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Abstract
Behavioral evidence indicates that skills associated with children’s cognitive control (e.g.,
response inhibition and attentional control) undergo rapid development during early childhood.
Arparticularly important time is the transition to elementary school. Yet, at present relatively little
is known about developmental changes in the brain processes linked to cognitive control during
this period, including those associated with error monitoring, including the error-related
negativity (ERN) and the error positivity (Pe). Moreover, understanding how ERP correlates of
cognitive control relate to behavioral measures of these skills over time is also limited. In the
present study, repeated assessments of 4-6 yr. old children’s (N=49, mean age=5 years 10
months) performance on a Go/No-Go task, were collected to examine developmental changes in
error processing and response inhibition across 6 months. Data revealed the presence of both the
ERN and Pe at each timepoint, but also showed individual differences in the test-retest
associations for each component. Behavioral changes in response inhibition on the Go/No-go task
and a standardized measure of attentional control were associated with changes in
electrophysiological measures of error processing. Additional analyses comparing children of the
same age who had completed the Go/No-go task once to those who participated longitudinally
revealed that with repeated assessments, children exhibited behavioral changes in performance
that-could be attributed to both development and to the effects of practice, such as strategic

accommodation.
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Associations between Developmental Changes in Error-Related Brain Activity and
Executive Functions in Early Childhood

With increased attention to the role of Executive Functions (EF) for children’s early
schoolsuccess, development of these skills — including response inhibition and attention control -
has received increasing attention from researchers in disciplines ranging from developmental
psychology to cognitive neuroscience (Anderson, 2002; Duckworth & Seligman, 2006; Luciana,
2003; Zelazo, Craik, & Booth, 2004). Outside of the developmental literature, some components
of EF are known as aspects of cognitive control. Although the concepts of EF in the
developmental literature and cognitive control in the cognitive literature are not identical, they
share common processes, and discovering how they correspond is a major objective in linking the

two (Morrison & Grammer, 2012).

In part due to the importance of these skills for school readiness, there has been a
proliferation of developmental researchers examining the neural correlates cognitive control
processes using event-related potentials in young children (Downes, Bathelt, & De Haan, 2017).
To date, however, the majority of this research has been cross-sectional, providing limited insight
into developmental changes within children over time (e.g., Clawson, Clayson, Keith, Catron, &
Larson, 2017; Davies, Segalowitz, & Gavin, 2004; Ladouceur, Dahl, Birmaher, Axelson, & Ryan,
20065 Santesso & Segalowitz, 2008; Tamnes, Walhovd, Torstveit, Sells, & Fjell, 2013). Indeed,
although wealth of investigations provide support for age-related differences and longitudinal
changes in children’s EF across the early elementary school years as assessed behaviorally, much
less.is known about developmental changes in electrophysiological correlates of these abilities
there are few reports on developmental changes in ERP components involving longitudinal data
collected with young children (exceptions include DuPuis et al., 2015; Meyer, Bress, & Proudfit,
2014) .Longitudinal data from children provide a richer set of constraints on theories of cognitive
control, by enabling us to show how variability in behavior over time—within an individual—

derives from developmental changes in his or her brain.
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Here, capitalizing on the benefits of longitudinal designs for understanding the
development neural correlates of cognitive control processes, we show how taking a
transdisciplinary approach linking the developmental and cognitive perspectives can shed light on
the fundamental mechanisms of interest in the study of cognition and development. Specifically,
in'this investigation, behavioral and electrophysiological correlates of response inhibition were
assessed across two time points using a child-friendly Go/No-go task. Testing kindergarten and
first grade children in the fall and spring of the academic year, it was possible to examine how
growth in response inhibition was related to changes in other aspects of cognitive control. Thus,
focusing on the behavioral and ERP correlates of cognitive control, and a standardized behavioral
measure of attentional control, we examined developmental changes in 5-7 year old children’s
brain and behavior across one academic year to address the following questions: 1) to what extent
are behavioral indices of EF related to those assessed electrophysiologically? and 2) what are the
relations between ERP indices of cognitive control and growth of related skills outside the

laboratory?

1.1 The Development of Cognitive Control Processes in Early Childhood

Our study is guided by the framework assumed by many approaches to cognitive control
(e.g., Botvinick et al., 2001; Yeung eta 1., 2004; Holroyd and Coles 2002; Coles et al., 2001;
Alexander & Brown, 2010; see Gehring et al., 2012 for a review). The general framework is that
computations exist that detect breakdowns in performance and signal the need for cognitive
control; and control processes act upon such signals to optimize performance and prevent further
breakdowns by adjusting attention, motor control, reward processing, and other computations so
that breakdowns are less likely.We focus here on three integral parts of this cycle: response
inhibition processes that are needed to prevent errors from occurring in situations where prepotent
responses are likely to occur, error monitoring processes that detect when response inhibition

other processes have failed, causing an error, and attention control processes that govern the
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allocation of attention and the access of attended information to the motor system. This general
framework is common to the models listed above, although many details differ between the
modelsiin ways that exceed that precision with which constructs are specified in developmental

studies of EF and are therefore beyond the scope of our study.

Nevertheless, carrying out a study that links the constructs across these levels of analysis
is not as simple as measuring them in the same study and correlating them across time. One
challenge in linking constructs derived from the literatures on cognitive control (principally from
cognitive neuroscience and computational modeling) with those from the literature on executive
function (from psychometric testing within developmental psychology) is that the constructs bear
some similarity and even overlap in some cases, but they are not identical, nor are they always
specific to the construct they purport to measure. A measure of attentional control in cognitive
neuroscience (e.g., the conflict adaptation effect; Botvinick et al., 2001) doesn’t map to the
underlying computations as the measure of attentional control in psychometric tests of EF (e.g.,
the Woodcock Johnson Tests of Cognitive Skills, (Woodcock & Mather, 2000). A second-by-
second breakdown of the various attention and response-related processes engaged when a child
performs the Woodcock-Johnson would almost certainly include the kind of attention control
seen in the conflict-monitoring model, but there are numerous other processes that result in a
child’s’score, and some of them are likely not attention-related at all. Similarly, although speed
and accuracy in a Go/No-go task are often accepted as a measure of a child’s response inhibition
ability (e.g., Willoughby et al., 2010), it is certainly the case that other processes govern a child’s
score. Thus while psychometric and experimental tests of EF constructs are sensitive to the
constructs they purport to measure, they are sensitive to other variables as well.

The difficulty of linking constructs across domains is even clearer considering the central
focus of this research, error monitoring. Theories of cognitive control (such as the conflict-

monitoring theory; Botvinick et al., 2001; Yeung et al., 2004) describe processes that detect
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breakdowns in performance either via errors or the presence of response conflict. The detection of
errors or response conflict signals the need for control, leading to adjustments (e.g., in the focus
ofattention) to prevent future breakdowns. Hence error (and conflict) monitoring instigates the
cycle. Despite the centrality of this construct in computational modeling and cognitive
neuroscience, studies of EF in developmental psychology do not place as much importance on
error-monitoring, and there are no EF tasks — experimental or psychometric—that yield
behavioral measures suitable for tracking the development of error monitoring ability.

Hence, the focus of the present study is on the development of error monitoring and its
relationship to two constructs traditionally assessed in developmental studies of EF: attention
control and response inhibition. If we were fortunate enough to have a pure measure of error
monitoring, a pure measure of an attention control process, and a pure measure of a response
inhibition process, we would have straightforward predictions: individual variation in the error
monitoring process should be related to individual variation in attention control and response
inhibition, if indeed all reflect the activity of an integrated EF system. However, we do not have
such measures and thus our focus here is on the measures we do have: electrophysiological
measures of error monitoring and behavioral measures of attention control and response
inhibition. Thus, failures to find that one measure is not related to another do not uniquely
disconfirm the notion that that development of one process is predictive of the development of
another. Instead, such a failure could indicate shortcomings in the measures of those constructs
that fail to reveal links that do exist and would be evident if we had better measures. In our view,
this‘is an appropriate level at which to begin empirical work attempting to link the domains of
inquiry.regarding cognitive control and EF, and future work can build on the work we report here
by further developing more precise measures and computational models of childhood EF.

1.2 Electrophysiological Indices of Error Monitoring on Cognitive Control Tasks

Psychophysiological studies of children’s cognitive control processes have focused on

changes in ERP components that reflect a network of structures involved in detecting response
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conflict and in attentional control, including the anterior cingulate cortex (ACC) and lateral
prefrontal cortex. The ACC has been implicated in cognitive control functions that enable the
brain to,adapt behavior to changing task demands and environmental circumstances (Botvinick et
al., 2001; Chiew & Braver, 2017) .

There are limited longitudinal data regarding the development of the ACC; however,
evidence from cross-sectional studies conducted in adolescence and later childhood provides
some evidence linking changes in the ACC with concurrent age-related growth observed in
performance monitoring (Tamnes et al., 2013). There has also been increasing attention to two
ERP components associated with cognitive control functions: the Error-Related Negativity (ERN,
or Ne) and the Error Positivity (Pe), which are elicited when individuals err in speeded response
tasks involving response conflict. The ERN is a response-locked negative deflection usually seen
at midline frontocentral scalp locations that peaks 50-100 ms following an erroneous response in
speeded choice reaction time (RT) tasks (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991;
Gehring, Goss, Coles, Meyer, & Donchin, 1993). The Correct-Response Negativity (CRN), can
also been identified on correct trials at the same latency as the ERN ( see Gehring, Liu, Orr, &
Carp, 2012 for a review of both components). Because commission of an error provides an
indication that cognitive control is needed, theories of the ERN have tended to argue for its role in
detecting the need for or in implementing cognitive control. Most theories relate the ERN to the
detection of an event signaling a breakdown in performance: erroneous behavior (Coles et al.
2001), response conflict (Yeung et al., 2004), “worse than expected” reinforcement events
(Holroyd et al., 2002), or unexpected response outcomes (Alexander & Brown, 2010)

The presence of the ERN is often accompanied by the Pe, a positivity reaching maximum
amplitude between 200-400 ms after the commission of an error that usually follows the ERN
(Overbeek et al., 2005). Although the functional significance of the Pe is still unclear, the Pe has
been associated more frequently than the ERN with conscious awareness of having made an error

(Nieuwnhuis, Ridderinkhof, Blom, Band, & Kok, 2001). Consistent with this, the Pe is thought
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to capture affective responses to committing an error, awareness of having made an error, or
processing related to adapting response strategies after a mistake has been made (Falkenstein,
2004; Overbeek et al. 2005). In addition, the amplitude of the Pe has been linked to academic
achievement (Kim et al., 2016) and motivational processes (Kim, Marulis, Grammer, Morrison,
& Gehring, 2017) in young children.
1.3 Developmental Changes in the ERN and Pe

Recent findings have revealed that although age-related differences in the ERN and
behavioral measures (e.g., RT) on Flanker and Go/No-Go tasks are not always robust in young
childreny intraindividual variability in behavioral performance is related to the ERP measures
(Richardson, Anderson, Reid, & Fox, 2011; Torpey, Hajcak, Kim, Kujawa, & Klein, 2012). In
addition, although little is known about the stability of ERP components across repeated
assessments of tasks used frequently with young children, one report in which children were
assessed using a Flanker task to investigate the ERN over 2 weeks (Davies & Gavin, 2009)
indicates that test-retest correlations in children are relatively low, whereas similar assessments of

adults across a few weeks and even two years reveal greater stability (Olvet & Hajcak, 2009).

In contrast to the growing literature on age-related changes in the ERN, less is known
about the development of the Pe. Some investigations with children in middle childhood and
adolescence have found no evidence of differences in the Pe as a function of age (Davies et al.,
2004; Hogan, Vargha-Khadem, Kirkham, & Baldeweg, 2005; Santesso, Segalowitz, & Schmidt,
20063 Wiersema, van der Meere, & Roeyers, 2007), whereas age-related differences have been

observed in studies of younger children (Grammer, Carrasco, Gehring, & Morrison, 2014).

1.4 Linking Error Monitoring with Cognitive Control
There are reasons to think that error monitoring and cognitive control processes are
important to consider across the transition in to elementary school. Indeed, it seems likely that

processes underlying ERPs associated with error monitoring are important for the cognitive
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control skills children employ in the classroom (Roebers, 2017). Monitoring one’s performance
becomes an increasingly important aspect of children’s repertoire of regulatory skills as they
progress through elementary school. As children engage in academic tasks and monitor their
performance, they must employ metacognition (e.g., Carr, 2010; Roebers, Krebs, & Roderer,
2014),"including skills for metacognitive monitoring (e.g., confidence judgments) and control

processes (e.g., detecting and correcting errors) (e.g., Schneider, Schlagmuller, & Vise, 1998).

Developmental research on performance monitoring shows that young children tend to be
inaccurate in estimating their abilities, often overestimating their skill. Although this bias towards
overconfidence remains a prominent feature of metacognitive reports in early childhood, there is
an‘increase in children’s performance monitoring accuracy from early to late elementary school
(Desoete & Roeyers, 2006). Just as children’s capacity for engaging in error monitoring is
thought to be changing across this period of time, so too is the salience of external feedback
relative to internal feedback. With age, the need for external reinforcement (e.g., from teachers
and parents) is thought to decrease, and children become increasingly efficient at monitoring their

own errors and using this information to inform future performance.

1.5 Relating ERP Markers of Error Monitoring to Behavioral Development: The Current
Investigation

Given the importance of performance monitoring for the adjustment of behavior, here we
explore:whether developmental changes in children’s ability to engage in efficient error
monitoring, as indexed by ERP correlates of these processes, could give insight into individual
differences in the development of cognitive control. Indeed, as children’s ability to detect the
need for cognitive control processes, so too could their ability to engage in specific cognitive
control processes. To examine this possibility, and to address basic questions regarding
developmental changes in error monitoring, employing longitudinal data involving brain and

behavioral correlates of cognitive control, the goals of this investigation were to: 1) test the
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associations between ERP correlates of error monitoring across a school year, 2) examine
associations between ERP and behavioral measures over time within a response inhibition task,
and 3) explore the extent to which changes in the ERN and Pe are related to changes in behavioral
indices of response inhibition (Go/No-go) and attentional control (Pair Cancellation). In addition,
making use of sample of children assessed only one time, we examine the role of maturation
relative to repeated experience with a task in children’s behavioral performance.

2 Method
2.1 Participants

In total, 49 children (24 girls, 25 boys) contributed ERP data for these analyses
examining changes in performance longitudinally across two time points. On average these
children were 5 years, 8§ months old (SD = .58, range = 4.92 — 6.92 months) at the first
assessment and 6 years, 3 months (SD = .58, range = 5.33 — 7.42 months when assessed at the
end of the school year. All children were recruited from Kindergarten and First Grade classrooms
initwo.elementary schools. The diversity of the sample reflected the Midwestern suburban area
from which the participants were drawn, with 75% of the families describing their ethnicity as
Caucasian, 12% as African American, 5% as Hispanic, 5% as Asian, and 3% as being of mixed
ethnicity. An additional 4 children participated, but ERP data were not collected. Two of these
children opted not to participate in the ERP assessment at the fall time point, one experienced
dataloss due to a technical issue with equipment, and one had an assessment terminated after the
first block of the task due to an unannounced tornado drill.

In addition to this longitudinal sample, a second cohort of children was assessed, here
referred to as the Control Group, at one time point only (n=33). These children were recruited
from the same schools as the children in the longitudinal study and were similar in age and grade
(Mean age at assessment = 6 years, 5 months; 14 girls, 19 boys). However, while the longitudinal

group participated in the assessments in the fall and spring of the school year, these children were
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assessed only once in the spring. Thus, the two groups of children are matched on age and
experience in school, but vary in the extent to which they were exposed to testing.
2.2'Procedure

Children in the longitudinal sample participated in behavioral and electrophysiological
(EEG)"assessments at two time points, once in the fall and once in the spring of the school year.
During each EEG assessment, children completed a Go/No-go task. Behavioral assessments of
children’s response inhibition control were also conducted in the fall and spring of each year in a
separate session. EEG assessments were separated by 181.26 days on average (SD = 11.28).
Childrenin the control group were assessed only in the spring using the same battery of
measures. Testing with this group was conducted during the same time (spring) in the school year
as the second test of the longitudinal group, although in a different calendar year.
2.3 Measures
2.3.1 Response Inhibition: The Go/No-Go Task

Participants performed a child-friendly Go/No-go task called the Zoo Game (Grammer et
al., 2014), in which children were told that they were playing a game in which their goal was to
help a zookeeper put animals back in their cages. They were then informed that three of the
animals, orangutans, were helping the zookeeper. In this way, children were asked to press a
button as quickly as they can every time they saw an animal (Go Trials) but to inhibit their
response each time they saw an orangutan (No-Go trials).

The task began with a brief practice block consisting of 12 trials, 9 with zoo animals and
3 with orangutans. The children then completed 8 blocks of the task, each with 40 trials (each
including 10 images of the orangutans and 30 novel zoo animal pictures), for a total of 320 trials.
Each animal image was preceded by a fixation cross displayed for a randomized interval ranging
between 200-300 ms. The stimuli were presented for 750 ms, followed by a blank screen for 500
ms. Responses could be made while the stimulus was on the screen or at any point during

following 500ms. Each block consisted of novel sets of animal photographs, and each set was
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balanced with respect color, animal type, and size. RT and accuracy were also recorded. ERP
measures consisted of the amplitude and scalp distribution of the ERN and Pe elicited when
children respond incorrectly in the task.
2.3.1.1 Behavioral Measures

Behavioral measures included the number and percentage of error and correct trials for
each subject as well as children’s RTs. Children could be correct on both Go trials by correctly
responding to any animal that was not an orangutan and on No-Go trials by correctly inhibiting a
response when seeing an orangutan. Errors were evaluated only for No-go trials, where children
committed errors of commission by responding.

Participants with fewer than 6 error trials overall were not included in ERP analyses (n =
2). For two additional children, technical errors resulted in 1 or 2 missing blocks of data. Because
both of these children maintained the necessary number of error trials to be evaluated in the
analyses, their ERP data were retained and the percentage of the total accurate and error trials are
used in-all analyses. No differences with respect to age, gender, or grade were found between
children who contributed data and those with an insufficient number of errors in the sample.
Average RTs on error and correct trials were calculated separately. Trials with RTs that occurred

after 1250 ms were not included.

2.3.1.2 ERP data collection and analyses
ERP assessments were conducted in conference rooms in children’s elementary schools

by two experimenters. Each participant was seated directly in front of the computer monitor and
told:to place equal emphasis on speed and accuracy in responding. Following a practice block of
12 trials, participants completed 8 blocks of 40 trials. Performance feedback was provided after
every block to yield error rates of approximately 10%, ensuring an adequate number of trials for
stable error-related waveforms. To increase compliance and reduce fidgeting during ERP
recording, children were given brief breaks in between each block. Feedback was also provided,

in the form of a “Zoo Map” allowing children to monitor their progress through the task.
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2.3.1.3 Electrophysiological Recording, Data Reduction, and Analysis

The EEG was recorded from DC-104 Hz with 32 Ag/AgCl scalp electrodes, two mastoid
electrodes, and two vertical and two horizontal electro-oculogram electrodes, using the BioSemi
ActiveTwo system. Data were recorded referenced to a ground formed from a common mode
sense active electrode and driven right leg passive electrode (see

http://www.biosemi.com/fag/cms&drl.htm). Data were digitized at 512 Hz. Following recording

the data were resampled at 256 Hz. Prior to eye movement correction, EEG data were screened
using automated algorithms that rejected individual sweeps in which (a) the absolute voltage
range for any individual electrode exceeded 500 uV (the range was kept somewhat large to allow
correctable EOG artifacts to remain), (b) a change greater than 50 pV was measured from one
datapoint to the next, or (c) the data deviated by more than +25 or -100 dB in the 20-40 Hz
frequency window (for detecting muscle artifacts). Data were also screened by visual inspection.
Ocular movement artifacts were then corrected using the algorithm described by Gratton, Coles,
and Donchin (1983). Waveforms shown in figures were filtered with a nine-point Chebyshev II
low-pass, zero-phase-shift digital filter (Matlab R2010a; Mathworks, Natick, MA), with a half-
amplitude cutoff at approximately 24 Hz.

Following these data processing methods, ERP data for 45 children were included in the
final analyses. Data from 2 children were missing at one time point due to technical issues, and 2
additional children had data that were too noisy to be retained post-processing. These 4 children
were removed from subsequent ERP analyses. All remaining children had complete data for both
fall'and spring time points.
2.3.1.4 ERP Measures

The ERN, CRN, and Pe were quantified using mean amplitude measures at midline
electrode sites (FCz, Cz, and Pz), relative to a pre-response baseline of -200 to -100 ms. The
mean amplitude of the ERN was computed on incorrect response trials in a window from 0O to 50

ms following the response. The CRN consisted of the same measure computed on correct
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response trials. Consistent with previous studies, the AERN was also evaluated, and was
calculated by subtracting the CRN from the ERN waveforms. The Pe was computed on incorrect
and correct response trials in a window from 200 to 500 ms.
2.3.2 Attentional Control

Pair Cancellation, a task drawn from the Woodcock-Johnson III (WJ-III) Tests of
Cognitive Abilities (Woodcock & Mather, 2000), was used to assess children’s attentional
control.  In this task, children are presented with a worksheet with small pictures of dogs, balls,
and cups. Children are asked to circle all of the ball-dog pairs in which a dog is presented after a
ball, and'are given 3 minutes to complete identify as many pairs as they can on the page. W-
scores are generated based on the number of correct pairs children find within 3 minutes.

3 Results

In this section, children’s behavioral and ERP data from each time point are first
evaluated on average. Because of the repeated-measures structure of the data, a Greenhouse-
Geisser correction was employed in analyses where appropriate. Following a description of
behavior and error-related ERPs as assessed in the fall and the spring, changes in these measures
over time are outlined. Next, relations between performance on the Zoo Task and standardized
measures of response inhibition gathered from the Woodcock Johnson are described. To
accomplish this analytic goal, ERN and Pe amplitudes were further compared through the use of
t-tests;‘and differences in children’s performance across the school year were explored by
examining change scores, as well as through correlational and multiple regression analyses. For
all-correlational analyses, to minimize the risk of Type 1 errors, we employ the Benjamini-
Hochberg procedure to control the false discovery rate (Benjamini & Hochberg, 1995). Put
another way, using this approach the aim is to reduce the risk of reporting significant associations
that are actually false positives. Here we report only associations significant at a false discovery

rate of .05. Finally, data drawn from a comparison sample of children are examined to describe
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the impact of repeated assessments on children’s behavioral and ERP data and to distinguish
practice or strategy changes from true developmental changes.
3.1. Change across the Academic Year: Average Performance from Fall to Spring in the
Longitudinal Sample
3:1.1. Go/No-go Task: Behavior

Accuracy and RT data on error and correct trials in the fall and spring can be seen in
Table 1. In the fall, in the beginning of the school year, the mean percentage of errors of
commission per subject contributing to the analysis was 31.30% of the No-Go trials. In contrast,
children-accurately responded on 91.02% Go trials. Accuracy on No-Go trials decreased on
average slightly in the spring (¢ (1,44) = -1.87, p = .07), with children erring on 35.06% of No-Go
Trials; however, they were also correct on Go trials with significantly greater frequency (¢ (1,44)
=-3.28, p < .01). Some degree of consistency was observed in children’s accuracy over time,
with percentage of errors (r = .49, p < .01) on No-go trials correlated between time 1 and time 2.
Similarly, correct (r = .48, p < .01) responses on Go trials were correlated across time points.

Children also became increasingly fast in responding from fall to spring on both error (¢
(1,44) =6.33, p < .01) and correct trials (¢ (1,44) = 8.49, p < .01). Associations between RT in the
fall-and.spring were relatively high on for both error (r = .67, p < .01) and correct trials (r =.70, p
<.0D).

- INSERT TABLE 1 ABOUT HERE -

3.1.2 Go/No-go Task: The ERN, CRN, and Pe

Response-locked waveforms from the Go/No-Go task at electrode sites along the midline
at FCz, Cz, and Pz from fall and spring can be seen in Figure 1. Visual inspection of these
waveforms reveals an ERN-like negative deflection around the time of error commission relative
to correct responses at both frontal sites along the midline, FCz and Cz. Average amplitudes on
error and correct trials can be seen in Table 2. The presence of the ERN at both timepoints was

further assessed using a three (Site: FCz, Cz, and Pz) x two (Trial Accuracy) x two (Time point)
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repeated-measures ANOVA. Revealing the presence of the ERN at each timepoint, analyses
revealed a main effect of site (F (2, 84) = 14.54, p < .01, partial 2 = 0.26) and trial type (F (1,
42) = 23.64, p < .01, partial n2 = 0.36). Moreover, there was a significant interaction between
Site and Trial Type (F (2, 88) = 17.82, p < .01, partial n2 = 0.30), revealing differences in
amplitude between error trials (ERN) and correct trials (CRN) as a function of electrode site, with
greater negativity at frontal relative to posterior sites on error trials in the fall and the spring.
However, main effect of time was not observed (F (1, 42) = 1.03, p = .32, partial n2 = 0.02). A
significant site x time (F (2, 84) =2.09, p = .09, partial n2 = 0.05) and trial x time interaction (F
(2,88) = 1.03, p = .15, partial 2 = 0.02) were not observed. In addition, the overall interaction
between site, trial type, and time was not significant (F (2, 84) = 2.70, p = .06, partial n2 = 0.02).

- INSERT FIGURE 1 ABOUT HERE -

- INSERT TABLE 2 ABOUT HERE -

As can be seen in the two far right panels in Figure 1, the Pe was also observed at Pz in
the fall and the spring, as demonstrated using a three (Site: FCz, Cz, and Pz) x two (Trial
Accuracy) x two (Time point) repeated-measures ANOV A, where the trial x site interaction was
significant (F (2, 84) = 122.01, p < .01, partial n2 = 0.73). However, this pattern did not vary as a
function of time point (F (2, 88) =0.11, p =.85, partial n2 = 0.00). As with the ERN and CRN,
the Pe on error trials was correlated from fall to spring (r = .49, p < .01), and the corresponding
positivity on correct trials was also correlated from fall to spring (r = .61, p < .01).

3.1.3 Attention Control

When considering children’s performance on the standardized Attention Control measure
on the WJ-III, on average children scored 461.42 (SD = 10.92) on the fall and 466.16 (SD = 9.58)
in the spring. This increase in performance was significant, with greater scores observed at the

end of the academic year (¢ (1,44) =-3.21, p < .01). Fall and spring scores were also correlated (r

=48, p <.01).
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3.2 Associations Behavioral Measures of EF and ERPs on the Go/No-go task at Each Time
Point

Associations between behavioral EF measures at each time point can be found in Table
3. As can be seen in the top panel, evidence was observed for moderate associations in the fall
between different EF component skills as assessed via accuracy and error RT on the Go/No-go
task and W-scores on the WJ measure of Attention Control. A similar pattern was observed in the
spring, although the correlations appear larger between RT and attention control. Thus, the
evidence suggests that measures from the behavioral assessments of EF show associations with
performance in the Go/No-go task.

- INSERT TABLE 3 ABOUT HERE -

The ERP measures can also be examined to determine whether they show associations
with performance in the Go/No-go task as well as the behavioral EF measures. When considering
relations between ERP measures drawn from the Go/No-go task and behavior indices from the
same task in the fall (see Table 4), no relations between ERP measures and the behavioral
measures of component EF skills were observed.

In contrast, in the spring, (lower panel of Table 4), the ERN was associated with error
RT within the Go/No-Go task: larger (more negative) ERNs were associated with slower RTs (r =
44, p < .01). No other associations between behavior and ERP measures on the task were
observed. Moreover, there was no evidence for concurrent relations between the ERN, CRN, or
Pe and EF skill of attention control was identified (see Table 4).

- INSERT TABLE 4 ABOUT HERE -
3.3 Relating Error Monitoring to Changes in EF Behavior over Time
3.3.1 Relations between Individual Differences in Error Monitoring and EF Behavior in the
Fall with Changes in EF Behavior across the School Year
Although our evidence for concurrent links between EF behavior and ERP correlates of

error monitoring was modest, of equal importance is the extent to which individual differences in
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error monitoring or EF skills in the fall predict changes in brain or behavior across the academic
year. To address this question, we performed a series of regressions examining the extent to
which children’s fall ERP amplitudes predicted growth in behavioral measures of response
inhibition and attention control.

We explored the possibility that children’s initial error monitoring responses, as indexed
by the ERN and the Pe, might predict changes in children’s response inhibition and attentional
skills over time. To test these associations, we examined the extent to which children’s fall ERN
scores predicted spring EF behavior, accounting for the same EF behavior in the fall and
children’s age. As can be seen in Table 5, across all EF outcomes, fall EF scores predicted later
performance in the spring. These analyses also revealed that larger (more negative) ERNs at Cz,
as assessed in the fall predicted greater attention control ( = -.44, p <.05) at the end of the
school year (F (3,41)=12.47, p< .01, R*= .48). No other significant associations were
observed between fall ERN or CRN amplitudes and spring scores, within the Go/No-go task.
Moreover, when considering the role that the Pe might play in changes in behavior across the
school year in these analyses, it was clear that the Pe was not predictive of later cognitive control.

- INSERT TABLE 5 ABOUT HERE -
3.3:2 Associations between Changes in EF Behavior and Error Monitoring from Fall to
Spring

A final set of analyses test more directly the association between changes in neural
activity-and changes in EF behavior. Specifically, we were interested in exploring the extent to
which changes in cognitive control as measured using neural measures might be related to
behavioral changes observed in related EF skills. To examine this question, difference scores
were first computed to obtain a value that reflects the changes in children’s performance from the
fall to spring time point for both ERP and behavioral measures. Following this, correlations

between these change scores were computed.
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The full pattern of associations can be seen in Table 6. Figure 2 shows scatterplots
illustrating the significant relationships between error-related ERPs and behavior in the Go/No
task. As.is portrayed in Figure 2, changes in the ERN from the fall to the spring are associated
with changes in measures of Attention Control Cz (r = .47, p < .01). Increasing negativity in the
ERN from fall to spring was associated with greater growth in attention control.

- INSERT TABLE 6 ABOUT HERE -
- INSERT FIGURE 2 ABOUT HERE -
3.3.3 Elucidating Changes in Behavior over Time: A Comparison Sample

One puzzling pattern of results observed here was the change in behavioral performance
in the Go/No-go task from fall to spring: overall children became faster over time, while accuracy
increased on Go trials and decreased on No-go trials (see Table 1). To better understand this
trend, we examined data drawn from a cohort of children tested only once on the Go/No-Go
measure. As noted above, testing context and age of these children were matched with that of
their peers who participated in the longitudinal investigation, making it possible for us to compare
two groups of children varying only in prior experience playing the Go/No-Go game.

For each measure we compared the spring values for the two groups. Differences in
measures of RT as a function of the number of times children engaged in the task were observed,
with children who had completed the task twice responding significantly faster on both error (¢ =
-2.305p = .02) and correct trials (¢ = -2.06, p = .04). The two groups did not differ significantly in
accuracy on Go or No-go trials, although the mean No-go accuracy for the group tested in the
spring fell numerically between the fall and spring values for the group tested twice. Thus,
although we cannot rule out a speed-accuracy tradeoff underlying the change from fall to spring
in the group tested twice, the comparable RTs for the two groups assessed in the spring suggests
that some of the speeding represents a true developmental change, rather than a practice or
familiarity effect from the fall testing.

4 Discussion
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4.1 Considering Change over Time in EF and Error Monitoring

In this investigation, longitudinal changes in ERP correlates of error monitoring and
behavioral measures of Response Inhibition and Attention Control were assessed in Kindergarten
and First Grade Children across one academic year. Considering the ERPs associated with error
monitoring, results indicated that ERN and the Pe amplitudes were moderately
correlated over time. Further analyses revealed that individual differences in the ERN at the start
of the school year were associated with changes in attentional control from fall to spring. Finally,
changes in ERN amplitude from fall to spring were related to changes in EF behaviors over that
interval: Specifically, increases in attention control across the year were associated with the ERN
becoming larger (more negative).

4.1.1 Development of the ERN and Pe?

Although there are few reports of repeated measures of children’s ERN and Pe, and no
reports of these associations in this particular age range across this developmental window using
the same measures over time, the data presented here reveal stronger associations between the
ERN and Pe over time than reported in previous studies (DuPuis et al., 2015). Still, the degree of
correlation across repeated assessments in this sample is relatively low compared to analogous
findings.in adults. Indeed, similar studies conducted with adults reveal associations between
repeated assessments of the ERN that are much stronger, suggesting that error monitoring is more
stablesin adulthood relative to early childhood (Olvet & Hajcak, 2009; Segalowitz et al., 2010;
Weinberg & Hajcak, 2011).

Examining differences in the ERN and the Pe, there is little evidence for developmental
changes in ERP indices across the 6-month window. This is not entirely surprising given
the protracted neural development in regions of the brain associated with error monitoring
(Sowell et al., 1999) and is consistent data indicating that age is not a strong predictor of the ERN
in early childhood (Grammer et al., 2014). Although amplitude of the ERN on error trials is

often of greatest interest to researchers focused on cognitive control, in these data the greatest
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amount of difference over time appears in the amplitude observed on CRN, or correct trials. This
finding suggests that focusing on children’s responses to successful trials might provide important
information regarding changes in error monitoring during this developmental period.

In contrast, behavioral data drawn from the same Go/No-go task from which the ERP
data were elicited portray a different pattern of development, with changes observed in children’s
accuracy and RT. Specifically, children’s rate of erring increased slightly from fall to spring,
while at the same time significant increases in speed were observed. Such a pattern suggests that
the children might have been trading accuracy for speed with increased practice on the task. We
hypothesized that strategic changes in performance that also might be impacting the ERP
responses. It is worth noting that this set of questions highlights the importance of longitudinal
data — indeed, with cross-sectional data this pattern of results would have gone undetected.

By comparing behavioral data of children who had experience the Go/No-go measure
once Vvs. twice, it was possible to examine this question. Indeed, children of the same age
assessed only one time with the task showed significantly different patterns of behavior. These
results support the hypothesis that upon being tested a second time, children either strategically
changed their behavioral approach (although perhaps not for the better) or else showed some
other practice or familiarity effect stemming from their earlier experience with the task. These
types of behavioral adjustments might be less frequently observed in adult participants, for whom
responding in a basic Go/No-go task may be easier and more automatized.

4.1.2 Linking Error Monitoring and EF Development

In contrast to associations between ERPs from fall to spring, moderate to high
associations in attention control were observed over time, with significant increases in both of
these skills observed from fall to spring. Examining ERPs associated with error monitoring
contributes to our understanding of how these changes might be occurring. Specifically,

individual differences in error monitoring in the fall were associated with changes in attention
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control across the school year. Moreover, changes in the amplitude of the ERN across this same
period were also associated with changes in attention control.

To our knowledge, despite the assumption that the ERN, CRN, and Pe reflect neural
processes associated with cognitive control, and that such control processes are important outside
the laboratory, these are the first data linking these ERP components to a broader complement of
behaviors in young children. Although it is not possible to say what is driving the changes
observed in either error monitoring or in behavior, these results do indicate that the neural
systems underlying error monitoring processes have implications for the behavioral changes in
cognitive control observed in early childhood. Children’s immediate neural responses to error
commission could reflect their ability to detect instances where cognitive control is needed,
which, in turn, could drive the observed changes in response inhibition and attention control.
These data also clearly reveal that that examining ERPs does not provide the same information
about cognitive control as behavioral measures or vise versa, suggesting that each level of
measurement is providing shared and unique information regarding the development of cognitive
control processes.

4.1.3 Limitations and Future Directions

The data also highlight the important gaps in knowledge facing theories of cognitive
control: how measures of neural activity and behavior in simple laboratory tasks can shed light
on'the real-world scenarios in which cognitive control is important. Although these results
provide insight into developmental changes across an important window of time, a third time
point of data would be necessary to examine trajectories of growth at each level of analysis. In
addition, as issues of measurement have been prevalent in research on children’s cognitive
development (Morrison & Grammer, 2012), future investigations should include additional
measures of these skills in young children. In particular, it would be informative to know the
extent to which error monitoring ERPs are associated with cognitive control processes children

use at school or at home.
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Finally, although changes were observed in both brain and behavior, these data provide
little insight into the factors that might be driving this change. It is possible that age-related
maturation alone promotes changes in the neural correlates in error monitoring, but it is also
likely these changes can be attributed to experiences that children have at home or in school.
Future work should examine the impact of contextual factors in the development of brain and
behavioral correlates of cognitive control. We suggest that computational models, especially
those seeking to model processes applicable in broader, real-world circumstances, would do well
to consider constraints based on the developmental trajectories of cognitive control processes as

well as-the contextual drivers of developmental change.
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Table 1
Behavioral Performance on Error and Correct Trials in the Go/No-Go Task
Fall Spring Spring Control
M (SD) M (SD) M (SD)

Percent Error

Percent Correct
Reaction Time Error
Reaction Time Correct

31.30% (14.37)
91.02% (9.57)
467.99 (71.83)
572.74 (66.31)

35.06% (13.58)
95.29 %(4.59)
416.98 (57.60)
512.29 (51.53)

32.49% (16.55)
96.92% (4.12)
433.50 (44.50)
527.50 (52.88)

Table 2

Mean (SD) ERN and Pe amplitudes at FCz, CZ, and Pz

Midline Electrode Sites

ERN
Components Fall Spring Fall Spring

FCz

Error -3.02 (5.3) -4.26 (4.42) 5.34 (8.63) 3.34 (7.40)

Correct 0.80 (4.07) -0.61 (3.55) 7.58 (6.72) 4.76 (4.82)
Cz

Error -2.06 (5.49) -2.40 (3.54) 8.53 (7.67) 8.06 (7.41)

Correct 2.53(3.50) 1.54 (3.87) 5.66 (5.45) 3.82 (4.35)
Pz

Error 0.59 (5.90) 2.07 (6.13) 10.79 (9.24) 9.69 (10.24)

Correct 2.12 (4.91) 1.25 (4.44) -2.78 (8.56) -5.08 (6.19)
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Table 3
Associations between Behavioral Measures of EF in the Fall (top panel) and Spring (bottom
panel)

Response Inhibition % Error % Correct RT Error RT Correct

% Correct 177

RT Error -322 -394°

RT Correct -586" - 498 809"

Attention Control ~ -.104 379° -393" -301
Spring

Response Inhibition % Error % Correct RT Error RT Correct
% Correct -.089

RT Error -.234 -.363%*

RT Correct -.389% -418* 129%

Attention Control ~ -.250 468* -425% -.37%

Note. *Correlations significant at a false discovery rate of .05, as assessed using the Benjamini-
Hochberg procedure.

Table 4
Associations between the ERN, CRN, and Pe and Behavioral Measures of EF in the Fall (top
panel) and Spring (bottom panel)

Fall
Response Inhibition: Go/No-go
ERP Measures % Error % Correct RT Error RT Correct Attention Control
ERN at'Cz -.08 .02 15 -.04 .26
CRN atCz -31 25 .02 -.04 .19
Pe Error at Pz -.10 .06 .09 .01 .10
Pe Correct at Pz .00 -.30 15 A1 -21
Spring
Response Inhibition: Go/No-go
ERP Measures % Error % Correct RT Error RT Correct  Attention Control
ERN at Cz -17 -.15 44%* .30 .00
CRN at Cz -.19 .30 .05 -.08 A1
Pe Error at Pz =22 .14 .05 =22 .20
Pe Correct at Pz .05 -.13 -.15 -.15 .00

Note. *Correlations significant at a false discovery rate of .05, as assessed using the Benjamini-
Hochberg procedure.
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Table 5

Simultaneous Regression Results: Unstandardized Regression Coefficients, Standard
Errors, and R? Values of Associations between EF Behavior in the Fall and Spring,
Children’s Age, and Fall ERN and Pe Amplitudes

Fall ERN atCz Fall PeatPz Fall EF Skill Age
B(SE) B(SE) B(SE) B(SE) R?
Spring Response
Inhibition
Percent Error .00 (.35) .04 (.83) 46 ((13)** -21 (.26) .26
Percent Correct .01 (.11) .03 (.07) 20 (.07)** 17 (.09) .30
Reaction Time Error -.06 (1.3) -31 (.75) 53 (11)** -20 (1.11) 45
Reaction Time Correct -75 (1.12) -.58 (.64) 57 ((10)** .35 (.95) .50
Spring Attention Control -44 (0.22)* 11 (113) 41 ((12)** .51 (.18)** 47

Note. *Correlations significant at a false discovery rate of .05, as assessed using the Benjamini-
Hochberg procedure.

Table 6
Associations between the Changes in the ERN, CRN, and Pe and Changes in Behavioral
Measures of EF from the Fall to Spring (Spring Measure — Fall Measure)

Response Inhibition: Go/No-go Change

ERP Change

Measures 9 Error % Correct RT Error RT Correct Attention Control
ERN at Cz -.12 -.01 25 28 A7*

CRN atCz =22 .06 .16 20 -.05

Pe Errorat Pz -.28 -.12 22 17 .06

Pe Correct at Pz -.04 =31 .10 .03 -21

Note. *Correlations significant at a false discovery rate of .05, as assessed using the Benjamini-
Hochberg procedure.
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Figure 1. Response-locked error, correct, and difference waveforms at FCz, Cz, and Pz in the
fall and spring.

Figure 2. Relations between Changes from Fall to Spring in ERN Amplitude at Cz and Attention
Control: From fall to spring, a decrease in the ERN (less negativity) is associated with an increase
in attention control.
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Figure 2. Relations between Changes from Fall to Spring in ERN Amplitude at Cz and Attention Control. From
fall to spring, a decrease in the ERN (less negativity) is associated with an increase in attention control.
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