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� The N2 ERP component is commonly used as a biomeasure in children with autism.
� The test-retest reliability of N2 has not been explored in this population.
� Here, we report moderate to good retest reliability of N2 amplitude in children with autism.

a b s t r a c t

Objective: The N2 ERP component is used as a biomeasure of executive function in children with autism
spectrum disorder (ASD). The aim of the current study was to evaluate the test-retest reliability of N2
amplitude in this population.
Methods: ERPs were recorded from 7 to 11-year-old children with ASD during Flanker (n = 21) and
Go/Nogo tasks (n = 14) administered at two time points separated by approximately three months.
Reliability of the N2 component was examined using intraclass correlation coefficients (ICCs).
Results: Reliability for mean N2 amplitude obtained during the Flanker task was moderate (congruent:
ICC = 0.542, 95% CI [0.173, 0.782]; incongruent: ICC = 0.629, 95% CI [0.276, 0.831]). Similarly, reliability
for the Go/Nogo task ranged from moderate to good (‘go’: ICC = 0.817, 95% CI [0.535, 0.937]; ‘nogo’:
ICC = 0.578, 95% CI [0.075, 0.843]).
Conclusions: These findings support the use of N2 amplitude as a biomeasure of executive function in
school-aged children with ASD.
Significance: This research addresses a critical gap in clinical neurophysiology, as an understanding of the
stability and reliability of the N2 component is needed in order to differentiate variance explained by
repeated measurement versus targeted treatments and interventions.

� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental con-
dition that affects 1 in 59 children in the United States (Baio et al.,
2018). Symptoms of ASD include social and communication diffi-
culties, repetitive and restrictive behaviors, and sensory sensitivi-
ties (American Psychiatric Association, 2013). Alongside hallmark
symptoms of the disorder, many individuals with ASD have nota-
ble deficits in executive function (Kenworthy et al., 2008;
Demetriou et al., 2018) – a set of higher order cognitive processes
that rely upon top-down control over actions and behaviors
(Diamond, 2014; Friedman and Miyake, 2017).

The presentation of symptoms and executive function deficits
varies widely between individuals with ASD. Furthermore,
problems with executive function may exacerbate ASD symptoms
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(Russell, 1997; Geurts et al., 2014) which may contribute to vari-
ability of symptom presentation. Taken together, the widespread
heterogeneity in ASD is a significant hindrance to the development
of effective treatments. To address this issue, many researchers
have begun to search for biomeasures associated with specific
impairments in ASD. Reliable biomeasures can be assessed over
time to evaluate experimental interventions and treatment
response (Casanova et al., 2012; Dawson et al., 2012; Robb et al.,
2016). Many groups have begun to assess event-related potentials
(ERPs) as candidate biomeasures given the feasibility of acquiring
them from individuals with ASD (Siper et al., 2016; Loth et al.,
2017; Sokhadze et al., 2017; Foss-Feig et al., 2018).

ERPs are time-locked measures of brain activity used to charac-
terize neural processes that underlie specific cognitive and behav-
ioral responses. This methodology has significant utility in ASD
research as ERPs can be obtained from individuals with sensory
sensitivities, minimal language, and limited motor skill (Jeste and
Nelson, 2009; Webb et al., 2015). ERPs are associated with a range
of higher order functions that mark impairments in cognitive out-
comes (Banaschewski and Brandeis, 2007; Jeste and Nelson, 2009).
The N2 ERP component is well characterized as a neural underpin-
ning of executive function among typical developing children
(Espinet et al., 2012, 2013; Brydges et al., 2014) and children with
ASD (Pfefferbaum et al., 1985; Jodo and Kayama, 1992; Faja et al.,
2016). These studies and others (Larson et al., 2012; Kim et al.,
2018) demonstrate increased interest in the N2 component in
ASD research.

The N2 is a frontal, negative fluctuation observed approxi-
mately 300 ms after stimulus onset. Larger (more negative) N2
amplitudes are indicative of more effortful neural processing in
the context of conflicting information. For example, N2 amplitudes
were larger in response to incongruent trials in the Eriksen Flanker
task, during which there is a mismatch between the target stimu-
lus and the distractor stimuli on either side of the target (Abundis-
Gutiérrez et al., 2014). In typically developing children, larger N2
amplitude on incongruent trials was associated with less efficient
executive function (Abundis-Gutiérrez et al., 2014; Buss et al.,
2011). Similarly, larger N2 amplitude on ‘nogo’ trials of the Go/
Nogo task was associated with reduced monitoring and inhibition
(Pfefferbaum et al., 1985; Jodo and Kayama, 1992). Among children
with ASD, those who had larger differentiation in N2 amplitude
between congruent and incongruent trials had greater difficulty
on behavioral tasks assessing executive function (Faja et al., 2016).

Differences in N2 amplitude have also been reported between
children with ASD and comparison groups: N2 amplitude during
the Flanker task was larger in children with ASD, relative to typi-
cally developing children across trial types (Faja et al., 2016; but
see Samyn et al., 2014). In contrast to findings with the Flanker
task, N2 amplitudes of children with ASD were similar to
(Hoyniak, 2017) or smaller than (Tye et al., 2014) children without
ASD across trial types of a continuous performance version of the
Go/Nogo task.
1.1. Current study

Provided evidence of group differences in N2 amplitude (Tye
et al., 2014; Faja et al., 2016), and associations between the N2
and executive function (Buss et al., 2011; Faja et al., 2016), this
ERP component represents a potential biomeasure in ASD research.
However, a critical component of a biomeasure is its reliability
over time. N2 amplitude has moderate to excellent test-retest reli-
ability in typically developing adults (ICCs between 0.48 and 0.55;
Clayson and Larson, 2013) and 10 to 15-year-old children with
attention-deficit/hyperactivity disorder (ADHD; ICCs between 0.7
and 0.9; Kompatsiari et al., 2016). Yet, to our knowledge,
test-retest reliability of N2 amplitude has not been evaluated
among individuals with ASD.

As such, the aim of this study was to evaluate the test-retest
reliability of the N2 ERP component in school-aged children with
ASD. As part of a larger clinical trial, ERP responses were collected
as children, 7 to 11 years of age, completed a Flanker task to elicit
the N2 component. ERP responses to a Go/Nogo task were also
available from a subsample of these children and were evaluated
separately to support findings derived from the Flanker task.

Retest reliability was measured via intraclass correlation coef-
ficients (ICCs) for the mean N2 amplitude obtained from each of
these tasks during two time points, separated by approximately
three months. N2 amplitudes are characteristically larger for
incongruent versus congruent trials. As such, collapsing across
trial types may reduce the robustness of condition specific
effects (i.e., N2 to incongruent trials; Thigpen et al. 2018). N2
amplitudes for congruent and incongruent stimuli are also typi-
cally highly correlated, presenting both conceptual and practical
issues with subtraction-based difference scores (Meyer et al.,
2017). Moreover, previous research suggests that both children
with ASD (Faja et al., 2016) and typically developing children
(Abundis-Gutiérrez et al., 2014; Hoyniak, 2017; Ladouceur
et al., 2007; Rueda et al., 2004) do not consistently show differ-
entiation of the N2 component across trial types. To avoid these
potential confounds, we evaluated retest reliability of condition-
averaged N2 amplitude for congruent and incongruent trials (as
well as ‘go’ and ‘nogo’ trials), separately.

As discussed, the N2 component has moderate to excellent ret-
est reliability in typically developing adults and children with
ADHD (Clayson and Larson, 2013; Kompatsiari et al., 2016). Pro-
vided the heterogeneity of neural responses in children with ASD
(Salmond et al., 2007), we hypothesized that the N2 component
would have moderate test-retest reliability in our sample.

Provided the growing interest in using ERPs to characterize clin-
ical, developmental populations, we also explored individual dif-
ferences by assessing ICCs from subgroups split by age. We
posited that ICCs would be greatest among older children
(Hämmerer et al., 2013). In all cases, moderate (to excellent)
test-retest reliability of N2 amplitude would lend support to the
use of this component as a potential target biomeasure of execu-
tive dysfunction in ASD.
2. Methods

2.1. Participants

As part of a larger clinical trial examining the effects of a three-
month executive function intervention, children with an existing
diagnosis of ASD were recruited from a participant registry in a
hospital setting and local community sources. The three-month
study period is comparable to a similar study targeting executive
function in typically developing children (Rueda et al., 2005,
2012). Thus, the retest reliability of the N2 component across this
period of time is of particular interest to clinical researchers.

Caregivers of interested families participated in a phone-
screening interview to assess their child’s eligibility. Exclusionary
criteria included a history of head injury, seizures, significant sen-
sory or motor impairment, or medical condition that affected the
central nervous system. Children were also excluded if they had
ever taken any anticonvulsant medications, as these may impact
EEG recordings (Konishi et al., 1995). In accordance with guidelines
for EEG/ERP studies in ASD (Webb et al., 2015), other medications
were not exclusionary. Nonetheless, as change(s) in medication or
therapy may impact test-retest reliability of neural components
over time (Webb et al., 2015), post-hoc retest reliability estimates



Fig. 1. Schematics of the Flanker (A) and Go/Nogo tasks (B).
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were also evaluated among a subsample of children without
changes in medication or therapy during the study period.

At the initial time point, diagnosis of ASD was confirmed using
the Autism Diagnostic Interview-Revised (ADI-R; Rutter et al.,
2015) and the Autism Diagnostic Observation Schedule (ADOS-2;
Gotham et al., 2007). All participants also had a Wechsler Abbrevi-
ated Scale of Intelligence (WASI-2; Wechsler, 2013) full scale IQ
estimated at 80 or above.

Thirty-five children (31 males, Mage = 8.69, SD = 1.41 years at
Time 1) were randomly assigned to the waitlist condition (i.e., no
intervention) of the larger clinical trial. Thus, participants provided
ERP data at two time points, approximately three months apart,
without receiving the study intervention in the intervening time.
Two children were lost to follow-up between time points. Of the
33 children that participated in both time points, 21 children (18
males, Mage = 9.00, SD = 1.52 years at Time 1) provided usable
ERP data (�10 trials per condition; Lamm et al., 2006; Todd
et al., 2008) during the Flanker task at both time points. Fourteen
children (11 males, Mage = 9.14, SD = 1.35 years at Time 1) provided
usable ERP data (�10 trials per condition) during the Go/Nogo
Task. As the Go/Nogo task was administered after the Flanker task
(see Section 2.2), this attrition was expected.

There were no differences in age, IQ, or diagnostic severity for
the children who provided usable data at both time points com-
pared with those who did not (ps � 0.107 and 0.119 for the Flanker
and Go/Nogo tasks, respectively). The average duration between
time points was 10.72 weeks (SD = 2.03 weeks) for the 21 children
with usable Flanker ERP data and 10.52 weeks (SD = 1.83) for the
14 children with usable Go/Nogo data. Caregiver-report on the
Behavior Rating Inventory of Executive Function (BRIEF; Gioia
et al., 2000) indicated that �80% of the children included in the
final sample had clinically significant deficits in executive function
(T-Scores on the Global Executive Composite � 65). Additional
information regarding participant demographics for the sample
included in the final dataset (ns = 21 and 14 for the Flanker and
Go/Nogo tasks, respectively) is included in Table 1.

2.2. Procedure

ERP responses were recorded during computerized Flanker and
Go/Nogo tasks. The tasks were administered in a fixed order (Flan-
ker first, Go/Nogo second) at the beginning of two visits scheduled
approximately three months apart. The Human Subjects Division
approved all study procedures. Caregiver consent and child assent
was obtained prior to testing.

2.3. Flanker task

A Flanker task was used to elicit an N2 ERP component (Faja
et al., 2016; Rueda et al., 2004; Fig. 1A). The task included 12
Table 1
Participant demographics.

Flanker Task (n = 21)
Mean (SD)

Go/Nogo Task (n = 14)
Mean (SD)

Age (years) 9.00 (1.52) 9.14 (1.35)
Sex (males: females) 18:3 11:3
ADOS-2 Calibrated Severity

Score
8.67 (1.16) 8.50 (1.09)

WASI-2 Full Scale 103.43 (10.79) 101.93 (11.87)
WASI-2 Verbal 103.10 (9.82) 102.36 (10.17)
WASI-2 Perceptual 103.10 (13.49) 101.21 (15.62)
BRIEF GEC Scale 69.00 (8.51) 72.07 (6.39)

Notes: SD = standard deviation; ADOS = Autism Diagnostic Observation Schedule;
WASI-2 = Wechsler Abbreviated Scale of Intelligence; BRIEF = Behavior Rating
Inventory of Executive Function; GEC = Global Executive Composite.
practice trials and 108 test trials presented over three blocks (36
test trials/block). For each trial, children were instructed to indi-
cate the orientation of a central target stimulus via button press
on a keypad (left versus right) as quickly and accurately as possi-
ble. Trials were ‘‘congruent” if the target stimulus was oriented
in the same direction as the flanking stimuli on either side of the
target. Trials were ‘‘incongruent” if the target stimulus was ori-
ented in the direction opposite of the flanking stimuli. An equal
number of congruent (50%) and incongruent (50%) trials were pre-
sented during each block. Each trial was preceded by a tone played
for 150 ms and a fixation cross presented on the screen for 450 ms.
Test stimuli were then presented for 2000 ms or until a response
was registered. Thus, responses made more than 2000 ms after
the stimulus was first presented on the screen were marked as
incorrect. Visual and auditory feedback for correct and incorrect
responses was presented after each response. Only ERPs for correct
trials were analyzed.
2.4. Go/Nogo task

A cued Go/Nogo task (Fig. 1B) was also used to elicit an N2 com-
ponent in children with ASD. The task included 17 training trials,
up to three blocks of 20 practice trials (practice trials repeated until
children reached 80% accuracy), and 200 test trials presented over
four blocks (50 test trials/block). During ‘go’ trials (70% of trials),
children were instructed to press a single button on a keypad each
time a letter appeared on the screen. During ‘nogo’ trials (30% of
trials), children were instructed to withhold their response when
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a specific letter (‘Y’ or ‘D’; order counterbalanced across partici-
pants) appeared on the screen. To account for the confound of fre-
quency with condition, two letters were used for ‘go’ trials – an
infrequent ‘go’ (30% of trials) and a frequent ‘go’ (40% of trials).
‘Go’ responses were analyzed only for the infrequent ‘go’ trials.
Each trial was preceded by a fixation cross presented on the screen
for 500 ms followed by a 750 ms delay. Test trials were then pre-
sented for 700 ms and there was a random intertrial interval
(between 500 and 1000 ms) between trials. Responses were
recorded while the stimulus was on the screen and during the vari-
able intertrial interval. Thus, response widows varied between
1200 and 1700 ms after stimulus onset. Visual feedback was pre-
sented only during practice trials. Only ERPs for correct trials that
followed a correct ‘go’ response were analyzed in order to ensure
consistent motor response on the previous trial.

2.5. Electrophysiological measurement

During the Flanker and Go/Nogo tasks, ERP responses were
recorded using Net Amps 400 (Electrical Geodesics, Inc.) from a
128-channel Hydrocel Geodesic Sensor Net (GSN). The net was
soaked in a potassium chloride electrolyte solution then placed
on the participant’s head following manufacturer specifications.
Impedances were below 50 kX at the start of each recording. Data
were recorded using a vertex reference and a 4 KHz antialiasing
hardware filter at a sampling rate of 500 Hz.

2.6. Data editing and extraction

Using Netstation 5, data were re-filtered off-line using a high-
pass (0.1 Hz) and low-pass (30 Hz) filter (Kaiser-type FIR filter with
2 Hz rolloff). Data were then segmented with a 200 ms baseline
period that immediately preceded stimulus onset and a duration
of 800 ms after stimulus onset. Trials with incorrect behavioral
responses or artifacts were excluded.

Following segmentation, the data were baseline corrected using
the average of their respective baseline periods. Automated artifact
detection excluded trials with the following parameters: (1) pres-
ence of an eye blink using the Netstation Eye Blink algorithm set at
220 lV with an 80 ms moving average and (2) more than 10 chan-
nels with a fluctuation exceeding 140 lV or less than 1 lV with an
80 ms moving average. Data were then visually inspected to con-
firm the results of automated artifact detection. During visual
inspection, additional segments were excluded if they contained
significant drift, movement artifacts, eye movements or blinks, or
mechanical artifacts.

Next, channels that were marked as containing an artifact for
more than 20% of trials were replaced using spherical spline inter-
polation which estimates voltages by imputing across channels.
Data were then averaged individually by condition and re-
referenced offline to the average of all electrodes (excluding the
four eye channels) using the polar average reference effect (PARE)
correction. Data were baseline corrected once more and individu-
ally inspected for quality.

Consistent with previous studies (Faja et al., 2016), the N2 com-
ponent was derived from an electrode cluster that included Fz and
adjacent electrodes (Hydrocel GSN electrodes 4, 11, and 19). The
N2 mean amplitude was computed with a window of 300 to
400 ms post-stimulus.

2.7. Data analysis

ICC is an index of test-retest reliability that accounts for the
degree of correlation and agreement between measurements
(Koo and Li, 2016). ICC estimates and the corresponding 95% con-
fidence intervals were calculated for mean N2 amplitude obtained
during congruent and incongruent trials of the Flanker task as well
as ‘go’ and ‘nogo’ trials of the Go/Nogo task between time points.

To explore age-related differences in retest reliability, we used a
median split to group participants into younger and older cohorts.
ICCs were then computed for each cohort and trial type, separately.
Additionally, we ran a set of post-hoc ICC analyses excluding chil-
dren whose medication or therapy changed between the first and
second time points (based on caregiver-report). Of the 21 children
with usable ERP data from the Flanker task, eleven children had
notable changes to medication or therapy (e.g., hours of ABA)
between time points. To evaluate ICCs in the subsample of children
without notable changes to medication or therapy, these eleven
children were excluded from analyses, and post-hoc ICCs were
re-run on the subsample of 10 children without changes in these
domains. For the Go/Nogo task, five of the 14 children with usable
data had changes to medication or therapy between time points.
Here too, ICCs were re-run on the subsample of nine children with
usable Go/Nogo data and no changes to medication or therapy.

Although these secondary, exploratory analyses have small
sample sizes and, consequently, low statistical power, these ICCs
were intended to explore the retest reliability of the N2 component
in specific age groups and independent of changes to medication
and therapy in the intervening time between ERP measurements.
Provided the small sample sizes, these results should be inter-
preted with caution.

All calculations were performed in SPSS Version 23.0 (IBM Corp)
using a two-way mixed effects model with absolute agreement
(Kompatsiari et al., 2016; Koo and Li, 2016). In accordance with
standard reliability classification rates (Portney and Watkins,
2000), ICC values < 0.5 indicated poor reliability, values between
0.5 and 0.75 indicated moderate reliability, values between 0.75
and 0.9 indicated good reliability, and values > 0.9 indicated excel-
lent reliability.
3. Results

Table 2 outlines the average number of trials included in analyses,
mean N2 amplitude for Times 1 and 2, and ICC estimates for
each task and trial type. Although highly correlated (r = 0.721,
p � 0.001), N2 amplitudes did not differ between congruent and
incongruent trials (t(20) = 1.584, p = 0.129), consistent with the
results in children with (Faja et al., 2016) and without ASD
(Abundis-Gutiérrez et al., 2014; Hoyniak, 2017; Ladouceur et al.,
2007; Rueda et al., 2004). The same was true for ‘go’ and ‘nogo’ trials
of the Go/Nogo task (r = 0.615, p = 0.019; t(13) = 0.451, p = 0.660).
Behavioral outcomes for each task are outlined in Table 3. As
expected, accuracy was greater (main effect of trial type: F
(1,20) = 5.25, p = 0.033) and cRT faster (main effect of trial type: F
(1,20) = 36.86, p� 0.001) for congruent compared to incongruent tri-
als of the Flanker task. Similarly, accuracy was greater for ‘go’ relative
to ‘nogo’ trials (main effect of trial type: F(1,13) = 71.71, p � 0.001).

During the Flanker task, mean N2 amplitude had moderate reli-
ability for both congruent (single measure ICC = 0.542, 95% CI
[0.173, 0.782]; Figs. 2 and 3) and incongruent trials (single measure
ICC = 0.629, 95% CI [0.276, 0.831]; Figs. 2 and 3). Similar results
were obtained with the Go/Nogo task, such that mean N2 ampli-
tude had good reliability for ‘go’ trials (single measure
ICC = 0.817, 95% CI [0.535, 0.937]; Figs. 4 and 5) and moderate reli-
ability for ‘nogo’ trials (single measure ICC = 0.578, 95% CI [0.075,
0.843]; Figs. 4 and 5).
3.1. Age-related differences in ICCs

We next explored age-related differences in retest reliability. To
do so, we used a median split at 9.33 years of age (at Time 1), to



Table 2
Mean N2 amplitude and ICC estimates during the Flanker and Go/Nogo tasks.

Time 1 Time 2

Number of trials
Mean (SD)

Mean N2 amplitude
Mean (SD)

Number of trials
Mean (SD)

Mean N2 amplitude
Mean (SD)

Single measure ICC
[95% CI]

Flanker Task
Congruent 28.67 (9.90) �2.32 (3.23) 29.52 (11.39) �3.68 (4.18) 0.542 [0.173, 0.782]*
Incongruent 28.95 (9.28) �3.46 (4.72) 30.71 (11.43) �3.11 (4.53) 0.629 [0.276, 0.831]**

Go/Nogo Task
‘Go’ 30.43 (11.88) �2.69 (4.14) 35.14 (9.50) �2.11 (3.00) 0.817 [0.535, 0.937]**
‘Nogo’ 26.93 (10.04) �3.15 (4.43) 25.79 (5.69) �2.75 (4.59) 0.578 [0.075, 0.843]*

Notes: SD = standard deviation; ICC = intraclass correlation; 95% CI = 95% confidence interval; * p � 0.01; ** p � 0.001.

Table 3
Behavioral outcomes for the Flanker and Go/Nogo tasks.

Time 1 Time 2

Accuracy (%)
Mean (SD)

cRT (ms)
Mean (SD)

Accuracy (%)
Mean (SD)

cRT (ms)
Mean (SD)

Flanker Task
Congruent 94.27 (6.90) 738.03 (153.88) 95.29 (8.76) 646.63 (107.32)
Incongruent 90.74 (9.69) 774.26 (156.35) 94.12 (8.85) 682.07 (113.93)

Go/Nogo Task
‘Go’ 95.61 (4.65) 511.01 (106.16) 96.89 (3.25) 490.04 (92.18)
‘Nogo’ 75.36 (10.86) - 72.38 (12.05) -

Notes: SD = standard deviation; cRT = correct reaction time.

Fig. 2. Averaged N2 ERP responses to congruent and incongruent trials of the
Flanker task during Time 1 (top) and Time 2 (bottom).

Fig. 3. Individual participant N2 amplitudes at Time 1 and 2 for congruent (top) and
incongruent (bottom) trials of the Flanker task for younger (blue) and older (red)
children. Notes: ns = not significant; * p � 0.01; ** p � 0.001.

410 A. Cremone-Caira et al. / Clinical Neurophysiology 131 (2020) 406–413
differentiate our sample into ‘younger’ and ‘older’ cohorts. Using
this criterion, 11 children (9 males, Mage = 8.31, SD = 0.78 years)
were grouped into the younger cohort (7.17 to 9.33 years) and
10 children (9 males, Mage = 10.66, SD = 0.70 years) were grouped
into the older cohort (9.83 to 11.83 years) for the Flanker task. Ret-
est reliability for congruent and incongruent trials was poor among
younger children (single measure ICCs = 0.130, 95% CI [-0.499,
0.660] and 0.169, 95% CI [-0.528, 0.692] for congruent and
incongruent trials, respectively) but moderate to good among older
children (single measure ICCs = 0.695, 95% CI [0.197, 0.913] and
0.861, 95% CI [0.560, 0.963] for congruent and incongruent trials,
respectively).

Of the 14 children with usable data for the Go/Nogo task, seven
children (5 males, Mage = 8.54, SD = 0.77 years) were grouped into
the younger cohort (7.17 to 9.33 years) and seven children (6
males, Mage = 10.61, SD = 0.78 years) into the older cohort (9.83
to 11.83 years). Here too, retest reliability was poor for ‘go’ and
‘nogo’ trials among younger children (single measure ICCs = 0.311,
95% CI [-0.664, 0.844] and 0.283, 9%% CI [-0.710, 0.836] for ‘go’ and
‘nogo’ trials, respectively) but moderate to good among older



Fig. 4. Averaged N2 ERP responses to ‘go’ and ‘nogo’ trials of the Go/Nogo task
during Time 1 (top) and Time 2 (bottom).

Fig. 5. Individual participant N2 amplitudes at Time 1 and 2 for ‘go’ (top) and ‘nogo’
(bottom) trials of the Go/Nogo task for younger (blue) and older (red) children.
Notes: ns = not significant; * p � 0.01.
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children (single measure ICCs = 0.877, 95% CI [0.499, 0.977] and
0.599, 95% CI [-0.263, 0.919] for ‘go’ and ‘nogo’ trials, respectively).
The number of usable trials included in the computations of ERPs
did not differ between cohorts for any trial type, at either time
point (ps � 0.303).

3.2. ICCs among children without changes to medication or therapy

Lastly, we evaluated ICCs in subsamples of children without
notable changes to medication or therapy during the three-month
period between time points. Among the 10 children with usable
Flanker ERP data who did not have changes to medication or ther-
apy between Times 1 and 2, mean N2 amplitude had good reliabil-
ity (single measure ICCs = 0.810, 95% CI [0.393, 0.950] and 0.836,
95% CI [0.469, 0.957] for congruent and incongruent trials,
respectively).

Similarly, of the nine children with usable Go/Nogo data who
did not have changes in medication/therapy, mean N2 amplitude
had moderate to good reliability (single measure ICCs = 0.816,
95% CI [0.411, 0.954] and 0.720, 95% CI [0.209, 0.928] for ‘go’ and
‘nogo’ trials, respectively).
4. Discussion

The aim of the current study was to evaluate test-retest reliabil-
ity of the N2 ERP component in children, 7 to 11 years of age, with
ASD. Our results indicate that mean N2 amplitude has moderate to
good retest reliability when sampled three months apart. This find-
ing was consistent across both a Flanker and Go/Nogo task. A med-
ian split analysis indicated that retest values were greatest among
older children (>9.33 years of age). Results were modestly
improved when a subgroup of children with changes to medication
and therapy were excluded from analyses. Collectively, these find-
ings suggest that the N2 ERP component is a reliable measure in
school-aged children with ASD.

A qualifying feature of a biomeasure is the ability to show sen-
sitivity to change with experimental manipulation or intervention
(Dawson et al., 2012; Robb et al., 2016). However, in order to eval-
uate sensitivity to change, the measure must have retest reliability
across the intervening time during which the change will occur
(e.g., pre- and post-measurements). The results of the present
study demonstrate moderate to good retest reliability of the N2
in children with ASD across three months, suggesting that this
ERP component may be a useful biomeasure in clinical research.

A second qualifying feature of a biomeasure is the ability to pre-
dict a clinical outcome or endpoint (Robb et al., 2016). The N2 is
strongly associated with executive function in both typically devel-
oping children (Espinet et al., 2012, 2013; Brydges et al., 2014) and
those with ASD (Pfefferbaum et al., 1985; Jodo and Kayama, 1992;
Faja et al., 2016). Recent studies by Rueda and colleagues (2012;
2005) have utilized the N2 as a biomeasure of executive function
in typically developing children between 4 and 6 years of age. Their
results indicate that the greatest difference in N2 amplitude
between congruent and incongruent trials was observed among
children who completed training on executive function exercises,
relative to untrained children. This finding suggests that training
improved the efficiency of neural correlates of executive function
in typically developing children. Whether a similar intervention
would alter the N2, and ultimately improve executive function,
in children with ASD warrants further research.

Although retest reliability of the N2 amplitude was previously
unexplored in ASD, our results align with studies demonstrating
reliability of this component in typically developing adults (ICCs
between 0.48 and 0.55; Clayson and Larson 2013) and children
with ADHD (ICCs between 0.7 and 0.9; Kompatsiari et al., 2016).
The methods used in these papers were comparable to the current
study, as both Clayson and Larson (2013) and Kompatsiari and col-
leagues (2016) used similar executive function tasks (i.e., Flanker
and Go/Nogo tasks) and reliability measurements (i.e., ICCs) of dis-
tinct trial types (rather than difference scores).

The observation that ICCs were consistent across two executive
function tasks suggests that children who were able to provide
more data during ERP tasks may have more efficient neural pro-
cesses underlying executive function. This is particularly apparent
when examining ICCs of ‘nogo’ trials of the Go/Nogo task: because
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this task was administered second, and is typically more difficult
for school-aged children, reliability of the N2 component in this
task suggests that children who were able to complete our exper-
imental protocol, and respond to difficult trials accurately, may
have more advanced executive function. Furthermore, ICCs from
a subsample of 10 children who provided usable data for both
the Flanker and Go/Nogo tasks were moderate to good (single mea-
sure ICCs between 0.588 and 0.860), providing additional support
fort this hypothesis.

The subgroup analysis was also consistent with our hypothesis,
as ICCs were greatest among older children. Specifically, ICCs were
greater among 9 to 11 year old children, relative to 7 to 9 year old
children, consistent with evidence that the neural structures
underlying executive function mature with development
(Abundis-Gutiérrez et al., 2014; Buss et al., 2011; Espinet et al.,
2012; Hoyniak, 2017). Notably, however, the older age group also
had greater variability in N2 amplitude (see Figs. 2 and 4). This sug-
gests that, although there are individual differences in the develop-
ment of executive functions (i.e., variability in N2 amplitude
between individuals), amplitudes are consistent over time within
individuals.

Given the utility of ERP in ASD populations (Jeste and Nelson,
2009), and associations between these measures and executive
function in typical and atypical development, EEG/ERP may be a
particularly useful biomeasure in samples with wide ranging cog-
nitive and intellectual abilities. Additional studies are needed to
characterize retest reliability in more diverse samples, as partici-
pants in the current sample were required to have an IQ � 80
and primarily male.

4.1. Limitations and future directions

In summary, the results of the current study demonstrate retest
reliability of the N2 ERP component among school-aged children
with ASD. However, there were limitations and unexpected find-
ings that should be addressed in future research. First, the ICC
value for congruent trials was lower than the value obtained for
incongruent trials in the Flanker task (Table 2). We posit that
state-dependent traits may have contributed to variability in N2
amplitude, and reduced ICC values, particularly on the less effort-
ful, congruent trials. That is, because congruent trials are less
directly related to the task demand of conflict monitoring, perfor-
mance on these trials may be more state-dependent and suscepti-
ble to alternative factors (e.g., anxiety, see Booth and Peker, 2017).
Additional studies are needed to empirically determine whether
state-dependent traits influence variability of ERP components
and ICCs in this population.

Second, there was notable variance in ICC values, as evidenced
by the large 95% confidence intervals (Table 2). This variability is
likely a consequence of individual differences within and across
children with ASD. Future studies should evaluate the reliability
of the N2 component in a larger sample, and include individuals
with comorbidities and other developmental disabilities, to sup-
port the establishment of the N2 as a valid biomeasure of executive
functioning in ASD.

Third, although our sample size was comparable to other test-
retest studies in clinical populations (e.g., Kompatsiari et al.,
2016), our analyses were limited, and may have been underpow-
ered. According to Bujang and Baharum (2017), a sample of 15 par-
ticipants is needed for an ICC of 0.6, whereas a sample of 22
participants is needed for an ICC of 0.5 (assuming a null R = 0
and a = 0.05) with 80% power. As such, we believe the sample from
our primary analysis (Flanker task, n = 21) was sufficient to detect
ICCs between 0.5 and 0.6 with 80% power. However, our secondary,
exploratory results pertaining to age and therapy/medication use
should be interpreted with caution, as subgrouping reduced
sample sizes further and may have increased the likelihood of Type
II error.

Our small sample size also limited the exploration of individual
differences. Previous studies have demonstrated relations between
N2 ERP component and executive function in ASD (Pfefferbaum
et al., 1985; Jodo and Kayama, 1992; Faja et al., 2016). Relations
between N2 and executive function were not explored in the cur-
rent study due to the small number of children who were able to
provide usable ERP data at both time points. The small samples
size also prevented a systematic exploration of the effect of trial
quantity (which impacts the ERP signal) on ICCs in children with
ASD. Additionally, � 80% of our sample had clinically significant
deficits in executive function. As not all children with ASD exhibit
executive dysfunction, replication with larger and more diverse
samples is needed to adequately assess retest reliability in this
population. Future studies should also include an age-, IQ-, and
gender-matched control group(s) to facilitate interpretation of
ICC reliabilities relative to typically developing children.

The intervening time between the test and retest assessments
in our study was notably longer than those reported in similar
studies (Clayson and Larson, 2013; Hämmerer et al., 2013;
Kompatsiari et al., 2016), suggesting that N2 amplitude has strong
stability over a longer period of time than is typically reported.
However, the longer retest period may have contributed to vari-
ability in the data and lowered ICC values, particularly in younger
children whose executive function is still rapidly developing. Thus,
replication with a larger sample and longer delay period (e.g., six
months to one year) is needed.

5. Conclusions

To better understand the widespread heterogeneity in ASD,
many researchers have begun to search for biomeasures that
underlie specific impairments characteristic of the disorder. In
recent years, the N2 ERP component has gained traction as a can-
didate biomeasure of executive dysfunction in children with ASD.
However, information regarding test-retest reliability of this com-
ponent in this population is lacking. Here, we report that the N2
component has moderate to good test-retest reliability when sam-
pled three months apart. These findings support the use of the N2
component as a biomeasure of executive function and treatment
response in school-aged children with ASD.
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