
Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

journal homepage: www.elsevier.com/locate/neubiorev

Review article

A meta-analytic evaluation of the N2 component as an endophenotype of
response inhibition and externalizing psychopathology in childhood
Caroline P. Hoyniaka,⁎, Isaac T. Petersenb
a Indiana University, Department of Psychological and Brain Sciences, 1101 E. 10thStreet A304, Bloomington, IN, 46220, United States
bUniversity of Iowa, Department of Psychological and Brain Sciences, 308 Iowa Avenue, SLP Room 111, Iowa City, IA, 52242, United States

A R T I C L E I N F O

Keywords:
Event-related potential
N200
Response inhibition
Self-regulation
Externalizing psychopathology

A B S T R A C T

The N2 event-related potential component is a well-studied neurophysiological index of response inhibition that
is considered to be a biomarker of externalizing psychopathology. The literature on the N2 elicited in childhood
has been inconsistent, though, with different studies yielding different findings regarding the association be-
tween the N2 and the constructs it is thought to index. The current meta-analysis sought to clarify the functional
meaning of the N2 component elicited in childhood across three widely used response inhibition tasks. The
current study meta-analyzed the findings of 54 studies examining the association of the N2 component and three
phenotypes of interest: (1) behavioral response inhibition (as indexed by performance on the inhibition trials of
the task used to elicit the N2 component), (2) performance on behavioral measures of self-regulation, and (3)
psychopathology (both externalizing and internalizing) in samples of children, to clarify the meaning of the N2
component and evaluate its utility as a potential endophenotype. Results suggest that the N2 component is
associated with response inhibition and externalizing psychopathology.

1. Introduction

There is growing recognition that the diagnostic categories de-
scribed in the Diagnostic and Statistical Manual of Mental Disorders
(DSM) are heterogeneous, and that a single set of symptoms (e.g., an-
hedonia) can appear across a multitude of diagnostic categories (e.g.,
depression and schizophrenia). The heterogeneity of the diagnostic
categories and their extensive comorbidity likely, in part, reflects that
the DSM defines mental disorders based on their phenotypic expres-
sions (e.g., behaviors). Principles in developmental psychopathology,
such as equifinality, indicate that different etiologies can lead to the
same outcome behavior. Thus, downstream and heterogeneous
symptom-based definitions of psychopathology may not carve nature at
its joints. Instead, understanding underlying neurodevelopmental tra-
jectories of psychopathology is a critical need that will advance our
understanding of psychopathology, how it develops, and how to treat it
(Casey et al., 2014; Insel, 2014).

The desire for researchers to move away from a focus on the
symptom-based diagnostic categories outlined in the DSM is especially
apparent in the National Institute of Mental Health’s Research Domain
Criteria (RDoC) initiative. Within the RDoC framework, researchers are
encouraged to identify the biological underpinnings of domains of
psychopathology, in order to map brain-behavior, and eventually

genome-behavior, associations (Insel et al., 2010). There is a focus on
studying psychopathology from multiple levels of analysis, integrating
findings from cellular and genetic studies, to what is known about brain
networks and psychophysiology, and eventually to more readily visible
behavior and symptom clusters.

The current study seeks to advance our understanding of neural
processes in the development of externalizing psychopathology in
childhood from a multilevel, RDoC perspective. Externalizing behavior
problems, which consist of acting-out behaviors such as aggression,
inattention, hyperactivity, and conduct problems, are frequent, costly,
and burdensome in children. The worldwide prevalence of ex-
ternalizing disorders (e.g., conduct disorder [CD] and oppositional
defiant disorder [ODD]) in childhood is estimated to be 5.7%, or 113
million children (Polanczyk et al., 2015). Additionally, individual dif-
ferences in externalizing problems are highly stable from childhood to
adulthood, with externalizing problems in childhood predicting severe
outcomes in adulthood including substance use and criminality
(Petersen et al., 2015). Thus, it is crucial to understand etiological
processes in the development of externalizing problems in childhood.

The N2 event-related potential (ERP) is among the most widely
studied neural markers of externalizing psychopathology. The N2 is
thought to be an index of response inhibition (discussed in more detail
below, Section 1.1), and is thought to be a biomarker of externalizing
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disorders characterized by disinhibition (e.g., externalizing psycho-
pathology such as CD, ODD, and attention deficit hyperactivity disorder
[ADHD]). We integrate across multiple levels of analysis, meta-ana-
lyzing available data to examine the associations between the N2 and
behavioral expressions of disinhibition, and externalizing psycho-
pathology symptom clusters.

1.1. The N2 ERP component

In the last few decades, a growing literature has focused on iden-
tifying the neural biomarkers of emerging psychopathology in child-
hood. This research has utilized a variety of methodologies, including
electroencephalography (EEG) and corresponding ERPs, functional
magnetic resonance imaging (fMRI), and near-infrared spectroscopy
(NIRS). Because of their relatively low cost, their utility for use with
young children, and their high temporal resolution, EEG/ERPs have
been a popular tool for use in this area of research. Research utilizing
ERPs has explored the neural correlates of a variety of forms of psy-
chopathology, including depression (e.g., Kujawa et al., 2012), anxiety
disorders (e.g., Meyer et al., 2015), callous and unemotional traits (e.g.,
Hoyniak et al., 2018), attention problems (e.g., Johnstone and Clarke,
2009), and disruptive behavior problems (e.g., Grabell et al., 2017),
focusing on a variety of ERP components, including the N170, the error-
related negativity (perhaps more correctly described as the reward-re-
lated positivity; Proudfit, 2015), the N2, and the P3.

The N2 ERP component, a component thought to index inhibitory
capacities in tasks requiring response inhibition, has been widely stu-
died in relation to both externalizing and internalizing psycho-
pathology, as disinhibition is thought to be a transdiagnostic marker of
psychopathology in childhood (Bunford et al., 2015). However, disin-
hibition has generally shown stronger associations with externalizing
psychopathology than with internalizing psychopathology (Bates et al.,
2014). The N2 ERP component, the second negative deflection in the
waveform that occurs approximately 200–400ms post-stimulus in
children (Hoyniak, 2017) to both activation (Go) and inhibition (NoGo/
Stop) stimuli, is thought to specifically index response inhibition ca-
pacities. Response inhibition is the suppression of a behavioral response
that is cued by the presentation of an inhibition signal that is either
internal or external. The N2 component is noticeably larger to inhibi-
tion stimuli than it is to activation stimuli, contributing to this com-
ponent’s functional interpretation as an index of response inhibition. Of
note, the N2 has also been studied as a “novelty” component, thought to
index attention to mismatched visual stimuli (Folstein and Van Petten,
2008). However, when the N2 is elicited in the context of tasks re-
quiring response inhibition, the functional interpretation of the com-
ponent centers on cognitive control and inhibitory capacities. This N2,
termed the “control” N2 (but henceforth referred to simply as the N2),
is the focus of the current study. By contrast, a number of researchers
have proposed that it is not inhibition that the N2 indexes, but rather
response conflict (Groom and Cragg, 2015). Response conflict emerges
when there is competition among various incompatible response
pathways (e.g., an activation response vs. an inhibition response). As
response inhibition tasks elicit response conflict, along with inhibition,
some researchers argue that it is response conflict that the N2 indexes
(Nieuwenhuis et al., 2003; Huster et al., 2013). There has been support
for both response inhibition and response conflict interpretations of the
N2, suggesting perhaps that the N2, like many other tasks and neural
markers associated with higher-order cognitive processes, has a number
of related functional interpretations.

In a discussion of inhibition/conflict related ERP components, we
would be remiss not to mention the NoGo P300, also known as the
frontal or inhibitory P300. The NoGo P300 peaks 300–500ms post-
stimulus in adults, is maximal over frontocentral electrodes, and, like
the NoGo N2, has been interpreted to be an index of response inhibition
(Bokura et al., 2001; Lewis et al., 2006). The NoGo P300 is often ex-
amined in conjunction with the NoGo N2 (although it is not always

elicited in tasks that elicit the N2 among young children; Grabell et al.,
2017; Isbell et al., 2019). Although we acknowledge the importance of
the NoGo P300 and encourage similar future meta-analytic investiga-
tions of the NoGo P300 explicitly, the already large scope of the current
examination of the N2 prohibited us from considering this component
further in the current study.

The N2 component has been elicited across various tasks assessing
response inhibition, including the Go/NoGo (GNG) task, the Continuous
Performance task (CPT), and the Stop-Signal Task (SST). Task choice is
often influenced by a number of factors including research traditions
and type of psychopathology of interest. Although the N2 component
can be elicited during other tasks (e.g., the Flanker task), the following
meta-analysis focuses specifically on the GNG task, the CPT, and the
SST, because these are the tasks most commonly used when assessing
the N2 associated with response inhibition.

Although these three tasks each require response inhibition, there
are likely subtle differences in the neural bases of inhibition assessed
based on task parameters and individual difference factors. For ex-
ample, there may be both intra-individual and inter-individual dif-
ferences in the modes of cognitive control utilized during task per-
formance, which is associated with the neural regions recruited
during task performance (Braver, 2012). The dual mechanisms of
control framework (Braver, 2012) posits that there are two, non-in-
dependent modes of cognitive control, proactive control (in which
goal-related information is maintained throughout the duration of a
task) and reactive control (in which goal-related information is acti-
vated when it is necessitated, e.g., during interference). Differences in
the activation of the two modes of cognitive control depends on a
number of factors, including task specifications (e.g., the extent of
interference present in a task, see Gonthier et al., 2016), participant
age (Chatham et al., 2009), and individual differences (e.g., reward
and threat sensitivity, impulsivity; Braver, 2012). The two modes of
cognitive control have been shown to be associated with activation in
different neural regions (i.e., proactive control relies on sustained
activity in the lateral prefrontal, while reactive control relies on more
transient activity across frontoparietal regions). As such, the mode of
cognitive control activated during a given task may modulate neural
activity measured by EEG. Additionally, the relative frequency with
which NoGo and Go trials are presented in the task can enhance or
diminish the size of the N2, theoretically by modulating an in-
dividual’s prepotency to respond by increasing or decreasing the
amount of response conflict associated with response stimuli. Low
frequency responses that occur in the context of a high frequency,
non-response stimulus, as is often the case in GNG tasks, are thought
to produce increased response conflict, because the required response
must compete with the bias to react in a way congruent with the
prepotent, high frequency stimulus (Nieuwenhuis et al., 2003). As
such, the NoGo N2 has been found to be largest in tasks where the Go
trials are more probable (i.e., 80% Go trials and 20% NoGo trials),
slightly diminished in tasks where Go and NoGo trials are presented
equiprobably, and reversed in polarity with Go trials in tasks where
Go trials are more probable (i.e., 20% Go trials and 80% NoGo trials;
Nieuwenhuis et al., 2003). Finally, research with humans and animals
has suggested distinct neural generators for tasks that require action
restraint (i.e., inhibition of a motor behavior that occurs prior to the
behavior being initiated, such as in the GNG task or the CPT) and
tasks that require action cancellation (i.e., inhibition of a motor be-
havior that occurs after that motor behavior has already been in-
itiated, such as in the SST; Eagle et al., 2008; Schachar et al., 2007;
Swick et al., 2011). While N2 components elicited across these tasks
are often considered to be directly comparable, caution is clearly
warranted given the factors that have been shown to modulate the N2
(highlighted above). As such, the current study considers the N2s
generated in the context of these three tasks both in combination and
separately, and explicitly considers how the relative probability of Go
to NoGo trials modulates resulting N2s.
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1.1.1. Go/NoGo (GNG) task
In the GNG task, two stimuli are introduced to the participants: a Go

stimulus, which is paired with some form of response activation, e.g., a
button press, counting, and a NoGo stimulus, which is paired with
motor inhibition. To establish a prepotent tendency to respond thereby
making the inhibition task more difficult, the Go stimuli are often
presented more frequently than the NoGo stimuli—either through in-
itially presenting a trial block that contains only Go stimuli or through
presenting Go stimuli more frequently than NoGo stimuli during trial
blocks. Although it is difficult to link activation in specific neural re-
gions to observed ERP components, techniques have been developed
that allow localization of the source of the components. Studies that
have used source localization techniques to identify the neural gen-
erators of the N2 component elicited during a GNG task have suggested
that the N2 can be localized to the anterior cingulate cortex (Bokura
et al., 2001), the orbitofrontal cortex (Bokura et al., 2001), the ventral
prefrontal cortex (Lavric et al., 2004), and the dorsolateral prefrontal
cortex (Lavric et al., 2004). Each of these prefrontal regions has been
hypothesized to play a crucial role in supporting response inhibition
(Aron, 2007; Simmonds et al., 2008; Steele et al., 2013).

1.1.2. Continuous performance task (CPT)
In the CPT, participants view a continuous stream of letters or

numbers, watching for a pre-specified cue stimulus. Although the cue
stimulus does not elicit a response directly, the letter or number im-
mediately following the cue stimulus indicates whether the participant
should make a motor response. For example, if the cue stimulus is an
“A” and the Go stimulus is an “X”, participants would only execute a Go
response when the cue stimulus, “A”, is followed by an “X”. If any other
letter follows the cue stimulus, response inhibition is required. Because
participants must remember a more complicated rule pattern, and
sustain attention during the continuous stream of letters, the CPT is
thought to be more complex than the GNG task. Source localization
studies have identified several potential neural generators of the N2
component elicited in the context of the CPT, including regions of the
medial frontal cortex (near the anterior cingulate cortex; Bekker et al.,
2005; Jonkman et al., 2007), and, for children, occipito-temporal and
parietal regions (Jonkman et al., 2007).

1.1.3. Stop-signal task (SST)
In the SST, two types of stimuli are introduced to participants: (1)

one or more Go stimuli that elicit some form of response activation
(e.g., a button press), and (2) a stop signal that is presented after Go
stimuli on select trials, which signals the need for motor inhibition. In
the SST, unlike the GNG, the stop-signal is presented after the onset of
the Go stimulus. As a result, performance on the SST is conceptualized
as reflecting action cancellation rather than the action restraint that is
typically thought to be assessed in the GNG (Swick et al., 2011). The
distribution of reaction times from Go trials and unsuccessful NoGo
trials can be used to estimate a stop signal reaction time (SSRT) value,
which is thought to reflect the amount of time, post-stimulus, needed
for the individual to successfully inhibit an initiated response. Evidence
suggests that the neural generators of the stop N2 in adults include the
basal ganglia, anterior midcingulate cortex, and pre-supplementary
motor area (Huster et al., 2011).

1.2. The meaning of the N2

Most ERP components, the N2 included, are thought to index a
multitude of cognitive processes and rely on a distributed network of
neural generators. As such, it is reasonable that there is disagreement
among researchers as to the functional meaning and significance of any
one ERP component. Although multiple interpretations of the N2 have
been proposed, perhaps the most robust interpretation has been that the
N2 is an index of some form of response inhibition (it is worth men-
tioning, though, that the N2 can be elicited in tasks that include no

overt response inhibition, demonstrating that the N2 may index addi-
tional cognitive processes; Burle et al., 2004). The interpretation of the
N2 as indexing response inhibition has been supported experimentally,
through manipulating task parameters and examining the effect on the
N2 (e.g., Groom and Cragg, 2015; Nieuwenhuis et al., 2004), as well as
non-experimentally, through examining the association between the N2
and other outcomes (e.g., Falkenstein, Hoorman, & Hohnsbein, 1999).
Examinations of the association between the N2 and response inhibition
in childhood, however, have been notably more variable. Given that
response inhibition is considered to be a facet of self-regulation (the
physiological, attentional, cognitive, emotional, and behavioral reg-
ulatory processes that promote adaptive or goal-directed behavior;
Berger, 2011; Zhou et al., 2011), and has been shown to play a key role
in the development of childhood externalizing problems (Schoemaker
et al., 2013; Slaats-Willemse et al., 2003; Young et al., 2009), it is
possible that the N2 might also be an index of these broader constructs.
To evaluate this possibility, the current study examined the association
between the N2 and these three behavioral phenotypes of interest: (1)
behavioral response inhibition as quantified by performance on the
same behavioral task used to elicit the N2, (2) trait level self-regulation
as quantified by parent reports and behavioral assessments of general
self-regulatory abilities, and (3) externalizing psychopathology as
quantified either by diagnostic categorization or symptom checklists. Of
note, we also examined the N2 in relation to internalizing psycho-
pathology as a test of discriminant validity of the N2.

1.3. The current study

The collection standards of and interpretations for ERP components
elicited from adults are often applied down to ERPs collected from
children. However, both of these practices ought to be called into
question. Just as ERP collection standards should be adjusted to be
developmentally appropriate (Brooker et al., 2019; DeBoer et al., 2007;
Thierry, 2005), so too should functional interpretations of ERP com-
ponents be adjusted to consider possible differences in the functional
interpretation of ERP components across development. The presence of
an association between an ERP and an external correlate in adults may
be used as a guiding principle for developmental research, but research
with children that does not replicate the findings of studies with adults
may still be meaningful. To get a clear picture of the changes in ERPs
that occur across development, this research should be approached in a
theoretically informed data-driven manner, in which associations al-
ready established in adults should be re-established in children.

By accruing data from the existing studies examining the N2 com-
ponent in childhood, we sought to clarify the association between the
childhood N2 and the three behavioral phenotypes of interest: (1) be-
havioral response inhibition, (2) trait self-regulation, and (3) ex-
ternalizing psychopathology. The evidence for these associations in
child samples is notably inconsistent, in terms of both direction of ef-
fects and statistical significance. Through accruing across the existing
literature that examines the N2 and its external correlates in child
samples, we may be able to get a clearer picture of the N2 in childhood.
We expected, based on general trends in the adult and child literature,
that smaller N2 amplitudes during task inhibition conditions would be
associated with: (1) poorer behavioral response inhibition as quantified
by task performance (e.g., Falkenstein et al., 1999; Fogarty et al., 2018;
Van Boxtel et al., 2001), (2) poorer trait self-regulation (e.g., Ruberry
et al., 2017), and (3) increased externalizing psychopathology (e.g.,
Woltering, Li, Rokeach, & Tannock, 2013). Smaller N2 amplitudes may
reflect diminished activation of the neural regions associated with the
N2 component. If the N2 is indeed associated with response inhibition,
this could reflect less activation in the regions of the brain associated
with response inhibition, and thus poorer response inhibition capa-
cities. This could, in turn, feed into poorer trait self-regulation and in-
creased externalizing problems. To our knowledge, this is the first meta-
analysis to examine the functional meaning of the N2 component in
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childhood in terms of response inhibition and self-regulation, and to
examine the association between the N2 and externalizing problems.

2. Methods

The current meta-analysis adheres to the reporting guidelines out-
lined in the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA; Liberati et al., 2009; Moher et al., 2009)
statement. Several additional sources were consulted for guidance re-
garding meta-analytic procedures and analyses (Cooper, 2009; Cooper
et al., 2009; Lipsey and Wilson, 2001; Schwarzer et al., 2015).

2.1. Literature search

2.1.1. Study selection
One electronic database, Google Scholar, was used to generate a list

of studies for the initial literature review using the following search
terms in various combinations (depending on which task, GNG, CPT, or
Stop Signal, was the focus of the search): N2, N200, event-related po-
tential, ERP, child*, NoGo, No-Go, Go, stop task, stop-signal, con-
tinuous performance task, and CPT. No restrictions regarding date of
publication, reference type, or author’s country of origin were placed on
the initial literature search, but only studies published in English were
reviewed. For the current study, we added to the literature search
conducted for a previous meta-analysis focusing on the GNG task and
the CPT in which 1243 studies were identified in the summer of 2015
(Hoyniak, 2017). This previous meta-analysis, although also focused on
the N2 component, had a vastly different scope and aims. Hoyniak
(2017) focused on describing the developmental trends of the N2
component across childhood, with a particular focus on examining if
there was a difference between Go and NoGo N2 amplitudes in child-
hood. The current study, which examines the functional meaning (i.e.,
criterion validity) of the N2 component in association with the beha-
vioral constructs it is thought to index, has a different scope, examining
entirely different variables (e.g., response inhibition, externalizing
problems, and internalizing problems). For the current study, the lit-
erature search from Hoyniak (2017) was updated and extended in the
summer of 2017, which included the identification of 398 additional
studies published on the GNG task and the CPT since 2015. Ad-
ditionally, the current study also examined the N2 elicited in the con-
text of the SST (a task that Hoyniak [, 2017] did not examine), and
1040 studies published on the stop signal task were identified. Overall,
2681 studies were identified in the initial literature search.

The titles and abstracts of these studies were hand-screened by the
authors to assess eligibility for inclusion. Studies that reported mea-
suring the N2 ERP component in the context of a GNG task, CPT, or SST
in a developmental sample (defined here as up to 12 years) were se-
lected for further review (N=167). The cutoff age of 12 was selected
because it corresponds generally to the typical onset of puberty and
adolescence. The authors then reviewed the full text articles for each
study meeting inclusion criteria (N=167) to determine if the study
should be excluded based on the following pre-specified exclusion cri-
teria:

1 The study included a clinical sample that was neither an ex-
ternalizing sample (i.e., behavior problems or ADHD), an inter-
nalizing sample (i.e., depression or anxiety), nor a comorbid ex-
ternalizing and internalizing sample. Examples of excluded clinical
samples include children with Autism Spectrum Disorders, Specific
Language Impairment, Fetal Alcohol Syndrome, Tic Disorders, and
children born premature. While such samples were excluded, con-
trol samples or externalizing/internalizing samples from the study
could be included if these samples were described and analyzed
separately.

2 The study’s sample was an exact duplicate of another included
study. In such a situation, the more recently published study, or the

study in which more information was provided, was included.
3 The study used a variant of either the GNG task, the CPT, or the SST
that did not adhere to our operational definition of each task. A GNG
task was defined as a task in which at least two types of stimuli were
displayed, at least one “Go” stimulus that elicited response activa-
tion (e.g. button press, counting, etc), and at least one “NoGo” sti-
mulus that elicited response inhibition. A CPT was defined as a task
that included at least one pre-specified cue stimulus that was pre-
sented among a continuously appearing stream of distractor stimuli.
The cue stimulus signaled a potential need for response activation,
but, depending on the letter following the cue stimulus, could also
signal a need for response inhibition. A SST was defined as a task in
which at least one “Go” stimulus, eliciting response activation, was
presented at every trial, while on a subset of trials, a “Stop-Signal,”
eliciting action cancellation, was presented after some delay fol-
lowing the onset of the “Go” stimulus. Across all three task types,
the number of presented inhibition (NoGo/Stop) stimuli must have
been equal to or less than the number of presented activation (Go)
stimuli.

4 The study did not report examining the N2 ERP component.
5 The study included some type of intervention, but did not provide
information about ERPs gathered from either the control group (i.e.,
non-intervention group) or ERPs measured in the intervention group
prior to the intervention. Of note, from these intervention studies,
data from pre-intervention time points and control groups were
included in the meta-analysis.

6 The study did not report an association with either task perfor-
mance, trait self-regulation, or externalizing or internalizing psy-
chopathology.

Of the 167 studies screened, 113 were excluded based on the ex-
clusion criteria, leaving 54 studies to be included in the meta-analysis.
See Fig. 1 for an overview of the literature search procedure, including
information on the number of studies excluded based on each set of
exclusion criteria.

Most of the 54 included studies contained multiple, unique sub-
samples that divided up the full sample. Subsamples could include
groupings by age (e.g., 7-year-olds vs. 8-year-olds), or by diagnostic
category (e.g., children with ADHD vs. controls), or by behavioral
phenotype being examined (i.e., an analysis of the association between
the N2 and behavioral response inhibition and the N2 and externalizing
problems in the same study would be counted as two separate sub-
samples because they would each inform separate effect size analyses).
Based on our criteria, 83 independent subsamples were extracted from
the 54 included studies. Of the 83 subsamples, 34 were included in the
behavioral response inhibition analysis, 6 were included in the trait
self-regulation analysis, and 43 were included in the psychopathology
analysis. Basic information about each study included in analysis, and
the outcome variables they examined, is provided in Table 1, and ci-
tations for these studies are provided in Supplementary Appendix S1.

2.1.2. Data extraction: missing information
For each subsample, the authors extracted the following key pieces

of information: (1) the number of children included in ERP analysis, (2)
age of participants (range orM and SD), (3) the association between the
N2 amplitude and an index of performance on the inhibitory trials of
the ERP task (e.g., NoGo percent correct), (4) the association between
the N2 amplitude and a broader index of self-regulation, and (5) the
association between the N2 amplitude and psychopathology (e.g.,
group differences in the N2 between children with and without ADHD).
If any of these key pieces of information were calculated, but not re-
ported, primary authors were contacted in the summer of 2017 to give
them the opportunity to provide us with the missing information. The
authors of 24 studies were contacted, and 7 responded, with 4 pro-
viding the requested information.

A notable difficulty with this literature is that authors often report
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an effect size to be non-significant, but do not provide the requisite
information (e.g., means or SDs) for this effect size to be included in
meta-analytic combination. In the current meta-analysis, the effect sizes
for 11 subsamples were reported to be non-significant, and no addi-
tional descriptive information was provided about these effect sizes nor
did the corresponding authors provide us with this requested in-
formation. In this case, two approaches, both with notable limitations,
can be taken. First, the meta-analysis could be limited to only studies
reporting sufficient effect size information; however, this may upwardly
bias the estimate if non-significant findings are systematically excluded
(Lipsey and Wilson, 2001). Second, the effect size of non-significant
findings could be imputed to be zero; however, this may downwardly
bias estimates (Lipsey and Wilson, 2001). Without information about
the direction of the effect size, we opted to pursue both approaches,
noting the limitations of both, to try to understand how our meta-
analytic estimates were affected by the imputation of an effect size of 0
in these 11 subsamples.

Similarly, it has been well established that study publication is a
non-random event, with significant findings much more likely to be
published than non-significant findings (Dickersin, 2005). Meta-ana-
lyses that only include published studies are likely to result in skewed
effect size estimates, as significant studies have a disproportionate in-
fluence on the overall effect size calculations (Sutton, 2009). This may
be especially relevant to neuroscience research on children, as re-
searchers who do not replicate ERP findings with adults may have a
difficult time publishing their research. Although publication bias is
unavoidable, the current study used two approaches to minimize the
effect of publication bias on effect size estimates. First, when possible,
unpublished studies (including theses and dissertations) were included
in analysis. In the current study, three publically available dissertations
were included in analysis. However, even the inclusion of these types of
sources does not fully negate the effect of publication bias, so we also
examined if statistical correction for bias was necessary for each com-
bined effect size estimate, described below.

2.1.3. Data extraction: predictor and outcome variables
Based on previous research, two aspects of the N2 component are

thought to specifically index response inhibition capacities: (1) the in-
hibition (NoGo/Stop) N2 amplitude and (2) the N2 difference wave-
form. Only effects that examined the association between either the
inhibition N2 amplitude or the N2 difference waveform were extracted
from eligible subsamples. We did not consider N2 latencies, because
much less research has focused on the association of N2 latencies and
any of the behavioral phenotypes examined in the current study. To

include the greatest number of studies possible, few restrictions were
placed on the types of outcomes that could be included in each phe-
notype category. For the behavioral response inhibition category, out-
comes included commission errors or false alarm rate (i.e., displaying
behavioral activation during an inhibition trial), percent correct on
NoGo trials, percent correct on the task as a whole, and accuracy-cost
calculations (i.e., composites that take into account performance on
both Go and NoGo trials) for the GNG task and CPT, and performance
on failed inhibition trials vs. successful inhibition trials, percentage of
successful inhibition trials, SSRT, and inhibition slope (i.e., the percent
of failed inhibitions as a function of Go-Stop delay interval) for the
Stop-Signal task. For trait self-regulation, outcomes included perfor-
mance on tasks assessing self-regulation, including parent impressions
of the child’s regulatory skills, the Attention Network Task (ANT; Fan
et al., 2002), the Stroop task (Stroop, 1935), the Bear/Dragon task
(Reed et al., 1984), the Grass/Snow task (Carlson and Moses, 2001), the
Day/Night task (Gerstadt et al., 1994), the Dimensional Change Card
Sort task (Frye et al., 1995), the Iowa Gambling Task (Bechara et al.,
1994), and various tasks assessing delay discounting abilities. As de-
scribed above, the types of psychopathology outcomes eligible for in-
clusion were externalizing, internalizing, or comorbid externalizing and
internalizing problems. Psychopathology could be defined by diagnoses
using DSM-based criteria or scores on well-established symptom
checklists.

Frequently, multiple outcome variables were included as indexes of
the same behavioral phenotype within a single study (e.g., a study that
includes both a Stroop task and an ANT as indexes of self-regulation).
This is no problem if different samples are used in these different asso-
ciations (e.g., different groups of children participate in the Stroop task
and the ANT). However, it is more common for the same sample to be
examined across multiple outcomes (e.g., the same group of children
participates in both the Stroop task and the ANT). Including all of these
associations as separate effect sizes in meta-analytic combination violates
the assumption of independent samples (Lipsey and Wilson, 2001). Prior
to meta-analytic combination, researchers need to create an independent
effect size dataset (Lipsey and Wilson, 2001). In the current study, if
multiple effect sizes were extracted for the same behavioral phenotype
within a single subject group, these multiple effect sizes were averaged
together. The average was used in meta-analytic combination analysis.
This approach is consistent with best practices and is often advocated
over the use of nested approaches (i.e., effect size combinations that
account for multiple effect sizes; Lipsey and Wilson, 2001). A data dic-
tionary outlining the variables extracted from each study is provided on
Open Science Framework (https://osf.io/t6hwg/).

Fig. 1. Overview of literature search method.
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2.1.4. Outliers
As extreme effect size values are known to have a disproportionate

influence on meta-analytic effect size combination, outliers were ex-
amined prior to combination (Hedges and Olkin, 1985). Outliers were
defined using Tukey’s method as those effect sizes outside of the in-
terquartile range (Tukey, 1977). Using this method, no effect sizes were
identified as outliers.

2.2. Effect size analysis

Across studies, associations between the N2 and the three beha-
vioral phenotypes (behavioral response inhibition, trait self-regulation,
and psychopathology) were typically presented in one of several forms:
tests of homogeneity (i.e., t- or F- tests), correlation or regression tests,
or Cohen’s d. To determine if there was a significant association be-
tween the N2 and each phenotype of interest, the relevant information
extracted from each subsample was converted into a common effect size
metric. As examined phenotypic outcomes included scales on a variety
of metrics, all effect sizes were converted into a standardized mean
difference (SMD) value, in the form of Hedges’ g. Hedges’ g is an esti-
mator of effect size that is appropriate for use when combining effect
sizes derived from scales on different metrics (Hedges, 1982). However,
Hedge’s g is known to be positively biased when calculating effect sizes
from small samples, and as such a correction factor was applied to re-
duce this positive bias (Durlak, 2009). Effect sizes were calculated using
the “esc” package (Lüdecke, 2017) available for the statistical software
program R (R Core Team, 2014).

For extracted effects, SMD values were calculated such that positive
g-indexes indicated that larger (more negative) NoGo N2 amplitudes or
larger difference waveform were associated with better task perfor-
mance, better self-regulatory skills, or less psychopathology. Negative
g-indexes indicated that larger (more negative) NoGo N2 amplitudes or
larger difference waveforms were associated with worse task perfor-
mance, poorer self-regulatory skills, or more psychopathology.

Once each effect size was represented as a SMD, they were com-
bined into an overall mean effect size separately for each of the three
behavioral phenotypes of interest using a fixed-effect model. Prior to
combination, each effect size was weighted by its inverse variance, so
that larger subsamples were assumed to more precisely estimate the
population’s effect size. Once each mean effect size was calculated, we
explored the homogeneity of the effect size distribution. A homo-
geneous sample is one in which each effect size is an estimate of the
same population effect size, and differences between effect sizes are
attributable solely to subject-level sampling error. Homogeneity of ef-
fect sizes is an assumption of the fixed-effect model, so to examine if
this assumption is tenable, we conducted a Q test of homogeneity,
which quantifies the total amount of variance in effect size across cases
(Cochran, 1954). In the Q test, if the null hypothesis is retained, the
sample is homogeneous, and the fixed-effects model is appropriate. If
the null hypothesis is rejected, there exists heterogeneity of effect sizes
attributable to sources beyond subject-level sampling error (e.g., be-
tween-study differences), violating the assumptions of the fixed-effects
model.

To explore heterogeneity in our sample, we used a mixed-effects
model, in which any heterogeneity present beyond sampling error was
modeled to include both systematic components and random, un-
measured components. Our choice to use a mixed-effects model (in-
stead of the more traditional random-effects model) was motivated by
our desire to model heterogeneity as stemming from both systematic
and random components and based on recommendations of Lipsey and
Wilson (2001). The mixed-effects model allowed us to quantify het-
erogeneity stemming from systematic, between-study differences (e.g.,
age differences in the samples included in studies), while still including
a random component that accounted for the residual variance re-
maining after the systematic differences were examined (Lipsey and
Wilson, 2001). Estimates for both the fixed- and mixed-effects modelsTa
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were generated using restricted maximum likelihood estimation
(Viechtbauer, 2010).

In the mixed-effects model, systematic, between-study differences
are explored as moderators. Plausible moderators examined in the
current analysis included both categorical moderators: (1) task type
(i.e., GNG, CPT, or SST), (2) psychopathology type (i.e., externalizing,
internalizing, or comorbid), (3) the way in which psychopathology was
measured (i.e., diagnoses vs. continuous measures of symptoms), (4)
task difficulty (i.e., non-modified version of ERP task vs. a more com-
plex version of the task), (5) ERP analysis technique (peak picking vs.
mean amplitude vs. temporo-spatial PCA), and (6) N2 quantification
technique used in analysis (NoGo N2 amplitude vs. difference wave-
form [NoGo N2 amplitude – Go N2 amplitude]), as well as continuous
moderators: (7) sample size, (8) mean age of the sample, (9) percentage
of females in the sample, and (10) percentage of inhibition trials in-
cluded in the task (for the CPT, we calculated the percentage of NoGo
trials [a cue stimulus followed by a non-target stimulus] among total
presented cue trials; summary information about the percentage of in-
hibition and activation stimuli in studies included in our study are
presented in Supplemental Appendix S1). All moderators were ex-
amined in separate analyses, with categorical moderators examined
using an analog of an analysis of variance (ANOVA) approach and
continuous moderators examined using an analog of a regression ap-
proach (Lipsey and Wilson, 2001; Viechtbauer, 2010).

Finally, the presence of bias in effect size estimates was investigated.
Despite efforts to include as many studies as possible, there were a number
of studies from which the required descriptive statistics could not be col-
lected. Hence, it is possible that the “missing” cases, which included stu-
dies that did not report descriptive statistics as well as studies that were
missing due to more traditional publication bias mechanisms, could be
biasing the results of the effect size analysis. To examine potential bias due
to this missingness, a funnel plot was generated and examined for asym-
metry. Funnel plots graphically represent effect size by precision estimates
for each case, with the most precise studies (likely the largest studies)
located at the top of the funnel and the least precise studies (the smallest
studies) located at the edges of the funnel. Funnel plot asymmetry is
thought to indicate the presence of bias in a sample that is due to missing
information, and is based on the assumption that each study’s mean dif-
ference will be distributed symmetrically around the true standardized
mean difference (Duval & Tweedy, 2000; Cooper, 2009; Viechtbauer,
2010). To determine if the funnel plot was asymmetric, a linear regression
approach to measuring the asymmetry in the funnel plot was used (Egger
et al., 1997; Viechtbauer, 2010). Significant results (in which the intercept
of the regression line describing the association between effect size and
precision [standard error] shows significant deviation from zero) suggest
asymmetry, and indicate the need to adjust estimates based on the pre-
sence of bias. Non-significant results (in which the intercept of the re-
gression line describing the association between effect size and precision
[standard error] is not different from zero) indicate no need to adjust
estimates. If asymmetry was detected, the trim and fill method would be
used to adjust the overall effect size estimates (Duval and Tweedie, 2000;
Cooper, 2009). As a another technique for examining publication bias in
our sample, we also calculated a fail-safe N using the Orwin method,
which quantifies the number of studies with null results that, if included in
the effect size analysis, would reduce the observed average effect size to
half of the current value (Orwin, 2019).

All meta-analytic models were fitted using the “metafor”
(Viechtbauer, 2010) and “meta” (Schwarzer, 2007) packages available
for the statistical software program R (R Core Team, 2014).

3. Results

3.1. Study characteristics

Across the 83 included subsamples, data from 3738 children (1118
female) were included in analyses. The average sample size, across

subsamples, was 45.03 children (SD=37.95 children, range: 8–204).
Effect size and any follow-up heterogeneity analyses are presented se-
parately for each behavioral phenotype. Because so few subsamples (n
= 6) could be included in the self-regulation analysis, we were un-
derpowered to detect the association between the N2 and trait self-
regulation (statistical power: .06). As such, we did not carry out this
analysis.

3.2. Behavioral response inhibition

3.2.1. Effect size analysis
Across the 34 subsamples included in the behavioral response in-

hibition analysis, data from 1407 children (508 females) were included.
The combined effect size from the fixed-effects model indicated an
overall significant, negative effect size (SMD = -0.13, 95% CI: -0.23 to
-0.03, p = .009). The combined, negative effect size indicates that a
larger (more negative) NoGo N2 amplitude or difference waveform is
associated with worse behavioral performance on tasks eliciting the N2.
Of note, this finding is in the opposite direction of a priori expectations
based on the literature. Fig. 2 includes a forest plot describing the
various effect sizes that were included in the behavioral response in-
hibition analysis. Forest plots of this association, separated by task type,
are presented in Supplemental Appendix S2.

The Q statistic resulting from the fixed-effect model surpassed the
threshold for significance, suggesting that there was heterogeneity
across effect sizes, more than what would be expected by chance or
could be accounted for by sampling error alone (Q[33]=95.44,
p< .001). Given this substantial amount of heterogeneity, we used a
mixed-effects modeling approach to explore several plausible mod-
erators that might explain a portion of this heterogeneity. The mod-
erator analyses are presented in Tables 2 and 3. Moderator analyses for
categorical moderators, including task type (i.e., GNG, CPT, or SST),
task difficulty (i.e., non-modified version of ERP task vs. a more com-
plex version of the task), and ERP analysis technique (peak picking vs.
mean amplitude vs. temporo-spatial PCA), are presented in Table 2.
Moderator analyses for continuous moderators, including age of sample
and percentage of inhibition trials included in the task, are presented in
Table 3. Of the categorical moderators examined, the task type variable
significantly moderated the association between the N2 and behavioral
response inhibition. This finding suggests that the association between
the N2 and behavioral response inhibition was larger and more nega-
tive when the N2 was elicited from the SST (compared to the GNG or
CPT). Although task type accounted for 17.77% of the heterogeneity in
effect size, a significant portion of heterogeneity remained unaccounted
for (Q[31]=76.25, p< .001). None of the other examined categorical
or continuous moderators significantly moderated the association be-
tween the N2 and behavioral response inhibition.

Examination of sample bias in the behavioral response inhibition
analysis indicated that the funnel plot of the sample was symmetrical (t
[32]= 1.74, p= .09), suggesting no need to adjust this estimate for
bias. The fail-safe N for the task analysis was calculated to be 34 studies.

3.3. Psychopathology

3.3.1. Effect size analysis
Across the 43 subsamples included in the overall psychopathology

analysis, data from 2065 children (529 female) were included. The
combined effect size from the fixed-effects model indicated an overall
positive but non-significant effect size (SMD=0.05, 95% CI: -0.04 to
0.14, p = .28). This finding suggests that there was no overall asso-
ciation between the N2 and psychopathology. Fig. 3 includes a forest
plot describing the various effect sizes that were included in the overall
psychopathology analysis. Forest plots of this association, separated by
task, are presented in Supplemental Appendix S2.

The Q statistic resulting from the fixed-effect model surpassed the
threshold for significance, suggesting the presence of a large amount of
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between-study variance in effect size (Q[42]= 136.47, p< .0001).
Given this substantial amount of heterogeneity, we used a mixed-effects
modeling approach to explore several plausible moderators that might
explain a portion of this heterogeneity. The moderator analyses are
presented in Tables 2 and 3, with categorical moderators presented in
Table 2, and continuous moderators presented in Table 3. Of primary
importance to the current study, the psychopathology type variable
(classifying studies as broadly assessing either externalizing or inter-
nalizing problems) significantly moderated the association between the
N2 and psychopathology. Findings suggest that studies focusing on
externalizing problems (including ADHD, conduct problems, and co-
morbid diagnoses that include externalizing problems) showed a larger,
more positive association between the N2 and psychopathology (com-
pared to studies focusing on internalizing problems). Studies focusing
on internalizing problems showed a negative, but non-significant as-
sociation. When a fixed-effects model was estimated separately for ex-
ternalizing studies (i.e., a model that only included studies focusing on
externalizing problems, including 38 subsamples and data from 1760
children [406 female]), the results suggest an overall positive, sig-
nificant effect size (SMD=0.13, 95% CI: -0.04 to 0.23, p = .01). A
forest plot of only the studies focusing on externalizing problems is
included in Fig. 4. Although the psychopathology type moderator ac-
counted for 13.92% of the heterogeneity in effect size, a significant
portion of heterogeneity in effect size remained unaccounted for after
including this moderator (Q[41]=117.88, p< .001). As a follow-up to
these findings, we conducted two sub-analyses of the studies focusing
on externalizing problems, examining the type of externalizing problem
(i.e., ADHD vs. ODD/CD – excluding any cases which included sub-
samples with comorbid diagnoses) and the way in which psycho-
pathology was measured (i.e., diagnoses vs. continuous measures of
symptoms) as categorical moderators of the association between the N2
and psychopathology. These moderator analyses are presented in
Table 2. Neither moderator significantly moderated the association
between the N2 and psychopathology.

Of the other categorical moderators examined in the overall psy-
chopathology analysis, two other variables moderated the association
between the N2 and psychopathology: (1) task type and (2) N2 quan-
tification technique. The moderation by task type was a trend-level
finding, suggesting that the association between the N2 and psycho-
pathology was larger when the N2 was elicited from a CPT (compared
to the GNG or SST). However, as this moderator was only marginally

significant, it will not be interpreted further. The moderation by N2
quantification technique suggested that the association between the N2
and overall psychopathology was larger when N2 amplitudes were used
in analysis (a trend level association), and the association between the
N2 and overall psychopathology was smaller (in the opposite direction
of a priori expectations) when a difference waveform was used in ana-
lysis. However, given the marginally significant finding with N2 am-
plitudes, and the fact that only 3 samples, all from the same study,
included in analysis used a difference waveform making us under-
powered to examine this moderator effect, these findings were con-
sidered exploratory, and will not be interpreted further. None of the
other examined categorical or continuous moderators significantly
moderated the association between the N2 and overall psycho-
pathology.

Examination of sample bias in the overall psychopathology analysis
indicated that the funnel plot of the sample was symmetrical (t
[41]= 1.23, p= .22), suggesting no need to adjust this estimate for
bias. The fail-safe N for the psychopathology analysis was calculated to
be 43 studies.

3.4. Statistical power

We investigated the statistical power that our meta-analysis had to
detect the focal effects of interest. For the behavioral response inhibi-
tion analysis, our statistical power was .68, suggesting that we were
adequately powered to detect the meta-analytic association between
the N2 and behavioral response inhibition. Our statistical power for the
externalizing problems analysis, was .79, suggesting that we were also
adequately powered to detect the association between the N2 and ex-
ternalizing problems.

4. Discussion

The current meta-analysis examined the association between the N2
ERP component and a variety of behavioral phenotypes that the N2 has
been theorized to index. The child N2 literature is characterized by a
pattern of inconsistent and sometimes contradictory findings. As such,
the literature is in need of research that clarifies the nature of the
childhood N2 and its external correlates to inform its functional sig-
nificance. To fill this gap, the current study meta-analyzed this litera-
ture in order to examine the association of the N2 component with three

Fig. 2. Forest plot of studies included in behavioral response inhibition analysis.

C.P. Hoyniak and I.T. Petersen Neuroscience and Biobehavioral Reviews 103 (2019) 200–215

208



behavioral phenotypes: behavioral response inhibition, trait self-reg-
ulation, and externalizing versus internalizing psychopathology.

4.1. The N2 and behavioral response inhibition

The current study found that a larger (more negative) NoGo N2
amplitude or difference waveform was associated with worse beha-
vioral response inhibition as quantified during the task used to elicit the
N2. Notably, this finding is in the opposite direction of a priori ex-
pectations based on the adult literature (Falkenstein et al., 1999;
Fogarty et al., 2018; Woltering et al., 2013). Given that our meta-
analysis was adequately powered to detect the association between the
N2 and behavioral response inhibition, we have increased confidence in
this seemingly contradictory finding. There are several possible ex-
planations for these findings. First, as described earlier, researchers
have suggested that the N2 is an index of conflict monitoring. When
conflicts are detected, this may trigger the use of alternative, compen-
satory attentional processes (Botvinick, 2007), which could, in turn,
lead to increases in observed N2 amplitudes. As such, a larger N2 am-
plitude may reflect compensatory processing of relevant stimulus in-
formation, and might be associated with worsened task performance,
because children with the greatest need for compensatory processing
may struggle the most with completing the task. Alternatively, this
seemingly contradictory finding could be due to the particularities of
the N2 component elicited from children, namely the tendency for the
amplitude of the N2 to decrease across childhood (Hoyniak, 2017). Our
findings of an overall negative association between the N2 and beha-
vioral response inhibition may reflect the tendency for N2 amplitudes
to decrease and inhibitory performance to increase across childhood.
These findings are consistent with evidence of neural activity becoming
more efficient and focalized on task-relevant activity across develop-
ment (Durston et al., 2006), likely leading to smaller amplitudes as
neural activity becomes focalized.

Although we examined mean age of the sample as a moderator and
the effect was not significant, there are a number of reasons that this
moderator may not have been an ideal examination of age. First, many
samples included in the meta-analysis accrued subjects across large age
ranges. As such, the mean age of the sample may be less meaningful
than the age of individual participants for the purposes of analysis if we
had been able to obtain raw participant-level data. If the N2 has a
different association with behavioral response inhibition at different
stages of development, examining this association across a wide range
of ages (as was included in the current meta-analysis) could lead to
imprecise conclusions about the nature of the association between the
N2 and behavioral response inhibition. Additional research is needed to
clarify the role of child age in the association between the N2 and be-
havioral response inhibition, and it is apparent that these studies must
span across small developmental windows in order to improve our ca-
pacity to detect age-related effects on the N2. Corresponding with this
possible developmental interpretation of our findings, it is also possible
that children with worse behavioral response inhibition skills show
larger, more negative N2 amplitudes, because they are compensating
for functional impairments in regions associated with response inhibi-
tion by showing overactivation in task-related and task-unrelated re-
gions. This would be consistent with the neural compensation hy-
pothesis as applied to both aging adults and individuals with ADHD –
individuals’ known processing deficits across certain neural circuits
may show a pattern of over-action across relevant and alternative
neural circuits (Fassbender and Schweitzer, 2006; Reuter-Lorenz and
Cappell, 2008). However, given the limitations of spatial information
provided by ERPs, especially in ERPs elicited from children, this hy-
pothesis is difficult to examine.

The heterogeneity across effect sizes included in the behavioral re-
sponse inhibition phenotype was significantly moderated by task type,
with the SST most likely to generate inhibitory N2s associated with
behavioral response inhibition. While all three tasks, the GNG task, the

Table 2
Moderation analysis of categorical moderators across behavioral phenotypes.

Categorical Moderators k Estimate (SMD) SE p-value

Behavioral Response Inhibition
Task type
GNG Task 21 0.08 0.12 .51
SST 10 −0.39 0.20 .05
CPT 3 −0.13 0.33 .69
Task Difficulty
Standard 24 −0.06 0.11 .63
Complex 10 −0.002 0.22 .99
ERP Analysis Method
Peak-picking 17 −0.10 0.14 .48
Mean Amplitude 13 −0.04 0.21 .86
N2 Quantification Technique
NoGo N2 Amplitude 32 −0.08 0.10 . 45
Difference Waveform 2 0.25 0.37 .50
Psychopathology
Task type
GNG Task 21 −0.03 0.12 .78
SST 12 0.19 0.22 .37
CPT 9 0.41 0.23 .08
Psychopathology Type
Internalizing 5 −0.36 0.24 .15
Externalizing 38 0.53 0.26 .04
Psychopathology Measurement
Diagnostic categories 29 0.05 0.11 .41
Symptom scores 13 0.09 0.21 .81
Task Difficulty
Standard 34 0.11 0.10 .28
Complex 8 −0.05 0.24 .84
ERP Analysis Method
Peak-picking 21 0.15 0.14 .27
Mean Amplitude 17 −0.04 0.21 .84
N2 Quantification Technique
NoGo N2 Amplitude 40 0.17 0.09 .06
Difference Waveform 3 −1.24 0.38 0.001
Externalizing Studies Only
Externalizing Type
ADHD 23 0.22 0.13 .10
ODD/CD 4 −0.03 0.37 .93
Psychopathology Measurement
Diagnostic categories 28 0.11 0.12 .35
Symptom scores 10 0.25 0.23 .29

Note: SMD=Standardized Mean Difference, GNG=Go/NoGo, SST=Stop
Signal Task, CPT=Continuous.
Performance Task, ERP=Event-Related Potential, ADHD=Attention Deficit
Hyperactivity Disorder.
ODD=Oppositional Defiant Disorder, CD=Conduct Disorder.
In the examination of categorical moderators, for the purpose of this analysis,
the first listed category was examined as the baseline (“reference”) SMD, and
the subsequent estimate values reflect how much larger the SMD for the next
listed moderator category was when compared to the baseline. For example, for
the task type moderator of the neuropsychological inhibition analysis, the SMD
for the GNG task studies was 0.08, while the SMD for the SST was -0.31 (0.08 -
0.39), and the SMD for the CPT was -0.05 (0.08 – 0.13).

Table 3
Moderation analysis of continuous moderators across behavioral phenotypes.

Continuous Moderators k β SE p-value R2

Behavioral Response Inhibition
Sample Size 34 −0.001 0.002 .74 0.00
Mean Age 34 0.02 0.04 .69 0.00
Percent Female 30 −0.003 0.004 .43 0.00
NoGo Percentage 33 0.01 0.01 .12 0.09
Psychopathology
Sample Size 43 −0.001 0.002 .61 0.00
Mean Age 43 −0.02 0.03 .60 0.00
Percent Female 43 −0.002 0.004 .67 0.00
NoGo Percentage 43 −0.008 0.01 .34 0.00
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CPT, and the SST, are thought to assess response inhibition and the
overall effect across tasks was significant, the findings of the current
study suggest that the SST might be best suited to assess specific in-
hibitory skills. Evidence that the SST may be a better measure of spe-
cific inhibitory skills compared to the GNG and CPT is consistent with
evidence in adults that the GNG does not consistently elicit prepotent
motor activity unless it is fast-paced and the inhibition trials are rela-
tively rare (Wessel, 2018). Additionally, it is also possible that the N2 is
more reflective of action cancellation capacities (better assessed by the
SST) than action restraint capacities (better assessed by the GNG task
and the CPT).

As only one significant moderator of the heterogeneity across effects
sizes was identified, there remains a significant amount of unaccounted
for variability in effect size. We examined many of the plausible mod-
erators as explanations for the heterogeneity, but other untested

moderators clearly explain a portion of this variance. One possible
factor contributing to this high level of heterogeneity across studies is
intra-individual variability in ERP responses. Research suggests that
high levels of intra-individual variability in ERP latencies are present in
clinical populations, including individuals with ADHD (Bluschke et al.,
2017), as well as in developmental populations. This intra-individual
variability in ERP latencies across trials is a significant problem, be-
cause ERP data are averaged across available trials, leading to the
overlap of adjacent ERP components, as well as smearing of the mor-
phology of components (Ouyang et al., 2011). This intra-individual
variability, which may be especially significant in our meta-analysis
that included data from both developmental and clinical populations,
may affect amplitude values of measured ERPs, contributing to varia-
bility across samples and studies. One possible solution to explore and
mitigate intra-individual variability in ERP latencies is to use single-

Fig. 3. Forest plot of studies included in overall psychopathology analysis.

Fig. 4. Forest plot of studies included in psychopathology analysis that focus on externalizing problems only.
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trial analyses, combined with techniques to decompose the EEG signal
(e.g., the residue iteration decomposition approach; Ouyang et al.,
2011). Incorporating these analytic strategies to existing and newly
collected datasets will improve our capacity to both identify compo-
nents as well as better explain their functional meaning.

4.2. The N2 and trait self-regulation

As only six studies would have been able to be combined in the self-
regulation effect size analysis there was insufficient power to examine
the association between the overall meta-analytic association between
the N2 and trait self-regulation. Future studies focused on the N2
component should examine whether trait self-regulatory skills are as-
sociated with the N2, to determine whether the N2 is associated with
broader self-regulation skills (in addition to response inhibition, in
particular).

4.3. The N2 and psychopathology

The current study suggests that the overall meta-analytic effect size
for the psychopathology phenotype was not significantly different from
zero. However, given the substantial number of studies included in this
effect size analysis, we were able to consider several plausible catego-
rical and continuous variables as moderators of this effect size. Of the
moderators examined, two were found to significantly moderate the
association between the N2 component and psychopathology: the type
of psychopathology examined in the study and inhibition trial percen-
tage of the task used to elicit the N2.

The moderation by psychopathology type indicated that studies
focusing on individuals with some form of externalizing symptoms were
more likely to show an association between the N2 and psycho-
pathology, perhaps reflecting the commonly accepted notion that poor
behavioral regulation is more central to externalizing problems then
internalizing problems. This association between the N2 and ex-
ternalizing psychopathology emerged in the expected direction, such
that smaller N2 amplitudes were associated with higher levels of ex-
ternalizing psychopathology. These studies either compared the N2
elicited from children meeting the diagnostic category thresholds for
externalizing psychopathology (i.e., ADHD, ODD, CD, or a combination
of externalizing and internalizing symptoms) with healthy controls, or
examined specific externalizing symptoms (e.g., behavior problems,
attention problems, etc.) in a group of children. Of note, there was no
difference in effect size between studies that examined psycho-
pathology using diagnostic categorization schemes and studies that
focused on specific symptoms.

Although non-significant, the moderation results also suggested that
pure internalizing symptoms (i.e., depression, anxiety, or a combination
of depression and anxiety) might be associated with the N2 in the op-
posite direction, such that larger N2 amplitudes were associated with
more internalizing problems. Despite that this effect was moderately
sized (SMD = -0.36, p= .15), relatively few studies (n = 5) were
included in this analysis, and this may have influenced why these re-
sults did not surpass the traditional threshold for significance. A full
interpretation of these results is not warranted given the null findings,
however, it is worth mentioning that this finding provides support for
hypotheses about the different function of behavioral regulation in
externalizing vs. internalizing problems. It has been hypothesized that
externalizing problems represent a deficit in behavioral regulation,
whereas internalizing problems may result from over-control of certain
behaviors (e.g., Lewis and Stieben, 2004; Murray and Kochanska,
2002). Behavioral regulation has been proposed as a transdiagnostic
marker of risk for psychopathology, in that too much or too little reg-
ulation can lead to maladaptive outcomes, especially in the context of
an imbalance with other systems, such as behavioral approach (Jonas
and Kochanska, 2018). Our results, which were adequately powered,
provide support for externalizing problems being accompanied by the

neural signature of a smaller N2 amplitude. Our results also hint at the
possibility of the opposite association with internalizing problems (i.e.,
a larger N2 associated with more internalizing psychopathology). An
increase in the number of studies examining the N2 in association with
internalizing symptoms will further clarify this association.

A sub-analysis of the externalizing problems moderator, examining
externalizing problem type (i.e., ADHD vs. ODD/CD) as a categorical
moderator, demonstrated that externalizing problem type did not
moderate the association between the N2 and psychopathology.
Although this moderator did not surpass the threshold for significance,
the association between the N2 and psychopathology was noticeably
larger in studies focusing on ADHD (compared to ODD/CD), perhaps
reflecting that deficits in response inhibition may be more core to
ADHD, than to ODD/CD. This could also be due to the fact that many
more studies focused on ADHD only (23 studies) than on disruptive
behavior problems (ODD/CD only; 4 studies). Many of the studies that
did include measures of disruptive behavior problems focused on gen-
eral externalizing psychopathology (including both attention and dis-
ruptive behavior problems), and could not be included in this sub-
analysis, making firm conclusions about this moderator difficult. Future
studies should consider examining these subtypes of externalizing
problems separately. For now, though, our findings suggest that the
association between the N2 and externalizing psychopathology did not
differ based on the type of externalizing problems examined.

4.4. The N2 as a possible endophenotype

With the increasing focus on studying psychopathology from mul-
tiple levels of analysis, from cellular and genetic studies to brain net-
works and psychophysiology to behavior and symptom clusters, there
has been increased interest in identifying endophenotypes of psychia-
tric diseases. Endophenotypes are heritable, “unobservable,” inter-
mediary traits that signify disease liability, and mediate the association
between genotype and phenotypic expressions of psychopathology
(Beauchaine, 2009; Gottesman and Gould, 2003). Different fields have
had varying levels of success in identifying endophenotypes. However,
most of this research has focused on adults, often because the discovery
of brain-behavior relationships is even more complex when considered
from a developmental framework (Casey et al., 2014; Lenzenweger,
2013). Given the intermediary role of endophenotypes in the associa-
tion between genetic liability and phenotypic expressions of disease,
establishing that an endophenotype is early-appearing and associated
with risk for psychopathology is an important extension of the en-
dophenotype construct. An endophenotype can be neurophysiological,
biochemical, endocrinological, neuroanatomical, cognitive, or neu-
ropsychological in nature (Gottesman and Gould, 2003). Consistent
with the endophenotype hypothesis, neurophysiological phenotypes are
thought to be better than cognitive phenotypes (e.g., response inhibi-
tion) in clarifying the substrates of psychopathology because neuro-
physiological phenotypes are closer to the underlying etiology (Jonas
and Markon, 2014).

In addition to the P3 (Iacono and Malone, 2011), another neuro-
physiological phenotype that may be an endophenotype, or more pre-
cisely a measure of an endophenotype, for externalizing disorders is the
N2. The results of the current study suggest that the N2 component
satisfies several conditions of an endophenotype for externalizing psy-
chopathology: (1) the association of the biomarker with the disease
phenotype, (2) discriminant validity with respect to other phenotypes
(namely internalizing psychopathology), and (3) appearance early on in
life. While there are additional criteria that must be satisfied in order to
confirm the N2 component as an endophenotype (e.g., establishing that
the endophenotype is heritable and state-independent; Gottesman and
Gould, 2003), this study provides an important first step. Examining the
N2 may be a fruitful avenue for researchers interested in examining the
neural underpinnings of regulation in childhood, especially because the
N2 may be particularly useful as a neural marker of risk for
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externalizing problems.
An alternative theoretical perspective, however, is that the N2 is a

putative biomarker of behavioral response inhibition, and that beha-
vioral response inhibition (rather than the N2) is an endophenotype for
externalizing psychopathology. In this framework, the neural processes
measured by the N2, as a neurophysiological manifestation of the
cognitive process of behavioral response inhibition, serves the purpose
of a biomarker, but is not an endophenotype. Or, perhaps both beha-
vioral response inhibition and the neural processes measured by the N2
are an endophenotype across multiple levels of analysis. Future re-
search will need to clarify these theoretical perspectives to understand
the role of the N2 in externalizing psychopathology.

4.5. Limitations

The caveat with all meta-analyses is that the results are only as good
as the studies it includes. As in any field, there is variability in the
quality of the studies included in the current meta-analysis. Like many
studies using neuroimaging techniques (Button et al., 2013), and
especially studies focusing on children, the studies we examined tended
to include relatively few participants (average N = 45.03, but often
represent accrual across various groups of participants examined in-
dependently [e.g., children with ADHD and controls]) and to ignore
statistical power (Larson and Carbine, 2017). The focus on examining
individual differences may compound the seriousness of the modest
sample size issue. Additionally, although it was of theoretical interest to
examine the association between the N2 and trait self-regulation, be-
cause only a few studies included measures of trait self-regulation, we
were unable to examine this association. Future research will also
benefit from examining the role of the N2 in other inhibitory-type tasks
like the Flanker task.

Additionally, some researchers have proposed that the N2 is more
likely to be an index of response conflict instead of response inhibition.
Our meta-analysis does not specifically address this disagreement in the
field, but it will be important for researchers interested in using ERPs to
study response inhibition in childhood to consider this interpretation of
the N2 in their research moving forward. Very few of the studies we
included in this meta-analysis considered this alternative, conflict-re-
lated meaning of the N2, and the field would be improved by con-
sidering this alternative interpretation in future research. This could
include using creative experimental designs to separate response in-
hibition and response conflict skills to examine their association with
the N2 component elicited from children in separate analyses.
Additionally, research suggests that the inhibitory P3, a positivity ty-
pically coupled with the N2 in tasks assessing response inhibition, may
be a better index of response inhibition than the N2 (Wessel and Aron,
2015). Future studies with children should include an explicit ex-
amination of the P3 component.

4.6. Conclusions

The current study sought to clarify our understanding of the
meaning of the N2 component elicited in childhood across three widely
used tasks, the GNG task, the CPT, and the SST. Our findings suggest
that a smaller N2 is associated with improved behavioral response in-
hibition, in the form of better behavioral performance on the GNG task,
the CPT, or the SST. Additionally, a smaller N2 was associated with
more externalizing psychopathology. The findings of the current study
suggest that further examination of the N2 as a potential en-
dophenotype for externalizing disorders is warranted.
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Supplementary Appendix S1 

Of the GNG task and SST studies we examined, 8 used a 50(Go)/50(NoGo) split, 5 used a 

66(Go)/33(NoGo) split, 13 used a 70(Go)/30(NoGo) split, 15 used a 75(Go)/25(NoGo) split, and 6 used a 

80(Go)/20(NoGo) split. For the CPT task, at the suggestion of Reviewer 2, we calculated the proportion 

of Go to NoGo trials slightly differently, in that the total number of trials reflects just the total number of 

cued trials, divided into the percent that are cued-Go trials and the percent that are cued-NoGo trials. 

Coded in this way, 9 of the CPT studies had a 50(cued-Go)/50(cued-NoGo) split.  



Supplementary Appendix S2 

Forest plots for studies included in the Behavioral Response Inhibition analysis, separated by task type 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. Forest plot of Go/NoGo studies included in behavioral response inhibition analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 

Figure S2. Forest plot of Stop Signal task studies included in behavioral response inhibition analysis 



 
 
 
 
 
 
 
 
 
 

Figure S3. Forest plot of Continuous Performance Task studies included in behavioral response 
inhibition analysis 

 
 
 
Forest plots for studies included in the Psychopathology analysis, separated by task type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure S4. Forest plot of Go/NoGo studies included in the psychopathology analysis 
 

  



 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure S5. Forest plot of Stop Signal task studies included in the psychopathology analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. Forest plot of Continuous Performance task studies included in the psychopathology analysis 
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