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Abstract

Electrophysiological responses, accuracy and reaction time were recorded while 7-11-
year-olds with typical development (TYP; N=30) and autism spectrum disorder (ASD; N=19)
inhibited conflicting information. Relative to the TYP group, children with ASD had larger
decrements in accuracy for incongruent trials and were slower. In terms of neural responses, N2
mean amplitude was greater overall for children with ASD relative to TYP children. N2 neural
responses related to a behavioral measure of inhibition and cognitive flexibility for TYP children,
whereas it related to suppression of interfering information and maintenance of accurate
responding for the children with ASD. Results suggest children with ASD recruit more neural
resources and perform worse when inhibiting conflicting information relative to TYP peers.
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Executive function (EF) — the ability to manage complex or conflicting information in the
service of a goal — is particularly important to development because EF is related to better
academic performance, social skills, lower rates of aggression and disruptive behavior, and better
outcomes in adulthood (see Diamond, 2013 for review). By mid-childhood, EF is comprised of
inhibition, set-shifting and working memory sub domains (Lehto et al., 2003). Though EF
impairment is not a core symptom of the disorder, EF deficits are frequently observed in children
with autism spectrum disorder (ASD; Hill, 2003; Kenworthy et al, 2008; Pennington & Ozonoff,
1996) — a common neurodevelopmental disorder that is characterized by reduced social
communication skills and the presence of restricted and repetitive behaviors. In particular, set
shifting is extremely disrupted in ASD and inhibitory impairments are also present relative to
comparison groups (Willcutt, 2008). Inhibition may be further divided into interference control
(i.e., suppression of distracting stimuli) and response inhibition (i.e., suppression of dominant
responses) (Nigg, 2000). Children with ASD have more difficulty with interference control and
less pronounced difficulties with response inhibition relative to comparison groups (Geurts,
Verté, Oosterlaan, Roeyers, & Sergeant, 2004; Willcutt et al., 2008).

In the present study, we employed a common measure of interference control, the flanker
task (Eriksen & Eriksen, 1974), that involves a central target stimulus flanked by stimuli of the
same (congruent) or opposite (incongruent) orientation to examine the neural and behavioral
responses of children with ASD and typical development. We used event related potentials
(ERP) to examine neural responses that precede behavioral responses on the task. ERP offers a
unique perspective because it measures aspects of EF that are difficult to capture behaviorally
such as the neural activity underlying correct response inhibition and self-monitoring. We

examined three ERP components — the P100, N2, and P3 — during the flanker portion of the



developmentally appropriate Child Attention Network (ANT) task (Rueda, Posner, Rothbart, &
Davis-Stober, 2004). Each component represents a different aspect of attention and EF skills.
The P100 is an exogenous sensory component that is evoked through passive viewing of
sensory information and is known to be modulated by spatial visual attention (Hillyard et al.,
1998; Luck et al., 2011 for review). Directed attention to the location of the target generates
greater P100 amplitudes. Enhanced P100 amplitudes correlate with better reaction times and
target detection across tasks (Hillyard et al., 1998; Eimer et al., 2003). We examined the P100 to
determine whether low level attention and sensory processing were similar between the groups.
The N2 component in the Child ANT task is thought to reflect executive attention and
monitoring conflicting information between the target and flankers. N2 amplitudes decrease with
development and maturation of the network of neural structures (e.g., the anterior cingulate)
underlying it (Buss et al., 2011; Espinet et al., 2012; Giedd et al., 1999; Henderson, 2010,
Johnstone et al., 2005; Jonkman, 2006; Lamm et al., 2006; Lewis et al., 2006, Lewis & Stieben,
2004). Incongruent flankers represent greater conflict, and relatively larger N2 amplitudes are
observed in the incongruent condition (Van Veen & Carter, 2002). Developmentally, the effects
of incongruent flankers on the N2 appear to emerge later than the effects of other EF tasks (e.g.,
the go-nogo), with differences between flanker conditions being more apparent in the N2s of
older adolescents and adults but not young children (Checa & Rueda, 2011; Ladouceur et al.,
2007; Rueda, Posner, Rothbart, & Davis-Stober, 2004). However, the N2 effect has been
detected as early as age 6 (Buss et al., 2011). Controlling for age, children with relatively larger
differences in amplitude for incongruent relative to congruent flanker conditions have greater
behavioral difficulty with incongruent trials and less effortful control by parent report (Buss et al.,

2011). Furthermore, a generalized increase in absolute N2 amplitude (across conditions) is



interpreted as “less efficient” processing (Dennis & Chen, 2009).

The P3, which is represented over central parietal leads, is comprised of two
subcomponents, the P3a and P3b. The P3a is generated in the frontal lobe and is functionally
associated with focal attention. Two main attention networks are activated during the P3a
component, the ventral frontoparietal network (VFP), which has been postulated to be engaged
in the detection of rare events and thus is modulated by stimulus frequency (Corbetta & Shulman,
2002), and the dorsolateral frontoparietal network (DLFP), which is involved in voluntary shifts
of spatial visual attention and top down processing of stimuli (Bledowski et al., 2004; Donner et
al., 2002; Goebel et al., 1998; Wojciulik & Kanwisher, 1999). The P3b subcomponent is thought
to be associated with memory and event categorization and is generated in the temporal lobe via
“target detection” (Baudena et al., 1995; Bledowski et al., 2004; Halgren et al., 1995; Linden et
al., 2005; Puce et al., 1989) and “retrieval” or “mental tracking” of the target stimulus compared
to memory templates necessary for target detection and memory updating (Jiang et al., 2000;
Lepage et al., 2000, see Friedman et al 2000 for review). Together, these components are
hypothesized to represent inhibition of irrelevant information that is not directly involved in
stimulus evaluation, in order to “amplify” the target signal for enhanced stimulus classification
and memory consolidation. The P3 is altered by the frequency of a stimulus, habituation to a
stimulus, and the familiarity or novelty of a stimulus (Luck et al., 2011) — all of which were held
constant across the flanker conditions in this study; thus any amplitude differences should be a
result of the variation between congruent and incongruent flanker conditions. Developmentally,
P3 amplitude increases with age in the context of non-flanker tasks (see Luck et al., 2011 for
review) and is viewed as a marker of increased inhibitory responding (Hammerer, Li, Miiller, &

Lindenberger, 2010). Although the P3 is present in this age range over parietal leads during



inhibitory tasks requiring response inhibition, a protracted developmental course involving
increased amplitude and scalp distribution is observed starting between age 7-10 and continuing
to adulthood (Brydges, Fox, Reid, & Anderson, 2014; Jonkman, 2006). In the flanker task, the
P3 is present in 7-14 year olds with larger parietal amplitudes for incongruent trials relative to
congruent trials, and it is thought to reflect allocation of effort (Johnstone & Galletta, 2013).

1.1 The Flanker Task in ASD

Behavioral performance on flanker tasks is impaired in adults, adolescents and children
with ASD relative to comparison groups without ASD (Adams & Jarrold, 2012; Christ et al.,
2011; Dichter & Belger, 2008; Geurts, Luman, van Meel, 2008; but see Sanderson & Allen,
2013). Individuals with ASD have slower reaction times and worse accuracy for the incongruent
condition relative to comparison groups, and these effects were apparent even when the task was
manipulated in ways that make it easier for youth without autism (Adams & Jarrold, 2012).
Although EF is a frequent focus of research, there is little information about the neural profile of
children with ASD during EF tasks. ERP provides a window into potential differences in neural
processes that underlie behavioral responses on the flanker EF task.

To date, there have been three investigations of electrophysiological responses of
children and adolescents with ASD during a flanker task with inconsistent findings. Tye and
colleagues (2014) utilized a continuous performance cued-nogo task in which the central target
(a letter) was flanked by letters. In this task, the N2, P3 and Contingent Negative Variation
(CNV) components were analyzed, and, relative to children aged 8-13 years with ADHD and
typical development, children with ASD had reduced absolute N2 amplitudes and increased
CNV components, but, in contrast to previous reports (Adams & Jarrold, 2012; Christ et al.,

2011; Dichter & Belger, 2008; Geurts, Luman, van Meel, 2008), did not differ in behavioral



performance during the task. ERP data suggest that children with ASD may have more efficient
conflict monitoring during this task as seen by the reduction in N2 amplitudes (Dennis & Chen,
2009; Buss et al 2011), which might explain the lack of performance deficits. However, analyses
focused on the continuous performance aspect of the task and behavioral inhibition during Nogo
trials rather than the flanker manipulation making it a less direct measure of interference
suppression. Furthermore, the N2 amplitude was measured over a large window, 170-400ms,
using peak amplitude rather than mean amplitude, making the N2 susceptible to differences in
the number of usable trials per group and condition, which were not controlled in this study.
Using a more traditional flanker task, Samyn et al. (2014) found no differences in ERP response
at the N2 or P3 component or behavioral performance (i.e., reaction time or number of errors) by
10 to 15-year-olds with ASD relative to an age-matched group without ASD, suggesting either
no differences in interference control at the behavioral or neural level for 10-15-year-olds with
ASD or poor sensitivity to EF differences. Finally, Larson and colleagues (2014) specifically
examined the effects of congruent and incongruent flankers in the context of the previous trial
condition and conflict adaptation. They found 9 to 17-year-olds with ASD made more errors and
the effect of incongruent trials on accuracy was larger for children with ASD than the age-
matched comparison group. In terms of N2, the group with ASD had less evidence of conflict
adaptation from trial to trial, whereas the comparison group exhibited the expected pattern of
conflict adaptation. Larson and colleagues included a relatively large sample size but a wide age
range, which may have obscured differences between groups as the comparison group began to
produce more consistent and predictable neural responses to the flanker task. As well,
experimental design and analyses focused on conflict adaptation rather than interference control.

The current study addresses these inconsistent findings and the limited research focused



specifically on the neural underpinnings of interference control in children with ASD by
including a narrower age range and focusing exclusively on the flanker condition of a
developmentally appropriate task designed to elicit ERP responses in young school-aged
children. We selected this age range because there is evidence that neural markers related to
processing conflict during the flanker task (i.e., N2, P3) are present for typically developing
children (e.g., Buss et al., 2011; Jonkman, 2006), it is a rapid period of behavioral and neural
development for the structures underlying the flanker task (Fjell et al., 2012), and evaluating
whether responses of children with ASD diverge early in this period of development provides a
an opportunity for earlier intervention related to EF for children with ASD. In addition, we
sought to build on previous work by examining the relations between the neural responses during
this interference control task and behavioral performance across a battery of direct EF
assessments rather than parent report measures. This provides the opportunity to examine
whether the processes measured by ERPs reflect the same aspects of EF in ASD.

We examined neural responses underlying performance on an interference control task.
Although our flanker task was relatively easy in order to facilitate a high number of correct trials
for inclusion in ERP analyses, we examined behavioral performance and predicted children with
ASD would have reduced behavioral accuracy and slower reaction times, particularly for
incongruent trials. In terms of ERP responses, we predicted children with ASD would exhibit
immature N2 responses with increased overall amplitude and less differentiation between
congruent and incongruent trials, consistent with less efficient monitoring and inhibition of
flanker information. For the P3, we expected the typically developing group to have overall
larger P3 amplitudes, particularly for incongruent trials, reflecting more mature processing. We

also explored the possibility of differences in early visual processing and sensory attention to



stimuli at the P100 component, and predicted that groups would not differ at this early stage of
processing. Where groups differed in neural response, we examined the pattern of brain-behavior
relations using a battery of tasks that measured EF more broadly in order to understand which
aspects of EF were most closely related to the neural response of each group. To achieve this
goal, we employed a battery of three independent, age-appropriate behavioral measures of EF
selected because of their association with the lateral prefrontal cortex and N2 (Lamm, Zelazo, &
Lewis, 2006; Zelazo & Muller, 2002): (1) the Color-Word Stroop Task, which measures
interference control; (2) the Change Task, which measures response execution, inhibition, and
shifting; and (3) the Backward Digit Span, which measures verbal working memory. Finally, we
explored the possibility that neural response and behavioral performance related to severity of
autism symptoms and individual differences in the degree of co-occurring ADHD symptoms.
Method

2.1 Participants

The overall sample included 33 children with typical development and 28 children with
ASD between the ages of 7-11 years who provided behavioral data for the Child ANT task. Of
these, 30 children with typical development and 19 with ASD provided adequate ERP data.
Groups were matched on age, sex ratio and handedness (see Table 1 for subject characteristics).
Recruitment sources included existing registries of families who expressed interest in research
and service providers, parent organizations and community events. For both groups, exclusionary
criteria included medical disorders or injuries that affect the central nervous system, major
physical abnormalities, significant sensory or motor impairments, and seizures. Children were
excluded if they currently or had ever taken any anticonvulsant medications, which are known to

impact the EEG. Other medications were not exclusionary in accordance with the guidelines for



EEG/ERP studies in ASD (Webb et al., 2015). Typically developing children were also excluded
if they had a family history of ASD, learning or language impairments, birth or developmental
abnormalities, current or past history of psychiatric or neurological disorders, or if they took
psychoactive medications. The university Human Subjects Division approved all study
procedures and all parents consented for their children to participate.

2.2 Child Descriptive Measurements

All children in both groups had full scale and performance 1Q in the average or above
average range (i.e. > 85) measured with the WASI-2 (Wechsler, 2011) and groups did not differ
significantly in verbal, performance or full scale 1Q (see Table 1). Children in the group with
ASD had a previous diagnosis of an autism spectrum disorder, which was confirmed using the
Autism Diagnostic Observation Schedule, Second edition (ADOS-2; Gotham, Risi, Pickles, &
Lord, 2007), the Autism Diagnostic Interview-Revised (ADI-R; Rutter, Le Couteur, & Lord,
2003), and DSM-5 (American Psychiatric Association, 2013) criteria for Autism Spectrum
Disorder. The severity of autism symptoms was computed from the ADOS-2 raw scores
following (Hus, Gotham, & Lord, 2014) for two domains that broadly correspond to the existing
DSM-5 classification system: Social Affect and Restricted/Repetitive Behaviors.

Our sample of children with ASD included children with significant symptoms of
attention deficit hyperactivity disorder (ADHD), which is currently representative of the
population of children with ASD (Leyfer et al., 2006; Simonoff et al., 2008). Among the group
with ASD, 8 (29%) scored in the clinically significant range for the Child Behavior Checklist
Attention Deficit/Hyperactivity score (Achenbach & Rescorla, 2001). For those with sufficient
ERP data for Child ANT, 6 (32%) of the children with ASD and no typically developing children

scored in the clinically significant range for ADHD symptoms.



2.3 Electrophysiological Measurement

Electrophysiological responses were continuously recorded during the Child ANT from a
128-channel Net Amps 200 (Electrical Geodesics, Inc.) using the geodesic sensor net 2.0 (GSN)
soaked in potassium-chloride electrolyte solution, placed on the participant’s head and fitted
according to the manufacturer’s specifications. Impedances for the electrodes were below 50 kQ
at the start of the session. The signals were recorded online using the vertex reference electrode
with hardware filters set at 0.1 Hz high-pass and 200 Hz elliptical low-pass, and a sampling rate
of 500 Hz. Data were re-filtered off-line using a low-pass filter to remove electrical noise
(Kaiser-type FIR filter, 30 Hz cutoff with 2 Hz rolloff).

2.3.1 Stimuli and experimental procedure.

Electrophysiological data were collected at the beginning of a session measuring
executive function. The order of tasks was counterbalanced so that half the children in each
group completed the Child Attention Network Task (ANT) first and half following another
executive function task (not reported). Once EEG was collected during the two tasks, the
remainder of the behavioral EF battery was collected in a fixed order.

A simplified version of the Child ANT in which only the flanker portion was presented
(Rueda et al., 2004) included 12 practice trials and 108 test trials presented in random order. For
each trial, children first heard a beep for 150 ms followed by a fixation cross for 450 ms at the
center of the screen. Then, a target and flankers were presented for 2000 ms. Congruent trials
(50%) consisted of a central target animal flanked by two flanker animals (on each side) that
faced the same direction as the target. Incongruent trials (50%) were identical except that the
target and flankers faced opposite directions (see stimuli in Figure 2). All target and flanker

stimuli were the same size. Children responded by pressing a button for the direction the target



animal faced (50% left, 50% right) and received visual and auditory feedback (i.e., woohoo!)
upon responding. In addition to EEG, accuracy and reaction time for correct trials were collected.

2.3.2 Data Editing and Extraction.

EEG data were segmented with a 200 ms baseline period immediately preceding stimulus
onset and 800 ms after the onset of the stimulus. Epochs were time-locked to stimulus onset
using a photocell. Data were then baseline corrected using the full 200 ms baseline period. Trials
with incorrect behavioral responses or artifacts in more than 25 of the channels were excluded
from the averages using the following artifact detection criteria: (1) presence of an eye blink
using the Netstation Eye Blink algorithm set at 220 uV with an 80 ms moving average and
confirmed by visual inspection, (2) having fluctuations exceeding 140 uV with 80 ms moving
average, and (3) having no fluctuations of > 1 uV with an 80 ms moving average. Data were
visually inspected for additional artifacts and segments were excluded if they contained
significant drift, movement artifacts, eye movements, or mechanical artifacts. Any channels
marked as having artifact for more than 50% of the trials were replaced using an algorithm that
derives values from neighboring electrodes using spherical spline interpolation. Data were then
averaged individually for each condition, re-referenced offline to the average of all electrodes
minus the four eye channels using the polar average reference effect (PARE) correction to
correct for under sampling of the undersurface of the head (Junghofer, Elbert, Tucker, & Braun,
1999), and baseline corrected again. Given our high-density recording, we created clusters
comprised of adjacent electrodes for the N2 (GSN electrodes 20, 11, 4) and the P3 (GSN
electrodes 54, 62, 80, 68). Mean amplitude within the time window was examined at the P100
(70-170 ms at Oz), N2 (300-400 ms at the Fz electrode cluster), and P3 (400-700 ms at the Pz

electrode cluster). Windows were selected based on previous reports in the literature (P100: Luck



et al. 1990 and Rutman et al. 2010; N2: Samyn et al. 2014; P3: Tye et al. 2014) and the
appropriateness of these windows for this dataset was confirmed by visual inspection of the
grand average waveform and individual averaged data. Electrode sites were chosen based on
previous literature (P100; Luck et al. 1990; Rutman et al. 2010; N2: Samyn et al. 2014; Lamm et
al., 2006; P3: Tye et al. 2014; Rueda et al., 2004) as well as inspection of the topographical maps
given the potential for different activation patterns in ASD (Webb et al. 2015)".

2.3.3 Included Data.

Subjects for whom fewer than 10 trials remained within a condition were excluded from
analyses. A 10 trial cut-off was made to include as many participants as possible while
maintaining an adequate signal-to-noise ratio, which is consistent with the literature for young
children (Lamm et al., 2006; Rueda et al., 2004; Todd, Lewis, Meusel & Zelazo, 2008). Nine
children with ASD and 3 children without ASD provided behavioral but not ERP data, 4 (1, N =
61) = 5.09, p = .024. Nonetheless, diagnostic groups did not differ for age, 1Q, sex ratio or
handedness when only children with usable ERP were compared. For the subjects with adequate
ERP data, 57.1% (SD = 30.7) of trials were included for the group with ASD and 63.8% (SD =
18.7) were included in the comparison group. Groups did not differ in the overall number of
trials included in analyses, F(1, 47) = 1.37, p = .25, nor did they differ in the number of good
trials per condition, F(1, 47) =.133,p =.72.

2.4 Executive Function Behavioral Testing
Three tasks were administered via laptop computer to evaluate different aspects of EF:

2.4.1 Stroop Task.

1 Consistent with previous literature, we also examined results from single electrodes N2
(Fz - GSN200 11) and for the P3 (Pz GSN200 62) and the pattern of findings for group x
condition comparisons and correlations between brain and behavior were identical.



The Stroop Task (Perlstein, Carter, Barch, & Baird, 1999; Stroop, 1935) measures
inhibition of interfering information and is has a close theoretical link to flanker tasks. After first
screening children for colorblindness, participants (23 with ASD and 24 with typical
development) practiced on 20 trials with squares presented one trial at a time in four different
colors: red, blue, green and yellow. Then, 16 trials included neutral words (four animal names)
equated in length to the four color words in a red, green, blue or yellow font. Finally, in the test
block, 96 trials were presented in pseudorandom order with three conditions: (1) congruent trials
(25%) presented a color word written in the same color; (2) incongruent trials (25%) presented a
color word written in one of the other colors; and (3) neutral trials (50%) presented a non-color
word (dog, bear, tiger, monkey) in one of the four colors. Children pressed buttons to indicate the
color of the text. The differences between congruent and incongruent conditions for both percent
correct and correct reaction time were the dependent variables. Higher scores represented
reduced interference control.

2.4.2 Change Task.

The Change task (De Jong, Coles & Logan, 1995; Geurts et al., 2004) is adapted from the
Stop Task and measures inhibition of dominant responses, response execution (monitoring) and
flexibility (shifting). For this lengthy task, 25 children with ASD and 32 with typical
development provided adequate data. Three training blocks were initially presented: (1) a
reaction time block in which a picture of an airplane was presented on either the right or left side
of the screen and children pressed buttons to indicate whether the image appeared on the right or
left; (2) a stop block in which a beep preceded a subset of items and children suppressed their
responses for trials with beeps; and (3) a change block in which a beep preceded a subset of

items and children suppressed the dominant left and right responses and pressed a different



button on trials with beeps. In order to adjust for individual differences in reaction time, the
mean correct reaction time from the change practice block was used to determine the timing of
the first block of test trials and subsequent blocks used the preceding mean correct reaction time
from the previous block. Across four test blocks, 25% of trials included beeps and required a
change response and 75% were go trials without beeps. An equal number of beeps occurred at 50,
200, 350, and 500 ms before the anticipated response. Three dependent variables were obtained.
The mean Stop Signal Reaction Time (SSRT) measured the latency of inhibitory responding
(Band, van der Molen, & Logan, 2003). Accuracy (percent incorrect) for trials with no change
represented response execution. Accuracy (percent incorrect) collapsed across all trials with
changes (regardless of beep duration) represented set shifting. Higher scores indicated more
difficulty with inhibition, response execution, and shifting.

2.4.3 Backward Digit Span.

Backward Digit Span emphasizes verbal working memory. Participants completed the
Numbers subtest of the Children’s Memory Scale (CMS; Cohen, 1997) administered according
to standardized instructions but presented via laptop with pre-recorded audio stimuli. An
experimenter recorded the child’s verbal responses (for all 28 with ASD and 33 with typical
development). For digits forward, children were instructed to repeat strings of digits. Then, for
digits backward, children were instructed to say the number strings for each trial opposite the
presentation order. For both parts, two trials of the same length were presented before the span
increased by one digit. The subtest was discontinued when children made errors on both trials of
the same length. To measure working memory, while controlling for baseline verbal memory, a
ratio score was calculated from the number of correct trials: [digits forward minus digits

backward] divided by digits forward (Lamm et al., 2006). Higher scores indicated worse verbal



working memory.
2.5 Analyses

Repeated measures analysis of variance (ANOVA) was used with an alpha level of .05
for all statistical tests, using the Greenhouse-Geisser epsilon correction for nonsphericity
(Jennings &Wood, 1976). Analyses for the ANT included a between-subjects factor of group
(ASD vs. typical comparison) and a within-subjects factor of flanker type (congruent vs.
incongruent). Significant effects were further examined with Bonferroni corrected post hoc tests.
In addition, topographical maps were inspected in order to examine response distribution as
traditional analyses of these components have not utilized high-density designs. Topographical
maps were created by incorporating two standard deviations of the data (p=.05 or 95%) centered
around the mean amplitude for the 50 ms at the midpoint of the window of interest for each
component and group. Data that fell outside this distribution was not graphically depicted. Mean
performance on other EF behavioral tasks was compared between groups using t-tests prior to
examining relations with ERPs. Brain-behavior relations were tested by examining bivariate
Pearson correlations between the ANT flanker ERP and behavioral measures of EF. Brain-
behavior relations were only examined within each group and only for neural components that
differed by group. Finally, the impact of comorbid ADHD symptoms on performance was
explored dimensionally by examining correlations between parent reported ADHD symptoms,
ERP amplitude and behavioral scores. Similarly, we explored the relation between our neural
and behavioral measures of EF and observed autism symptoms.

Results

3.1 Behavioral Performance on the Child ANT

Overall, accuracy was higher for congruent than incongruent trials, F(1,59)=16.7, p<.001,



npz =.22. Post hoc comparisons of each group separately confirmed that both were more accurate
for congruent trials (ps<.005). Children with ASD were also less accurate than the typical
comparison group, F(1,59)=8.7, p=.005, an =.13. Critically, a significant group by condition
interaction was detected, F(1,59)= 4.6, p=.04, npz =.07. Post hoc tests indicated this was due to
relatively worse accuracy for incongruent relative to congruent trials in the group with ASD.
Groups also differed for the incongruent condition, t(59)=-2.7, p=.01, Cohen’s d=0.71, but not
for the congruent condition, t(59)=-2.0, p=.05, d=0.53. (See Figure 1 and Table 2 for means.)

Response times for correct trials were generally faster for congruent than incongruent
trials, F(1,59)=21.4, p<.001, np2 =.27, and the group with ASD was slower overall, F(1,59)=4.6,
p=.04, npz =.07. A group by condition interaction was detected, F(1,59)=5.9, p=.02, an =.00.
Post hoc analyses indicated typical comparison children were faster in the congruent than
incongruent condition, t(32)=-7.8, p<.001, d=-0.34, whereas children with ASD were not, t(27)=-
1.2, p=.26, d=-0.07 (See Figure 1 and Table 2.) While typical comparison children were slowed
only on incongruent trial, children with ASD were less accurate (particularly on incongruent
trials) and slower overall.
3.2 Electrophysiological Data

There were no significant group, condition, or group by condition interactions for P100
mean amplitude, Fs<0.35, ps >.56, np23<.007, suggesting both groups were experiencing the
stimuli in the same way and allocated comparable resources to early sensory and attention
processes. The P100 was not included in further analyses.

Overall, N2 mean amplitude was larger for incongruent compared to congruent trials,
F(1,47)=5.91, p=.02, n,°=.11. The group with ASD also had larger absolute amplitude collapsed

across conditions, F(1,47)=7.21, p=.01, np2:.13 (See Figure 2). However, the interaction



between group by condition was not significant, F(1,47)=0.27, p=.61, an:.OOG. Post hoc
analyses revealed this was due to larger N2 amplitudes for children with ASD in both the
incongruent condition, t(47)=-2.35, p=.02, d=-0.68, and the congruent condition, t(47)=-2.49,
p=.02, d=-0.23. While confirming electrode selection for the N2 component, the typically
developing group demonstrated a spatially concentrated negative deflection in the frontal-central
region, particularly for the incongruent condition (Figure 2). The group with ASD appeared to
have a broader distribution, which encompassed the entire frontal and parietal scalp region, but
this effect did not differ statistically between groups when lateral (GSN electrodes 25 (F3), 124
(F4)) or posterior electrodes (GSN electrode 6 (Fcz)) were compared.

For the P3, mean amplitude was larger for incongruent compared to congruent trials,
F(1,47)=5.13, p=.03, np2:.10 (See Figure 2). However, there was not a main effect of group, nor
a group by condition interaction, Fs<0.37, ps>.55, 1,°s<.008. The spatial distribution of the P3
component appeared more broad and encompassed more anterior electrodes for the typically
developing group than the group with ASD (Figure 2). In contrast, the group with ASD had an
apparent positive deflection that was more concentrated over the posterior scalp region.
Explorations of these regions (GSN electrodes 53 (P3), 87 (P4), 80 (Cpz)) were non-significant
for group effects and both groups had maximal activation over the Pz electrode.

3.3 Relations between brain and behavior

General performance on the behavioral battery is summarized in Table 2. In addition to
group differences for behavior during the Child ANT, children with ASD were significantly less
accurate in response execution (i.e., monitoring) on non-change trials of the Change Task, and
had decreased working memory on the Backward Digit Span. Consistent with previous reports,

performance on the Stroop was comparable between groups.



The pattern of behavioral correlations was also examined in order to examine whether the
N2 reflects the same aspects of EF in ASD as children in the typically developing group given
group differences for this component. As shown in Table 3, simple bivariate correlations
between behavioral tasks were conducted to first confirm that the battery measured related but
independent aspects of EF for both groups. Overall, worse ANT accuracy for incongruent trials
related to worse monitoring and response execution (No Change trials of the Change task) for
typically developing children and related to reduced working memory for children with ASD.
Typically developing children who were slowest on the incongruent ANT trials were less
accurate on incongruent trials of another interference suppression task (Stroop) and had worse
monitoring and response execution, whereas children with ASD who were slowest on the ANT
incongruent trials made fewer errors related to monitoring and response execution. As with the
ANT, better interference suppression on the Stroop also related to better monitoring and response
execution for typically developing children. Additionally interference suppression directly
related to shifting (Change trials of the Change task) and working memory. Among children with
ASD, better Stroop interference suppression related to monitoring and response preparation as
well as shifting. For typically developing children slower incongruent responses on the Stroop
corresponded with fewer shifting errors on the Change task. Finally, for both groups, children
who made fewer errors on the Change trials also made fewer errors on the No Change trials.
Together, this pattern confirmed that behavioral performance was linked for both groups across
interference suppression, response inhibition, and shifting tasks, with working memory being
less related to performance as well as some tradeoffs between inhibition and other aspects of EF.
The group with ASD had slightly fewer relations between tasks, which may indicate less

consistent across the battery.



Then, in order to examine brain and behavior relations at the N2, which differed between
groups, a difference score was calculated (incongruent minus congruent) in order to control
absolute amplitude differences between individuals and isolate the magnitude of processing
conflicting information. Thus, more negative values for the N2 reflected larger negative
fluctuations for incongruent relative to congruent trials. Next, bivariate Pearson correlations were
computed between behavioral scores and the ERP amplitude difference score. Among typically
developing children, larger negative N2 amplitude difference scores related to more shifting
errors during the Change Task, r(29)=.43, p=.02, such that a greater negativity for incongruent
relative to congruent trials corresponded with more difficulty correctly inhibiting a dominant
response and shifting to a different response. No other tasks related to the N2.

For the children with ASD, a larger negative N2 amplitude difference score related to
larger differences in accuracy between the congruent and incongruent conditions of the Stroop
task, r(17)=.50, p=.04, and more errors during the No Change condition of the Change Task,
r(17)=.63, p=.01. That is, children with ASD who had larger differences in amplitude at the N2
between ANT conditions had more difficulty with Stroop interference suppression as well as
monitoring performance and sustaining accurate response execution during the Change Task.
3.4 Relations between brain, behavior and clinical symptoms in the group with ASD

The impact of comorbid ADHD symptoms on performance was explored dimensionally
by examining correlations between parent-reported ADHD symptoms on the CBCL parent
checklist (ADHD scale), the N2, and behavioral performance. ADHD symptoms did not relate to
N2 amplitude difference scores. However, among children with ASD, higher levels of ADHD
symptoms related to worse inhibitory control as measured by the Stop Signal Reaction Time,

r(24)=.54, p=.01, but better shifting as measured by Change accuracy, r(25)=-.50, p=.01, on the



Change Task. Conversely, ADHD symptoms were unrelated to performance on the Digit Span,
accuracy on the No Change condition, Stroop, or ANT task, rs<0.38, ps>.07.

Finally, to explore the possibility that interference suppression is related to symptoms of
ASD, we examined whether severity of autism symptoms related to individual differences in N2
amplitude or performance on the Child Ant and Stroop. The N2 was unrelated to ADOS-2
severity scores for Social Communication or Restricted and Repetitive Behaviors rs<0.17,
ps>.50. Behaviorally, children with greater severity for Social Affect symptoms on the ADOS-2
had larger differences in reaction time between congruent and incongruent trials on the Stroop,
r(23)=.50, p=.02, and in accuracy for the Child ANT, r(28)=.40, p=.04. No differences were
detected for RRB severity scores, rs<0.23, ps>.29.

Discussion

This study investigated neural correlates of EF skills in children with typical development
and with ASD using the flanker portion of the Child ANT task, which requires interference
control. The results confirm the expected pattern of slower, less accurate responses and more
negative N2 amplitude for incongruent trials among typically developing children. For typically
developing children, neural responses appear related to a combination of inhibition and shifting.

Children with ASD had reduced accuracy, particularly for incongruent trials, and slower
reaction time during the task compared with the typically developing group. Children with ASD
also exhibited larger amplitudes at the N2 ERP component, which relates to conflict monitoring.
Finally, in the group with ASD, N2 neural responses corresponded to performance on a closely
related task that required suppression of interfering information as well as performance on a task
that measured the ability to monitor information and sustain accurate responding.

4.1 The Child ANT Behavioral Responses



Overall, for incongruent trials, accuracy was lower and correct responses were slower
relative to congruent trials. Typically developing children performed more accurately and
efficiently on congruent trials that did not require suppression of incongruent flankers. Although
both groups had total accuracy above 90%, children with ASD were generally slower and less
accurate. Children with ASD were relatively less accurate on the incongruent condition
compared to the congruent condition and had larger decrements in accuracy between conditions.
Interestingly, congruent trials did not confer a speed advantage for the group with ASD as they
did for the typically developing group. Indeed, the typical comparison group was significantly
faster than the group with ASD for congruent trials, while both groups were comparably slow on
the incongruent trials. In sum, these data suggest that 7-11 year olds with ASD who had
unimpaired general intelligence were able to complete the flanker portion of the Child ANT task,
but lacked the same precision and speed as their age and 1Q-matched typically developing peers.
4.2 The N2 and Conflict Processing

The N2 is thought to reflect executive attention, and specifically, monitoring the conflict
between the target and flankers. For the N2 component, we found larger amplitudes for the
incongruent condition relative to the congruent condition indicating that it is sensitive to the
degree of conflicting information. Yet, the group with ASD had significantly larger amplitudes
across both conditions compared to controls, which suggests more effortful processing of both
congruent and incongruent flankers. Although the P3 differed by condition with larger
amplitudes for the incongruent flankers, there were no group differences, suggesting both groups
generally recruited more neural resources to inhibit incongruent flankers. Thus, increases in
amplitude for children with ASD were specific to the N2 component, which suggests neural

activity differed specifically at the stage of processing when the conflicting information was first



being detected and monitored. Of note, the developmental course of the P3 is more protracted
than the N2 (H&mmerer et al., 2010), and individual variability in may have masked effects.

Our data suggest the neural network underlying the N2 component is immature or less
efficient for conflict monitoring in ASD. A generalized increase in absolute N2 amplitude
(across conditions) is seen as “less efficient” processing (Dennis & Chen, 2009). Qualitatively,
more diffuse and parietal distributions of the N2, such as those we observed when examining the
scalp distribution to confirm electrode selection, are seen in younger children who have
immature conflict monitoring (Jonkman, 2006, Lewis et al., 2006, Stieben et al., 2007).
Moreover, difficulty with monitoring of conflicting information in ASD builds on previous work
that demonstrated atypical error monitoring in individuals with ASD characterized by reduced
amplitudes and longer latencies for the Error Related Negativity (ERN) component (Henderson
et al., 2006; Sokhadze et al., 2010; Vlamings et al., 2008). Together, these results indicate
children with ASD have inefficient neural activation while monitoring both conflicting
information as well as their performance.
4.3 Brain-Behavior Relations

Our pattern of correlations among the typically developing group is also consistent with
previous reports of the N2 (Buss et al., 2011). More effortful neural monitoring of incongruent
trials was specifically linked with greater difficulties with a task that required inhibition of a
dominant response and shifting to a different response.

Of note, the pattern of brain-behavior relations differed at the N2 for the two groups,
suggesting that children with ASD not only recruit greater magnitude neural responses but also
potentially recruit networks that are linked to different aspects of the flanker task. Specifically,

individual differences in N2 neural response in the group with ASD related to performance on



the Stroop Task. Both the Child ANT and Stroop require suppression of conflicting information.
Our findings for children with ASD are consistent with the conclusion that the N2 reflects the
efficiency of monitoring conflicting information—to the extent that children with ASD have
inefficient N2 responses to incongruent trials, they also struggle to accurately select the relevant
stimulus dimension on the Stroop task. Neural responses of the group with ASD to the Child
ANT also corresponded to accuracy during the non-change trials of the Change task, which
required monitoring the position of a picture on screen and making a corresponding button press.
Here again, children with ASD who recruited more neural resources to monitor conflicting
information had more difficulty monitoring and sustaining that effort over time. These
differences in the pattern of brain-behavior relations suggest that the N2 may be related to
flexibility in conflicting conditions in the typically developing children (Espinet et al,, 2012) and
monitoring and suppressing interfering information in children with ASD. Following children
with ASD over time or providing training may provide an opportunity to explore how these
individual differences in processing observed in early childhood develop in the context of ASD.
4.4 Implications for Understanding Executive Function in Autism

Our behavioral findings with the Child ANT replicate previous work (Adams & Jarrold,
2012; Christ et al., 2011; Dichter & Belger, 2008; Geurts et al., 2008). With respect to previous
ERP results, our N2 results contrast with those of Tye et al. (2014) who found reduced N2
negativity for children with ASD. Inspection of the means reported indicated this might have
been due to reduced differentiation between conditions by children with ASD. Task demands are
potentially different for the continuous performance version of the flanker task employed by Tye
and her colleagues. Indeed, children with ASD did not differ in their behavioral performance.

Additionally, methodological differences in window selection (100 vs. 230 ms) and use of peak



relative to mean amplitude may have also contributed to the differences between our findings.
Using an older sample than ours (i.e. 10 to 15 year olds), Samyn et al. (2014) found no group
differences at the N2 or P3 components, although no differences in accuracy or reaction time
were detected either. Thus, it is again possible that task demands may have led to different
results. Alternatively, it is possible that children with ASD are initially delayed relative to age-
matched peers and develop skills or compensatory processes over time. Finally, Larson and
colleagues (2014) specifically examined inter trial adaptation, with typically developing
participants exhibiting a relatively more negative N2 for incongruent trials that followed
congruent ones—an adaptation not seen in participants with ASD. Unlike other ERP flanker tasks
used with ASD, Larson’s was sensitive to behavioral differences, but they did not compare the
overall amplitudes between groups. Nonetheless, they did not find a relatively larger N2
detecting conflicting flankers after congruent trials for the group with ASD. It is possible that
these results are consistent with ours in the sense that children with ASD in our younger sample
were less efficient overall. As they become more efficient with age, they may fail to exhibit the
expected adaptations for conflict reported for 9-17 year olds by Larson et al., (2014). Overall,
our study adds information about a slightly younger sample, suggesting that 7-11 year olds with
ASD use more neural resources at the N2 regardless of congruency when presented with an
interference suppression task that they are less able to perform. Across tasks and ages,
differences emerge at the N2 rather than the P3, suggesting that conflict monitoring may be more
impaired in individuals with ASD.

Our brain-behavior relations also add to the existing literature by providing verification
that individual differences in the N2 are linked to specific aspects of behavioral performance on

EF tasks. Specifically, the N2 related to accuracy of the Stroop task, another similar measure of



interference suppression, and the No Change condition of the Change Task, a measure of
sustained attention and performance monitoring. A different pattern of correlations was observed
for typically developing children, suggesting that the N2 may reflect more general development
of executive skills that are captured by inhibiting a dominant response and shifting to a different
one on the Change condition of the Change Task. Further exploration within the group with ASD
indicated that ADHD symptoms were not related to the N2 or behavioral responses to
interference suppression tasks. Instead, ADHD symptoms related to behavioral measures of
response inhibition (SSRT latency) and the combination of inhibition and shifting (Change
condition of the Change Task). Although ADHD symptoms did not relate to interference
suppression tasks, symptoms of ASD did.

Taken together, these findings suggest that there is continuity between various aspects of
EF for both groups, but the diversity of EF domains is meaningful in understanding neural and
behavioral responses for both groups (Miyake & Friedman, 2012). Examining specific aspects of
EF, particularly distinct inhibitory task demands (Nigg, 2000), appears especially important for
understanding symptoms and comorbidity in ASD. Our results demonstrate less efficient neural
responses during a measure of interference suppression for children with ASD, less accurate and
rapid behavioral responses, and a correspondence between larger neural responses to incongruent
flankers and reduced performance on a similar behavioral measure of interference suppression.
In the context of previous work, these neural differences are detected in a task that is sensitive to
behavioral differences between children with ASD and typical development and in a relatively
younger sample than previously reported, highlighting the importance of examining
developmental changes and task demands in future work.

4.5 Limitations and Future Directions



Future work should also address the limitations of our investigation. First, we selected a
relatively narrow age range of children early in the development of the N2 effect. Though our
task selection was intended to be inclusive, allowing most children to provide accurate responses
for a majority of the trials, our age range precludes us from determining whether our results
represent a delay or a deficit. Our functioning inclusion criteria reduce cognitive confounds and
allowed for comparisons of neural structures related to EF in the absence of general cognitive
delay. Yet, despite overall high performance in our young sample, our behavioral findings
suggest the task was sensitive to group and condition differences. Future work including children
with ASD who also have general cognitive delays is needed to determine whether these
differences exist throughout the autism spectrum.

Our sample size did not permit us to investigate for differences between children with
and without comorbid ADHD. Only Tye et al. (2014) has compared a group with ASD + ADHD
to a group with ADHD alone using a continuous performance task with flankers. Nonetheless,
roughly one third of our sample of children with ASD had clinically significant symptoms of
ADHD and examination of the relations between these scores and our battery suggested that
inclusion of individuals with ADHD symptoms cannot account for the pattern of findings for the
N2 or behavioral performance on the working memory, monitoring/sustained attention, or
interference suppression tasks. Interestingly, ADHD symptoms were related to inhibitory latency
(SSRT) and shifting (change accuracy) on the Change Task, which measured inhibition of a
dominant motor response and the ability to shift to a non-dominant response. Future work will
benefit from separation of these groups and the comparison of children with ASD to other
clinical conditions. Indeed, this will be extremely beneficial for diagnosing the nature of

executive function impairments and providing more targeted treatments.



Finally, our sample size for children who provided adequate ERP data may have limited
our findings. For example, we did not find a significant group by condition interaction and
replication with a larger sample will allow for stronger conclusions about the relative N2
amplitudes on congruent versus incongruent trials within groups. Likewise, replication with a
larger sample will be important for confirming the pattern of relations across our battery.

4.6 Conclusion

Our investigation provides additional information about the brain and behavioral relations
for conflict processing in autism and typical development, paralleling a previous investigation
linking neural activity during response suppression to specific aspects of EF behavior in typically
developing children (Lamm et al., 2006). For the typically developing group, this study revealed
that individual differences in the magnitude of neural response to conflicting information during
an interference suppression task related to better ability to inhibit one response and shift to a
different response. In addition, this study examined processes that underlie impaired behavioral
inhibition of interfering information among children with ASD with average intelligence. Our
ERP data suggest that differences in neural response arise at a higher level of processing rather
than early sensory responses to visual input. N2 ERP responses suggest that a less efficient
pattern of responding is present when monitoring conflicting information, consistent with our
behavioral findings of delayed reaction times and reduced accuracy.

Clinically, our findings provide important clues for where and when to intervene with
children on the autism spectrum. Young, school aged children with ASD may benefit from
practice targeting the efficiency of filtering conflicting information and increasing executive
inhibition of attention given the role of EF in academic performance, social skills and disruptive

behavior. Intervention may contribute to better social functioning as a result of being less bogged



down by filtering out irrelevant information and focusing on key aspects of the social interaction.
Finally, ERPs may be an important source of information about early neural functioning in the

prefrontal cortex and anterior cingulate and useful as a biomarker for assessment of EF skills.
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Table 1. Participant descriptive characteristics by diagnostic group

Typically Developing Autism Spectrum Significance
M (SD), range M (SD), range (tor %2 p)
Age (in months) 115.0 (15.2); 89 to 143 110.9 (17.6); 84 to 138 t=0.96, ns
Sex ratio 3 female: 30 male 3 female: 25 male %>=0.05, ns
Handedness 3 left, 25 right 5 left: 23 right X2:0.58, ns
WASI-2 1Q
Full Scale 114.5 (10.1); 91 to 132 108.2 (16.1); 85t0 153 t=1.81, ns
Verbal Comp. 112.3 (8.8); 97 to 127 106.4 (19.3); 69to 160 t=1.49, ns
Percept. Reason. 114.7 (15.0); 88 to 152 109.4 (15.3); 86 to 145 t=1.36, ns




Table 2. Behavioral data by diagnostic group, M (SD), range

Typically Developing

Autism Spectrum

Child ANT Flanker

Overall % Accuracy **

Congruent % *

Incongruent % **
Overall Correct RT *

Congruent **

Incongruent
Stroop

Con-Inc Acc

Inc-Con cRT

Change
SSRT
No Change Err *
Change Err

Backward Digits **

N=33
97.4 (2.9), 85 to 100
98.5 (1.9), 93 to 100
96.4 (4.5), 78 to 100
689.2 (163.2), 481 to 1120
661.2 (158.7), 460 to 1089

717.8 (170.4), 502 to 1151

N=24

4.2 (9.5), -17 t0 25

97.7 (132.1), -202 to 334
N=32

348.5 (210.4), 27 to 1004
8.6 (10.2), 1t0 58

56.6 (14.4), 19 to 83
N=33

.37 (:20),010.75

N=28

92.3 (9.4), 65 to 100

95.7 (7.0), 74 to 100

88.9 (14.1), 44 to 100
797.1 (230.3), 447 to 1462
789.5 (234.2), 430 to 1392

807.0 (237.6), 464 to 1573

N=23

5.6 (11.1), -13 to 33

116.4 (159.3), -149 to 390
N=25

308.2 (340.2), 5 to 1289
15.0 (14.4), 1 to 49

64.3 (16.4), 34 to 92
N=28

54 (.25),0t0 1

Note: Significance for t-tests comparing groups is indicated with * p < .05, ** p < .01



Table 3. Behavioral correlations for typically developing children (lower left) and children with
autism spectrum disorder (upper right)

1 2 3 4 5 6 7 8
1. ANT C-I Acc - -15  -07 -11 -32 34 .29 59F**
2. ANT I-C cRT -12 - -17 .28 A1 -45*  -35 .07
3. Stroop C-1 Acc .02 A4* - A4 .20 58** 48* -.03
4. Stroop I-C cRT .10 -29  -23 - =17 =27 A4 -19
5. Change SSRT A4 24 .35 A5 - -14 -.34 15
6. No Change Err  .38*  .42*  49* -32 A9 - 53**  -15
7. Change Err -06 .22 B52x*F _51** 27 A9%F - .09

8. Digit Span BW .05 14 42*%  -21 -10 .29 22 -

Note: Significance for Pearson correlations is indicated with * p <.05, ** p < .01, *** p <.001



Figure Captions
Figure 1. Means and Standard Errors for Behavioral Data between Groups on the ANT
Figure 2. Graphs for each condition and group representing averaged N2 and P3 ERP responses

to the ANT Task as well as topographic maps depicting spatial distribution of responses.
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Highlights

Children are faster and more accurate, with less negative N2 for congruent flankers.
Children with ASD are less accurate and slower, particularly for incongruent trials.
Children with ASD have inefficient N2 neural responses to conflict monitoring.

N2 neural responses correspond to inhibition and monitoring behavior.

Symptoms of ADHD relate to response inhibition and ASD to interference suppression.





