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Abstract

Error-monitoring, or the ability to recognize one's mistakes and implement behavioral changes to
prevent further mistakes, may be impaired in individuals with Autism Spectrum Disorder (ASD).
Children and adolescents (ages 9-19) with ASD (n = 42) and typical development (n = 42)
completed two face processing tasks that required discrimination of either the gender or affect of
standardized face stimuli. Post-error slowing and the difference in Error-Related Negativity
amplitude between correct and incorrect responses (ERNgif) were used to index error-monitoring
ability. Overall, ERNyj¢f increased with age. On the Gender Task, individuals with ASD had a
smaller ERNgjss than individuals with typical development; however, on the Affect Task, there
were no significant diagnostic group differences on ERNg;st. Individuals with ASD may have ERN
amplitudes similar to those observed in individuals with typical development in more social
contexts compared to less social contexts due to greater consequences for errors, more effortful
processing, and/or reduced processing efficiency in these contexts. Across all participants, more
post-error slowing on the Affect Task was associated with better social cognitive skills.
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INTRODUCTION

Error-monitoring is an executive functioning skill characterized by the ability to monitor
one's actions, recognize when one has made a mistake, and implement behavioral changes to
prevent further mistakes from occurring. The ERN is an electrophysiological indicator of
error-monitoring ability; it is a negative Event-Related Potential (ERP) that generally
appears within 100 milliseconds after a person incorrectly responds to a stimulus (Holroyd
& Coles, 2002). The literature suggests that the ERN is generated within the caudal region
of the anterior cingulate cortex (ACC; O'Connell et al., 2007) and is produced whenever
there is a mismatch between the participant's enacted (erroneous) response and the intended
correct response (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000). Research on the
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relation between the ERN and error awareness has yielded mixed results (Nieuwenhuis,
Ridderinkhof, Blom, Band, & Kok, 2001; Scheffers & Coles, 2000), with a recent review
suggests that the ERN may serve as a feed-forward signal that provides input to the process
of emerging error-awareness (Wessel, 2012). Post-error slowing is a behavioral indicator of
error-monitoring ability. Post-error slowing occurs when a participant slows down on
subsequent trials after having made an error; it is thought to be a compensatory mechanism
by which the participant avoids making errors on future trials (Rabbitt, 1966).

Error-Monitoring in Autism Spectrum Disorder

Rueda, Posner, and Rothbart (2005) suggest that the development of attentional control and
monitoring is critical for the emergence of self-regulation. In Autism Spectrum Disorder
(ASD), error-monitoring ability may be important for regulating autistic symptomology.
Thakkar et al. (2008), for example, show that functional and structural abnormalities of the
ACC may contribute to restricted and repetitive behaviors in ASD. In addition, self-
monitoring interventions, such as those that teach participants to use a checklist to monitor
their behavior, are often associated with decreases in stereotypic behaviors and increases in
social skills (e.g., Koegel, Koegel, Hurley, & Frea, 1992; Morrison, Kamps, Garcia, &
Parker, 2001; Parker & Kamps, 2011). Given that error-monitoring impairments may
exacerbate and error-monitoring improvements may ameliorate autistic symptomology,
error-monitoring ability may be a key construct to consider in ASD.

Overall, individuals with ASD show poor error-monitoring compared to individuals with
typical development. Individuals with ASD tend to display smaller ERN amplitudes and
show less post-error slowing (Bogte, Flamma, van der Meere, & van Engeland, 2007;
Santesso et al., 2011; Sokhadze et al., 2010, 2012; South, Larson, Krauskopf, & Clawson,
2010; Vlamings, Jonkman, Hoeksma, van Engeland, & Kemner, 2008). Thus, individuals
with ASD seem to have more difficulty recognizing errors and are less likely to engage in
compensatory mechanisms following error commission.

Since individuals with ASD have more difficulty processing information in social versus
nonsocial contexts (e.g., Dichter & Belger, 2007; Ozonoff, 1995), individuals with ASD
may also have more difficulty monitoring errors in social versus nonsocial contexts. In the
current literature, error-monitoring ability in individuals with ASD has only been examined
using standard, nonsocial lab tasks, such as the Flanker task. A better understanding of error-
monitoring ability in social contexts may be critical for developing interventions to improve
social awareness and behavior in ASD.

Error-Monitoring across Development

Changes in brain structure, function, and connectivity occur with age (see Casey, Galvan, &
Hare, 2005 for a review). Correspondingly, executive functioning skills also mature with age
(e.g., Brocki & Bohlin, 2004; Huizinga, Dolan, & van der Molen, 2006). In error-
monitoring, the amplitude of the ERN increases with age in individuals with typical
development (e.g., Davies, Segalowitz, & Gavin, 2004; Hogan, Vargha-Khadem, Kirkham,
& Baldeweg, 2005; Ladouceur, Dahl, & Carter, 2007; Santesso & Segalowitz, 2008;
Segalowitz & Davies, 2004; Wiersema, van der Meere, & Roeyers, 2007). This age-related
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increase may be associated with greater awareness of errors and/or maturation of the ACC.
The effect of age on post-error slowing in typical development is still unclear, with some
studies suggesting that post-error slowing increases with age (Hogan et al., 2005; Santesso
& Segalowitz, 2008), but others suggesting that post-error slowing is not influenced by age
(Davies et al., 2004; Ladouceur et al., 2007; Segalowitz & Davies, 2004; Wiersema et al.,
2007).

Given that individuals with ASD show improvements in some executive functions with age
(Robinson, Goddard, Dritschel, Wisley, & Howlin, 2009) and given that age is known to
influence error-monitoring ability in children and adolescents with typical development, age
may also influence error-monitoring ability in children and adolescents with ASD. In their
study on error-monitoring in ASD, Santesso et al. (2011) briefly note that age does not
attenuate diagnostic group differences in error-monitoring, but they do not directly examine
the effects of age on error-monitoring in ASD. Thus, in the current literature, it is not clear
whether error-monitoring ability in individuals with ASD changes with age. If error-
monitoring ability in individuals with ASD improves with age, it offers further support that
this ability is malleable and may be amenable to intervention (e.g., Koegel et al., 1992;
Morrison et al., 2001; Parker & Kamps, 2011).

Individual Differences in Error-Monitoring

Autistic Symptomology—Autistic symptomology is defined by impairments in social
interaction and communication and restricted and repetitive behaviors, interests, and/or
activities (American Psychiatric Association, 2013). Individuals with ASD who are able to
recognize and compensate for errors may show reductions in autistic symptomology (e.g.,
Koegel et al., 1992; Morrison et al., 2001; Parker & Kamps, 2011). In the literature, the
relation between error-monitoring ability and autistic symptomology is unclear: greater
error-monitoring ability, indexed by larger ERN amplitudes, has been associated with less
autistic symptomology (Henderson et al., 2006; Santesso et al., 2011), more autistic
symptomology (South et al., 2010), and has shown no relation with autistic symptomology
(Vlamings et al., 2008). A limitation of these prior studies is the broad age range examined,
without controlling for the effects of age. Across development, error-monitoring ability
tends to increase and autistic symptomology tends to decrease (e.g., Esbensen, Seltzer, Lam,
& Bodfish, 2009; Seltzer et al., 2003); thus, it may be important to consider and control for
the effects of age when evaluating the relation between error-monitoring ability and autistic
symptomology.

Social Cognition—Social cognition is the ability to cognitively process social information
and includes skill sets such as thinking about someone else's thoughts (theory of mind) and
processing facial affect (e.g., Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001;
Happe, 1994). The ability to monitor one's actions may be critical for the development of
higher-order social cognitive skills (e.g., Mundy & Newell, 2007). Larson, Fair, Good, and
Baldwin (2010) and Santesso and Segalowitz (2009) reported that larger ERN amplitudes
were associated with increased empathy in individuals with typical development. Larson et
al. (2010) suggest that error-monitoring ability and empathy are both rooted in vigilance:
error-monitoring requires vigilance to one's own actions whereas empathy requires vigilance
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to the actions and feelings of other people. Hoffmann, Wascher, and Falkenstein (2012)
recently noted that larger ERN amplitudes were associated with greater social orientation
(e.g., taking social responsibility, being helpful). In the ASD literature, Santesso et al.
(2011) reported that larger ERN amplitudes related to better social skills in individuals with
ASD. Again, the effects of age were not controlled for in this analysis, and given that both
error-monitoring ability and social skills increase with age (e.g., Hu, Chan, & McAlonan,
2010; Zajdel, Bloom, Fireman, & Larsen, 2013), age may be an important confounding
variable to consider and control for in such analyses.

The Current Study

In the current study, we examined error-monitoring ability, specifically post-error slowing
and the ERN, in individuals with and without ASD ranging in age from 9-19 years old. The
first goal of this study was to examine the influence of social context on error-monitoring
ability in ASD. To our knowledge, the current paper is the first to examine post-error
slowing and the ERN in response to social stimuli in individuals with ASD; it is also the first
to compare post-error slowing and the ERN across more social (affect processing) versus
less social (gender processing) contexts in individuals with ASD. On the basis of the extant
literature, we predicted that individuals with ASD would show poor error-monitoring (less
post-error slowing and smaller ERN amplitudes) compared to individuals with typical
development. We also predicted that individuals with ASD would have more difficulty
monitoring errors on the Affect Task compared to the Gender Task while individuals with
typical development would monitor errors similarly across both tasks.

The second goal of this study was to evaluate the effect of age on error-monitoring ability in
ASD. To our knowledge, the current paper is the first to directly examine age effects on
post-error slowing and the ERN in individuals with ASD. The previous literature on error-
monitoring led us to predict that older participants, regardless of diagnostic group, would
show more error-monitoring (more post-error slowing and larger ERN amplitudes) than
younger participants.

The final goal of this study was to examine associations between error-monitoring ability
and individual differences in autistic symptomology and social cognition. To our
knowledge, the current paper is the first to examine these associations in individuals with
ASD while controlling for the effects of age, a potential confounding variable. We
hypothesized that more error-monitoring (more post-error slowing and larger ERN
amplitudes) would be associated with less autistic symptomology and better social cognitive
skills.

METHOD

Participants

Participants were part of a larger ongoing study of social and emotional development in
children with ASD. Participants with ASD (n = 60) were recruited from the University of
Miami/Nova Southeastern University Center for Autism and Related Disabilities.
Participants with typical development (n = 54) were recruited from local schools. In the
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Measures

initial screening, participants were excluded from participation if they had a history of
seizures, a genetic condition (e.g., Fragile X Syndrome), a reading level below the second
grade, psychotic symptoms, a previously abnormal EEG, or if they were nonverbal. In
addition, participants with ASD had to have an ASD diagnosis from a community mental
health professional.

After informed consent was obtained, participants underwent a second screening.
Participants with ASD were required to meet 2 of the following 3 diagnostic criteria: = 7 on
the Autism Diagnostic Observation Schedule (ADOS; Lord, Rutter, Dilavore, & Risi, 2002),
> 13 on the Social Communication Questionnaire (SCQ; Rutter, Bailey, & Lord, 2003), and
> 13 on the Autism Spectrum Screening Questionnaire (ASSQ; Ehlers, Gillberg, & Wing,
1999). Participants with typical development were excluded from the sample if they met any
of these cutoff scores.! Additionally, all participants had to have a verbal 1Q = 70, as
assessed by the Wechsler Intelligence Scale for Children — Fourth Edition (WISC-1V;
Wechsler, 2003) or Wechsler Adult Intelligence Scale — Fourth Edition (WAIS-1V;
Wechsler, 2008).

Eighteen participants with ASD were excluded from the final sample: 6 participants did not
complete the experimental protocol, 6 participants did not meet the diagnostic criteria, 1
participant had not officially received an ASD diagnosis from a community mental health
professional, 1 participant did not respond within the timing parameters of the Affect Task,
and 4 participants with the lowest verbal 1Q were excluded for matching purposes. Twelve
participants with typical development were excluded from the final sample: 8 participants
met the diagnostic cutoff for autism on one or more measures and 4 participants with the
highest verbal 1Q were excluded for matching purposes. The final sample for this study was
42 participants with ASD (38 males) and 42 participants with typical development (36
males). The diagnostic groups did not significantly differ on age, t(82) =-0.02, p = 0.98,
performance 1Q, t(82) = 1.26, p = 0.21, or gender distribution, »(1, N = 84) = 0.45, p = 0.50.
Since verbal 1Q approached significance, t(82) = 1.99, p = 0.05, its effects were considered
in the analyses. See Table 1.

Many participants in the current study had completed assessments in our laboratory as part
of a larger ongoing study. The WISC-1V and ADOS show good test-retest reliability over
time (Lord et al., 2000; Williams, Weiss, & Rolfhus, 2003); thus, if a participant completed
the WISC-IV or ADOS as part of the larger study within the previous two years, scores from
the previous assessment were used. In addition, if any of the other assessments had been
completed within the previous six months, scores from that previous assessment were used.

Cognitive

Wechsler Intelligence Scale for Children — Fourth Edition (WISC-1V; Wechsler, 2003)
& Wechsler Adult Intelligence Scale — Fourth Edition (WAIS-1V; Wechsler, 2008): The

1Due to time constraints, one participant with typical development did not complete the ADOS. This participant did not meet
diagnostic cutoff scores on the SCQ or ASSQ and was therefore retained in the sample.
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majority of participants were assessed using the WISC-1V (n = 65). Participants older than
16 who had not been assessed on the WISC-1V in the previous two years were assessed
using the WAIS-1V (n = 19). WISC-1V and WAIS-1V scores are highly correlated, and both
assessments have well-established reliability and validity (Wechsler, 2008; Williams et al.,
2003). The Vocabulary and Similarities subscales were used to estimate the Verbal
Comprehension Index, and the Matrix Reasoning and Block Design subscales were used to
estimate the Perceptual Reasoning Index.

Autistic Symptomology

Autism Diagnostic Observation Schedule (ADOS; Lord et al., 2002): The ADOS is a
semi-structured observational assessment that evaluates an individual's language and
communication, reciprocal social interaction, imagination, and stereotyped behaviors and
restricted interests. The ADOS has high reliability and validity, with an algorithm that is
both specific and sensitive in identifying individuals with autism (Lord et al., 2000).

Autism Spectrum Screening Questionnaire (ASSQ; Ehlers et al., 1999): This 28-item
questionnaire asks parents to rate their child's behaviors as being the same, somewhat
different, or different from the behaviors of other children. This measure has good reliability
and has been validated against other assessments of behavioral disorders (Ehlers et al.,
1999).

Social Communication Questionnaire (SCQ; Rutter et al., 2003): This parent
questionnaire was developed from the 40 critical items of the Autism Diagnostic Interview
(ADI; Lord, Rutter, & Le Couteur, 1994). As with the ADI, this questionnaire focuses on
reciprocal social interaction, communication, and repetitive and stereotyped patterns and
behaviors. The SCQ has good reliability and has been validated by high correlations with the
ADI (Berument, Rutter, Lord, Pickles, & Bailey, 1999).

Social Responsiveness Scale (SRS; Constantino & Gruber, 2005): This 65-item parent-
report questionnaire focuses on children's social awareness, cognition, communication,
motivation, and mannerisms. The questionnaire has high inter-rater reliability and has been
validated against the ADI (Constantino et al., 2003).

Social Cognition

Reading the Mind in the Eyes Test (Baron-Cohen et al., 2001): In this task, participants
are presented with 28 photographs of a person's eyes and four emotion words. Participants
choose the emation that best describes what each person is thinking or feeling. This task has
acceptable reliability (Voracek & Dressler, 2006). Individuals with ASD show impaired
performance on this task, but not on a gender recognition control task (Baron-Cohen et al.,
2001).

Strange Stories Task (Happe, 1994): Participants read a series of 12 stories that feature
social situations designed to assess mentalizing ability, such as a lie, sarcasm, or figure of
speech. Participants answer questions about these stories; their answers are first coded as
correct or incorrect and second coded as providing physical or mental explanations of the
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story. This measure has been validated by associations with theory-of-mind tasks and is
sensitive to diagnostic group differences in social cognition (Happe, 1994).

Composite Scores—Total scores from the ASSQ, SCQ, and SRS were highly correlated
(Intraclass Correlation Coefficient (ICC) = 0.91) and formed a composite measure of
Autistic Symptomology. The Reading the Mind in the Eyes Test Total, the number of
questions answered correctly on the Strange Stories Task, and the number of mental
explanations given on the Strange Stories Task were substantially correlated (ICC = 0.65)
and formed a composite measure of Social Cognition. To form the composite measures,
scores from the contributing assessments were standardized and averaged together. If data
were missing on one or more of the contributing assessments, scores on the remaining
assessment(s) were used. See Table 1.

EEG Procedure and Task

Participants wore a 128-lead Geodesic sensor net, and EEG data were continuously
recorded. When possible, impedances were kept below 40 k2; data were edited after data
collection to remove any electrode channels that exceeded the noise threshold (see section
on EEG Data Editing and Reduction). The EEG signal was amplified (x1000) and filtered
(0.1 Hz high-pass filter and 100 Hz elliptical low-pass filter). The conditioned signal was
multiplexed and digitized at 250 Hz using an analog-to-digital converter and a Macintosh
computer. A Dell computer, interfaced and synchronized via serial port, generated the
stimuli using E-Prime software. Data were collected referenced to VRef (Cz).

Participants were alternately assigned to complete either the Gender or Affect Task as their
first task. On both tasks, participants viewed a series of color face photographs from the
NimStim Face Stimulus Set (Tottenham et al., 2009) and used a button box to indicate
whether each face was male or female (Gender Task), or angry or happy (Affect Task).
Participants completed 15 practice trials and 30 timing trials in which face photographs were
presented for 750 ms and participants had to make a decision about the gender/affect of the
face within this period of time. During the test trials, participants were presented with 3 sets
of 104 face stimuli (312 total face stimuli). The timing parameters for the test trials were
individually titrated for the Gender Task (M = 361.36, SD = 90.25) and Affect Task (M =
402.69, SD = 111.10), based on each participant's reaction time and accuracy in the timing
trials. Automated feedback was presented following the participant's response: correct, not
correct, or too slow to respond.

EEG Data Editing and Reduction

NetStation (Luu et al., 2010), EEGLAB (Delorme & Makeig, 2004), and ERPLAB (Lopez-
Calderon & Luck, 2014) were used to process the EEG data. Data were re-filtered at a
lowpass of 30 Hz. Data were segmented into four categories: correct responses to happy
faces, incorrect responses to happy faces, correct responses to angry faces, and incorrect
responses to angry faces. A channel with more than 200 pV between its minimum and
maximum amplitude values (performing a moving average of 80 ms) for a given segment
was identified as a bad channel for that segment. A channel was marked as a bad channel
throughout the whole recording if it was marked bad for more than 25% of the segments.
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Segments with more than 15 bad channels were rejected. If a segment had 15 or fewer bad
channels, the data in the bad channels were replaced with data interpolated from nearby
good channels.

Data were baseline corrected to the interval -100 to 0 ms. Independent components analysis
was run on all channels, and components that were indicative of eye blinks were removed
from the data (Delorme, Fernsler, Serby, & Makeig, 2006). Artifact detection was performed
on electrode sites of interest in order to detect and remove portions of data with a step-like
change in voltage greater than 100 pV. In addition, all segments were manually inspected,
and any remaining noisy segments were removed. Data were re-referenced to an average
reference, and segments were grand-averaged within participants.

Data Analyses

Trials in which the participant responded in less than 100 ms were removed from further
analysis. Accuracy was operationalized as the proportion of correct responses out of the total
number of recorded responses. Reaction time was operationalized as the reaction time for
correct responses.

Participants were included in the data analyses for post-error response time if they had at
least 10 instances each of error trials directly followed by correct trials (i.e., error-correct
trials) and correct trials directly followed by correct trials (i.e., correct-correct trials) on both
the Gender and Affect Tasks. Five participants with ASD did not meet this criterion. Post-
error response time was calculated as the mean reaction time of error-correct trials minus the
mean reaction time of correct-correct trials. Thus, a positive post-error response time is
indicative of slowing down on trials following an error (i.e., post-error slowing).

Olvet and Hajcak (2009) and Pontifex et al. (2010) show that the ERN can be reliably
quantified using 6-8 error trials. Thus, in the present study, participants were included in the
data analyses for ERN amplitude if they had at least 10 artifact-free trials for all 4 conditions
on both the Gender and Affect Tasks. Four participants with ASD and three participants
with typical development did not meet this criterion.2 ERN amplitude was calculated as the
mean amplitude between 25-75 ms following the participant's response and was examined
across the following midline electrode sites: 11 (Fz), 6 (Fcz), VRef (Cz), 55 (Cpz), and 62
(Pz). See Figure 1.

Of the segments eligible to be included in the data analyses for ERN amplitude (response
time = 100 ms, participant responded to the stimulus), an average of 3.3% / 2.7% of
segments were removed from the Affect Task and an average of 4.6% / 4.1% segments were
removed from the Gender Task for participants with typical development / ASD due to bad
channels or artifact detection. On average, 57 / 53 segments per category for the Affect Task
and 54 / 51 segments per category for the Gender Task were included in the analyses for
participants with typical development / ASD.

2For one participant, all EEG data segments were rejected due to number of bad channels during the Gender Task, and for another
participant, all EEG data segments were rejected due to number of bad channels during both the Affect and Gender Tasks. For the
remaining five participants, one or two conditions in either the Affect or Gender Task did not meet the criterion of 10 artifact-free
trials.
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RESULTS

Preliminary Analyses

A preliminary ANOVA analysis with ERN amplitude as the dependent variable was
performed to determine which electrode sites showed the strongest ERN response (i.e., the
most discrimination between correct and incorrect trials). Task (Gender vs. Affect),
Electrode Site (6, 11, VRef, 55, 62), and Accuracy (correct vs. incorrect response) were the
within-subjects factors. The analysis yielded a main effect of Electrode Site, F(4, 304) =
94.07, p<0.01, 772p = 0.55, and a main effect of Accuracy, F(1, 76) = 74.32, p < 0.01, 772p =
0.49, which were qualified by a significant interaction between Electrode Site and Accuracy,
F(4, 304) = 20.96, p < 0.01, nzp =0.22. Post hoc probing showed that incorrect trials had a
more negative amplitude than correct trials across all electrode sites; however, the difference
between correct and incorrect trials was particularly salient for electrode sites 6, t(76) =
9.55, p < 0.01, and VRef, t(76) = 8.00, p < 0.01. Therefore, electrode sites 6 (Fcz) and VRef
(Cz) were the focus of further analyses.

In the remaining ERN analyses, the difference score between correct and incorrect trials was
analyzed, with the amplitude of incorrect trials subtracted from the amplitude for correct
trials (i.e., ERNpjs). Thus, a positive ERNp;gs value is indicative of a more negative
amplitude for incorrect trials than correct trials. The ERNpj¢ was calculated as the average
of the difference scores for electrode sites 6 (Fcz) and VRef (Cz).

Task Results

ANCOVAs were used to evaluate the effects of Diagnostic Group (ASD vs. typical
development) and Task (Gender vs. Affect) on accuracy, reaction time, post-error response
time, and ERNpjs+. Facial expression (happy vs. angry) was also included as a factor in the
accuracy, reaction time, and ERNpj;¢ analyses, as there is some evidence to suggest that the
ERN is enhanced for happy/positive stimuli compared to angry/negative stimuli (Compton
et al., 2007; Larson, Perlstein, Stigge-Kaufman, Kelly, & Dotson, 2006). Facial expression
was not included as a factor in the post-error response time analyses, as consecutive trials
did not necessarily share the same facial expression. In order to examine the effects of age
and verbal 1Q as continuous variables, they were initially included as covariates in the
analyses.

The ANCOVA assumption of parallel regression slopes was examined by testing for an
interaction between diagnostic group and age and an interaction between diagnostic group
and verbal 1Q. The interaction terms were not significant for any of the ANCOVA analyses,
suggesting that the effects of age and verbal 1Q were similar across diagnostic groups. Thus,
the assumption of parallel regression slopes was met, and the interaction terms were
removed from further analyses. As verbal 1Q did not have a significant effect in any of the
subsequent analyses, it was removed as a covariate. See Table 2 for the marginal means for
accuracy, reaction time, post-error response time, and ERNpj.

Accuracy and Reaction Time—There was a main effect of age on accuracy, F(1, 81) =
9.73,p <0.01, nzp =0.11, such that accuracy increased with age. Across both the Affect and
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Gender Tasks, there was a main effect of facial expression on reaction time, F(1, 81) = 4.57,
p =0.04, 172p = 0.05, which was qualified by an interaction between facial expression and
age, F(1, 81) = 4.14, p = 0.05, 772p = 0.05. To follow-up, the marginal means for facial
expression were compared at one standard deviation below the mean age (12.39 years), the
mean age (15.17 years), and one standard deviation above the mean age (17.94 years), as
recommended by Aiken and West (1991). In order to control for multiple comparisons in the
post hoc analyses, we applied a Bonferroni correction such that p = 0.017 (a = 0.05/3) was
used as the cut-off for significant results and p = 0.033 (a = 0.10/3) was used as the cut-off
for marginally significant results. While the effect of facial expression was not significant
for participants at the younger age, F(1, 81) = 3.92, p = 0.051, ,72p = 0.05, the mean age,
F(1, 81) =0.58, p = 0.449, 17, = 0.01, or the older age, F(1, 81) = 0.82, p = 0.367, 77, =
0.01, younger participants tended to respond more quickly to happy faces whereas older
participants tended to respond more quickly to angry faces.

Post-Error Response Time—There was a main effect of task on post-error response
time, F(1, 76) = 4.07, p = 0.05, 772p = 0.05, which was qualified by an interaction between
task and age, F(1, 76) = 4.27, p = 0.04, r;zp = 0.05. To follow-up, the marginal means for
task were compared at one standard deviation below the mean age (12.35 years), the mean
age (15.16 years), and one standard deviation above the mean age (17.97 years), as
recommended by Aiken and West (1991). In order to control for multiple comparisons in the
post hoc analyses, we applied a Bonferroni correction such that p = 0.017 (a = 0.05/3) was
used as the cutoff for significant results and p = 0.033 (a = 0.10/3) was used as the cut-off
for marginally significant results. While the effect of task was not significant for participants
at the younger age, F(1, 76) = 1.97, p = 0.164, 172p = 0.03, the mean age, F(1, 76) =0.01, p =
0.933, 77 < 0.01, or the older age, F(1, 76) = 2.32, p = 0.132, 7%, = 0.03, younger
participants tended to show more post-error slowing on the Gender Task and older
participants tended to show more post-error slowing on the Affect Task.

ERN Amplitude—There was a main effect of age on ERNpj¢f, F(1, 74) = 15.53, p < 0.01,
772p = 0.17, such that participants showed greater differentiation between correct and
incorrect responses with age. There was also a marginal main effect of diagnostic group on
ERNDpist, F(1, 74) = 2.85, p = 0.10, 772p = 0.04, which was qualified by a marginal
interaction between diagnostic group and task, F(1, 74) = 3.37, p = 0.07, 772p =0.04. In order
to control for multiple comparisons in the post hoc analyses, we applied a Bonferroni
correction such that p = 0.013 (a = 0.05/4) was used as the cut-off for significant results and
p = 0.025 (@ = 0.10/4) was used as the cut-off for marginally significant results. Follow-up
ANCOVAs showed that individuals with typical development had a marginally larger
ERNpjss than individuals with ASD on the Gender Task, F(1, 74) =5.77, p = 0.019, 772p =
0.07. In contrast, diagnostic group was unrelated to ERNpj¢ on the Affect Task, F(1, 74) =
0.01, p =0.934, 772p < 0.01. The effect of task was not significant for individuals with ASD,
F(1, 36) =1.89, p=0.178, 772p =0.05, or individuals with typical development, F(1, 37) =
0.23, p =0.631, 77, = 0.01. See Figures 2-3.
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Individual Differences in Error-Monitoring

Four hierarchical linear regressions were used to examine the associations between error-
monitoring (post-error response time or ERNpjs) and individual differences in autistic
symptomology and social cognition. In each regression, diagnostic group (0 = typical
development, 1 = ASD), age (centered), and verbal 1Q (centered) were entered in the first
block of predictors; the designated error-monitoring variables (post-error response time or
ERNDp;sr, centered) for both Affect and Gender Tasks were entered in the second block of
predictors; and the interactions between those designated error-monitoring variables and
diagnostic group were entered in the third block of predictors. Note that the results for all of
the predictors are reported in Table 3, but only the results for predictors of theoretical
interests (i.e., variables in the second and third blocks) are presented in the text.

Autistic Symptomology

Post-Error Response Time: The first block significantly predicted autistic symptomology,
F(3, 75) = 188.52, p < 0.01. The second block, AF(2, 73) = 0.24, p = 0.79, did not
significantly predict autistic symptomology above and beyond the first block. Thus, the first
block was retained as the final model and predicted 88.3% of the variance in autistic
symptomology.

ERNp;¢: The first block significantly predicted autistic symptomology, F(3, 73) = 193.61, p
< 0.01. The second block, AF(2, 71) = 0.65, p = 0.52, did not significantly predict autistic
symptomology above and beyond the first block. Thus, the first block was retained as the
final model and predicted 88.8% of the variance in autistic symptomology.

Social Cognition

Post-Error Response Time: The first block significantly predicted social cognition, F(3,
75) = 24.49, p < 0.01. The second block, AF(2, 73) = 2.10, p = 0.13, did not significantly
predict social cognition above and beyond the first block. However, post-error response time
on the Affect Task marginally predicted social cognition, t(73) = 1.95, p = 0.06. Thus, a
separate model was run in which post-error response time on the Affect Task was the only
predictor in the second block. In this separate model, the second block marginally predicted
social cognition above and beyond the first block, AF(1, 74) = 3.73, p = 0.06. Thus, the
second block (containing only post-error response time on the Affect Task) was retained as
the final model and predicted 51.9% of the variance in social cognition. In this model, more
post-error slowing on the Affect Task was marginally associated with better social cognitive
skills, t(74) = 1.93, p = 0.06.

ERNDpj¢: The first block significantly predicted social cognition, F(3, 73) = 19.35, p < 0.01.
The second block, AF(2, 71) = 0.71, p = 0.49, did not significantly predict social cognition
above and beyond the first block. Thus, the first block was retained as the final model and
predicted 44.3% of the variance in social cognition.
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Summary of Results

Accuracy in identifying the gender and emotional expression of faces increased with age for
both participants with typical development and ASD. Across the Affect and Gender Tasks,
younger participants tended to respond more quickly to happy faces whereas older
participants tended to respond more quickly to angry faces; additionally, younger
participants showed more evidence of post-error slowing on the Gender Task whereas older
participants showed more evidence of post-error slowing on the Affect Task. ERNpjst
increased with age for both participants with typical development and ASD. On the Gender
Task only, participants with typical development showed a marginally greater ERNpj¢ than
participants with ASD. Finally, above and beyond the effects of diagnosis, age, and verbal
1Q, more post-error slowing on the Affect Task was marginally associated with better social
cognitive skills.

DISCUSSION

Developmental Effects

In the current study, age had a stronger and more ubiquitous effect on both face processing
and error-monitoring ability than diagnosis. This result is consistent with recent literature
suggesting that development may be a stronger predictor of face processing ability than
diagnosis in higher-functioning children and adolescents with ASD (Hileman, Henderson,
Mundy, Newell, & Jaime, 2011). This result is also consistent with the error-monitoring
literature, in which participants show larger ERN amplitudes with age (e.g., Davies et al.,
2004; Hogan et al., 2005; Ladouceur et al., 2007; Santesso & Segalowitz, 2008; Segalowitz
& Davies, 2004; Wiersema et al., 2007), and our general hypothesis of improved error-
monitoring ability with age. The current study suggests that children and adolescents,
regardless of diagnostic group, experience maturational changes in the neural systems
underpinning error-monitoring and become better at error-monitoring with age. As both face
processing accuracy and error-monitoring ability increased with age, greater error-
monitoring ability may have led to more accurate face processing, or conversely, greater
skill in face processing may have facilitated error-monitoring.

Diagnostic Group Effects

Participants with ASD and typical development did not show any differences in accuracy or
reaction time on the Affect and Gender Tasks, suggesting that these tasks were of similar
difficulty across diagnostic groups. This lack of diagnostic group differences in task
performance allows for an unbiased comparison of error-monitoring ability across groups.

Contrary to our hypotheses of 1) robust deficits in both behavioral and electrophysiological
indices of error-monitoring and 2) greater error-monitoring deficits on the Affect Task
compared to the Gender Task, individuals with ASD and typical development only showed
differential error-monitoring on ERN amplitude for the Gender Task. Individuals with ASD
and typical development showed comparable error-monitoring on post-error response time
for the Affect and Gender Tasks and ERN amplitude for the Affect Task.
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These results are contrary to much of the existing literature (Bogte et al., 2007; Santesso et
al., 2011; Sokhadze et al., 2010, 2012; South et al., 2010; VIamings et al., 2008) and may
suggest that error-monitoring is not consistently impaired in individuals with ASD. An
important difference between the current study and the existing literature is the context in
which error-monitoring occurred: In the current study, error-monitoring is evaluated in a
social context (face stimuli), and in the existing literature, error-monitoring is evaluated in a
nonsocial context (e.g., arrow, letter, and shape stimuli). These results are consistent with a
recent study (Sabatino et al., 2013) in which individuals with ASD showed greater neural
activation in response to face stimuli compared to nonsocial stimuli on a cognitive control
fMRI task.

Taking into account the existing literature and the results of the current study, individuals
with ASD may have ERN amplitudes similar to those observed in individuals with typical
development in more social contexts compared to less social or nonsocial contexts (Affect
Task vs. Gender Task, face stimuli in the current study vs. nonsocial stimuli in the extant
literature). There are at least two potential explanations for this finding. First, ERN
amplitude may be enhanced in conditions with greater consequences for errors, such as
conditions in which errors are punished, motivational incentives for correct performance are
increased, or participants’ performance is evaluated (e.g., Groom et al., 2013; Hajcak,
Moser, Yeung, & Simons, 2005; Riesel, Weinberg, Endrass, Kathmann, & Hajcak, 2012).
For individuals with ASD, errors in social contexts may be particularly consequential (e.g.,
bullying, teasing, loneliness), potentially leading to an enhanced ERN amplitude in social
contexts, similar to the ERN amplitude observed in individuals with typical development.
Second, ERN amplitude may be enhanced in conditions that require greater processing effort
or conditions that yield decreased processing efficiency (Sabatino et al., 2013). For
individuals with ASD, errors in social contexts may be more effortful to detect and may be
processed less efficiently in the ACC, again potentially leading to an enhanced ERN
amplitude in social contexts, similar to the ERN amplitude observed in individuals with
typical development.

Individual Differences

Autistic Symptomology—Contrary to our hypothesis, error-monitoring ability was not
associated with autistic symptomology. VIamings et al. (2008) also failed to find a relation
between error-monitoring ability and autistic symptomology. The results of the present
study suggest that error-monitoring ability is relatively independent of autism severity per
se, but may be associated with individual differences in presentation, including co-occurring
social cognitive impairments.

Social Cognition—In accordance with our hypothesis, post-error slowing on the Affect
Task was related to better social cognition. This result is consistent with the literature, which
shows that individuals who engage in more error-monitoring have better social skills or a
more social orientation (Hoffmann et al., 2012; Larson et al., 2010; Santesso & Segalowitz,
2009). Interestingly, error-monitoring on the Gender Task was not related to better social
cognition. Since a person's affect changes frequently, but a person's gender is constant,
error-monitoring of affect may be more closely associated with and more important for
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social cognition than error-monitoring of gender. Error-monitoring of affect may facilitate
the development of social cognitive skills, or conversely, social cognitive skills may lead to
increased error-monitoring of affect.

Limitations and Future Directions

There are several limitations of the present study that may have affected the results and their
interpretation. First, many eye blinks were observed in the current EEG data set. Although
these eye blinks were removed using independent components analysis, certain eye blinks
may not have been identified or may have been incompletely or inaccurately regressed from
the data (Luck, 2005). Second, error rates for this task were relatively high for both
participants with ASD and typical development. VVocat, Pourtois, and Vuilleumier (2008),
however, showed that the ERN is reliably elicited by errors, even when errors are frequent.
Therefore, it is unlikely that the high error rate in the current study significantly impacted
the ERN. Third, the typical development group may not have had enough variability in
autistic symptomology and social cognition for individual differences to be adequately
analyzed. Fourth, this study was not a longitudinal study. Thus, it was not possible to
determine direction of effects: error-monitoring ability may have influenced social
cognition, or individual differences in social cognition may have affected error-monitoring
ability. Also, a longitudinal sample is necessary for definitively establishing developmental,
as opposed to age-related, changes in error-monitoring ability in ASD. Finally, although this
study assessed error-monitoring ability across a more social context (Affect Task) and a less
social context (Gender Task), this study did not directly assess or compare error-monitoring
ability across social and nonsocial contexts.

This study was the first to examine post-error slowing and the ERN in response to social
stimuli in individuals with ASD. The results of this study suggest that individuals with ASD
may have ERN amplitudes similar to those in individuals with typical development in more
social contexts compared to less social contexts; social contexts may have greater
consequences for errors or social contexts may require increased processing effort and yield
decreased processing efficiency. Future studies should directly compare ERN amplitude and
other indices of error-monitoring across social versus nonsocial contexts, conditions with
high versus low consequences for errors, and tasks that require greater versus less
processing effort. Future studies should also examine the Pe, a positive peak following the
ERN that is more closely linked to error-awareness (Wessel, 2012), in response to social
versus nonsocial stimuli in individuals with ASD.

In addition, this was the first study to examine developmental influences on post-error
slowing and the ERN in ASD. Given the strong influence of development in this study, we
recommend that future studies on error-monitoring in children and adolescents with ASD
include age as a predictor of error-monitoring ability.

This study suggests that individuals who engage in error-monitoring have better social
cognitive skills. In addition, the literature shows that self-monitoring interventions in ASD
can reduce stereotypic and disruptive behaviors and increase task engagement, social
interaction, and peer-directed verbalizations (e.g., Koegel et al., 1992; Morrison et al., 2001,
Parker & Kamps, 2011). Thus, a better understanding of error-monitoring ability in
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individuals with ASD, particularly in a social context, may be integral to the development of
successful interventions in the future.
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Research Highlights

Regardless of diagnostic group (Autism Spectrum Disorder (ASD) vs. typical
development), face processing ability (accuracy in identifying the affect and
gender of a face) and error-monitoring ability (difference in Error-Related
Negativity amplitude between correct and incorrect responses; ERNgiff) were
greater in older participants compared to younger participants, suggesting that
these skills may improve with age.

When identifying the gender of a face, participants with ASD had a smaller
ERNyifs (less differentiation between correct and incorrect responses) than
participants with typical development. However, when identifying the affect of a
face, participants with and without ASD did not differ on ERNgj¢r. Individuals
with ASD may have ERN amplitudes similar to those observed in individuals
with typical development in more social contexts compared to less social
contexts due to greater consequences for errors, more effortful processing,
and/or reduced processing efficiency in these contexts.

For all participants, more post-error slowing when processing the affect of a
face was associated with better social cognitive skills.
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Figure 2.
The interaction between task and diagnostic group on ERNpjs. * p < 0.025

Dev Sci. Author manuscript; available in PMC 2016 May 01.

Page 22



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

McMahon and Henderson Page 23

Affect Task Gender Task
8 8
o
= 6 6
5]
— 4 4
s £
2 e 2 2
s o
T 0 = S—_/ 0
S _2|, e —2*
%]
a . l l , K ‘ . . » ‘ ‘ ‘ K ‘ . .
-100 -50 0 50 100 150 200 250 300 =100 =50 0 50 100 150 200 250 300
8
6
a ¢
% -
0 - ~ 0
-2 —2}
-100 =50 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300
|
5]
=V)]
=
=
S
-100 -50 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300

I L L ] =4 L I ! I )
-100 -50 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300

— Angry Faces, Correct Response
Angry Faces, Incorrect Response
Happy Faces, Correct Response
— Happy Faces, Incorrect Response

Figure 3.
Grand averaged waveforms on the Affect and Gender Tasks for participants with typical

development and ASD, regardless of age, and younger (< 15.8 years) and older (> 15.8
years) participants, regardless of diagnostic group. Electrode 6 (Fcz) is shown.
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Table 1
Participant characteristics
ASD D
M sb Range M SD Range
Age (years) 1517 268 9.59-19.28 1516 2.90 9.48-19.21
Verbal Comprehension Index 103.17 15.87 77 - 140 108.88  9.69 81-128
Perceptual Reasoning Index 103.19 15.03 69 - 135 107.38 15.51 75 - 143

Autistic Symptomology Composite * * -0.90 022 -1.21--0.36

*
0.88 0.41 0.13-2.04

Social Cognition Composite 0.35 0.58 -1.53-1.15

* * *
-0.39 0.83 -2.91-0.70

*
Include scores from participants who were included in the post-error response time and/or ERN amplitude analyses (n = 41).
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Estimated marginal means for accuracy (%) and reaction time (ms), evaluated at a mean age of 15.17 years;
post-error response time (ms), evaluated at a mean age of 15.16 years; and ERNpj# (UV), evaluated at a mean

age of 15.22 years
Affect Task Gender Task
Angry Faces Happy Faces ~ Angry Faces Happy Faces
Accuracy
ASD 58.2 (2.0) 60.1 (2.0) 61.0 (1.8) 60.5 (1.8)
Typical Development 59.5 (2.0) 62.0 (2.0) 63.7 (1.8) 64.1 (1.8)

Reaction Time

ASD 286.38 (13.93) 28575 (13.45) 265.09 (10.52) 266.51 (10.44)
Typical Development ~ 291.83 (13.93) 288.81 (13.45) 266.43 (10.52)  265.62 (10.44)

*
Post-Error Response Time

ASD -0.21 (3.16) -0.93 (2.68)

Typical Development -0.52 (2.96) -0.29 (2.52)
ERNp;ft

ASD 1.49 (0.35) 1.48 (0.32) 0.98 (0.31) 0.70 (0.34)

Typical Development 1.28 (0.34) 1.74 (0.32) 1.66 (0.30) 1.82(0.33)

Note. Standard errors are in brackets. Age is evaluated at slightly different ages in the models due to small differences in sample size.

*
Facial expression (angry vs. happy) was not included as a factor in the post-error response time analyses.
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Table 3
Hierarchical regression models
Autistic Symptomology Social Cognition
B B B p
Post-Error Response Time
Diagnostic Group 175 (0.08)** 0.93 ~0.62 (0.13)** -0.38
Age 0.01 (0.01) 0.03 0.10 0 02)** 0.34
Verbal 1Q 0.00 (0.00) -0.03 0.02 (0 01)** 0.37
Affect Post-Error Response Time 0.01 (0 00)* 0.16
Diagnostic Group 175 (0.08)** 0.93 _0.57 (0.13)** -0.39
Age 0.01 (0.01) 0.02 0.10 0 02)** 0.37
Verbal 1Q 0.00 (0.00) -0.03 0.02 (0'01)** 0.36

Note. Standard errors are in brackets.
*

=3
p<0.05

*
p<0.10.
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