized, controlled study examined the initial efficacy of an executive function training program for children
with autism spectrum disorder. Seventy 7- to | |year-olds with autism spectrum disorder and intelligence quotients
=80 were randomly assigned to receive a web-based set of executive function training games combined with in-person
metacognition coaching or to a waitlist. Primary outcomes were evaluated for neural responses related to executive
function, lab-based executive function behavior, and generalization of executive function skills. Secondary outcomes
included measures of social function. Post-testing and analyses were conducted by staff naive to group assignment.
Children exhibited a change in neural response foIIowmg training relative to the waitlist group (np = 0.14). Training
effects were not detected via lab-based tasks (nps <0.02) or generalized to caregiver-reported executive function
skills outside the lab (n = 0.001). However, the training group demonstrated reduced symptoms of repetitive behavior
(77,, < 0.15) following training. There were no adverse events or attrition from the training group. Findings suggest that
brief, targeted computer-based training program accompanied by coaching is feasible and may improve neural responses
and repetitive behaviors of school-aged children with autism spectrum disorder.

Lay abstract

Executive function, which is a set of thinking skills that includes stopping unwanted responses, being flexible, and
remembering information needed to solve problems, is a challenge for many children on the autism spectrum. This study
tested whether executive function could be improved with a computerized executive function training program under
the guidance of a coach who reinforced the use of executive function skills. Seventy children with autism spectrum
disorder from age 7 to | | years of age participated in the study. They were randomly assigned to receive training or to
a waiting group. The tests most likely to determine whether the training may be effective were chosen from a larger
battery before the study started and included one task measuring brain responses, two measures of executive function
in the lab, and a parent questionnaire. Changes in social functioning and repetitive behaviors were also explored. All
children assigned to training completed the program and families generally reported the experience was positive. Brain
responses of the training group changed following training, but not within the waiting group during a similar time period.
Children who received training did not exhibit behavioral changes during the two the lab-based tasks. Parent report on
questionnaires indicated that neither group showed a significant change in their broad use of executive function in other
settings. Yet, children who received training were reported to have fewer restricted and repetitive behaviors following
training. These initial findings suggest that short executive function training activities are feasible and may improve some
functioning of school-aged children on the autism spectrum.
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Autism spectrum disorder (ASD) is associated with life-
long impairments in executive function (EF) (Demetriou
et al.,, 2017; Geurts, van den Bergh, & Ruzzano, 2014;
Kenworthy et al., 2008). EF is the ability to manage com-
plex or conflicting information in the service of attaining a
goal and encompasses inhibition (i.e. the ability to deliber-
ately suppress a dominant response or competing informa-
tion), set-shifting (i.e. moving flexibly between tasks or
mental representations), and working memory (i.e. hold-
ing information in mind and updating it while using it to
solve a problem) (Lehto et al., 2003; McAuley & White,
2011; Miyake et al., 2000; Miyake & Friedman, 2012). EF
ability relates to the severity of social and repetitive symp-
toms of ASD (Faja & Nelson Darling, 2019; Geurts, de
Vries, & van den Bergh, 2014).

EF training programs that engage typically developing
(TD) children in practice just beyond their current level of
competency result in behavioral and neural changes
(Diamond, 2013). Many EF training programs are deliv-
ered electronically (Jaeggi et al., 2011; Karbach & Kray,
2009; Karbach & Unger, 2014; Rueda et al., 2005, 2012;
Thorell et al., 2009) and have small to moderate effect
sizes for school-aged children (Takacs & Kassai, 2019),
whereas more comprehensive and longer EF training pro-
grams typically result in greater transfer of skills and larger
improvements (Diamond, 2013). Adding in-person meta-
cognitive scaffolding during computerized EF training
also enhances efficacy (Pozuelos et al., 2019). Finally,
some EF training effects appear to generalize to theory-of-
mind (ToM) (Kloo & Perner, 2003) and social competence
(Greenberg, 2006; Riggs et al., 2006).

For children with ASD, EF training has received rela-
tively little research attention. A randomized trial of a
curriculum-based EF training program, Unstuck and On
Target, compared children in classrooms who received
either EF or social skills training. Better problem-solv-
ing, flexibility, planning, and EF behavior in the class-
room were observed in the EF training group compared
to the social skills group (Kenworthy et al., 2014).
Although Unstuck and On Target has research support,
individual intervention may be more feasible to imple-
ment outside educational settings and computer-based
approaches are engaging and highly motivating (Bolte
et al., 2010; Chen & Bernard-Opitz, 1993; Dichter et al.,
2012), less socially demanding for children with ASD,
and allow for individualized difficulty and pacing. A ran-
domized trial of self-guided computer-based EF training
(i.e. Braingame Brian) for 24 X 45min sessions over
6 weeks included active engagement in one of three con-
ditions: working memory, flexibility, or mock training
activities. This program found comparable improvements

for groups assigned to training and to an active control
condition (de Vries et al., 2015). A pilot investigation
with semi-random assignment to a self-guided app-based
Neuroracer intervention (Project EVO) involved multi-
tasking between a perceptual discrimination attention
task and a continuous visuomotor driving task for
100X 5 min sessions over 4 weeks. Project EVO reported
moderate-to-large within group effect sizes on measures
of Attention-Deficit/Hyperactivity Disorder (ADHD)
symptoms, EF challenges, and social skills among a
group of children with ASD + ADHD (Yerys etal., 2019).
These studies suggest EF training may be useful in
improving EF and social functioning in ASD and raise
the possibility that face-to-face EF training combined
with computer-based practice may be beneficial, particu-
larly to support strategies that children with ASD may not
spontancously employ.

The combined approach has yet to be examined in
ASD. To address this need, we selected computer games
that emphasized set-shifting, inhibition, and spatial work-
ing memory with levels of difficulty that incrementally
increased. Set-shifting and planning are impaired in ASD,
with moderate to large effect sizes reported in meta-analy-
ses (Demetriou et al., 2017; Willcutt et al., 2008). Inhibition
is also affected in children with ASD, with comparable
performance to groups with ADHD (Craig et al., 2016;
Geurts, van den Bergh, & Ruzzano, 2014; Schmitt et al.,
2018; Sergeant et al., 2002; Tye et al., 2014). Finally,
working memory, particularly in the context of visuospa-
tial tasks, is reduced in ASD (Habib et al., 2019; Kenworthy
et al., 2008). We also developed a companion coaching
manual to teach metacognition skills.

Outcomes in EF training studies include lab-based
behavioral measures, parent report measures, and electro-
physiological responses. Neural measures such as electro-
encephalography complement lab-based behavioral tasks
by probing aspects of EF not directly captured by overt
behavioral responses, such as response preparation and
inhibition (Banaschewski & Brandeis, 2007), and may
precede behavioral changes. Lab-based tasks allow for
sensitive measurement of initial changes and differences
in specific aspects of EF whereas broad surveys capture
more global changes in behavior.

The N2 event-related potential (ERP) has been used as
a measure of improved EF in several prior training studies
(Liu et al., 2017; Millner et al., 2012; Rueda et al., 2012)
as it is thought to reflect detection and monitoring of con-
flicting information (Abundis-Gutiérrez et al., 2014; Heil
et al,, 2000) or inhibition of competing information
(Folstein & Van Petten, 2008; Van’t Ent, 2002). These
abilities are closely related to EF (Buss etal., 2011; Miyake
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et al., 2000; Rueda et al., 2004). N2 amplitude is generally
larger (i.e. more negative) for trials with greater conflict
(Brydges et al., 2014; Espinet et al., 2012, 2013) and for
younger children who also do not exhibit clear condition
effects under age 6 at typical N2 time windows (Buss
et al.,, 2011; Rueda et al., 2004). For children with ASD,
N2 amplitudes are more negative than controls overall and
N2 amplitude relates to EF behavior (Faja et al., 2016;
Jodo & Kayama, 1992; Pfefferbaum et al., 1985). The
extent to which the N2 ERP component changes as a result
of EF intervention in children with ASD is unknown.

The current study

The objective of the current project is a test of the initial
efficacy of a brief computer-based EF training combined
with in-person coaching for young children with ASD at
the behavioral and neural level. Because of the preliminary
nature of the study, children were not selected on the basis
of an EF impairment and multiple outcomes were exam-
ined. We focused on young, verbal school-aged children
because the training games were originally developed for
preschoolers and young school-aged children without
ASD. EF impairments are detected by this age in ASD
(Kenworthy et al., 2008), and successful intervention
could impact subsequent academic and social function.
Neural and behavioral outcome measures were selected
because they were used in investigations of similar train-
ing with TD children (Pozuelos et al., 2019; Rueda et al.,
2012) or other EF interventions for children with ASD
(Kenworthy et al., 2014; Yerys et al., 2019).

We report the findings for primary outcomes selected to
examine three levels of analysis: (1) neural changes asso-
ciated with EF (N2 ERP during the flanker task), (2) lab-
based cognitive changes in EF subdomains emphasized in
training (inhibition and flexibility), and (3) generalization
of EF skills via a broadband measure of real-world EF.
Secondary outcomes explored (1) performance on EF
domains not addressed by intervention (verbal working
memory, decision-making), (2) social functioning, and (3)
a neural measure associated with EF that had lower acqui-
sition rates in piloting (N2 ERP during the Go/Nogo Task).
Finally, given the relation between EF and repetitive
behaviors, we also explored repetitive symptoms.

We hypothesized that children with ASD who received
training would exhibit changes in electrophysiological
responses relative to children with ASD randomly assigned
to a waitlist control group. Although outcome measures
differed from training, we predicted that lab-based behav-
ioral measures that were most closely related to training
activities would be most sensitive to initial changes. Given
the clinical importance of generalizing newly acquired EF,
we also measured parent report of improved EF skills at
home. Yet, we predicted that neural changes are likely to
precede behavioral changes and generalization beyond the
lab; thus, behavioral changes would only be detected if

neural changes were observed. Finally, we explored
untrained domains of EF, social function, and repetitive
behaviors with the expectation that generalization would
only be observed if changes were detected in primary out-
comes. In sum, the battery is designed to detect the pres-
ence of a signal from a brief intervention via neural and
lab-based measurement and, if detected, begin to explore
the potential generalization of skills to other tasks and
settings.

Method

Participants

Seventy children (seven girls), aged 7-11 years old, diag-
nosed with ASD participated. Inclusion criteria included
age (7-11years at enrollment), full-scale intelligence quo-
tient (IQ) =80, and a diagnosis of ASD (described below).
Figure 1 presents the number of eligible participants at
each stage of the study. Sample size was determined for
this preliminary efficacy study based on generic effect
sizes for planned analyses. Participants were recruited
from 2015 to 2017 until the planned sample size was
enrolled. Exclusionary criteria included colorblindness,
inability to complete procedures in English or due to sen-
sory or motor impairments, medical disorders that impact
the central nervous system, prolonged prenatal substance
exposure, and a history of seizures or use of seizure medi-
cation. Other medications were non-exclusionary and use
did not differ by group (Table 1). The study was conducted
at Boston Children’s Hospital in the United States and
approved by its Human Subjects Division; all parents pro-
vided consent and all children provided written assent to
participate. The study, including selection of outcome
measures and analyses, was pre-registered at ClinicalTrials.
gov (NCT02361762).

Procedure

Parents of potential participants completed phone screen-
ing to establish initial eligibility. Diagnostic and cognitive
eligibility were assessed at the first visit under the supervi-
sion of a licensed psychologist. During two additional
baseline visits, neural and behavioral responses to a battery
of EF and social cognition tasks were collected while par-
ents completed questionnaires. Then, children were rand-
omized equally to either active EF training or waitlist
control (i.e. parallel design, 1:1 allocation ratio).
Randomization order (simple) was computer generated by
a staff member not involved with visits and assignments
were concealed in sequential, sealed envelopes. Children
returned for two post-testing visits conducted by staff who
were unaware of group status. Post-testing followed the
same procedures as baseline. Groups did not differ in the
duration between randomization and the first post-testing
visit, #66)=0.54, p=0.59; M =11.37 weeks (standard

Training
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Screened prior to eligibility
[ Screened ] assessment (n=106)
Excluded (n=26)
»> .« Ineligible (n=23)
« Declined to participate (n=3)
4
[ Enrollment ] Assessed for eligibility (n=80)

Excluded after consent (n=10)

« Not meeting inclusion criteria (n=8)
» « Declined to participate (n=2)

« Other reasons (n=0)

Randomized (n=70)

!

Y { Allocation

] v

J

Allocated to intervention (n=35)
« Received allocated intervention (n=35)
« Did not receive allocated intervention (n=0)

Allocated to waitlist (n=35)

« Received allocated intervention (n=34)

« Did not receive allocated intervention: withdrew
at randomization (n=1)

v [ Follow-Up ]

J

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Lost to follow-up
« Family stressor with sibling (n=1)
« Discontinued intervention (n=0)

v [ Assessment ] v
A J

Available for post-testing (n=35)

« Provided adequate pre-post ERP data (n=24)

« Provided adequate pre-post Change data (n=31)
« Provided adequate pre-post Stroop data (n=34)
« Parent report available for BRIEF (n=33)

Available for post-testing (n=33)

« Provided adequate pre-post ERP data (n=22)

« Provided adequate pre-post Change data (n=30)
« Provided adequate pre-post Stroop data (n=29)
« Parent report available for BRIEF (n=30)

Figure 1. CONSORT diagram.

deviation (SD)=2.50), My,,.;i=11.07 weeks (SD=1.95).
All training participants returned for post-testing. In the
Waitlist group, one family withdrew at randomization and
one family was lost to contact. Training was offered to the
waitlist group at the conclusion of the trial. No adverse
events were reported.

Symptom assessment. Existing diagnosis of ASD was con-
firmed according to the Diagnostic and Statistical Manual
of Mental Disorders (5th ed.; DSM-5; American Psychiat-
ric Association, 2013) criteria based on expert clinical
judgment, the Autism Diagnostic Interview—Revised (Rut-
ter et al., 2003 scored according to Sung et al., 2005), and

the Autism Diagnostic Observation Schedule—Second Edi-
tion (Lord et al., 2012). Symptoms of ADHD were assessed
via the Child Behavior Checklist (Achenbach & Rescorla,
2001).

Cognitive assessment. Overall, cognitive ability was deter-
mined via the Wechsler Abbreviated Scale of Intelli-
gence-2 (Wechsler, 2013).

Intervention

Training involved up to 10-h long visits with children
approximately once a week led by a research assistant or
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Table I. Participant characteristics (N=70).

Training group

Waitlist group

Statistical test

Age (in years)
Reported gender
Race

Ethnicity
Household income

Primary caregiver education

M=9.15 (1.38)
91% boys

0% Asian

3% Black

88% White
9% Biracial
11% Hispanic
15% <35K
6% 36—65K
27% 66—100K
26% 101-160K
26% >161 K
9% high school
26% associate

28% some college

37% bachelor

M=9.10 (1.34)
89% boys

3% Asian

9% Black

77% White

I 1% Biracial
3% Hispanic
13% <35K
16% 36—65K
29% 66—100K
19% 101-160K
23% >161K
6% high school
15% associate

30% some college

49% bachelor

t(68)=0.18, p=0.86
7%(1)=0.16, p=0.69

73(1)=1.94, p=0.16
23 (4)=2.11, p=0.72

72(3)=1.60, p=0.66

Stimulant medication use 23%

Non-stimulant ADHD medication 14%

Other medication use 34%

ADOS-2 comparison score 8.89 (1.6)
Social affect CS 8.20 (1.6)
Restricted repetitive CS 9.09 (1.0)

ADI-R social raw score 17.29 (4.8)

ADI-R verbal communication 15.51 (4.0)

ADI-R restricted and repetitive behavior 7.86 (3.1)

CBCL ADHD scale T-score 60.83 (6.7)

WASI-2 full-scale IQ 108.43 (13.6)
Verbal comprehension index 106.60 (15.2)
Perceptual reasoning Index 108.54 (15.0)

BRIEF global executive composite 66.31 (12.0)
Metacognition index 65.03 (12.2)
Behavioral regulation index 65.46 (13.2)

21% 7%(1)=0.05, p=0.82
26% 72(1)=1.58, p=0.21
32% 7%(1)=0.02, p=0.87
8.89 (1.2) (68)=0.00, p=1.00
8.40 (1.2) t(68)=-0.59, p=0.56
9.06 (1.3) t(68)=0.11, p=0.92
18.26 (5.2) 1(68)=—0.82, p=0.42

16.63 (4.5) t(68)=-1.09, p=0.28
8.43 (2.3) t(68)=-0.87, p=0.39

63.74 (8.4) t(67)=-1.60, p=0.12
102.83 (12.2) t(68)=1.81, p=0.07
102.40 (12.4) t(68)=1.27, p=02I
102.74 (13.1) t(68)=1.72, p=0.09
68.18 (10.2) t(67)=-0.69, p=0.49
67.59 (9.8) t(67)=-0.96, p=0.34
67.06 (11.4) t(67)=-0.54, p=0.59

ADHD: Attention-Deficit/Hyperactivity Disorder; ADOS-2: Autism Diagnostic Observation Schedule-Second Edition, CS: comparison score;
ADI-R: Autism Diagnostic Interview—Revised; CBCL: Child Behavior Checklist; WASI-2: Wechsler Abbreviated Scale of Intelligence—Second Edition;
1Q: intelligence quotient; BRIEF: Behavior Rating Inventory of Executive Function.

graduate student under the supervision of a clinical psy-
chologist. A 5-min parent check-in at the end of each ses-
sion provided the child and coach with an opportunity to
share progress and key concepts. Each session aimed to
include approximately 10min of play for each of four
training games that differed in their task demands from the
assessment battery, as well as time for coaching EF strate-
gies. The games (Pozuelos et al., 2019; Rueda et al., 2005,
2012) were developed for preschoolers and young school-
aged children and emphasized EF skills related to visual
working memory, set-shifting, and inhibition. Children
advanced at their own pace and criteria for progress
between levels included the number of consecutive correct
responses and overall accuracy. A coaching manual was
developed to increase metacognitive awareness, provide
psychoeducation about EF to children and their families,
support emotion regulation during challenging tasks, and

foster generalization. It included procedures for introduc-
ing the games and the timing and content of each session
(see Supplemental Materials for additional details).

Fidelity. Data confirmed that children played all four train-
ing games during each session unless they had already
completed the highest level of a game. During each ses-
sion, children spent 30—40 min playing the training games
(M=36.12min, SD=2.92). All children completed EF and
emotion regulation psychoeducation at the first and second
training session, respectively, and completed an exercise
to consolidate their learning at a final training session. All
trainers received formal instruction on how to deliver the
manualized content and direct supervision for their initial
sessions. Ongoing fidelity to key session elements was
reviewed and trainers who did not adhere were retrained.
Trainers also received ongoing supervision from a licensed
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psychologist to consult about optimal strategies for
responding to challenging behaviors and obstacles to
delivering intervention.

Electrophysiologic methods

Electroencephalogram (EEG) data recording, editing, and
abstraction followed Faja et al. (2016) and are detailed in
Supplemental Materials.

Stimuli and experimental procedure

Primary neural outcome: flanker. The flanker portion of
the Child Attention Network Task (Rueda et al., 2004) was
selected as a primary outcome given its sensitivity to EF
training effects among children without ASD (Pozuelos
et al., 2019; Rueda et al., 2005, 2012) and discrimination
of children with ASD from children without (Faja et al.,
2016). It included 12 practice and 108 test trials. Each trial
began with a 150-ms beep paired with a 450-ms fixation
cross at the center of the screen. Then, a target and flank-
ers were presented for 2000ms. Congruent trials (50%)
consisted of a central target animal flanked by two ani-
mals on each side with the same orientation and size as the
target. Incongruent trials (50%) were identical except that
the target and flankers faced opposite directions. Children
pressed a button indicating the direction the target animal
faced (50% left, 50% right) and received feedback upon
responding. The dependent variable was N2 mean ampli-
tude.

Secondary neural outcome: Go/Nogo. The N2 was also
examined with a cued Go/Nogo task. After reaching 80%
accuracy on at least 20 practice trials, 200 test trials were
presented in four blocks. Each trial was preceded by a 500-
ms fixation cross followed by a 700-ms stimulus presenta-
tion. Go trials (70%) consisted of pressing a button each
time a letter appeared on the screen. For Nogo trials (30%),
responses were withheld when a specific letter appeared
on the screen. To equate frequency across conditions, one
Go letter appeared for 30% of trials and responses were
analyzed only for that Go stimulus. To control for motor
responses on the previous trial, only trials following cor-
rect Go responses were analyzed.

Included ERP data. Subjects with fewer than 10 trials per
condition were excluded from analyses to optimize inclu-
sion while maintaining an adequate signal-to-noise ratio
(Lamm et al., 2006; Rueda et al., 2004; Todd et al., 2008).
For children with adequate data at both timepoints (i.e.
=10 accurate trials per condition without movement arti-
facts), groups did not differ in the number of trials included,
F(1, 44)=3.33, p=0.08, 1712, =0.07, My i, =061.8%
(SD=11.3), My, s =54.4% (SD=16.2). Fewer children
provided Go—Nogo data because it was always presented
after the flanker task and groups did not differ in the

number of trials included, F(1, 29)=0.32, p=0.58,
nﬁ =0.01, M =49.0% (SD=10.4), M =46.4%
(SD=15.2).

Training Waitlist

Behavioral measures

Primary behavioral outcomes. Before and after training, two
lab-based computer tasks and a broadband parent ques-
tionnaire were administered to evaluate changes in EF
behavior. Higher scores for all primary outcomes indicate
lower EF.

Change task. Following practice, four test blocks
included Go trials (75%) and Change trials (25%) (De
Jong et al., 1995; Oosterlaan & Sergeant, 1998). Change
trials consisted of a visual signal to stop the dominant task
(i.e. left/right button press) and change to the spacebar.
To adjust for individual differences in reaction time (RT),
each test block used the mean correct RT from the previ-
ous block, so stop signals occurred equally at 50, 200, 350,
and 500 ms before each child’s RT. The dependent variable
was the stop signal reaction time (SSRT), which estimates
the latency required to inhibit a dominant response when a
stop signal was presented (Band et al., 2003; Crone & van
der Molen, 2004). Higher scores indicated slower inhibi-
tion and shifting to the change response.

Stroop task. Following practice, test trials were pre-
sented in pseudorandom order for three conditions: (1)
congruent (25%) with a color word written in the same
color (e.g. blue written in blue); (2) incongruent (25%)
with a color word written in a different color (e.g. blue
written in red); and (3) neutral (50%) with a non-color
word written in one of the four colors (e.g. bear written in
blue) (Perlstein et al., 1998; Stroop, 1935). Button presses
indicated the color of the text. The dependent variable was
the difference between percent correct for congruent and
incongruent trials. Higher scores indicated lower ability to
suppress interfering information.

Behavior Rating Inventory of Executive Function. Car-
egiver-report of real-world EF was obtained as a measure
of generalization (Gioia et al., 2000). The dependent vari-
able was the Global Executive Composite.

Secondary behavioral outcomes. Five additional lab-based
computer tasks and one parent questionnaire were admin-
istered to explore potential transfer of EF skills and
changes in social ability. Higher scores for all secondary
outcomes indicate better EF and social functioning.

Digit span. The numbers subtest of the Children’s Mem-
ory Scale (CMS; Cohen, 1997) measured verbal working
memory—an untrained EF subdomain. The dependent
variable was the backward-scaled score.
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Hungry Donkey. Hungry Donkey (Crone & van der
Molen, 2004) measures decision-making in response to
feedback—another untrained EF subdomain. Children fed
a cartoon donkey by opening one of four doors with vary-
ing rewards and losses for 100 selections with feedback.
Two doors were advantageous and resulted in net gains,
and two were disadvantageous and resulted in net losses.
Doors also varied on the frequency of loss (two high, two
low). The dependent variable was the ratio of advanta-
geous to disadvantageous selections for the final 40 trials.

TOM test. The TOM test measures social cognition via
affective TOM, first-order false-belief, and second-order
false-belief questions about drawings and vignettes. Reli-
ability among raters was excellent (#=0.93). The depend-
ent variable was percent correct.

ToM video composite. Two social cognition videos
measured first-order false-belief about a location change
(Saxe, 2009; Wimmer & Perner, 1983) and unexpected
contents (Perner et al., 1987). The dependent variable was
percent correct.

Social Attribution Task. Animated geometric figures
(Heider & Simmel, 1944) were presented following the
instructions and coding scheme used by Klin (2000). The
animation is frequently understood as a social interaction
and the task measures the degree to which the informa-
tion is interpreted as social. The dependent variable was
the problem-solving index (inter-rater reliability, 7=0.98),
which measured the number of correct responses to
explicit questions.

Exploratory behavioral outcome

Repetitive Behavior Scale—Revised. Caregiver-report was
collected to explore generalization to restricted and repeti-
tive symptoms (Lam & Aman, 2007). The dependent vari-
able was the total score.

Data analysis

Feasibility and acceptability were evaluated by examining
the number of completed training visits and parent feed-
back. Efficacy data analyses were conducted without
knowledge of group assignment and confirmed by an inde-
pendent statistician. As specified in the a priori analysis
plan, neural responses were examined via repeated meas-
ures analysis of variance (ANOVAs) because the group by
condition by timepoint interaction was of primary interest.
Planned behavioral analyses included examination of dif-
ferences in baseline behavior via ANOVA and examina-
tion of treatment responses via analysis of covariance
(ANCOVA)-of-change analyses controlling for baseline.
Missing cases were excluded in a pairwise fashion so that

for each dependent variable, all available participants who
contributed data were included. Given the preliminary
nature of this investigation, sample size, and measures of
multiple levels of analysis, we did not correct for multiple
comparisons.

Community involvement

ASD community members were not directly involved in
the development of the research question and outcome
measures, design of the study, its implementation, or the
interpretation and dissemination of the findings.

Results

Feasibility and acceptability

All families assigned to the training group completed
training and returned for follow-up; 89% completed all 10
planned training sessions and all families completed at
least 7 sessions. Twenty-three families returned the feed-
back questionnaire of whom 74% (n=17) reported at least
some improvement for their children and 83% (n=19) felt
it improved their knowledge of EF or their ability to help
their children develop EF. Additional qualitative responses
are included in Supplemental Materials.

Neural responses

Primary neural outcome. Across both timepoints including
baseline, the groups had significant differences in overall
flanker N2 amplitude, F(1, 44)=8.45, p=0.0006, T]i =0.16
(Training: M=-0.56, SD=3.22; Waitlist: M=-3.32,
SD=3.22). Critically, the group (treatment/waitlist) by
time (baseline/follow-up) by condition (congruent/incon-
gruent) interaction was significant, F(1, 44)=7.37,
p=0.009, nf, =0.14 (Figure 2).! No other main effects
(condition) or interactions (condition X time, group X time)
were significant (s <2.70, ps >0.10, n; <0.006).

In order to interpret the interaction between
group X time X condition, groups were examined sepa-
rately. The training group exhibited a significant effect of
time (F(1,23)=9.32, p=0.006, nf, =0.29), and the change
in amplitude over time differed by condition (timeX con-
dition) (F(1, 23)=5.09, p=0.034, 1712] =0.18). Contrasts to
compare changes for each condition indicated a significant
increase in incongruent amplitude (i.e. more negative)
(F(1,23)=14.58, p=0.001, r]lz, =0.39), but not congruent
amplitude (»p=0.23), indicative of normalized differentia-
tion between conditions. The waitlist group did not exhibit
changes overall or by condition (Fs<2.77, ps>0.11).

Secondary neural outcome. The group X time X condition
(Go/Nogo) interaction was non-significant despite a
medium effect size (F(1, 29)=2.92, p=0.098, 1712) =0.09).
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Figure 2. (a) ERP waveforms for the frontal electrode cluster (Fz) by timepoint and the flanker task condition and (b)

time X flanker condition interaction for N2 mean amplitude.

Primary behavioral outcomes

At baseline, on average, both groups had EF challenges in
the clinical range (Behavior Rating Inventory of Executive
Function (BRIEF); Table 1). No group differences were
detected in lab-based tasks or parent report of EF (see
Table 2 and Figure 3 for all results).

Following training, no differences were detected
between groups for the lab-based tasks (Change, Stroop)
or generalization of EF skills beyond the lab by parent
report on the BRIEF Global Executive Composite.

Secondary behavioral outcomes

At baseline, no group differences were detected for sec-
ondary outcome measures. After training, no changes were
detected for verbal working memory, decision-making,
social cognition, or social function.

Exploratory behavioral outcome

At baseline, groups differed in the severity of repetitive
behaviors (F(1, 58)=5.47, p=0.02, 1712] =0.09). Critically,
when controlling for baseline, the training group exhibited
lower levels of repetitive behavior following training (F(1,
57)=10.24, p=0.002, 17, =0.15).

Discussion

This study examined the initial efficacy of a computer-
based EF training augmented by in-person metacognition
coaching for children with ASD. We hypothesized that a
signal would be most likely detected via neural measures
of EF and challenging lab-based tasks that most directly
related to training (Diamond, 2013). The training group
demonstrated significantly increased neural differentia-
tion of incongruent flankers at post-testing, whereas the



Autism 26(2)

354

1070 > Gy 170> e
"PIsIASY—9[edS JolAeyag 2AnNSday 1y-Sgy ‘pulw jo Aiosya

INOL ‘saeds Suned waisAg auswaroaduw] s||S [e120s :§|sS opniijdwe :dwe uanaSuodul :dul Quanisuod :uod 21sodwor) SA1INDIXT [BGO|S) UOIIdUNY SAIINIDXT JO AI0IUBAU| Suney JolAeyag IO 43|4d
fawn uonoea. [eudis dols :| YSS (9IBWIISS SZIS 1993 P S,UBYOY) P DIBWIISS SZIS 109y paJenbs €19 |ened “M: {9DUBLIBAOD JO SISA[RUR :YAQDNY ‘@JUBLIEA JO SisA[eue Y AQNY ‘UONEBIASP p.Jepuels (S

+96°0-/S1°0 4701 =(£S ‘1) %09°0-/600 ‘LF'S=(85 ‘)4 (06'L1) €0'LT #06) 19°€1 (90%1) 142 (szo1) 1991 6T 1€ 2.03s [€301 Y-SgY

awod3no AJojesojdx]

(1sp) stst- (seosrt-  (etp) 8toe-  (bye) Tus1- dwe uesw gN 030N

(66D 60£T-  F1D0601-  (90F) L68T- (787 60¥T- Sl 91 dwe uesw 7N 09

€1°0/#000 ‘£1'0=(T¥ ‘14 S0°0/1000 ‘T00=(c¥ ‘1)1 (€£1'S1) S6°0¢€ (8791) T6'TE (8891) 18°€€ (1%91) 85°v€ 1T 9T >IS3 UO[INGLIIIE [BIDOS

TT0/£00°0 ‘8€°0=(£S ‘1)4 S1°0/9000 ‘c€0=(8S ‘1)1  (£€T97) 8¥'+8 (81'07) 7568 (+6'80) +6°0L (6¥°ST) €641 67 ‘1€ @usodwod puiw jo Aiody|

%€S0/S0°0 ‘€1'€E=(9 ‘1) 8T°0/20°0 ‘T 1=(59‘1)4  (6¥°01) L0'S9 (zeT1) 8602 (TLen) s FEp1) ££99 €€ ‘b€ dsel WOL

61°0/10°0 ‘08°0=(6S ‘14 80°0/2000 01'0=(09 ‘1)4  (ZI'¥1) €€6L (sso1) 69718 (99's1) £t°08 (8¥T1) £9°18 0f ‘T€ SISS

T1°0-/%000 ‘ST0=(19 ‘)4 21°0/£000 ‘TT0o=(29 ‘D4 (611 %L1 91 g0 (8z0o1) 910 (s801) 6£1 I€ ‘€€ AuoQq A48uny

81°0/400°0 ‘£T0=(09 ‘14 £1°0/2000 ‘s¥'0=(19 ‘)4 (S5°€) 556 (z1¢)srol (55°¢) €86 (s¥'¢) Trol 0€ ‘€€ ueds 3181Q

sa2wodo1no \ALm_u:Ouwm

(6¥v) s8T€- (89°€) 8641 #8¥) 1226~  (T€€) ST80 dwre uesw sur N Jjuely

(60%) LEL€~ (29°€) 050°1- (9z¢e) seyt-  (TTe) 861°0- Tyt dwe uesw uod 7N Jdjuely

61°0-/1000 ‘£00=(09 ‘1)4  £1°0-/8000 ‘250=(19 ‘4 (@ 01) 9£'£9 (96'6) 58'59 (61°01) 0¥'89 (15°11) 5599 0f ‘€€ EREEINL

80°0-/1000 ‘£00=(09 ‘1)4  TT0-/€100 ‘6£0=(19°‘1)4  (600) 800 (€1°0) 6200 (21°0) 0900 (80°0) 8500 6T ‘v€ duj-uod >jse3 dooag

¥T0-/T0°0 ‘98°0=(8S ‘1)4  S0°0-/1000 $00=(6S ‘)4  (1'86) L¥ET (s'82) 9°€1T (€'76) £8€T (8'£8) 8°€£T 0f ‘1€ 1SS @8ueyd
p /il "YAODNY P/l "YAONY @s) W @ w @s) W (@s) W TN N
Sunsal-1sod auljaseg ISIIIBAA Sulurea | ISI[IIBAA Sulurea]  azis ajdweg

Sunsa-1sod auljeseg sawod3no AJewd

(89 =N) Suiure. us1ye pue 94049q S90S °T d|qeL



355

Faja et al.
e M Training
0.6
0.4
2 02 I
c
=}
[m]
2 o I n
o
o
c
©
< -0.2
O
-0.4
-0.6
) < 3 Q
& \«OOQ & NN % 6@\
T & F P
§ & °
& S
QO <
&

Waitlist
* *
1
*k%k
||
& X 2 A 9 a9 <&
& ¢
& @,\'z? & 00% Qoe &
o
«O 00((\ %
&O

Figure 3. Differences between baseline and post-training. Scores were computed by calculating the z-scores relative to the
combined group means at baseline and are presented so that positive values reflect better functioning following training.
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waitlist group did not. Neural differentiation develops by
age 6 among children without ASD (Buss et al., 2011),
suggesting training may lead to more age-appropriate
neural responses and enhanced monitoring of conflicting
information to support effective EF. Although non-signif-
icant, a similar pattern was observed for the Go—Nogo
task (i.e. more negative N2 amplitude for Nogo relative to
Go trials after training compared to the waitlist group).
Given these findings, we then examined behavioral out-
comes for lab-based measures of related EF subdomains,
generalization, and transfer of skills. Lab-based tasks
examining response inhibition combined with shifting abil-
ity and interference suppression were not sensitive to train-
ing. Even with more comprehensive and intensive training,
results on lab-based tasks have been mixed for children
with ASD. Specifically, Yerys et al. (2019) reported a non-
significant within group change on a related lab-based task
with a medium-large effect size. de Vries et al. (2015)
reported a non-significant trend for working memory train-
ing on one of two working memory tasks and no effects
related to flexibility for either EF training group. Kenworthy
et al. (2014) found significant, medium effects on their
challenge task for the flexibility domain but not for the
planning portion. Unsurprisingly, we found no evidence of
significant transfer to social cognition or function or to
untrained EF subdomains (verbal working memory, deci-
sion-making), which was consistent with other studies that
reported non-significant transfer in lab-based social
(Kenworthy et al., 2014) or untrained EF tasks (de Vries
et al., 2015). Generalization to affect regulation was

observed among children without ASD who completed a
similar EF training program (Pozuelos et al., 2019; Rueda
et al., 2005, 2012) suggesting that this type of training may
confer a greater benefit to children without neurodevelop-
mental disorders. Nonetheless, our findings are consistent
with a meta-analysis of EF training programs that indicates
most have limited transfer (Kassai et al., 2019).

Following the suggestion that EF training may be help-
ful in ameliorating restricted and repetitive behavioral
symptoms for children with ASD (Kenworthy et al., 2014),
we explored this domain and found the training group had
reduced parent-reported symptoms when controlling for
baseline levels. In contrast, parent report of general real-
world EF skills did not change following training, although
some parents reported specific training-related changes.
Generalization and the overall lack of behavioral EF
changes are a concern for children with ASD (Ramdoss
etal., 2012).

It is possible that children with ASD may require more
than 10h of intervention in order to demonstrate the
improvements made by children without ASD in response
to a similar EF training program, which included both N2
changes and behavioral improvements in inhibitory con-
trol (Pozuelos et al., 2019; Rueda et al., 2005, 2012). Yet,
the computer training with greatest intensity for children
with ASD (18.75h) yielded no significant treatment-
related effects on real-world EFs, social behavior, or qual-
ity of life, despite a trend for slightly improved ADHD
behavior in the working memory training group (de Vries
et al., 2015). It may also be the case that subject selection
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limited our ability to detect more generalized changes.
Project EVO selected children with ASD and co-occurring
ADHD and reported significant reductions in ADHD
symptoms, EF challenges, and social difficulties with large
effect sizes after only 8.3 h of training. Computer-based EF
training is generally more limited in its benefits for TD
children than comprehensive, curriculum-based training
(Diamond, 2013; Kassai et al.,, 2019) such that greater
intensity of computer-based training may not provide the
same benefit of curriculum-based training. Indeed, curric-
ulum-based training resulted in changes on parent and
teacher report of set-shifting and planning (Kenworthy
et al., 2014) for children with ASD; however, the scalabil-
ity of such comprehensive interventions is difficult.
Computer-based EF training is appealing for service deliv-
ery across settings and to individual children. Thus, given
an initial “signal” on the primary neural outcome measure,
it will be critical to determine whether a larger dose of
computer-based EF training or selection of a more impaired
group leads to more robust behavioral changes.

Our training differed from previously published com-
puter-delivered EF training for ASD (de Vries et al., 2015;
Yerys et al., 2019) because it included coaching, the con-
tent was broader (inhibition, set-shifting working, mem-
ory, and metacognition), it was relatively less intense, and
participant selection differed, although our program was
similar to these programs in that the games were adaptive
and adjusted difficulty according to child performance.
Given that EF training is thought to have its greatest impact
when task demands exceed a child’s current abilities
(Holmes et al., 2009; Karbach et al., 2015), coaches
encouraged children with ASD to continue to play and pro-
vided emotional regulation and EF strategies. Thus, com-
puter-based training combined with coaching may confer
some of the benefits of a more comprehensive EF curricu-
lum in the context of an inexpensive, individualized for-
mat. Prior to the implementation of such programs, it will
be critical to determine which aspects of EF training pro-
mote generalization from initial neural changes to clini-
cally significant effects such as the reduction of restricted
and repetitive behaviors and improved EF behavior.

Limitations and future directions

The current investigation demonstrated the initial neural
effects of computer-based EF training for ASD but raises
additional questions for future research. First, although a
variety of computer-based interventions have been used to
enhance the EF of TD children (Jaeggi etal., 2011; Karbach
& Kray, 2009; Karbach & Unger, 2014; Rueda et al., 2005,
2012; Thorell et al., 2009), children with larger initial EF
impairments tend to have the largest gains (Diamond,
2013). Likewise, Project EVO reported moderate—large
effect sizes within a training group comprised of children
with ASD + ADHD (Yerys et al., 2019). The current inves-
tigation did not specifically select children with ASD who

had initial EF impairments. If targeted interventions such
as EF training are to have their greatest benefit, it will be
critical to determine which children with ASD are most
likely to benefit and respond to training including samples
with more diverse backgrounds.

Second, a brief 10 session duration was selected for the
initial examination of efficacy based on prior reports of
similar training with children without ASD (Pozuelos
et al., 2019) while also balancing the demand on child and
family time. The intensity of training—either more regular
training sessions (Yerys et al., 2019) or more hours of
intervention (Kenworthy et al., 2014)—may be especially
critical for children with ASD. Embedding comprehensive
interventions like Unstuck and On Target in the classroom
likely increases the opportunities to practice new EF
skills—further increasing the intensity. Future systematic
studies are needed to determine the optimal intensity.

Third, it will be important to determine whether train-
ing generalizes to more clinically significant changes. It is
possible that, as predicted, changes in brain responses may
precede or lay the foundation for additional behavioral
changes (e.g. Chen et al., 2016; McDermott et al., 2018;
Tremblay et al., 1998) that could be detected via longer-
term follow-up. Indeed, conflict monitoring, detected via
the N2, may underlie successful inhibitory control, partic-
ularly earlier in development (Richardson et al., 2018).
However, this study did not include follow-up beyond
immediate post-testing. In addition, given our sample size,
power estimates indicate that only large behavioral effects
could be detected. Replication of initial findings with a
larger sample combined with long-term follow-up will
allow for examination of these possibilities and more rig-
orous analyses.

Finally, although initial data demonstrate that our train-
ing program may be feasibly conducted with fidelity to the
delivery of computer games and basic elements of the
manualized intervention and that training is acceptable to
families, it will be useful to elicit input from other key
stakeholders to inform the implementation and dissemina-
tion of programs like ours. Future work that elicits formal
acceptability data from children with ASD who receive the
training and the input of other stakeholders including com-
munity providers and autistic self-advocates will be valu-
able in refining EF training to best meet the needs of
children on the spectrum.

In summary, this study demonstrated that 10h of targeted
EF training delivered to 7- to 11-year-old children on the
autism spectrum via computer combined with coaching led
to changes in neural response and parent report of restricted
and repetitive behaviors. This work adds to a previous clini-
cal trial of curriculum-based EF intervention and an app for
children with ASD + ADHD to show that the significant EF
difficulties experienced by many children with ASD may be
reduced via intervention. For the substantial subgroup of
children with ASD who experience EF difficulties, this rep-
resents an important development in identifying more
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individualized intervention because EF is related to the
development of social competence and the expression of
ASD symptoms (Faja & Nelson Darling, 2019; Geurts, de
Vries, & van den Bergh, 2014; Pellicano, 2013).
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Note
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fered (F=5.65, p=0.02, 0’ = 0.12).

References

Abundis-Gutiérrez, A., Checa, P., Castellanos, C., & Rosario
Rueda, M. (2014). Electrophysiological correlates of
attention networks in childhood and early adulthood.
Neuropsychologia, 57(1), 78-92.

Achenbach, T., & Rescorla, L. (2001). Manual for the ASEBA
school-age forms & profiles. ABSEA.

American Psychiatric Association. (2013). Diagnostic and statis-
tical manual of mental disorders (5th ed.).

Banaschewski, T., & Brandeis, D. (2007). Annotation: What
electrical brain activity tells us about brain function that

other techniques cannot tell us—A child psychiatric per-
spective. Journal of Child Psychology and Psychiatry and
Allied Disciplines, 48(5), 415-435.

Band, G. P., Van Der Molen, M. W., & Logan, G. D. (2003).
Horse-race model simulations of the stop-signal procedure.
Acta Psychologica, 112, 105-142.

Bolte, S., Golan, O., Goodwin, M. S., & Zwaigenbaum, L.
(2010). What can innovative technologies do for Autism
Spectrum Disorders? Autism, 14(3), 155-159.

Brydges, C. R., Fox, A. M., Reid, C. L., & Anderson, M. (2014).
Predictive validity of the N2 and P3 ERP components to
executive functioning in children: A latent-variable analy-
sis. Frontiers in Human Neuroscience, 8, Article 80.

Buss, K. A., Dennis, T. A., Brooker, R. J., & Sippel, L. M. (2011).
An ERP study of conflict monitoring in 4-8-year old chil-
dren: Associations with temperament. Developmental
Cognitive Neuroscience, 1(2), 131-140.

Chen, S. H. A., & Bernard-Opitz, V. (1993). Comparison of per-
sonal and computer-assisted instruction for children with
autism. Mental Retardation, 31, 368-376.

Chen, Y., Tsao, F. M., & Liu, H. M. (2016). Developmental
changes in brain response to speech perception in late-talk-
ing children: A longitudinal MMR study. Developmental
Cognitive Neuroscience, 19, 190-199.

Cohen, M. J. (1997). Children’s Memory Scale. Psychological
Corporation.

Craig, F., Margari, F., Legrottaglie, A. R., Palumbi, R., de
Giambattista, C., & Margari, L. (2016). A review of execu-
tive function deficits in autism spectrum disorder and
attention-deficit/hyperactivity disorder. Neuropsychiatric
Disease and Treatment, 12, 1191-1202.

Crone, E. A., & van der Molen, M. W. (2004). Developmental
changes in real life decision making: Performance on a gam-
bling task previously shown to depend on the ventromedial
prefrontal cortex. Developmental Neuropsychology, 25(3),
251-279.

De Jong, R., Coles, M. G., & Logan, G. D. (1995). Strategies
and mechanisms in nonselective and selective inhibitory
motor control. Journal of Experimental Psychology: Human
Perception and Performance, 21(3), 498-511.

Demetriou, E. A., Lampit, A., Quintana, D. S., Naismith, S. L.,
Song, Y. J. C., Pye, J. E., & Guastella, A. J. (2017). Autism
spectrum disorders: A meta-analysis of executive function.
Molecular Psychiatry, 23(5), 1198-1204.

de Vries, M., Prins, P. J. M., Schmand, B. A., & Geurts, H. M.
(2015). Working memory and cognitive flexibility-training
for children with an autism spectrum disorder: A rand-
omized controlled trial. Journal of Child Psychology and
Psychiatry and Allied Disciplines, 56(5), 566-576.

Diamond, A. (2013). Executive functions. Annual Review of
Psychology, 64, 135-168.

Dichter, G. S., Felder, J. N., Green, S. R., Rittenberg, A. M.,
Sasson, N. J., & Bodfish, J. W. (2012). Reward circuitry
function in autism spectrum disorders. Social Cognitive and
Affective Neuroscience, 7(2), 160—172.

Espinet, S. D., Anderson, J. E., & Zelazo, P. D. (2012). N2 ampli-
tude as a neural marker of executive function in young
children: An ERP study of children who switch versus perse-
verate on the Dimensional Change Card Sort. Developmental
Cognitive Neuroscience, 2(Suppl. 1), S49-S58.


https://orcid.org/0000-0001-6876-3643

358

Autism 26(2)

Espinet, S. D., Anderson, J. E., & Zelazo, P. D. (2013). Reflection
training improves executive function in preschool-age
children: Behavioral and neural effects. Developmental
Cognitive Neuroscience, 4, 3—15.

Faja, S., Clarkson, T., & Webb, S. J. (2016). Neural and behavioral
suppression of interfering flankers by children with and without
autism spectrum disorder. Neuropsychologia, 93, 251-261.

Faja, S., & Nelson Darling, L. (2019). Variation in restricted and
repetitive behaviors and interests relates to inhibitory con-
trol and shifting in children with autism spectrum disorder.
Autism, 23(5), 1262-1272.

Folstein, J. R., & Van Petten, C. (2008). Influence of cognitive
control and mismatch on the N2 component of the ERP: A
review. Psychophysiology, 45, 152-170.

Geurts, H. D., de Vries, M., & van den Bergh, S. (2014).
Executive functioning theory and autism. In S. Goldstein
& J. Naglieri (Eds.), Handbook of executive functioning
(pp- 121-134). Springer.

Geurts, H. M., van den Bergh, S. F. W. M., & Ruzzano, L.
(2014). Prepotent response inhibition and interference
control in autism spectrum disorders: Two meta-analyses.
Autism Research, 7(4), 407-420.

Gioia, G. A., Isquith, P. K., Guy, S. C., & Kenworthy, L. (2000).
Behavior Rating Inventory of Executive Function. Child
Neuropsychology, 6, 235-238.

Greenberg, M. T. (2006). Promoting resilience in children and
youth: Preventive interventions and their interface with
neuroscience. Annals of the New York Academy of Sciences,
1094, 139-150.

Habib, A., Harris, L., Pollick, F., & Melville, C. (2019). A meta-
analysis of working memory in individuals with autism
spectrum disorders. PLOS ONE, 14(4), Article ¢0216198.

Heider, F., & Simmel, M. (1944). An experimental study of
apparent behavior. The American Journal of Psychology,
57(2), 243-259.

Heil, M., Osman, A., Wiegelmann, J., Rolke, B., & Hennighausen,
E. (2000). N200 in the Eriksen-task: Inhibitory executive
processes? Journal of Psychophysiology, 14(4), 218-225.

Holmes, J., Gathercole, S. E., & Dunning, D. L. (2009).
Adaptive training leads to sustained enhancement of poor
working memory in children. Developmental Science,
12(4), F9-F15.

Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Shah, P. (2011).
Short- and long-term benefits of cognitive training.
Proceedings of the National Academy of Sciences of the
United States of America, 108(25), 10081-10086.

Jodo, E., & Kayama, Y. (1992). Relation of a negative ERP
component to response inhibition in a Go/No-go task.
Electroencephalography and Clinical Neurophysiology, 82,
477-482.

Karbach, J., & Kray, J. (2009). How useful is executive control
training? Age differences in near and far transfer of task-
switching training. Developmental Science, 12(6), 978-990.

Karbach, J., Strobach, T., & Schubert, T. (2015). Adaptive work-
ing-memory training benefits reading, but not mathematics
in middle childhood. Child Neuropsychology, 21(3), 285-301.

Karbach, J., & Unger, K. (2014). Executive control training from
middle childhood to adolescence. Frontiers in Psychology,
5, Article 390.

Kassai, R., Futo, J., Demetrovics, Z., & Takacs, Z. K. (2019).
A meta-analysis of the experimental evidence on the near-
and far-transfer effects among children’s executive function
skills. Psychological Bulletin, 145(2), 165—188.

Kenworthy, L., Anthony, L. G., Naiman, D. Q., Cannon, L.,
Wills, M. C., Luong-Tran, C., & Wallace, G. L. (2014).
Randomized controlled effectiveness trial of executive
function intervention for children on the autism spectrum.
Journal of Child Psychology and Psychiatry and Allied
Disciplines, 55(4), 374-383.

Kenworthy, L., Yerys, B. E., Anthony, L. G., & Wallace, G. L.
(2008). Understanding executive control in autism spectrum
disorders in the lab and in the real world. Neuropsychology
Review, 18(4), 320-338.

Klin, A. (2000). Attributing social meaning to ambiguous visual
stimuli in higher functioning autism and Asperger syndrome:
The social attribution task. Journal of Child Psychology and
Psychiatry and Allied Disciplines, 41(7), 831-846.

Kloo, D., & Perner, J. (2003). Training transfer between card
sorting and false belief understanding: Helping children
apply conflicting descriptions. Child Development, 74(6),
1823-1839.

Lam, K. S. L., & Aman, M. G. (2007). The Repetitive Behavior
Scale—Revised: Independent validation in individuals
with autism spectrum disorders. Journal of Autism and
Developmental Disorders, 37, 855-866.

Lamm, C., Zelazo, P. D., & Lewis, M. D. (2006). Neural cor-
relates of cognitive control in childhood and adolescence:
Disentangling the contributions of age and executive func-
tion. Neuropsychologia, 44(11), 2139-2148.

Lehto, J. E., Juujérvi, P., Kooistra, L., & Pulkkinen, L. (2003).
Dimensions of executive functioning: Evidence from chil-
dren. British Journal of Developmental Psychology, 21,
59-80.

Liu, Z. X., Lishak, V., Tannock, R., & Woltering, S. (2017).
Effects of working memory training on neural correlates of
Go/Nogo response control in adults with ADHD: A rand-
omized controlled trial. Neuropsychologia, 95, 54-72.

Lord, C., Rutter, M., DiLavore, P. C., Risi, S., Gotham, K.,
& Bishop, S. (2012). Autism Diagnostic Observation
Schedule,  Second  Edition (ADOS-2). Western
Psychological Services.

McAuley, T., & White, D. A. (2011). A latent variables exam-
ination of processing speed, response inhibition, and
working memory during typical development. Journal of
Experimental Child Psychology, 108(3), 453-468.

McDermott, J. M., Pears, K. C., Bruce, J., Kim, H. K., Roos,
L., Yoerger, K. L., & Fisher, P. A. (2018). Improving kin-
dergarten readiness in children with developmental disabili-
ties: Changes in neural correlates of response monitoring.
Applied Neuropsychology: Child, 7(3), 187-199.

Millner, A. J., Jaroszewski, A. C., Chamarthi, H., & Pizzagalli,
D. A. (2012). Behavioral and electrophysiological corre-
lates of training-induced cognitive control improvements.
Neurolmage, 63(2), 742—753.

Miyake, A., & Friedman, N. P. (2012). The nature and organiza-
tion of individual differences in executive functions: Four
general conclusions. Current Directions in Psychological
Science, 21(1), 8-14.



Faja et al.

359

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.

Muris, P., Steerneman, P., Meesters, C., Merckelbach, H.,
Horselenberg, R., van den Hogen, T., & van Dongen, L.
(1999). The TOM test: A new instrument for assessing
theory of mind in normal children and children with per-
vasive developmental disorders. Journal of Autism and
Developmental Disorders, 29(1), 67-80.

Oosterlaan, J., & Sergeant, J. A. (1998). Response inhibition
and response re-engagement in attention-deficit/hyperac-
tivity disorder, disruptive, anxious and normal children.
Behavioural Brain Research, 94(1), 33-43.

Pellicano, E. (2013). Testing the predictive power of cognitive
atypicalities in autistic children: Evidence from a 3-year
follow-up study. Autism Research, 6,258-267.

Perlstein, W. M., Carter, C. S., Barch, D. M., & Baird, J. W.
(1998). The Stroop task and attention deficits in schizo-
phrenia: A critical evaluation of card and single-trial Stroop
methodologies. Neuropsychology, 12(3), 414-425.

Perner, J., Leekam, S. R., & Wimmer, H. (1987). Three-year-
olds’ difficulty with false belief: The case for a conceptual
deficit. British Journal of Developmental Psychology, 5(2),
125-137.

Pfefferbaum, A., Ford, J. M., Weller, B. J., & Kopell, B. S.
(1985). ERPs to response production and inhibition.
Electroencephalography and Clinical Neurophysiology,
60(5), 423-434.

Pozuelos, J. P.,, Combita, L. M., Abundis, A., Paz-Alonso,
P. M., Conejero, A., Guerra, S., & Rueda, M. R. (2019).
Metacognitive scaffolding boosts cognitive and neural
benefits following executive attention training in children.
Developmental Science, 22(2), ¢12756.

Ramdoss, S., Machalicek, W., Rispoli, M., Mulloy, A., Lang,
R., & O’Reilly, M. (2012). Computer-based interven-
tions to improve social and emotional skills in individu-
als with autism spectrum disorders: A systematic review.
Developmental Neurorehabilitation, 15(2), 119-135.

Richardson, C., Anderson, M., Reid, C. L., & Fox, A. M. (2018).
Development of inhibition and switching: A longitudi-
nal study of the maturation of interference suppression
and reversal processes during childhood. Developmental
Cognitive Neuroscience, 34, 92—100.

Riggs, N. R., Greenberg, M. T., Kusché, C. A., & Pentz, M.
A. (2006). The mediational role of neurocognition in the
behavioral outcomes of a social-emotional prevention pro-
gram in elementary school students: Effects of the PATHS
Curriculum. Prevention Science, 7(1), 91-102.

Rueda, M. R., Checa, P., & Combita, L. M. (2012). Enhanced effi-
ciency of the executive attention network after training in
preschool children: Immediate changes and effects after two
months. Developmental Cognitive Neuroscience, 2, S192-S204.

Rueda, M. R., Posner, M. 1., Rothbart, M. K., & Davis-Stober, C.
P. (2004). Development of the time course for processing
conflict: An event-related potentials study with 4 year olds
and adults. BMC Neuroscience, 5, Article 39.

Rueda, M. R., Rueda, M. R., Rothbart, M. K., Rothbart, M.
K., McCandliss, B. D., McCandliss, B. D., & Posner, M.
I. (2005). Training, maturation, and genetic influences on

the development of executive attention. Proceedings of
the National Academy of Sciences of the United States of
America, 102(41), 14931-14936.

Rutter, M., LeCouteur, A., & Lord, C. (2003). Autism diag-
nostic interview, revised. Manual. Western Psychological
Services.

Saxe, R. (2009). How we read each other’s minds [Video file].
https://www.ted.com/talks/rebecca saxe how we read
each_other s minds

Schmitt, L. M., White, S. P., Cook, E. H., Sweeney, J. A., &
Mosconi, M. W. (2018). Cognitive mechanisms of inhibi-
tory control deficits in autism spectrum disorder. Journal
of Child Psychology and Psychiatry and Allied Disciplines,
59(5), 586-595.

Sergeant, J. A., Geurts, H., & Oosterlaan, J. (2002). How spe-
cific is a deficit of executive functioning for attention-def-
icit’/hyperactivity disorder? Behavioural Brain Research,
130(1-2), 3-28.

Stroop, J. R. (1935). Studies of interference in serial verbal
reactions. Journal of Experimental Psychology, 18(6),
643-662.

Sung, Y. J., Dawson, G., Munson, J., Estes, A., Schellenberg,
G. D., & Wijsman, E. M. (2005). Genetic investigation
of quantitative traits related to autism: Use of multivari-
ate polygenic models with ascertainment adjustment. The
American Journal of Human Genetics, 76(1), 68—81.

Takacs, Z., & Kassai, R. (2019). The efficacy of different inter-
ventions to foster children’s executive function skills: A
series of meta-analyses. Psychological Bulletin, 145(7),
653-697.

Thorell, L. B., Lindqvist, S., Nutley, S. B., Bohlin, G., &
Klingberg, T. (2009). Training and transfer effects of
executive functions in preschool children. Developmental
Science, 12(1), 106-113.

Todd, R. M., Lewis, M. D., Meusel, L. A., & Zelazo, P. D.
(2008). The time course of social-emotional processing in
early childhood: ERP responses to facial affect and personal
familiarity in a Go-Nogo task. Neuropsychologia, 46(2),
595-613.

Tremblay, K., Kraus, N., & McGee, T. (1998). The time course
of auditory perceptual learning: Neurophysiological
changes during speech-sound training. NeuroReport, 9(16),
3557-3560.

Tye, C., Asherson, P., Ashwood, K. L., Azadia, B., Bolton, P.,
& McLoughlin, G. (2014). Attention and inhibition in chil-
dren with ASD, ADHD and co-morbid ASD + ADHD: An
event-related potential study. Psychological Medicine, 44,
1101-1116.

Van’t Ent, D. (2002). Perceptual and motor contributions to per-
formance and ERP components after incorrect motor acti-
vation in a flanker reaction task. Clinical Neurophysiology,
113(2),270-283.

Wechsler, D. (2013). WASI-II: Wechsler Abbreviated Scale of
Intelligence—Second edition. Journal of Psychoeducational
Assessment, 31(3), 337-341.

Willeutt, E. G., Sonuga-Barke, E. J. S., Nigg, J. T., & Sergeant,
J. A. (2008). Recent developments in neuropsychological
models of childhood psychiatric disorders. Advances in
Biological Psychiatry, 24, 195-226.

Wimmer, H., & Perner, J. (1983). Beliefs about beliefs:
Representation and constraining function of wrong beliefs


https://www.ted.com/talks/rebecca_saxe_how_we_read_each_other_s_mind
https://www.ted.com/talks/rebecca_saxe_how_we_read_each_other_s_mind

360 Autism 26(2)

in young children’s understanding of deception. Cognition, study of a novel interactive digital treatment to improve
13(1), 103-128. cognitive control in children with autism spectrum disorder
Yerys, B. E., Bertollo, J. R., Kenworthy, L., Dawson, G., Marco, and co-occurring ADHD symptoms. Journal of Autism and

E.J., Schultz, R. T., & Sikich, L. (2019). Brief report: Pilot Developmental Disorders, 49(4), 1727-1737.



