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Abstract Deficient self-regulation plays a key role in the eti-
ology of early onset disruptive behavior disorders and signals
risk for chronic psychopathology. However, to date, there has
been no research comparing preschool children with and with-
out high levels of disruptive behavior using Event Related
Potentials (ERPs) associated with specific self-regulation
sub-processes. We examined 15 preschool children with high
levels of disruptive behavior (35 % female) and 20 peers with
low disruptive behavior (50 % female) who completed a Go/
No-go task that provided emotionally valenced feedback. We
tested whether 4 ERP components: the Error Related
Negativity, the Error Positivity, the Feedback Related
Negativity, and the No-go N2, differed in preschool children
with and without high levels of disruptive behavior.
Preschoolers with high levels of disruptive behavior showed
less differentiation between the Error Positivity and corre-
sponding waveforms following correct responses at posterior
sites. Preschoolers with high and low disruptive behavior also
showed differences in Go/No-go N2 waveform amplitudes
across electrodes. These findings suggest that preschool chil-
dren with high levels of disruptive behavior may show abnor-
mal brain activity during certain self-regulation sub-processes,
informing potential advances in conceptualizing and treating
early disruptive behavior.
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Problematic disruptive behavior, including aggression, hos-
tility, defiance, non-compliance, and violating the rights of
others, are common reasons preschool children are referred
for clinical services (Egger and Angold 2006; Nock et al.
2007). Unlike typical peers, preschoolers with severe dis-
ruptive behavior are likely to remain impaired as they
move into later developmental stages (Keenan et al.
2011), and have an increased risk for future peer prob-
lems, school failure, substance abuse, and juvenile delin-
quency (Lahey et al. 1999; Olson et al. 2011; Shaw et al.
2003). To elucidate the etiology of this clinical pathway,
researchers have investigated deficient self-regulation pro-
cesses that appear to be driving disruptive behavior, such
as poor inhibitory control and feedback processing (Martel
et al. 2010; Willoughby et al. 2011). These investigations
have typically measured self-regulation deficits at the overt
behavior level (Barkley 1997; Ponitz et al. 2009). In con-
trast, little is known as to whether immediate, discrete,
neural events occurring at the onset of different regulatory
demands are abnormal in preschool children with high
levels of disruptive behavior. fMRI work has shown that
school-age children and adolescents with high disruptive
behavior show myriad structural and functional abnormal-
ities related to self-regulation, such as less anterior cingu-
late cortex (ACC) activation during executive function
(Noordermeer et al. 2016). Event Related Potentials
(ERPs), electroencephalographic (EEG) waveforms time-
locked to specific cognitive or emotional events (Luck
2014), may significantly advance our understanding of
dysregulated processes that underpin early disruptive be-
havior. In early childhood, high disruptive behavior may
be associated with abnormal neuro-electrical waveforms at
the onset of specific self-regulation demands, representing
potential endophenotypes of future risk (Euser et al. 2013;
Loo et al. 2016). However, to our knowledge, there are no
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studies comparing self-regulation-related ERPs in pre-
schoolers with and without high levels of disruptive be-
havior. The goal of the present study was to determine
whether preschool-age children with high levels of disrup-
tive behavior, compared to peers, showed abnormal ERPs
associated with distinct aspects of self-regulation: The No-
go N2, the error-related negativity (ERN) and error posi-
tivity (Pe), and the feedback related negativity (FRN)
components.

The ERN, Pe, FRN, and No-Go N2 Components
Error Related Negativity and Error Positivity

When children and adults make a commission error, such
as during a Go/No-go task, the mistake is associated with
a negative voltage deflection, occurring —20-100 ms
around the commission error onset, with a fronto-central
distribution, known as the error related negativity
(Falkenstein et al. 1991; Gehring et al. 1993; Gehring
et al. 2012). The ERN has been hypothesized to reflect
error or conflict detection (Carter et al. 1998; Coles et al.
2001), learning and performance modification (Holroyd
and Coles 2002), and/or the negative affect triggered by
making an error (Luu et al. 2003). The ERN typically
precedes a positive voltage deflection known as the error
positivity, or Pe, approximately 200-400 ms after commis-
sion error onset (Falkenstein et al. 1999; Overbeek et al.
2005). Across studies of adult samples, the maximum am-
plitude of the Pe has been reported at frontal, fronto-cen-
tral, and parietal locations (Overbeek et al. 2005). Initially
framed as a component related to conscious processing or
evaluation of errors after they have occurred (Nieuwenhuis
et al. 2003) recent research suggests that the Pe may also
be associated with processing post-error negative affect
(Tops et al. 2013) and is associated with a greater auto-
nomic nervous system response to errors (Wessel et al.
2011). Arbel and Donchin (2009) found that the positive
deflection following the ERN comprises an early fronto-
central component and a later central-parietal component,
and found that only the so-called late Pe was associated
with error saliency. For an in depth review of the multiple
explanations of the underlying function of the ERN and
Pe, see Gehring et al. 2012.

Preschool and school-age children with significant disrup-
tive behavior have been underrepresented in the ERN and Pe
literatures (Tamnes et al. 2013). Stieben et al. (2007) found
that 8—12 year old children with disruptive behavior problems
had significantly smaller ERN amplitudes compared to typical
peers, but did not examine group differences in the Pe. To our
knowledge, few studies have examined the Pe in samples
including children under 5 years (Grammer et al. 2014; Kim
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et al. 2016) and no study has yet examined the Pe in pre-
schoolers with psychopathology.

Feedback Related Negativity

The Feedback Related Negativity component is a negative-
polarity deflection occurring, in healthy adults, at approx-
imately 250 ms at fronto-central electrodes after the pre-
sentation of a valenced outcome, such as after making a
choice in a gambling task (Gehring and Willoughby 2002;
Hajcak et al. 2007; Holroyd and Coles 2002). Like the
ERN and Pe, the functional significance of the FRN is
unclear, particularly in early childhood. Studies of the
FRN response often employ gambling, or gambling-like
paradigms, where the subject cannot anticipate what the
outcome is going to be (e.g., Gehring and Willoughby
2002). These studies consistently have revealed, in adults,
larger amplitude FRN waveforms for “bad” (either loss or
non-win) outcomes than “good” (win) outcomes (Gehring
and Willoughby 2002; Hajcak et al. 2007). More recently,
however, researchers have found that the FRN may be
more associated with feedback stimuli unexpectedness
rather than valence (Ferdinand et al. 2012). As such, the
FRN may reflect the degree to which expectations have
been violated (Bismark et al. 2013). The FRN may also
underlie learning (Holroyd and Coles 2002), or relate to
subjective stress and reward sensitivity (Banis et al. 2014;
Bress and Hajcak 2013).

To date, few researchers have investigated the FRN in chil-
dren under 5 years of age, providing a limited and mixed
picture of this component in early childhood. Mai et al.
(2011) used a prize-guessing task to examine the FRN in 4-
and 5-year-old children, and found no difference in amplitude
between positive and negative outcomes. Roos et al. (2015)
examined the FRN in a performance-based flanker task in a
sample of maltreated preschool children, and found larger
FRN amplitudes for negative outcomes, but only in children
who were also high in impulsivity. This finding suggests a
correspondence between the FRN and clinical symptoms in
the preschool years, yet, to the best of our knowledge, no
investigators have compared the FRN in preschoolers with
and without high levels of disruptive behavior.

No-Go N2

The No-go N2 is a negative-going deflection occurring, in
adults, between 200 and 400 ms after presentation of a No-
go stimulus (Eimer 1993; Falkenstein et al. 1999; Jodo and
Kayama 1992) and observed at fronto-central electrodes
(Folstein and Van Petten 2008). The No-go N2 is thought to
reflect the cognitive control required to inhibit a response
(e.g., Bruin and Wijers 2002) or the conflict between compet-
ing responses (executive versus inhibition) (Nieuwenhuis
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et al. 2003). As reviewed by Folstein and Van Petten (2008),
there is empirical evidence supporting both views.

Research on the No-go N2 in pediatric clinical populations
has largely focused on older children with attention deficit-
hyperactivity disorder (ADHD), which is comorbid with but
not in and of itself a disruptive behavior disorder (American
Psychiatric Association 2013). Wiersema et al. (2006) found
that 7-13 year olds with ADHD had smaller No-go N2 am-
plitudes than non-disordered peers. However, No-go N2 dif-
ferences between groups disappeared when controlling for
disruptive behavior, suggesting a blunted No-go N2 may play
an important role in middle-childhood disruptive behavior. To
our knowledge, only one other research team has examined
the No-go N2 in children recruited based on disruptive behav-
ior (as opposed to ADHD) symptom criteria. The aforemen-
tioned study by Stieben et al. (2007) found that No-go N2
amplitudes were significantly smaller in clinically-referred
children compared to peers. To our knowledge, whether a
blunted No-go N2 indicates high disruptive behavior in the
preschool years has not been investigated.

The Present Study and Hypotheses

Our goal was to determine whether preschool children with
high disruptive behavior showed abnormal ERPs at the onset
of different self-regulation challenges compared to low-risk
peers, and identify which ERPs most clearly discriminated
these two groups. We used an adapted Go/No-go task that
allowed us to simultaneously measure multiple ERP compo-
nents: the No-go N2, the ERN and Pe, and the FRN.
Preschoolers with severe disruptive behavior are more likely
to exhibit impairment in executive function, response to pos-
itive and negative feedback, and emotion regulation (Barkley
1997; Martel et al. 2010). We therefore hypothesized, consis-
tent with ERP investigations in older children (e.g., Stieben
etal. 2007), that the ERN, Pe, and No-go N2 would be blunted
in preschoolers with high levels of disruptive behavior com-
pared to peers with low levels of disruptive behavior. Given
the dearth of research on the FRN in the development of
psychopathology, and the myriad theories on the function of
the FRN component, we had an exploratory goal to test if
FRN amplitudes differed between preschoolers with high
and low levels of disruptive behavior.

Methods

Participants

We recruited two groups of preschool children: those with
high versus low levels of disruptive behavior. All children

participated in a larger study on the development of emotion
regulation, and were included in the sample described below if
they assented to participate in the ERP portion of the study.
Parents of all prospective subjects completed a short screening
interview with a laboratory member to determine if their child
was eligible to participate. Children were screened for, and
excluded, if parents endorsed any of the following criteria:
diagnosis of mental retardation, autism spectrum disorder,
psychosis, significant medical condition, epilepsy, or history
of head injury resulting in loss of consciousness.

High Disruptive Behavior Group

Twenty children aged 3 to 5 years (M = 59 months,
SD = 8.76 months; 35 % female) comprised the group of
preschoolers with high levels of disruptive behavior. Of these,
12 children were recruited from three outpatient mental health
clinics affiliated with a large local university. Families seeking
treatment at these clinics for their child’s disruptive behavior,
per their intake evaluation, were recruited via flyers or
contacted directly by study team members around the time
of their initial appointment. An additional 8 children were
recruited from online or paper advertisements targeting pre-
school children with disruptive or defiant behavior. Based on
the screening interview, children were included in the high-
disruptive behavior group if their parents endorsed their
child’s disruptive behavior as “significant or concerning”, re-
ported that their child was being treated at a private practice
clinic, or if they stated that the child’s disruptive behavior was
noticeable in both home and school settings (e.g., if their
teacher expressed concerns). All children were right handed
or ambidextrous. Based on maternal report, 62.1 % of the
children were identified by their mothers as Caucasian,
20.7 % identified as African American, and 17.2 % as
mixed-race. Children whose parents endorsed disruptive be-
havior comorbid with other behavior problems, such as mood
or anxiety problems, were included in the study if they other-
wise endorsed concerns about disruptive behavior. One child
had been taking stimulant medication per parent report but
abstained 24 h before coming into the lab. Data were lost for
one child in the high disruptive behavior group due to a tech-
nical failure. Furthermore, a subset of children in the high
disruptive behavior group did not generate enough artifact-
free trials, with the number of excluded children varying by
component. Within the high disruptive behavior group we
examined ERP data on 14 children for No-go N2 analyses,
14 children for ERN and Pe analyses, and 11 children for FRN
analyses.

Low Disruptive Behavior Group

Thirty typically developing preschool-age children
(M = 57.9 months, SD = 7.8 months; 50 % female) were
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recruited from area preschools via community flyers and web
advertisements. Based on maternal report, 75 % of the sample
identified as Caucasian, 13.8 % as mixed-race, 5.6 % as
African American, and 5.6 % as Asian. All were right handed
or identified as ambidextrous. During the screening interview,
parents were screened to ensure they, as well as the child’s
teacher or pediatrician (per parent report), did not have con-
cerns about their child’s mood or behavior problems. ERP
data were lost for 3 children in the low disruptive behavior
group due to a technical failure, 1 child only completed a
single block, and 1 child had a rapid-response pattern and
made too many errors. Finally, some children in the low dis-
ruptive behavior group generated too many artifact-corrupted
trials, with the exact number varying by component. Within
the low disruptive behavior group, we analyzed data on 16
children for the No-go N2, 18 for the ERN and Pe, and 14 for
the FRN.

Socio-demographic characteristics of both samples are
shown in Table 1. The high and low disruptive behavior group
did not differ in terms of age, gender, income, or ethnicity.
Preschoolers low in disruptive behavior had mothers who
went significantly further in school compared to peers with
high disruptive behavior.

Procedure

Go/No-Go Task with Performance-Based Feedback

Participants completed a child-friendly Go/No-go task origi-
nally developed by McDermott et al. (2014), and expanded by

Table 1

Grammer et al. (2014). We further adapted the task to provide
performance-based, emotionally-valenced feedback to exam-
ine multiple ERP components including the FRN. Children
were told they were going to play a computer game called
“Zookeepers” to win a toy. The task had 8 trial blocks; each
block consisted of 40 trials. Children were instructed to click a
button each time they saw an animal picture (Go stimuli), with
the exception of an orangutan picture (No-go stimuli) (See
Fig. 1). The premise of the game was that all the animals
had escaped from the zoo and the child had to press a button
each time an animal was presented on the screen to put them
back in a cage. Children were told that the orangutans were
“special helpers” who lived in the Zookeeper’s house and
therefore should not be put in a cage. Children completed
two practice blocks, the first without No-go stimuli and the
second with No-go stimuli, to ensure they understood the task.
Children were awarded special animal stickers after each trial
block, regardless of performance, to increase motivation.
Research assistants were trained to praise children on their
speed, regardless of their performance, rather than their accu-
racy to ensure children made enough errors for analyses.
No-go stimuli were randomly presented 25 % of the time.
As shown in Fig. 1, for every correct No-go trial (child cor-
rectly abstained from hitting the button), the child was pre-
sented with a happy face after 500 ms of black screen. For
every incorrect No-go trial (child accidentally hit the button),
the child was presented with an unhappy face after 500 ms of
black screen. This 500 ms gap was designed to separate ERN
and FRN waveforms. Happy and unhappy faces were de-
signed to be as similar as possible in terms of their size, color
saturation, percentage of yellow to black pixels, and position

Socio-demographic characteristics of preschool children with high and low levels of disruptive behavior

Characteristic

High disruptive behavior (n = 15)

Low disruptive behavior (n = 20)

M (SD)
Age (months) 59.68(8.5)
Gender (% male) 64 %
Ethnicity (% Caucasian) 64 %
Income 9.61(3.8)
Mother age (years) 34.57(5.8)
Mother education 4.86(1.4)
Father age (years) 36.79(7.6)
Father education 5.00(2.0)
Marital status (% married) 83 %
WPPSI-IV Vocab. score 20
CBCL ODD T-score 63.15(7.5)
CBCL ADHD T-score 57.00(6.2)
CBCL affective T-score 53.92(3.9)
CBCL anxiety T-score 53.54(4.7)

M (SD) 1(df)
59.86(6.4) ns

33 % ns

77 % ns
7.93(3.3) ns
35.24(4.7) ns
6.00(1.4) 2.24(29)*
39.88(8.9) ns
5.75(1.4) ns

81 % ns

21

53 -4.5(27 )k
51.31(2.1) -3.4(27)**
54.00(5.3) ns
51.50(3.2) ns

WPPSI-IV Vocab. Score = wechsler preschool and primary scale of intelligence, 4th edition, vocabulary subtest

#p < 0.05, *p < 0.01, ***p < 0.001
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Fig.1 Flow chart of the emotion-
inducing Go/No-go task.
Response contingencies repre-
sented with arrows. Red arrows
denote incorrect responses and
green arrows denote correct
responses

Get Ready!

500MS Feedback

on the screen to ensure these stimulus characteristics did not
influence waveforms. Happy and unhappy faces were not
linked to any reward. Children were told before playing the
game that happy faces meant the orangutan was glad the child
had correctly abstained from putting them in a cage, and
“grumpy” faces meant the orangutan was unhappy the child
had put them in a cage where they didn’t belong. Children also
saw the same unhappy face if they did not respond to go
stimuli in a sufficient amount of time. Children were told that
these “grumpy” faces meant they needed to click faster. The
purpose of presenting negative feedback on unresponsive Go
trials was to prevent children from trying to avoid No-go er-
rors by engaging in a non-response strategy. We did not ex-
amine waveforms related to omission error feedback in the
present study.

As noted by (Shiels and Hawk 2010), Olvet and Hajcak
(2008), and others, clinical-control group differences in ERPs,
specifically the ERN, may be due to differences in the number
of errors made during the task rather than differences in the
neural generator of the component itself, as fewer errors are
associated with a larger amplitude ERN. In the present study, a
dynamic algorithm ensured all children, regardless of their
inhibitory ability, would make approximately the same num-
ber of errors, and thus encounter the same number of emotion-
eliciting events across the task. Specifically, the duration of
Go and No-go stimuli decreased by 100 ms increments each
time children completed a successful No-go trial. Similarly,
Go and No-go stimulus duration increased by 100 ms incre-
ments each time children made an error on a No-Go trial.
Adjustments in duration were capped such that Go and No-
go stimuli could be no faster than 800 ms and no slower than
1800 ms. Speed adjustments did not affect the duration of
black screen, fixation cross, or feedback presentation.

Prior to EEG recording, children were seated in a comfort-
able chair and engaged in rapport building with research as-
sistants. This included reading a picture book together about

500MS Black

500MS Cross

animals in a zoo, and administrating an assent script in child-
friendly language. Parents were allowed to remain in the room
with their child during both the assent and EEG recording.
EEG data were recorded using a 128 channel Geodesic
Sensor Net (EGI; Tucker 1993). Impedance for all electrodes
was kept below 50 K2, and all recordings were referenced to
the vertex, Cz. The EEG signal was amplified using a 0.01—
100 Hz bandpass and digitized at 500 Hz. The electro-
oculogram (EOG) was monitored with 6 electrodes placed
bilaterally in the external canthi (Ch 128 and 125), supraorbit-
al (Ch 25 and 8) and infraorbital (Ch 127 and 126) regions.
Recording in every channel was vertex-referenced. Data were
recorded and processed using Net Station 4.4 (EGI software).

Once acquired, an Elliptical infinite impulse response (IIR)
filter was used for highpass filtering and a Kaiser finite im-
pulse response (FIR) filter was used for lowpass filtering, with
a2 Hz roll-off. EEG data were filtered between 0.1 and 20 Hz.
The continuous EEG was segmented into epochs for compo-
nents of interest. Go and No-go N2 segments began 200 ms
before the onset of the stimulus and ended 1200 ms after.
Segments comprising the ERN, CRN, Pe, and Pc began
400 ms before the onset of the response and ended 800 ms
after the response. FRN segments began 200 ms before the
onset of feedback presentation and ended 1200 ms after.
Segmented files were scanned for artifacts with the Artifact
Detection NS tool for excessive muscle activities, eye blinks
and eye movements. Segments were marked as an artifact if
activity exceeded pre-defined thresholds for eye movement
(55 uV), blinks (100 V), and bad channels (200 uV).
Following this automated process, segments were manually
inspected. Segments with more than 10 bad channels were
excluded from analyses. In segments fewer than 10 bad chan-
nels, and no movement artifacts, spherical spline interpolation
was used to replace bad channels using values from neighbor-
ing channels. Subjects with at least 5 good segments in each
trial were included in analyses, consistent with other pediatric
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ERP studies that have used a lower cutoff compared to the
adult ERP literature (Grammer et al. 2014; Roos et al. 2015).
There were no significant differences between groups in the
number of artifact-free trials for any condition.

Artifact-free No-go N2, ERN, Pe and FRN segments were
averaged separately and then re-referenced against the average
of all channels. A baseline correction was performed with
baselines specified as follows: =200 to -100 ms prior to re-
sponse onset for ERN and CRN, Pe and Pc segments, —100 to
0 ms for FRN (positive and negative feedback) segments, and
-100 ms to 0 ms prior to stimulus onset for Go and No-go N2
segments. Based on initial visual inspection of the grand av-
eraged ERPs, and in accordance with previously published
reports (Espinet et al. 2012; Grammer et al. 2014; Mai et al.
2011), we defined ERP component windows of interest as the
following: The ERN was defined as the average amplitude
between —25 and 50 ms aligned with response onset. The Pe
was defined as the average amplitude between 200 and
500 ms after the response onset. The FRN was defined as
the average amplitude between 350 and 450 ms after the feed-
back onset (but note additional adjustments made below). The
No-go N2 was defined as the average amplitude between 200
and 570 ms after stimulus onset. Furthermore, we made man-
ual adjustments for a small number of children who showed
peak amplitudes of these components outside, but within
50 ms of, these predefined windows of interest. Manual ad-
justments were made by shifting, not extending, the window
ofinterest by 25 or 50 ms. These small adjustments were made
to better capture the ERN for three low disruptive behavior
preschoolers, and two high disruptive behavior preschoolers,
the Pe for one low disruptive behavior preschooler, and the
FRN for three low disruptive behavior preschoolers and one
high disruptive behavior preschooler.

Group Comparisons of Behavior Problems
and Verbal Intelligence

Parents rated their child’s behavior using the Child Behavior
Checklist (CBCL; Achenbach and Rescorla 2000). As shown
in Table 1, high disruptive behavior preschoolers had signifi-
cantly higher Oppositional Defiant Disorder and Attention
Deficit Hyperactivity Disorder T-scores compared to low-
risk peers. Among high disruptive behavior preschoolers,
Oppositional Defiant Disorder T-scores fell in the borderline
clinical range, whereas ADHD, Affective, and Anxiety T-
scores fell within the typical range. Moreover, Affective and
Anxiety T-scores did not differ between groups. Across the
entire sample, CBCL Oppositional Defiant Disorder and
Attention Deficit Hyperactivity Disorder T-scores were highly
correlated, 7(32) = 0.842, p < 0.001. Children completed the
Wechsler Preschool and Primary Scale of Intelligence- Fourth
Edition (WPPSI-IV) (Wechsler 2012) Vocabulary subtest to
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assess verbal intelligence. There were no differences in
WPPSI-IV vocabulary scores between groups.

Statistical Analyses

Independent sample t-tests were used to test for differences in
task accuracy and reaction time between groups. For each
ERP component of interest (ERN, Pe, FRN, and No-go N2),
we first examined the visual characteristics of the waveforms
for high- and low-disruptive behavior groups at central-
midline 10-10 sites: Fz, FCz, Cz, and Pz. The four sites were
chosen a priori to be consistent with how adult and child
studies commonly display and analyze the ERN, Pe, FRN,
and No-go N2 (Overbeek et al. 2005; Folstein and Van
Petten 2008). We also examined how voltages for each con-
dition, and differences between conditions, were distributed
across the entire scalp for each group. Next, we conducted
repeated measures ANOVAs with condition and electrode as
within subject factors and group as a between subject factor.
An alpha level of 0.05 was used for all statistical tests. It is not
currently the universal standard in ERP research to correct for
multiple comparisons (for examples see Buss et al. 2011;
Roos et al. 2015; Stieben et al. 2007; and Wiersema et al.
2006) with some researchers arguing for caution in situations
where alpha correction might reduce the sensitivity needed to
evaluate hypotheses (Burwell et al. 2016). Further, other psy-
chophysiological methodologists have argued that conven-
tional multiple comparison corrections are not appropriate
for ERP data in cases where different waveforms are derived
from the same task and are thus dependent on each other
(Causeur et al. 2012). Nonetheless, we employed the False
Discovery Rate (FDR) correction (Benjamini and Hochberg
1995) to provide a more conservative estimate of effects.
However, to balance risk of Type I and Type II errors
(Wasserstein and Lazar 2016), we also report both uncorrected
p-values and effect sizes for all significant findings. The
Greenhouse Geisser correction was used to correct for sphe-
ricity violations when needed.

Results

Group Comparisons of Go/No-Go Task Performance

Accuracy and reaction time data for each group are shown in
Table 2. Preschoolers with high and low levels of disruptive
behavior did not differ in accuracy or reaction time for Go or
No-go trials. The average duration for Go and No-go trials
was significantly different between groups such that the task
slowed down significantly for high disruptive behavior pre-
school children in response to their No-go performance.
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Table 2 Adapted Go/No-go task behavioral data for preschool children with high and low levels of disruptive behavior
High disruptive behavior (n = 15) Low disruptive behavior (n = 20)
M (SD) M (SD) 1df)
Go trial reaction time (ms) 599(61) 589(40) ns
No Go trial reaction time (ms) 482(64) 469(62) ns
Go accuracy (% Correct) 81 % (12) 82 %(8) ns
No-go accuracy (% Correct) 73 %(14) 69 %(8) ns
Stimuli duration (ms) 887(65) 951(111) 2.26(36)*
Number of usable, artifact-free trials
CRN 71(33) 79(26) ns
ERN/Pe 12(6) 13(7) ns
FRN, positive outcome 20(6) 29(8) ns
FRN, negative outcome 9(5) 10(4) ns
No-go N2 15(8) 20(9) ns
Go N2 69(39) 88(36) ns
*p < 0.05

Therefore, differences found in the ERP waveforms between
groups were not due to a significant difference in the number
of errors made.

ERP Waveforms

Results of repeated measures ANOVAs for the ERN, Pe,
FRN, and No-go N2 are presented in Table 3.

ERN and Pe
ERN

Response-locked waveforms showing the ERN and Pe com-
ponents at midline electrode sites, and scalp distribution maps,
can be seen in Fig. 2. High- and low-disruptive behavior pre-
schoolers showed a negative deflection around the time of
error commission that was larger in magnitude (more

negative) compared to corresponding correct trials (CRN),
most robustly seen at FCz and Cz. A 2 (condition: ERN,
CRN) x 4 (electrode: Fz, FCZ, Cz, Pz) x 2 (group) ANOVA
revealed a main effect of condition such that ERN amplitudes
were significantly larger than CRN amplitudes. There was
also a significant condition by electrode interaction such that
ERN-CRN differences were larger at FCz and Cz than at Fz
and Pz. High-disruptive behavior preschoolers showed larger
ERN amplitudes and smaller CRN amplitudes than low dis-
ruptive behavior peers, however the main effect of group was
non-significant. The main effect of condition and the condi-
tion by electrode interaction survived after FDR correction for
multiple comparisons.

Pe

In addition, both groups showed a positive deflection between
200 and 500 ms that was larger for error trials than correct trials
at FCz, Cz, and Pz. A 2 (condition: Pe, Pc) x 4 (electrode: Fz,

Table 3  Results of the repeated measures ANOVAs with F-values (df), p-values, and effect sizes for the ERN, Pe, FRN, and No go N2, including
between subjects factor group and within subjects factors condition and electrode

ERN/CRN Pe/Pc FRN Go/No go N2

F p n F p n F p n F p ny’
Group  330(1,30) 008 -  0.173(1,30) 070 -  172(1,23) 020 -  092(1,28) 035 -
Condition  51.28(1,30) <0.001 0.63 322(1,30) 008 -  2977(1,23)  <0.001 056 023(1,28) 064 -
Electrode 226 (3,90) 009 007 3501(3,90) <0.001 054 7.07(2,322) 0002 024 37.59(3,84) <0.001 057
G*C 000(1,30) 097 -  003(1,30) 086 -  544(1,23) 047 -  060(1,28) 045 -
G*E 027(3,90) 086 -  482(3,90) 0004 014 019(14,322) 083 -  364(3,84) 002  0.12
C*E 482(3,90) 0004 014 2543(3,90) <0.001 046 169(12,284) 020 -  1083,84) 036 -
G*C*E 033(3,90) 081 -  158(3,90) 020 -  L14(12,284) 033 -  073(3,8%) 054 -

Significant statistics indicated in bold
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Fig. 2 Response locked waveforms and scalp distributions following correct Go and incorrect No-go trials for preschool children with high and low

levels of disruptive behavior

Fcz, Cz, Pz) x 2 (group) ANOVA did not reveal significant
group or condition main effects. There was a main effect of
electrode suggesting greater overall positivity at posterior scalp
sites across error and correct trials. There was also a significant
group by electrode and a condition by electrode interaction.
Paired-sample t-tests revealed Pe amplitudes were significantly
larger than corresponding Pc amplitudes at Pz for low-
disruptive behavior preschoolers, #(17) = 3.37, p = .004, uncor-
rected, d = 1.63, a trend that was non-significant for high-
disruptive behavior peers, #(13) = 2.15, p = 0.051, uncorrected.
An independent samples t-test revealed that Pc amplitudes at Pz
were smaller (less positive) for low disruptive behavior pre-
schoolers than high disruptive behavior peers, #(30) = —2.53,
p = 0.02, uncorrected, d = 0.92. Further, for both groups, Pe
amplitudes were significantly smaller (less positive) than Pc
amplitudes at Fz (low-disruptive behavior: #17) = —3.81,
p = 0.001, uncorrected, d = 1.85; high-disruptive behavior:
#(13) =—-3.09, p = 0.01, uncorrected, d = 1.71) and FCz (low-
disruptive behavior: #(17) = —2.68, p = 0.02, uncorrected,
d = 1.30; high-disruptive behavior: #13) = —2.54, p = .02,

@ Springer

uncorrected, d = 1.41. All significant effects survived after
FDR correction for multiple comparisons.

FRN

As shown in Fig. 3, visualization of the waveforms showed a
negative deflection in both groups, beginning around 375 ms
post-feedback and continuing through later in the epoch, at Fz,
FCz, and Cz, and a larger deflection for negative feedback
than positive feedback. Here, we refer to the negative-going
activity as the FRN, recognizing that it does not return in the
positive-voltage direction as is more typical of the FRN and
does not resemble the typical FRN seen in older children and
adults (e.g., Crowley et al. 2013). Further complicating inter-
pretation, the waveforms also show differences in the positive
and negative feedback conditions prior to the 350-450 ms
window of interest, with the exception of site FCz. These
differences prevented us from simply comparing the average
amplitude between 350 and 450 ms. Therefore, for each con-
dition, we calculated the peak-to-peak difference between the
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Fig. 3 Response locked negative and positive feedback waveforms and scalp distributions for correct and incorrect No-go trials for preschool children

with high and low levels of disruptive behavior

FRN and the preceding P2. P2 peaks were defined as the
maximum (most positive) amplitude between 200 and
250 ms, and FRN peaks were defined as the minimum (most
negative) amplitude between 350 and 450 ms. In addition, a
notable difference in amplitude between positive and negative
feedback waveforms, particularly at sites Fz and Pz, was ob-
served prior to the =100 to 0 ms baseline correction window.
Given the task design, differences in amplitude by condition
before the baseline may reflect differences in activity prior to
stimulus onset. At Pz, the lack of an apparent P2 and FRN
prevented us from calculating a peak-to-peak difference, and
thus we did not include Pz in the ANOVA model.

A 2 (condition: positive, negative feedback) x 3 (electrode:
Fz, FCz, Cz) x 2 (group) ANOVA revealed a main effect of
feedback type such that negative feedback was associated
with larger amplitudes (more negative) than positive feed-
back. There was also a main effect of electrode, suggesting
greater negativity at frontal scalp sites across positive and
negative feedback trials. There was no main effect of group
and interaction terms were non-significant. The main effects
of condition and electrode survived after FDR correction for
multiple comparisons.

No-Go N2

Visualization of No-go N2 waveforms (see Fig. 4) revealed that
both groups showed a negative deflection between 200 and

500 ms for correct Go and No-go trials at Fz, FCz, and Cz.
Furthermore, each of these waveforms showed two distinct
peaks in the window of interest. A 2 (condition: Go, No-go)
x 4 (electrode: Fz, FCz, Cz, Pz) x 2 (group) ANOVA revealed a
main effect of electrode, suggesting less negativity at posterior
scalp sites across Go and No-go trials. There was no main effect
of condition or group; however, there was a significant elec-
trode by group interaction. Examination of the interaction re-
vealed that Go/No-go N2 estimated marginal means were
smaller (less negative) for high disruptive preschoolers than
low disruptive preschoolers at Fz, Fcz, and Cz, consistent with
our hypothesis, and larger (more negative) at Pz. Numerically,
group differences in average amplitude were larger for No-go
N2 waveforms than Go N2 waveforms, with the largest No-go
N2 difference appearing at Cz. However, non-significant group
by condition and group by electrode by condition interactions
prevented us from testing whether No-go N2 waveforms sig-
nificantly differed by group at specific electrodes. After FDR
correction for multiple comparisons, the main effect of elec-
trode survived and the electrode by group interaction survived
at the p = 0.08 threshold but not the p = 0.05 threshold.

Discussion

In the present study, preschool children between the ages of 3
to 5 years with high or low levels of disruptive behavior
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Fig. 4 Waveform and scalp distributions following correct Go and No-go trials for preschool children with high and low levels of disruptive behavior

completed a child-friendly, ERP compatible Go/No-go task
adapted to provide performance-based feedback. Children
with both high and low disruptive behavior generated wave-
forms following responses and feedback consistent with the
ERN, Pe, FRN, and No-go N2 in terms of waveform onsets
and valences, and magnitude differences by condition. We
found evidence that the Pe and Go/No-go N2 components
discriminated preschool children with high levels of disruptive
behavior from peers with low levels of disruptive behavior.
Specifically, whereas preschoolers with low disruptive behav-
ior showed larger (more positive) Pe amplitudes than Pc am-
plitudes at electrode Pz, the difference was non-significant in
peers with high disruptive behavior. This difference appeared
to be driven by Pc amplitudes that were larger (more positive)
at Pz in preschoolers with high disruptive behavior. In addi-
tion, Go/No-go N2 analyses revealed a group by electrode
interaction showing high disruptive behavior preschoolers
had smaller Go/No-go N2 waveforms at frontal midline sites
and larger waveforms at Pz than low disruptive peers.
However, we were unable to further unpack this interaction
to test if No-go N2 waveforms specifically were significantly
blunted in high disruptive preschoolers. There were no differ-
ences in the ERN and FRN components between groups.
These findings have potentially important implications for
how we conceptualize the etiology of early, clinically signifi-
cant disruptive behavior and how future prevention and inter-
ventions might take a more targeted approach.

Compared to peers with high disruptive behavior, the
Pe generated by preschoolers with low disruptive behavior
showed greater discrimination between Pe and Pc
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waveforms that more closely resembled reports of this
component in older children and adults. A robust Pe-Pc
difference has been consistently reported in samples of
older, healthy children (Grammer et al. 2014) and adults
(Arbel and Donchin 2009), suggesting high disruptive pre-
schoolers in the present study may have exhibited more
immature waveforms linked to error saliency processing.
Evidence that preschoolers with high disruptive behavior
also showed different Go/No-go N2 waveform amplitudes
extends limited research on disruptive behavior in middle
childhood reporting blunted No-go N2 waveforms (Stieben
et al. 2007). Specifically, the present study suggests that
electrode differences in Go/No-go N2 waveforms may be
detectable and linked to behavior problems very early in
the lifespan. Collectively, these findings indicate that an
abnormal Pe and differences in Go/No-go N2 waveform
amplitudes may be potential endophenotypes signaling de-
veloping psychopathology and risk for myriad negative
outcomes. The burgeoning interest in ERPs as clinical
endophenotypes of psychiatric risk has, to date, largely
focused on the ERN and risk for anxiety, depression,
and substance abuse in older populations, as opposed to
early onset externalizing psychopathology (Euser et al.
2013; Iacono and Malone 2011; Loo et al. 2016). More
recent studies showed that the ERN, Pe, and No-go N2
are rank stable over a 1 to 2 year period in child and
adolescent populations (Burwell et al. 2016; Meyer et al.
2014). Our findings warrant future research testing wheth-
er the Pe and Go/No-go N2 are rank stable from early to
middle childhood and forecast clinical outcomes.
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Furthermore, our finding that preschoolers with high and
low disruptive behavior showed no differences in the ERN,
CRN, or FRN, suggests a rethinking of how early self-
regulation deficits contribute to significant disruptive behav-
ior. When measured as behavioral performance or parent rat-
ings, children with high disruptive behavior exhibit myriad
Executive Function deficits and difficulty managing negative
emotion (Barkley 1997; Cole et al. 2009; Nigg et al. 2002).
Moreover, the anterior cingulate cortex (ACC) and overlap-
ping portions of the medial frontal cortex (MFC) are hypoth-
esized to generate each of the four components we examined
in the present study (Botvinick et al. 2004; Ferdinand et al.
2012; Nieuwenhuis et al. 2003). With this literature in mind,
our findings suggest caution in assuming early disruptive be-
havior problems result from global self-regulation deficits and
underlying neural dysfunction. We found evidence that most
ERPs generated by the adapted Go/No-go task were not sen-
sitive to level of disruptive behavior, indicating some self-
regulation sub-processes may be intact in preschoolers with
high disruptive behavior, at least in certain contexts.
Alternatively, it is possible certain self-regulation sub-process-
es, such as those underlying the Pe and Go/No-go N2, dispro-
portionately contribute to individual differences in early dis-
ruptive behavior. Processing the emotion associated with
making a mistake, and discerning when to make or inhibit a
response, are challenges preschool children experience daily
and learn to master across early childhood (Posner and
Rothbart 2000). Neural activity while processing error-
related emotional salience and producing and/or inhibit re-
sponses appropriately, at the instance these challenges occur,
may be particularly salient markers of early onset disruptive
behavior problems. Clinically, these findings suggest that self-
regulation-based targets for reducing early disruptive behavior
may be quite specific. For example, interventions designed to
reduce preschool disruptive behavior by improving self-
regulation often target a range of skills (e.g., Bodrova and
Leong 2007). Pinpointing self-regulation sub-processes that
make the largest contribution to early disruptive behavior
may eventually lead to more efficacious treatments.

Strengths and Limitations

By using a task capable of measuring multiple ERPs, the
present study is, to our knowledge, the first to detect ERPs
indicative of high disruptive behavior in children as young as
three years. Although these findings potentially advance our
understanding of self-regulation deficits and early disruptive
behavior, limitations must be acknowledged. While the sam-
ple size for each group was consistent with other ERP studies
of young children with behavior problems (Carrasco et al.
2013; Kuhl et al. 2005; Stieben et al. 2007), larger samples
may have yielded more robust differences between groups.

Specifically, teasing apart whether the Go/No-go N2 finding
is due to Go or No-go N2 waveforms is a critical future direc-
tion that will require testing with larger samples. Further, it
appeared preschool children with high disruptive behaviors
had larger ERN amplitudes and smaller CRN amplitudes than
peers with low disruptive behavior, but the difference was a
non-significant trend (p = 0.08). It is possible this non-finding
represents a Type II error that would have been detected with a
larger sample. Another limitation of the study was that the
adapted Go/No-go task was not designed to examine the
No-go P3 component, which occurs 300 to 600 ms after stim-
ulus onset and has been associated with self-regulation
(Falkenstein et al. 1999; Polich 2007). Specifically, we ob-
served a later developing No-go N2 (similar to Espinet
et al.’s 2012 investigation of the N2 in preschoolers), and a
post-N2 positive deflection that did not develop into a peak
due, perhaps in part, to the onset of feedback stimulus. Finally,
we identified waveforms consistent with the ERN, Pe, FRN,
and No-go N2, but observed some morphological differences
with descriptions of these components in the adult literature.
ERP studies in adults have consistently shown that No-go N2
amplitudes are larger than Go N2 amplitudes, which was not
the case in the present study, and that the adult FRN occurs
earlier, and at more anterior sites, than the FRN reported here.
Some literature suggests these inconsistencies may be devel-
opmental differences between early childhood and adulthood.
Buss et al. (2011), in a study of non-clinical preschoolers,
similarly did not find N2 differences following congruent
and incongruent trials of a flanker task. Mai et al.” (2011)
study of typical preschool children found a later occurring
FRN that was most robust at FCz and Cz, which is highly
similar to what we report here. However, because there are
so few studies of these ERPs in early childhood, we cannot
rule out whether morphological differences between pre-
schoolers and adults are due to development or adapting tasks
to make them early-childhood friendly. For example, unlike
gambling tasks used to examine the FRN in adults, pre-
schoolers in the present study could hypothetically have an-
ticipated whether feedback would be good or bad (Holroyd
and Coles 2002).

Future Directions and Conclusions

The present study represents an exciting first step toward
using ERPs to elucidate the etiology of clinically significant
disruptive behavior early in the lifespan. In the present study,
we allowed comorbid symptoms to vary in order to measure
an ecologically valid group of disruptive preschool children,
similar to those typically presenting in clinics (Egger and
Angold 2006). Studies designed to test whether these ERP
differences are moderated by specific symptom profiles
(e.g., aggression versus defiance; with and without ADHD),
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or severity levels, may lead to major strides in our understand-
ing of the development of psychopathology. In addition, given
ERPs like the Pe and Go/No-go N2 are theorized to relate to
multiple functions (Overbeek et al. 2005; Folstein and Van
Petten 2008), studies employing different paradigms may be
able to clarify the precise meaning of the abnormal Pe and Go/
No-go N2 observed in preschool children with high disruptive
behavior. Relatedly, ERPs may represent immediate neural
events in unfolding and complex cascading processes that
eventually include higher order skills and processes (Hajcak
et al. 2007; Zelazo and Cunningham 2007). Follow-up multi-
modal work, such as linking ERPs to other physiological mea-
sures and overt behaviors, may explicate how brain activation
at the onset of a self-regulation challenge triggers processes at
different levels of analysis, resulting in maladaptive behaviors
like defiance and aggression. Thus, identifying specific self-
regulation-related ERPs that are biomarkers of early disrup-
tive behaviors represents a potentially novel avenue for inves-
tigating how psychopathology emerges across development.
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