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Abstract

The error-related negativity (ERN) and the error positivity (Pe) are electrophysi-
ological components associated with error processing that are thought to exhibit
distinctive developmental trajectories from childhood to adulthood. To investi-
gate the age and age moderation effects on the ERN and the Pe strength during
development, we conducted a preregistered three-level meta-analysis synthe-
sizing 120 and 41 effect sizes across 18 group comparison studies and 19 cor-
relational studies, respectively. The meta-analysis included studies with mean
age between 3.6 and 28.7 (min-max age range: 3.5 and 49.8) years for age-group
comparisons and 6.1 to 18.7 (min-max age range: 4.0-35.7) years for age cor-
relations. Results showed that age was associated with a more negative ERN
(SMD = —.433, r = —.230). No statistically significant association between age
and the Pe was found (SMD = .059, r = —.091), except for in a group comparison
between younger and older adolescents. The age effects were not significantly
moderated by whether a Flanker or a Go/No-Go task was used, whereas a proba-
bilistic learning task moderated the age effect on the Pe. Moreover, the Fz and
Cz electrode sites yielded stronger negative associations between age and the
ERN and the Pe, respectively. The results confirm that the ERN and the Pe show
differential development courses and suggest that sample and methodological
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1 | INTRODUCTION

Childhood and adolescence are periods of dramatic de-
velopmental changes in body and behavior, including
changes in the brain and cognitive functions. A hallmark
feature of neurocognitive development during this pe-
riod is that various cognitive functions develop at differ-
ent speeds, with the continued development of complex
cognitive control subprocesses into young adulthood
(Crone & Steinbeis, 2017; Downes et al., 2017; Overbye
et al., 2021). These include implicit and explicit subpro-
cesses, such as error processing, that become increasingly
efficient during childhood and adolescence (Overbye
et al., 2019). Making mistakes is an ideal opportunity to
adjust our behavior and to learn. Thus, error signals play
an important role in many models of learning, where op-
erations such as detection and reaction to errors are es-
sential parts of an efficient learning system (Cavanagh &
Frank, 2014; Rumelhart et al., 1986; Schultz, 2015).

From a neural perspective, specific electrophysiologi-
cal signals are produced when a person makes an error.
These signals have been found to strengthen across child-
hood and adolescence (Grammer et al., 2014; Overbye
et al., 2019; Tamnes et al., 2013), which are developmen-
tal periods that are important for learning and adaptation
(Dahl et al., 2018; Peters & Crone, 2017). However, child-
hood and adolescence also represent windows of vulner-
ability for the onset of many neurodevelopmental and
mental disorders (Dalsgaard et al., 2020). Characterizing
and understanding age-related differences in neural error
processes signals may deepen our understanding of typ-
ical cognitive neurodevelopment and inform studies of
atypical developmental patterns implicated in psycho-
pathology or associated with risk factors. The present
meta-analysis aimed to examine the effects of age on two
specific electrophysiological components associated with
error processing, the error-related negativity (ERN), and
the error positivity (Pe), and to investigate to what extent
sample characteristics and methodological differences
between studies influence the age effects during typical
development. Two distinct event-related potentials (ERPs)
can be detected using electroencephalography (EEG) by

characteristics influence the age effects, and lay the foundation for investigations
of developmental patterns of the ERN and the Pe in relation to psychopathology
and early genetic and environmental risk factors.

adolescence, childhood, development, error-related negativity, error positivity, meta-analysis

time-locking the averaged electrocortical response of the
brain to errors of commission on a cognitive task. The
ERN and the Pe are reliable electrophysiological compo-
nents that can be detected within milliseconds following
an error, such as pushing the wrong button during a cog-
nitive task (Davies et al., 2001; Gehring et al., 1993, 2018;
Nieuwenhuis et al., 2001). The ERN is a sharp negative de-
flection in the EEG that can be observed 50-100 ms after
an error of commission. Its maximum voltage is found
at frontocentral electrodes and it is reported to originate
from a network of regions that include posterior and an-
terior cingulate cortex, (pre-) supplementary motor area,
and medial prefrontal areas (Agam et al., 2011; Edwards
et al., 2012; Herrmann et al., 2004; Ladouceur et al., 2007;
Miltner et al., 2003; van Veen & Carter, 2002a; see Gehring
et al., 2012 for an overview). There is an ongoing debate
regarding the functional significance of the ERN. Some
posit that it is involved in processing cognitive conflict
(Botvinick et al., 2001, 2004; Carter & van Veen, 2007),
while others consider the ERN to be part of action eval-
uation when the outcome of an action is worse than ex-
pected (Holroyd & Coles, 2002), or as a neural index of
a trait reflecting sensitivity to internal threat (Weinberg
et al., 2012). In addition, the ERN has also been linked to
frontal midline theta activity (4-8 Hz), possibly indicat-
ing that the ERN (time-domain) and the increased power
in the theta frequency band (time-frequency domain) ob-
served during error processing reflect the same process
(Yeung et al., 2007), related processes (Luu et al., 2004),
or complementary neural signatures of error processing
(Munneke et al., 2015).

The Pe is a positive deflection that peaks around 200-
500 ms after an erroneous response. Its maximum voltage
is found at centroparietal electrodes and it is reported to
originate from the cingulate cortex (Herrmann et al., 2004;
Ladouceur et al., 2007; van Veen & Carter, 2002b; Vocat
et al., 2008), and has been suggested to reflect error aware-
ness (Ficarella et al., 2019; Nieuwenhuis et al., 2001). The
functional role of the Pe is, however, also debated, with
some arguing that the Pe might also reflect the motivational
significance (Overbeek et al., 2005) or subjective/emotional
evaluation of making an error (Falkenstein et al., 2000).
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Despite the debate regarding the exact functions of
the ERN and the Pe, both are likely to be involved in an
error processing system by signaling a need to adjust be-
havior to adapt or improve future performance. Arguably,
this makes the ERN and the Pe important neural markers
of cognitive development during periods of rapid learn-
ing and adaptation, such as childhood and adolescence.
Indeed, a larger ERN amplitude has been associated
with better academic grades in undergraduates (Hirsh &
Inzlicht, 2010), whereas a larger Pe amplitude has been
associated with better academic achievement in chil-
dren (Kim et al., 2016). Concomitantly, atypical error
processing has been reported in autism (e.g., Henderson
et al., 2006), schizophrenia (e.g., Simmonite et al., 2012),
ADHD (e.g., Liu et al., 2020), anxiety (e.g., Hanna
et al., 2020), and obsessive-compulsive disorder (e.g.,
Carrasco, Harbin, et al., 2013). Although the role of the Pe
in anxiety is unclear (Ladouceur et al., 2006; McDermott
et al., 2009; Meyer et al., 2012), the ERN seems to be par-
ticularly connected to anxiety disorders (Meyer, 2016,
2017; Olvet & Hajcak, 2008; Riesel, 2019), possibly re-
flecting variation in internal threat sensitivity (Weinberg
et al., 2016). Specifically, the ERN is increased in children
and adolescents with anxiety (Hanna et al., 2020; Hum
et al., 2013; Ladouceur et al., 2006; Meyer et al., 2013,
2017) and obsessive-compulsive disorder (Carrasco,
Harbin, et al., 2013; Carrasco, Hong, et al., 2013; Hanna
etal., 2012). Furthermore, recent studies have also demon-
strated the importance of examining the development of
error processing in relation to psychopathology, as inter-
nalizing symptoms could partially mediate age-related
differences of the ERN (Meyer et al., 2018). In addition,
a longitudinal study showed that greater ERN in adoles-
cence moderates higher levels of adult internalizing psy-
chopathology among individuals who were behaviorally
inhibited as infants (Tang et al., 2020). Taken together,
the links between the ERN and the Pe and both academic
performance and psychopathology in childhood and ado-
lescence emphasize the importance of characterizing the
typical developmental patterns of these ERP components
and their individual variation.

During development, the ERN and the Pe get stronger
with age. Whereby the ERN shows prolonged development
across adolescence (Lo, 2018; Tamnes et al., 2013), and
the Pe plateaus before adolescence (Davies et al., 2004a,
2004b; Overbye et al., 2019). However, some developmen-
tal studies have reported findings that deviate from these
patterns (Eppinger et al., 2009; Richardson et al., 2011),
and it remains unclear whether such inconsistent findings
are due to differences in sample characteristics, such as
age or sex, or methodological differences. For example,
the experimental tasks used in these developmental stud-
ies vary, which could explain variation in latency and/

IPSYGHOPHYSIUI.OGY spr’

or amplitude of the ERN and the Pe. Furthermore, there
is also considerable variability in how the ERN and the
Pe are measured, including variation in electrode site or
brain topography (e.g., using one electrode, averaging
across multiple electrodes, or decomposing brain activity).
Finally, the strength of the ERP components might also
be subject to different quantification methods (e.g., peak,
mean amplitude, residuals, mean difference between cor-
rect, and error trials). Thus, sample and methodological
differences between studies may potentially moderate the
age effects on ERN and Pe.

To better characterize and understand age-related dif-
ferences in ERN and Pe strength, we conducted a prereg-
istered meta-analysis to examine the effects of age and
potential moderating factors of the age effects on the
ERN and the Pe. As stated in our preregistration (Boen
et al., 2020), we expected that the ERN magnitude would
increase with age, but not to be moderated by age, which
would indicate a linear and continuous development
across childhood and adolescence. We also expected that
the Pe magnitude increased with age, whereas this would
be moderated by age, reflecting developmental increases
during middle childhood, followed by stabilization around
late childhood. Moreover, we aimed to explore the moder-
ating effects of sex, experimental task, measurement, and
quantification method on the age effect sizes on the ERN
and the Pe magnitude.

2 | METHOD

A protocol for this systematic literature search and
meta-analysis was published on August 6, 2020 (Boen
et al., 2020) following the Preferred Reporting Items
Reviews and Meta-Analyses Protocols (PRISMA-P) guide-
lines (Moher et al., 2015). The systematic search was con-
ducted on August 10, 2020 using PubMed and Scopus. A
completed PRISMA 2020 checklist (Page et al., 2021) for
the current meta-analysis can be found in Supplementary
Appendix S1.

2.1 | Search strategy and
selection criteria

A systematic literature search included the following
search phrase: (“ERN” OR “error- related negativity” OR
“error negativity” OR “Pe” OR “error positivity”) AND
(“child*” OR “adolescen*” OR “youth”) AND (“EEG” OR
“electroencephalography” OR “ERP” OR “event-related
potential”). The eligibility criteria were: (1) original stud-
ies in English, (2) published in peer-reviewed journals,
(3) that reports the ERN/Pe in at least two cross-sectional
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or longitudinal age groups or the correlation coefficient
with age, (4) in children and/or adolescents (with partici-
pants <18 years of age), and (5) with no reported mental
or neurodevelopmental disorders. As the eligible studies
include studies reporting age-group differences and stud-
ies reporting correlations with age, we will refer to these
as group studies and correlational studies, respectively.

The systematic search resulted in 480 hits in PubMed
and 481 hits in Scopus, adding up to a total of 961 articles.
After the removal of duplicates, 559 were left, and 4 more
were removed as they were non-articles (e.g., conference
poster). Thus, 555 abstracts were included for screening.
From these, 184 full-text articles were screened for inclu-
sion, whereby 147 articles were excluded, and 37 articles
were included in the quantitative analyses in this meta-
analysis. The studies that were excluded and placed in
the “not typical development/methodology” category
reported: (1) age correlations across both typical and
non-typically developing children and/or adolescents;
(2) age included as a covariate in a multiple regression
analysis or multifactorial ANOVA - and not the raw
correlation between age and the ERN/Pe or mean and
standard deviation of the ERN/Pe in each age group; (3)
effects of age not tested despite including a healthy con-
trol group within the developmental age-range. Studies
that included both typical and atypical participants were
excluded from analyses unless they reported separate
results for the typically developing group only. The au-
thors of the studies that were excluded were not con-
tacted. Authors (R.B. and C.K.T.) evaluated the studies
for inclusion in collaboration. R.B. collected and coded
the data from each study. See Figure 1 for a flowchart of
the selection process.

2.2 | Data extraction

For the age group studies, the mean value and stand-
ard deviation for each ERP component (i.e., either peak
values, mean amplitude, difference wave form, or resid-
uals) and N in each group were extracted. For correla-
tion studies, mean age and the r correlation coefficient
between the ERP component and age were extracted.
As we also wanted to investigate the moderating roles
of sex, experimental task, electrode site (s), quantifica-
tion method of the ERP components, we also extracted
proportion of male participants included, experimental
task used, electrodes used for estimation, and quantifi-
cation method of the ERP components. The moderating
variables were extracted from all eligible studies. For
the included studies, we also contacted the correspond-
ing authors to request data that could not be found in
the publication.

2.3 | Data quality, small study bias, and
publication bias

Each eligible study underwent a modified version of
the checklist for EEG research (Keil et al., 2014). The
checklist included 17 items that were scored 0, 1, or 2 if
the items were either not, partially, or fully explained in
the study. The checklist and scoring procedure are pro-
vided in Supplementary Appendix S2. We calculated
the statistical power of each study and reported the me-
dian statistical power to assess the evidential value of
the eligible studies using the “metameta” R package
(Quintana, 2020) along with the overall summary effect
size estimate. To assess the possibility for small study
bias, which can include publication bias, we created and
inspected contour-enhanced Funnel plot and performed
Egger’s regression test. The effect sizes underwent a cor-
rection for publication bias to get an estimate of corrected
effect size using the “PublicationBias” package (Mathur
& VanderWeele, 2020), under the assumption that sig-
nificant results are five times more likely to get published
compared to non-significant results and that the effects of
age on the ERN group and correlational studies and the
Pe group studies favor negative and positive estimates, re-
spectively. For the Pe correlational studies, the model was
conducted favoring negative estimates as the model did
not converge favoring positive estimates. For the signifi-
cant point estimates, we conducted a sensitivity analysis
to get an estimate of the amount of publication bias that
needs to be present in order to get a point estimate with
confidence intervals that include zero.

2.4 | Deviation from protocol

Initially, we did not determine which type of experimental
conditions should be included in the meta-analysis. Some
of the reviewed studies reported data from social condi-
tions (Barker et al., 2018) and audience conditions (Kim
et al., 2005). These studies also reported data from non-
social and alone conditions; we included data from the
latter studies to reduce heterogeneity across the included
studies. We also initially aimed to account for experimen-
tal design (i.e., cross-sectional vs. longitudinal studies),
however, the included studies that reported longitudinal
data were few (four group studies and one correlational
study) and the inclusion of this factor did not improve
model fit (Supplementary Tables S1-S3). As such, this
random factor was not included in the final multilevel
analytic model. Thus, the final three-level meta-analytic
model accounted for (i) variance of the effect sizes, (ii) be-
tween effect sizes from the same study, and (iii) between
studies (Assink & Wibbelink, 2016).
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FIGURE 1 Flow diagram of the selection process

The moderating effect of sex was estimated based on
the proportion of males (in %), and not by calculating effect
sizes separately for each sex as originally planned because
ERP measures for male and female participants were typi-
cally not reported. The reported statistics for task difficulty
were also highly heterogeneous across studies. That is, the
studies reported different estimations of task accuracy (e.g.,
mean error rate, false alarm rates, overall accuracy, and ac-
curacy on specific trials). This precluded any meaningful es-
timation of task difficulty or its potential moderating effects.
Finally, we aimed to use the puniform package to assess
publication bias (van Aert & van Assen, 2018), however, due
to the multilevel structure of the current data, we used the
“PublicationBias” R package to allow for clustering of point
estimates (Mathur & VanderWeele, 2020). Here, this in-
volves a sensitivity analysis to get an estimate of how much
the point estimate could be attenuated given an estimated
publication bias (e.g., significant results are five times more
likely to be published compared to non-significant results).
Moreover, it will also provide an estimate of how severe the

publication bias might be before the point estimates are
non-significant.

2.5 | Statistical analysis

All statistical analyses were performed in R statistical soft-
ware version 4.0.3 using the meta (Schwarzer, 2007) and
metafor (Viechtbauer, 2010) packages. Due to variation in
samples and methodology, we used random-effects models
with a restricted maximum-likelihood estimator. For the
group studies, the raw effect sizes were estimated from the
mean and standard deviation for each age group. Here, we
used standardized mean difference (SMD) as measure of
effect size. In this case, the younger group was compared
to the older group. Thus, a negative SMD indicates that
the older group had a lower mean value than the younger
group. To illustrate, a negative SMD will indicate that the
older group had a more negative ERN or a less positive Pe
amplitude compared to the younger group. This will also
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apply for the main effect (i.e., f,) in the moderation analy-
sis. For the correlation studies, the Pearson’s r underwent
a Fisher’s z-transformation and were back-transformed to
Pearson’s r when reporting the overall age effect. The ef-
fect sizes were calculated using the “escalc” function in the
metaphor R package (Viechtbauer, 2010) to get estimates of
Hedges’ g (Hedges, 1981) for the group studies and z-scores
(Fisher, 1921) for the correlational studies. To assess het-
erogeneity, which is inter-study variation in the true effect
sizes, the I°-statistic was estimated to indicate how much of
the observed variation could be attributed to the true effect
sizes. As many of the studies contributed to the quantitative
synthesis with more than one effect size, several of the effect
sizes are likely to be correlated. To account for the statistical
dependency in the data, we computed a three-level meta-
analytic model to account for both within and between
study variance (Assink & Wibbelink, 2016). The use of a
three-level meta-analytical model provides three variance
levels; that is, within-study sampling variation (I 12), between
effect size variation (122) and between-study variation (Ii).
The estimated variance of the true effects will be estimated
and referred to as o-% for the second level variance and ag
for the third level variance. Finally, the Q-statistic was esti-
mated to indicate if the effect sizes between studies are sta-
tistically different from each other.

2.6 | Moderation analysis

The moderators were defined a priori (Boen et al., 2020),
and included age, sex, experimental task, electrode site, and
quantification method. The group studies provided mean
estimates of the ERN and the Pe for each age group. Thus,
to estimate the effect size across age, the mean value for the
ERN and the Pe must be compared between two different age
groups. To investigate the effect of age during development,
the age groups were categorized and compared against each
other, where the younger age group was always compared
against the older age group (i.e., to examine how the ERN
and the Pe amplitudes changes with increasing age). Further,
to examine the moderating effect of age, the age groups had
to be divided into age categories that reflects increasing age.
Thus, for the age group comparisons, the age groups were
placed into three age categories: Children <12 years of age,
Adolescents 12-18 years of age, adults >18 years of age. The
age groups were placed into their respective age category
based on the mean age of the study group that was used for
group comparisons in each study. For instance, if a study
reported the ERN and/or the Pe for a group with a mean
age below 12 years of age, this group was placed in the child
category. Moreover, for the age group comparisons, the ef-
fect sizes were estimated for children (difference between an
older child group and a younger child group), children, and

adolescents (difference between a child group and an adoles-
cent group), children and adults (difference between a child
group and an adult group), adolescents (difference between
a younger adolescent group and an older adolescent group),
and adolescents and adults (difference between an adoles-
cent group and an adult group). In the moderation analysis,
we tested whether the age-effects obtained for each of the
age groups deviated from that of a reference category (i.e.,
the mean effect obtained from comparing children versus
adults). For the correlation analyses, the mean age of the re-
spective sample was used in the moderation analysis. Few
studies reported the ERN and/or the Pe separately for male
and female participants, thus it was impossible to include a
categorical variable of sex in the analysis. However, to inves-
tigate the moderation effect of sex, we computed sex as a con-
tinuous measure where the proportion of male participants
in the study was included in the analysis. The majority of
the studies used either the flanker task or the go/no-go task
to measure the ERN and the Pe (96.97% of the effect sizes
for group studies; 80.49% of the correlational studies). We
therefore dummy coded the experimental task for Flanker
task, Go/No-Go-task, and other. The “other” category in-
cluded tasks such as the probabilistic learning task, lexical
decision task, letter discrimination task, choice reaction time
task, and the Simon task. Electrode site (including brain to-
pography) was dummy coded for Fz, FCz, Cz, Pz, multiple
electrodes, and principal component analysis (PCA). The
quantification method was dummy coded as mean ampli-
tude (estimated across several time points within a defined
time window for the component of interest), residuals (resid-
uals after regressing out the data obtained from correct tri-
als), delta (mean difference waveform estimation is based on
the difference in correct and error trials, commonly reported
as AERN and APe) and peak amplitude (either peak to peak,
baseline to peak, or the most negative/positive peak within
a defined time window for the component of interest). The
dummy coding is mutually exclusive and will result in one
redundant variable, one of which will be used as the refer-
ence group (i.e., the intercept). In a meta-regression where
only dummy coding applies, a significant effect of the inter-
cept (i.e., reference) will indicate that the mean effect of the
reference group significantly deviates from zero, while a sig-
nificant effect of the other included categories indicates that
the mean effect deviates from that of the reference condition.

3 | RESULTS

Of the 37 eligible studies, 18 studies included group dif-
ference data in ERN/Pe (with a total of 120 effect sizes)
and 19 studies included correlation data between ERN/Pe
and age (with a total of 41 effect sizes). An overview of the
included studies is shown in Table 1.
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TABLE 1 Overview of included studies
Age %

Study n range males Experimental task Electrode site  Quantification method
Group Studies
Brooker (2018) 119 3.5-4.5 42 Go/No-Go FCz Delta
Checa et al. (2014) 50 4.0-25.5 50 Flanker FCz, Cz Mean Amplitude
Clawson et al. (2017) 97 8.0-28.0 58 Flanker PCA Mean Amplitude
DuPuis et al. (2015) 234 5.2-7.5 65 Go/No-Go Fz Peak
Eppinger et al. (2009) 35 10.0-24.0 47 Probabilistic Learning ~ FCz, Cz Peak

Task (Other) Mean Amplitude
Grammer et al. (2018) 49 5.0-6.0 51 Go/No-Go FCz, CZ, Pz, Mean Amplitude
Horowitz-Kraus (2011) 46 13.0-26.0 52 Lexical Decision Task Cz, Fz Peak

(Other)
Kim et al. (2005) 20 7.0-11.0 35 Go/No-Go Fz, Cz, Pz Peak
Kim et al. (2007) 22 7.0-25.0 50 Go/No-Go Cz Peak
Ladouceur et al. (2004) 11 9.0-17.0 36 Flanker Cz Peak
Ladouceur et al. (2007) 46 8.7-49.8 39 Flanker Cz, Pz Peak, Delta
Meyer et al. (2014) 70 8.0-15.0 57 Flanker Fz, Cz Mean Amplitude, Delta
Richardson et al. (2011) 77 7.0-9.0 44 Flanker FCz Peak
Santesso and 74 15.0-20.0 100 Flanker, Go/No-Go Fz,FCz, Cz,Pz Peak

Segalowitz (2008)

Santesso et al. (2006) 67 10.0-30.0 40 Flanker Fz, FCz, Cz, Pz Peak
Meel et al. (2012) 63 6.0-26.0 56 Flanker Fz,FCz, Cz Mean Amplitude
Wiersema et al. (2007) 44 7.0-24.0 59 Go/No-Go Cz, Fz, Pz, Cz Peak
Zhang et al. (2009) 31 7.0-37.0 NA Go/No-Go Fz,Cz, Pz Peak
Correlational Studies
Barker et al. (2018) 62 8.7-17.1 0 Flanker Multiple Mean Amplitude
Buzzell et al. (2017) 43 9.9-35.1 47 Flanker CPz Delta
Danovitch et al. (2019) 124 6.0-8.3 49 Go/No-Go FCz, Pz Mean Amplitude, Delta
Gavin et al. (2019)° 240 7.1-25.8 46 Flanker Cz Peak
Hajcak et al. (2008) 18 8.0-16.0 44 Simon Task (Other) Fz Peak
Gorday and Meyer (2018) 99 8.0-14.0 0 Go/No-Go Fz Delta
Hanna et al. (2012) 44 10.0-18.0 50 Flanker Cz Mean Amplitude
Hogan et al. (2005) 23 12.0-22.1 48 Choice Reaction Time  FCz Peak

Task (Other)
Ip et al. (2019) 49 4.0-9.0 47 Go/No-Go FCz Mean Amplitude
Kamijo et al. (2016) 42 8.8-12.6 55 Flanker FCz Mean Amplitude
Kessel et al. (2016) 304 5.2-7.5 57 Go/No-Go Cz Mean Amplitude, Delta
Kessel et al. (2019) 74 8.8-10.7 49 Flanker Multiple Delta
Ladouceur et al. (2012) 14 7.0-35.7 36 Flanker FCz Delta
Ladouceur et al. (2018)" 30 9.0-14.0 50 Flanker FCz Mean Amplitude, Residual,

Delta

Liu et al., 2020 77 8.0-18.0 61 Flanker FCz, CPz Mean Amplitude, Delta
Overbye et al. (2019) 98 8.3-19.7 51 Flanker Multiple Peak, Residual, Delta
Padilla et al. (2014) 38 11.0-18.0 53 Letter Discrimination Fz Mean Amplitude

Task (Other)
Taylor et al. (2018) 69 12.0-18.0 54 Flanker FCz Mean Amplitude
Weinberg et al. (2016) 515 13.6-15.5 O Flanker FCz Delta

*The effect sizes for the ERN and the Pe were derived from the age correlation after latency correction, and includes unpublished data.
FIncludes ERN-age correlations for the typically developing group not reported in the published manuscript.
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Checklist
Age

Group Studies

Sex
Ethnicity/Race

Socioeconomic status
(education/income)

38.89%
11.11%

Amplifier used
Electrode impedance

Timing of all stimuli (responses,
intertrial intervals, onset and offset)

Stimuli characteristics

Data preprocessing steps
(rereferencing, interpolation)

Segmentation procedures (epoch
length and baseline removal time
period)

Artifact removal and correction
procedures (identification, type and
proportion of artifacts)

Number of trials used for averaging
(number of trials in each condition
and for each age group/full sample)

Measurement procedures
(measurement of ERP component,
time window for each trial type,
baseline period)

Measurement technique (absolute or
local peak, average across a
specified time period, automatic or
visual inspection, number of trials
used)

Selection of time windows defined a

priori (rationale provided) 11.76%

Statistical analyses and procedures
for the obtained results

Results (correlation coefficient
and/or t/F-values, including p-
values)

FIGURE 2 ChecKklist for the included studies

3.1 | Checklist for EEG research

All included studies underwent scoring on an EEG check-
list (modified from Keil et al., 2014). The percentage of
the studies that obtained either “1” or “2” for each item
are presented in Figure 2. Full scoring of each study is re-
ported in Supplementary Appendix S2.

3.2 | Assessment of statistical power

To assess the statistical power of the current meta-
analysis, the median statistical power of the included
studies was estimated for a range of true effect sizes
and the obtained summary effect size and visualized
using a firepower plot (Quintana, 2020). The results
showed that the power for ERN group studies and
correlation studies was 0.21 and 0.44, respectively, as-
suming that the summary effect size is the true effect
size. The power for the Pe estimates was 0.05 for group
studies and 0.13 for correlation studies (Figure 3). The
results indicate that most of the included studies that

Correlational Studies Total

36.84% 37.84%

10.53% 10.81%

100
47.37%
90
80
70

60

50
47.37%

8
8

40

Percentage (%)

26.32% 19.44%

investigate the age-effect on the ERN and the Pe are
underpowered to reliably detect a wide range of age-
effects, especially in studies that are comparing age-
groups. The results of these analyses are also provided
in Supplementary Table S4.

3.3 | Test for asymmetry

Contour-enhanced Funnel plots were created to visu-
ally inspect and assess the existence of publication bias
(Supplementary Figures S1-S4). Eggers test for asym-
metry was not significant for the ERN group studies
(z =1.35, p = .18) nor the Pe group studies (z = —0.09,
p = .93). However, the correlational studies for both
the ERN (z = 3.02, p = .003) and the Pe showed evi-
dence for asymmetry (z = —3.66, p = .0003), indicating
that the studies do exhibit evidence for a small study
bias, which may be due to publication bias. In this
case, the small study bias indicates that smaller stud-
ies among the correlational studies exhibit a different
effect size than the larger studies. Although the test for
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FIGURE 3 Firepower plot showing the statistical power for each meta-analysis, assuming a range of effect sizes, and the observed effect

size of meta-analysis is the true effect size

TABLE 2 Overall variance

Variance
i
5
I

Error-related negativity (ERN)  Error positivity (Pe)

Group Correlational Group Correlational
studies studies studies studies
14.90% 54.34% 45.65% 15.69%

69.16% 0.00% 32.44% 0.00%

15.94% 45.66% 21.91% 84.31%

Note: I? = within study sampling variation, I? = between effect size variation and I? = between study

variation.

asymmetry was significant only for the correlational
studies, the adjusted effect sizes will be presented for
both the group and correlational studies to also obtain
a more conservative estimate of the age-effect.

3.4 | Dependency and heterogeneity
in the data

To account for dependency in the data (i.e., effect sizes
drawn from the same study), we computed a three level
meta-analytical model. The variance components were

62 = .317 and o7 = .073 for the ERN group studies and
af =.000 and a% =.009 for ERN correlational studies, and
o2=.059and o3 =.040for Pegroupstudiesand 2 =.000 and
a% = .065 for Pe correlational studies. The overall variances
of the models are shown in Table 2. For the overall three

level meta-analytic model, the Q-statistic were significant
for ERN group studies (Q [df = 70] = 318.34, p < .001) and
correlation studies (Q [df = 29] = 46.63, p = .0203), and
for the Pe group studies (Q [df = 48] = 99.50, p < .001)
and correlation studies (Q [df = 11] = 76.98, p < .0001).
The results from the Q-statistics indicate substantial vari-
ability across age-related effect sizes of the ERN and the
Pe. Due to the large amount of dependent effect sizes in
the current dataset, a three level meta-analytic model (i.e.,
accounting for both within and between study variance)
was used in all subsequent analyses for both ERN and Pe.

3.5 | Overall effect of age

Across all studies reporting age group differences,
there was a significant overall effect of age on the ERN
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Brooker 2018 —— FIGURE 4 Forest plot illustrating
e the age-group effect sizes for the ERN.
_'_._,'__ Standardized mean difference(s) per study
_'_.__ is represented by the black dots. The
Checa et al. 2014 S S summary standardized mean difference

Clawson et al. 2017

Dupuis et al. 2015

Dupuis et al. 2016

from the three-level meta-analytic model
is represented as a black diamond. The
95% confidence interval is represented as
horizontal lines

Eppinger et al. 2009 : —_—

Grammer et al. 2018

Horowitz—Kraus, T. 2011

Kim et al. 2005

Kim et al.b 2007 —_—

Ladouceur et al. 2004 —_——————

Ladouceur et al.b 2007 _._

Meyer et al. 2014 o>

Richardson et al. 2011 —

Santesso et al. 2008 o

Santesso et al.b 2006 -—l

Van Meel et al. 2012 —_—

Wiersema et al. 2007 —_—

Summary } L 2=

-5.0 =2.!

5 0.0 25
Standardized Mean Difference (95% Confidence Interval)

(SMD = —.433, CI: —.654, —.212, p < .001; SMD adjusted
effect size = —.17, CI = —.34, —.00, p = .048), but not for
the Pe (SMD = .059, CI: —.122, .240, p = .515; SMD ad-
justed effect size = —.04, CI: —.17, .10, p = .539). Forest
plots for the ERN and the Pe are shown in Figures 4 and 5,

5.0

respectively. Similarly, for the correlation data, there was
a significant overall effect of age on the ERN (z' = —.234
CL: —.302, —.166, p < .0001, r = —.230; z’ adjusted effect
size = —.16, CI = —.22, —.11, p < .001), but not for the Pe
(z' =—-.091, CI: —.334, .153, p = .430,r = —.091; z’ adjusted
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FIGURE 5 Forest plot illustrating
the age-group effect sizes for the Pe.
Standardized mean difference(s) per study
is represented by the black dots. The
summary standardized mean difference
from the three-level meta-analytic model
is represented as a black diamond. The
95% confidence interval is represented as
horizontal lines

Checa et al. 2014

Clawson et al. 2017

Eppinger et al. 2009
Grammer et al. 2018

Ladouceur et al. 2004

Ladouceur et al.b 2007

Richardson et al. 2011

Santesso et al. 2008

Santesso et al.b 2006

Wiersema et al. 2007

Zhang et al. 2009

Summary

effect size = .005, CI = —.07, .08, p = .858). Sensitivity
analyses indicated that significant results needed to be
5.07-fold more likely to get published compared to non-
significant results for the confidence interval of the ERN
group age-effect to include zero, whereas no amount of
publication bias could attenuate the confidence intervals

IPSYCHUPHYSIOI.OGY sp

5 4 0 i
Standardized Mean Difference (95% Confidence Interval)

enough to include zero for the ERN correlational studies.
In sum, the sensitivity analyses provide strong evidence
favoring an effect of age on the ERN. Thus, the results in-
dicate that the ERN becomes larger with age across child-
hood and adolescence (i.e., more negative), whereas the
Pe does not show a consistent change in magnitude with



BOEN ET AL.

12 of 24
4LIPSYCH0PHYSI0I.OGY 2

Age groups Bo (95% CI) B1 (95% CI)
Children versus —.498 (—.848, —.148)"
Adults (ref)
Children —.329 (—.671, .013) .168 (=276, .613)
Children versus —.136 (—.708, .436) .362 (—.293,1.016)
Adolescents
Adolescents —1.312(~2.234,—.390)"  —.814 (—1.799, .170)
Adolescents —.507 (—.888, —.126)" —.009 (—.517, .498)

versus Adults

TABLE 3 Moderating age-group
F , df2

(dfl, afz) effects on the ERN
F (4,66) =1.355,

p = .259

Note: B, represents the mean age-effect, whereas the f; represents the moderation effect compared to the

mean effect of the reference category.

Abbreviation: Ref, reference category.

**p <.01.
Age groups Bo (95% CI) B1 (95% CI)
Children versus —.034 (—.394, .325)
Adults (ref)
Children 210 (—.215, .634) 244 (—.163, .651)
Children versus —.082 (—.697, .533) —.048 (—.651, .555)
Adolescents
Adolescents 1947 (291, 1.604)" 981 (.269, 1.694)"

Adolescents versus
Adults

—.193(—.595,.210)  —.158 (—.622, .305)

TABLE 4 Moderating age-group
F (df1, df2
( ) effects on the Pe

F(4, 44) = 3.952,
p = .008

Note: B, represents the mean age-effect, whereas the f; represents the moderation effect compared to the

mean effect of the reference category.
Abbreviation: Ref, reference category.
**p <.01.

age across development. Raw effect sizes for each study
can be found in Supplementary Tables S5-S8.

3.6 | Moderating effects of age and sex

The age effects on the ERN were significant between age
groups, where the mean age-effect of children compared
to adults (estimate = —0.498 CI = —.848, —.148), younger
compared to older adolescents (estimate = —1.312,
CI = —2.234, —.390), and adolescents compared to adults
(estimate = —.507 CI = —.888, —.126) deviated from zero.
Further, using the mean age-effect between children
and adults as the reference, none of the other age-group
comparisons deviated significantly from the reference
(Table 3). For the Pe, only the adolescent group showed a
mean age-effect that deviated from zero (estimate = .947
CI = .291, 1.604) and exhibited a significantly stronger age
effect compared to the mean age-effect between children

and adults (Table 4), indicating that group studies that
consist of adolescents could moderate the age effect on the
Pe. The distributions of the effect sizes across age groups
for the ERN and the Pe are shown in Figure 6. For cor-
relational data, the sample mean age did not moderate
the age-effect for the ERN (estimate = —.011, CI = —.032,
.009, p = .254), nor for the Pe (estimate = —.025,
CI = —-.110, .059, p = .521). The inclusion of an age2 term
did not reach significance in either of the correlation age
models.

Finally, the results did not show any significant mod-
erating effect of sex (i.e., proportion of males) for the
ERN group studies (estimate = —.001, CI = —.013, .011,
p = .859), ERN correlational studies (estimate = .001,
CI = —.003, .004, p = .677), Pe group studies (esti-
mate = —.001, CI = —.009, .008, p = .864), or the Pe
correlational studies (estimate = 0.00, CI = —.014, .014,
p = .990). The z-transformed correlations for the ERN and
the Pe are shown in Figure 7.
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Effect of age on the ERN
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FIGURE 6 Violin plot of the effect sizes across age groups for the ERN (top) and the Pe (bottom). The dots represent individual effect
sizes and the size represents the variation (i.e., larger dots indicate less variation). Age ranges, ERN: Younger Children (3.6-8.1) versus Older
Children (4.6-11.0), Children (7.9-11.0) versus Adolescence (12.7-13.4), Children (5.1-11.4) versus Adults (20.8-26.5), Younger Adolescents
(12.2-12.4) versus Older Adolescents (15.8-16.5), Adolescence (12.4-16.5) versus Adults (18.5-28.7). Pe: Younger Children (5.1-8.1) versus
Older Children (6.3-11.0), Children (7.9) versus Adolescents (13.4), Children (5.1-11.4) versus Adults (20.8-26.5), Younger Adolescents
(12.2-12.4) versus Older Adolescents (15.8-16.5), Adolescence (12.4-16.5) versus Adults (18.5-28.7). The age ranges are based on the mean

age from the age group that was derived from each of the included studies

different from zero, however, none of the effects were sig-
nificantly different from each other (Table 6).
For the Pe group data, the mean age-effect from the

3.7 | Moderating effects of task

For the ERN group studies, there were mean effects of the

Go/No-Go and the Flanker task, however, none of the tasks
moderated the age-effect (Table 5). For the ERN correla-
tional data, the mean age-effect of the other experimental
tasks, Go/No-Go, and the Flanker task were significantly

category of other types of experimental tasks did signifi-
cantly deviate from zero, which yielded a larger effect size
compared to the mean age-effect obtained from the Go/
No-Go task and the Flanker task (Table 7). Finally, none
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FIGURE 7 Bubble plot illustrating
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of the tasks showed any mean age-effects deviating from
zero nor moderation effects on the Pe correlational data
(Table 8).

3.8 | Moderating effects of electrode site

For the ERN group studies, significant mean age-effect for
electrode site was identified for the Fz and Cz. However,
none of the mean age-effects moderated the age-effect
(Table 5). For the ERN correlational studies, there were
mean age-effects of Fz, FCz, Cz, CPz, and across multiple

electrodes. The moderation analysis showed that multiple
electrodes, FCz, and Cz resulted in lower estimated age-
effect of the ERN compared to the Fz (Table 6). For the
Pe group studies, none of the electrode sites were found
to have a mean age-effect that significantly deviated from
zero, nor any that deviated from each other (Table 7).
However, the data from the correlational studies indi-
cated that the Cz was the only electrode site that exhibited
an effect that deviated significantly from zero and yielded
significantly larger age-effect compared to the other elec-
trode sites, including FCz, Pz, CPz, and averaging across
multiple electrodes (Table 8).
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TABLE 5 Moderating methodological

effects on the ERN: Group studies
Task

Other (Ref)
Flanker
Go/No-go
Electrode Site

Fz (Ref)
FCz

Cz

Pz

PCA

Quantification

Delta (Ref)
Mean Amplitude
Peak

IPSYGHUPHYSIOI.OGY 5 Jls—om
By (95% CI) B, (95% CI) F (df1, df2)
F (2, 68) = 471,
p=.626
—.099 (—.991, .794)
—.508 (—.818, —.197)"  —.409 (—1.354, .536)
—.370 (=737, —.003)°  —.272(~1.236, .693)
F (4, 66) = .312,
p=.869
—.420 (—.801, —.038)"
—.383 (—.771, .005) 037 (—.477, .551)
—.530 (—.842,—.218)"  —.110 (—.564, .344)
—.435(—.968, .097) —.015 (—.632, .601)
138 (—1.221, 1.497) .558 (—.854, 1.969)
F (2, 68) = .249,
p=.781

—.397 (—1.003, .210)
—.321 (—0.722, .080)
—.498 (—.810, —.186)"

076 (—.621, .772)
—.101 (=759, .556)

Note: p, represents the mean age-effect, whereas the p; represents the moderation effect compared to the
mean effect of the reference category.

Abbreviations: Ref, reference category. PCA, principal component analysis.

*p < .05; **p < .01.

3.9 | Moderating effects of
quantification method

For the ERN group studies, there was a significant mean
effect of peak, however, it did not differ significantly
from the other quantification methods (Table 5). For
the ERN correlational data, delta, mean amplitude, and
peak, but not the residual method, showed significant
mean age-effect deviating from zero, however, none of
the quantification methods were significantly differ-
ent from each other (Table 6). For the Pe group data,
the quantifying the Pe using the peak amplitude did
significantly deviate from the age-effect obtained with
the mean amplitude quantification method (Table 7),
However, none of the quantification methods were sig-
nificant nor exhibit moderation effects for the Pe corre-
lational data (Table 8).

4 | DISCUSSION

The current meta-analysis investigated the effects of age
on ERN and Pe strength in children and adolescents,
and whether the age-effects were moderated by sample
and methodological differences. Across all age groups
and ages, spanning from childhood to adulthood (mean
age range; group studies: 3.6-28.7 years old, correla-
tional studies: 6.1-18.7 years old), the overall effect size

of age on the ERN was small-to-medium (SMD = —.433,
r = —.230), while the overall effect of age on the Pe was
negligible and non-significant (SMD = .059, r = —.091).
Group studies showed that the age effect on Pe differed
by age grouping, where the age effect obtained from
comparing younger versus older adolescents yielded a
larger positive mean age effect compared to the mean
age effect obtained comparing children versus adults.
However, we did not observe any significant effect of
linear or non-linear age terms on the Pe from the cor-
relational data. Furthermore, we did not observe a
significant moderating effect of sex on the age-effects.
Regarding methodological differences, we found that
studies using the Flanker and the Go/No-Go tasks
showed no age-effects of the Pe, whereas there was a
negative mean effect on age in for the category of other
experimental tasks. Moreover, the age-effects on the
ERN and the Pe differed according to electrode site,
where the Fz yielded the largest negative association
between the ERN and age, and the Cz electrode yielded
the largest negative association between the Pe and age.

4.1 | Effects of age

In line with a previous review (Tamnes et al., 2013), we
found evidence for a more negative ERN with increasing
age across childhood and adolescence. The results support
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TABLE 6 Moderating methodological

Oy in 7 C11) SHEECI2Y effects on the ERN: Correlational studies

Task F (2,26) = 0.632,
p =.539

Other (Ref) —.365 (—.608, —.122)"

Flanker —231(-.323,—.139)"  .134(—.126,.394)

Go/No-go —.218 (-.361, —.074)" 1148 (—.134, .430)

Electrode Site F(4,24) =2.72,
p=.054

Fz (Ref) —.467 (—.660, —.274)""

FCz —.204 (—.285,—.123)"" 263 (.053,.472)"

Cz —.160 (—.273, —.047)" .307 (.083, .531)"

CPz —.464 (—.815, —.112) .003 (—.398, .405)

Multiple —.172 (-.307, —.038)" .295 (.059, .530)"

Quantification F (3,25) =0.071,
p=.975

Delta (Ref) —.231(—.324, —.138)

Mean Amplitude ~ —.250 (—.343, —.157)  —.018 (—.120, .083)

Peak —.226 (—.418, —.034)" .006 (—.208, .219)

Residual —.216 (—.433, .002) 016 (—.205, .237)

Note: B, represents the mean age-effect, whereas the f; represents the moderation effect compared to the

mean effect of the reference category.
Abbreviation: Ref, reference category.
*p < .05; **p < .01; ***p < .001.

TABLE 7 Moderating methodological

B (95% €D B (5% CD F (df1, df2) effects on the Pe: Group studies

Task F (2, 46) = 4.453,
p=.017

Other (Ref) —1.165 (—2.081, —.249)

Flanker .035 (—.180, .250) 1.200 (.260, 2.141)"

Go/No-go .204 (—.043, .451) 1.369 (421, 2.317)"

Electrode Site F (4, 44) = 1.024,
p = .406

Cz (Ref) —.076 (—.296, .145)

Fz .298 (—.045, .642) .374 (—.034,.782)

FCz .009 (—.261, .278) .085 (—.264, .433)

Pz 150 (—.122, .422) 1226 (—.125, .576)

PCA .000 (—.764, .764) .076 (—.719, .870

Quantification F(1,47) =5.472,
p=.024

Mean Amplitude  —.183 (—.441, .075)

(Ref)
Peak .190 (—.000, .381) —.373(—.694, —052)"

Note: B, represents the mean age-effect, whereas the f3; represents the moderation effect compared to the
mean effect of the reference category.

Abbreviations: Ref, reference category. PCA, principal component analysis.

*p < .05; **p < .01.

our hypothesis that the ERN has a prolonged developmen-
tal trajectory extending into young adulthood. However,
we did not find sufficient evidence for development of the

Pe, except a significant mean age effect when comparing
younger versus older adolescents. This was in contrast to
our hypothesis, as we expected the Pe to develop during
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TABLE 8 Moderating methodological

effects on the Pe: Correlational studies
Task

Other (Ref)
Flanker
Go/No-go
Electrode Site

Cz (Ref)’

FCz

Pz

CPz
Multiple

Quantification

Delta (Ref)
Mean Amplitude
Peak

Residual

of
IPSYCHUPHYSIOI.OGY sprf || a7orze
By (95% CI) B1 (95% CI) F (df1, df2)
F(2,9) =0.376,
p =.697

.019 (—.705, .743)
—.164 (—.509, .182)
.101 (—.578, .779)

—.182 (~.985, .620)
.082 (—.910, 1.074)

F (4, 7) = 18.640,

p < .001
—.604 (—.758,
—.451)"
019 (—.287, .324) .623 (281, .965)"
.101 (—.051, .253) 705 (.489, .921)™"
015 (—.179, .209) 619 (.371, .867)""
—.021 (—.148, .107) .583(.384,.783)"
F(3,8) = 1.345,
p =.327

1030 (—.243, .304)
027 (—.232, .287)
—.332(—.691, .027)
—.064 (—.423, .295)

—.003 (—.192, .186)
—.362 (—.814, .089)
—.094 (—.395, .208)

Note: p, represents the mean age-effect, whereas the f; represents the moderation effect compared to the
mean effect of the reference category.

Abbreviation: Ref, reference category.

**p <.01; ***p < .001.

"The point estimate was from the Gavin et al., 2019 dataset using latency filtering, post-hoc analysis using
the data from before the latency jittering filter yielded similar, albeit a weaker main effect of the Cz (i.e.,
By (95% CI) = —.228 (—.381, —.074), p = .01).

childhood, and not during adolescence. Although specula-
tive, these age-related differences in the ERN relative to the
Pe could reflect differential maturation of bottom-up and
top-down mechanisms in the error processing system. Thus,
the development of the ERN could reflect improvement in
sorting out relevant sensory information that compete for
cognitive resources, whereas the Pe may reflect top-down
processes that occur after the sensory information has
passed a cognitive bottleneck. For instance, incongruent tri-
alsin a Flanker task (i.e., where a target arrow is pointing in
the opposite direction of the flanked arrows) could activate
multiple responses leading to a response conflict. Thus, as
children develop and improve in selective attention or at-
tentional control (e.g., ignoring the Flankers), changes in
the ERN may be reflected by changes in the early activation
of competing responses. The Pe, however, has been linked
to error awareness (e.g., Nieuwenhuis et al., 2001). Thus,
it may be possible that the Pe reflects conscious detection
of the behavioral result of the competing responses (i.e.,
a behavioral error). However, it should also be noted that
the differential maturation patterns in the ERN and the
Pe could be due to other aspects of the ERP components
than development in strength. For instance, a recent study

suggested that the age-effects on the ERN amplitude might
be confounded by age-related changes in latency variabil-
ity, as the variability can attenuate the averaged EEG signal
(Gavinetal., 2019). Thus, the age-effect on the ERN (and the
Pe) in the current meta-analysis could partly be explained
by decreasing latency variability and not changes (or lack
of changes) in the mean amplitude per se. Interestingly,
others have argued that the ERN is better time-locked to
motoric responses rather than button presses, which may
result in shorter latencies (Burle et al., 2008; Smigasiewicz
et al., 2020). Indeed, most developmental studies response-
locked the EEG signal to incorrect button presses, which
might influence latency variability. Thus, future studies
could benefit from accounting for latency variability and/
or use electromyography to capture the onset of the in-
correct response. Moreover, relying on measures solely in
the temporal domain precludes the ability to disentangle
error-related activity from activity associated with other
cognitive processes such as conflict monitoring, as such
cognitive processes typically overlap in time. In contrast,
a study examining the frequency domain showed that fre-
quency bands relate differentially to error detection and
conflict monitoring (Cohen & van Gaal, 2014). Thus, we
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also urge researchers to more broadly examine age-related
differences in error-related EEG signals, including develop-
mental changes in both the time domain and the frequency
domain (but see DuPuis et al., 2015; Gavin et al., 2019).

Finally, although we found an overall effect size of
age on the ERN across the studies included in the cur-
rent meta-analysis, it is important to note that several
studies reported non-linear age-effects on the ERN in a
developmental sample, with stronger effects in children
compared to adolescents (Davies et al., 2004b; Gavin
et al., 2019). This is especially relevant when consid-
ering correlational studies that vary in their age-range.
That is, the age-effect could actually be suppressed in
studies with an age-range that includes developmental
periods where the true age-effect on the ERN starts to
decelerate or stabilize. Moreover, using mean age as the
predictor variable on the ERN age effect could poten-
tially underestimate the age-effect. Thus, depending on
the sample characteristics (i.e., mean age, age-range,
age distribution, and the number of participants), the
bivariate correlations between ERN and age may not
fully capture the maturational pattern of the ERN nor
the Pe component. Future studies might benefit from
including non-linear age terms in their regression mod-
els, or alternatively, use other analytical approaches that
allow for non-linear patterns. This could further aid our
understanding of the developmental trajectories of the
ERN and the Pe, as well as provide insight into periods
of accelerated or decelerated development.

4.2 | Sexdifferences

Results from studies examining sex differences in the
ERN and the Pe during development are mixed (Davies
et al., 2004b; DuPuis et al.,, 2015; Lo, 2018; Torpey
et al., 2012). In the current meta-analysis, we did not find
any moderating effect of sex on the age effects on ERN or
Pe. However, it is important to note that we used a contin-
uous measure of sex (i.e., proportion of males) as we were
unable to include a dichotomous variable of sex (e.g., to
investigate potential mean differences in the age-effect on
the ERN and the Pe components for male and female par-
ticipants, separately). This is a similar procedure as used
in a former meta-analytical review on the ERN (Lo, 2018)
that did find that higher proportion of males were related
to increases in the ERN (see also Fischer et al., 2016),
whereas our results did not indicate sufficient evidence for
a differential age-effect on the ERN and the Pe. It should
also be noted that sex differences might interact with age
(e.g., girls having larger ERN compared to boys in younger
age groups, whereas exhibiting a reverse pattern in older
age groups). Thus, depending on the age range included

in the study, only testing for a main effect of sex could be
suppressed or fail to detect true sex effects. Future studies
might benefit from investigating the developmental pat-
terns of the ERN and the Pe in girls and boys separately or
test for interaction effects between sex and age. However,
depending on the age-range, an interaction effect between
sex and age might also be influenced by puberty-related
effects as girls tend to mature earlier than boys.

4.3 | Experimental task

The vast majority of the included studies used the Flanker
or the Go/No-Go task to measure the ERN and the Pe. It
is important to consider the possibility that the experi-
mental task might influence the ERN and the Pe, both in
combination with and independently from the amounts of
error trials included in the analysis. This is especially im-
portant as the numbers of errors of commission influence
the stability of the ERP components, where at least six to
eight error trials are required to quantify the ERN and the
Pe (Olvet & Hajcak, 2009) and since ERN correlates with
amounts of errors committed in the task independent of tri-
als used to estimate the ERN in the EEG analysis (Fischer
et al.,, 2017). In the current meta-analysis, we found that
both the Flanker and the Go/No-Go tasks are suitable ex-
perimental tasks to detect age-effects on the ERN, while we
did not find evidence for this for the Pe. Indeed, it was the
category for other experimental tasks (i.e., age effect derived
from a probabilistic learning task) that yielded a significant
negative mean effect on the Pe (i.e., decreased Pe with in-
creasing age), possibly indicating that other types of experi-
ments than the Flanker and the Go/No-Go tasks could be
used to further examine age-related changes in the Pe. To
speculate, it is possible that the motivational significance of
making an error in a probabilistic learning task is different
from that of making an error in a Flanker or a Go/No-Go
task. In addition, a probabilistic learning task might also
lead the participants to recruit other cognitive processes or
to increase cognitive load compared to Flanker or Go/No-
Go task. However, we also urge caution when interpreting
the results from the category for other experimental tasks as
these were based on very few studies and effect sizes (i.e.,
three effect sizes for the ERN and one effect size for the Pe).

4.4 | Electrode site and
quantification method

The included studies varied in their methodological ap-
proach to quantify the ERN and the Pe, using different
electrode sites and quantification methods, all of which
might influence the age effect on error processing. Indeed,
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one study that quantified the ERN using different method-
ological approaches, including electrode sites and quanti-
fication methods, showed 72 unique estimates of the ERN,
which also influenced the strength of associations to be-
havioral measures and sex (Sandre et al., 2020). This is
interesting as the current study showed that methodologi-
cal choices moderated the age effect on the ERN and the
Pe, emphasizing the importance of sufficiently describing
and considering methodological choices when estimating
ERPs. In addition, it also emphasizes the importance of
being consistent in the methodological choices when com-
paring age groups (or other groups) when comparing ERP
components to rule out the potential confounding effect of
methodological choices. Thus, in line with previous rec-
ommendations (Luck & Gaspelin, 2017), we urge develop-
mental researchers who are using EEG to consider their
methodological choices a priori. Based on the moderation
analysis and the quality control checklist in the current
study, we recommend building on existing research when
choosing electrode sites, quantification method, and time
window to estimate the error component of interest.

4.5 | Limitations

Some limitations of the current meta-analysis should be
noted. First, the group studies were dummy coded, and
as such, we were not able to provide an accurate estima-
tion of non-linear age trends. Second, as discussed above,
methodological variability could influence the modera-
tion analysis. It is also possible that there exists a system-
atic skew in methodological choices for studies that report
significant age effects. For instance, some studies may re-
port age effects when using the Cz electrode to estimate
the ERN in children, but Fz in adolescents, or when using
specific experimental tasks to measure the ERN and the
Pe in children, and other tasks in adolescents. However,
much of the variation in effect sizes are within the same
study as 161 effect sizes are distributed across 37 studies,
thus much of the variation in moderation variables inves-
tigated was also within studies that were similar in many
other aspects. Of note, we urge caution when interpreting
the mean and moderating effect of the variables that are
based on few studies. Finally, most of the included studies
are based on cross-sectional studies, whereas longitudinal
studies are required to directly characterize the develop-
mental trajectories of the ERN and the Pe.

4.6 | Conclusion

In conclusion, we found meta-analytic evidence for a more
negative ERN with increasing age across childhood and
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adolescence, whereas a similar age-effect on the Pe was not
found, indicating differential maturation of these elements
of the error processing system. Further, we also found mod-
eration effects of age group, task, and electrode site on the
age effect on the Pe, such that the adolescent age group,
other experimental task, and electrode Cz categories yielded
the largest age effects on the Pe. For the ERN, the electrode
site was found to moderate the age effect, such that the Fz
yielded the largest age effects on the ERN. These findings
provide new insight into typical age-related developmental
differences in ERN and Pe strength and their moderators
as well as foundational evidence for further investigations
of developmental patterns of error processing in relation to
psychopathology, early risk factors, or interventions.
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FIGURE S1 Funnel plot for the ERN group studies. The
shaded bands correspond to p-values at p < .05 (yellow)
and p < .01 (red)

FIGURE S2 Funnel plot for the Pe group studies. The
shaded bands correspond to p-values at p < .05 (yellow)
and p < .01 (red)

FIGURE S3 Funnel plot for the ERN correlational
studies. The shaded bands correspond to p-values at p
< .05 (yellow) and p < .01 (red)

FIGURE $4 Funnel plot for the Pe correlational studies.
The shaded bands correspond to p-values at p < .05
(yellow) and p < .01 (red)

TABLE S1

TABLE S2

TABLE S3

TABLE S4

TABLE S5 Effect sizes for the group studies on the
ERN

TABLE S6 Effect sizes for the group studies on the Pe
TABLE S7 Effect sizes for the correlational studies on the
ERN

TABLE S8 Effect sizes for the correlational studies on
the Pe

Appendix S1

Appendix S2

How to cite this article: Boen, R., Quintana, D. S,
Ladouceur, C. D., & Tamnes, C. K. (2022). Age-
related differences in the error-related negativity and
error positivity in children and adolescents are
moderated by sample and methodological
characteristics: A meta-analysis. Psychophysiology,
59, €14003. https://doi.org/10.1111/psyp.14003



https://doi.org/10.1016/j.neuropsychologia.2007.01.004
https://doi.org/10.1016/j.neuropsychologia.2007.01.004
https://doi.org/10.1111/j.1469-8986.2006.00482.x
https://doi.org/10.1111/j.1469-8986.2006.00482.x
https://doi.org/10.1016/j.neulet.2009.05.027
https://doi.org/10.1111/psyp.14003

	Age-­related differences in the error-­related negativity and error positivity in children and adolescents are moderated by sample and methodological characteristics: A meta-­analysis
	Abstract
	1|INTRODUCTION
	2|METHOD
	2.1|Search strategy and selection criteria
	2.2|Data extraction
	2.3|Data quality, small study bias, and publication bias
	2.4|Deviation from protocol
	2.5|Statistical analysis
	2.6|Moderation analysis

	3|RESULTS
	3.1|Checklist for EEG research
	3.2|Assessment of statistical power
	3.3|Test for asymmetry
	3.4|Dependency and heterogeneity in the data
	3.5|Overall effect of age
	3.6|Moderating effects of age and sex
	3.7|Moderating effects of task
	3.8|Moderating effects of electrode site
	3.9|Moderating effects of quantification method

	4|DISCUSSION
	4.1|Effects of age
	4.2|Sex differences
	4.3|Experimental task
	4.4|Electrode site and quantification method
	4.5|Limitations
	4.6|Conclusion

	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


