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The study aimed at evaluating the extent to which the feedback related negativity

(FRN), an ERP component associated with feedback processing, is related to learning

in school-age children. Eighty typically developing children between the ages of 8 and

11 years completed a declarative learning task while their EEG was recorded. The study

evaluated the predictive value of the FRN on learning retention as measured by accuracy

on a follow-up test a day after the session. The FRN elicited by positive feedback was

found to be predictive of learning retention in children. The relationship between the FRN

and learning was moderated by age. The P3a was also found to be associated with

learning, such that larger P3a to negative feedback was associated with better learning

retention in children.
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INTRODUCTION

Learning from feedback is an important ability, particularly during the early school years when
children are required to adapt to a structured and demanding learning environment where
performance is frequently evaluated and corrected. The ability to utilize external feedback efficiently
can be viewed as a task of the executive control system that goes through a maturation process
throughout childhood (Welsh et al., 1991; Casey et al., 1997; Adleman et al., 2002; Perner and Lang,
2002; Rubia et al., 2007; Vijayakumar et al., 2014). Indeed, the notion that learning from feedback
goes through developmental changes from childhood to adulthood is supported by behavioral and
neurophysiological evidence. For example, children have been reported to rely more heavily and
respond more strongly to external feedback when compared with adults (Eppinger et al., 2009;
Hämmerer et al., 2011). There are also reports that children differentiate less between positive and
negative feedback (Hämmerer et al., 2011; Mai et al., 2011; Zottoli and Grose-Fifer, 2012), and are
more susceptible to interference from uninformative (Crone et al., 2004) or deceptive feedback
(Eppinger et al., 2009). To date, feedback processing in children has been studied using paradigms
focused primarily on probabilistic learning (e.g., Eppinger et al., 2009) and reward processing
(e.g., van Leijenhorst et al., 2006; Crowley et al., 2013). Because children are frequently engaged
in declarative learning (i.e., intentional acquisition of knowledge by building concept-associations
in memory) as part of their schooling, it is important to shed light on their ability to use feedback
to facilitate such learning. The present study was designed to evaluate the use of external feedback
by school-age children to support declarative learning.

Electrophysiological Measures of Feedback Processing
The study of feedback processing in children has been advanced by the discovery of an
electrophysiological marker of feedback processing (Miltner et al., 1997). The feedback related
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negativity (FRN), is an event related potential (ERP) elicited by
feedback stimuli delivered in various learning (e.g., Pietschmann
et al., 2008; Krigolson et al., 2009; Sailer et al., 2010; van
der Helden et al., 2010; Ernst and Steinhauser, 2012; Arbel
et al., 2013, 2014; Luft, 2014) and gambling paradigms (e.g.,
Gehring and Willoughby, 2002; Hajcak et al., 2007; Goyer
et al., 2008). The FRN is a negative going ERP with a peak
amplitude at about 250–300ms following the presentation of a
feedback stimulus. Its amplitude is maximal over fronto-central
recording sites, and it is typically larger for negative feedback than
positive feedback. The anterior cingulate cortex (ACC) has been
suggested to be the generator of the FRN (Botvinick et al., 2001;
Nieuwenhuis et al., 2004; Yeung et al., 2004) through a phasic
change in dopaminergic input projected to the basal ganglia
and ACC (Holroyd and Coles, 2002). It has been suggested that
the activation associated with the FRN is driven by increased
inhibition of ACC following positive feedback (Holroyd et al.,
2008; see Proudfit, 2015 for review). Although the study of the
FRN has focused primarily on the activation associated with
negative feedback, evidence suggests that in some paradigms the
processing of positive feedback drives the observed sensitivity
of the FRN to experimental conditions (Holroyd et al., 2008;
Eppinger et al., 2009; Baker and Holroyd, 2011; Foti et al., 2011;
Kreussel et al., 2012; Luque et al., 2012; Arbel et al., 2013). In line
with this evidence, an alternative view of the FRN as a positivity
triggered by reward rather than a negativity elicited by negative
feedback has been proposed. The Reward Positivity (RewP) is
suggested to be triggered by the processing of reward, suppressed
by losses or negative feedback and generated in the striatum (e.g.,
Holroyd et al., 2008; Foti et al., 2011; Proudfit, 2015; Kujawa
et al., 2018). Larger RewP has been reported to be associated with
higher self-report scores on the Reward Responsiveness Scale
(Bress et al., 2012), andwith a greater response bias tomake richly
rewarded decisions (Bress and Hajcak, 2013). This alternative
interpretation of the FRN affects the discussion of its functional
significance. The open discussion on whether the FRN is a
negativity sensitive to negative feedback or a positivity sensitive
to rewards calls formeasuring activations associated with positive
and negative feedback separately rather than treating one as a
“baseline” that can be subtracted from the other.

A Fronto-central positivity, which proceeds the FRN, is
another ERP component associated with feedback processing.
This positivity has a peak latency of about 350–400ms at
fronto-central recording sites and is typically larger for negative
feedback. Its spatial and temporal distribution suggests that this
fronto-central positivity is a P3a, linked to the initial processing
of a novel stimulus (Spencer et al., 1999), and assumed to index
attentional orienting (Anderson, 2002; Butterfield and Mangels,
2003, Romine and Reynolds, 2005; Conklin et al., 2007) with
increased amplitude related to greater focal attention (Polich,
2007). In the context of feedback processing, it has been found
sensitive to valence, with larger amplitude to negative feedback
(e.g., Butterfield and Mangels, 2003; West et al., 2014, 2018;
Wischnewski et al., 2018) and learning outcomes (Arbel and
Wu, 2016; Wischnewski et al., 2018; Valt et al., 2019). In a
feedback-based two-choice declarative learning paradigm (Arbel
and Wu, 2016) larger P3a to negative feedback in the first

training block predicted better learning outcomes on a test at
the conclusion of the task. In a decision-making task with advice
cues of different predictive levels, the P3a component was found
to be influenced by the subjective predictive value of an advice
cue, with the most informative expert cues showing the largest
P3a amplitude (Wischnewski et al., 2018). In a probabilistic
task aimed at examining performance evaluation in relation
to performance of another, the P3a was found sensitive to
relative performance such that a larger P3a was observed when
performance of self was worse than performance of another (Valt
et al., 2019). The suggested interpretation was that this relatively
poor performance called for the recruitment of attentional
resources (Valt et al., 2019).

ERPs in the Study of Developmental
Changes in Feedback Processing
There is a growing interest in the developmental changes in
feedback processing and in the FRN as a possible tool to
evaluate these changes. Using the FRN for such evaluation is
permitted by evidence that the FRN is reliably identified and
measured in young children (e.g., van Meel et al., 2012), and
even in toddlers (Meyer et al., 2014; Roos et al., 2015). When
comparing the FRN in children with that of adolescents and
adults, a common reported pattern is a larger FRN in children,
regardless of feedback valence (Hämmerer et al., 2011; Zottoli
andGrose-Fifer, 2012; Crowley et al., 2013; Ferdinand et al., 2016;
Arbel et al., 2017), with some studies reporting no age related
differences in FRN amplitude (Santesso et al., 2011; Yi et al., 2012;
Lukie et al., 2014). Age-related decrease in FRN amplitude is
interpreted to reflect an excessive reliance on external feedback
at a young age that is decreasing with time as a function of
the gradual maturation of the executive control system. While a
growing body of literature has established a connection between
the FRN and learning in adults (e.g., Pietschmann et al., 2008;
Krigolson et al., 2009; Van den Bos et al., 2009, see review
by Eppinger et al., 2009; Sailer et al., 2010; van der Helden
et al., 2010; Arbel et al., 2013, 2014; Luft, 2014), very few
reports are available on the relationship between the FRN and
learning in children. In a report by Eppinger et al. (2009), the
FRN elicited by feedback of varying validity was examined in
a probabilistic task completed by 10–12-year-old children and
adults. The results suggested that learning and FRN patterns
were affected by the presence of invalid feedback in children
but not in adults. In children, the presence of occasional invalid
feedback was associated with a diminished amplitude difference
between FRN to positive and negative feedback. In a study by
Groen et al. (2007) who employed a stimulus-response mapping
task with probabilistic feedback, no FRN was observed in
10–12-year-old children. The authors suggested that the absence
of the FRN may have stemmed from the limited motivational
salience of the feedback stimuli used in their paradigm. Shephard
et al. (2014) compared performance and FRN patterns in 9–11-
year-old children and adults who performed an S-R mapping
learning task with consistent (non-probabilistic) performance
feedback. Their examination of the FRN elicited by positive
feedback in consecutive blocks of the learning task suggested a
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reduction in the negativity of the FRN peak amplitude to positive
feedback as learning progressed. Meyer et al. (2014) studied
the FRN in toddlers who played a feedback-guided paired-
associate game on a touchscreen. The amplitude difference
between the FRN elicited by positive feedback and FRN elicited
by negative feedback was found predictive of adaptive behavior,
with greater FRN amplitude differences associated with more
adaptive performance. While these studies provide evidence
that the FRN reflects developmental changes in the processing
of positive and negative feedback in the context of reward
processing, probabilistic learning and S-R mapping, the extent
to which this signal reflects the use of feedback for declarative
learning in children is yet to be examined.

The Present Study
The aim of the study was to evaluate the relationship between
feedback processing as measured by the feedback related ERPs
and declarative learning in children. In a previous study (Arbel
and Wu, 2016), the FRN and P3a were found sensitive to
learning outcomes when healthy young adults completed a two-
choice declarative learning task. More specifically, small FRN
to negative feedback, large FRN to positive feedback, and large
P3a to negative feedback predicted successful learning. The
hypotheses of the present study were based on these findings,
and on current understanding of feedback processing in children.
We expected that, in children, the FRN to positive feedback
will be found related to learning outcomes, and that such
relationship will be weaker for negative feedback because of the
assumed immature ability to extract task relevant information
from negative feedback in children. Based on the interpretation
of the P3a as reflecting level of attention to the feedback, and
in light of previous findings in adults we anticipated that larger
P3a to negative feedback will be associated with better learning
outcomes. The selected age range of 8–11 years represents an
important period in the development of executive functions, as
a significant shift to adult level performance in various executive
functions, particularly in feedback processing, is reported to
begin within the selected age range (e.g., Van Duijvenvoorde
et al., 2008). Moreover, previous reports of differences in brain
activation related to feedback processing between children who
are 8–9 years old and those who are 11–13 years old (e.g.,
Crone et al., 2004; van Duijvenvoorde and Crone, 2013) shaped
our expectations to find age-related differences in feedback
processing even in the narrow age range of 8–11 years. More
specifically, we hypothesized that the youngest children in our
sample would demonstrate large FRN to negative feedback, but
that this heightened sensitivity to feedback valence will not
be associated with learning outcomes, indicating an immature
processing of negative feedback.

METHODS

Participants
Data of eighty children between the ages of 8;0 and 11;0 years
(mean age 9;5 years, SD, 1.07; 41 females, 39 males) who
participated in a larger scale longitudinal study, whose aim is
to evaluate developmental changes in feedback-based learning,

were used for the reported project. Participants had normal or
corrected to normal vision, had no history of developmental or
acquired neurological disorders, and English was reported to be
their primary language. The study was approved by the Partners
HealthCare IRB. Data collection began after assent was obtained
from the participant and the parents signed a consent form.
Participants were monetarily compensated for their time.

Procedure
Task
Each participant sat in a comfortable chair about 60 cm from a
computer monitor and completed a declarative word learning
task. Participants were tasked with learning the names of 20
novel objects. In each trial, participants viewed pictures of
two novel objects on a computer screen coupled with a name
presented auditorily through speakers. While the location of the
two objects on the screen (right and left) changed randomly
throughout the task, the same pairs of objects were coupled with
each name. Participants were instructed to choose the picture
of the novel object that corresponded to the name. Responses
were made by pressing one of two buttons on a response
box. Participants were allotted 5,000ms to respond, and their
response was followed by a blank screen for 500ms which was
proceeded by visual feedback (“

√√√
” for correct responses

and “xxx” for incorrect responses) presented for 1,000ms to
indicate the correctness of the response. Each set of two novel
objects and a name were presented once in each block of trials,
for a minimum of five blocks of trials, and a maximum of ten
blocks of trials. Within this range, number of blocks (number
of repeated presentations of the stimuli) were determined based
on the achievement of a learning criterion of reaching a
cumulative accuracy level of more than 90%. Accuracy evaluation
for the purpose of determining the cumulative accuracy level
began on the fourth block. During the first presentation of the
stimuli (first block) participants’ responses were followed by
equally probable negative and positive feedback (0.5 positive,
0.5 negative) to ensure that all participants begin the learning
experience with the same amount of correct and incorrect
responses. Associations between objects and names were created
by the E-Prime program based on participants’ responses during
the first block and were kept throughout the remainder of
the task. Consequently, associations between objects and names
varied across participants. Participants received feedback, which
was consistent with their performance throughout the task. At
the conclusion of the task, participants were presented with a
test block where each combination of objects and names was
presented once for a total of 20 trials, without performance
feedback. About 24 h following task completion, participants
completed a follow up test during which they were presented
with the objects and names in the same manner they were
exposed to during the test block of the experiment and were
tasked with selecting the object that corresponded with the
name they heard through computer speakers. E-Prime 2 R© by
Psychology Software Tools (PST) was used for task preparation
and presentation and the Chronos R© response device by PST was
used to record responses.
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Stimuli

Black and white illustrations of the novel objects were borrowed
from Kroll and Potter (1984). Non-words were produced from
the ARC Non-word Database (Rastle et al., 2002). The non-
words were monosyllabic, in four letter C1V1C2C3 format (e.g.,
“ZIMF”) and phonologically legal in English. The number of
phonological neighbors were set to be below twenty to create a
list of words that are not similar in their pronunciation to other
words in English.

EEG Data Acquisition and Signal Processing
The Electrical Geodesics Inc. (EGI; Eugene, OR) System 400 with
32-channel HydroCel Geodesic Sensor Nets from EGI was used
to acquire and analyze electroencephalogram (EEG) data. The
EEG was continuously recorded at a 1,000Hz sampling rate with
a vertex reference, and electrode impedances were kept below
50 k�, which is the manufacturer’s recommended impedance
threshold for this system. EEG data were filtered using an offline
bandpass of 0.1–30Hz filter, and then segmented into epochs,
each starting 200ms before the feedback presentation and ending
800ms after the feedback. Epochs containing amplitudes > ±75
µv were rejected, leading to an exclusion of up to 0.1 of
the segments across all participants. Independent Component
Analysis (ICA) was performed on the data to detect and reject
factors that account for artifacts of eye-blinks and eye movement
(Delorme and Makeig, 2004). On average, participants were
presented with 184 (SD = 34) trials, of which an average of 142
(SD = 35) trials received positive feedback, and an average of
43 (SD = 23) trials received negative feedback. All participants
had a minimum of 20 segments per condition at FCz and
after artifact rejection and ICA. Averages of the artifact-free
epochs were calculated for each feedback type (positive and
negative feedback), after baseline correcting each average over
the 200ms pre-feedback baseline. The averaged EEG epochs were
re-referenced to the average of all electrodes.

ERP Data Analysis
Visual inspection of the fronto-central electrodes determined that
the FRN and the positivity that followed it (P3a) were maximal
at FCz. Electrode FCz was therefore chosen for the analysis
of the FRN and P3a ERP components. Data from electrode
FCz across feedback types and participants were entered into a
temporal PCA (TPCA) to reduce the temporal dimensionality
of the dataset (e.g., Arbel and Wu, 2016; Arbel et al., 2017),
using Promax rotation (Dien, 2010), after correcting for latency
variance. Latency correction was performed by aligning the peak
latencies of the FRN and P3a of individual averages with the peak
latency of the grand average waveform (Brumback et al., 2012;
Kim and Arbel, 2019). The analysis used the covariance between
time points and resulted with a set of seven temporal factors
accounting for 90% of the total variance. Temporal factor 4 with a
maximal peak around 250–300ms was identified as capturing the
FRN activation. The P3a was depicted by temporal factor 3 (peak
latency of 380–400ms). The factor scores of temporal-factor 4
(FRN) and temporal factor 3 (P3a) were the amplitude measures
of each of the components of interest and were entered into the
statistical analyses.

Statistical Analysis
We examined whether the FRN and P3a to positive and negative
feedback predict learning retention in children. Retention was
measured as the number of correct responses on the learning
task 24 h after completing the declarative learning task. Three
participants were removed from the analysis of the learning
retention outcome due tomissing data, bringing the final samples
to n= 77 for retention.

Because the learning retention outcome was the number
correct out of 20 trials (i.e., either correct or incorrect for each
trial), we initially used a generalized linear model with a binomial
distribution and a logit link function to analyze the relationships
between FRN and P3a with learning retention. The analysis was
conducted separately for the FRN and P3a. Models were first
tested with just the FRN or P3a for positive and negative feedback
included as predictors. Then age and the interactions with FRN
or P3a were added to the model to determine if the relationship
between the FRN and P3a with learning varied as a function
of age. All analyses were conducted using R version 3.5.1 with
packages “Stargazer” (Hlavac, 2018), “MASS,” and “robustbase”
(Maechler et al., 2019).

An examination of the regression diagnostics of preliminary
models indicated potential heteroscedacticity of the residuals and
several outliers/influential cases (e.g., large Cook’s distance or
leverage values). Rather than remove cases from the analysis, we
tested models using robust methods that de-weighted outliers
(lmrob and glmrob from the “robustbase” package). Both lmrob
and glmrob use iteratively reweighted least squares (IRLS) and
deweight cases based on the size of the residuals. Below we
present the results of the robust analyses. Predictor variables (age,
FRNs, and P3a) were standardized (z-scores) prior to analysis
for all models we tested. The model coefficients presented in the
tables below are therefore equivalent to partially standardized
coefficients which can also be interpreted as effect sizes.

RESULTS

Behavioral Data
Accuracy and reaction time data across training blocks are
presented in Table 1. Participants’ average number of incorrect
responses before reaching the learning criterion of a cumulative
accuracy level of more than 90% during training was 43 errors
(SD = 23). Repeated measures ANOVA on accuracy across
training blocks yielded a Block effect, F(1, 9) = 73.24, p <

0.0001, indicating that participants’ accuracy increased as the task
progressed. Age was found negatively correlated with number of
errors, r = −0.37, p < 0.001, suggesting that as age increases,
learning becomes faster. Repeated measures ANOVA of reaction
time associated with correct and incorrect responses across
blocks was also conducted. A Block effect was found, F(1, 9) =
4.54, p < 0.0001, indicating an overall reduction in response
time throughout the training blocks. No Accuracy effect was
found, F(1, 105) = 1.38, p= 0.24, indicating that reaction time did
not differed between correct and incorrect responses. However,
an interaction between Block and Accuracy was found, F(1, 9)
= 2.52, p = 0.021. We followed this analysis with separate
repeated measures ANOVAs for correct and incorrect trials.
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TABLE 1 | Accuracy (proportion correct) and reaction time in milliseconds of correct and incorrect responses across the training blocks excluding block 1 in which

accuracy was set to 0.5.

Block 2 Block 3 Block 4 Block 5 Block 6 Block 7 Block 8 Block 9 Block 10

Accuracy (SD) 0.59 (0.13) 0.65 (0.14) 0.71 (0.16) 0.74 (0.17) 0.79 (0.17) 0.80 (0.16) 0.81 (0.15) 0.83 (0.15) 0.83 (0.15)

RT correct

(SD)

1551.66

(388.69)

1432.63

(336.98)

1376.11

(307.07)

1332.63

(326.61)

1285.397

(258.81)

1237.968

(250.02)

1218.263

(267.49)

1259.096

(324.05)

1267.173

(323.53)

RT error (SD) 1592.20

(495.68)

1544.72

(435.53)

1498.74

(406.96)

1536.61

(462.91)

1431.53

(481.82)

1397.03

(532.42)

1373.66

(451.97)

1351.18

(530.66)

1421.11

(495.89)

The analyses indicated that whereas a Block effect was present
for correct trials, F(1, 9) = 21.49, p < 0.0001, it was absent
for error trials, F(1, 9) = 0.82 p = 0.58. These results indicate
that correct responses became faster throughout the training
blocks, whereas incorrect responses did not change significantly
over time. Correlational analysis between age and RT differences
between early and late correct and incorrect trials resulted in no
significant correlations, r = 0.11, p = 0.31 (correct trials), r =
0.12, p= 0.28 (errors trials).

Participants’ average accuracy on the immediate test was
0.89 (SD = 0.14), and 0.83 (SD = 0.14) on the follow-up
test. Performance on the follow-up test served as our measure
of learning retention. The accuracy rate of two participants
was below chance on the two tests. An examination of their
performance during the training phase suggested that they have
learned the names of a subset of non-objects (five items at an
accuracy rate >66% for one of the learners, and seven items
for the other learner), indicating that some learning took place,
and that performance was not random. For this reason, the two
participants were not excluded from the analysis. Correlation
analyses demonstrated that age was positively correlated with
learning retention, r = 0.27, p = 0.016, suggesting that as age
increases, learning retention also increases.

ERP Data
Figure 1 presents the grand average ERP data from electrode FCz,
where the FRN and P3a were found to be the largest. Visual
inspection of the figure indicated that the FRN peaked at about
287ms following the feedback, and that its amplitude was1 larger
(more negative) for negative feedback when compared with
positive feedback. The difference in amplitude between positive
and negative feedback approached significance, t(79) = −1.96,
p = 0.05. The P3a peaked at around 350ms following the
feedback, and its amplitude is larger following negative feedback,
t(79) = 3.85, p = 0.0002. The results described below are
the product of a temporal PCA on electrode FCz, with the
factor scores of temporal factor 4 (maximal peak around 250–
300ms) and temporal factor 3 (time window of peak latency of
380–400ms) serving as the amplitude measures of the FRN and
P3a, respectively.

FRN
We first evaluated the relationship between the FRN and the
number of errors committed before reaching a learning criterion.

1Because the FRN is a negative going component, referring to its amplitude as

“larger” means that it is more negative or less positive.

FIGURE 1 | Grand average event related potentials elicited by positive

feedback (dashed line) and negative feedback (solid line) recorded in the

fronto-central electrode site (FCz).

The results suggest that the amplitude of the FRN to positive
feedback was negatively correlated with number of errors, r =
−0.27, p = 0.016, indicating that smaller (less negative) FRN to
positive feedback was associated with the commission of fewer
errors. No significant correlation was found between FRN to
negative feedback and number of errors, r=−0.19, p= 0.08. We
explored the nature of the interaction using the effects package
in R (Fox, 2003; Fox and Weisberg, 2018, 2019). Using the
model and relying on the mean age and ±1 SD from the mean,
we broke down the age category into three groups: younger
(M = 8.4 years), average (M = 9.5 years), and older children
(M = 10.5 years), and then plotted the slope of the FRN for
positive feedback for each of the three groups (see Figure 2). The
interaction indicates that the relationship between a small FRN to
positive feedback and smaller number of errors before reaching
the learning criterion was present in younger children in our
sample but not in older children.

FRN and Learning Retention
The results of the GLM model examining the FRN for positive
and negative feedback as predictors of learning retention are
presented in Table 2. The FRNs for positive and negative
feedback were not significant predictors of learning retention,
with or without age in the model, p’s> 0.09. Age was a significant
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FIGURE 2 | The relationship between learning retention and the FRN elicited by positive (left) and negative (right) feedback. Learning retention is represented by the

proportion of correct test items. The FRN amplitude is presented in z score.

TABLE 2 | FRN and age as predictors of learning.

Learning retention

(Robust GLM)

Without age With age

FRN negative feedback (standard error) 0.196 (0.115) 0.112 (0.114)

FRN positive feedback 0.038 (0.112) 0.098 (0.116)

Age 0.247** (0.080)

Age × FRN negative feedback 0.152 (0.109)

Age × FRN positive feedback −0.305** (0.106)

**p < 0.01; Numbers presented in the table represent partially standardized regression

coefficients, as all predictors were standardized prior to analysis. Standard errors are

presented in parentheses; GLM, Generalized Linear Model with binomial distribution.

and positive predictor of learning retention, b = 0.25, SE =
0.08, p = 0.002, indicating that increase in age was associated
with better learning retention. The interaction between age and
the FRN for negative feedback was not statistically significant,
p = 0.16. However, the interaction between age and the FRN
for positive feedback was statistically significant, b = −0.305, SE
= 0.11, p = 0.004. We explored the nature of the interaction
using the effects package in R (Fox, 2003; Fox and Weisberg,
2018, 2019). While age was treated as a continuous variable
in all of our analyses, for the purposes of visualizing the
interaction (Figure 2), we graphed the relationship between FRN
and learning retention at three different ages: mean (M = 8.4
years), one SD above themean (10.5 years), and one SD below the
mean (8.4 years). The interaction suggests that while smaller FRN
(less negative) to positive feedback was associated with better
learning retention in young children in our sample, whereas in
older children larger FRN (more negative) to positive feedback
was associated with better retention.

P3a
We first evaluated the relationship between the P3a and the
number of errors committed before reaching a learning criterion.

The results suggest that the amplitude of the P3a to positive
feedback was not correlated with number of errors, r = 0.03, p=
0.77. A significant correlation was found between P3a to negative
feedback and number of errors, r = −0.36, p = 0.001, indicating
that larger P3a to negative feedback was associated with a smaller
number of errors.

P3a and Learning Retention
The results of the GLM models examining the P3a for positive
and negative feedback as predictors of learning retention are
presented in Table 3. The P3a for negative feedback was
positively associated with learning retention, b = 0.422, SE
= 0.09, p < 0.001, such that larger P3a to negative feedback
was associated with better learning retention. The P3a for
positive feedback was significantly negatively related to learning
retention, b = −0.436, SE = 0.09, p < 0.001, indicating that
smaller P3a to positive feedback was associated with better
learning retention.When age was entered into themodel, age was
significantly related to learning retention, b = 0.216, SE = 0.09,
p = 0.02, as were the P3a for negative feedback (b = 0.327, SE =
0.105, p < 0.01) and positive feedback (b = −0.4, SE = 0.09, p =
0.002). The interactions between age and the P3a for positive and
negative feedback were both non-significant, p’s= 0.40 and 0.17,
respectively (see Figure 3).

Summary of Results
The FRN elicited by positive feedback was found to be predictive
of learning retention in children. Interaction effects indicated that
the relationship between FRN and learning were moderated by
age, such that sustained learning was predicted by small FRN
(less negative) to positive feedback among young children in the
sample, while in older children, larger FRN (more negative) to
positive feedback was associated with better learning retention.
P3a elicited by positive and negative feedback was also found
to be associated with learning retention, such that smaller P3a
to positive feedback and larger P3a to negative feedback were
associated with sustained learning.
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FIGURE 3 | The relationship between learning retention and the P3a elicited by positive (left) and negative (right) feedback. Learning retention is represented by the

proportion of correct test items. The P3a amplitude is presented in z score.

TABLE 3 | P3a and age as predictors of learning.

Learning retention

(Robust GLM)

Without age With age

P3a negative feedback (standard error) 0.422*** (0.091) 0.327** (0.105)

P3a positive feedback −0.436*** (0.088) −0.400*** (0.093)

Age 0.216* (0.093)

Age × P3a negative feedback 0.085 (0.102)

Age × P3a positive feedback −0.129 (0.094)

*p < 0.05, **p < 0.01, ***p < 0.001; Numbers presented in the table represent

partially standardized regression coefficients, as all predictors were standardized prior to

analysis. Standard errors are presented in parentheses; GLM, Generalized Linear Model

with binomial distribution.

DISCUSSION

The present study evaluated the relationship between the
feedback-related ERPs and declarative learning in children
aged 8–11 years. Previous findings, using a similar learning
paradigm with healthy young adults, suggested that the FRN
and P3a elicited to feedback are associated with learning
in adults, such that small (less negative) FRN to negative
feedback, large FRN (more negative) to positive feedback and
large P3a to negative feedback were associated with strong
learning (Arbel and Wu, 2016). In the present study, the
FRN and P3a were found associated with learning retention
in children. While no relationship was found between FRN
to negative feedback and learning in our sample, FRN elicited
by positive feedback was associated with learning retention.
These findings of no sensitivity of FRN to negative feedback
to learning in children may reflect an immature ability to
take advantage of negative feedback for learning, supporting
previous evidence of developmental differences in the ability to
process negative feedback. Such differences have been reported
by Van Duijvenvoorde et al. (2008) who collected fMRI data

while participants completed a feedback-based rule selection
and application task. Compared with adults, the performance of
8- to 9-year-old was found to be negatively affected by negative
feedback. Additionally, Van Duijvenvoorde et al. (2008) reported
different patterns of brain activation for young adults and
children, with greater activation in the dorsolateral prefrontal
cortex after negative feedback than after positive feedback in
adults but not in children. Another developmental fMRI study
was conducted by Peters et al. (2014) who examined the age
at which the processing of negative feedback reaches the adult
level by tasking 8–17-year-old children with using performance
feedback to correctly sort animals into one of three squares. The
results indicated an increase in the activation of the Anterior
Cingulate Cortex following negative feedback until the age of
14 years, and stabilization thereafter. It is important to note
that, similar to our study, the performance feedback used in
Peters et al. (2014) and Van Duijvenvoorde et al.’s (2008)
learning paradigms was informative and deterministic, such
that learning was guided by a trial-by-trial feedback that was
consistent with participants’ responses. Additional evidence for
the inefficient processing of negative feedback by children comes
from studies in which negative feedback varied in its validity
(Crone et al., 2004; Eppinger et al., 2009). In these studies, adults’
data indicated that they recognized invalid negative feedback
as irrelevant for learning, evidenced by their accuracy and
electrophysiological data. Children, on the other hand, processed
invalid feedback similarly to valid feedback (Crone et al., 2004;
Eppinger et al., 2009), indicating inefficiency in using negative
feedback to facilitate learning.

Our data indicate that the amplitudes of the FRN elicited
in response to positive feedback was associated with learning
in children, such that FRN to positive feedback predicted
learning retention. The association between the processing of
positive feedback and learning is in line with evidence of greater
modulation of FRN to positive feedback (Cohen et al., 2007;
San Martin et al., 2010; Baker and Holroyd, 2011; Foti et al.,
2011; Kreussel et al., 2012; Arbel et al., 2013), and with previous
reports of a relationship between the FRN (Arbel et al., 2013,
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2014; Shephard et al., 2014, 2016) and P3a (Arbel and Wu,
2016) elicited to positive feedback and learning. For example,
in a feedback-based four-choice word learning task presented
to healthy young adults, ERPs associated with positive feedback
were found sensitive to subsequent learning, such that words that
were subsequently recalled elicited larger FRN (more negative)
to positive feedback during the learning process (Arbel et al.,
2013), suggesting that heightened response to positive feedback
facilitates learning. Similarly, Arbel and Wu (2016) reported
that large FRN to positive feedback was found associated with
better learning (Arbel and Wu, 2016). Studies that evaluated
the change in FRN amplitude during the learning process
reported a reduction in FRN amplitude to positive feedback as
leaning progresses (Arbel et al., 2014; Shephard et al., 2014).
For example, Shephard et al. (2014) reported a reduction in
the negativity of the FRN to positive feedback throughout the
learning blocks in children performing an S-R mapping task
with deterministic feedback. In a two-choice word learning
declarative task performed by adults, the amplitude of the FRN
to positive feedback also showed a reduction in negativity over
the learning process, while the amplitude of the FRN to negative
feedback remained constant (Arbel et al., 2014), suggesting that
while negative feedback continues to be informative as learning
progresses, positive feedback loses its importance as a facilitator
of learning when learning is established. These results can also
be interpreted within the context of the expectancy account of
the FRN (e.g., Oliveira et al., 2007; Bellebaum and Daum, 2008;
Ferdinand and Opitz, 2014) to suggest that positive feedback
becomes better anticipated as learning progress. The data of the
present study point to age related interactions between FRN
to positive feedback and learning. Although the age range in
our sample is relatively small, significant age-related differences
in the relationship between the processing of positive feedback
and learning were found. For the younger children in our
sample (around the age of 8 years), smaller FRN to positive
feedback was associated with better learning. Older children in
our sample (around the age of 11 years) showed an opposite
pattern, with larger FRN to positive feedback being associated
with better learning. The association between the FRN to positive
feedback and learning among the older children in our sample
is similar to that previously reported in healthy young adults
where large FRN to positive feedback was found associated with
better learning (Arbel et al., 2013; Arbel and Wu, 2016). The
sensitivity of positive feedback to learning in our sample calls
for the interpretation of the results based on the view of the
FRN as a Reward Positivity (RewP). Within this context, our
data indicate that in younger children, larger RewP to positive
feedback predicted learning outcomes. These results may suggest
that younger children are more responsive to positive feedback
and that this sensitivity is important for their learning.

In the present study, the P3a elicited by positive and negative
feedback was found to be associated with learning, such that
larger P3a to negative feedback was associated with better
learning. In light of Butterfield andMangels’ (2003) proposal that
the feedback related fronto-central positivity is a manifestation
of an attentional orienting process, our results suggest that
greater attention given to negative feedback led to better learning
outcomes. This pattern of the association between the P3a and

learning found in our sample resembles that found in adults
(Ernst and Steinhauser, 2012; Arbel and Wu, 2016). More
specifically, in Arbel and Wu (2016), large P3a to negative
feedback were associated with strong learning (Arbel and Wu,
2016). Interestingly, smaller P3a to positive feedback was found
related to smaller number of errors committed before reaching a
learning criterion. It is possible that for fast learners in our sample
positive feedback became more confirmatory than informative
early in the learning process. In other words, it is likely that
fast learning was associated with a more effective processing of
feedback, resulting in a steeper reduction in the need to attend
to positive feedback to facilitate learning. In line with these
findings, Arbel andWu (2016) reported that the amplitude of the
P3a to positive feedback decreased sharply after the first block
of learning, suggesting that the processing of positive feedback
peaks when positive feedback first confirms the correctness of
choices and becomes less important as learning progresses.

The results of the study provide evidence of a relationship
between the processing of feedback in school age children
and learning. The interaction between age and the FRN as
predictors of learning, points to developmental changes in the
processing of positive feedback even in the narrow age range
of 8–11 years. The results related to the older children in
the sample share similarities with patterns exhibited by adults,
for whom strong learning is associated with large FRN to
positive feedback and large P3a to negative feedback (Arbel
and Wu, 2016). These age-related differences are in line with
evidence of developmental changes in executive functions,
particularly during the early school years (e.g., Welsh et al.,
1991; Casey et al., 1997; Rubia et al., 2007; Vijayakumar et al.,
2014).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors in accordance with the process set
by the first author’s institute.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Partners HealthCare IRB.Written informed consent
to participate in this study was provided by the participants’
legal guardian.

AUTHOR CONTRIBUTIONS

YA provided the training and oversight related to data collection
and analysis, contributed to ERP data analysis, and led the
writing of the manuscript. AF conducted and wrote the statistical
analysis. All authors contributed to the article and approved the
submitted version.

FUNDING

This material was based upon work supported by the National
Science Foundation under Grant #1650835 awarded to YA.

Frontiers in Psychology | www.frontiersin.org 8 February 2021 | Volume 12 | Article 640270

https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Arbel and Fox Feedback Related ERPs in Children

REFERENCES

Adleman, N. E., Menon, V., Blasey, C. M., White, C. D., Warsofsky, I. S., Glover,

G. H., et al. (2002). A developmental fMRI study of the Stroop color word task.

Neuroimage 16, 61–75. doi: 10.1006/nimg.2001.1046

Anderson, P. (2002). Assessment and development of executive function (EF)

during childhood. Child Neuropsychol. 8, 71–82. doi: 10.1076/chin.8.2.71.8724

Arbel, Y., Goforth, K., and Donchin, E. (2013). The good, the bad, or the useful?

The examination of the relationship between the Feedback Related Negativity

(FRN) and long-term learning outcomes. J. Cogn. Neurosci. 25, 1249–1260.

doi: 10.1162/jocn_a_00385

Arbel, Y., Hong, L., Baker, T. E., and Holroyd, C. B. (2017). It’s all about

timing: an electrophysiological examination of feedback-based learning

with immediate and delayed feedback. Neuropsychologia 99, 179–186.

doi: 10.1016/j.neuropsychologia.2017.03.003

Arbel, Y., Murphy, A., and Donchin, E. (2014). On the utility of positive and

negative feedback in a paired-associate learning task. J. Cogn. Neurosci. 26,

1445–1453. doi: 10.1162/jocn_a_00617

Arbel, Y., and Wu, H. (2016). A Neurophysiological examination of quality

of learning in a feedback-based learning task. Neuropsychologia 93, 13–20.

doi: 10.1016/j.neuropsychologia.2016.10.001

Baker, T. E., and Holroyd, C. B. (2011). Dissociated roles of the anterior

cingulate cortex in reward and conflict processing as revealed by

feedback error-related negativity and N200. Biol. Psychol. 87, 25–34.

doi: 10.1016/j.biopsycho.2011.01.010

Bellebaum, C., and Daum, I. (2008). Learning-related changes in reward

expectancy are reflected in the feedback-related negativity. Eur. J. Neurosci. 27,

1823–1835. doi: 10.1111/j.1460-9568.2008.06138.x

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., and Cohen, J. D.

(2001). Conflict monitoring and cognitive control. Psychol. Rev. 108, 624–652.

doi: 10.1037/0033-295X.108.3.624

Bress, J. N., and Hajcak, G. (2013). Self-report and behavioral measures of reward

sensitivity predict the feedback negativity. Psychophysiology 50, 610–616.

doi: 10.1111/psyp.12053

Bress, J. N., Smith, E., Foti, D., Klein, D. N., and Hajcak, G. (2012).

Neural response to reward and depressive symptoms in late childhood to

early adolescence. Biol. Psychol. 89, 156–162. doi: 10.1016/j.biopsycho.2011.

10.004

Brumback, T., Arbel, Y., Goldman, M. S., and Donchin, E. (2012). Efficiency

of responding to unexpected information varies with sex, age, and pubertal

development in early adolescence. Psychophysiology. 49, 1330–1339.

Butterfield, B., and Mangels, J. A. (2003). Neural correlates of error detection

and correction in a semantic retrieval task. Cogn. Brain Res. 17, 793–817.

doi: 10.1016/S0926-6410(03)00203-9

Casey, B. J., Trainor, R. J., Orendi, J. L., Schubert, A. B., Nystrom, L. E., Giedd, J.

N., et al. (1997). A developmental functional MRI study of prefrontal activation

during performance of a Go-No-Go task. J. Cogn. Neurosci. 9, 835–847.

doi: 10.1162/jocn.1997.9.6.835

Cohen, M. X., Elger, C. E., and Ranganath, C. (2007). Reward expectation

modulates feedback-related negativity and EEG spectra. Neuroimage 35,

968–978. doi: 10.1016/j.neuroimage.2006.11.056

Conklin, H. M., Luciana, M., Hooper, C. J., and Yarger, R. S. (2007). Working

memory performance in typically developing children and adolescents:

behavioral evidence of protracted frontal lobe development.Dev. Neuropsychol.

31, 103–128. doi: 10.1207/s15326942dn3101_6

Crone, E. A., Jennings, J. R., Van Beek, B., and Van der Molen, M. W. (2004).

Developmental changes in feedback processing as reflected by phasic heart rate

changes. Dev. Psychol. 40, 1228–1238. doi: 10.1037/0012-1649.40.6.1228

Crowley, M. J., Wu, J., Hommer, R. E., South, M., Molfese, P. J., Fearon, R. M.

P., et al. (2013). A developmental study of the feedback-related negativity from

10–17 years: age and sex effects for reward vs. non-reward. Dev. Neuropsychol.

38, 595–612. doi: 10.1080/87565641.2012.694512

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for

analysis of single-trial EEG dynamics. J. Neurosci. Methods 134, 9–21.

doi: 10.1016/j.jneumeth.2003.10.009

Dien, J. (2010). Evaluating two-step PCA of ERP data with geomin, infomax,

oblimin, promax, and varimax rotations. Psychophysiology 47, 170–183.

doi: 10.1111/j.1469-8986.2009.00885.x

Eppinger, B., Mock, B., and Kray, J. (2009). Developmental differences in learning

and error processing: evidence from ERPs. Psychophysiology 46, 1043–1053.

doi: 10.1111/j.1469-8986.2009.00838.x

Ernst, B., and Steinhauser, M. (2012). Feedback-related brain activity predicts

learning from feedback in multiple-choice testing. Cogn. Affect. Behav.

Neurosci. 12, 323–336. doi: 10.3758/s13415-012-0087-9

Ferdinand, N. K., Becker, A. M. W., Kray, J., and Gehring, W. J. (2016).

Feedback processing in children and adolescents: is there a sensitivity

for processing rewarding feedback? Neuropsychologia 82, 31–38.

doi: 10.1016/j.neuropsychologia.2016.01.007

Ferdinand, N. K., and Opitz, B. (2014). Different aspects of performance feedback

engage different brain areas: disentangling valence and expectancy in feedback

processing. Sci. Rep. 4:5986. doi: 10.1038/srep05986

Foti, D., Weinberg, A., Dien, J., and Hajcak, G. (2011). Event-related potential

activity in the basal ganglia differentiates reward from non-rewards: temporal

spatial principal components analysis and source localization of the feedback

negativity. Hum. Brain Mapp. 32, 2207–2216. doi: 10.1002/hbm.21182

Fox, J. (2003). Effect displays in R for generalised linear models. J. Stat. Softw. 8,

1–27. doi: 10.18637/jss.v008.i15

Fox, J., andWeisberg, S (2018). Visualizing fit and lack of fit in complex regression

models with predictor effect plots and partial residuals. J. Stat. Softw. 87, 1–27.

doi: 10.18637/jss.v087.i09

Fox, J., and Weisberg, S. (2019). An R Companion to Applied Regression, 3rd Edn.

Thousand Oaks, CA. Available online at: http://tinyurl.com/carbook

Gehring, W. J., and Willoughby, A. R. (2002). The medial frontal cortex and

the rapid processing of monetary gains and losses. Science 295, 2279–2282.

doi: 10.1126/science.1066893

Goyer, J. P., Woldorff, M. G., and Huettel, S. A. (2008). Rapid electrophysiological

brain responses are influenced by both valence and magnitude of monetary

rewards. J. Cogn. Neurosci. 20, 2058–2069. doi: 10.1162/jocn.2008.20134

Groen, Y., Wijers, A. A., Mulder, L. J. M., Minderaa, R. B., and Althaus, M. (2007).

Physiological correlates of learning by performance feedback in children: a

study of EEG event-related potentials and evoked heart rate. Biol. Psychol. 76,

174–187. doi: 10.1016/j.biopsycho.2007.07.006

Hajcak, G., Moser, J. S., Holroyd, C. B., and Simons, R. F. (2007).

It’s worse than you thought: the feedback negativity and violations

of reward prediction in gambling tasks. Psychophysiology 44, 905–912.

doi: 10.1111/j.1469-8986.2007.00567.x

Hämmerer, D., Li, S. C., Müller, V., and Lindenberger, U. (2011). Life span

differences in electrophysiological correlates of monitoring gains and losses

during probabilistic reinforcement learning. J. Cogn. Neurosci. 23, 579–592.

doi: 10.1162/jocn.2010.21475

Hlavac, M. (2018). Stargazer: Well-Formatted Regression and Summary Statistics

Tables. R package version 5.2.1. Available online at: https://CRAN.R-project.

org/package=stargazer

Holroyd, C. B., and Coles, M. G. H. (2002). The neural basis of human error

processing: reinforcement learning, dopamine, and the error-related negativity.

Psychol. Rev. 109, 679–709.

Holroyd, C. B., Pakzad-Vaezi, K. L., and Krigolson, O. E. (2008). The

feedback correct-related positivity: sensitivity of the event-related brain

potential to unexpected positive feedback. Psychophysiology 45, 688–697.

doi: 10.1111/j.1469-8986.2008.00668.x

Kim, S., and Arbel, Y. (2019). Immediate and delayed auditory feedback in

declarative learning: An examination of the feedback related event related

potentials. Neuropsychologia. 129, 255–262.

Kreussel, L., Hewig, J., Kretschmer, N., Hecht, H., Coles, M. G. H., and

Miltner, W. H. R. (2012). The influence of the magnitude, probability, and

valence of potential wins and losses on the amplitude of the feedback

negativity. Psychophysiology 49, 207–219. doi: 10.1111/j.1469-8986.2011.

01291.x

Krigolson, O. E., Pierce, L. J., Holroyd, C. B., and Tanaka, J. W. (2009). Learning

to become an expert: reinforcement learning and the acquisition of perceptual

expertise. J. Cogn. Neurosci. 21, 1834–1841. doi: 10.1162/jocn.2009.21128

Kroll, J. F., and Potter, M. C. (1984). Recognizing words, pictures, and concepts: a

comparison of lexical, object, and reality decisions. J. Verb. Learn. Verb. Behav.

23, 39–66. doi: 10.1016/S0022-5371(84)90499-7

Kujawa, A., Carroll, A., Mumper, E., Mukherjee, D., Kessel, E. M. M., Olino, T.,

et al. (2018). A longitudinal examination of event-related potentials sensitive to

Frontiers in Psychology | www.frontiersin.org 9 February 2021 | Volume 12 | Article 640270

https://doi.org/10.1006/nimg.2001.1046
https://doi.org/10.1076/chin.8.2.71.8724
https://doi.org/10.1162/jocn_a_00385
https://doi.org/10.1016/j.neuropsychologia.2017.03.003
https://doi.org/10.1162/jocn_a_00617
https://doi.org/10.1016/j.neuropsychologia.2016.10.001
https://doi.org/10.1016/j.biopsycho.2011.01.010
https://doi.org/10.1111/j.1460-9568.2008.06138.x
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1111/psyp.12053
https://doi.org/10.1016/j.biopsycho.2011.10.004
https://doi.org/10.1016/S0926-6410(03)00203-9
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.1016/j.neuroimage.2006.11.056
https://doi.org/10.1207/s15326942dn3101_6
https://doi.org/10.1037/0012-1649.40.6.1228
https://doi.org/10.1080/87565641.2012.694512
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1111/j.1469-8986.2009.00885.x
https://doi.org/10.1111/j.1469-8986.2009.00838.x
https://doi.org/10.3758/s13415-012-0087-9
https://doi.org/10.1016/j.neuropsychologia.2016.01.007
https://doi.org/10.1038/srep05986
https://doi.org/10.1002/hbm.21182
https://doi.org/10.18637/jss.v008.i15
https://doi.org/10.18637/jss.v087.i09
http://tinyurl.com/carbook
https://doi.org/10.1126/science.1066893
https://doi.org/10.1162/jocn.2008.20134
https://doi.org/10.1016/j.biopsycho.2007.07.006
https://doi.org/10.1111/j.1469-8986.2007.00567.x
https://doi.org/10.1162/jocn.2010.21475
https://CRAN.R-project.org/package=stargazer
https://CRAN.R-project.org/package=stargazer
https://doi.org/10.1111/j.1469-8986.2008.00668.x
https://doi.org/10.1111/j.1469-8986.2011.01291.x
https://doi.org/10.1162/jocn.2009.21128
https://doi.org/10.1016/S0022-5371(84)90499-7
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Arbel and Fox Feedback Related ERPs in Children

monetary reward and loss feedback from late childhood to middle adolescence.

Int. J. Psychophysiol. 132, 323–330.

Luft, C. D. (2014). Learning from feedback: the neural mechanisms of feedback

processing facilitating better performance. Behav. Brain Res. 261, 356–368.

doi: 10.1016/j.bbr.2013.12.043

Lukie, C. N., Montazer-Hojat, D., and Holroyd, C. B. (2014). Developmental

changes in the reward positivity: an electrophysiological trajectory of

reward processing. Dev. Cogn. Neurosci. 9, 191–199. doi: 10.1016/j.dcn.2014.

04.003

Luque, D., López, F. J., Marco-Pallares, J., Càmara, E., and Rodríguez-Fornells,

A. (2012). Feedback-related brain potential activity complies with basic

assumptions of associative learning theory. J. Cogn. Neurosci. 24, 794–808.

doi: 10.1162/jocn_a_00145

Maechler, M., Rousseeuw, P., Croux, C., Todorov, V., Ruckstuhl, A., Salibian-

Barrera, M., et al. (2019). robustbase: Basic Robust Statistics R package version

0.93-4. Available online at: http://CRAN.R-project.org/package=robustbase

Mai, X., Tardif, T., Doan, S., Liu, C., Gehring, W., and Luo, Y. (2011). Brain activity

elicited by positive and negative feedback in preschool-aged children. PloS one.

6:e18774.

Meyer, M., Bekkering, H., Janssen, D. J. C., de Bruijn, E. R. A., and Hunnius, S.

(2014). Neural correlates of feedback processing in toddlers. J. Cogn. Neurosci.

26, 1519–1527. doi: 10.1162/jocn_a_00560

Miltner, W. H. R., Braun, C. H., and Coles, M. G. H. (1997). Event-related brain

potentials following incorrect feedback in a time-estimation task: evidence for

a “generic” neural system for error detection. J. Cogn. Neurosci. 9, 788–798.

doi: 10.1162/jocn.1997.9.6.788

Nieuwenhuis, S., Holroyd, C. B., Mol, N., and Coles, M. G. (2004).

Reinforcement-related brain potentials from medial frontal cortex:

origins and functional significance. Neurosci. Biobehav. Rev. 28, 441–448.

doi: 10.1016/j.neubiorev.2004.05.003

Oliveira, F. T., McDonald, J. J., and Goodman, D. (2007). Performance monitoring

in the anterior cingulate is not all error related: expectancy deviation and

the representation of action-outcome associations. J. Cogn. Neurosci. 19,

1994–2004. doi: 10.1162/jocn.2007.19.12.1994

Perner, J., and Lang, B. (2002). What causes 3-year-olds’ difficulty on the

dimensional change card sorting task? Infant Child Dev. 11, 93–105.

doi: 10.1002/icd.299

Peters, S., Braams, B. R., Raijmakers, M. E., Koolschijn, P. C. M. P., and Crone, E.

A. (2014). The neural coding of feedback learning across child and adolescent

development. J. Cogn. Neurosci. 26, 1705–1720. doi: 10.1162/jocn_a_

00594

Pietschmann, M., Simon, K., Endrass, T., and Kathmann, N. (2008). Changes

of performance monitoring with learning in older and younger adults.

Psychophysiology 45, 559–568. doi: 10.1111/j.1469-8986.2008.00651.x

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.

Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Proudfit, H. G. (2015). The reward positivity: from basic research on

reward to a biomarker for depression. Psychophysiology 52, 449–459.

doi: 10.1111/psyp.12370

Rastle, K., Harrington, J., and Coltheart, M. (2002). 358,534 nonwords:

the ARC nonword database. Q. J. Exp. Psychol. 55, 1339–1362.

doi: 10.1080/02724980244000099

Romine, C. B., and Reynolds, C. R. (2005). A model of the development of frontal

lobe function: findings from a meta-analysis. Appl. Neuropsychol. 12, 190–201.

doi: 10.1207/s15324826an1204_2

Roos, L. E., Pears, K., Bruce, J., Kim, H. K., and Fisher, P. A. (2015). Impulsivity and

the association between the feedback-related negativity and performance on an

inhibitory control task in young at-risk children. Psychophysiology 52, 704–713.

doi: 10.1111/psyp.12389

Rubia, K., Smith, A. B., Taylor, E., and Brammer, M. (2007). Linear age-

correlated functional development of right inferior fronto-striato-cerebellar

networks during response inhibition and anterior cingulate during error-

related processes. Hum. Brain Mapp. 28, 1163–1177. doi: 10.1002/hbm.20347

Sailer, U., Fischmeister, F. P., and Bauer, H. (2010). Effects of learning on feedback-

related brain potentials in a decision-making task. Brain Res. 1342, 85–93.

doi: 10.1016/j.brainres.2010.04.051

San Martin, R., Manes, F., Hurtado, E., Isla, P., and Ibanez, A. (2010). Size

and probability of rewards modulate the feedback error-related negativity

associated with wins but not losses in a monetarily rewarded gambling task.

Neuroimage 51, 1194–1204. doi: 10.1016/j.neuroimage.2010.03.031

Santesso, D. L., Dzyundzyak, A., and Segalowitz, S. J. (2011). Age, sex,

and individual differences in punishment sensitivity: factors influencing

the feedback-related negativity. Psychophysiology 48, 1481–1489.

doi: 10.1111/j.1469-8986.2011.01229.x

Shephard, E., Jackson, G. M., and Groom, M. J. (2014). Learning and

altering behaviors by reinforcement: neurocognitive differences between

children and adults. Dev. Cogn. Neurosci. 7, 94–105. doi: 10.1016/j.dcn.2013.

12.001

Shephard, E., Jackson, G. M., and Groom, M. J. (2016). Electrophysiological

correlates of reinforcement learning in young people with Tourette syndrome

with and without co-occurring ADHD symptoms. Int. J. Dev. Neurosci. 51,

17–27. doi: 10.1016/j.ijdevneu.2016.04.005

Spencer, K. M., Dien, J., and Donchin, E. (1999). A componential analysis of the

ERP elicited by novel events using a dense electrode array. Psychophysiology 36,

409–414. doi: 10.1017/S0048577299981180

Valt, C., Sprengeler, M. K., and Stürmer, B. (2019). Feedback processing in the

context of social comparison. Psychophysiology 57:3. doi: 10.1111/psyp.13489

Van den Bos, W., Güroglu, B., van der Bulk, B. G., Rombouts, S. A. R. B.,

and Crone, E. A. (2009). Better than expected or as bad as you thought?

The neurocognitive development of probabilistic feedback processing. Front.

Neurosci. 3:52. doi: 10.3389/neuro.09.052.2009

van der Helden, J., Boksem, M. A. S., and Blom, J. H. G. (2010). The importance

of failure: feedback-related negativity predicts motor learning efficiency. Cereb.

Cortex 20, 1596–1603. doi: 10.1093/cercor/bhp224

Van Duijvenvoorde, A. C., Zanolie, K., Rombouts, S. A., Raijmakers, M.

E., and Crone, E. A. (2008). Evaluating the negative or valuing the

positive? Neural mechanisms supporting feedback-based learning across

development. J. Neurosci. 28, 9495–9503. doi: 10.1523/JNEUROSCI.1485-0

8.2008

van Duijvenvoorde, A. C. K., and Crone, E. A. (2013). The teenage brain: a

neuroeconomic approach to adolescent decision making. Curr. Direct. Psychol.

Sci. 22, 108–113. doi: 10.1177/0963721413475446

van Leijenhorst, L., Crone, E. A., and Bunge, S. A. (2006). Neural correlates

of developmental differences in risk estimation and feedback processing.

Neuropsychologia 44, 2158–2170. doi: 10.1016/j.neuropsychologia.2006.

02.002

van Meel, C. S., Heslenfeld, D. J., Rommelse, N. N., Oosterlaan, J., and Sergeant,

J. A. (2012). Developmental trajectories of neural mechanisms supporting

conflict and error processing in middle childhood. Dev. Neuropsychol. 37,

358–378. doi: 10.1080/87565641.2011.653062

Vijayakumar, N., Whittle, S., Dennison, M., Yücel, M., Simmons, J., and Allen,

N. B. (2014). Development of temperamental effortful control mediates the

relationship between maturation of the prefrontal cortex and psychopathology

during adolescence: a 4-year longitudinal study. Dev. Cogn. Neurosci. 9, 30–43.

doi: 10.1016/j.dcn.2013.12.002

Welsh, M. C., Pennington, B. E., and Groisser, D. B. (1991). A normative-

developmental study of executive function: a window on prefrontal function

in children. Dev. Neuropsychol. 7, 131–149. doi: 10.1080/87565649109

540483

West, R., Bailey, K., and Anderson, S. (2018). Transient and sustained ERP

activity related to feedback processing in the probabilistic selection task. Int.

J. Psychophysiol. 126, 1–12. doi: 10.1016/j.ijpsycho.2018.02.011

West, R., Tiernan, B. N., Kieffaber, P. D., Bailey, K., and Anderson, S. (2014). The

effect of age on the neural correlates of feedback processing in a naturalistic

gambling game. Psychophysiology 51, 734–745. doi: 10.1111/psyp.12225

Wischnewski, M., and Bekkering, H., and Schutter, D. J. L. G. (2018).

Frontal cortex electrophysiology in reward- and punishment-related

feedback processing during advice-guided decision making: an interleaved

EEG-DC stimulation study. Cogn. Affect. Behav. Neurosci. 2, 249–262.

doi: 10.3758/s13415-018-0566-8

Yeung, N., Botvinick, M. M., and Cohen, J. D. (2004). The neural basis of error

detection: conflict monitoring and the error-related negativity. Psychol. Rev.

111, 931–959. doi: 10.1037/0033-295X.111.4.931

Yi, F., Chen, H., Wang, X., Shi, H., Yi, J., Zhu, X., et al. (2012). Amplitude and

latency of feedback-related negativity: aging and sex differences. Ageing 23,

963–969. doi: 10.1097/WNR.0b013e328359d1c4

Frontiers in Psychology | www.frontiersin.org 10 February 2021 | Volume 12 | Article 640270

https://doi.org/10.1016/j.bbr.2013.12.043
https://doi.org/10.1016/j.dcn.2014.04.003
https://doi.org/10.1162/jocn_a_00145
http://CRAN.R-project.org/package=robustbase
https://doi.org/10.1162/jocn_a_00560
https://doi.org/10.1162/jocn.1997.9.6.788
https://doi.org/10.1016/j.neubiorev.2004.05.003
https://doi.org/10.1162/jocn.2007.19.12.1994
https://doi.org/10.1002/icd.299
https://doi.org/10.1162/jocn_a_00594
https://doi.org/10.1111/j.1469-8986.2008.00651.x
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1111/psyp.12370
https://doi.org/10.1080/02724980244000099
https://doi.org/10.1207/s15324826an1204_2
https://doi.org/10.1111/psyp.12389
https://doi.org/10.1002/hbm.20347
https://doi.org/10.1016/j.brainres.2010.04.051
https://doi.org/10.1016/j.neuroimage.2010.03.031
https://doi.org/10.1111/j.1469-8986.2011.01229.x
https://doi.org/10.1016/j.dcn.2013.12.001
https://doi.org/10.1016/j.ijdevneu.2016.04.005
https://doi.org/10.1017/S0048577299981180
https://doi.org/10.1111/psyp.13489
https://doi.org/10.3389/neuro.09.052.2009
https://doi.org/10.1093/cercor/bhp224
https://doi.org/10.1523/JNEUROSCI.1485-08.2008
https://doi.org/10.1177/0963721413475446
https://doi.org/10.1016/j.neuropsychologia.2006.02.002
https://doi.org/10.1080/87565641.2011.653062
https://doi.org/10.1016/j.dcn.2013.12.002
https://doi.org/10.1080/87565649109540483
https://doi.org/10.1016/j.ijpsycho.2018.02.011
https://doi.org/10.1111/psyp.12225
https://doi.org/10.3758/s13415-018-0566-8
https://doi.org/10.1037/0033-295X.111.4.931
https://doi.org/10.1097/WNR.0b013e328359d1c4
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Arbel and Fox Feedback Related ERPs in Children

Zottoli, T. M., and Grose-Fifer, J. (2012). The feedback-related

negativity (FRN) in adolescents. Psychophysiology 49, 413–420.

doi: 10.1111/j.1469-8986.2011.01312.x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Arbel and Fox. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychology | www.frontiersin.org 11 February 2021 | Volume 12 | Article 640270

https://doi.org/10.1111/j.1469-8986.2011.01312.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

	Electrophysiological Examination of Feedback-Based Learning in 8–11-Year-Old Children
	Introduction
	Electrophysiological Measures of Feedback Processing
	ERPs in the Study of Developmental Changes in Feedback Processing
	The Present Study

	Methods
	Participants
	Procedure
	Task
	Stimuli

	EEG Data Acquisition and Signal Processing
	ERP Data Analysis

	Statistical Analysis

	Results
	Behavioral Data
	ERP Data
	FRN
	FRN and Learning Retention
	P3a
	P3a and Learning Retention

	Summary of Results

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


