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Abstract

Identifying neural and cognitive mechanisms in externalizing problems in childhood is important for earlier and more tar-
geted intervention. Meta-analytic findings have shown that smaller N2 event-related potential (ERP) amplitudes, thought to
reflect inhibitory control, are associated with externalizing problems in children. However, it is unclear how (i.e., through
which cognitive processes) N2 amplitudes relate to externalizing problems. We examined whether inhibitory control may be
a cognitive process that links N2 amplitudes and externalizing problems in early childhood. Children (N=147, 74 girls) were
assessed at four time points, spanning 3—7 years of age. Children’s externalizing behavior was assessed via questionnaires
completed by mothers, fathers, and teachers/secondary caregivers. Children’s inhibitory control was assessed using eleven
performance-based tasks and two questionnaires. Developmental scaling linked differing measures of inhibitory control and
externalizing behavior across ages onto the same scale. Children’s N2 amplitudes were extracted from electroencephalogra-
phy data collected during a go/no-go task. Smaller N2 amplitudes were associated with externalizing problems and poorer
inhibitory control. A concurrent analysis of indirect effects revealed that poorer inhibitory control partially explained the
association between smaller N2 amplitudes and externalizing problems, even when controlling for the child’s age, sex, and
socioeconomic status. This is among the first studies to link N2 amplitudes, inhibitory control, and externalizing problems
during early childhood. Findings suggest that smaller N2 amplitudes may be an early neural indicator of inhibitory control
deficits and externalizing psychopathology. Moreover, inhibitory control may be an important target for early intervention
in the development of externalizing psychopathology.
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Externalizing behavior problems consist of children’s out-
ward behaviors and reactions to external cues from the envi-
ronment, such as aggression, inattention, hyperactivity, and
conduct problems (Liu, 2004). The worldwide prevalence
of externalizing disorders is ~5.7%, or 113 million children
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(Polanczyk et al., 2015). Moreover, individual differences in
externalizing behaviors tend to be relatively stable through-
out the life span and are associated with severe outcomes,
including academic underachievement (Hinshaw, 1992),
substance use (Petersen et al., 2015), and criminality (White
et al., 1990). Therefore, it is crucial to identify mechanisms
in the development of externalizing behaviors before these
behaviors develop into severe problems later in life. It may
be especially important to identify biological and cognitive
mechanisms underlying externalizing behavior, because a
given behavior (e.g., deficient self-regulation) can reflect
different underlying substrates and can appear across several
disorders. That is, the same behavior can occur for different
reasons. Thus, behavior ratings are not sufficient to make
conclusions about mechanisms in the development of psy-
chopathology (Insel, 2014).
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Accordingly, the Research Domain Criteria (RDoC) ini-
tiative from the National Institute of Mental Health seeks
to advance understanding of neural substrates of psycho-
pathology (Insel et al., 2010). The RDoC initiative was
developed to address shortcomings of traditional categori-
cal conceptualizations of psychopathology that are based
on a set of symptoms. Instead of using diagnostic catego-
ries, the RDoC framework uses dimensional conceptual-
izations of psychopathology, in which typical and atypical
behavioral development are examined across the lifespan.
The RDoC framework provides an organizational structure
(i.e., matrix) for researchers to characterize the nature of
psychopathology across units of analysis. The matrix speci-
fies six major domains (e.g., Cognitive Systems) consisting
of constructs (e.g., cognitive control), subconstructs (e.g.,
inhibitory control), and units of analysis (e.g., physiological,
self-report, and behavioral data). Within the RDoC frame-
work, it is important to identify neurobiological (and other)
processes underlying the development of psychopathology.
Notably, one initial criticism of the RDoC framework was
that it largely excluded developmental data in its formulation
(Conradt et al., 2021; Durbin et al., 2022). However, recent
studies have sought to integrate developmental perspectives
into the RDoC framework. For example, Vogel et al. (2021)
used an RDoC approach to examine how trajectories of emo-
tion dysregulation in positive (i.e., excitability) and negative
(i.e., irritability) affect in childhood predicted emotion dys-
regulation in adolescence. Similarly, Damme et al. (2022)
used the RDoC framework to examine associations between
patterns of irritability in early childhood (i.e., preschool age
and early school age) and later psychopathology (internal-
izing and externalizing symptoms) and neural outcomes
in preadolescence. Thus, the RDoC framework provides a
structure for researchers to examine trajectories of constructs
across units of analysis, allowing researchers to examine the
development of typical and atypical behavior (e.g., psycho-
pathology) over time.

One possible biological process in the development of
externalizing behavior is neural activity in the prefrontal
cortex or anterior cingulate cortex, as indexed by the N2
event-related potential (ERP). The N2 ERP is commonly
examined using tasks designed to assess inhibitory con-
trol. Inhibitory control is the ability to inhibit responses
to irrelevant stimuli in pursuit of a cognitively represented
goal (Simpson & Carroll, 2019). In the RDoC framework,
inhibitory control is a subconstruct of the cognitive systems
domain and cognitive control construct. A widely used para-
digm to assess inhibitory control is the go/no-go task. Dur-
ing go/no-go tasks, children are presented with two stimuli:
a go stimulus, which is paired with response activation (e.g.,
a button press), and a no-go stimulus, which is paired with
response inhibition. Go stimuli are often presented more
frequently than no-go stimuli to elicit a prepotent response
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and make inhibition more difficult. The N2 ERP, extracted
using electroencephalography (EEG), is the second nega-
tive deflection in the waveform that occurs approximately
300-500 ms post stimulus in children to both go and no-go
stimuli (Hoyniak, 2017). Importantly, the inhibitory (no-
go/stop) N2 component has been widely associated with
externalizing behavior in children. Meta-analytic work has
shown that smaller (i.e., less negative) no-go N2 amplitudes
are associated with more externalizing behavior in children
(Hoyniak & Petersen, 2019). However, the mechanism
underlying the association between no-go N2 amplitudes
and externalizing problems is unclear.

Given the costs and practical challenges of using neu-
ral substrates in intervention and prevention efforts, it is
important to identify cognitive intermediate phenotypes in
the association between biological processes and external-
izing behavior. Cognitive intermediate phenotypes between
inhibitory N2 amplitudes and externalizing problems may
capture early neural risk processes, while providing practi-
cal targets for intervention. Furthermore, identifying links
between the brain and behavior is aligned with the RDoC
framework, which encourages researchers to build a bridge
that spans the same construct across multiple units of analy-
sis. A cognitive process that may be a potential intermediate
phenotype between no-go N2 amplitudes and externalizing
problems is inhibitory control.

Although the functional interpretation of the N2 compo-
nent is not yet established, research supports the interpreta-
tion of the N2 as an index of inhibitory control in inhibitory
tasks (Jing et al., 2021; Jodo & Kayama, 1992), such as go/
no-go tasks (Hoyniak, 2017; Hoyniak & Petersen, 2019).
The N2 is larger to inhibition (i.e., no-go) stimuli than to
activation (i.e., go) stimuli. Moreover, when experimentally
manipulating effort by setting limits on adults’ reaction time,
Jodo and Kayama (1992) found that no-go N2 amplitudes
were larger when greater effort was required to withhold the
prepotent response. Research has localized the no-go N2
component to areas thought to support inhibitory control
(Steele et al., 2013), including the anterior cingulate cortex,
orbitofrontal cortex, ventral prefrontal cortex, and dorso-
lateral prefrontal cortex (Bokura et al., 2001; Lavric et al.,
2004). Taken together, these findings provide evidence for
the interpretation of the no-go N2 as an index of inhibitory
control. However, other functional interpretations of the N2
have been proposed, including that the inhibitory (i.e., no-go
and stop) N2 reflects conflict monitoring or attention to mis-
matched stimuli (Enriquez-Geppert et al., 2010; Folstein &
Van Petten, 2008; Smith et al., 2010). Given the association
between no-go N2 amplitudes and externalizing problems,
it is important to clarify the functional interpretation of the
N2 component.

Several studies have examined the association between
N2 amplitudes and inhibitory control in children (Brydges
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et al., 2014; Espinet et al., 2012; Jing et al., 2021; Kaiser
et al., 2006). A larger difference between go and no-go
N2 amplitudes is thought to reflect more advanced inhibi-
tory capacities (Jodo & Kayama, 1992). Thus, it might be
expected that larger no-go N2 amplitudes would be asso-
ciated with better inhibitory control, because smaller N2
no-go amplitudes may reflect insufficient recruitment of
neural resources necessary for inhibition. However, mixed
findings in children have emerged. Several studies have
shown that larger no-go N2 amplitudes are associated with
better inhibitory control in children (Grabell et al., 2017;
Hoyniak, 2017; Ruberry et al., 2017). By contrast, meta-
analytic work has found that smaller no-go N2 amplitudes
are associated with better inhibitory control (Buss et al.,
2011; Espinet et al., 2012; Hoyniak & Petersen, 2019).
Given these inconsistent findings in children, it is impor-
tant to consider developmental changes in N2 amplitudes
and self-regulatory processes. On average, no-go N2
amplitudes decrease and self-regulation abilities increase
with age during childhood (Berger, 2011; Hoyniak, 2017).
Thus, if inhibition is successful, smaller no-go N2 ampli-
tudes may reflect more efficient and mature neural pro-
cessing. Further, it is possible that children who remain
less efficient in the neural processes required for inhibition
have larger no-go N2 amplitudes than typically develop-
ing children. That is, older children with poorer inhibitory
control skills via less efficient neural processing may have
larger no-go N2 amplitudes. This may explain why some
studies have found that smaller no-go N2 amplitudes (more
efficient processing) are associated with better inhibi-
tory control, whereas others have found that larger no-go
N2 amplitudes (more advanced inhibitory capacity) are
associated with better inhibitory control. More research
is needed to clarify the nature of the association between
no-go N2 amplitudes and inhibitory control in children.

Nevertheless, inhibitory control deficits are robustly
associated with externalizing problems (Schoemaker
et al., 2013). Inhibitory control deficits predict later
externalizing problems in children (Kahle et al., 2018)
and growth in externalizing behaviors across development
(Perry et al., 2018).

Given that (a) the no-go N2 may reflect inhibitory con-
trol processes, (b) inhibitory control deficits are associated
with externalizing behavior, and (c) no-go N2 amplitudes
are associated with externalizing behavior, inhibitory control
may be an intermediate cognitive phenotype that explains
the relation between the N2 component and externalizing
behavior. To date, no studies have examined whether inhibi-
tory control processes may be a mechanism that accounts for
the association between no-go N2 amplitudes and external-
izing behavior problems in children. Identifying the cogni-
tive processes underlying the association between no-go N2
amplitudes and externalizing behavior could help identify

intervention targets that are more clinically practical for
intervention than neural processes.

The Present Study

The aim of the present study is to identify neural and cog-
nitive processes underlying externalizing problems in
childhood, and to determine whether inhibitory control is
a cognitive intermediate phenotype between the no-go N2
ERP and externalizing problems in childhood. In the RDoC
framework, it is important to identify intermediate pheno-
types that explain how neural processes relate to behavior.
Consistent with this framework, we aimed to examine the
same construct (i.e., cognitive control or disinhibition)
across multiple units of analysis, including physiology,
paradigms, and behavior. To do so, we examined whether
inhibitory control concurrently mediated the association
between N2 amplitudes on inhibition (i.e., no-go) trials
and externalizing problems in 3—7-year-old children. We
hypothesized that no-go N2 amplitudes would be positively
associated with externalizing behavior, such that smaller,
less negative no-go N2 amplitudes would be associated with
greater externalizing problems, consistent with prior studies
(Hoyniak & Petersen, 2019). Second, we hypothesized that
no-go N2 amplitudes would be associated with inhibitory
control, but we had no a priori hypothesis about the sign
of the association given mixed findings. Third, we hypoth-
esized that inhibitory control would be negatively associated
with externalizing behavior, such that better inhibitory con-
trol would be associated with fewer externalizing problems,
consistent with prior research (e.g., Buss et al., 2014; Kahle
et al., 2018; Perry et al., 2018). Finally, we hypothesized that
inhibitory control would partially mediate the association
between no-go N2 amplitudes and externalizing behavior.
Specifically, we hypothesized that smaller, less negative
no-go N2 amplitudes would be associated with inhibitory
control, whose deficits in turn would be associated with
externalizing problems.

The N2 may also be related to broader executive func-
tion-related processes, of which inhibitory control is a
component (Espinet et al., 2012). However, the present
study focuses on brain activity in response to a particu-
lar trial condition (no-go trials) of a specific inhibitory
control paradigm (i.e., go/no-go). ERPs assess neural
processes at a particular timing and are thought to index
particular cognitive processes. Thus, we sought to identify
the cognitive process related to the no-go N2 component
with as much precision as possible. Because prior research
suggests that no-go N2 amplitudes may reflect inhibitory
control processes, we focus on inhibitory control in this
study. This approach aligns closely with the dimensional
approach of the RDoC framework, in which researchers
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are encouraged to relate biological processes to simpler,
lower-order, narrower subdimensions of psychological
constructs (Macedo et al., 2021), including the subcon-
struct of inhibitory control.

Method
Participants

A community sample of children (N=147, M,,.=4.81 years,
SD =1.18 years, 74 girls), and their caregivers participated
in an ongoing accelerated longitudinal study. Participants
were recruited at four ages: 36 (n=40), 45 (n=38), 54
(n=32), or 63 (n=37) months. The full sample of children
spanned 3 to 7.5 years of age. The inclusion criterion to
be recruited for the study was that the child was one of
the target ages (described above). Exclusion criteria were:
the child’s primary caregiver did not speak English, or the
child did not have a permanent guardian, did not have nor-
mal or corrected-to-normal vision and hearing, or was not
capable of communicating or following basic instructions
in English. Participants were recruited in 2018-2023 from
the greater Iowa City community via university listservs,
databases acquired from the University of lowa Hospital
and Clinics, local daycares and preschools, community
flyers, social media, snowball sampling, and by word of
mouth. Reasons for participant ineligibility and a flowchart
of the final sample are in Supplementary Fig. S1. Reasons
for missingness and tests of systematic missingness are
in Supplementary Appendix S1. The sample consisted of
children, their primary caregiver, the primary caregiver’s
parenting partner (as applicable), and a teacher/secondary
caregiver (e.g., nanny, babysitter, or someone else who
knew the child well).

The sample of children was 66.7% Non-Hispanic White,
9.5% Hispanic or Latino, 6.8% Black or African American,
4.8% Asian, 6.1% multiracial, and 6.1% other race. For
the consented primary caregivers (n = 148), and parenting
partners (n=139), 97% were biological parents, 1% were
stepparents, 1% were adoptive parents, and less than 1%
were grandparents or other caregivers. The level of edu-
cational attainment across primary caregivers and parent-
ing partners was: 7.8% doctoral degree, 7.5% professional
degree, 21.3% master’s degree, 30.1% bachelor’s degree,
11.3% associate degree, 14.4% some college, 5.6% high
school graduate, 1.9% some high school (Grades 9-12,
no degree). Additionally, among primary caregivers and
parenting partners, 85.5% were married, 8.3% were single/
never married, 3.4% were divorced, 1.5% were re-married,
and 1.2% were separated.
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Procedures

Children and their primary caregiver completed two lab
visits, one week apart, every 9 months for four time points
(see Fig. 1). During the first lab visit (M ;s = 152.51,
SD =20.80 min), children completed behavioral tasks,
including inhibitory control tasks, while the primary car-
egiver completed questionnaires, including ratings of their
child’s inhibitory control and externalizing problems. Par-
enting partners and secondary caregivers rated the child’s
externalizing problems via online questionnaires. During
the second lab visit (M i,ues = 89.75, SD =18.83 min),
children completed several tasks, including a computer-
ized go/no-go task while electroencephalography (EEG)
was recorded. Video examples of procedures are available
on Databrary (https://nyu.databrary.org/volume/1559).

Measures

The present study is part of a larger study, the School Read-
iness Study. Measures and hypotheses for the School Read-
iness Study were preregistered: https://osf.io/jzxb8. Data
files, a data dictionary, analysis scripts, and a computa-
tional notebook for the present study are published online:
https://osf.io/e2nkr. Descriptive statistics and bivariate
correlations for all study variables are in Table 1. Esti-
mates of reliability (inter-rater, internal consistency, cross-
time stability) for study measures are in Supplementary
Table S3.

Inhibitory Control

Thirteen measures, including questionnaires and laboratory
tasks, were used to assess inhibitory control. Laboratory

Cohort 4 —@—@—©
i i I
1 1 1
| 1 |
1 1 1
Cohort 3 @—@—@—@
i | l
| | 1
1 | 1
1 | 1
Cohort 2 @—@—@—@
| | |
| 1 |
| 1 |
| 1 |
Cohort 1 @—@—@—@
Wave (months): 36 45 54 63 72 81 90
——————T 11—
Age (years): 3 4 5 6 7 8

Note. Accelerated longitudinal research design with four cohorts. The longitudinal design
follows any given child for 2% years, with testing every nine months; the whole data set spans
the ages of 3-7% years. Circles reflect measurement points (four waves) for each cohort. Dashed
lines indicate common measurement points across cohorts.

Fig.1 Accelerated Longitudinal Research Design
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Table 1 Correlations among
Predictors, Outcomes, and
Covariates

Variable Age Sex SES N2 IC EXT
Age —

Sex 0.07 —

SES 0.15™ -0.03 —

N2 -0.16" -0.11 0.03 —

IC 0.60""" 0.23"" 0.25"" -0.23"" —

EXT -0.45" -0.11" -0.16"" 0.177" -0.38"" —
Obs 336 590 586 158 307 647
M 481 0.50 -0.10 -3.16 0.81 0.46
SD 1.18 0.50 0.80 6.10 0.67 15.70
Min 292 0.00 -3.38 2426 -0.65 -61.05
Max 7.80 1.00 3.47 15.24 2.63 43.77

Age is in years. Sex is coded such that 1 =female and 0=male. Given the strong, cross-time rank-order
stability of SES (r=0.90, p<.001), we interpolated missing SES values at a given time point by carry-
ing a participant’s last observation forward. Sex values at later time points were interpolated by carrying
a participant’s last observation forward. That is, values for sex and SES were included in the data even
when the child had not yet come in for a visit, which explains the larger number of observations of sex and
SES compared to age, N2 amplitudes, and inhibitory control in the data used for analysis. 69% of children
had available N2 data at one or more timepoints. Much of the greater missingness in the N2 amplitudes
relative to questionnaire ratings of inhibitory control was due to COVID (see Supplementary Appendix
S1). Correlations and descriptive statistics are presented using the data structured in long form. Correla-
tions and descriptive statistics for all variables, except for externalizing problems, have one observation per
participant at a given time point in the study (up to four timepoints). Correlations and descriptive statistics
of externalizing problems included observations from up to three raters (i.e., primary caregiver, parent-
ing partner, and secondary caregiver) at a given time point for a given participant (up to four time points),
which explains the larger number of observations than the other variables

SES socioeconomic status, N2 N2 amplitudes for correct no-go trials, /C Inhibitory control, EXT Exter-
nalizing problems, Obs number of observations for a given variable, Min minimum observed value, Max

maximum observed value

*p <0.10; ¥*p < 0.05; ***p < 0.005; ****¥p < 0.001, all ps are two-tailed

tasks included: Bear/Dragon, Day/Night, Grass/Snow,
Hand Game, Knock/Tap, Less is More, Peg Tapping, Shape
Stroop, and Simon Says. Computerized inhibitory control
tasks included: Fish/Sharks and Stop-Signal. Additionally,
caregivers reported on their child’s inhibitory control using
the Behavioral Rating of Executive Function (BRIEF) and
Children’s Behavior Questionnaire (CBQ). Detailed descrip-
tions of each measure are in Supplementary Appendix S2.
For developmental scaling, scores of each measure of
externalizing problems and inhibitory control were con-
verted to proportion of maximum (POM) scores to have
the same possible range (0—1), with higher scores reflect-
ing greater externalizing problems and inhibitory control,
respectively. Proportion scores are widely recommended by
longitudinal researchers for studying growth with different
measures (Little, 2013; Moeller, 2015). For measures that
had a minimum and maximum possible score, the POM
score reflected the proportion of the maximum possible
score. For measures that did not have a minimum or maxi-
mum possible score (i.e., Stop-Signal task), the POM score
reflected the proportion of the maximum observed score.

score—minimum

POM scores were calculated as: — ——, where

.. . nga)glmum—mlmmum .
minimum and maximum were the minimum and maximum
possible or observed score. Tasks (Stop-Signal Task) and
questionnaires (BRIEF) were adapted to accommodate
the developmental capacity of the child and the changing
expression of inhibitory control with age.

Bear/Dragon Bear/Dragon (Kochanska et al., 1996) is a
go/no-go task. The child was asked to follow instructions
from a bear puppet, and to ignore instructions from a dragon
puppet, and then rules were reversed. There were 12 trials.
Each no-go trial was scored from 1 to 4 (1 =full commanded
movement, 2 =partial movement, 3 =wrong movement,
and 4 =no movement). Scoring was reversed for go trials,
consistent with Carlson and Moses (2001). Consistent with
Eisenberg et al. (2013), a composite of children’s inhibition
was computed by multiplying mean scores from six inhi-
bition (no-go) and six activation (go) trials; children who
activated a behavior on go trials and inhibited on no-go trials
received the highest scores, whereas children who never acti-
vated (or always activated) a behavior received low scores.

@ Springer
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Day/Night In Day/Night (Gerstadt et al., 1994), the child
was instructed to say “day” when they saw the card with the
black moon and say “night” when they saw the card with
the yellow sun. Sixteen test trials were scored incorrect (0),
initially incorrect, but changed to correct (1), or correct (2).
Scores were averaged across trials (0-2).

Fish/Sharks Fish/Sharks (Wiebe et al., 2012) is a go/no-go
task and was administered on a computer using E-Prime
software (version 2.0.10.356; Schneider et al., 2012). The
child was shown cartoon images of fish (go stimuli) and
sharks (no-go stimuli) on a touch screen and was instructed
to touch the fish and not to touch the sharks. A composite
of children’s inhibition was computed by multiplying the
proportion of correct inhibition (no-go) trials (20 trials) by
the proportion of correct activation (go) trials (60 trials),
consistent with Eisenberg et al. (2013).

Grass/Snow In Grass/Snow (Carlson & Moses, 2001), the
child was instructed to touch a white square when they heard
the word “grass” and a green square when they heard the
word “snow.” Twelve test trials were scored either correct
(1) or incorrect (0), consistent with Carlson and Moses
(2001). Final scores were averaged across trials (0-1).

Hand Game In Hand Game (Luria et al., 1964), the child
was instructed to point a finger when the experimenter made
a fist, and to make a fist when the experimenter pointed a
finger. Fifteen test trials were scored incorrect (0), initially
incorrect, but changed to correct (1), or correct (2), consist-
ent with Kochanska et al.'s (1997) scoring of other inhibitory
tasks. Scores were averaged across all trials (0-2).

Knock/Tap In Knock/Tap (Klenberg et al., 2001), the child
was instructed to knock on the table when the experimenter
tapped, and to tap the table whenever the experimenter
knocked. In the second part of the task, the instructions
changed. The child was instructed to make a side fist when
the experimenter knocked, to knock when the experimenter
made a side fist, and to do nothing when the experimenter
tapped the table. Fifteen test trials were scored incorrect (0),
initially incorrect, but changed to correct (1), or correct (2),
consistent with Kochanska et al.'s (1997) scoring of other
inhibitory tasks. Scores were averaged across trials (0-2).

Less is More Less is More is a motivationally salient sym-
bolic representation task that assesses affective (“hot”)
inhibitory control (Carlson et al., 2005). The child chose a
preferred treat from two options, white marshmallows and
uniformly colored jellybeans. In front of the child were two
bowls, one of which had a “naughty monkey” puppet, and
the other bowl was the child’s bowl. The child was told that
“the monkey wants all the treats for himself.” On each trial,
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two bags were presented to the child: one bag with five treats
and one bag with two treats. The child was instructed to
point to a bag among the two bag options presented and that
the bag they point to goes to the monkey’s bowl, and that the
child receives the other bag (i.e., the bag they did not point
to). Responses were scored as: 0=child points to large treats
bag; 1 =child initially points to the large treats bag, then
changes to the small treats bag; 2 =child points to the small
treats bag, consistent with Kochanska et al.'s (1997) scoring
of other inhibitory tasks. Scores were averaged across 16
test trials (0-2).

Peg Tapping In Peg Tapping (Luria et al., 1964), the child
observed sequences of a specific number of pencil taps on
a table (either one or two) and was instructed to tap a pencil
the opposite number of times of what they observed. For
example, if the experimenter taps the pencil once, the child
is to tap the pencil twice and vice versa. Sixteen trials were
scored correct (1) or incorrect (0). Scores were averaged
across trials (0-1).

Shape Stroop Shape Stroop (Kochanska et al., 2000)
assesses children’s perceptual inhibitory control. The task
assessed the child’s ability to identify a picture of a small
fruit embedded within a picture of a different, larger fruit.
Six test trials were scored from O to 2 (0 =incorrect, 1 =ini-
tially incorrect, but changed response to correct, 2 =correct).
Scores were averaged across the three small fruit trials (0-2).

Simon Says In Simon Says (Strommen, 1973), the child was
instructed to perform simple motor actions (e.g., clap your
hands, stomp your feet) and was told to perform the action
only if the instructions are preceded by the phrase “Simon
Says.” Each no-go trial was scored from 1 to 4 (1 =full com-
manded movement, 2 = partial movement, 3 = wrong move-
ment, and 4 =no movement), consistent with Carlson and
Moses (2001) scoring of a simplified version of Simon Says
(Bear/Dragon); scoring was reversed for go trials. A com-
posite score was computed by multiplying mean scores from
10 go trials and 10 no-go trials (20 trials total), consistent
with Eisenberg et al. (2013).

Stop-signal Task In a stop-signal task adapted from Berger
et al. (2013), the child was told to give purple food to the
purple pig and green food to the green goat by touching the
animal on the screen. The child was then shown a cartoon
wizard and told that the wizard will try to trick them and
turn the food into a car. The child was instructed not to feed
cars to animals and not to touch the screen when they saw a
car. Blocks two and three had the same structure, with dif-
ferent animals. The latency of stop signal after go stimulus
onset (i.e., stop-signal delay [SSD]) was manipulated based
on the child’s performance to obtain as close to a 50% error
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rate as possible on stop trials, which helped normalize task
difficulty across ages. Stimuli were presented via E-Prime
software (Schneider et al., 2012). Response inhibition was
operationalized as the stop-signal reaction time (SSRT). The
SSRT was calculated as the median reaction time on correct
go trials minus the mean SSD from Blocks 2 and 3. Block
1 was not included in the calculation to allow the algorithm
time to converge upon a 50% error rate on stop trials. Cases
were excluded if the SSRT was negative (i.e., the median go
reaction time was faster than the mean SSD). Scores were
reverse scored so that higher scores reflected greater inhibi-
tory control.

Behavior Rating Inventory of Executive Function (BRIEF) The
BRIEF assesses children’s executive functioning within
the context of their everyday environment. Two versions
were used based on the child’s age. Parents completed the
BRIEF-Preschool Version (BRIEF-P; Gioia et al., 1996)
if the child was 3-5 years old or the BRIEF-2 (Gioia et al.,
2015) if the child was 6-7 years old. Scores on the Inhibi-
tory Control subscale were used for both versions of the
questionnaire. Twenty-four items were rated on a 3-point
scale (1 =never, 2 =sometimes, 3 =often) in terms of how
often, in the last six months, the child’s behavior had been a
problem. To account for missing responses in the sum score,
scores were averaged across items and then multiplied by the
number of items. Scores were reverse scored so that higher
scores reflected greater inhibitory control. Mothers’ and
fathers’ ratings on the Inhibitory Control Composite were
correlated (r[152]=0.38, p<0.001).

Children’s Behavior Questionnaire (CBQ) The CBQ assesses
children’s temperament (i.e., reactivity and regulation).
Parents completed the CBQ (Putnam & Rothbart, 2006).
Secondary caregivers completed the CBQ-Teacher Short
Form (CBQ-TSF, Teglasi et al., 2015). Scores from the
Inhibitory Control scale (CBQ: 47 items; CBQ-TSF: 26
items) were used. Items were rated on a 7-point Likert scale
(1 =extremely untrue, 7=extremely true). Scores were aver-
aged across items. Mothers’ ratings on the Inhibitory Control
scale were associated with ratings by fathers (r[164]=0.46,
p <0.001) and secondary caregivers (r[165]=0.31,
p<0.001). Fathers’ ratings were associated with ratings by
secondary caregivers (7[112]=0.35, p <0.001).

Externalizing Problems

Achenbach System of Empirically Based Assessment The
Achenbach System of Empirically Based Assessment
(ASEBA) assesses children’s emotional and behavioral prob-
lems. Items were rated on a 3-point Likert scale according to
how well the item described the child (O=not true, 1 =some-
what or sometimes true, 2 =very true). Multiple versions

were used based on the child’s age and rater type. Parents
completed the Child Behavior Checklist 1.5-5 (CBCL 1.5-
5; Achenbach & Rescorla, 2000) if the child was 3—-5 years
old or the Child Behavior Checklist 6-18 (CBCL 6-18;
Achenbach & Rescorla, 2001) if the child was 6-7 years
old. Secondary caregivers completed the Caregiver—Teacher
Report Form (C-TRF; Achenbach & Rescorla, 2001) if the
child was 3-5 years old or the Teacher’s Report Form (TRF;
Achenbach & Rescorla, 2001) if the child was 67 years old.
Scores on the Externalizing scale were used. Mothers’ rat-
ings on the Externalizing scale were associated with ratings
by fathers (#[178]=0.56, p <0.001) and secondary caregiv-
ers (r[174]=0.46, p <0.001). Fathers’ ratings were asso-
ciated with ratings by secondary caregivers (r[123]=0.44,
p<0.001). Age and sex norm-referenced T-scores had a
mean of 46.35 (SD=9.73). Using T-scores of 65 or greater
as a clinical cutoff, ~2.4% of ratings in the study were in the
at-risk or clinical range on the Externalizing scale; ~6.8% of
children were in the at-risk or clinical range at one or more
timepoints based on ratings from one or more raters.

Covariates

We examined models with and without covariates. Covari-
ates included the child’s age, sex, and family socioeconomic
status (SES). Socioeconomic status was calculated as the
average of three z-scored (relative to the sample) indices:
income-to-needs ratio, parent educational attainment, and
parent occupational prestige. Given the strong, cross-time
rank-order stability of SES (r=0.90, p <0.001), we interpo-
lated missing SES values at a given time point by carrying a
participants last observation forward. A full description of
covariates is in Supplementary Appendix S3.

Electrophysiological Recordings and Data Processing

Electrophysiological data were collected using an Electrical
Geodesic, Inc (EGI) 128-electrode Hydrocel Geodesic Sensor
Net with a Net Amps 400 series amplifier. Net Station Acquisi-
tion Software 5.4.2 (Electrical Geodesics Inc., 2018) was used
to collect the continuous EEG data. EEG data were collected
during a go/no-go task (i.e., Fish/Sharks), which was admin-
istered using E-Prime 2.0.10.356 (Schneider et al., 2012). A
detailed description of the collection and pre-processing of the
EEG data is in Supplementary Appendix S4.

Data were pre-processed in Net Station Tools 5.4.3 (Elec-
trical Geodesics Inc., 2018). Continuous data were band-
pass filtered from 0.1 to 30.0 Hz. Correct go and correct
no-go trials were selected and segmented into 1200 ms
epochs that began 200 ms prior to the presentation of each
stimulus. Epochs were then automatically inspected for arti-
facts, which included identifying and removing “bad” chan-
nels. Epochs were marked bad if they contained more than
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20 bad channels, an eye blink, or an eye movement. Chan-
nels were marked bad across all epochs if 20% or greater of
the epochs were marked bad. Channels marked bad across all
epochs were removed. Removed channels were interpolated
based on the waveforms of surrounding electrodes. If a child
did not have at least 10, artifact-free trials in each condition
after automatic processing, epochs were manually examined
for artifacts. After manually identifying and removing arti-
facts and bad channels, epochs were subjected to the same
automatic inspection procedure described above. Epochs
were then averaged within participants, and re-referenced
to an average reference (i.e., the average of all scalp elec-
trodes). Finally, epochs were baseline corrected by subtract-
ing the average activity from each epoch’s 200 ms baseline.

Data were excluded from analyses if the child did not
have at least 8 correct, artifact-free trials in each condition
after manual processing, consistent with prior studies with
children (e.g., Hoyniak et al., 2018). Data were also excluded
if the child refused to wear the EEG net, refused to complete
the task (i.e., Fish/Sharks), or if there were technical errors
during the EEG collection. A total of 102 children (69% of
the full sample of children [N=147]), had available EEG
data. EEG data were more likely to be missing for children
with poorer inhibitory control and for children from lower
SES families. EEG data were not missing as a function of
age, sex, ethnicity, or externalizing problems.

Following pre-processing, we conducted temporospatial
principal component analysis (tsPCA) to decompose the
EEG waveform. All PCA analyses were conducted using
the ERP PCA Toolkit (version 2.98, Dien, 2010). We per-
formed tsPCA separately for each condition (i.e., go versus
no-go trials), consistent with prior research which found
that a combined PCA (i.e., including both trial types in
one PCA) misallocated substantial variance (Barry et al.,
2018). For sensitivity analyses, we also performed tsPCA
separately for two age groups across conditions, consistent
with Scharf et al. (2022). PCAs were conducted for younger
(36-54 months, n=_81 observations) and older children
(63-90 months, n="77 observations). However, the no-go
N2 amplitudes from the age-combined versus age-separated
PCA were strongly correlated (7[472] =0.64, p <0.001).
Thus, we used the N2 amplitudes from the age-combined
PCA to help ensure that we extracted the same ERP compo-
nent across ages. A description of the tsPCA analyses and
results is in Supplementary Appendix S5.

The grand averaged waveform is depicted in Supplemen-
tary Fig. S2. The temporospatial component, thought to cor-
respond with the N2 component, was selected based on a
priori hypotheses about the latency (typically 300-500 ms
post stimulus onset), topography, and morphology of the
component. The selected N2 component was characterized
by a frontocentral negativity (see Supplementary Fig. S3)
that peaked at 427 ms in the go condition, and 466 ms in the
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no-go condition. N2 amplitudes on inhibition (i.e., no-go)
trials were extracted and used in analyses. Amplitudes were
extracted from a cluster of electrodes whose loading on
the N2 temporospatial component was 0.5 or greater (see
Supplementary Fig. S3) at the peak latency (i.e., 466 ms;
Scharf et al., 2022). The N2 tsPCA component waveform is
depicted in Supplementary Fig. S4.

Statistical Analysis
Exploratory Factor Analysis

We first examined whether inhibitory control measures’
scores were able to be modeled with item response mod-
eling by examining their scores in exploratory factor analysis
(EFA). Results of the EFA models supported item response
modeling; see Supplementary Appendix S6.

Developmental Scaling Approach

We used developmental scaling to link scores from the dif-
ferent measures across ages onto the same scale (Hosch
et al., 2022). In this way, we could estimate meaningful
individual differences in inhibitory control and externaliz-
ing problems from age-differing measures across 3—7 years
of age. To perform developmental scaling, we used a two-
parameter Bayesian longitudinal item response model in a
mixed modeling item response theory (IRT) framework.
Details of the developmental scaling approach are in Sup-
plementary Appendix S7.

Mediation Models

Mediation models were fit in a structural equation modeling
(SEM) framework. First, we fit separate models to estimate
unadjusted associations (i.e., not controlling for covariates)
of N2 amplitudes with inhibitory control and externalizing
problems. Second, we estimated concurrent mediation models
(i.e., analyses of indirect effects of concurrent associations)
that included all three variables. We fit SEM models using
the sem() function of the lavaan 0.6—-16 package (Rosseel,
2012) in R 4.2.0 (Team, 2022). SEM models were fit with
FIML estimation, which uses all available data and is the
gold standard approach for handling missingness when data
are missing at random or completely at random (Enders &
Bandalos, 2001). Models were fit with a robust maximum
likelihood estimator that provides robust standard errors
to account for nonnormally distributed data. Following
recommendations, the indirect effect was estimated with bias-
corrected bootstrapped confidence intervals (Hayes, 2009;
Shrout & Bolger, 2002). Confidence intervals were estimated
from 10,000 bootstrap samples. Models were saturated—i.e.,
there were no degrees of freedom because only manifest
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variables were included. Thus, fit indices indicated perfect
model fit. Given the range of ages included in the study, we
included the child’s age as a covariate. To account for the
nonindependence of data owing to multiple observations from
the same participant, we also conducted a Bayesian multilevel
mediation analysis with random intercepts for each child.

The effect size of the indirect effect was calculated with
three estimates: (1) the standardized regression coefficient
(beta, p) of the indirect effect, (2) the proportion of the
effect that was mediated (P,,), which is the ratio of the indi-
rect effect to the total effect (Wen & Fan, 2015), and (3)
the proportion of variance in externalizing problems that
was accounted for jointly by N2 amplitudes and inhibitory
control (upsilon, v; Lachowicz et al., 2018). Upsilon was
estimated using the upsilon() function of the MBESS 4.9.2
package (Kelley, 2007) in R.

Data Structure

To leverage all time points of data for all participants for
greater power, we stacked the data in long form for the
structural equation models, so that each combination of par-
ticipant, timepoint, and rater uniquely identified each row.
Participants could have observations from up to three raters
(i.e., primary caregiver, parenting partner, and/or second-
ary caregiver) and up to four time points (i.e., waves). Thus,
each participant could have up to 12 rows of observations.
When transforming the data from wide to long format, N2
and inhibitory control scores were unique for each combina-
tion of participant and timepoint and were thus applied to
all rows of a given timepoint (i.e., wave) for that participant.
Externalizing problem scores were unique for each combina-
tion of participant, timepoint, and rater. The structure of the
data is depicted in Supplementary Table S6. Given mod-
est cross-informant associations of externalizing problems,
the long form data structure allowed us to make use of all
raters’ perspectives and all available information without
losing information by averaging or aggregating across raters.

Sensitivity Analyses

We conducted several sensitivity analyses to (1) include
cluster-robust standard errors, (2) account for additional
covariates, (3) examine moderated mediation by sex, (4)
examine models using latent variables of inhibitory control
estimated by performance-based tasks and questionnaires
separately, (5) examine the specificity of the N2 component,
and (6) examine whether results changed when using N2
amplitudes extracted from different electrodes.

Results
N2 Amplitudes and Externalizing Problems

As expected, N2 amplitudes were positively associated with
externalizing problems (=0.17, p <0.018) in an unadjusted
model, such that smaller (less negative) N2 amplitudes were
associated with greater externalizing problems. This associa-
tion was somewhat attenuated and only marginally signifi-
cant after controlling for the child’s age (3=0.10, p=0.071).
Externalizing problems decreased with age (fp=0.042,
p<0.001).

N2 Amplitudes and Inhibitory Control

N2 amplitudes were negatively associated with inhibitory
control in an unadjusted model (p=-0.25, p<0.001), such
that larger (more negative) N2 amplitudes were associated
with better inhibitory control. This association held con-
trolling for the child’s age (3=-0.17, p=0.021). Inhibitory
control increased with age (f=0.57, p <0.001).

Inhibitory Control and Externalizing Problems

Consistent with hypotheses, inhibitory control was nega-
tively associated with externalizing problems in an unad-
justed model (8=-0.38, p <0.001). That is, poorer inhibitory
control was associated with greater externalizing prob-
lems. The association held controlling for the child’s age
(p=-0.17, p=0.006).

Mediation Models
Without Covariates

First, we examined the indirect effect of N2 amplitudes on
externalizing problems via inhibitory control without con-
trolling for covariates. There was a significant total effect
(p=0.17,95% CI [0.17, 0.66], p=0.001). After accounting
for inhibitory control, the direct effect of N2 amplitudes on
externalizing problems was nonsignificant (f=0.08, 95%
CI [-0.05, 0.43], p=0.122). Moreover, we observed an
indirect effect of inhibitory control ( =0.09, 95% CI [0.14,
0.33], p<0.001), which accounted for approximately 54%
(P,;=0.536) of the variance in the association between the
N2 amplitudes and externalizing problems. The upsilon
value estimate of the effect size of the indirect effect was
u,4;=0.00752.
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Fig.2 Mediation Model with
Covariates

N2 Amplitudes

Inhibitory Control

Externalizing

A 4

total effect (c): B =0.09% Problems

direct effect (c’): p=0.07
indirect effect (ab): p = 0.02*

Note. Mediation model controlling for child’s age, sex, and family SES. * p <.05. ** p <.01.

With Covariates

After controlling for the child’s age and sex, there remained
a significant total effect (p=0.09, 95% CI [0.002, 0.46],
p=0.049). The direct effect of N2 amplitudes on external-
izing problems accounting for inhibitory control was not
significant after controlling for covariates (§=0.07, 95%
CI [-0.06, 0.41], p=0.149). There was a significant indi-
rect effect of inhibitory control (§=0.02, 95% C1 [0.02,
0.11], p=0.031), which accounted for approximately 23%
(P1;=0.229) of the variance in the association between the
N2 amplitudes and externalizing problems after controlling
for covariates. The mediation model is depicted in Fig. 2.
The regression coefficients for the mediation models (i.e.,
with and without covariates) are in Table 2.

Bayesian Multilevel Mediation Model

Without Covariates To account for the nonindependence of
data owing to multiple observations from the same participant,
we conducted an additional Bayesian multilevel mediation
analysis with random intercepts for each child. Results were
largely the same. N2 amplitudes remained associated with
externalizing problems (i.e., total effect; B=0.48, 95% ETI
[0.20, 0.76]). After accounting for inhibitory control, the asso-
ciation between the N2 and externalizing problems was signifi-
cant (i.e., direct effect; B=0.33, 95% ETI [0.03, 0.64]). Addi-
tionally, there was a significant indirect effect of inhibitory
control (B=0.14,95% ETI [0.01, 0.30]), which accounted for
approximately 29% (P,,=0.288) of the variance in the associa-
tion between the N2 amplitudes and externalizing problems.

Table 2 Regression Coefficients

> Pathway B SE p 95% CI

for the Mediation Models
Model without Covariates
N2 —IC -0.02 -0.23 0.004 <0.001 [-0.03, -0.02]
IC—EXT -9.22 -0.38 1.33 <0.001 [-11.85, -6.62]
N2 — EXT (direct effect) 0.19 0.08 0.12 0.122 [-0.05, 0.43]
N2 — EXT (total effect) 0.41 0.17 0.13 0.001 [0.17, 0.66]
indirect effect 0.15 0.09 0.05 <0.001 [0.14, 0.33]
Model with Covariates
Age—N2 -0.73 -0.14 0.27 0.007 [-1.24,-0.19]
Age—IC 0.32 0.57 0.02 <0.001 [0.29, 0.36]
Age —EXT -4.53 -0.34 0.60 <0.001 [-5.71,-3.34]
Sex — N2 -1.21 -0.10 0.55 0.029 [-2.32,-0.13]
Sex —IC 0.23 0.17 0.03 <0.001 [0.16, 0.30]
Sex —»EXT -1.03 -0.03 1.16 0.376 [-3.26, 1.28]
N2 —-IC -0.02 -0.15 0.004 <0.001 [-0.02, -0.01]
IC—EXT -3.27 -0.14 1.15 0.005 [-5.57,-1.07]
N2 — EXT (direct effect) 0.17 0.07 0.12 0.149 [-0.06, 0.41]
N2 — EXT (total effect) 0.23 0.09 0.12 0.049 [0.002, 0.46]
indirect effect 0.05 0.02 0.02 0.031 [0.02,0.11]

Age is in years. Sex is coded such that 1 =female and 0=male. The models with and without covariates

were fit separately

N2 N2 amplitudes for correct no-go trials, /C Inhibitory Control, EXT Externalizing problems, CI Confi-

dence Interval
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With Covariates After controlling for the child’s age and
sex, the total effect was no longer significant (B=0.24,
95% ETI [-0.03, 0.52]). The direct effect of N2 amplitudes
on externalizing problems accounting for inhibitory con-
trol remained significant after controlling for covariates
(B=0.31, 95% ETI [0.03, 0.59]). Additionally, the indirect
effect was somewhat attenuated and was significant at a
trend level after accounting for covariates (B=-0.07, 95%
ETI [-0.16, 0.001]). Unexpectedly, inhibitory control scores
were positively associated with externalizing problems in
the mediation model (despite having a negative bivariate
association: r=-0.38). It appears that the unexpected sign
of the association between inhibitory control and exter-
nalizing problems was likely due to controlling for a vari-
able (age) that was strongly associated with both (age and
inhibitory control: #=0.60; age and externalizing problems:
r=-0.45). After removing age as a covariate, inhibitory con-
trol was negatively associated with externalizing problems,
as expected. The indirect effect held (B=0.14, 95% ETI
[0.001, 0.289]), and it accounted for approximately 28%
(P1;=0.284) of the variance in the association between the
N2 amplitudes and externalizing problems.

Sensitivity Analyses

We conducted several sensitivity analyses, as described in
Supplementary Appendix S8. Notably, results did not sub-
stantially differ when controlling for additional covariates,
examining questionnaire- and task-based measures of inhibi-
tory control separately, or when extracting N2 amplitudes
from Fz or the peak negative channel. Indirect effects were
specific to the timing of the N2 but were not specific to the
frontocentral region; similar effects were observed with a
positive-going waveform that was likely a dipole of the N2
and was centrally distributed. The child’s sex did not moder-
ate the indirect effect.

Power Analysis

We conducted a post-hoc power analysis to estimate the
statistical power of detecting an indirect effect given our
sample size and observed effect sizes (see Supplementary
Appendix S9). We had power of 0.83 to detect significance
in the observed indirect effect.

Discussion

The current study integrated information across physi-
ological (i.e., the N2 ERP) and cognitive (i.e., inhibitory
control) units of analysis to inform our understanding of
externalizing behavior problems in early childhood. Previous

research has shown that smaller N2 amplitudes may be an
early neural biomarker of externalizing behavior problems in
children (Hoyniak & Petersen, 2019). However, is it unclear
how N2 amplitudes relate to externalizing problems. Cog-
nitive intermediate phenotypes in the association between
neural substrates (e.g., the N2 component) and externalizing
behavior may provide more practical targets for intervention
than neural substrates. Furthermore, the RDoC framework
encourages researchers to examine the same construct (i.e.,
common process) across multiple units of analysis. Consist-
ent with this framework, a potential cognitive intermediate
phenotype between N2 amplitudes and externalizing behav-
ior is inhibitory control. Research supports the interpretation
of the N2 component as an index of inhibitory control when
examined using go/no-go tasks (Jodo & Kayama, 1992), par-
ticularly in children (Hoyniak, 2017; Hoyniak & Petersen,
2019). Moreover, deficits in inhibitory control have been
widely associated with externalizing problems (Buss et al.,
2014; Kahle et al., 2018; Perry et al., 2018). Thus, we inves-
tigated whether the RDoC subconstruct inhibitory control
concurrently mediated the association between physiological
processes (i.e., the N2 ERP) and disinhibited behavior (i.e.,
externalizing problems). That is, we aimed to examine the
same construct—cognitive control or disinhibition—across
several units of analysis, including physiology, behavior, and
paradigms, consistent with the RDoC framework.

We examined these associations in a community sam-
ple of young children (ages 3—-7). A community sample is
relevant because externalizing problems are considered a
dimensional spectrum (Markon et al., 2011). Examining
basic processes that underlie dimensional differences in
externalizing problems is consistent with aims of the RDoC
framework, which uses dimensional conceptualizations of
psychopathology and encourages researchers to examine
typical and atypical behavioral development. It also aligns
with other emerging nosologies, such as the Hierarchical
Taxonomy of Psychopathology (HiTOP; Kotov et al., 2017).

As expected, we found a positive association between
the N2 component and externalizing behavior. This finding
replicates prior meta-analytic work, which has found that
smaller, less negative N2 amplitudes are associated with
more externalizing behavior problems in children (Hoyniak
& Petersen, 2019). N2 amplitudes were negatively associ-
ated with inhibitory control, such that smaller N2 amplitudes
were associated with poorer inhibitory control. We also
observed negative associations between inhibitory control
and externalizing behavior. This is consistent with prior lit-
erature, which has found that poorer inhibitory control skills
predicted greater externalizing problems (Buss et al., 2014;
Kahle et al., 2018; Olson et al., 2005; Perry et al., 2018).
Moreover, we found an indirect effect of N2 amplitudes
on externalizing problems via inhibitory control. That is,
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inhibitory control—including questionnaire and task-based
operationalizations—partially mediated the association
between N2 amplitudes and externalizing problems. Mod-
eration models demonstrated that the indirect effect did not
differ for boys and girls, suggesting that the mediation pro-
cess operated similarly for boys and girls. Interestingly, the
indirect effect showed some specificity to the timing of the
N2 but not specificity to the frontocentral region; similar
effects were observed with a likely positive-going dipole of
the N2 that was centrally distributed.

Implications

This is among the first studies to identify associations
between N2 amplitudes, inhibitory control, and externaliz-
ing problems during early childhood. Findings provide addi-
tional evidence for N2 amplitudes as an early neural indica-
tor of externalizing psychopathology, consistent with prior
research (Hoyniak & Petersen, 2019). Notably, however,
the magnitude of the association between N2 amplitudes
and externalizing behavior (i.e., the total effect) was small
(Bs=0.09 — 0.17). Thus, it may be important to consider
additional neural risk processes for externalizing problems.
For instance, work in adults has shown that the P3 ERP
may better capture processes related to response inhibition
when using a stop-signal paradigm (Wessel & Aron, 2015).
There are likely other neural processes, €.g., the error-related
negativity (ERN) ERP, that contribute to the development of
externalizing problems (Lutz et al., 2021).

We also found that larger N2 amplitudes were associated
with better inhibitory control. This is consistent with some
previous research (Grabell et al., 2017; Ruberry et al., 2017),
but inconsistent with other studies, including a prior meta-
analysis (Hoyniak & Petersen, 2019). It is possible that age-
related differences in the N2 could explain why larger N2
amplitudes are associated with better inhibitory control in
some children but not others. However, there are inconsist-
encies between studies examining children of similar ages.
Studies with similar age ranges (i.e., ages 3-5) have found
that both larger (e.g., Grabell et al., 2017; Ruberry et al.,
2017) and smaller (e.g., Buss et al., 2011; Espinet et al.,
2012) N2 amplitudes are associated with better inhibitory
control. Thus, there may be reasons other than age for the
inconsistent findings. It is possible that the relation between
N2 amplitudes and inhibitory control is non-linear, in which
extreme variation in either direction (i.e., small or large N2
amplitudes) may confer risk for inhibitory control deficits.
Speculatively, excessively small N2 amplitudes may reflect
the insufficient recruitment of neural resources that are
necessary for inhibition. By contrast, excessively large N2
amplitudes may reflect over-recruitment of neural resources,
reflecting inefficient processing. Ultimately, more research
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is needed to clarify the nature of the association between N2
amplitudes and inhibitory control in children.

Results from the present study suggest that inhibitory
control may be a cognitive intermediate phenotype between
N2 amplitudes and externalizing problems. Inhibitory con-
trol deficits may capture early neural risk processes for exter-
nalizing psychopathology. Moreover, these findings suggest
that inhibitory control may be a key target for early interven-
tion in the development of externalizing problems. Thus,
interventions targeting inhibitory control skills, or self-
regulation, may be useful for the prevention of later exter-
nalizing problems. Studies suggest that curriculum-based
interventions, such as Tools of the Mind or Red Light, Pur-
ple Light, may be effective and practical interventions to
improve self-regulation in children (Diamond et al., 2019;
McClelland et al., 2019; Pandey et al., 2018). Notably,
inhibitory control accounted for approximately 23-28%
of the variance in the association between N2 amplitudes
and externalizing problems. Thus, it is important to con-
sider additional cognitive processes through which neural
processes such as the N2 ERP may lead to externalizing
problems. Future research should examine additional
cognitive processes, such as conflict monitoring or atten-
tion processes, that may also help explain the association
between N2 amplitudes and externalizing psychopathology
(Enriquez-Geppert et al., 2010; Folstein & Van Petten, 2008;
Smith et al., 2010).

Strengths

The study had several strengths. First, the predictor (i.e.,
N2 amplitudes), mediator (i.e., inhibitory control), and out-
come (i.e., externalizing problems) were assessed via dis-
tinct methods, which reduces the extent to which the indirect
effect could be accounted for by method bias. Moreover, our
assessment of inhibitory control included several measure-
ment methods, including behavioral tasks and questionnaires
to reduce the effects of common method variance. In addi-
tion, our latent variable of inhibitory control was estimated
using several tasks beyond the task in which N2 amplitudes
were extracted (i.e., Fish/Sharks), reducing potential measure-
specific bias. Second, questionnaire data were collected from
multiple informants, including mothers, fathers, and teachers
or other caregivers to gain a more accurate estimate of chil-
dren’s real-world functioning and behavior across contexts.
Third, we applied methods (i.e., developmental scaling) to
maintain the developmental relevance of measures across a
wide age range. We linked scores from age-differing measures
onto the same scale, which allowed us to examine individual
differences in inhibitory control and externalizing behavior
across ages 3—7. Fourth, findings held across many sensitiv-
ity analyses, providing greater confidence in our inferences.
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Finally, it is notable that we observed these associations in a
community sample, in which externalizing behaviors were
less prevalent compared to a clinical sample. It will be valu-
able for future work to replicate and extend these findings in
clinical samples. We also make our data and analysis scripts
freely available to promote dissemination.

Limitations

The study also had limitations. First, the study was correla-
tional and examined concurrent associations. Thus, we can-
not make causal inferences. Because of the ongoing nature
of this study, we would currently be underpowered to exam-
ine lagged associations. Specifically, we were constrained by
limited data available at time points three and four (n=51),
which would be needed for a fully longitudinal mediation
model. Future research should examine the longitudinal rela-
tions between the N2 component, inhibitory control, and
externalizing problems. Second, we had some missingness
in ERP data, much of which was due to COVID. Neverthe-
less, the study had a larger sample of participants with ERP
data (n=102) than many studies of young children. Third,
there were some differences in missingness as a function
of demographic characteristics. N2 amplitudes were more
likely to be missing for children with poorer inhibitory con-
trol and for children from lower SES families. Inhibitory
control scores were more likely to be missing for children
from lower SES families and for boys. Externalizing prob-
lems ratings were more likely to be missing for older chil-
dren, for children from lower SES families, for boys, and
for children of “other” race. Systematic missingness may
limit the generalizability of our findings. However, effect
sizes of systematic missingness were small, and findings did
not substantially change after including the child’s age, sex,
and family SES as control variables in our models. Fourth,
cross-informant associations of inhibitory control (rs=0.31
—0.46) and externalizing behavior (rs=0.44 — 0.56) were
modest. However, these associations are similar in mag-
nitude to those observed in prior studies (Carneiro et al.,
2021). Our modeling approaches estimated latent variables
from the common variance of measures, which may miss
context-specific behavior. Thus, it may be beneficial in
future studies to examine these associations separately for
parents and teachers.

Conclusion

Small N2 amplitudes are a commonly studied neural marker
of externalizing behavior in children. However, the mecha-
nisms that explain how the N2 is associated with external-
izing problems are unclear. In the RDoC framework, it is

important to identify intermediate phenotypes that explain
how neural processes relate to behavior. Intermediate pheno-
types (e.g., cognitive processes) may provide more practical
targets for intervention. Thus, the current study examined
whether inhibitory control mediated the association between
N2 amplitudes and externalizing problems in young chil-
dren. We found that smaller, less negative N2 amplitudes
were related to externalizing problems, consistent with prior
research (Hoyniak & Petersen, 2019). Smaller N2 ampli-
tudes were also associated with poorer inhibitory control,
which in turn was associated with externalizing behavior
problems. That is, inhibitory control partially mediated the
association between N2 amplitudes and externalizing prob-
lems. This study is the first to examine cognitive intermedi-
ate phenotypes of the association between neural processes
and externalizing psychopathology in childhood. Findings
suggest that inhibitory control deficits may be an early
indicator of biological risk for externalizing psychopathol-
ogy. Inhibitory control may be an important target for early
intervention.
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Supplementary Appendix S1. Description of Missing Data and Tests of Systematic
Missingness.

The number of observations by variable, i.e., the inverse of the extent of missingness, is
in Table 1. Among possible participant-by-wave instances, 28.9% had missing scores because
the child was not yet eligible for a given wave. A total of 158 participant-by-wave instances had
data with at least 8 correct, artifact-free trials in each condition, and thus had N2 amplitudes that
were used in analyses. Among missing EEG visits at a given wave for which the child reached
eligibility, reasons for missingness included: not interested (15%), too busy (15%),
moved/relocated (2%), unable to contact (13%), coronavirus (COVID-19) pandemic (44%), and
other (12%). Thus, over half of missing instances were due to the COVID-19 pandemic or to not
yet being eligible. We suspended lab visits for 14 months during the COVID-19 pandemic
(March 2020 — April 2021). We continued to collect online questionnaires from families during
the pandemic but were unable to collect EEG assessments during this period. Among those with
EEG visits, reasons for missingness were as follows: child refused to wear the EEG cap (6%),
child refused to play the task (2%), not enough good channels (4%), not enough good trials
(18%), and another technical problem (3%). The number of children with 1, 2, 3, and 4
timepoints of data for the N2 ERP, inhibitory control, and externalizing problems in in
Supplementary Table S1. In addition, the number of children with data for the N2 ERP,
inhibitory control, and externalizing problems at each wave is in Supplementary Table S2.

We examined whether missingness was systematic in the predictor (N2 amplitudes),
outcome (externalizing problems), or hypothesized mediator (inhibitory control). There was no
systematic missingness in N2 amplitudes as a function of age, sex, ethnicity, or externalizing

problems. However, N2 amplitudes were more likely to be missing for families with lower



socioeconomic status (SES; compared to children from families with higher SES; t[353.59] =
3.16, p =.002). Moreover N2 amplitudes were more likely to be missing for children with poorer
inhibitory control (compared to children with greater inhibitory control; t[301.22] =5.59, p <
.001).

There was no systematic missingness in inhibitory control as a function of age, ethnicity,
or externalizing problems. However, inhibitory control scores were more likely to be missing for
children from families with lower SES (compared to children from families with higher SES;
t[412] = -2.30, p = .022). Moreover, inhibitory control scores were more likely to be missing for
boys than girls (¥[1] = 5.00, p = .025).

Externalizing problems ratings were more likely to be missing for older children than
younger children (t[776.10] = -3.22, p =.001), likely due to some COVID-related attrition.
Moreover, externalizing problem ratings were more likely to be missing for children from
families with lower SES (compared to children from families with higher SES; t[1,204.60] =
4.11, p <.001). Externalizing problem ratings were more likely to be missing for boys than girls
(x*[1] = 8.68, p = .003). Externalizing problem ratings also showed systematic missingness as a
function of ethnicity (x?[1] = 11.34, p = .045). Pairwise comparisons revealed that missingness in
externalizing problem ratings did not differ between Asian, Black or African American, Non-
Hispanic White, Hispanic or Latino, or Multiracial groups. However, those with “other” race
showed higher rates of missingness than Non-Hispanic Whites (x*[1] = 7.58, p = .006).

Effect sizes of differences were small. To account for systematic missingness, we

included the child’s age, sex, and the family’s SES as covariates in models.



Supplementary Appendix S2. Detailed Descriptions of Study Measures.
The present study is part of a larger study, the School Readiness Study. Measures and

hypotheses for the School Readiness Study were pre-registered: https://osf.io/jzxb8. Data files, a

data dictionary, analysis scripts, and a computational notebook for the present study are

published online: https://osf.io/e2nkr. Video examples of procedures are available on Databrary

(https://nyu.databrary.org/volume/1559). Estimates of reliability (inter-rater, internal

consistency, cross-time stability) for study measures are in Supplementary Table S3.

For developmental scaling, scores of each inhibitory control measure were converted to
proportion of maximum (POM) scores to have the same possible range (0-1), with higher scores
reflecting greater inhibitory control. Proportion scores are widely recommended by longitudinal
researchers for studying growth with different measures (Little, 2013; Moeller, 2015). For
measures that had a minimum and maximum possible score, the POM score reflected the
proportion of the maximum possible score. For measures that did not have a minimum or

maximum possible score (i.e., Stop-Signal task), the POM score reflected the proportion of the

score — minimum

maximum observed score. POM scores were calculated as: - , where minimum

aximum — minimum
and maximum were the minimum and maximum possible or observed score. Tasks (Stop-Signal
Task) and questionnaires (BRIEF) were adapted to accommodate the developmental capacity of
the child and the changing expression of inhibitory control with age.
Inhibitory Control Tasks

Fourteen measures, including questionnaires and laboratory tasks, were used to assess
inhibitory control. Laboratory tasks included: Bear/Dragon, Day/Night, Grass/Snow, Hand
Game, Knock/Tap, Less is More, Peg Tapping, Shape Stroop, and Simon Says. Computerized

inhibitory control tasks included: Fish/Sharks and Stop Signal. Additionally, caregivers reported
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on children’s inhibitory control using the Behavioral Rating of Executive Function (BRIEF) and
Children’s Behavior Questionnaire (CBQ).

Bear/Dragon. Bear/Dragon (Kochanska et al., 1996) is a go/no-go task that assesses
children’s inhibitory control and shifting. It involves activation on a subset of go trials and
inhibition on a subset of no-go trials, based on the cue (i.e., puppet), with a rule reversal. The
child was asked to follow instructions from a bear puppet, and to ignore instructions from a
dragon puppet. The child completed three go and three no-go practice trials and was reminded of
the rule if they failed a trial. Next, they were presented with 12 mixed test trials, including six go
(i.e., bear) trials and six no-go (i.e., dragon) trials. Subsequently, the experimenter changed the
rules and instructed the child to now follow the dragon’s directions and to ignore the bear. After
six practice trials, the child completed a second set of 12 test trials (6 go trials and 6 no-go trials)
in a pseudo-random order. Each no-go trial was scored from 1 to 4 (1 = full commanded
movement, 2 = partial movement, 3 = wrong movement, and 4 = no movement). Scoring was
reversed for go trials, consistent with Carlson and Moses (2001). Scores were averaged across
trials within condition (no-go versus go). Because children could receive a high score on no-go
trials by performing no action, we examined the degree to which children inhibited a response on
no-go trials and activated a response on go trials. Consistent with Eisenberg et al. (2013), a
composite of children’s inhibition was computed by multiplying mean scores from inhibition
(no-go) and activation (go) trials (1-16). Therefore, children who activated a behavior on go
trials and inhibited on no-go trials received the highest scores, whereas children who never
activated (or always activated) a behavior received low scores. Final scores were converted to a
proportion of the maximum possible score. Higher scores reflected greater inhibitory control.

Day/Night. Day/Night (Gerstadt et al., 1994) assesses inhibitory control by inhibition of



a prepotent association (that the sun is associated with daytime and the moon is associated with
nighttime) and generation of a competing response. In this task, the child was shown two kinds
of cards: one with a picture of a sun on a white background and the other with a picture of a
moon on a black background. The child was instructed to say “day” when they see the card with
the black moon and say “night” when they see the card with the yellow sun. The task began with
two practice trials, during which the experimenter praised the child for correct responses. If the
child responded incorrectly to either practice trial, the experimenter reminded them of the rules
and repeated the trials. After completing the practice trials, the child was presented with 16 test
trials, eight of each word, in a fixed, quasi-random order. During the test trials, the experimenter
did not provide feedback. Each trial was scored incorrect (0), initially incorrect, but changed to
correct (1), or correct (2), consistent with Kochanska et al. (1997) scoring of other inhibitory
tasks. The final score was the average score across trials (0-2). Final scores were converted to a
proportion of the maximum possible score. Higher scores reflected greater inhibitory control.

Fish/Sharks. Fish/Sharks (Wiebe et al., 2012) is a go/no-go task that assesses inhibitory
control and was administered on a computer using E-Prime software (version 2.0.10.356;
Schneider et al., 2012). During the task, the child was shown cartoon images of fish (go stimuli)
and sharks (no-go stimuli) on a touch screen. Stimuli included ten fish and three sharks.
However, on any given trial, only one fish or one shark was presented. The child was instructed
to touch the fish to catch the fish in their net and not to touch the sharks because the sharks are
too big and would break their net. On go trials in which the child touched the fish, positive
feedback was presented: an image of the fish in the net and pleasant bubble sounds. On no-go
trials in which the child touched the shark, an image of the shark breaking the net and an

unpleasant buzzer sound was presented. No feedback was given if the child successfully



inhibited (except during practice trials). The task began with four practice blocks, each with eight
practice trials, in the following order: go trials only, no-go trials only, go-trials only, and mixed
(i.e., both go and no-go trials) practice block. The experimenter gave feedback during the
practice trials. After the child successfully completed the practice trials, the test trials began. The
test trials consisted of 80 trials: 60 go trials and 20 no-go trials. The task was split into ten blocks
of eight trials. Each block included six go trials and two no-go trials that were randomly
presented. The stimuli (i.e., fish or sharks) were presented for a maximum of 3000 milliseconds
or until the child touched the screen. Feedback stimuli were presented after the child touched the
screen and were displayed for 750 ms. The overall inter-stimulus interval was 1500 ms. The
experimenter provided rule reminders during the test trials but did not provide corrective
feedback. Behavioral responses that occurred less than 200 ms after stimulus onset were
discarded from analyses because this would be too rapid for the child to have responded
deliberately to the target stimulus.

A composite of children’s inhibition was computed by multiplying the proportion of
correct inhibition (no-go) trials by the proportion of correct activation (go) trials, consistent with
Eisenberg et al. (2013). Children who activated a behavior on go trials and inhibited on no-go
trials received the highest scores, whereas children who never activated (or always activated) a
behavior received low scores. Final scores were converted to a proportion of the maximum
possible score. Higher scores reflected greater inhibitory control.

Grass/Snow. Grass/Snow (Carlson & Moses, 2001) assesses inhibitory control by
inhibition of a prepotent association (that the word “grass” is associated with the color green and
the word “snow” is associated with the color white) and generation of a competing response. In

the task, the child was instructed to touch a white square when they hear the word “grass” and a



green square when they hear the word “snow.” The task began with several practice trials, during
which the experimenter praised the child for correct responses. If the child responded incorrectly
to a practice trial, the experimenter reminded the child of the rules and repeated the trials.
Following these practice trials, the child was presented with 12 trials, six of each word, in a
fixed, quasi-random order, and each trial was scored either correct (1) or incorrect (0), consistent
with Carlson and Moses (2001). Final scores were averaged across trials (0—1), which reflected a
proportion of maximum possible score. Higher scores reflected greater inhibitory control.

Hand Game. Hand game (Luria et al., 1964) assesses inhibitory control. In this task, the
child was instructed to either point a finger or make a fist, in response to the experimenter’s hand
movement. During the six initial imitation checks, the child copied the experimenter’s hand
movements to ensure the child had the motor abilities to complete the task. Subsequently, the
child was asked to point a finger when the experimenter made a first, and to make a fist when the
experimenter pointed a finger. The task began with two comprehension check trials, one for each
movement, followed by six practice trials. The experimenter praised the child for correct trials. If
the child responded incorrectly, the experimenter reminded the child of the rules and repeated the
trial. After completing the practice trials, the child was presented with 15 test trials, in a fixed,
quasi-random order. During these test trials, the experimenter did not provide feedback. Each
trial was scored incorrect (0), initially incorrect, but changed to correct (1), or correct (2),
consistent with Kochanska et al.'s (1997) scoring of other inhibitory tasks. Scores were averaged
across all trials (0-2). Final scores were converted to a proportion of the maximum possible
score. Higher scores reflected greater inhibitory control.

Knock/Tap. Knock/Tap (Klenberg et al., 2001) assesses inhibitory control and shifting

and consists of two parts. Prior to starting the task, two imitation trials were administered to



ensure the child had the motor abilities to complete the task. During these imitation trials, the
child copied how the experimenter knocked or tapped the table. The child was then instructed to
knock the table, whenever the experimenter tapped, and to tap the table whenever the
experimenter knocked. After two comprehension checks and two practice trials, 15
pseudorandom test trials were administered. In the second part of the task, the instructions
changed. The child was instructed to make a side fist when the experimenter knocked, and to
knock when the experimenter made a side fist. However, when the experimenter tapped the
table, the child was instructed to do nothing. After six practice trials, 15 test trials were
administered. During test trials, the experimenter did not provide feedback. Each trial was scored
incorrect (0), initially incorrect, but changed to correct (1), or correct (2 consistent with
Kochanska et al.'s (1997) scoring of other inhibitory tasks. Scores were averaged across trials (0—
2). Final scores were converted to a proportion of the maximum possible score. Higher scores
reflected greater inhibitory control.

Less is More. Less is More is a motivationally salient symbolic representation task that
assesses affective (“hot”) inhibitory control (Carlson et al., 2005). The child chose a preferred
treat from two options, white marshmallows and uniformly colored jelly beans. The preferred
treats were pre-bagged in transparent bags with some bags containing two treats and others
containing five treats. The child was asked if they prefer the bag of two treats or five treats.
Children who preferred the two treat bags at the beginning of the trial were excluded. In front of
the child were two bowls, one of which had a “naughty monkey” puppet, and the other bowl was
the child’s bowl. The child was told that “the monkey wants all the treats for himself.” On each
trial, two bags are presented to the child: one bag with five treats and one bag with two treats.

The child was instructed to point to a bag among the two bag options presented. The child was



instructed that the bag they point to goes to the monkey’s bowl, and that they receive the treats in
the other bag (i.e., the bag they did not point to). Each time the child chose a bag, the
experimenter put the bag the child chose in the monkey’s bowl, and the other bag in the child’s
bowl. After up to three comprehension check trials with corrective feedback, there were eight
test trials in the first trial set. The monkey was then moved to the opposite bowl to avoid a side
bias. Then, another comprehension check and eight more trials were administered with the same
rules as the first trial set. Responses were scored as: 0 = child points to large treats bag; 1 = child
initially points to the large treats bag, then changes to the small treats bag; 2 = child points to the
small treats bag, consistent with Kochanska et al.'s (1997) scoring of other inhibitory tasks.
Scores were averaged across 16 test trials (0-2). Final scores were converted to a proportion of
the maximum possible score. Higher scores reflected greater affective inhibitory control.

Peg Tapping. Peg Tapping (Luria et al., 1964) assesses inhibitory control. The child
observed sequences of a specific number of pencil taps on a table (either one or two) and was
instructed to tap a pencil the opposite number of times of what they observed. The experimenter
explained the rules: when the experimenter taps the pencil once and then hands the pencil to the
child, the child is to tap the pencil twice. When the experimenter taps the pencil twice, the child
is to tap the pencil once. The child received two practice trials and then received 16 test trials in
which the experimenter followed a fixed, quasi-random order to tap once or twice. The child was
given corrective feedback on the practice trials but not the test trials. Trials were scored correct
(2) or incorrect (0). Final scores were averaged across trials, which reflected a proportion of
maximum possible score. Higher scores reflected greater inhibitory control.

Shape Stroop. Shape Stroop (Kochanska et al., 2000) assesses children’s perceptual

inhibitory control. The task assessed the child’s ability to identify a picture of a small fruit
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embedded within a picture of a different, larger fruit. To verify that the child knew the names of
the fruits in the pictures, the child was first presented with three pictures, each containing one
large fruit: an apple, banana, or orange. In the first three trials, the child was asked to point to a
large fruit (e.g., the large apple). After successfully identifying these three fruits, the child was
presented with three new pictures, each containing a small fruit embedded within a different,
larger fruit image (e.g., a small banana embedded within a larger apple image). The following
three trials, the child was instructed to point to a small fruit (e.g., the small banana). Trials were
scored from 0 to 2 (0 = incorrect, 1 = initially incorrect, but changed response to correct, 2 =
correct; Kochanska et al., 2000). Scores were averaged across the three small fruit trials (0-2).
Final scores were converted to a proportion of the maximum possible score. Higher scores
reflected greater perceptual inhibitory control.

Simon Says. Simon Says (Strommen, 1973) assesses children’s inhibitory control in
response to verbal and motor cues. The task involved a series of activation (i.e., “go’) and
inhibition (i.e., “no-go”) trials, in which the child was instructed to inhibit their behavioral
response to instructions unless the instructions are accompanied by a verbal cue. The child was
presented with a series of instructions to perform simple motor actions (e.g., clap your hands,
stomp your feet) and was told to perform the action only if the instructions are preceded by the
phrase “Simon Says.” The child completed two go practice trials and two no-go practice trials,
followed by 20 test trials, including ten go trials and ten no-go trials, presented in a fixed,
pseudo-random order. Each no-go trial was scored from 1 to 4 (1 = full commanded movement,
2 = partial movement, 3 = wrong movement, and 4 = no movement), consistent with Carlson and
Moses (2001) scoring of a simplified version of Simon Says (Bear/Dragon); scoring was

reversed for go trials. Scores were averaged across trials within condition (no-go versus go;
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ranged 1-4). Because children could receive a high score on no-go trials by simply not
responding, a composite score of children’s inhibitory control was computed by multiplying
mean scores from ten go trials and ten no-go trials, consistent with Eisenberg et al. (2013).
Children who inhibited behavior across all trials thus received a lower score compared to
children who correctly inhibited behavior across inhibition (no-go) trials and activated behavior
across activation (go) trials. Final scores were converted to a proportion of the maximum
possible score. Higher scores reflected greater inhibitory control.

Stop-signal task. The stop-signal task is a widely used experimental procedure to assess
the ability to inhibit inappropriate actions (Verbruggen et al., 2019). The Food Finder stop-signal
task was adapted from Berger et al. (2013) to be more appropriate for children as young as three
years of age with child-friendly stimuli, an engaging storyline, animations, touchscreen, and a
progress bar. Children performed a two-alternative forced choice task, but on some trials, they
were given a cue (stop signal) to withhold responding. If the stop signal appeared too late after
the go stimulus, children were unable to withhold the response. Latency of the stop signal after
go stimulus onset (stop-signal delay [SSD]) was manipulated to determine a child’s speed of
response inhibition.

The task included three blocks that followed the same structure: presentation of go
stimuli, practice go trials, presentation of stop signal, mixed practice trials, and test trials. Each
trial began with a flickering star in the center of the screen that served as a fixation point. In
Block 1, trials included a picture of a green food (e.g., lime) or purple food (e.g., grapes) in the
middle of the screen. On the bottom of the screen was a picture of a green goat and purple pig.
The child was told to give purple food to the purple pig and green food to the green goat by

touching the animal on the screen. The child was told to touch the purple pig when they see
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purple food and to touch the green goat when they see green food. The child then completed the
practice go trials and experimenters provided praise for correct responses. After completing the
practice go trials, the child was shown a cartoon wizard and was told that wizard will try to trick
them and turn the food into a car. On stop trials, the food and animals were shown, and after
some delay (i.e., SSD) the food and animals were replaced by a car. The child was instructed not
to feed cars to the animals and not to touch the screen when they saw a car. The child was
instructed to go as fast as they can. The child then completed mixed practice trials, i.e., both go
and stop trials. After the mixed practice trials, the child completed the test trials which consisted
of 60 trials in each block: 42 go trials and 18 stop trials.

The task used a staircase dynamic-tracking paradigm that adjusted the SSD based on the
child’s performance on previous stop trials. The algorithm adjusting the SSD attempted to obtain
a 50% error rate on stop trials, which helped normalize task difficulty across ages. The SSD was
set at 400 ms for the first trial of Block 1 so the task would be relatively easy in the beginning
and become more challenging over time. The delay modification after each stop trial was 100 ms
during Block 1 and was 50 ms in Blocks 2 and 3. The delay modification was higher in Block 1
than Blocks 2 and 3 to converge upon the 50% error rate more quickly. If the participant
successfully inhibited on a stop trial, the delay modification was added to the SSD on the next
stop trial to make stopping more difficult. If the participant failed to inhibit on a stop trial or if
they responded before the stop signal, the delay modification was subtracted from the SSD on
the next stop trial to make stopping easier. The running SSD at the end of each block carried
forward to the next block.

The trial stimuli (i.e., food, animals, and cars) were presented for a maximum of 5000 ms

or until the child touched the screen. Auditory feedback lasting ~540—-700 ms was provided after
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every trial. Feedback was a “yippee” sound for all correct trials: correct responses on go trials
and successful omissions on stop trials. For correct responses on go trials, animation showed the
food moving toward the selected animal. Feedback was a “hmm” sound for all incorrect trials:
omission errors on go trials, incorrect categorizations on go trials—i.e., touching the picture of
the wrong animal, and commission errors on stop trials.

To reduce habituation, the animals and foods changed in Blocks 2 and 3. In Block 2, the
child was told to give orange food to the orange owl and red food to the red rabbit. In Block 3,
the child was told to feed blue food to the blue bird and pink food to the pink penguin. The
cartoon wizard and cars were kept the same for both Blocks 2 and 3. There were three foods of
each color. In Blocks 2 and 3, the children completed the test trials only, for a total of 180 trials
(126 go and 54 stop trials). Again, feedback was provided on every trial. Stimuli were presented
via E-Prime software (Schneider et al., 2012).

We performed several processing steps to ensure data were high-quality. The length and
difficulty of task blocks caused some children to fail to perform the task for some subsets of
trials. We attempted to identify these subsets of children and trials to retain as many children and
trials in the analyses as possible while eliminating trials that did not tap response inhibition
processes and children who had insufficient valid trials. No algorithm will be perfectly accurate
in adjudicating valid responding, but the following criteria were adopted to restrict the analysis
to trials in which the child appeared to be performing the task as instructed while allowing for
temporary lapses. The same criteria were applied to all children.

First, responses that occurred less than 200 ms after go stimulus onset were discarded
from analyses because this would be too rapid for the child to have responded deliberately to the

target stimulus. We excluded subsets of trials during which the child appeared to be temporarily
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deviating from the instructions but later returned to the task. In some cases, children consistently
delayed their response to wait for the stop signal, causing the SSD to become so long that it was
no longer relevant for task performance. These subsets of trials were identified by sequences of
six or more stop trials in which the child responded before the stop signal appeared. For these
trial subsets, we kept only those data prior to the first instance of responding before the stop
signal (in that sequence of six consecutive stop trials), and we retained trials after the child had
three consecutive stop trials in which they did not respond before the stop signal. If the child had
a sequence of trials in which they appeared not to be participating (i.e., they did not respond on
four or more consecutive go trials), we kept only those trials prior to their first missed go trial in
that sequence of consecutive missed go trials. If the child started participating again, as
operationalized by three failed stops in a sequence of six stop trials, we retained the subsequent
trials.

We excluded children at a given measurement occasion who had insufficient valid trials
due to excessive use of the strategy of delaying their response to wait for the stop signal. We set
the threshold for insufficient trials due to this strategy as the child having 20% or more of their
go trials in which their reaction times was shorter than the running SSD (i.e., the SSD at that
point in the task). We also excluded children who did not have any failed stop trials, indicating
that they responded infrequently or after a long delay. In addition, we excluded children who
intentionally touched the stop signal (thus not following the rules), resulting in an unreasonably
quick SSD. We set this threshold to exclude children whose mean SSD was less than 100 ms.

We operationalized response inhibition as the stop-signal reaction time (SSRT). The
SSRT was calculated as the median reaction time on correct go trials minus the mean SSD from

Blocks 2 and 3. Block 1 was not included in the calculation to allow the algorithm time to
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converge upon a 50% error rate on stop trials. Cases were excluded if the SSRT was negative
(i.e., the median go reaction time was faster than the mean SSD). Final scores were converted to
a proportion of the maximum observed score and were reverse scored. Higher scores reflected
greater inhibitory control.

Behavior Rating Inventory of Executive Function (BRIEF). The BRIEF assesses
children’s executive functioning within the context of their everyday environment. Two versions
were used based on the child’s age. Parents completed the BRIEF-Preschool Version (BRIEF-P;
Gioia et al., 1996) if the child was 3-5 years old or the BRIEF-2 (Gioia et al., 2015) if the child
was 67 years old. Scores on the Inhibitory Control subscale were used for both questionnaires’
versions. Twenty-four items were rated on a 3-point scale (1 = never, 2 = sometimes, 3 = often)
in terms of how often, in the last six months, the child’s behavior had been a problem. To
account for missing responses in the sum score, scores were averaged across items and then
multiplied by the number of items. Scores were converted to a proportion of the maximum
(POM) possible score. Scores were then reverse scored so that higher scores reflected greater
inhibitory control. Mothers’ and fathers’ ratings on the Inhibitory Control Composite were
significantly correlated (r[152] = .38, p <.001). Age and sex norm-referenced T-scores had a
mean of 52.37 (SD = 10.43).

Children’s Behavior Questionnaire (CBQ). The CBQ assesses children’s temperament
(i.e., reactivity and regulation). Two versions were used based on the rater type. Parents
completed the CBQ (Putnam & Rothbart, 2006). Secondary caregivers completed the CBQ-
Teacher Short Form (CBQ-TSF, Teglasi et al., 2015). We used scores from the Inhibitory
Control scale (CBQ: 13 items; CBQ-TSF: 6 items). Items were rated on 7-point Likert scale (1 =

extremely untrue, 2 = quite untrue, 3 = slightly untrue, 4 = neither true nor untrue, 5 = slightly
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true, 6 = quite true, 7 = extremely true). Scores were averaged across items. Scores were
converted to a proportion of the maximum possible score. Higher scores reflected greater
effortful control. Mothers’ ratings on the Inhibitory Control scale were associated with ratings by
fathers (r[164] = .46, p <.001) and secondary caregivers (r[165] = .31, p <.001). Fathers’
ratings were associated with ratings by secondary caregivers (r[112] = .35, p <.001).
Externalizing Problems

Achenbach System of Empirically Based Assessment. The Achenbach System of
Empirically Based Assessment (ASEBA) assesses children’s emotional and behavioral problems.
Items were rated on a 3-point Likert scale according to how well the item described the child (0
= not true, 1 = somewhat or sometimes true, 2 = very true). Multiple versions were used based on
the child’s age and rater type. Parents completed the Child Behavior Checklist 1.5-5 (CBCL
1.5-5; Achenbach & Rescorla, 2000) if the child was 3-5 years old or the Child Behavior
Checklist 6-18 (CBCL 6-18; Achenbach & Rescorla, 2001) if the child was 67 years old.
Secondary caregivers completed the Caregiver—Teacher Report Form (C-TRF; Achenbach &
Rescorla, 2001) if the child was 3-5 years old or the Teacher’s Report Form (TRF; Achenbach &
Rescorla, 2001) if the child was 6-7 years old. The ASEBA scales are empirically derived,
widely used, and have shown strong reliability (internal consistency, test-retest reliability, and
interrater reliability) and validity (content, construct, and criterion-related validity) in large and
diverse samples in the U.S. (Sattler, 2022).

Items on the CBCL 1.5-5 and C-TRF were categorized into seven syndrome scales:
Emotionally Reactive, Anxious/Depressed, Somatic Complaints, Withdrawn, Sleep Problems
(CBCL 1.5-5 only), Attention Problems, and Aggressive Behavior. Items on the CBCL 6-18 and

TRF were categorized into eight syndrome scales: Anxious/Depressed, Somatic Complaints,
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Withdrawn/Depressed, Social Problems, Thought Problems, Attention Problems, Rule Breaking
Behavior, and Aggressive Behavior. Subscales were further categorized into two higher-order
factors: internalizing and externalizing. Scores on the Externalizing scale were used. The
Externalizing scale consisted of the Attention Problems and Aggressive Behavior syndrome
scales for the CBCL 1.5-5 (24 items) and C-TRF (34 items) and the Rule-breaking and
Aggressive behavior syndrome scales for the CBCL 6-18 (35 items) and TRF (32 items). To
account for missing responses in the sum score, scores were averaged across items and then
multiplied by the number of items. As with inhibitory control measures, externalizing problem
scores were then converted to a proportion of the maximum possible score to put scores from
different ASEBA measures onto a metric with the same possible range. Higher scores reflected
more externalizing problems. Mothers’ ratings on the Externalizing scale were associated with
ratings by fathers (r[178] = .56, p < .001) and secondary caregivers (r[174] = .46, p <.001).
Fathers’ ratings were associated with ratings by secondary caregivers (r[123] = .44, p <.001).

Age and sex norm-referenced T-scores had a mean of 46.35 (SD = 9.73).
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Supplementary Appendix S3. Description of Covariates.

Child age, child sex, and family socioeconomic status were used as covariates. Child age
was recorded as the age of the child the date of the first lab visit of each timepoint. Child sex was
dummy coded (male = 0, female = 1). Socioeconomic status (SES) was calculated as the average
of three z-scored indices: income-to-needs ratio, parent educational attainment, and parent
occupational prestige. Income-to-needs ratio was computed based on the ratio of the household’s
income relative to poverty thresholds from the U.S. Census Bureau given the number of adults
and children in the home. Parent educational attainment was scored as the highest level of
education completed: 1 = less than 7" grade; 2 = junior high school; 3 = partial high school; 4 =
high school graduate; 5 = partial college (at least one year) or specialized training; 6 = standard
college or university graduation; 7 = graduate professional training (graduate degree). Parent
occupational prestige was scored using the Nam-Powers-Boyd occupational scale (Boyd & Nam,
2015). Given the strong, cross-time rank-order stability of SES (r = .90, p <.001), we
interpolated missing SES values at a given time point by carrying a participant’s last observation

forward.
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Supplementary Appendix S4. Collection and Pre-Processing of Electrophysiological
Recordings.

Electrophysiological data were collected using an Electrical Geodesic, Inc (EGI) 128-
electrode Hydrocel Geodesic Sensor Net with a Net Amps 400 series amplifier. Electrodes were
active electrodes composed of silver chloride (Ag-Cl) plated carbon-embedded plastic. The
electrode net was soaked in a saline solution before being placed on the child’s head. Net
Station Acquisition Software 5.4.2 (Electrical Geodesics, Inc., 2018) was used to collect the
continuous EEG data. The recording system’s precision was .024 pwV/bit and had an analog-to-
digital conversion rate of 8000 samples per minute. During recording, electrode impedances
were adjusted to be at or below 50 kQ and continuous EEG data were collected at a sampling
rate of 1000 Hz. EEG data were collected during a go/no-go task (i.e., Fish/Sharks), which was
administered using E-Prime 2.0.10.356 (Schneider et al., 2012). Stimuli were presented on a
computer monitor that was located approximately half of a meter in front of the child. Children
were instructed to respond using one hand. Auditory feedback was presented at a volume of 75
decibels (£ 2 decibels).

Data were pre-processed in Net Station Tools 5.4.3 (Electrical Geodesics, Inc., 2018).
Continuous data were band-pass filtered from 0.1 to 30.0 Hz. Correct go and correct no-go trials
were selected and segmented into 1200 ms epochs that began 200 ms prior to the presentation of
each stimulus. Epochs were then automatically inspected for artifacts, which included identifying
and removing “bad” channels. Eye blinks and eye movements were also identified. Channels
were marked bad if they contained a voltage shift greater than 200 puV during a given segment
length of 80 ms. Eye blinks were classified as a voltage shift greater than 175 uV (max—min)

within a 640 ms moving time window for each trial after running an 80 ms moving-average
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smoothing algorithm across the entire trial period. Eye movements were classified as a voltage
shift greater than 200 uV (max—min) over a 640 ms window (with an 80 ms moving-average
smoothing algorithm). Epochs were marked bad if they contained more than 20 bad channels, an
eye blink, or an eye movement. Channels were marked bad across all epochs if 20% or greater of
the epochs were marked bad. Channels marked bad across all epochs were removed. Removed
channels were interpolated based on the waveforms of surrounding electrodes. If a child did not
have at least 10, artifact-free trials in each condition after automatic processing, epochs were
manually examined for artifacts. After manually identifying and removing artifacts and bad
channels, epochs were subjected to the same automatic inspection procedure described above.
Epochs were then averaged within participants, and re-referenced to an average reference (i.e.,
the average of all scalp electrodes). Finally, epochs were baseline corrected by subtracting the

average activity from each epoch’s 200 ms baseline.
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Supplementary Appendix S5. Description of Temporospatial PCA.

To perform the sequential temporospatial PCA (tsPCA), we followed recommendations
by Dien and colleagues (Dien, 2010, 2012; Dien & Frishkoff, 2005). First, we conducted
temporal PCA using a promax rotation to identify distinct temporal components. The number of
components to retain in each of the PCA analyses was determined using a parallel test, which
compares eigenvalues to eigenvalues from randomly simulated data (Horn, 1965). Then, we
conducted spatial PCA using an infomax rotation to identify distinct spatial components. Finally,
we conducted spatial PCA using an infomax rotation on the temporal components identified in
the previous temporal PCA to identify distinct temporospatial components. The tsSPCA was
conducted across all ages (i.e., 36 to 90 months) but separately for each condition (i.e., go versus
no-go trials).

The temporospatial waveform, thought to correspond with the N2 component, was
selected based on a priori hypotheses about the latency, topography, and morphology of the
component. The selected N2 component was characterized by a frontocentral negativity that
peaked at 427 ms in the go condition, and 466 ms in the no-go condition. N2 amplitudes used in
analysis were extracted from the peak negative channel (electrode 21) at the peak latency of the
selected temporospatial component corresponding to the N2 (Scharf et al., 2022). Full details of
the selected N2 component for each condition are described below.

Go trials

The temporal PCA retained 17 temporal components, which collectively explained
greater than 98 percent of the variance across timepoints in the waveforms. The spatial PCA
retained 17 spatial components, which collectively explained greater than 85 percent of the

variance across electrodes in the waveforms. The spatial PCA on the temporal components
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retained 8 spatial components, which collectively explained greater than 80 percent of the
variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 136 temporospatial components (17 temporal components x 8 spatial components). The
selected N2 component explained approximately 6.31 percent of the overall variance in the
waveform.
No-Go trials

The temporal PCA retained 20 temporal components, which collectively explained
greater than 98 percent of the variance across timepoints in the waveforms. The spatial PCA
retained 15 spatial components, which collectively explained greater than 85 percent of the
variance across electrodes in the waveforms. The spatial PCA on the temporal components
retained 8 spatial components, which collectively explained greater than 80 percent of the
variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 160 temporospatial components (20 temporal components x 8 spatial components). The
selected N2 component explained approximately 7.43 percent of the overall variance in the
waveform.
Age-Specific PCAs

As an additional sensitivity analysis, we conducted separate PCA analyses for younger
(36-54 months, n = 81 instances) and older children (63-90 months, n = 77 instances) for both
conditions. We conducted age-specific PCAs to be consistent with prior research that has shown
that children's capacity for self-regulation, including inhibitory control, rapidly increases
between ages 3 and 7 (Hosch et al., 2022). Moreover, there is substantial neural development
during the same developmental period (Casey et al., 2005), which may produce different PCA

structures in younger versus older children. Thus, to account for these developmental changes,
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we conducted separate PCAs for two the age groups.

The N2 component appeared similar in younger and older children. In younger children,
the selected N2 component was characterized by frontocentral negativity that peaked at 501 ms.
In older children, the component displayed the same frontocentral negativity and peaked slightly
earlier at 466 ms. Moreover, the tsPCA-identified no-go N2 amplitudes between younger and
older children were strongly correlated (r[472] = .64, p < .001). Thus, we used the N2 amplitudes
from the age-combined PCA to help ensure that we extracted the same ERP component across
ages. Details of the age-specific PCAs are below.

Ages 36-54 months

Go trials. The temporal PCA retained 17 temporal components, which collectively
explained greater than 98 percent of the variance across timepoints in the waveforms. The spatial
PCA retained 16 spatial components, which collectively explained greater than 87 percent of the
variance across electrodes in the waveforms. The spatial PCA on the temporal components
retained 7 spatial components, which collectively explained greater than 79 percent of the
variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 119 temporospatial components (17 temporal components x 7 spatial components). The
selected N2 component explained approximately 7.28 percent of the overall variance in the
waveform.

No-Go trials. The temporal PCA retained 19 temporal components, which collectively
explained greater than 98 percent of the variance across timepoints in the waveforms. The spatial
PCA retained 15 spatial components, which collectively explained greater than 86 percent of the
variance across electrodes in the waveforms. The spatial PCA on the temporal components

retained 7 spatial components, which collectively explained greater than 80 percent of the
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variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 133 temporospatial components (19 temporal components x 7 spatial components). The
selected N2 component explained approximately 7.95 percent of the overall variance in the
waveform.

Ages 63-90 months

Go trials. The temporal PCA retained 15 temporal components, which collectively
explained greater than 98 percent of the variance across timepoints in the waveforms. The spatial
PCA retained 18 spatial components, which collectively explained greater than 87 percent of the
variance across electrodes in the waveforms. The spatial PCA on the temporal components
retained 7 spatial components, which collectively explained greater than 80 percent of the
variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 105 temporospatial components (15 temporal components x 7 spatial components). The
selected N2 component explained approximately 5.40 percent of the overall variance in the
waveform.

No-Go trials. The temporal PCA retained 17 temporal components, which collectively
explained greater than 98 percent of the variance across timepoints in the waveforms. The spatial
PCA retained 15 spatial components, which collectively explained greater than 87 percent of the
variance across electrodes in the waveforms. The spatial PCA on the temporal components
retained 7 spatial components, which collectively explained greater than 81 percent of the
variance across electrodes in the temporal components. Thus, the two-step temporospatial PCA
retained 119 temporospatial components (17 temporal components x 7 spatial components). The
selected N2 component explained approximately 8.50 percent of the overall variance in the

waveform.
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Supplementary Appendix S6. Exploratory Factor Analysis.

We examined scores from the inhibitory control measures in exploratory factor analysis
(EFA). We conducted EFA using the efa() function of the lavaan 0.6-14 package (Rosseel, 2012)
in R 4.2.0 (R Core Team, 2022). EFA models were fit with full information maximum likelihood
(FIML) with robust standard errors to account for nonnormally distributed data. EFA models
used geomin for oblique rotation, to account for the covariation among latent factor dimensions
of inhibitory control. To leverage all time points of data for all participants, we stacked the data
in long form, so that each combination of participant and timepoint uniquely identified each row.
We fit separate EFA models with and without controls for age. A one-factor model accounted for
36.2% of the variance. All but one measures’ scores (fathers’ ratings on the BRIEF) had a
significant factor loading. In a two-factor model, the second factor accounted for 12.2% of the
variance. Moreover, all measures that had loadings above .40 on the second factor were
questionnaire measures, suggesting that the factor that accounted for the most variance after the
primary factor was a method factor. Findings remained consistent when controlling for the
child’s age. Thus, although inhibitory control measures clearly assessed multiple dimensions, a
single factor accounted for considerable variance, and accounted for considerably more variance
than the second factor. Based on this evidence, the primary factor appeared to reflect a
meaningful operationalization of inhibitory control. Thus, given our goals to examine children’s
inhibitory control development by aggregating scores from multiple methods, we conducted item
response modeling with a single factor. Results of the single factor exploratory factor analysis

are in Supplementary Tables S4-S5.
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Supplementary Appendix S7. Developmental Scaling Approach.

We used developmental scaling to link scores from the different measures across ages
onto the same scale. In this way, we could make meaningful comparisons of scores from
different measures across ages and estimate accurate trajectories of inhibitory control and
externalizing problems. To perform developmental scaling, we used a two-parameter Bayesian
longitudinal item response model in a mixed modeling item response theory (IRT) framework.
Such a model allows us to simultaneously account for heterotypic continuity using different
measures across time and to model children’s trajectories. The model linked scores from
measures across all ages in the same model, known as concurrent calibration. Concurrent
calibration accounts for within-person dependence of scores across time and results in more
precise and stable estimates than two-stage calibration in which separate models across age are
fit (Kolen & Brennan, 2014; McArdle et al., 2009). We fit a separate model for inhibitory control
and externalizing problems (described below).

The two-parameter item response model estimates two parameters: easiness (¢; the
inverse of difficulty) and discrimination (a)). The item’s easiness parameter is the expected score
on an item at a given level of the construct (Burkner, 2020). The item’s discrimination parameter
is how strongly the item is associated with the construct. Easiness and discrimination provide
information about the functioning and usefulness of each item—and the whole measurement
scheme—at a given age.

A two-parameter logistic IRT model takes the following form:

eai(0j+$i)

14eil071)

P(yij = 1]6;, 2, &) = (1)

where y;; is score for person j on item i, theta (6;) is the level on the construct for person j, xi

(&;) is the easiness parameter for item i, and alpha («;) is the discrimination parameter for item i.
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Externalizing Problems. For robust estimates of externalizing problems, we fit
multidimensional item response models that included items assessing the three primary
dimensions of psychopathology: externalizing problems, internalizing problems, and thought-
disordered problems. This allowed borrowing information from each dimension in the estimation
of the other, for more accurate estimates given considerable covariation between internalizing,
externalizing, and thought-disordered problems (Caspi et al., 2014).

In the present study, externalizing problem items were rated on a three-point scale that
ranged from p;; = 0-2. There were three possible response options (0, 1, 2), so there were two
category boundaries: one boundary between 0 and 1, and one boundary between 1 and 2.
Because the response options were ordinal, we fit a graded response model, which allows ordinal
responses. For externalizing problem items, we used a cumulative response distribution with a
logit link. A two-parameter graded response model takes the following general form of Equation
(2):

P(Yi; = vi16;) = P;,(6;) = Py, +1(6;) )

where:
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where y;; is score for person j on item i, theta (6;) is the level on the construct for person j, xi
(&;c) 1s the easiness parameter for item i for category c, and alpha («;) is the discrimination
parameter for item i.

We estimated the item’s easiness parameter (&;.) with fixed effects for the child’s sex, the

role of the rater (mother, father, or secondary caregiver), the psychopathology dimension

assessed (externalizing, internalizing, or thought-disordered problems), and linear and quadratic
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terms for the child’s age. The rater role was dummy coded so that the mother rater was the
reference group. The model included a random intercept and random slope for each item. The
random slopes for each item were age, role, and an age x role interaction. This allowed each item
to differ in its change in easiness over time for each rater type. There was also a random intercept
and random slope for each person. The random slopes for each person were age, quadratic age,
role, age x role interaction, dimension, age x dimension interaction, dimension x role interaction,
and an age x dimension x role interaction. This allowed each person to have a unique trajectory
for each psychopathology dimension and rater type.

We estimated the item’s discrimination parameter (a;) with fixed effects for the
dimension assessed, the role of the rater, and linear and quadratic terms for the child’s age. The
model included a random intercept and random slope for each item. The random slopes for each
item were age, rater role, and an age x role interaction. This allowed each item to differ in its
change in discrimination over time, and for each item to show unique changes in discrimination
for each rater type.

In a Bayesian model, the final step is to specify prior distributions for all remaining
parameters in the model. We kept the default priors used in the brms package (Burkner, 2017),
which uses vague but proper priors. The prior for the intercept of item discrimination was a
normal distribution with a mean of 0 and standard deviation of 1. The intercept for item easiness
and all standard deviation parameters were given a half t-distribution prior with 3 degrees of
freedom, mean 0, and scale parameter 2.5.

Inhibitory Control. For robust estimates of inhibitory control, we fit multidimensional
item response models that included measures assessing the various dimensions of related but

distinct aspects of self-regulation: inhibitory control, attentional control, emotion regulation, and
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delay of gratification. This allowed borrowing information from each dimension in the
estimation of the other, for more accurate estimates given considerable covariation between
aspects of self-regulation (Espy et al., 2011).

Given the numerous measures of self-regulation that were assessed, the many items, and
the varying number of items per measure, we used measure-level (POM) scores (rather than
item- and trial-level scores) as the “items” in the item-response model. The self-regulation scores
were continuous proportion scores that ranged from p;; = 0-1. Because some scores were zero
or one (especially one), we used a zero-one-inflated beta distribution for the outcome variable
(Ospina & Ferrari, 2012). A traditional beta distribution is a continuous probability distribution
that does not allow zeros or ones. A zero-one inflated beta distribution is a mixed continuous-
discrete probability distribution, which includes a continuous beta distribution (to capture the
continuous distribution of proportion scores) and Bernoulli distributions (to capture zeros and
ones). A zero-one-inflated beta response distribution takes the following form:

TTij ifp;; =0
f(pij) = (1 - ﬂij)Yij ifp; =1 (4)
(1 - Tl'l])(l - yij)Beta(aij, bl]) lfpl] € (O, 1)

where pi (m;;) is the probability of p;; = 0, gamma (y;;) is the conditional probability of p;; = 1
given that p;; # 0, and a;; and b;; are the shape parameters of the Beta distribution when p;; €
(0,1).

The next step in the Bayesian hierarchical model is to put distributions on each of the
parameters in Equation 4. We estimated both 7z;; and y;; using a logistic mixed model with fixed
effects for the child’s age and child’s sex, along with a random intercept for participant.

Nesting:

Level 1: i = item (i.e., measure of self-regulation)
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Level 2: j = person
logit(1;;) = Bor + Binage; ; + Bansex; + Bapdimensiony + bor; (5)
logit(yi;) = Boy + Pryage, ; + Baysex; + Bspdimensiong + by,

al-j

and

The a;; and b;; parameters in the beta distribution are re-written into the mean p;; = ——
ij ij

aiiji]-

the variance v;; = The mean p;; is a percentage that is given the IRT form of

(aij"‘bij)z(aij"‘bij"'l).
Equation 1 and specified in more detail below in Equation 6.
logit (uij) = elos(@) x nij (6)
Nij =6 + &
where mu (uij) is the inhibitory control score for person j on item i, alpha («;) is the

discrimination parameter for item i, eta (r;;) is the sum of the person’s level on the construct (6;)

for person j and the item’s easiness (&;) for item i.

We estimated eta (7;;) with fixed effects for the child’s sex, the self-regulation dimension
assessed (inhibitory control, attentional control, emotion regulation, and delay of gratification),
and linear and quadratic terms for the child’s age. The model included a random intercept and
random slope of age for each task. This allowed each task to differ in its change in easiness over
time. There was also a random intercept and random slope for each person. The random slopes
for each person were age, quadratic age, dimension, and an age x dimension interaction. This
allowed each person to have a unique trajectory for each self-regulation dimension.

We estimated the item’s discrimination parameter (a;) with fixed effects for the
dimension assessed and linear and quadratic terms for the child’s age. The model included a
random intercept and random slope of age for each task. This allowed each task to differ in its

change in discrimination over time.
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In addition, we took the log of the variance and used a linear mixed model on v;; using

an intercept-only log-linear mixed model with a population intercept and a random intercept for
participant.

log(vij) = Boy + boy; (5)

We kept the default priors used in the brms package (Burkner, 2017), which uses vague
but proper priors. The priors were logistic (mean 0, scale parameter 1) for the intercept of the
probability of having a score of 0 or 1 (zero-one inflation; zoi) and the conditional probability of
having a score of 1 given the score is either 0 or 1 (conditional one-inflation; coi). The intercept
for precision (phi; i.e., 1/variance) and all standard deviation parameters were given a half t-
distribution prior with 3 degrees of freedom, mean 0, and scale parameter 2.5.

Developmental Scaling. We performed the developmental scaling and estimation of
growth curves in the same model. A given child had up to four time points. Thus, a quadratic
was the most complex polynomial of nonlinear growth we could estimate for children’s
trajectories that still allow measurement error. Because of prior work demonstrating that
developmental trajectories in inhibitory control (Montroy et al., 2016) and externalizing
problems (Petersen et al., 2015) are nonlinear, we modeled children’s growth with a quadratic
term. We modeled random intercepts and random linear and quadratic slopes to allow each child
to differ in their starting point, form of growth, and curvature. Age in years was centered to set
the intercepts at age 3, the youngest age in the sample. We included the child’s sex (female = 1,
male = 0) and, for psychopathology ratings, the rater role as a predictor of the intercepts and
slopes. Bayseian growth curve estimates for inhibitory control and externalizing problems are

depicted in Supplmentary Figures S5 and S6.
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Our model had no missing data in the predictors (age, sex, and rater); missingness was
only in the outcome (scores on psychopathology items and self-regulation measures). Mixed
models handle missing data in the outcomes. Mixed models provide valid inferences if the data
are missing at random or completely at random (Detry & Ma, 2016). Furthermore, our Bayesian
hierarchical mixed model also provides valid inference when data are missing at random or
completely at random. Because much of our missingness was due to the coronavirus 2019
(COVID-19) pandemic, and we observed limited patterns of systematic missingness as a
function of demographics, predictors, or outcomes with small effect sizes, we felt this modeling
approach was appropriate. Moreover, researchers have argued against using multiple imputation
in longitudinal designs that use mixed models because multiple imputation can lead to unstable
estimates (Twisk et al., 2013).

Developmentally scaled factor scores were estimated from the posterior distribution by
averaging model-predicted posterior samples across chains and iterations, within combinations
of child-by-measurement occasion (inhibitory control) or within combinations of child-by-
measurement occasion-by-rater (externalizing problems). This allowed each child to have a
different factor score of inhibitory control at each of their measurement occasions, and for each
child to have a different factor score of externalizing problems for each rater at each of their
measurement occasions.

We fit the Bayesian longitudinal mixed models using the brm() function of the brms
package 2.18 (Blrkner, 2017) in R, which uses the RStan 2.21.7 (Stan Development Team,
2020a) interface to Stan 2.21.0 (Stan Development Team, 2020b) for Bayesian modeling. The

models included eight chains and 10,000 iterations.
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Supplementary Appendix S8. Sensitivity Analyses.
Cluster-Robust Standard Errors

Effects were somewhat attenuated when including cluster-robust standard errors (as
opposed to bootstrapping) to account for the nonindependence of the data. After controlling for
the child’s age and sex, N2 amplitudes were not related to externalizing problems (i.e., total
effect; B =0.09, p =.103). Similarly, there was not a significant association between N2
amplitudes and externalizing problems after accounting for inhibitory control and covariates (i.e.,
the direct effect, B = 0.07, p = .227). Moreover, there was no significant indirect effect of
inhibitory control (p = 0.02, p =.150). However, effect sizes were similar. Nevertheless,
bootstrapping is considered the gold-standard approach to evaluate indirect effects (Hayes, 2009;
Shrout & Bolger, 2002), so we interpret these findings with caution.
Additional Covariates

In addition to controlling for child age and sex, we conducted sensitivity analyses
controlling for rater type (i.e., mother, father, and secondary caregiver), the number of correct
no-go trials kept, and the number of bad electrodes. Effects were somewhat attenuated when
including additional covariates. N2 amplitudes were not related to externalizing problems (i.e.,
total effect; B =0.07, p = .127). Similarly, there was not a significant association between N2
amplitudes and externalizing problems after accounting for inhibitory control and covariates (i.e.,
the direct effect, B = 0.05, p = .294). The indirect effect of inhibitory control was marginally
significant (f = 0.02, p = .090). However, despite somewhat attenuated effects, the overall effect
sizes were similar.
Moderated Mediation by Sex

To examine whether there were sex-related differences in the indirect effect, we
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estimated a multigroup model comparing boys and girls. We allowed all parameters to freely
vary across groups. There were no significant differences in the indirect effect across groups (p =
-.008, p =.799). Thus, the indirect effect appeared to operate similarly for both boys and girls.
Inhibitory Control Estimated from Performance-Based Tasks

Results were largely the same using a latent variable of inhibitory control estimated from
performance-based (i.e., behavioral) tasks. After controlling for the child’s age and sex, the
number of no-go trials kept, and the number of bad channels, N2 amplitudes remained associated
with externalizing problems (i.e., total effect; p = 0.06, p = .001). The association between the
N2 and externalizing problems remained nonsignificant after accounting for inhibitory control
and covariates (i.e., direct effect; B = -0.04, p = .365). Additionally, there was a significant
indirect effect of inhibitory control (f = 0.10, p =.001).
Inhibitory Control Estimated from Questionnaires

Effects differed slightly using a latent variable of inhibitory control estimated from
informant-based measures (i.e., questionnaires). After controlling for the child’s age and sex, the
number of no-go trials kept, and the number of bad channels, N2 amplitudes remained associated
with externalizing problems (i.e., total effect; B = 0.08, p = .025). There was a significant
association between N2 amplitudes and externalizing problems after accounting for inhibitory
control and covariates (i.e., the direct effect, f = 0.11, p = .014). Additionally, there was a
marginally significant indirect effect of inhibitory control (f = -0.03, p = .05). Unexpectedly,
questionnaire ratings of inhibitory control were positively associated with externalizing problems
in the mediation model (despite having a negative bivariate association: r = -.38). It appears that
the unexpected sign of the association between inhibitory control and externalizing problems was

likely due to controlling for a variable (age) that was strongly associated with both (age and
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inhibitory control: r = .60; age and externalizing problems: r = -.45). After removing age as a
covariate, questionnaire ratings of inhibitory control were negatively associated with
externalizing problems, as expected. The indirect effect held (p = 0.02, p =.020).
Central Positive-Going ERP

To examine the specificity of the effects of the spatial location of the frontocentral N2,
we also examined ERP amplitudes from a different spatial location. We extracted ERP
amplitudes from the same temporal component as the frontocentral component but a different
spatial component. This component peaked at 466 ms and was characterized by a central
positivity—corresponding to a likely dipole of the negative-going N2. Results were largely the
same using the central positive-going ERP. After controlling for the child’s age and sex, the
central positive-going ERP was similarly associated with externalizing problems (i.e., total
effect; = 0.10, p =.027). The association between the central positive-going ERP and
externalizing problems was similarly nonsignificant after accounting for inhibitory control and
covariates (i.e., direct effect; B = 0.07, p = .128). Additionally, there was a significant indirect
effect of inhibitory control (B =0.03, p =.014).
Earlier Frontocentral Positive-Going ERP

To examine the specificity of the effects of the N2, particularly regarding its timing, we
also examined ERP amplitudes from an earlier ERP. We extracted ERP amplitudes from the
same spatial component as the N2 but an earlier temporal component. This component peaked at
256 ms and was characterized by a frontocentral positivity. Results differed when using the
earlier frontocentral positive-going ERP. After controlling for the child’s age and sex, the earlier
frontocentral positive-going ERP was marginally associated with externalizing problems (i.e.,

total effect; B = 0.08, p = .098). After accounting for inhibitory control and covariates, the
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association between the earlier frontocentral positive-going ERP and externalizing problems was
marginally significant (i.c., direct effect; B = 0.09, p = .080). However, the indirect effect of
inhibitory control was nonsignificant (f = -0.001, p = .553).
N2 Amplitudes Extracted from the Peak Negative Channel

Results were largely the same using N2 amplitudes extracted from the peak negative
channel (i.e., electrode 21). After controlling for the child’s age and sex, N2 amplitudes were
associated with externalizing problems (i.c., total effect; B = 0.10, p = .027). After accounting for
inhibitory control, the association between the N2 and externalizing problems remained
nonsignificant (i.e., direct effect; p = 0.07, p =.128). Additionally, there was a significant
indirect effect of inhibitory control (f = 0.03, p =.014).
N2 Amplitudes Extracted from Electrode Fz

Results were largely the same using N2 amplitudes extracted from electrode Fz (i.e.,
electrode 11). After controlling for the child’s age and sex, N2 amplitudes were associated with
externalizing problems (i.e., total effect; B = 0.09, p = .049). The association between the N2 and
externalizing problems remained nonsignificant after accounting for inhibitory control and
covariates (i.e., direct effect; p = 0.07, p = .149). Additionally, there was a significant indirect

effect of inhibitory control (B =0.02, p =.031).
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Supplementary Appendix S9. Power Analysis.

We conducted a post-hoc power analysis to estimate the statistical power of detecting an
indirect effect given our sample size and observed effect sizes. We conducted the power analysis
using the Monte Carlo simulation (Schoemann et al., 2017) with parameters of 1000 replications,
20,000 Monte Carlo draws per replication, and a 95% confidence level (i.e., alpha = .05). With
our sample of 147 children, we had power of .83 to detect significance in the observed indirect

effect of B = .02 or greater.



Supplementary Table S1

Number of Participants with Data for Each Number of Timepoints

Number of

Timepoints | N2 IC EXT
1 60 55 56

2 29 38 38

3 12 16 15

4 1 32 33

38

Note. N2 = N2 amplitudes for correct no-go trials. IC = Inhibitory Control. EXT = Externalizing

problems.



Supplementary Table S2

Number of Participants with Data at Each Wave

Wave

(in months) | N2 IC EXT
36 10 37 37
45 31 57 58
54 40 72 72
63 49 77 77
72 16 35 36
81 10 18 18
90 2 11 11

39

Note. N2 = N2 amplitudes for correct no-go trials. IC = Inhibitory Control. EXT = Externalizing

problems.



Supplementary Table S3

Estimates of Reliability for Study Measures

40

Cross-time
Inter-rater 9-month
Task Reliability Internal Consistency Reliability stability
Bear Dragon ICC[2,k]=.99  Mean reliability of all possible split halves: .96 r=.47
BRIEF Father n/a BRIEF-P: a. = .89, ® = .89; BRIEF-2: o = .87, ®n = .89 r=.65
BRIEF Mother n/a BRIEF-P: 0.=.90, = .90; BRIEF-2: o = .87, on = .89 r=.63
CBQ Father n/a o=.80, mnh=.80 r=.33
CBQ Mother n/a o=.83, oh=.83 r=.71
CBQ Secondary n/a o=.77, on=.78 r=.46
Day/Night ICC[2,k] =1.00 Mean reliability of all possible split halves: .94 r=.46
Fish/Sharks n/a Mean reliability of 1,000,000 split halves split halves: go: .92, no-go: .93  r=.41
Grass Snow ICC[2,k] =1.00 Mean reliability of all possible split halves: .96 r=.47
Hand Game ICC[2,k] =1.00 Mean reliability of all possible split halves: .93 r=.43
Knock Tap ICC[2,k] =1.00 Mean reliability of all possible split halves: .95 r=.51
Less is More ICC[2,k] =1.00 Mean reliability of all possible split halves: .89 r=.35
Peg Tapping ICC[2,k] =1.00 Mean reliability of all possible split halves: .93 r=.52
Shape Stroop ICC[2,k] =1.00 Mean reliability of all possible split halves: .84 r=.18
Simon Says ICC[2,k] =1.00 Mean reliability of all possible split halves: .94 r=.69
Stop Signal n/a n/a r=.36
CBCL Mother n/a CBCL 1.5-5: a = .91, wca = .96; CBCL 6-18: a. = .88, ®n = .90 r=.56
CBCL Father n/a CBCL 1.5-5: a = .90, ocat = .90; CBCL 6-18: 0. = .84, o = .85 r=.65
TRF n/a o =.94, wcat = .98 r=.65
N2 n/a n/a r=.48

Note. BRIEF = Brief Rating Inventory of Executive Function. CBQ = Children’s Behavior

Questionnaire. CBCL = Child Behavior Checklist. TRF = Teacher Report Form. N2 = N2

amplitudes for correct no-go trials. Inter-rater reliability was assessed after coding pairs resolved

discrepancies. Omega hierarchical values were used for the BRIEF and CBQ. Omega categorical

values were used for the CBCL and TRF (due to having only three response categories).

However, omega categorical for parents’ reports on the CBCL 6-18 was unable to be estimated,

so we instead report the omega hierarchical estimate. Estimates of inter-rater reliability are after

identifying and resolving discrepancies between coders.



Supplementary Table S4

One-factor Model of Inhibitory Control

Indicator

Factor Loading

Bear Dragon
BRIEF Mother
BRIEF Father
CBQ Mother
CBQ Father
CBQ Secondary
Day/Night
Fish/Sharks
Grass Snow
Hand Game
Knock Tap
Less is More
Peg Tapping
Shape Stroop
Simon Says
Stop Signal

817*
138*
110

.326*
.296*
170*
.710*
637*
.846*
776
.876*
573*
.840*
A4T7*
674*
435*

Note. BRIEF = Brief Rating Inventory of Executive Function. CBQ = Children’s Behavior

Questionnaire.

* significant factor loading
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Supplementary Table S5

One-factor Model of Inhibitory Control Controlling for Age

Indicator

Factor Loading

Bear Dragon
BRIEF Mother
BRIEF Father
CBQ Mother
CBQ Father
CBQ Secondary
Day/Night
Fish/Sharks
Grass Snow
Hand Game
Knock Tap
Less is More
Peg Tapping
Shape Stroop
Simon Says
Stop Signal

.643*
275*
229%
.326*
.258*
215*
.522*
397*
.696*
.665*
.812*
351*
126*
231*
.289*
212*

Note. BRIEF = Brief Rating Inventory of Executive Function. CBQ = Children’s Behavior

Questionnaire.

* significant factor loading
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Supplementary Table S6

Structure of the Study Data in Long Form
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Participant Wave Rater N2 IC EXT
1001 36 Mother a I q
1001 36 Father a i r
1001 36 Secondary Caregiver a I S
1001 45 Mother b j t
1001 45 Father b ] u
1001 45 Secondary Caregiver b j v
1001 54 Mother c k w
1001 54 Father C k X
1001 54 Secondary Caregiver ¢ k y
1001 63 Mother d I z
1001 63 Father d | aa
1001 63 Secondary Caregiver d I ab
1201 45 Mother e m ac
1201 45 Father e m ad
1201 45 Secondary Caregiver e m ae
1201 54 Mother f n af
1201 54 Father f n ag
1201 54 Secondary Caregiver f n ah
1201 63 Mother g 0 ai
1201 63 Father g 0 aj
1201 63 Secondary Caregiver ¢ 0 ak
1201 72 Mother h p al
1201 72 Father h p am
1201 72 Secondary Caregiver h p an

Note. N2 = N2 event-related potential (ERP) amplitudes for correct no-go trials. IC = Inhibitory

Control. EXT = Externalizing problems. Wave (i.e., measurement occasion) is in months. The

table provides the structure of the data in long form for two example participants. Every row is

uniquely identified by the combination of three variables: participant, wave, and rater. The letters

in the N2, IC, and EXT columns reflect the common versus unique values in the data structure.

The same letter reflects the same value; a different letter reflects a different value. That is, N2

ERP amplitudes and inhibitory control have a unique value for every participant-wave

combination. Externalizing problems have a unique value for every participant—wave—rater
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combination. The long form structure allowed leveraging all available information without loss

of information due to averaging or aggregating scores across raters.



Supplementary Figure S1

Participant Flow Chart

Screened (n = 262)

Refused Screening (n = 9)

Eligible (n = 246)

Interested among eligible
{n=224)

Ineligible

Child is not younger than age 5 years 4 months (n=10)
Child does does not speak and understand English (= 3)
Child is in foster care or is a Ward of the court (n= 3)

Contacted to enroll
among eligible and
interested (n = 207)

Mot interested (n =12)

Too busy (n= 3)

Moved/relocated (= 2)

Doing EEG would be too difficult for child (n=1)
Other (n= 3)

Enrolled (rn = 175)

Y

Mot yet eligible (n=11)
COVID-19 (n=15)
Other (n=1)

Reason eligible and interested people were not
interested

Currently negotiating scheduling (n = 5)
Moved/relocating (n= 2)

Unable to contact {(n=17)

Other (n=4)

Unknown (n=4)

Consented (n =147)

Reason enrolled people were not consented

Too busy (n=3)

Unable to contact {(n = 4)
Scheduled (n=6)
Unknown {n = 16)

45
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Supplementary Figure S2

Grand-Averaged Waveform
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Note. Grand averaged waveform in both the go, and no-go conditions. For visualization, the
waveform was averaged from electrodes with a .5 or greater factor loading on the selected
temporospatial component reflecting the N2. The expected latency of the N2 component is 300

to 500 ms post stimulus onset.
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Supplementary Figure S3

N2 ERP Electrode Cluster
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Note. Electrodes highlighted in green correspond to electrodes whose loading on the N2

temporospatial component was .5 or greater.
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Supplementary Figure S4

N2 ERP PCA Component Waveform
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Note. Temporospatial component reflecting the N2 component in both the go, and no-go
conditions. For visualization, the waveform was averaged from electrodes with a .5 or greater
factor loading on the selected temporospatial component reflecting the N2. The expected latency

of the N2 component is 300 to 500 ms post stimulus onset.



Supplementary Figure S5

Bayesian Growth Curve Estimates for Inhibitory Control
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Note. Bayesian growth curve estimates for inhibitory control separated by child sex.



Supplementary Figure S6

Bayesian Growth Curve Estimates for Externalizing Problems

Externalizing Problems

50

Male N Female
0.3 Rater
= Mother
== Father
Secondary Caregiver
0.2
Q.11 \
0.0
5 7 3 5 6 7

Age (years)

Note. Bayesian growth curve estimates for externalizing problems separated by rater and child

Sex.
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