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Autism Spectrum Disorder (ASD) is an increasingly common developmental disorder
that affects 1 in 59 children. Despite this high prevalence of ASD, knowledge regarding
the biological basis of its associated cognitive difficulties remains scant. In this study,
we aimed to identify altered neurophysiological responses underlying inhibitory control
and emotion processing difficulties in ASD, together with their associations with age and
various domains of cognitive and social function. This was accomplished by assessing
electroencephalographic recordings during an emotional go/nogo task alongside parent
rating scales of behavior. Event related potential (ERP) N200 component amplitudes
were reduced in children with ASD compared to typically developing (TD) children.
No group differences were found, however, for task performance, P300 amplitude or
latency, or N170 amplitude or latency, suggesting that individuals with ASD may only
present conflict monitoring abnormalities, as reflected by the reduced N200 component,
compared to TD individuals. Consistent with previous findings, increased age correlated
with improved task performance scores and reduced N200 amplitude in the TD group,
indicating that as these children develop, their neural systems become more efficient.
These associations were not identified in the ASD group. Results also showed significant
associations between increased N200 amplitudes and improved executive control
abilities and decreased autism traits in TD children only. The newly discovered findings
of decreased brain activation in children with ASD, alongside differences in correlations
with age compared to TD children, provide a potential neurophysiological indicator of
atypical development of inhibitory control mechanisms in these individuals.

Keywords: autism spectrum disorder, electroencephalography, event related potentials, inhibitory control,
emotion processing
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder that affects 1 in 59 children, an increase in prevalence of
130% since 2002 (Autism and Developmental Disabilities
Monitoring Network Surveillance Year 2010 Principal
Investigators, 2014). Individuals with ASD experience a
wide range of challenges, including core deficits in social
communication and repetitive behaviors and/or restricted
interests (American Psychiatric Association, 2013). These
individuals also commonly show difficulties in various executive
functions including inhibitory control (Hill, 2004; Lopez et al.,
2005; Sinzig et al., 2008). Although behavioral scores can be
effective for measuring inhibitory control, behavioral studies
have drawn inconsistent conclusions regarding these executive
functions in individuals with ASD (Geurts et al., 2014). Several
studies found reduced behavioral performance (accuracy and/or
reaction time) in individuals with ASD for go/nogo tasks, which
require inhibition of a prepotent response, compared to typically
developing (TD) individuals (Christ et al., 2007; Langen et al.,
2012; Xiao et al., 2012), whereas other studies revealed no
significant differences between groups with regard to behavioral
performance on the go/nogo task (Schmitz et al., 2006; Kana
et al., 2007; Sinzig et al., 2008; Lee et al., 2009). Understanding
the neurophysiological underpinnings of inhibitory control
abilities in ASD may help clarify the inconsistent results obtained
in previous behavioral studies.

EEG studies reveal that during the go/nogo task, two
well-defined and highly reliable event related potential
(ERP) components are consistently elicited: a negative-
going component (N200) and a positive-going component
(P300) (Falkenstein et al., 1999; Rietdijk et al., 2014). The N200
component peaks at approximately 200–300 ms post-stimulus
in adults, and approximately 300–400 ms post-stimulus in
children (Espinet et al., 2012; Brydges et al., 2013; Shephard
et al., 2014; Vuillier et al., 2016). This component corresponds
to detection of novelty, response conflict and error monitoring
(Donkers and Van Boxtel, 2004; Folstein and Van Petten, 2008).
The P300 component peaks at approximately 300–500 ms
post-stimulus in adults, and up to 600 ms post-stimulus in
children, and reflects the cognitive inhibitory process related to
the actual inhibition of the motor response including selection
of responses (Donkers and Van Boxtel, 2004; Folstein and Van
Petten, 2008; Brydges et al., 2014; Rietdijk et al., 2014; Shephard
et al., 2014; Kompatsiari et al., 2016). The prefrontal cortex and
the anterior cingulate cortex (ACC) are involved in inhibitory
control and are the primary generators for the P300 and N200
in this context, respectively (Bokura et al., 2001; Rubia et al.,
2001). In response to the go/nogo task specifically, the N200
component observed in both the go (N200-go) and nogo (N200-
nogo) trials, and the P300 component observed in nogo trials
(P300-nogo) have been localized to frontocentral scalp locations,
while the P300 component observed in go trials (P300-go) has
been localized to parietal scalp positions (Jonkman et al., 2003;
Jonkman, 2006; Jia et al., 2017). Correspondingly, an inefficiency
in response inhibition reflects an absence or reduction of
frontocentral P300-nogo component amplitude (Jonkman et al.,

2003), while a deficit in conflict monitoring abilities implies
abnormalities in the mechanism involving ACC signaling
for increased cognitive control, as reflected in the anterior
or frontocentral N200 component (Botvinick et al., 2001;
Folstein and Van Petten, 2008).

Few studies have investigated ERP correlates of inhibition
in ASD during a go/nogo task, and according to our research,
only two studies have investigated N200/P300 effects during a
go/nogo task in these individuals (Høyland et al., 2017; Kim
et al., 2018). Kim et al. found no significant differences in N200
amplitude on both the go and nogo trials across the ASD and
TD groups (Kim et al., 2018). Significantly smaller go/nogo P300
amplitude differences in the ASD group compared to the TD
group were reported, however, possibly indicating less efficient
response priming of nogo trials in the ASD group. Høyland
et al. found no significant difference in P300-go/nogo, N200-
go/nogo or N200-effect in individuals with ASD compared to
TD individuals (2017). Although few differences were identified
across ASD and TD groups in each of these studies, the study
by Kim et al. had a small sample size, consisting of 9 children
with ASD and 17 TD children, and assessed a younger age group
(average age of 5 years old), whereas Høyland et al. assessed only
older individuals of 12–21 years of age. Investigating differences
in the neural markers of inhibitory control between ASD and TD
individuals during the developmental period of 6–12 years of age
is essential to understanding the development of this crucial brain
process in ASD. Moreover, investigating neurophysiological
responses in ASD and their associations with age is particularly
important given that other studies have reported a decrease in
N200 amplitude with increasing age during this specific period
of development in TD children (Johnstone et al., 2005, 2007;
Jonkman, 2006).

Inhibitory control is thought to play a role in many cognitive
domains, including emotion regulation/recognition (Dennis
et al., 2009). Individuals with ASD commonly display processing
abnormalities specific to facial expressions of emotion, including
reduced and delayed N170 amplitude and latency, respectively,
to emotional facial expressions compared to TD individuals
(Dawson et al., 2005; Batty et al., 2011; Tye et al., 2014b).
Behavioral studies assessing recognition abilities of emotional
facial expression in ASD have shown that individuals with ASD
are worse at recognizing emotion when face stimuli are presented
quickly, and when emotional expression is subtle (Rump et al.,
2009). Age has also been shown to have an impact on the
differences in emotion processing abilities between ASD and TD
individuals, such that children with ASD who are above the age of
12 typically process emotion no differently than TD individuals,
however, at 10 years of age, children with ASD are worse than
TD individuals at labeling basic prototypic emotional expressions
(Capps et al., 1992; Lindner and Rosén, 2006).

Investigating behavioral and neurophysiological responses to
an inhibitory control task that involves emotion processing
could, therefore, provide important information regarding both
the separable functions of these cognitive processes, as well
as the relationship between them. More specifically, such a
task can assess potential differences in N170 amplitude and
latency responses to angry and happy faces across ASD and
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TD groups, as well as any behavioral differences on inhibitory
control performance for angry and/or happy trials across groups.
Studies have shown that emotional face stimuli can either
(a) interrupt ongoing cognitively controlled tasks, effectively
reducing attentional allocation to the given inhibitory control
task resulting in reduced task performance scores (Verbruggen
and De Houwer, 2007; de Houwer and Tibboel, 2010), or (b)
increase salience to the inhibitory control task, increasing the
processing speed and possibly performance accuracy of the
inhibitory stimuli (Taylor et al., 2018). Determining the direction
and degree of interaction between happy face stimuli, angry face
stimuli and inhibitory stimuli in children with ASD compared to
TD children would, therefore, be highly beneficial.

To our knowledge, this is the first study to have correlated
neurophysiological responses to an emotional go/nogo task
(N200, P300, and N170 component amplitudes and latencies) in
individuals with ASD with age and behavioral scores of executive
functions, autism traits, intelligence, and social competence.
We hypothesized that children with ASD would have reduced
amplitudes and prolonged latencies of the N200, P300, and
N170 components compared to TD individuals, suggesting
deficits in later-stage processing of the stimuli relating to stimuli
categorization, response inhibition, and emotion processing,
respectively. Lastly, we hypothesized that neurophysiological
responses, which are reduced during inhibitory control in ASD
would be correlated with lower response accuracy scores, parent
rating scores, IQ scores, and higher autism traits. Identifying
a comprehensive understanding of potential inhibitory control
abnormalities, alongside the developmental trajectories of these
abnormalities in ASD compared to TD individuals holds the
potential to serve as a useful tool in targeted treatment efforts.

MATERIALS AND METHODS

Data Collection
Data were collected from multiple children during four single-
day summer camps using methods previously developed by our
research group (Moreno et al., 2015, 2011). In general, these
camps involved multiple research groups running behavioral,
and/or neurophysiological examinations to both TD and
ASD children. Groups of four to six children were tested
simultaneously in a large room and alternated at 1 h intervals,
providing approximately 40 min windows for EEG collection
from each group of subjects.

Participants
Participants with ASD had a prior diagnosis of ASD as received
by a qualified pediatrician, psychologist or psychiatrist associated
with the government-funded ASD assessment network or with a
qualified private clinic in British Columbia (BC). All diagnoses
of ASD were based on the Diagnostic and Statistical Manual
of Mental Disorders (DSM) and confirmed using the Autism
Diagnostic Interview- Revised (ADI-R) and Autism Diagnostic
Observation Schedule (ADOS). Over the course of 4 days of
autism summer camp spread over 2 years 30 TD and 25 ASD
participants were retained for the inhibitory control analysis.

See Tables 1, 2 for information on participant demographics.
Individuals with an IQ less than 70 were excluded from the
study. Participants with fewer than 30 correct nogo trials,
or with a d-prime score less than 0.5 were also excluded
from the analysis (Cohen and Polich, 1997; Duncan et al.,
2009). D-prime scores incorporate standard deviation or noise
distribution, hit rate, and false alarm rate in its formula
for calculating overall response accuracy. Finally, due to the
high inter-individual variability observed in the superimposed
ERPs of individual subjects, significant outliers, based on mean
amplitude readings of 1.5 × the interquartile range for the
N200 and P300 peaks were also excluded (Leong and Austin,
2006). Outliers also present a risk of transforming the data
into a non-gaussian distribution, therefore, for a more robust
measure, they were rejected (Krauledat et al., 2007). From the
remaining participants, only extreme outliers, as characterized by
mean amplitude readings of 3 × the interquartile range, were
removed for the N170 analysis in order to retain a maximal
participant count.

Participants were between the ages of 6 and 12 years, and no
significant group differences were identified for age, sex or IQ.
For the N170 component analysis, six participants were removed
at electrode P3 in the ASD group, since this site was used as
an electro-oculogram (EOG) electrode. The following analysis
employs a representative sample of the ASD population such that
ASD participants with a comorbid attention deficit hyperactivity
disorder (ADHD) diagnosis are included in the data analysis
(Tye et al., 2014a).

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the human research ethics guidelines
from the Simon Fraser University (SFU) Office of Research
Ethics. Written informed consent in accordance with the
Declaration of Helsinki was obtained from each parent/guardian
and written informed assent was obtained for each participant.
The protocol was approved by the office of research ethics at SFU.

Inhibitory Control Task
EEG measurements were recorded during a computerized
emotional go/nogo inhibitory response task as depicted in
Figure 1. Emotional faces (happy or angry) were presented in
the center of a computer screen followed by the presentation of a
shape (circle or square). Both shapes and faces were randomized.
Participants were instructed to ignore the faces, and to press
the space bar when they observed a circle on the screen, and
to not respond when they observed a square. Squares appeared
in 20% of the trials, and circles appeared in the other 80% of
the trials. Angry and happy faces each appeared 50% of the
time. The Ekman-face stimuli were black and white and were
11 cm × 15 cm in size, and the approximate distance from the
participant’s eyes to the monitor was 75 cm.

Participants performed the task in increments of 100 trials;
receiving 60 s breaks between every 100 trials. A maximum of
500 trials per participant were collected throughout the task.
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TABLE 1 | Participant demographics for analysis of the N200, P300, and N170 component amplitudes and latencies.

ERP component at electrode location Group N Sex (number of female participants) Age IQ (WASI-II) Comorbid ADHD

N200/P300 at Cz and/or Pz TD 30 9 9.6 ± 1.8 107 ± 10 0

ASD 25 5 10.0 ± 2.0 104 ± 18 6

N170 at P3 TD 30 9 9.6 ± 1.8 107 ± 10 0

ASD 19 3 10.1 ± 2.0 108 ± 17 5

N170 at P4 TD 30 9 9.6 ± 1.8 107 ± 10 0

ASD 24 5 10.0 ± 2.0 105 ± 17 6

The table below shows group comparisons of sex, age, IQ and comorbid-ADHD across groups.

TABLE 2 | Mean and standard deviation reports of accuracy, response times and trial count of artifact-free go and nogo trials across groups (ASD, TD).

Dependent variable TD ASD

RT Accuracy Trial count RT Accuracy Trial count

M SD M SD M SD M SD M SD M SD

Go trials 405.8 52.1 89.5 9.7 234.4 47.1 405.1 99.2 86.7 11.5 221.0 52.8

Nogo trials – – 74.1 11.9 66.1 16.5 – – 69.3 15.9 57.3 17.9

FIGURE 1 | The stimulus display and its time course shown for the go/nogo task displaying the angry, go condition. After the presentation of the fixation cross, an
angry or happy face is presented, followed by a circle or a square, to which the participant is either required to respond (circle) or inhibit a response (square).

The maximum task duration was 20 min and 40 s. Prior to
task presentation, experimenters read from a script containing
the task instructions, followed by a brief training period, where
participants were able to practice responding to stimuli (10
stimuli during the practice session). Participants were instructed
to respond to the shapes as accurately as possible, however, they
were not given any instruction on preferred speed of response.
Participants were expected to achieve at least 80% accuracy on
the practice trials before beginning the task.

EEG and Task Performance Data
Acquisition
The EEG data were recorded using 8-channel g.Nautilus EEG
systems (manufactured by g.Tec Medical Engineering) at the SFU
Behavioral and Cognitive Neuroscience Institute (BCNI). The
g.Nautilus system was chosen due to its comfort for the children,
quick application, and excellent signal quality (Ghosh Hajra et al.,
2016; Radüntz, 2018). ERPs were recorded from electrodes Fz,

Cz, Pz, P3, and P4 at a sampling rate of 500 Hz. The EOG was
monitored with two electrodes placed above and beside the left
eye. A ground electrode placed on the forehead, and a reference
electrode placed on the right ear lobe were also used. Prior to
behavioral task administration, a resting state EEG measurement
was recorded over a period of 3 min. During this recording,
the participant was asked to sit still while focusing on a fixation
cross. Accuracy and reaction time were recorded in addition to
electrophysiological data during task performance.

Behavioral Measures
Prior to, and during, experimental testing at the autism
summer camp, parents of the children attending the camp
were asked to complete a series of questionnaires, including
the Autism Quotient (AQ), the Behavior Rating Inventory
of Executive Function (BRIEF-2), the Behavior Assessment
System for Children (BASC-2) and the Multidimensional Social
Competence Scale (MSCS). During the summer camp the child
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participants also completed the Wechsler Abbreviated Scale
of Intelligence (WASI-II) Intelligence Quotient (IQ) with a
researcher in a separate room. See Supplementary Appendix
for a detailed description of each questionnaire and the
WASI-II examination.

Data Analysis
All data analyses were performed using SPSS, Matlab, and
the open-source Fieldtrip toolbox. A p-value less than 0.05 is
received as statistically significant in the following analyses.
Electrophysiological results for the inhibitory control analysis
(N200 and P300 amplitude and latency) were corrected for
multiple comparisons. After Bonferroni correction, the null
hypothesis was rejected if the p-value for this analysis was less
than 0.0125. The PLS analysis correlating cognitive indices with
N200 amplitude uses permutation and bootstrapping methods in
a single test. Accordingly, the global PLS test does not require
correction for multiple comparisons.

EEG Data Analysis
Preprocessing of the EEG data was performed with a 0.5–25 Hz,
4th order Butterworth bandpass filter (Tanner et al., 2015).
Trial epochs of 200 ms before the onset of the stimulus to
800 ms after the onset of the stimulus were obtained. For
analysis of the N200 and P300 components, these epochs were
locked to the onset of the go/nogo stimulus. For the N170
component analysis epochs were locked to the onset of the
face stimulus. Trials with significant eye movements and eye
blinks were rejected based on a z-value cutoff of 6 obtained
from average EOG. Trials containing components with peak
amplitudes greater than 150 µV or less than −150 µV in the
EEG channels Fz, Cz, Pz, P3, and P4 were also rejected. Stimulus-
locked group average ERP’s were calculated for trials on which
participants responded correctly, with a 200 ms pre-stimulus
baseline correction (absolute).

Mean amplitudes of the N200, P300, and N170 components
were calculated from electrode and latency windows obtained
from current literature and/or visual analysis of grouped average
component latency onset. The Cz electrode was used to measure
mean amplitude and latencies of the N200-go, N200-nogo,
and P300-nogo components, while the Pz electrode was used
to measure the mean amplitude and latency of the P300-go
component (Bokura et al., 2001; Jonkman et al., 2003; Jonkman,
2006; Sokhadze et al., 2009). N170 component amplitudes and
latencies were calculated from an average of all trials, as well as
all happy (N170-happy) and angry (N170-angry) trials separately
for each participant at electrodes P3 and P4. The selection
of P3 and P4 electrode locations were necessitated by the
equipment limitations, however, typically posterior temporal-
occipital electrode locations are used in such an analysis (Batty
and Taylor, 2003). Based on the extant literature and visual
analysis of the individual and group averaged ERP’s, the latency
windows of maximal amplitude that were used to calculate
the mean amplitude of a given component were 300–400 ms
for the N200-go/nogo components, 450–600 ms for the P300-
nogo component, and 450–600 ms for the P300-go component
(Johnstone et al., 2005; Espinet et al., 2012; Vuillier et al., 2016).

N170 latency windows of maximal amplitude were calculated
at 220–320 ms (Taylor et al., 1999). Peak latency values were
obtained by selecting the specific time at which the maximal
amplitude occurred within the latency window of interest
for each component.

The go and nogo N200 and P300 ERP component amplitudes
and latencies, as well as the happy and angry N170 component
amplitudes and latencies, were analyzed at both within-
subject and between-subject levels using mixed-model repeated
measures analysis of variance (RM-ANOVA). More specifically,
mean go and nogo N200 and P300 component amplitudes and
peak latencies were utilized in a RM-ANOVA analysis with
Inhibition, being the type of inhibitory stimuli (go, nogo),
as the within-subject factor, and Group (TD, ASD) as the
between-subject factor. For the N170 analysis, a RM-ANOVA
was employed for both N170 amplitudes and latencies with Face
(angry, happy) and Location (P3, P4) as the within-subject factors
and Group (TD, ASD) as the between-subject factor. Post hoc
t-tests were applied for any significant results obtained in the
RM-ANOVA analyses.

Behavioral Data Analysis
The behavioral task responses (average accuracy and reaction
times) of the ASD group and the TD group were calculated
and presented as d-prime scores. A RM-ANOVA of go and
nogo accuracies was implemented with Inhibition (go/nogo
accuracies) as the within-subject factor, and Group (TD, ASD)
as the between-subject factor. Post hoc t-tests were applied for
any significant results obtained in the RM-ANOVA analyses.
Differences between angry and happy go and nogo trial accuracy
and reaction times were also calculated using a paired-samples
t-test, and independent samples t-test for both within-group and
between-group analyses, respectively.

Correlation Analysis
Relationships between age, ERP amplitudes and latencies and
behavioral responses including accuracy and reaction time were
quantified for both the ASD and TD groups with Pearson
correlations. Associations between significantly differing neural
responses across groups and raw scores from the IQ, BRIEF-
2, AQ, BASC-2, and MSCS measures for both the ASD and
TD groups were ascertained using a behavioral Partial Least
Squares (PLS) analysis (McIntosh et al., 1996). Behavioral PLS is
a multivariate technique used to assess the statistical reliability
of potential associations between neurological responses, in
this case ERP amplitudes and latencies, and another matrix of
behavioral or psychometric variables. Linear combinations of the
original brain and behavior variables are called latent variables
(LV) and the singular value associated with each pair of LV’s
obtained from brain and behavior data reflect the covariance
between these variables.

In the current study, our behavioral PLS was based on 10,000
permutations for the global test, which produces a p-value for
each LV, and 10,000 bootstrap measurements for the local tests,
which produce z-score’s for each individual neural score (in
our case, the N200-go and N200-nogo amplitudes), indicating
the strength and contribution of these scores to the overall
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brain-behavior associations. Standard errors, reflecting signal
reliability, are estimated through the bootstrapping procedure,
whereas the differentiation of signal from noise is detected
through permutation calculations (Krishnan et al., 2011).

RESULTS

Behavioral Results
Accuracy results from the RM-ANOVA analysis reveal a trend
toward a Group main effect [F(1, 53) = 3.662, p = 0.061,
ηp

2 = 0.065], however, upon a post hoc independent samples t-test
analysis, no significant differences were found between groups on
both the go and the nogo accuracies (Table 2). An independent
samples t-test showed a trend toward group differences of the
d-prime score [t(53) = 1.801, p = 0.077], suggesting more
accurate responses in the TD group (d’ = 2.13) compared to
the ASD group (d’ = 1.83). An independent samples t-test of
reaction time showed no significant differences across groups.
Additionally, no between-group or within-group differences were
found when comparing accuracies and reaction times of both
happy and angry go and nogo trials (happy-go, angry-go, happy-
nogo, angry-nogo).

EEG Results
N200 Responses to Go/Nogo Stimuli
Group-averaged waveforms, calculated by the mean of individual
subject data, are shown in Figure 2 for the N200 and P300
components. Using a RM-ANOVA, a main Inhibition effect
was identified [F(1, 53) = 29.820, p < 0.001, ηp

2 = 0.360] at
electrode site Cz, indicating a larger N200 amplitude on nogo
trials compared to go trials in both the ASD (2.96 µV difference)
and TD (2.22 µV difference) groups. No Inhibition × Group
interaction was identified, indicating no significant variance
between go/nogo amplitude differences across groups. However,

a main Group effect was found [F(1, 53) = 6.939, p = 0.011,
ηp

2 = 0.116], indicating differences in the go and/or nogo N200
amplitudes across groups. A post hoc t-test analysis revealed
that both the N200-nogo and N200-go peaks were significantly
more negative in the TD group compared to the ASD group
[go: t(53) = −2.950, p = 0.005; nogo: t(53) = −2.041, p = 0.046].
No significant within group or between group differences were
identified for N200 go and nogo latencies.

P300 Responses to Go/Nogo Stimuli
Through a RM-ANOVA analysis, a main effect of Inhibition was
identified for the P300 component [F(1, 53) = 12.326, p < 0.001,
ηp

2 = 0.189], revealing greater P300-nogo amplitudes at electrode
site Cz, compared to P300-go amplitudes at electrode site Pz in
both the ASD (1.97 µV difference) and TD (2.39 µV difference)
groups. No other significant interactions or main effects were
identified for the P300 amplitude. However, a main Inhibition
effect was identified for P300 latency [F(1, 53) = 23.144, p < 0.001,
ηp

2 = 0.304], revealing longer P300-nogo latencies at electrode
site Cz, compared to P300-go latencies at electrode site Pz in
both the ASD (33.7 ms difference) and TD (45.1 ms difference)
groups. No Inhibition x Group interaction was identified for the
go/nogo P300 latencies.

N170 Responses to Emotional Face Stimuli
Group-averaged waveforms, calculated by the mean of individual
subject data, are shown in Figure 3 for the N170 component. In
an independent samples t-test employing an average of all trials
for each participant, no significant overall N170 amplitude or
latency differences were identified between groups. N170-happy
and N170-angry ERP’s were also calculated for both the ASD and
TD groups at electrode location P3 and P4. Using a RM-ANOVA,
results showed no main Face effect, suggesting that there were no
significant differences in the neural responses to angry compared
to happy faces across all subjects. There was also no main Group

FIGURE 2 | Grand-average go/nogo stimulus-locked waveforms for correct go and nogo trials in TD and ASD groups at electrode site Cz (left) and Pz (right). Mean
N200 and P300 component amplitudes were obtained from latency windows of 300–400 ms and 450–600 ms, respectively. N200-go, N200-nogo, and P300-nogo
amplitudes were measured at electrode Cz, while P300-go amplitude was measured at electrode Pz.
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FIGURE 3 | Grand-average face stimulus-locked waveforms for happy and angry trials in TD and ASD groups at electrode site P3 (left) and P4 (right). Mean N170
component amplitudes were obtained from latency windows of 220–320 ms at both electrodes.

effect, showing no significant differences between groups on
N170 amplitudes and latencies during both angry and happy face
processing. However, interestingly, a Location × Face × Group
effect was identified [F(1, 53) = 6.342, p = 0.015, ηp

2 = 0.119] for
N170 amplitude, revealing that the ASD group showed a larger
difference between happy and angry trials than the TD group;
an effect that was particularly pronounced at the P4 electrode
compared to the P3 electrode. No other interaction effects were
identified. Since no behavioral differences were found for angry
vs. happy effect on inhibitory control response accuracy, and due
to low trial numbers, the comparative effect of angry and happy
faces on go and nogo neural responses was not analyzed.

Age, N200 and D-Prime Correlations
Given the significant between group differences in the N200
component amplitude, this variable was selected for analysis of
correlations with behavior. Significant associations between age,
d-prime, and N200 ERP amplitude were observed between each
measure in the TD group. The results show that as age increases,
N200-go (P < 0.01) and N200-nogo (P < 0.05) amplitudes
decrease, and d-prime scores increase (p < 0.01). However, only
correlations between age and d-prime (p < 0.05), and age and
N200-go scores (p < 0.05) were identified in the ASD group.

Correlations Between Electrophysiology
and Parent Rating Scales of Behavior
A behavioral PLS analysis was performed to test for significant
associations between the N200 component amplitude and the
IQ, BRIEF-2, AQ, BASC-2, and MSCS scores, separately for
each group. A significant overall correlation between N200
amplitude and all behavioral scores was identified in the TD
group (p = 0.048), however, no significant overall correlation was
found in the ASD group. Figure 4 illustrates the correlations
between behavioral test subscores and N200 amplitude in the
TD group, alongside their error bars, which reveal an upper
and lower error range for the correlation based on a series of
bootstrapping analyses. Given that a high number of error bars

in the BRIEF-2 subscores that do not cross zero, the significant
correlation between N200 amplitude and behavioral scores in the
TD group appears to be driven largely by the BRIEF-2 subscores.
The subscores of the AQ, given their relatively small error bars,
also evidently drive this correlation. Overall, these results show
that increased N200 component amplitude is associated with
improved executive function and fewer autism traits.

DISCUSSION

The present study shows reduced neural responses related to
conflict monitoring in children with ASD compared to TD
children, evidenced by reduced N200 amplitudes during an
emotional go/nogo task. Furthermore, this is the first study
to show significant correlations between N200 amplitude, age,
d-prime scores, and various behavioral scores in TD children
alongside no such correlations in children with ASD, possibly
indicating differences in neurophysiological development related
to inhibitory control. The results from the TD population suggest
that N200 component amplitude, elicited by a go/nogo inhibitory
control task, is an indicator of functional inhibition deficits and
is modulated by neural development.

Neurophysiological Responses to
Go/Nogo Stimuli
The reduced N200-go and N200-nogo component amplitudes
in the ASD group suggest that individuals with ASD experience
possible abnormalities with later-stage differentiation of stimuli
(i.e., conflict monitoring) and response decision-making
processing. Electrophysiological differences related to inhibitory
control in the absence of hypothesized task performance
differences may indicate that measurements such as N200
amplitude are more sensitive markers for inhibitory control
deficits in ASD than behavioral measures in this age range (6–12).
Alternatively, it is possible that the lack of task performance
differences may indicate that there are no functional inhibition
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FIGURE 4 | PLS analysis between N200 amplitude and behavioral scores for the TD group. The height of the correlation bars indicates the magnitude of the r-values
representing the correlation between behavioral measures and neural data, while the direction of the correlation bars indicates the type of association between
behavioral measures and neural data. A positive bar signifies a positive correlation between behavioral measures and neural scores (i.e., as the behavioral score
increases, N200 voltage also increases). Error bars reveal an upper and lower error range for the correlation between behavioral measures and neural data based on
a series of bootstrapping analyses. An error bar that does not include zero indicates a significant correlation between the behavioral measure and N200 amplitude.

differences between children with and without ASD. These
results are supported by previous findings, showing an absence of
behavioral differences paired with significant neurophysiological
differences during an inhibitory control task in individuals with
ASD compared to TD individuals (Larson et al., 2012).

Using functional magnetic resonance imaging, a study by
Kana et al. showed that during an inhibitory control task, ASD
participants revealed less brain activation in areas responsible for
inhibition, including the ACC, compared to typically developing
individuals (2007). The ACC is consistently identified as the
neural generator of the N200 component reflecting conflict
monitoring (Van Veen and Carter, 2002; Bekker et al., 2005;
Clayson and Larson, 2011). The current results of decreased
N200 amplitude in the ASD group may be consistent with
findings such as the one shown by Kana et al., and thus also
support the theory that decreased brain activation in individuals
with ASD may be correlated with less automatic inhibitory
control mechanisms. Overall, there was only a trend toward
group differences of the d-prime score, while significant neural
response differences between groups were identified, suggesting
that children with ASD might utilize compensatory or less-
specified neural networks to achieve similar behavior results
compared to TD individuals.

No differences in the go and/or nogo P300 component
amplitude were identified between groups, suggesting no
differences across groups on the cognitive processes related to the
actual inhibition of the motor response. These unexpected results
may suggest that children with ASD do not differ significantly in
cognitive processes related to the actual inhibition of the motor
response on a go/nogo task compared to TD individuals. These
results do not align with our initial hypothesis, which was driven
by a study assessing children of 5 years of age (Kim et al., 2018).
This is possibly due to developmental factors, such that at an

older age, individuals with ASD are more able to inhibit a motor
response (2017). However, an effect of inhibition was identified
for both the N200 and P300 amplitude. An Inhibition effect for
latency was only identified for the P300, revealing longer latencies
for the nogo condition compared to the go condition across
all participants. This may suggest that the increased difficulty
of inhibiting a prepotent response compared to continuing a
prepotent response, requires more effortful processing, resulting
in a slower neural response during nogo trials. In the absence of a
Group x Inhibition effect for N200 and P300 component latency,
the data also suggest that both children with and without ASD
process nogo stimuli at a similar speed.

Neurophysiological Responses to Face
Stimuli
Abnormal face processing strategies in individuals with ASD have
been previously reported (Dawson et al., 2005). In the current
study, however, no significant differences in N170 amplitude or
latency in response to emotional face stimuli were identified
between TD and ASD groups. Additional analysis showed no
statistically significant amplitude or latency differences across
groups for both the N170-happy and N170-angry stimuli.
However, a Location x Face x Group effect was identified for
N170 amplitude, revealing that at the P4 electrode site, the
ASD group showed a larger difference between happy and angry
trials compared to the TD group, indicating potential atypical
lateralized response to automatic emotion processing in these
individuals. No follow up analyses were performed on this 3-
way interaction because (a) this interaction effect was not an
a priori hypothesis (b) this study had a relatively small sample
size, and (c) this study had inadequate electrode locations/count
needed for a proper lateralization analysis. Overall, this study is
underpowered to perform such analyses, therefore, to prevent
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presenting misleading information, no follow up analyses were
performed on this 3-way interaction. Given the opposing findings
of various other research groups, and the seemingly significant
differences of N170 amplitude across groups, as observed in
Figure 3, it is possible that these findings are reflective of a
smaller sample size, and larger sample studies are necessary to
resolve this dichotomy.

Multiple studies have shown that emotional stimuli can have
negative effects on performance of an inhibitory control task,
suggesting that emotional stimuli interrupt ongoing cognitively-
controlled tasks, such as the inhibitory control task, ultimately
impairing task performance (Verbruggen and De Houwer, 2007;
de Houwer and Tibboel, 2010; Kalanthroff et al., 2013). However,
at a behavior level, no statistically significant differences of
accuracy or reaction time for the happy vs. angry go and nogo
trials were identified for both the ASD and TD groups.

In summary, these results suggest that individuals with ASD
(a) do not possess significant impairments on automatic emotion
processing of happy and angry faces at a neural level compared
to TD individuals, (b) do not show accuracy differences in
inhibitory control in happy vs. angry conditions, and (c) show
no main differences in inhibitory response accuracy for both
happy and angry conditions compared to TD individuals.
Overall, these results show that individuals with ASD process
automatic emotion stimuli no differently than TD individuals,
and therefore, it can be assumed that no significant differences
in the interaction effect between face stimuli and go/nogo task
performance or neural processing would exist across groups.

Response Accuracy, ERP Component
Amplitudes, and Age Correlations
Given the age range of all participants (6–12 years old) and
the key period in development that this age range represents,
it is important to identify age-related changes in neural and
behavioral inhibitory responses for both ASD and TD groups.
Consistent with literature, analysis of data from the TD
group showed that increased N200 component amplitude was
correlated with decreased task performance and younger age
(Johnstone et al., 2005). This supports the theory that increasing
age results in the development of more efficient cognitive
control processes, which require more specified and fewer neural
resources. In addition to the age and N200 correlations identified
in the TD group, the ASD group also showed that as age
increased N200-go amplitude decreased, possibly leading to the
counterintuitive interpretation that at a young age, ASD reflects
a more mature neural system than is observed in TD children.
However, age and N200-nogo correlations were not significant
in the ASD group, and d-prime scores and N200 amplitude
relationships were also not significant in the ASD group. These
findings, paired with the trend toward a group difference in
task performance between groups, where children with ASD
performed worse than that TD group, suggest that a more mature
neural system in the ASD group is unlikely. Instead, it is possible
that this reduced N200 in young children with ASD is reflective
of increased variability within and/or across participants or
reduced neural recruitment specific to conflict monitoring.

Conversely, the correlation between d-prime scores and N200
amplitude in the TD group reveals an effective relationship
between efficient/focal neural activation and improved motor
response accuracy.

Given that (a) no significant relationship was identified
between d-prime scores and N200 amplitude in the ASD group,
(b) a trend toward a group difference in task performance was
present, and (c) decreased N200 amplitude was identified in the
ASD group compared to the TD group, it appears that children
with ASD were less able to use enhanced or more focal ACC-
driven processing to moderately improve their response accuracy
compared to TD individuals.

Neurophysiological and Behavioral
Measures
The results showed an overall significant correlation between
N200 component amplitude and multiple behavioral
scores/subscores in the TD group. Specifically, results showed
that as N200 amplitude increases, executive function abilities,
as measured by the BRIEF-2 assessment, improve. This is
not surprising, since BRIEF-2 scores are adjusted for age,
and therefore, as amplitude increases at a young age (more
ideal/specified neural development), their executive function
abilities are also enhanced relative to young children with less
ideal neural functioning (reduced N200 component amplitude).
The results also indicate a reliable correlation between AQ and
N200 amplitude in the TD group, signifying that as autism traits
increase, N200 amplitude decreases, giving further support to
the proposal that decreased N200 amplitude is reflective of ASD
symptomology at a young age.

No overall brain-behavior association was identified in the
ASD group, which may be reflective of a small sample size, and
may, therefore, reflect a study limitation rather than a meaningful
brain-behavior abnormality in children with ASD. Additionally,
despite the non-motoric nature of the N200 component making
it relatively optimal for correlations with other behavioral
measures, it is difficult to directly compare N200 component
amplitudes with various behavioral measures, since the N200
component is generated in regions of the prefrontal cortex, and
during specific tasks such as the go/nogo task, the generators
become more specified. The scores indicated in the behavioral
measures do not reflect specific brain regions in the same way,
again making direct comparisons difficult. However, the results
indicated here are the first to identify associations between
neurophysiological responses of inhibitory control and the listed
behavioral scores in ASD and TD children.

Limitations
Due to the high number of subjects with comorbid ADHD,
one of the main limitations of the current study is that we
did not analyze the neural correlates of emotion processing
and inhibitory control in a strictly ASD population, and
therefore, the results may be influenced by other tendencies of
ADHD, including impulsivity. However, previous research by
Tye et al. (2014a) showed that individuals with ASD without
comorbid ADHD show reduced N200 amplitude to an inhibitory
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control task, whereas individuals with ADHD show reduced
P300 amplitude to an inhibitory control task. Therefore, the
reduced N200 component amplitude appears to be reflective
of neurophysiological differences relating to inhibitory control
in ASD rather than ADHD. Additionally, we ran a subsequent
analysis to determine whether the participants with comorbid
ADHD were driving the observed effects. No alternate findings
were identified when the participants with comorbid ADHD were
removed from the analyses.

Our hypotheses of reduced N170 amplitude and prolonged
latency, as well as subsequent associations between abnormal
N200, P300, and N170 component amplitudes and latencies with
various behavior scores and age were largely not supported.
One main limitation potentially lending to these findings is
that there were relatively few participants after meeting our
exclusion criteria. Ideally, to draw more accurate conclusions
regarding developmental neural trajectories, and behavioral-
neural correlations, one would need to employ a larger sample
size. Additionally, for the N170 analysis, more temporal-occipital
electrode locations (Batty and Taylor, 2003) would likely show a
more accurate representation of emotion processing abilities and
possible differences across groups.

Although the N200 and P300 are the two most commonly
reported ERP components elicited in a go/nogo task, other
components such as prefrontal N100, P100 and P200 are also
consistently elicited during such a task (Berchicci et al., 2016;
Sulpizio et al., 2017). However, these prefrontal components
are typically localized to the Fz electrode site, and six of the
participants in the ASD group in the current study were tested
with an EEG cap that had a broken Fz electrode. Therefore,
although it would be valuable to analyze these components, our
useable electrode locations did not permit an adequate analysis of
such components. Future studies should seek to identify possible
differences in exogenous cognitive processing across children
with ASD and TD children.

Lastly, our group did not administer a go/nogo task without
the presence of faces behind the shapes. This made it impossible
to directly compare the effect of face processing on N200
and P300 component amplitudes and latencies. Similarly, our
paradigm was not designed to compare the neurophysiological
responses to emotional stimuli with non-social control stimuli.
Future studies should employ a task that is designed to
address these aims.

CONCLUSION

By analyzing EEG measurements of inhibitory control, along with
age and behavioral assessments, we provide the first evidence of
relations between neural processing relating to inhibitory control
and particular cognitive and affective consequences during
development in TD children alongside no such relationships in
children with ASD. Children with ASD also showed reduced
N200 component amplitude scores compared to TD children
during the emotional go/nogo task. Consequently, our findings
provide new evidence for differences in neurophysiological
responses relating to inhibitory control in children with ASD

compared to TD children. EEG is, in relative terms, a low-cost
method of tracking the brain’s neurophysiological changes, and
alongside behavioral and parent rating assessments, could prove
to be a useful and objective assessment tool for clinicians and
therapists to utilize once a supported outline of characteristic
neurophysiological outputs for ASD and TD individuals is
determined. Acquiring data in an atmosphere such as the one
utilized in this study, where all data collection was performed in
a single room with trained undergraduate/graduate volunteers,
provides meaningful translational information for such clinical
or school-based assessments/treatment efforts.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

JM, NP, SF, RD, GI, SM, and SD contributed to conception and
design of the study. JM, NP, AN, GC, SM, and SD contributed to
acquisition and analysis of data. SF, GI, RD, and UR contributed
to acquisition of data. VV contributed to analysis of data. JM
wrote the first draft of the manuscript. All authors contributed to
manuscript revision, read, and approved the submitted version.

FUNDING

This work was supported by Kids Brain Health Network, Simon
Fraser University, the Canadian Institutes of Health Research,
and the Alva Foundation.

ACKNOWLEDGMENTS

We would like to thank HealthTech Connex for the use
of their g.Nautilus EEG systems during data collection, and
to Ashley Livingstone, Pamela Tannouri, and Christopher
Smith for their technical and assistive support with the
systems. We would also like to thank Nataliia Kozhemiako,
Evan Hutcheon, Tahira Tejpar, Emma Rodrigues, Gabriela
Pawlowski, Alisha Khurana, Ruth Jen, Aneesa Smith, James
Morris, Sam Mok, Mark Kang, Tara Hamilton, David Sheehan,
Payman Baharmand, Max Brimacombe, Garett Cheung, Kristen
Thompson, Andrew Lowery, Kayla Fischler, and Caitlyn
McColeman for their assistance in acquiring EEG data during the
autism summer camp.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2019.00078/full#supplementary-material

Frontiers in Human Neuroscience | www.frontiersin.org 10 March 2019 | Volume 13 | Article 78

https://www.frontiersin.org/articles/10.3389/fnhum.2019.00078/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2019.00078/full#supplementary-material
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-13-00078 March 8, 2019 Time: 17:21 # 11

Magnuson et al. Neurophysiology of Children With ASD

REFERENCES
American Psychiatric Association (2013). Cautionary Statement for Forensic Use

of DSM-5, Diagnostic and Statistical Manual of Mental Disorders, 5th Edn.
Washington, DC: American Psychiatric Association. doi: 10.1176/appi.books.
9780890425596.744053

Autism and Developmental Disabilities Monitoring Network Surveillance Year
2010 Principal Investigators (2014). Prevalence of autism spectrum disorder
among children aged 8 years – autism and developmental disabilities
monitoring network, 11 sites, United States, 2010. MMWR Surveill. Summ. 63,
1–21. doi: 10.15585/mmwr.ss6706a1

Batty, M., Meaux, E., Wittemeyer, K., Rogé, B., and Taylor, M. J. (2011). Early
processing of emotional faces in children with autism: an event-related
potential study. J. Exp. Child Psychol. 109, 430–444. doi: 10.1016/j.jecp.2011.
02.001

Batty, M., and Taylor, M. J. (2003). Early processing of the six basic facial emotional
expressions. Cogn. Brain Res. 17, 613–620. doi: 10.1016/S0926-6410(03)
00174-5

Bekker, E. M., Kenemans, J. L., and Verbaten, M. N. (2005). Source analysis of
the N2 in a cued Go/NoGo task. Cogn. Brain Res. 22, 221–231. doi: 10.1016/
j.cogbrainres.2004.08.011

Berchicci, M., Spinelli, D., and Di Russo, F. (2016). New insights into
old waves. Matching stimulus- and response-locked ERPs on the same
time-window. Biol. Psychol. 117, 202–215. doi: 10.1016/j.biopsycho.2016.
04.007

Bokura, H., Yamaguchi, S., and Kobayashi, S. (2001). Electrophysiological
correlates for response inhibition in a Go/NoGo task. Clin. Neurophysiol. 112,
2224–2232. doi: 10.1016/S1388-2457(01)00691-5

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., and Cohen, J. D.
(2001). Conflict monitoring and cognitive control. Psychol. Rev. 108, 624–652.
doi: 10.1037/0033-295X.108.3.624

Brydges, C. R., Anderson, M., Reid, C. L., and Fox, A. M. (2013). Maturation of
cognitive control: delineating response inhibition and interference suppression.
PLoS One 8:e69826. doi: 10.1371/journal.pone.0069826

Brydges, C. R., Fox, A. M., Reid, C. L., and Anderson, M. (2014). Predictive validity
of the N2 and P3 ERP components to executive functioning in children: a
latent-variable analysis. Front. Hum. Neurosci. 8:80. doi: 10.3389/fnhum.2014.
00080

Capps, L., Yirmiya, N., and Sigman, M. (1992). Understanding of simple and
complex emotions in non-retarded children with autism. J. Child Psychol.
Psychiatry 33, 1169–1182. doi: 10.1111/j.1469-7610.1992.tb00936.x

Christ, S. E., Holt, D. D., White, D. A., and Green, L. (2007). Inhibitory control in
children with autism spectrum disorder. J. Autism Dev. Disord. 37, 1155–1165.
doi: 10.1007/s10803-006-0259-y

Clayson, P. E., and Larson, M. J. (2011). Conflict adaptation and sequential
trial effects: support for the conflict monitoring theory. Neuropsychologia 49,
1953–1961. doi: 10.1016/j.neuropsychologia.2011.03.023

Cohen, J., and Polich, J. (1997). On the number of trials needed for P300. Int. J.
Psychophysiol. 25, 249–255. doi: 10.1016/S0167-8760(96)00743-X

Dawson, G., Webb, S. J., and McPartland, J. (2005). Understanding the nature
of face processing impairment in autism: insights from behavioral and
electrophysiological studies. Dev. Neuropsychol. 27, 403–424. doi: 10.1207/
s15326942dn2703_6

de Houwer, J., and Tibboel, H. (2010). Stop what you are not doing! emotional
pictures interfere with the task not to respond. Psychon. Bull. Rev. 17, 699–703.
doi: 10.3758/PBR.17.5.699

Dennis, T. A., Malone, M. M., and Chen, C.-C. (2009). Emotional face processing
and emotion regulation in children: an ERP study. Dev. Neuropsychol. 34,
85–102. doi: 10.1080/87565640802564887

Donkers, F. C. L., and Van Boxtel, G. J. M. (2004). The N2 in go/no-go tasks
reflects conflict monitoring not response inhibition. Brain Cogn. 56, 165–176.
doi: 10.1016/j.bandc.2004.04.005

Duncan, C. C., Barry, R. J., Connolly, J. F., Fischer, C., Michie, P. T., Näätänen, R.,
et al. (2009). Event-related potentials in clinical research: guidelines for
eliciting, recording, and quantifying mismatch negativity, P300, and N400. Clin.
Neurophysiol. 120, 1883–1908. doi: 10.1016/j.clinph.2009.07.045

Espinet, S. D., Anderson, J. E., and Zelazo, P. D. (2012). N2 amplitude as a neural
marker of executive function in young children: an ERP study of children who

switch versus perseverate on the Dimensional Change Card Sort. Dev. Cogn.
Neurosci. 2(Suppl. 1), S49–S58. doi: 10.1016/j.dcn.2011.12.002

Falkenstein, M., Hoormann, J., and Hohnsbein, J. (1999). ERP components in
Go/Nogo tasks and their relation to inhibition. Acta Psychol. 101, 267–291.
doi: 10.1016/S0001-6918(99)00008-6

Folstein, J. R., and Van Petten, C. (2008). Influence of cognitive control and
mismatch on the N2 component of the ERP: a review. Psychophysiology 45,
152–170. doi: 10.1111/j.1469-8986.2007.00602.x

Geurts, H. M., van den Bergh, S. F. W. M., and Ruzzano, L. (2014). Prepotent
response inhibition and interference control in autism spectrum disorders: two
meta-analyses. Autism Res. 7, 407–420. doi: 10.1002/aur.1369

Ghosh Hajra, S., Liu, C. C., Song, X., Fickling, S., Liu, L. E., Pawlowski, G. et al.
(2016). Developing brain vital signs: initial framework for monitoring brain
function changes over time. Front. Neurosci. 10:211. doi: 10.3389/fnins.2016.
00211

Hill, E. L. (2004). Evaluating the theory of executive dysfunction in autism. Dev.
Rev. 24, 189–233. doi: 10.1016/j.dr.2004.01.001

Høyland, A. L., Øgrim, G., Lydersen, S., Hope, S., Engstrøm, M., Torske, T.,
et al. (2017). Event-related potentials in a cued Go-NoGo task associated
with executive functions in adolescents with autism spectrum disorder; a
case-control study. Front. Neurosci. 11:393. doi: 10.3389/fnins.2017.00393

Jia, H., Li, H., and Yu, D. (2017). The relationship between ERP components and
EEG spatial complexity in a visual Go/Nogo task. J. Neurophysiol. 117, 275–283.
doi: 10.1152/jn.00363.2016

Johnstone, S. J., Dimoska, A., Smith, J. L., Barry, R. J., Pleffer, C. B., Chiswick, D.,
et al. (2007). The development of stop-signal and Go/Nogo response inhibition
in children aged 7-12 years: performance and event-related potential indices.
Int. J. Psychophysiol. 63, 25–38. doi: 10.1016/j.ijpsycho.2006.07.001

Johnstone, S. J., Pleffer, C. B., Barry, R. J., Clarke, A. R., and Smith, J. L. (2005).
Development of inhibitory processing during the Go/NoGo task: a behavioral
and event-related potential study of children and adults. J. Psychophysiol. 19,
11–23. doi: 10.1027/0269-8803.19.1.11

Jonkman, L. M. (2006). The development of preparation, conflict monitoring and
inhibition from early childhood to young adulthood; a Go/Nogo ERP study.
Brain Res. 1097, 181–193. doi: 10.1016/j.brainres.2006.04.064

Jonkman, L. M., Lansbergen, M., and Stauder, J. E. A. (2003). Developmental
differences in behavioral and event-related brain responses associated with
response preparation and inhibition in a go/NoGo task. Psychophysiology 40,
752–761. doi: 10.1111/1469-8986.00075

Kalanthroff, E., Cohen, N., and Henik, A. (2013). Stop feeling: inhibition of
emotional interference following stop-signal trials. Front. Hum. Neurosci. 7:78.
doi: 10.3389/fnhum.2013.00078

Kana, R. K., Keller, T. A., Minshew, N. J., and Just, M. A. (2007). Inhibitory
control in high-functioning autism: decreased activation and underconnectivity
in inhibition networks. Biol. Psychiatry 62, 198–206. doi: 10.1016/j.biopsych.
2006.08.004

Kim, S. H., Grammer, J., Benrey, N., Morrison, F., and Lord, C. (2018). Stimulus
processing and error monitoring in more-able kindergarteners with autism
spectrum disorder: a short review and a preliminary event-related potentials
study. Eur. J. Neurosci. 47, 556–567. doi: 10.1111/ejn.13580

Kompatsiari, K., Candrian, G., and Mueller, A. (2016). Test-retest reliability of
ERP components: a short-term replication of a visual Go/NoGo task in ADHD
subjects. Neurosci. Lett. 617, 166–172. doi: 10.1016/j.neulet.2016.02.012

Krauledat, M., Dornhege, G., Blankertz, B., and Müller, K.-R. (2007). Robustifying
EEG data analysis by removing outliers. Chaos Complex. Lett. 2, 259–274.
doi: 10.1177/0363546508324692

Krishnan, A., Williams, L. J., McIntosh, A. R., and Abdi, H. (2011). Partial Least
Squares (PLS) methods for neuroimaging: a tutorial and review. Neuroimage
56, 455–475. doi: 10.1016/j.neuroimage.2010.07.034

Langen, M., Leemans, A., Johnston, P., Ecker, C., Daly, E., Murphy, C. M., et al.
(2012). Fronto-striatal circuitry and inhibitory control in autism: findings from
diffusion tensor imaging tractography. Cortex 48, 183–193. doi: 10.1016/j.
cortex.2011.05.018

Larson, M. J., South, M., Clayson, P. E., and Clawson, A. (2012). Cognitive control
and conflict adaptation in youth with high-functioning autism. J. Child Psychol.
Psychiatry 53, 440–448. doi: 10.1111/j.1469-7610.2011.02498.x

Lee, P. S., Yerys, B. E., Della Rosa, A., Foss-Feig, J., Barnes, K. A., James, J. D., et al.
(2009). Functional connectivity of the inferior frontal cortex changes with age in

Frontiers in Human Neuroscience | www.frontiersin.org 11 March 2019 | Volume 13 | Article 78

https://doi.org/10.1176/appi.books.9780890425596.744053
https://doi.org/10.1176/appi.books.9780890425596.744053
https://doi.org/10.15585/mmwr.ss6706a1
https://doi.org/10.1016/j.jecp.2011.02.001
https://doi.org/10.1016/j.jecp.2011.02.001
https://doi.org/10.1016/S0926-6410(03)00174-5
https://doi.org/10.1016/S0926-6410(03)00174-5
https://doi.org/10.1016/j.cogbrainres.2004.08.011
https://doi.org/10.1016/j.cogbrainres.2004.08.011
https://doi.org/10.1016/j.biopsycho.2016.04.007
https://doi.org/10.1016/j.biopsycho.2016.04.007
https://doi.org/10.1016/S1388-2457(01)00691-5
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1371/journal.pone.0069826
https://doi.org/10.3389/fnhum.2014.00080
https://doi.org/10.3389/fnhum.2014.00080
https://doi.org/10.1111/j.1469-7610.1992.tb00936.x
https://doi.org/10.1007/s10803-006-0259-y
https://doi.org/10.1016/j.neuropsychologia.2011.03.023
https://doi.org/10.1016/S0167-8760(96)00743-X
https://doi.org/10.1207/s15326942dn2703_6
https://doi.org/10.1207/s15326942dn2703_6
https://doi.org/10.3758/PBR.17.5.699
https://doi.org/10.1080/87565640802564887
https://doi.org/10.1016/j.bandc.2004.04.005
https://doi.org/10.1016/j.clinph.2009.07.045
https://doi.org/10.1016/j.dcn.2011.12.002
https://doi.org/10.1016/S0001-6918(99)00008-6
https://doi.org/10.1111/j.1469-8986.2007.00602.x
https://doi.org/10.1002/aur.1369
https://doi.org/10.3389/fnins.2016.00211
https://doi.org/10.3389/fnins.2016.00211
https://doi.org/10.1016/j.dr.2004.01.001
https://doi.org/10.3389/fnins.2017.00393
https://doi.org/10.1152/jn.00363.2016
https://doi.org/10.1016/j.ijpsycho.2006.07.001
https://doi.org/10.1027/0269-8803.19.1.11
https://doi.org/10.1016/j.brainres.2006.04.064
https://doi.org/10.1111/1469-8986.00075
https://doi.org/10.3389/fnhum.2013.00078
https://doi.org/10.1016/j.biopsych.2006.08.004
https://doi.org/10.1016/j.biopsych.2006.08.004
https://doi.org/10.1111/ejn.13580
https://doi.org/10.1016/j.neulet.2016.02.012
https://doi.org/10.1177/0363546508324692
https://doi.org/10.1016/j.neuroimage.2010.07.034
https://doi.org/10.1016/j.cortex.2011.05.018
https://doi.org/10.1016/j.cortex.2011.05.018
https://doi.org/10.1111/j.1469-7610.2011.02498.x
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-13-00078 March 8, 2019 Time: 17:21 # 12

Magnuson et al. Neurophysiology of Children With ASD

children with autism spectrum disorders: a fcMRI study of response inhibition.
Cereb. Cortex 19, 1787–1794. doi: 10.1093/cercor/bhn209

Leong, F. T., and Austin, J. T. (2006). The Psychology Research Handbook: A
Guide for Graduate Students and Research Assistants. Thousand Oaks, CA: Sage
Publications.

Lindner, J. L., and Rosén, L. A. (2006). Decoding of emotion through facial
expression, prosody and verbal content in children and adolescents with
Asperger’s syndrome. J. Autism Dev. Disord. 36, 769–777. doi: 10.1007/s10803-
006-0105-2

Lopez, B. R., Lincoln, A. J., Ozonoff, S., and Lai, Z. (2005). Examining the
relationship between executive functions and restricted, repetitive symptoms
of Autistic Disorder. J. Autism Dev. Disord. 35, 445–460. doi: 10.1007/s10803-
005-5035-x

McIntosh, A. R., Bookstein, F. L., Haxby, J. V., and Grady, C. L. (1996).
Spatial pattern analysis of functional brain images using partial least squares.
Neuroimage 3(3 Pt 1), 143–157. doi: 10.1006/nimg.1996.0016

Moreno, S., Bialystok, E., Barac, R., Schellenberg, E. G., Cepeda, N. J., and Chau, T.
(2011). Short-term music training enhances verbal intelligence and executive
function. Psychol. Sci. 22, 1425–1433. doi: 10.1177/0956797611416999

Moreno, S., Lee, Y., Janus, M., and Bialystok, E. (2015). Short-term second language
and music training induces lasting functional brain changes in early childhood.
Child Dev. 86, 394–406. doi: 10.1111/cdev.12297

Radüntz, T. (2018). Signal quality evaluation of emerging EEG devices. Front.
Physiol. 9:98. doi: 10.3389/fphys.2018.00098

Rietdijk, W. J. R., Franken, I. H. A., and Thurik, A. R. (2014). Internal consistency
of event-related potentials associated with cognitive control: N2/P3 and
ERN/Pe. PLoS One 9:e102672. doi: 10.1371/journal.pone.0102672

Rubia, K., Russell, T., Overmeyer, S., Brammer, M. J., Bullmore, E. T., Sharma, T.,
et al. (2001). Mapping motor inhibition: conjunctive brain activations across
different versions of go/no-go and stop tasks. Neuroimage 13, 250–261. doi:
10.1006/nimg.2000.0685

Rump, K. M., Giovannelli, J. L., Minshew, N. J., and Strauss, M. S. (2009). The
development of emotion recognition in individuals with autism. Child Dev. 80,
1434–1447. doi: 10.1111/j.1467-8624.2009.01343.x

Schmitz, N., Rubia, K., Daly, E., Smith, A., Williams, S., and Murphy, D. G. M.
(2006). Neural correlates of executive function in autistic spectrum disorders.
Biol. Psychiatry 59, 7–16. doi: 10.1016/j.biopsych.2005.06.007

Shephard, E., Jackson, G. M., and Groom, M. J. (2014). Learning and altering
behaviours by reinforcement: neurocognitive differences between children and
adults. Dev. Cogn. Neurosci. 7, 94–105. doi: 10.1016/j.dcn.2013.12.001

Sinzig, J., Morsch, D., Bruning, N., Schmidt, M. H., and Lehmkuhl, G. (2008).
Inhibition, flexibility, working memory and planning in autism spectrum
disorders with and without comorbid ADHD-symptoms. Child Adolesc.
Psychiatry Ment. Health 2:4. doi: 10.1186/1753-2000-2-4

Sokhadze, E., Baruth, J., Tasman, A., Sears, L., Mathai, G., El-Baz, A., et al. (2009).
Event-related potential study of novelty processing abnormalities in autism.
Appl. Psychophysiol. Biofeedback 34, 37–51. doi: 10.1007/s10484-009-9074-5

Sulpizio, V., Lucci, G., Berchicci, M., Galati, G., Pitzalis, S., and Di Russo, F.
(2017). Hemispheric asymmetries in the transition from action preparation

to execution. Neuroimage 148, 390–402. doi: 10.1016/j.neuroimage.2017.
01.009

Tanner, D., Morgan-Short, K., and Luck, S. J. (2015). How inappropriate high-pass
filters can produce artifactual effects and incorrect conclusions in ERP studies
of language and cognition. Psychophysiology 52, 997–1009. doi: 10.1111/psyp.
12437

Taylor, M. J., McCarthy, G., Saliba, E., and Degiovanni, E. (1999). ERP evidence of
developmental changes in processing of faces. Clin. Neurophysiol. 110, 910–915.
doi: 10.1016/S1388-2457(99)00006-1

Taylor, M. J., Robertson, A., Keller, A. E., Sato, J., Urbain, C., and Pang, E. W.
(2018). Inhibition in the face of emotion: characterization of the spatial-
temporal dynamics that facilitate automatic emotion regulation. Hum. Brain
Mapp. 39, 2907–2916. doi: 10.1002/hbm.24048

Tye, C., Asherson, P., Ashwood, K. L., Azadi, B., Bolton, P., and McLoughlin, G.
(2014a). Attention and inhibition in children with ASD, ADHD and co-morbid
ASD+ ADHD: an event-related potential study. Psychol. Med. 44, 1101–1116.
doi: 10.1017/S0033291713001049

Tye, C., Battaglia, M., Bertoletti, E., Ashwood, K. L., Azadi, B., Asherson, P., et al.
(2014b). Altered neurophysiological responses to emotional faces discriminate
children with ASD, ADHD and ASD+ ADHD. Biol. Psychol. 103, 125–134.
doi: 10.1016/j.biopsycho.2014.08.013

Van Veen, V., and Carter, C. S. (2002). The anterior cingulate as a conflict
monitor: FMRI and ERP studies. Physiol. Behav. 77, 477–482. doi: 10.1016/
S0031-9384(02)00930-7

Verbruggen, F., and De Houwer, J. (2007). Do emotional stimuli interfere with
response inhibition? Evidence from the stop signal paradigm. Cogn. Emot. 21,
391–403. doi: 10.1080/02699930600625081

Vuillier, L., Bryce, D., Szücs, D., and Whitebread, D. (2016). The maturation
of interference suppression and response inhibition: ERP analysis of a cued
Go/Nogo task. PLoS One 11:e0165697. doi: 10.1371/journal.pone.0165697

Xiao, T., Xiao, Z., Ke, X., Hong, S., Yang, H., Su, Y., et al. (2012). Response
inhibition impairment in high functioning autism and attention deficit
hyperactivity disorder: evidence from near-infrared spectroscopy data. PLoS
One 7:e46569. doi: 10.1371/journal.pone.0046569

Conflict of Interest Statement: NP was employed by company CTF MEG
International Services.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Magnuson, Peatfield, Fickling, Nunes, Christie, Vakorin, D’Arcy,
Ribary, Iarocci, Moreno and Doesburg. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 12 March 2019 | Volume 13 | Article 78

https://doi.org/10.1093/cercor/bhn209
https://doi.org/10.1007/s10803-006-0105-2
https://doi.org/10.1007/s10803-006-0105-2
https://doi.org/10.1007/s10803-005-5035-x
https://doi.org/10.1007/s10803-005-5035-x
https://doi.org/10.1006/nimg.1996.0016
https://doi.org/10.1177/0956797611416999
https://doi.org/10.1111/cdev.12297
https://doi.org/10.3389/fphys.2018.00098
https://doi.org/10.1371/journal.pone.0102672
https://doi.org/10.1006/nimg.2000.0685
https://doi.org/10.1006/nimg.2000.0685
https://doi.org/10.1111/j.1467-8624.2009.01343.x
https://doi.org/10.1016/j.biopsych.2005.06.007
https://doi.org/10.1016/j.dcn.2013.12.001
https://doi.org/10.1186/1753-2000-2-4
https://doi.org/10.1007/s10484-009-9074-5
https://doi.org/10.1016/j.neuroimage.2017.01.009
https://doi.org/10.1016/j.neuroimage.2017.01.009
https://doi.org/10.1111/psyp.12437
https://doi.org/10.1111/psyp.12437
https://doi.org/10.1016/S1388-2457(99)00006-1
https://doi.org/10.1002/hbm.24048
https://doi.org/10.1017/S0033291713001049
https://doi.org/10.1016/j.biopsycho.2014.08.013
https://doi.org/10.1016/S0031-9384(02)00930-7
https://doi.org/10.1016/S0031-9384(02)00930-7
https://doi.org/10.1080/02699930600625081
https://doi.org/10.1371/journal.pone.0165697
https://doi.org/10.1371/journal.pone.0046569
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Electrophysiology of Inhibitory Control in the Context of Emotion Processing in Children With Autism Spectrum Disorder
	Introduction
	Materials and Methods
	Data Collection
	Participants

	Ethics Statement
	Inhibitory Control Task
	EEG and Task Performance Data Acquisition
	Behavioral Measures
	Data Analysis
	EEG Data Analysis
	Behavioral Data Analysis
	Correlation Analysis

	Results
	Behavioral Results
	EEG Results
	N200 Responses to Go/Nogo Stimuli
	P300 Responses to Go/Nogo Stimuli
	N170 Responses to Emotional Face Stimuli

	Age, N200 and D-Prime Correlations
	Correlations Between Electrophysiology and Parent Rating Scales of Behavior

	Discussion
	Neurophysiological Responses to Go/Nogo Stimuli
	Neurophysiological Responses to Face Stimuli
	Response Accuracy, ERP Component Amplitudes, and Age Correlations
	Neurophysiological and Behavioral Measures
	Limitations

	Conclusion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


