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The feedback negativity (FN) and reward positivity (RewP) are event-related brain potentials (ERPs) that follow
the presentation of negative and positive feedback information, respectively, and have become the focus of
recent research on psychopathology because of their associations with symptom severity of and risk for depression. We advanced our understanding of these feedback-related ERPs by examining developmental differences, familial transmission, and associations with error-monitoring ERPs. Parents and their children completed
parallel, developmentally-tailored guessing and go/no-go tasks while feedback- and error-related ERPs were
measured. We found that the Δ FN and RewP amplitudes increased with age and were larger in males than
females among the child participants. The RewP also demonstrated familial transmission between fathers and
their children. Finally, the FN and RewP were associated with error-related ERPs in children and adults, albeit in
different ways. The current findings demonstrate that the FN and RewP have promise as developmentallysensitive neural markers of reward and action monitoring processes associated with risk for psychopathology.

1. Introduction
Event-related brain potentials (ERPs) that follow feedback to an
action have become a focus of recent research in psychopathology because of their associations with symptoms, risk and onset of depression
across development (Bress et al., 2013; Bress et al., 2015a; Bress et al.,
2012; Foti et al., 2014; Foti and Hajcak, 2009; Kujawa et al., 2014;
Nelson et al., 2016). Two ERPs of special interest are the feedback
negativity (FN)—a negative deflection elicited by negative feedback—and the reward positivity (RewP)—a positive deflection elicited
by positive feedback—recorded at frontocentral sites around
250–350 ms (for a review see Proudfit, 2015). The FN is also referred to
by other names in the literature, such as the feedback-related negativity
and the feedback error-related negativity, however, for the purposes of
this paper we will refer to this ERP component as the FN. Given the
robustness of associations between feedback-related ERPs and depression symptoms and risk, researchers have suggested that these ERPs
represent valuable biomarkers of disease and have proposed them as
measures of Positive Valence Systems in the National Institute of Mental
Health (NIMH) Research Domain Criteria (RDoC). Although several
studies have demonstrated the utility of the FN and RewP as biomarkers
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of reward-related processes and depression, we aimed to advance the
science in three key domains: 1) developmental differences, 2) familial
transmission, and 3) associations with neurophysiological markers of
conceptually related processes, specifically, error monitoring.
Identifying developmental differences in the modulation of the FN
and RewP is important for determining at what ages these ERPs may be
valid measures of reward processes that have relevance to depression.
Additionally, establishing their familial transmission will help clarify if
they can serve as vulnerability markers of disease within families.
Finally, examining whether they relate to other neurophysiological
markers of the broader construct of action monitoring will help us situate them in a larger nomological network to build more robust, multimeasure indicators of risk and symptom severity (Moser et al., 2015).
Developmental studies of the FN and RewP have thus far revealed
mixed findings. Eppinger et al. (2009) used a reinforcement learning
task and found a larger ∆ FN (FN – RewP) in children (ages
10–12 years) than young adults (ages 19–24 years), which was driven
by enlarged responses to negative feedback (i.e., FN) in the pre-adolescent children. In contrast, Hämmerer et al. (2011) – also using a
reinforcement learning task – found that children (ages 9–11 years) and
older adults (ages 65–75 years) evidenced a smaller ∆ FN compared to
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adolescents (ages 13–14 years) and young adults (ages 20–30 years).
However, two additional studies, one using a virtual maze task (Lukie
et al., 2014) and the other a doors guessing task (Bress et al., 2015b),
found no age effects (ages ranging from 8 to 23 years) for the ∆ FN
score. Moreover, although many studies demonstrate significant modulation of the FN and RewP (i.e., that the FN is more negative than the
RewP) in older children and adolescents (Ethridge et al., 2017), some
do not (Groen et al., 2007).
Studies in younger children are sparser but have also produced
contradictory results (Belden et al., 2016; Mai et al., 2011). Mai et al.
failed to find any modulation of the FN or the RewP to feedback in a
prize box guessing game in preschoolers. Belden et al., however, reported a more negative FN than RewP using a doors guessing game in
healthy, but not depressed, 4–7 year olds. One caveat of the Belden
et al. study is that the ∆ FN in the healthy children only emerged at a
parietal site (Pz) rather than the prototypic fronto-central sites (e.g.,
FCz).
The developmental trajectory of the FN/RewP is therefore unclear.
Task and age-group differences between the above-reviewed studies
may contribute to the discrepancies. Some studies employed learning
tasks whereas others utilized guessing tasks. Although it seems fairly
clear that older adolescents and young adults show greater negativity in
the FN compared to the RewP, it is less clear what to expect in younger
samples. Moreover, most previous studies included relatively small
samples within each age group and only two examined the FN and
RewP in preschool-aged children. To address these limitations, we examined the FN and RewP in a relatively large sample (N > 100) of
youth covering a broad age range from preschool to adolescence. We
utilized the doors guessing task for its simplicity and because it consistently generates FN and RewP amplitudes that are related to depression (Moran et al., 2017).
In addition to tracking the development of FN and RewP, we examined their familial transmission as this has important implications
for basic and translational science. Indeed, establishing familiality of
biomarkers aids in the identification of risk markers of illness. To date,
we are aware of only one study to look at the familiality of feedbackrelated ERPs. Weinberg et al. (2015) found that the RewP – and to a
lesser extent the FN – were correlated within adult sibling pairs. To
build on this work, we employed a family design in which we included
parents and their children to establish a more robust indicator of familiality. Further, examining these associations in children and adolescents provides the added benefit of testing whether the FN and RewP
might serve as early risk markers prior to the onset of psychopathology.
If we can first establish that the amplitudes of the FN and RewP are
transmitted within families, this sets up future studies to examine
whether these familial components are involved in familial transmission of related psychopathology (e.g., depression).
Finally, the current study addressed whether the FN and RewP relate to other neurophysiological markers of the broader construct of
action monitoring – i.e., detecting and adjusting actions in the service of
optimizing goal-directed behavior – in children and adults. Specifically,
we examined the associations between the FN and RewP and the errorand correct- related negativity (ERN and CRN, respectively). The ERN
and CRN are fronto-centrally maximal negativities that occur within the
first 100 milliseconds following erroneous and correct responses, respectively, in speeded response tasks (Simons, 2010). Although the FN
is elicited by external feedback and the ERN is elicited by an internallygenerated response, foundational reinforcement learning theories propose that the FN and ERN reflect activity of the same neural system
dedicated to action monitoring (Holroyd and Coles, 2002). Such theories suggest that both components originate from the anterior cingulate cortex (ACC) following the impact of a phasic decrease in midbrain
dopamine that tags actions as worse than expected (e.gs., suboptimal
choices or response errors). However, a number of subsequent investigations found that the two were dissociable. For instance, studies
show that the FN and ERN have separable source contributions (Potts

et al., 2011). The RewP might be especially different from the ERN in
source contribution, as studies show it has a primary source in striatum
(Carlson et al., 2011). Individual differences studies are also mixed, as
some argue that FN and ERN share common variance with psychopathology (Cavanagh and Shackman, 2015) whereas others show dissociable relationships in adults (Horan et al., 2012) and children (Bress
et al., 2015a, 2015b). Amidst this confusion, studies generally do not
report the direct associations between feedback- and error- related
components and very few examine these relationships in children. We
therefore aimed to address these limitations in the current study by
directly examining the relationships between FN and RewP and ERN
and CRN in both adults and children.
In sum, we aimed to advance the science on feedback-related neurophysiology by probing developmental changes, familial transmission
and associations with other conceptually related neurophysiological
measures. Toward this end, we measured the FN, the RewP, and errorrelated neurophysiology measures (ERN, CRN) in parents and their
children using parallel, developmentally-tailored tasks. We also examined gender1 differences in the FN and RewP, as prior work in
children (Kujawa et al., 2014), adolescents (Crowley et al., 2009) and
adults (Yi et al., 2012) has reported larger ∆FN in males than females.
Moreover, the National Institutes of Health have recently called for
studies to include analyses of gender differences as such differences
have clear relevance across the health spectrum (Clayton and Collins,
2014). Indeed, given gender differences in neural mechanisms of reward and decision making and related psychopathology – including
depression and substance use (for a review see Hammerslag and Gulley,
2015) – studying gender differences in the FN and RewP is clearly
warranted. Studies showing a relationship between blunted FN/RewP
and depression in females, in particular (e.g., Nelson et al., 2016), also
point to the important role of gender. Based on the mixed findings, we
made no specific predictions about developmental change in FN and
RewP nor about their associations with the ERN and CRN. However, we
felt more confident predicting that the FN/RewP would demonstrate
familial transmission and be larger in males than females.
2. Method
2.1. Participants
Because our aims were to characterize developmental differences in
and familial transmission of feedback-related neurophysiology, as well
as associations between feedback- and error-related neurophysiology,
data were analyzed at both the individual – child and parent – and
family level.
At the individual level, participants included 145 children (78 female) ages 3.30 to 13.89 (M = 8.30, SD = 2.64) years old and their
biological parents (N = 130, 76 females, Mage = 34.81 years,
SDage = 6.08 years)2 primarily drawn from southcentral Michigan to
participate in a larger study examining the familial transmission of
neurobehavioral liabilities associated with risk for substance use disorders (SUDs). Families were screened for living in the greater Lansing
community and were required to have at least one biological child
between the ages of 3 and 13 years old. One hundred twenty-five (65
children and 60 parents) of the 275 total participants were recruited
through the Michigan Longitudinal Study (MLS), a multi-decade study
examining the intergenerational transmission of risk for SUDs and related psychopathology (Zucker et al., 1996; Zucker et al., 2000). An
additional 150 participants (80 children and 70 parents) were recruited
1

Because we did not, and most studies do not, confirm biological sex, and
because of the difficulty in disentangling sex from gender in humans we use the
term gender throughout the remainder of the paper.
2
Age data were missing from 5 parents and thus the age data reported above
are based on 125 parents.
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Table 1
Summary of child demographic variables.

Table 3
Summary of family characteristics.

Characteristic

MLS sample

Community sample

Overall sample

Variable

MLS sample

Community sample

Overall sample

N

53

71

124

8.02(2.38)
7.73
3.70–13.89

8.87(2.55)
8.83
4.19–13.85

8.51(2.50)
8.17
3.70–13.89

22 (46%)
14 (48%)
1 (17%)
12 (28%)

26 (54%)
15 (52%)
5 (83%)
31 (72%)

48
29
6
43

27 (51%)
26 (49%)

28 (39%)
43 (61%)

55 (44%)
69 (56%)

14 (88%)

2 (12%)

16

27 (42%)

37 (58%)

64

46 (87%)
1 (2%)
0
0
0
1 (2%)
1 (2%)
4 (7%)

32 (45%)
2 (3%)
1 (1%)
0
4 (6%)
3 (4%)
0
29 (41%)

78 (63%)
3 (2%)
1 (1%)
0
4 (3%)
4 (3%)
1 (1%)
33 (27%)

Families with 1 child
Families with 2 children
Families with 3 children
Children with maternal
ERPs only
Children with paternal
ERPs only
Children with both parent
ERPs
Children with missing
parent ERPs

0 (0%)

1 (100%)

1

3 (6%)
46 (87%)
4 (7%)

1 (1%)
41 (58%)
29 (41%)

4 (3%)
87 (70%)
33 (27%)

Age (years)
Mean (SD)
Median
Range
Gender
Male
Female
Race
Caucasian
African-American
Native American
Asian American
Bi-racial
Multi-racial
Other
Missing
Ethnicity
Hispanic
Non-Hispanic
Missing

nonetheless, describe the known SUD risk to help contextualize the
present findings. The MLS families were selected based on known SUD
risk of the fathers of the parents in the present study – i.e., the grandfathers of the children in the present study. Of the 37 MLS families, 24 –
comprising 34 children – included one parent whose father (grandfather of the children in the present sample) was identified at the time
of original enrollment as having a preschooler (i.e., the parents in the
present sample), cohabitating with the child's mother and having been
arrested for drunk driving. Seven families – comprising 11 children –
had one parent who resided with their parents in the same neighborhoods as those with fathers with drunk driving charges but neither
parent reported a lifetime alcohol use disorder (AUD). Finally, one family – comprising one child – had one parent from these same neighborhoods with a father who met criteria for AUD but had not been
charged with drunk driving. None of the Community sample families
were selected based on SUD risk per se.
Parents and children received $75 and $50 cash, respectively, for
their participation. Parents and children over the age of eight years old
were also given an additional $7.50 bonus for their performance in the
feedback task (described in more detail below).

Table 2
Summary of parent demographic variables.
Characteristic

MLS sample

Community sample

Overall sample

N

56

68

124

31.76(3.85)
32.09
20.85–39.53

37.34(6.54)
37.25
24.58–55.96

34.87(6.16)
34.08
20.85–55.96

29 (52%)
27 (48%)

25 (37%)
43 (63%)

54 (44%)
70 (56%)

46 (82%)
1 (2%)
0
0
0
0
1 (2%)
8 (14%)

34 (50%)
4 (6%)
1 (1%)
1 (1%)
0
0
0
28 (42%)

80 (64%)
5 (4%)
1 (1%)
1 (1%)
0
0
1 (1%)
36 (29%)

3 (5%)
45 (81%)
8 (14%)

2 (3%)
38 (56%)
28 (41%)

5 (4%)
83 (67%)
36 (29%)

Age (years)
Mean (SD)
Median
Range
Gender
Male
Female
Race
Caucasian
African-American
Native American
Asian American
Bi-racial
Multi-racial
Other
Missing
Ethnicity
Hispanic
Non-Hispanic
Missing

2.2. Child tasks
2.2.1. Feedback task
Children completed a guessing task that has been used in other
samples of children to measure the FN and RewP (Belden et al., 2016;
Bress et al., 2012). On each trial, child participants were presented with
an image of two doors and were told that only one door contained a
prize. Prizes varied based on child age. Children ages 3–7 earned or lost
points on each trial; their total earned points at the end of the task could
then be redeemed for prizes. Specifically, prior to the task, children
ages 3–7 chose two small prizes (e.gs., erasers, finger puppets) and one
large prize (e.gs., coloring book, jump rope) that they could win if they
chose the correct door enough times and earned as many points as
possible. This incentive structure was chosen for younger children because they do not possess a clear conception of money and its value,
but, rather, respond quite positively to prizes (as in Belden et al., 2016
& Mai et al., 2011). Children ages 8–13, on the other hand, earned or
lost money on each trial. All participants were told to earn as many
points or as much money as possible. Participants were asked to select a
door using one of two keyboard buttons: “C” to select the left door and
“N” to select the right door. The image of the doors remained on the
screen either until the participant made a selection or for a maximum of
4000 ms. Following stimulus offset, a fixation cross (+) was presented
at a central location for 1000 ms, and feedback was displayed on the
screen for 2000 ms. Depending on the child's age, participants were told
they would gain 10 points/$0.50 or lose 5 points/$0.25 on each trial. A
gain was indicated by a green “↑” arrow and a loss was indicated by a
red “↓” arrow. Following offset of the feedback stimulus, one of the
following messages was displayed: “Please wait for experimenter”
(children ages 3–7) or “Please press the spacebar to begin the next

through web advertisements (i.e., Craigslist) in the greater Lansing
metro area to supplement the MLS sample (hereafter referred to as the
“Community Sample”). Together, our combined recruitment efforts
provided an overall sample with a broad range of SUD risk. Twenty-one
children and six parents were removed from ERP analyses (see details
below). Thus, subsequent individual-level analyses included 124 children and 124 parents. Some values were missing (e.g., age) across child
and parent measures and thus degrees of freedom vary across analyses
reported below. Demographics for included children and parents are
presented in Tables 1 and 2, respectively.
At the family level, a total of 83 families (37 MLS and 46
Community) with data available from at least one child and one parent
were included in subsequent analyses. Information regarding the
structure of families with available data, broken down by sample (MLS
and Community), is presented in Table 3.
As previously mentioned, the samples were recruited to participate
in a larger study examining the familial transmission of neurobehavioral liabilities associated with risk for SUDs. Although evaluating the
role of SUD risk was not a primary aim of the current investigation, we,
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round” (children ages 8–13). For younger children, the experimenter
pressed the left mouse button to begin the next round.
The practice block consisted of 10 trials (5 gain trials, 5 loss trials)
and children were asked to repeat task instructions to ensure understanding of the task. Following administration of the practice block,
children completed six blocks of 10 trials each. Feedback was provided
at the end of each block regarding the amount of the prize they had
earned to that point. The probability of winning on any given trial was
50% regardless of the child's choice and participants were not told that
feedback was random or that they should use any specific strategy.

The practice block consisted of 20 trials (16 go trials, 4 no go trials).
Following administration of the practice block, participants completed
8 blocks of 60 trials (48 go trials, 12 no go trials) that required approximately 15 min to complete. Feedback was presented at the end of
each block to obtain a sufficient number of errors for analysis.
Specifically, faster performance was encouraged if accuracy exceeded
90% and more accurate performance was encouraged if accuracy was
below 65%.

2.2.2. Go/no go task
Children completed a developmentally-appropriate Go/No Go task
(Grammer et al., 2014) used in other samples of young children to
measure the ERN (Schroder et al., 2017). Children were asked to help a
zookeeper capture zoo animals that had escaped from their cages by
pressing the spacebar quickly and accurately when they were presented
with a target animal (go stimuli). Additionally, children were presented
with three orangutans (no go stimuli) that were helping the zookeeper
and did not need to be placed into their cages, and were asked to
withhold pressing the spacebar upon orangutan presentation. On each
trial, a centrally-located fixation cross (+) was presented (750 ms),
followed by the zoo animal stimulus (750 ms), and the inter-trial interval was 500 ms.
Practice blocks consisted of 12 trials (9 go trials, 3 no go trials) and
were repeated until the child demonstrated an understanding of the
task. Following administration of the practice block, children completed eight blocks of 40 trials (30 go trials, 10 no go trials) with the
task requiring about 20 min to complete. Feedback was presented at the
end of each block to obtain a sufficient number of errors for analysis.
Specifically, faster performance was encouraged if accuracy exceeded
90% and more accurate performance was encouraged if accuracy fell
below 65%.

Child participants gave informed assent, and their parents gave informed consent for their participation in the study. Following the assent/consent procedures, participants were fitted with the EEG cap and
EEG electrodes were applied. Child and parent participants completed a
number of tasks as part of the larger parent project. They completed the
go/no go task and a flanker task (not reported here), presented in a
counterbalanced order, prior to the feedback task. This order of tasks
was chosen to avoid carry-over effects of the incentive in the feedback
task on the go/no go and flanker tasks. We reasoned that there would
be less of an effect of the go/no go and flanker tasks (e.g., fatigue) on
the feedback task because of the rewarding nature of the task.

2.4. Procedure

2.5. Psychophysiological recording and data reduction
Continuous electroencephalographic activity was recorded using
the ActiveTwo system (BioSemi, Amsterdam, The Netherlands) from 64
Ag-AgCL electrodes embedded in a stretch-lycra cap according to the
10/20 system. In addition, two electrodes were placed on the left and
right mastoids. Electrooculogram activity generated by eye movements
and blinks was recorded at FP1 and three additional electrodes placed
inferior to the left pupil and on the left and right outer canthi. During
data acquisition, the Common Mode Sense active electrode and Driven
Right Leg passive electrode formed the ground. All signals were digitized at 1024 Hz using BioSemi's ActiView software.
Offline, EEG processing and analysis were performed using
BrainVision Analyzer 2 (BrainProducts, Gilching, Germany). Scalp
electrodes were re-referenced to the numeric mean of the mastoids and
bandpass filtered with cutoffs of 0.1 and 30 Hz (12 db/oct roll-off).
Ocular artifacts were corrected using the method developed by Gratton
et al. (1983) A computer-based algorithm detected physiologic artifacts
such that trials in which the following criteria were met were rejected: a
voltage step exceeding 50 μV between contiguous sampling points, a
voltage difference of > 200 μV within a trial, or a maximum voltage
difference < 0.5 μV within a trial. To ensure the algorithm's effectiveness in detecting artifacts in children – who tend to have more artifactual data because of excessive movement – a trained technician
manually checked a subset of child EEG data from the feedback and go/
no go tasks. This procedure confirmed the effectiveness of the algorithm.

2.3. Parent tasks
2.3.1. Feedback task
Parents also completed a guessing task wherein they were presented
with an image of two doors and instructed to select which door they
thought hid the reward using the keyboard buttons “C” to select the left
door and “N” to select the right door. The image of the doors remained
on the screen either until the participant made a selection or for a
maximum of 4000 ms. Following stimulus offset, a fixation cross (+)
was presented at a central location for 1000 ms, and feedback was
displayed on the screen for 2000 ms. Participants were told they would
either gain $0.50 or lose $0.25 on each trial. A gain was indicated by a
green “↑” arrow and a loss was indicated by a red “↓” arrow. Following
offset of the feedback stimulus, a message saying “Please press the
spacebar to begin the next round” was displayed until the participant
advanced to the next trial.
The practice block consisted of 10 trials (5 gain trials, 5 loss trials)
to ensure understanding of the task. Following administration of the
practice block, participants completed six blocks of 10 trials each.
Feedback was provided at the end of each block regarding the amount
of money earned in the game to that point. The probability of winning
was 50% regardless of the parents' choices and parents were not told
that feedback was random or that they should use any specific strategy.

2.5.1. Child ERPs
Twenty-one children were removed from data analysis: 13 due to
poor data quality on the feedback task, 2 because of too few trials for
calculation of average waveforms, four due to task discontinuation, one
due to a computer error that resulted in the loss of the data file and one
who did not understand the task. Thus, subsequent analyses included
124 children (69 female) ages 3.70 to 13.89 years (M = 8.51,
SD = 2.50). An additional seven children were removed from analyses
involving error-related ERPs: four due to poor data quality on the Zoo
task, one because of too few trials for calculation of average waveforms,
one due to task discontinuation, and one due to a computer error that
resulted in the loss of the data file.
Stimulus-locked ERPs were averaged separately for each type of
feedback (reward or loss) and baselined relative to a − 200 ms to 0 ms
pre-feedback stimulus time window. Following visual inspection of the

2.3.2. Go/no go task
Parents completed a Go/No Go task in which they were instructed to
press the spacebar when they were presented with an upright triangle
(go trial) and to withhold responses to tilted triangles (no go trial).
Tilted triangles (10 degrees) were presented on 20% of trials. On each
trial, a centrally-located fixation cross (+) was presented (950 ms),
followed by a green triangle stimulus (200 ms), and the inter-trial interval varied between 600 and 1000 ms.
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grand averaged waveforms, we defined the FN and RewP as the average
amplitude in the 250 ms to 350 ms post-feedback stimulus time
window. Response-locked ERPs were averaged separately for each response (correct or error) and baselined relative to a −400 ms to
−200 ms pre-response time window. Following visual inspection of the
grand averaged waveforms, the ERN and CRN were then scored as the
average amplitude in the 0 ms to 100 ms post-response time window.
Reward- and error- related ERPs were evaluated across five midline
electrode locations (Fz, FCz, Cz, CPz, Pz).

using full maximum likelihood estimation, with child variables as the
dependent variable and maternal and paternal variables as the predictors. These models yield an estimate of the association (similar to
coefficients in regression analyses) between individual differences in
parent and child EEG phenotypes, accounting for nonindependence of
data from siblings and from parents and offspring.
3. Results
3.1. Child results

2.5.2. Parent ERPs
Six parents were removed from data analysis: four due to poor data
quality on the feedback task, one because of too few trials for calculation of average waveforms, and one due to a computer error that
resulted in the loss of the data file. Thus, a total of 124 parents (70
female) ages 20.85 to 55.96 years old (M = 34.87, SD = 6.16)3 were
available for all subsequent analyses. An additional 10 parents were
removed from analyses involving error-related ERPs: five due to poor
data quality on the Go/No Go task and five because of too few trials for
calculation of average waveforms.
Stimulus-locked ERPs were averaged separately for each type of
feedback (reward or loss) and baselined relative to a −200 ms to 0 ms
pre-feedback stimulus time window. Following visual inspection of the
grand averaged waveforms, we defined the FN and RewP as the average
amplitude in the 210 ms to 310 ms post-feedback stimulus time
window. Response-locked ERPs were averaged separately for each response (correct or error) and baselined relative to a −400 ms to
−200 ms pre-response time window. Following visual inspection of the
grand averaged waveforms, the ERN and CRN were then scored as the
average amplitude in the 0 ms to 100 ms post-response time window.
Reward- and error-related ERPs were evaluated across five midline
electrode locations (Fz, FCz, Cz, CPz, Pz).

3.1.1. FN and RewP
Child feedback-related grand average ERP waveforms are presented
in Fig. 1. Descriptive statistics for child FN, RewP and the ∆ FN at representative electrode sites FCz and Cz are presented in Table 4.
Most pertinent to the current investigation, the 5 Site × 2
Feedback × 2 Gender × 2 Sample Type × Age rANCOVA revealed a
main effect of Feedback (F (1, 119) = 5.58, p = .02, η2p = 0.05) and
significant Feedback × Age (F (1, 119) = 7.86, p = .006, η2p = 0.06)
and Feedback × Gender (F (1, 119) = 4.16, p = .04, η2p = 0.03) interactions. There were no other significant effects involving Feedback
(Fs < 1.56, ps > .21).4
To probe the Feedback × Age interaction, we conducted follow-up
correlational analyses collapsing across Gender, Sample Type, and Site.
As age increased, the ∆ FN increased (r (124) = −0.24, p = .006; see
Fig. 2). This relationship was mostly driven by rewards, as increases in
age were related to increases in the RewP (r (124) = 0.19, p = .03) but
not FN (r (124) = −0.02, p = .87).5
To further understand the Feedback × Gender interaction, we
tested the effect of Feedback in each gender using paired samples t-tests
after collapsing across Age, Sample Type, and Site. For females, there
was no effect of Feedback (t (68) = 0.70, p = .49, d = 0.08; M
losses = 6.87, SD losses = 6.79; M rewards = 6.36, SD rewards = 7.42). For males, however, the effect of Feedback was significant and in the expected direction (t (54) = −2.22, p = .03,
d = −0.30; M losses = 7.79, SD losses = 6.99; M rewards = 9.62, SD
rewards = 6.84). Figs. 3 and 4 present feedback-related grand average
waveforms for females and males, respectively. We also probed the
Feedback × Gender interaction by testing the effect of Gender at each
level of Feedback (reward vs. loss) using independent samples t-tests
after collapsing across Age, Sample Type, and Site. For losses, the effect
of Gender was not significant (t (122) = 0.74, p = .46, d = 0.13). For
Rewards, however, the effect of Gender was significant (t (122) = 2.52,
p = .01, d = 0.46) such that males evidenced larger RewPs than females. Finally, the ∆ FN difference was larger in males (M = −1.82,
SD = 6.10) than females (M = 0.52, SD = 6.13; t (122) = −2.12,
p = .04, d = −0.38). Thus, across age, males showed significant modulation of the RewP/FN, whereas females did not, with the primary
difference between genders being the larger response to rewards for
males than females.
There were also significant Site × Age (F (4, 116) = 13.83,
p < .001, η2p = 0.10) and Site × Gender (F (4, 116) = 5.80, p = .006,
η2p = 0.05) interactions. Although not predicted effects, the
Site × Gender interaction indicated greater overall positivity for males
than females at centro-parietal, but not fronto-central, sites (Flin (1,
119) = 6.95, p = .009, η2p = 0.06) and the Site × Age interaction indicated greater overall positivity for older than younger children at
centro-parietal, but not fronto-central, sites (Flin (1, 119) = 15.29,
p < .001, η2p = 0.11). No other significant effects emerged (Fs < 2.90,

2.6. Child and parent analyses
Repeated measures analyses of covariance (rANCOVAs) models included within-subjects factors Site (F, FCz, Cz, CPz, Pz) and Feedback
(reward vs. loss)/Response (correct vs. error) and between-subjects
factors Gender (Male vs. Female) and Sample Type (MLS vs.
Community) with Age entered as a covariate. Gender was included in
all models to account for documented gender differences in feedbackrelated neurophysiology and to answer the call from the NIH to treat
Gender/Sex as a biological variable. Sample Type was included in
analyses to account for potential differences between our two recruitment methods. Finally, Age was included in child analyses to test the
developmental questions of interest in the current study.
2.7. Family transmission analyses
To account for the non-independence of data among family members (parents and children nested within families), we evaluated withinfamily associations between parent and child psychophysiology phenotypes using multi-level modeling. Child EEG variables were nested
within families (including siblings within families), along with maternal
and paternal variables. One hundred and seven children (from 70 families) were included in analyses of associations between mother and
child feedback-related ERPs and 91 children (from 51 families) in
analyses of associations between father and child feedback-related
ERPs. Ninety-eight children (from 64 families) were included in analyses of associations between mother and child error-related ERPs and
75 children (from 50 families) in analyses of associations between father and child error-related ERPs. Data were analyzed using HLM 7.0,

4

Although Feedback did not interact with the Site variable, effects reported
collapsed across sites are consistent with those observed at representative
electrode sites FCz and Cz.
5
Accounting for non-independence of scores because of inclusion of siblings
did not change any results.

3
Age data were missing from four parents and thus age data reported above
are based on 120 parents.
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Fig. 1. Top left: Child feedback-locked, grand-average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the stimulus onset. Top
right: Child feedback-locked, grand-average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0 is the stimulus onset. Bottom: Child
scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average activity between 250 ms and 350 ms following stimulus
onset.
Table 4
Summary of Child ERP Variables.
Variable

FCz FN (μV)
FCz RewP (μV)
FCz Δ FN (μV)
Cz FN (μV)
Cz RewP (μV)
Cz Δ FN (μV)
FCz ERN (μV)
FCz CRN (μV)
FCz Δ ERN (μV)
Cz ERN (μV)
Cz CRN (μV)
Cz Δ ERN (μV)

MLS sample

Community sample

Overall sample

M

SD

M

SD

M

SD

5.87
6.65
−0.78
8.87
10.53
−1.67
−8.48
0.46
−8.94
−7.06
2.73
−9.79

7.70
8.76
7.39
8.26
9.27
7.07
6.84
4.26
7.27
6.87
4.59
7.49

3.22
3.88
−0.66
7.18
7.67
−0.49
−9.53
0.57
−10.10
−6.44
3.35
−9.79

7.75
7.58
6.70
8.18
8.65
7.50
7.62
3.97
6.24
7.78
4.35
6.83

4.35
5.06
−0.71
7.90
8.89
−0.99
−9.09
0.52
−9.61
−6.70
3.09
−9.79

7.81
8.18
6.97
8.22
8.99
7.32
7.29
4.08
6.69
7.38
4.45
7.09

ps > .09).
Because we utilized two different incentive structures for younger
(3–7 years old) versus older (8 years and older) children – so as to be
developmentally sensitive to their respective cognitive functioning – we
also examined feedback-related neurophysiology as a function of age
group (younger vs. older) in a 5 Site × 2 Feedback × 2 Gender × 2
Sample Type × 2 Age Group rANOVA (see Figs. 5 & 6 for feedbackrelated grand average waveforms for younger and older children, respectively). This analysis did, indeed, reveal a significant Feedback × Age Group interaction (F (1, 116) = 6.61, p = .01, η2p = 0.05).
Follow-up paired samples t-tests probing the effect of Feedback in each

Fig. 2. Relationship between age and ∆ FN in children. Increases in age were
related to a larger ∆ FN. FN is a negative-going ERP component and thus more
negative values reflect a larger ∆ FN.

Age Group collapsing across Site, Gender, and Sample Type revealed a
significant effect of Feedback in the older children (t (63) = −2.93,
p = .005, d = −0.37; M losses = 6.48, SD losses = 6.71; M rewards = 8.33, SD rewards = 6.76) but not in the younger children (t
(59) = 0.99, p = .33, d = 0.13; M losses = 8.13, SD losses = 6.98; M
rewards = 7.24, SD rewards = 7.90). Although the two Age Groups did
not differ with respect to responses to rewards or losses independently
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Fig. 3. Top left: Female feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the stimulus onset.
Top right: Female feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0 is the stimulus onset. Bottom:
Female scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average activity between 250 ms and 350 ms following
stimulus onset.

(ts < |1.35|, ps > .18), the older group did show a larger ∆ FN than
the younger group (t (122) = −2.48, p = .02, d = −0.45; M
older = −1.85,
SD
older = 5.04;
M
younger = 0.89,
SD
younger = 7.01). Interestingly, a follow-up 5 Site × 2 Feedback × 2
Gender × 2 Sample Type × Age rANCOVA in the younger group
(N = 60) revealed a significant Feedback × Age interaction (F (1,
55) = 6.40, p = .01, η2p = 0.10) such that, even in the younger group,
increases in age related to larger ∆ FN (r (60) = −0.31, p = .02) and
RewPs (r (60) = 0.37, p = .003). This additional analysis suggests that
the interaction between age and feedback observed in the full sample is
not completely accounted for by the different incentive structures for
younger versus older children, but rather, more possibly, by an age/
developmental process.

and, in particular, FCz. The Site × Response × Age interaction further
showed a robust linear effect in follow-up within-subjects contrasts
(Flin,lin (1, 112) = 10.02, p = .002, η2p = 0.08) such that children's ERN
and ∆ ERN tended to be larger at fronto-central sites with increasing
age. There were no other significant effects involving Response
(Fs < 2.97, ps > .08, η2p < 0.03).
There was, however, a significant interaction between Site and Age
(F (4, 448) = 12.54, p < .001, η2p = 0.10). Unexpectedly, there were
also significant interactions between Site and Sample Type (F (4,
448) = 5.50, p = .008, η2p = 0.05) and between Site, Sample Type and
Gender (F (4, 448) = 3.26, p = .05, η2p = 0.03). Because these effects
did not involve the critical Response variable, and are thus beyond the
scope of the current paper, we did not evaluate these effects further.

3.1.2. ERN and CRN
Child error-related grand average ERP waveforms are presented in
Fig. 7. Descriptive statistics for child ERN, CRN and the ∆ ERN at representative electrode sites FCz and Cz are presented in Table 4.
As expected, the 5 Site × 2 Response × 2 Gender × 2 Sample
Type × Age rANCOVA showed a main effect of Response (F (1,
112) = 13.98, p < .001, η2p = 0.11), with more negative values for
errors than corrects. Importantly, there was also a significant
Site × Response interaction (F (4, 448) = 3.61, p = .04, η2p = 0.03) and
a significant three-way interaction between Site, Response and Age (F
(4, 448) = 7.45, p = .001, η2p = 0.06). The Site × Response interaction
demonstrated a typical quadratic effect in follow-up within-subjects
contrasts (Fquad,lin (1, 112) = 11.94, p = .001, η2p = 0.10) such that the
difference between ERN and CRN was largest at fronto-central sites,

3.1.3. Associations among measures of feedback-related and error-related
neurophysiology
Correlation analyses were also conducted to evaluate associations
between feedback- and error-related components. Given that both
feedback- and error-related components and modulations/differences
tended to be largest at FCz and Cz – as in prior work – we focused our
analyses on relationships between components at these two sites.
Across the full child sample, the ∆ FN and ∆ ERN were significantly
positively correlated at the FCz site (r (117) = 0.24, p = .009; see
Fig. 8). This relationship indicates that a larger ∆ FN was related to a
larger ∆ ERN. Thus, greater loss-related activity was related to greater
error-related activity. Interestingly, the relationship between the difference scores seemed to be driven mostly by the association between
losses and errors at FCz (r (117) = 0.29, p = .002) and not rewards and
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Fig. 4. Top left: Male feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the stimulus onset. Top
right: Male feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0 is the stimulus onset. Bottom: Male
scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average activity between 250 ms and 350 ms following stimulus
onset.

corrects (r (117) = 0.04, p = .66). That is, larger FN was related to
larger ERN but RewP and CRN were unrelated. The relationship between the two difference scores was smaller and non-significant at the
Cz site, but still in the same direction (r (117) = 0.16, p = .08). There
were, however, no significant associations between losses and errors or
rewards and corrects at Cz (rs < 0.10, ps > .34).
Based on the findings above indicating age and gender effects on the
RewP/FN, we also tested moderation of these relationships by Age and
Gender using the PROCESS MACRO for SPSS (v3.0; Hayes, 2017). Age
did not moderate the relationship between the ∆ FN and ∆ ERN scores
at FCz or Cz (coefficients < 0.03, ps > .56). Age also did not moderate
the relationship between losses and errors at FCz or Cz (coefficients < |0.07|, ps > .09). Nor did age moderate the relationship
between rewards and corrects at FCz or Cz (coefficients < −0.03,
ps > .75).
Gender did, however, moderate the relationship between the ∆ FN
and ∆ ERN scores (coefficient = 0.41 (SE = 0.17), p = .02) at FCz such
that males (coefficient = 0.42 (SE = 0.11), p < .001), but not females
(coefficient = 0.01 (SE = 0.12), p = .92), demonstrated a strong positive relationship between the two (see Fig. 9). The same moderation by
Gender held true at Cz (coefficient = 0.49 (SE = 0.18), p = .008) such
that males (coefficient = 0.44 (SE = 0.14), p = .002), but not females
(coefficient = −0.05 (SE = 0.12), p = .67), demonstrated a strong
positive relationship between the two difference scores. Gender did not
quite moderate the relationship between losses and errors at FCz
(coefficient = 0.32 (SE = 0.19), p = .09). Gender clearly did not moderate the relationship between losses and errors at Cz (coefficient = 0.23 (SE = 0.21), p = .30) or between rewards and corrects at

FCz or Cz (coefficients < 0.18, ps > .62).
Overall, results indicate an association between feedback- and errorrelated ERPs in children and adolescents. Moreover, this relationship
seems to be driven primarily by an association between losses and errors that manifests most clearly in males.
3.2. Parent Results
3.2.1. FN and RewP
Parent feedback-related grand average ERPs are presented in
Fig. 10. Descriptive statistics for parent FN, RewP and the ∆ FN at representative electrode sites FCz and Cz are presented in Table 5.
Most pertinent to the current investigation, the 5 Site × 2
Feedback × 2 Gender × 2 Sample Type rANOVA confirmed the main
effect of Feedback (F (1, 120) = 36.58, p < .001, η2p = 0.23) with more
positive values for the RewP than the FN. There was also a significant
interaction between Feedback and Site (F (4, 480) = 4.02, p = .02,
η2p = 0.03). Follow-up within-subjects trend analysis indicated a significant quadratic effect (Fquad,lin (1, 120) = 11.43, p = .001, η2p = 0.09)
such that the FN and RewP were most different from each other at
fronto-central sites, namely FCz and Cz. There was also a main effect of
Site (F (4, 480) = 36.58, p < .001, η2p = 0.23), with greater overall
positivity at parietal sites.
There was an unexpected interaction between Gender and Sample
type (F (1, 120) = 8.21, p = .005, η2p = 0.06) as well as an unexpected
four-way interaction between Feedback, Site, Gender and Sample Type
(F (4, 480) = 3.80, p = .03, η2p = 0.03). Because the Gender × Sample
Type interaction did not involve the critical Feedback variable and the
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Fig. 5. Top left: Young child (ages 3–7) feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the
stimulus onset. Top right: Young child (ages 3–7) feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0
is the stimulus onset. Bottom: Young child (ages 3–7) scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average
activity between 250 ms and 350 ms following stimulus onset.

four-way interaction is difficult to interpret, we did not examine these
interactions further. No other significant effects emerged (Fs < 1.73,
ps > .18, η2p < 0.02).

3.2.3. Associations among measures of feedback-related and error-related
neurophysiology
Correlation analyses were also conducted to evaluate relationships
between feedback- and error- related components. Given that both
feedback- and error-related components and modulations/differences
tended to be largest at FCz and Cz – as in prior work – we focused our
analyses on relationships between components at these two sites.
There was a marginal negative association between the ∆ FN and ∆
ERN scores at FCz (r (113) = −0.18, p = .05). This relationship indicates that a larger ∆ FN was related to a smaller ∆ ERN – the reverse
of what was found in children and adolescents. However, examining the
relations by feedback- and response- type separately revealed the expected positive relationship between FN and ERN (r (113) = 0.34,
p < .001), but an unexpected positive relationship between RewP and
ERN as well (r (113) = 0.38, p < .001; see Fig. 12). Although the RewP
was not related to the CRN (r (113) = 0.13, p = .16), the FN was positively related to the CRN (r (113) = 0.22, p = .02).
At Cz, the ∆ FN and ∆ ERN scores were not related (r
(113) = −0.09, p = .37). However, again, the FN and ERN were positively correlated (r (113) = 0.32, p < .001) as were the RewP and
ERN (r (113) = 0.31, p = .001). Neither the FN nor the RewP were
related to the CRN (rs < 0.18, ps > .06) at Cz. Using the PROCESS
MACRO to test for Gender moderation of the above relationships revealed no significant effects (coefficients < 0.21, ps > .14).
Overall, results indicate that there is support for an association
between feedback- and error-related ERPs in adults, however, the relationship is different from that in children and adolescents. For adults,
correlational analyses indicate that increases in loss- and decreases in

3.2.2. ERN and CRN
Parent error-related grand average ERPs are presented in Fig. 11.
Descriptive statistics for parent ERN, CRN and the ∆ ERN at representative electrode sites FCz and Cz are presented in Table 5.
The 5 Site × 2 Response × 2 Gender × 2 Sample Type rANOVA
confirmed the main effect of Response (F (1, 109) = 42.42, p < .001,
η2p = 0.28), with larger negativity for errors compared to corrects. The
expected interaction between Response and Site was also significant (F
(4, 436) = 29.75, p < .001, η2p = 0.21). Follow-up within-subjects
trend analysis indicated significant linear (p = .04, η2p = 0.04), quadratic (p < .001, η2p = 0.51) and order 4 contrasts (p = .02, η2p = 0.05),
the largest of which was quadratic. The quadratic effect indicated, as
expected, that errors and corrects were most different from each other
at fronto-central sites, namely FCz and Cz. There was also a main effect
of Site (F (4, 436) = 87.51, p < .001, η2p = 0.45), with greater overall
negativity at frontal sites.
Unexpectedly, there was also a significant Gender × Sample Type
interaction (F (1, 109) = 6.16, p = .02, η2p = 0.05) that was further
qualified by a significant Response × Gender × Sample Type interaction (F (1, 109) = 7.20, p = .008, η2p = 0.06). These effects were not
expected and beyond the scope of the current investigation and are thus
not examined further. No other significant effects emerged (Fs < 3.22,
ps > .06, η2p < 0.03).
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Fig. 6. Top left: Older child (ages 8–13) feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the
stimulus onset. Top right: Older child (ages 8–13) feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0
is the stimulus onset. Bottom: Older child (ages 8–13) scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average
activity between 250 ms and 350 ms following stimulus onset.

reward- related activity are related to increased error-related activity.

4. Discussion
We advanced the research on feedback-related neurophysiology by
probing developmental differences, familial transmission, and associations with error-related neurophysiology in children and their parents.
With regard to development, the current findings suggest that the ∆ FN
increases with increasing age from preschool to adolescence. This relationship appears to be primarily driven by increases in the RewP
across development. Parents also demonstrated larger mean-level amplitudes for ∆ FN and RewP than their children (see Figs. 4 and 5),
consistent with increases in these components across development.
Familial transmission analyses further indicated that father and child
RewPs were related and mother and child ERNs/CRNs were related.
Results also indicated that feedback- and error- related neurophysiology
were associated with each other in both children and parents but in
different ways. Specifically, the relationship in children suggested a
fairly clear positive relationship between loss- and error-related activity
– i.e., between the FN and ERN. In adults, however, both loss- and reward- related activity were associated with error-related activity. Finally, analyses of gender differences confirmed a larger ∆ FN in males
than females in children that was primarily driven by larger RewPs in
males. There were no clear gender differences in parents. We discuss
each of these findings in turn in the context of existing theory and research.
First, results demonstrated that increasing age was related to a
larger ∆ FN, which was driven by increases in the RewP from 3 to
13 years of age. Modulation of the FN/RewP was also clearly present in
parents and the ∆ FN and RewP were numerically larger in parents than

3.3. Familial transmission analyses
As with other correlations reported above, we focused familial
transmission analyses on the FCz and Cz sites where feedback- and
error- related ERPs tended to be largest. There was some evidence of
familial transmission of feedback-related ERPs. The most straightforward relationship was observed between father and child RewPs at FCz
(coefficient = 0.40 (SE = 0.18), p = .03) such that larger RewPs in fathers were related to larger RewPs in their children. The only other
relationship that was significant was between mother and child Δ FN at
Cz such that larger Δ FN in mothers was related to smaller Δ FN in their
children (coefficient = −0.49 (SE = 0.16), p = .003). All other relationships between parent and child FNs, RewPs, and ∆ FNs at FCz and
Cz were nonsignificant (ps > .14).
There was also some evidence that error-related ERPs were familial.
The strongest relationship was observed between mother and child
ERNs at Cz (coefficient = 0.24 (SE = 0.12), p = .05) such that a larger
ERN in mothers was related to a larger ERN in their children. Although
attenuated and only marginally significant, this relationship between
mother and child ERNs emerged at FCz as well (coefficient = 0.17
(SE = 0.10), p = .11). Mother and child CRNs also tended to be positively related at Cz (coefficient = 0.18 (SE = 0.11), p = .09). All other
relationships between parent and child ERNs, CRNs, and ∆ ERNs at FCz
and Cz were nonsignificant (ps > .30).
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Fig. 7. Top left: Child response-locked, grand-average waveforms depicting error, correct, and error-correct difference at electrode FCz with a baseline correction of
−400 ms to −200 ms pre-response time. Time 0 is the response onset. Top right: Child response-locked, grand average waveforms depicting error, correct, and errorcorrect difference at electrode Cz. Time 0 is the response onset. Bottom: Child scalp topographies depicting voltages for ERN, CRN, and the ∆ ERN, respectively,
quantified as the average activity between 0 ms and 100 ms following response onset.

Fig. 9. Gender moderation of the relationship between ∆ ERN and ∆ FN.
Females show no relationship between ∆ ERN and ∆ FN. However, males show
a strong positive relationship between the two such that increases in ∆ ERN
were related to increases in ∆ FN. FN is a negative-going ERP component and
thus more negative values reflect a larger ∆ FN.

Fig. 8. Relationship between ∆ FN and ∆ ERN in children. Increases in lossrelated activity were related to increases in error-related activity. FN and ERN
are negative-going ERP components and thus more negative values reflect a
larger ∆ FN and ∆ ERN.

become more mature as adolescence proceeds (Casey, 2015; Rubia,
2013; Wahlstrom et al., 2010).
What separates the current investigation from prior developmental
work in this area is that we included a large sample (N = 124) of youth
spanning preschoolers to adolescents. Indeed, our age range – i.e.,
10 years – was double that of previous studies in youth (e.g., Bress et al.,
2015a, 2015b). In particular, we were able to characterize the development of the FN and RewP starting in early childhood – most previous

children. Previous research in children has demonstrated inconsistencies regarding the differentiation between FN and RewP
(Eppinger et al., 2009; Hämmerer et al., 2011; Lukie et al., 2014) and
thus we were agnostic as to this effect in the current sample. Our RewP
findings, however, are consistent with theory and research suggesting a
protracted development of dopaminergic reward-related processes that
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Fig. 10. Top left: Parent feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode FCz. Time 0 is the stimulus onset.
Top right: Parent feedback-locked, grand average waveforms depicting loss, gain, and the loss-gain difference at electrode Cz. Time 0 is the stimulus onset. Bottom:
Parent scalp topographies depicting voltages for FN, RewP, and the ∆ FN, respectively, quantified as the average activity between 210 ms and 310 ms following
stimulus onset.

restrict the generalizability of these findings to other groups of young
children.
Interestingly, follow-up analyses between younger (3–7) and older
(8–13) children in the present study demonstrated clear differentiation
between the FN and RewP in older but not younger children, consistent
with the Mai et al. study. This lack of differentiation between losses and
rewards in young children may reflect the relatively immature reward
and learning mechanisms involved in self-control mentioned above.
Although, the current ERN findings suggest that, at least, certain aspects of the self-control network are online in young children. It may
be, then, that the current findings indicate relatively less mature feedback-related processes in children that are specific to guessing tasks.
One reason this lack of differentiation may be specific to guessing tasks
is what C. B. Holroyd et al. (2009) previously noted; that task engagement and learnable response contingencies are critical to the
modulation of FN and RewP. In young children, the guessing task might
not be engaging enough to reliably modulate the neural systems underlying these components. Along these lines, it is possible that because
younger children (3–7) gained or lost points rather than money, the
incentive structure was not salient enough to elicit significant modulation of the FN and RewP. Our analysis showing modulation of the FN
and RewP in the older children (8–13) who received money but not in
the younger children (3–7) who received points is consistent with this
idea. We chose this different incentive structure based on past studies of
the FN and RewP in preschoolers (Belden et al., 2016; Mai et al., 2011),
which argued that points for prizes are more salient for younger children who have less of a concrete notion of the value of money.

Table 5
Summary of parent ERP variables.
Variable

FCz FN (μV)
FCz RewP (μV)
FCz Δ FN (μV)
Cz FN (μV)
Cz RewP (μV)
Cz Δ FN (μV)
FCz ERN (μV)
FCz CRN (μV)
FCz Δ ERN (μV)
Cz ERN (μV)
Cz CRN (μV)
Cz Δ ERN (μV)

MLS sample

Community sample

Overall sample

M

SD

M

SD

M

SD

6.28
7.91
−1.63
7.68
9.21
−1.53
−1.69
2.50
−4.19
−0.79
3.99
−4.78

4.67
5.49
3.26
4.92
5.95
3.73
6.93
3.75
6.55
7.26
3.49
6.49

6.21
8.70
−2.49
8.44
10.62
−2.19
−1.13
1.76
−2.90
−0.01
3.49
−3.50

4.65
4.27
2.79
4.70
4.68
2.90
5.78
4.42
5.35
5.39
4.38
4.31

6.24
8.34
−2.10
8.10
9.99
−1.89
−1.40
2.11
−3.52
−0.38
3.73
−4.11

4.64
4.85
3.03
4.79
5.32
3.30
6.33
4.11
5.96
6.34
3.97
5.47

work examined the FN and RewP in older children and adolescents ages
8 years and older. Only two studies had examined the FN and RewP in
young children between the ages of 4 and 7, with one showing differentiation between FN and RewP (Belden et al., 2016) and another
failing to find differentiation of FN and RewP (Mai et al., 2011). Two
caveats of the Belden et al. study should be noted. First, the only differentiation of the FN and RewP was observed in the control group,
which had been screened for various mental and physical health problems. Second, the FN-RewP differentiation was only observed at Pz
and not the prototypic fronto-central locations. These caveats therefore
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Fig. 11. Top left: Parent response-locked, grand-average waveforms depicting error, correct, and the error-correct difference at electrode FCz with a baseline
correction of −400 ms to −200 ms pre-response time. Time 0 is the response onset. Top right: Parent response-locked, grand-average waveforms depicting error,
correct, and the error-correct difference at electrode Cz. Time 0 is the response onset. Bottom: Parent scalp topographies depicting voltages for ERN, CRN, and the ∆
ERN, respectively, quantified as the average activity between 0 ms and 100 ms following response onset.

The reason we used the guessing task here is because it produces
feedback-related ERPs that are more closely linked with depression
than are reinforcement learning tasks (Moran et al., 2017). Indeed, one
study in preschoolers successfully used the guessing task to demonstrate
reduced reward processing in depressed children (Belden et al., 2016).
This raises another possibility why we did not find differentiation between FN and RewP in younger children in the current sample, namely,
because some of the children were at risk for psychopathology given
their family history of substance use. We plan to investigate this possibility directly in a future study that takes psychopathology into account. Sorting out these different possibilities will be important for
future studies aiming to utilize the FN and RewP as markers of psychopathology symptom severity and risk in children.
The significant gender differences in feedback processing observed
in the current study might also help explain the developmental differences in FN and RewP. Consistent with previous work across development (Crowley et al., 2009; Kujawa et al., 2014; Yi et al., 2012), we
found that males demonstrated a significant modulation of the FN and
RewP whereas females did not. Moreover, the difference between
genders was most pronounced for the RewP such that males demonstrated a larger RewP than females. That this effect held across ages
suggests a stable gender difference beginning in early development. It
also suggests that incentive structure alone cannot account for modulations of the FN and RewP. The larger ∆ FN and RewP in males than
females are consistent with reported gender differences in mesocorticolimbic system activation (e.g., Hoeft et al., 2008). These gender differences in the FN/RewP may further help explain hyperresponsivity to
reward and risk for substance use in males and hyporesponsivity to
reward and risk for depression in females (Hammerslag and Gulley,

Fig. 12. Relationship between FN and RewP and ERN in parents. Increases in
loss- and decreases in reward- related activity were related to increases in errorrelated activity. FN and ERN are negative-going ERP components and thus more
negative values reflect a larger FN and ERN. Removal of seeming outlier in left
half of figure does not change relationships.

Importantly, we did find significant age effects in the younger age
group that mirrored those observed in the overall sample – such that
increases in age were related to increases in ∆ FN and RewP – suggestive of the presence of a developmental process even at a young age.
Thus, incentive structure does not seem to be solely responsible for age
effects reported in the current study.
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2015; Heitzeg et al., 2018). What is novel in the current study is that we
demonstrated these gender differences in a large sample of children
spanning preschoolers to young adolescents.
Consistent with expectations, the current study also provided some
evidence that feedback-related ERPs are familial. The most straightforward effect was between father and child RewPs. This finding supports the potential use of this component as a familial risk marker. It
also extends the only other existing study on the familiality of the FN
and RewP (Weinberg et al., 2015) by showing that the RewP is not only
related between siblings but also between fathers and their children.
Interestingly, both the current study and Weinberg et al. found stronger
familial relationships for the RewP than FN. Our study also extends the
Weinberg et al. finding by examining familial relationships between
parents and their child and early adolescent offspring. That the RewP
was related between fathers and their children has important implications for the intergeneration transmission of reward-related psychopathology. Specifically, sensitivity to reward may be passed down by
fathers and thus the amplitude of the RewP in fathers may provide an
early indicator of risk for reward-related psychopathology in their
children that could be identified well before the onset of illness in the
child that would likely occur later in adolescence and young adulthood
(Hammerslag and Gulley, 2015; Heitzeg et al., 2018). What was less
clear was a significant negative association detected between mother
and child Δ FNs – i.e., larger Δ FNs in mothers were related to smaller Δ
FNs in children.
The current results also suggested that the ERN and CRN are familial. Specifically, mother and child ERNs and CRNs were related to
each other. To our knowledge, this is the only family study of the ERN/
CRN. Our findings are consistent, however, with a small twin study that
demonstrated the heritability of the ERN and CRN (Anokhin et al.,
2008). Given that the ERN tends to be more related to anxiety problems
(Cavanagh and Shackman, 2015; Moser et al., 2013), ERN amplitudes
in mothers may provide markers of risk for anxiety in their children.
We will directly consider the role of feedback- and error-related
ERPs in the intergenerational transmission of psychopathology in future
studies. Future large-scale behavioral genetic work could also help sort
out whether genetic or environmental factors are at play in these familial associations.
Finally, the present findings indicated that feedback- and errorrelated ERPs were associated in children and adults, albeit in somewhat
different ways. In general terms, these results are consistent with
models suggesting these ERPs reflect activity of a common action
monitoring system (Cavanagh and Shackman, 2015; Clay B Holroyd
and Coles, 2002). They also suggest that these components could be
used in multivariate studies to index individual differences in action
monitoring to build toward multi-method measures in line with the
RDoC framework across development (Patrick and Hajcak, 2016;
Patrick et al., 2013). Across children and their parents (i.e., adults), a
larger FN was related to a larger ERN. Thus, adults and children share a
developmentally preserved relationship between neurophysiological
markers of negative outcomes (Cavanagh and Shackman, 2015; Clay B
Holroyd and Coles, 2002). Children and adults differed, however, with
respect to the way in which the RewP and ERN were related. There was
no direct relationship between RewP and ERN in children but there was
a positive association in adults such that a larger RewP was related to a
smaller ERN and vice versa. In the context of neurodevelopmental
models of self-control, these findings may reflect the greater integration
of cortical structures with subcortical rewards centers (e.g., striatum) in
adults than children and adolescents (Casey, 2015; Rubia, 2013). That
gender moderated the relationship between ∆ FN and ∆ ERN scores in
children, but not in adults, further points to developmental differences
in the functional integration of self-control circuitry that may have
relevance to gender differences in the emergence of reward-related
psychopathology (Hoeft et al., 2008).
In sum, the current findings advance the science on the FN and
RewP by demonstrating their developmental differences, familial

transmission, and relations to error-monitoring. Together, the current
findings demonstrate that reward-related processes increase from
childhood to adolescence and adulthood. They furthermore confirm the
familial transmission of the RewP, which is important for its potential
use as a risk marker within families. Feedback- and error- related ERPs
were generally related to each other, although the relationship was
somewhat different between children and adults. Finally, gender differences in children suggested greater reward-related activity and relations between reward- and error-related activity in males than females. The FN and RewP therefore have strong potential for indexing
developmentally-sensitive neural markers of reward and action monitoring processes of significant relevance to psychopathology.
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