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longitudinal changes in error-related negativity in preschoolers
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Abstract

The development self-regulation has been called a primary task of childhood. One system of self-
regulation, self-monitoring, is indexed at the level of neural activity as early as preschool as the
error-related negativity (ERN). However, how context elicits developmental changes in neural
processes of self-monitoring like the ERN is not well understood. Here, socioeconomic status
(SES) and parenting were tested as environmental influences on ERN development between ages 3
and 4 (V= 119). Results showed the expected increases in ERN between ages 3 and 4 only when
both maternal sensitivity and SES were high. This work demonstrates the importance of
considering the early environment in order to understand the development of a neural process
supporting self-regulation in young children.

Better self-regulation is linked to positive outcomes across domains of early function,
leading some theorists to call understanding self-regulation “the single most crucial goal for
advancing an understanding of development” (Posner & Rothbart, 2000, p. 427). One
subcomponent of self-regulation, self-monitoring, emerges in the third year of life (Kopp,
1982; Rothbart, 2011) and is posited to precede more complex forms of control and
regulation (Posner & Rothbart, 1998). Self-monitoring is indexed at the level of neural
activity by the error-related negativity (ERN), which appears as a negative deflection in
electroencephalograph (EEG) recordings following error commission. ERN has been linked
to many aspects of self-regulation (Lewis & Stieben, 2004), but most likely reflects a general
process of self-monitoring (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000) that signals
for enhanced cognitive control to promote adaptive behaviors (Moser, 2017; Van Veen &
Carter, 2006). In children, atypically large ERNs may index risk for anxiety problems
(Brooker, Buss, & Dennis, 2011; McDermott et al., 2009). Identifying critical periods of
plasticity in neural processes like self-monitoring presents an opportunity to target
interventions for high-risk children and disrupt trajectories toward disorder. However, such a
goal necessitates that normative trajectories of ERN development first be delineated
(Cicchetti & Cohen, 2006).

Developmental theory identifies the preschool age as a critical phase of development for
identifying antecedents of self-regulation (Kopp, 1982). Importantly, ERN can be reliably
detected in children as young as 3 (Grammer, Carrasco, Gehring, & Morrison, 2014; Canen
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& Brooker, 2017). ERN tends to be localized to frontocentral scalp sites in adults
(Falkenstein et al., 1991), but is also visible in parietal regions in children (Brooker et al.,
2011). ERN amplitudes become more negative (Ladouceur, Dahl, & Carter, 2007) and less
variable with age (DuPuis et al., 2015). Previous work with young children, for whom neural
structures are least mature, has found no (Grammer et al., 2014) or small (Meyer, Weinberg,
Klein, & Hajcak, 2012; Torpey, Hajcak, Kim, Kujawa, & Klein, 2012) age differences in
ERN amplitudes. Longitudinal studies of ERN in children have been reported in only two
publications to date. This work suggests overall increases in ERN amplitudes across ages 6,
7, and 8 years in children at high risk for behavior problems (DuPuis et al., 2015). Work
with slightly older children suggested moderate ERN stability between ages 8-13 and
between ages 10-15 (Meyer, Bress, & Proudfit, 2014). Though important findings, further
longitudinal research is needed earlier in development to fully delineate critical periods of
organization in ERN.

The contextual factors that shape the development of neural processes of self-regulation and
their biological underpinnings also need to be clarified (Bronfenbrenner & Morris, 2007).
Some work has shown that more hostile parenting in early life predicts enhanced ERN at age
4 (Brooker & Buss, 2014a), and both greater ERN and more anxiety symptoms at age 6
(Meyer et al., 2012). This work suggests that parenting may be an important factor in the
normative development of ERN. Parental sensitivity, which promotes self-regulation in early
life (Leerkes, Blankson, & O’Brien, 2009), may be especially critical but has not been linked
with ERN development. Moreover, longitudinal investigations of developing ERN in
contexts broader than the maternal parenting environment have not been conducted. The
absence of this information has led to a lack of knowledge predicted by ecological systems
theory almost 30 years ago: despite evidence that ERN may be an important index of self-
monitoring in both typical and atypical development, it is unclear whether the ERN changes
across time and situation and how “ecological conditions... sustain, enhance, or impair the
operation of [this] process” (Bronfenbrenner, 1979, p. 845). As a result, the degree to prior
work may be applied in clinical or public health settings is limited.

Socioeconomic status (SES) has long served as a proxy for a broad set of contextual factors
that are important for child development, including geographic neighborhood, stress, access
to resources, and exposure to hardships (Bradley & Corwyn, 2002). In this way, SES often
serves as a starting point for identifying aspects of the developmental context that may be
important (Leventhal & Brooks-Gunn, 2000). For instance, high SES parents appear to be
more sensitive and report more diplomatic, child-centered parenting styles (Bradley &
Corwyn, 2002; Hoffman, 1963). Low SES parents, in contrast, have been characterized as
high in traditionally insensitive styles, including more controlling, restrictive, and punitive
behaviors during infancy and early childhood (Bayley & Schaefer, 1960; Woodworth,
Belsky, & Crnic, 1996). It is important to note that such effects do not necessarily denote a
deficiency in low-SES parents. Indeed, additional factors remain “at play,” including
systems of prejudice and injustice, inequalities in education, and parental stress (Hoff,
Laursen, & Tardif, 2002). Nevertheless, SES does capture important differences in context
that have implications for developing neural systems of regulation. It is therefore surprising
that only one study has directly tested associations between SES and ERN. The study found
that greater ERN in toddlers was associated with higher SES (Conejero, Guerra, Abundis-
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Gutiérrez, & Rueda, 2016), though ERN was assessed in response to observing rather than
committing an error, resulting in potential differences in the degree to which neural
processes reflect self-monitoring. Regardless, results were consistent with recent evidence
that brain maturation is slowed in children from low-income families, potentially leading to
decrements in self-monitoring (Hanson et al., 2013).

In the current study, | tested parenting and SES as proximal and distal factors, respectively,
that may relate to developmental changes in ERN. I conducted this work in a typically-
developing sample in order to begin charting typical and atypical developmental changes in
a neural system of self-monitoring. This approach can identify a critical period of stability or
change in ERN development and those factors that might be targeted for early intervention.
Participants were assessed at ages 3 and 4, as this includes both the youngest age at which
ERN has been observed and a critical period for the development of self-regulatory skills. |
predicted that ERN would increase from age 3 to age 4 and that high SES and parental
sensitivity would predict normative ERN development (i.e., greater ERN amplitudes over
time).

Preschoolers (NM=119; 58% female) visited the laboratory across two waves of data
collection as part of a larger longitudinal study. Families were recruited via mailings based
on local birth records, fliers, media advertisements, in person, and via word-of-mouth. An
initial laboratory visit occurred near the child’s 3.5-year birthday (/7= 108; Mage = 3.59, SD
= 0.15). Parents independently completed questionnaires packets. Physiological data were
recorded from children during three episodes. The current report focuses on EEG data
collected during a go/no-go paradigm and parents’ self reports of income, education, and
parenting behaviors. Children returned at age 4 (V= 97; M= 4.56, SD = 0.15) for identical
procedures.

All children were typically-developing. Most (96.2%) mothers and 94.9% of fathers
identified as White; 1.9% of mothers and 1.3% of fathers identified as Asian, and 1.91 % of
mothers and 3.8% of fathers identified as American Indian or Alaska Native. Roughly two
percent (1.9%) of mothers and 5.6% and fathers identified as Hispanic or Latino.

Parent ratings of gross annual income represented the full range of possible values; maternal
and paternal reports were composited. Of those who did report annual income, 3.03%
reported earning less than $15,000, 4.04% reported $15,001 — $20,000, 7.07% reported
$20,001 - $30,000, 7.07% reported $30,001 — $40,000, 8.08% reported $40,001 — $50,000,
16.16% reported $50,001 — $60,000, 7.07% reported $60,001 — $70,000, 11.11% reported
$70,001 — $80,000, 9.09% reported $80,001 — $90,000, and 27.27% reported earning
$90,000 or greater.

SES—Family SES was determined using the Four Factor Index of Social Status
(Hollingshead, 1975). Education level was rated on a seven-point scale ranging from less
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than seventh grade (1) to graduate or professional training (7). Parent-reported occupation
was ranked on a nine-step scale based on title and duties. Occupation and education scores
were weighted and summed for each parent and then composited within family. SES scores
reflected the full range of the scale (M= 32.10; SD = 17.46) suggesting that the average
parents were skilled craftspeople, clerical, or sales workers (Hollingshead, 1975).

Parenting—Both parents-self-reported their typical parenting behaviors at ages 3 and 4
using the Coping With Children’s Negative Emotions questionnaire (CCNES; Eisenberg &
Fabes, 1994; Eisenberg, Fabes, & Murphy, 1996), a 12-item assessment that asks parents to
report on the likelihood that they would respond in specific ways to instances of challenging
behavior in their children (e.g., “If my toddler spilled something and made a big mess on the
carpet, and then gets upset and cries, | would... ©“). A principal components analysis
suggested the presence of two factors (mothers: 66.27%; fathers: 64.09%), so separate
composites reflecting sensitive and insensitive parenting were derived for mothers and
fathers. For both mothers and fathers, sensitive parenting was quantified as the parent’s
mean score on the expressive encouragement, emotion-focused, and problem focused
reaction subscales (mean factor loading = 0.83). Insensitive parenting was quantified as the
parent’s mean score on the distress reaction, punitive-minimizing, and wish granting
reaction subscales (mean factor loading = 0.71). Given rolling recruitment, scores were
composited across assessments.

Error-related Negativity—At ages 3 and 4, children completed a modified go-no-go task
(Torpey et al., 2009), in which either a space ship (no-go stimulus) or an asteroid (go
stimulus) was presented in the center of a 23” computer screen using Presentation stimulus
delivery software (Neurobehavioral Systems, Inc.). Stimuli were always vertically aligned.
The child was instructed to push the response button to “shoot the asteroids, but to be careful
not to shoot other space ships”. The full task comprised 2 blocks of 40 trials for a maximum
of 80 trials per child. Trials were presented in a pseudorandomized order such that roughly
60% of trials were go trials. Each trial began with a gray fixation cross in the center of the
monitor for 200 ms followed by the stimulus for 1200 ms. Following this, the fixation cross
was again presented for 300-800 ms prior to the beginning of the subsequent trial. Like
other work with children (Stieben et al., 2007), an error rate of roughly 50% was maintained
through an automated procedure that decreased stimulus presentation time by 50 ms
following 2 consecutive correct responses and increased stimulus presentation time by 50 ms
following 2 consecutive incorrect responses.

Prior to beginning the experimental blocks, children received instructions for the task using
laminated pictures of go and no-go stimuli. When children could demonstrate, using the
pictures, that they understood the directions, they completed two practice blocks of 10 trials
each. Children were reminded to respond to the task as quickly and accurately as possible.
All children received a sticker after each block (practice and experimental blocks) was
completed.

EEG data were acquired during the go-no-go task using a BioSemi Active 2 recording
system. Continuous EEG was recorded through a 64-channel cap using Ag-AgCl-tipped
electrodes arranged according to the 10-20 labeling system. Electrodes were also placed at
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the outer canthi of the left and right eye to collect horizontal eye movements and at the supra
and infra orbital sites of the left eye to collect vertical eye movement. Two electrodes were
also placed on the mastoids for later re-referencing. Data were sampled at a rate of 2048 Hz.
During recording, data were referenced to the Common Mode Sense and Driven Right Leg
electrodes. Offline, all electrodes were re-referenced to the average of the right and left
mastoids, high-pass filtered at 0.1 Hz, and corrected for eye movement or blinks (Gratton,
Coles, & Donchin, 1983). Correct and incorrect trials were segmented (—200 to 600 ms), and
baseline corrected for 200 milliseconds prior to the response. Artifacts were marked in
segmented data when one of the following criteria were met: a voltage step of more than 75
UV between data points, a difference of 150 uV per within 200ms, amplitudes below 0.5 pvV
within a 50ms period, and activity that exceeded +100uV or =100 pV. Remaining segments
were visually inspected for artifacts. Clean segments were averaged and low-pass filtered at
30 Hz. Correct trial amplitudes were subtracted from error trial amplitudes to isolate error-
specific activity. For participants with at least six trials of usable data (Olvet & Hajcak,
2009b; Pontifex et al., 2010), peak negative amplitudes between 0 and 100 ms were marked
as ERN at electrode FCz, which was selected based on previously-reported ERN in these
data (Canen & Brooker, 2017). Split-half reliabilities for ERN were moderate at age 3 (7=
0.45; /ICC=0.64) and age 4 (r=0.40; /ICC=0.42).

Additional information about recruitment procedures, the parent study, missing data, the
data analysis plan, and study measures is available in the online supplement.

Accuracy and response time data

Children performed slightly better on the task at age 4 relative to age 3, both responding
correctly to a greater number of trials ({75) = —7.46, p=0.01) and responding incorrectly to
fewer trials (475) = 7.46, p=0.01) at age 4. Reaction times did not change with age. In
general, children responded more quickly for error relative to correct trials (A1, 49) = 57.08,
p < 0.01), but this difference did not change over time (A1, 49) = 0.02, p> 0.10). Children
also did not show differences in post-error slowing at age 3 relative to age 4 (A1, 45) = 2.94,

£>0.05).

Preliminary analyses—Descriptive statistics and bivariate associations among study
variables are reported in Table 1. Notably, ERN showed minimal stability across the two
assessments. A small mean level increase in ERN from age 3 to age 4 was not significant
(427) = -0.57, p=0.58). There were no significant bivariate associations between ERN and
parenting behaviors. Rather, sensitive and insensitive parenting were correlated across
parents. Higher SES status was also linked to greater maternal sensitivity.

Maternal behaviors—The model that included maternal sensitivity revealed a significant
three —way interaction among age 3 ERN, sensitivity, and SES (B = 0.49, SE(B) = 0.25, p=
0.05, /2 = 0.02) predicting age 4 ERN amplitude. This interaction was probed by
recentering both SES and maternal sensitivity at high and low values. Probing in this manner
revealed that greater age 3 ERN predicted greater age 4 ERN when both SES and maternal
sensitivity was high (B = 1.12, SE(B) = 0.64, p=0.08). Age 3 ERN was unrelated to age 4
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ERN when SES was high but maternal sensitivity was low (f = -1.12, SE(B) = 0.73, p=
0.12) or when SES was low (high sensitivity: B = -0.64, SE(B) = 0.73, p=0.38; low
sensitivity: p = 0.38, SE(B) = 0.34, p=0.26).

For the model including maternal insensitivity, the three-way interaction among age 3 ERN,
insensitivity, and SES was not significant (p = 0.29, SE(B) = 0.37, p= 0.44), as were all two-
way interactions (|p|s < 0.17, ps > 0.52) and simple main effects (Bs < 0.19, ps > 0.30).

Paternal behaviors—For the model that included paternal sensitivity, the three-way
interaction among age 3 ERN, sensitivity, and SES was not significant (f = 0.10, SE(B) =
0.26, p=0.70). Similarly, there were no significant two-way interactions (|p|s < 0.22, ps >
0.35) or simple main effects (s < 0.18, ps > 0.35).

For the model including paternal insensitivity, the three-way interaction among age 3 ERN,
sensitivity, and SES was not significant (8 = —0.03, SE(B) = 0.24, p=0.86), as were all two-
way interactions (|B|s < 0.10, ps > 0.61) and simple main effects (s < 0.19, ps > 0.29).

Discussion

This work offers the first longitudinal description of ERN development in typically-
developing preschoolers. Mean ERN amplitudes were similar at ages 3 and 4, though
stability was limited between assessments. Apparent increases in variability in ERN
amplitudes from age 3 to 4 may at least partially explain a lack of significant mean-level
changes in amplitudes. Importantly, this pattern contrasts that of slightly older children, for
whom variability in ERN amplitudes appears to decrease over time (DuPuis et al., 2015).
Such differences in patterns of stability and change in ERN amplitude and ERN variability
may reflect an inflection point near 4 years of age, as neural development shifts from
comprising primarily the proliferation of synapses to competitive elimination of neural
connections (Lenroot & Giedd, 2006), resulting in increased neural efficiency. Unique
findings for early and middle childhood may also reflect the fallibility of age as a measure of
developmental stage, as there are broad individual differences in the maturation of neural
systems (Durston et al., 2002).

The current results are consistent with previous work showing a lack of developmental
change in ERN amplitudes in very young children. Cross-sectional studies in groups of
children between ages 3—7 (Grammer et al., 2014) and 4-8 (Brooker et al., 2011) reported
no significant age differences in ERN amplitudes. Together, these studies suggest that the
most prominent changes in ERN amplitudes, perhaps reflecting a second reorganizational
period of neural underpinnings of self-monitoring, do not occur until middle childhood
(DuPuis et al., 2015) and adolescence (Ladouceur et al., 2007). Such a possibility will be
important to consider in the timing of data collection for subsequent studies that wish to
capture developmental change in ERN. That is, to capture group-level changes in ERN,
assessments may need to be less frequent at ages 3—4, when ERN is largely stable, than
between ages 6-18 (Davies et al., 2004; DuPuis et al., 2015; Ladouceur, Dahl, Birmaher,
Axelson, & Ryan, 2006), when amplitudes are increasing.
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Nonetheless, this work was the first to use a bioecological framework to show that proximal
and distal factors in the early environment are associated with ERN development.
Specifically, normative development of the ERN was observed only when both maternal
sensitivity and SES were high. This finding is consistent with previous work suggesting that
maternal sensitivity (Leerkes et al., 2009) and high SES (Howse, Lange, Farran, & Boyles,
2003) show independent positive associations with the development of children’s self-
regulatory skills. Similarly, results are consistent with previous work suggesting that low
SES may compromise early brain development (Hanson et al., 2013), and the normative
development of the ERN in particular (Conejero et al., 2016). This study advances previous
work by examining the development of a neural marker of self-monitoring in the context of
multiple factors. As no main effect of ERN is visible, the contemporaneous consideration of
multiple contextual factors may be critical for identifying conditions of plasticity and during
the early maturation this neural process. Results further suggest that critical periods of ERN
may not be uniform; that is, ERN may become organized earlier in development for children
in optimal environments. Specifically, the presence of developmental increases in ERN
amplitudes at high levels of sensitivity but not at low levels of insensitivity implies that
environmental enrichment, rather than simply an absence of risk, plays a role in the early
organization of ERN.

These results do not offer insight into whether an earlier-developing ERN is beneficial for
long-term child outcomes. The ERN is generally an adaptive mechanism, offering a neural
signal for enhancing cognitive support of self-control and regulation (Van Veen & Carter,
2006). Early skills of self-regulation are, in turn, associated with a host of positive outcomes
later in life (Moffitt et al., 2011). However, anxious adolescents show a more adult-like ERN
than do non-anxious controls (Ladouceur et al., 2006) and a more localized ERN is visible in
4-year olds who show high levels of fearfulness in low-threat contexts (Brooker & Buss,
2014b). Thus it will be important for future work to link differences in developmental
trajectories of ERN to longitudinal outcomes during childhood. This work is currently
underway in my laboratory.

Although not the focus of this investigation, response time differences offer potential insight
into the meaningfulness of distinct trajectories of early ERN development. Specifically,
children performed slightly better on the task at age 4 relative to age 3, though this effect
size may be inflated by task constraints on performance. However, a lack of developmental
changes in response times may indicate that increases of the ERN during this period reflect
increases in ability to self-monitor rather than increases in efficiency. This is notable given
that some work has suggested that a smaller — rather than enhanced - ERN is linked to
greater risk for anxiety problems in younger children (Meyer et al., 2012). Thus, early
increases in ERN may be more indicative of changes in ability to self-monitor, resulting in
greater ERN being linked to greater ability to regulate, while later changes in ERN may
reflect individual differences in neural efficiency and greater ERN indicating a lack of neural
efficiency and propensity for risk.

This study is also the first to investigate putative differences in the influences of mothers and
fathers on ERN development. Results suggest that in combination with SES, only maternal
sensitivity affected ERN development between ages 3 and 4. It is possible that this
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difference reflects the high proportion of mothers in this sample (>90%) who identified as
the primary caregiver. Although a growing number of fathers provide primary care for young
children, roughly 80% of families still identify mothers as primary caregivers (U.S. Census
Bureau, 2011). This may lead to mothers providing the early scaffolding for the
development of processes of self-regulation to a greater degree than do fathers (Kopp, 1982).
A comparative analysis in a sample of families for whom fathers act as the primary caregiver
would help us to understand whether this is the case. There is also a possibility that methods
play a role in the findings of differences in the influence of mothers and fathers. While some
psychophysiological markers of regulation in young children have evidenced direct
associations with paternal behaviors (Najjar & Brooker, 2017), the impact of paternal
behaviors may be most apparent when observational data are used in place of self-report
(Hastings et al., 2008). Notably, the current pattern of results are unchanged in a partial
sample when observational data are substituted for self-report.

Perhaps unexpectedly, sensitive and insensitive parenting were modestly correlated for
fathers. Similar associations have been reported in previous work (Kiel & Buss, 2010) and
suggests that the domains of sensitive and insensitive parenting small percentage of variance.
An absence of previous work with fathers using this measure makes it difficult to interpret
the positive association. One possibility is that fathers are less likely to have a consistent
parenting style with young children. At least one previous study has shown a lack of stability
in paternal sensitivity between child ages 2 and 3 years (Brown, Mangelsdorf, & Neff,
2012). Thus, fathers may use early interactions to learn about parenting their child in the
early years of life, trying a variety of approaches that include both sensitive and insensitive
behaviors.

The current study is not without limitations. Although this sample includes a notable
percentage of Native American families, an often unrepresented group, it comprises largely
White, Non-Hispanic families. Thus, it is unclear whether results would generalize to other
racial and ethnic groups. This is not insignificant given the overrepresentation of racial and
ethnic minorities in low-SES groups. In addition, although this is a sizeable sample for a
longitudinal study of neural development in young children, a larger sample with less
missing data would be ideal for retesting this moderated moderation model, as it may result
in more precise parameter estimates. The current study also used a relatively broad index of
family SES. Though the Hollingshead is beneficial as an established, commonly used index
of SES that allows for comparison of findings across studies, its breadth makes it difficult to
understand the mechanism by which SES comes to impact neural development. While
possibilities such as nutrition, chronic stress, and exposure to environmental toxins (Bradley
& Corwyn, 2002; Conejero et al., 2016; Hanson et al., 2013) have been proposed, additional
work will be needed to associate the current findings with specific factors associated with
early-poverty that may drive the current findings.

Finally, it is important to note that the internal consistency of the ERN in the present study is
relatively low compared with published metrics, largely derived from adult samples. While
typical development is associated with less behavioral variability, it is also linked to
increases in variability in neural activity (Mclntosh, Kovacevic, & ltier, 2008). Given that
estimates derived from adult samples are variable across tasks and populations, one might
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expect even more variable reliability metrics in samples of preschoolers. Accordingly, the
internal consistency estimates reported here are similar to some of those reported in the adult
literature (Olvet & Hajcak, 2009a), but are notably smaller than others (Olvet & Hajcak,
2009b). To date, there are no examinations of internal consistency of ERN during preschool
or early childhood. This work will be critical for determining whether a more reliable ERN
is better able to discriminate inter-individual differences related to anxiety risk.

In sum, this work offers novel insights into the environmental factors that may contribute to
changes in the normative development trajectory of a neural system of self-monitoring.
Using an established developmental theory, | have shown that changes in the ERN between
ages 3 and 4 is contingent upon environmental factors including the early parenting
environment and family SES. This work provides a foundation for future longitudinal
investigations identifying critical periods of development for self-regulation and those
factors by which early contextual factors alter the course of developmental trajectories of
neural systems in early life.
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Figure 1.
ERN at ages 3 (a) and 4 (b).
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