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Abstract

Event-related potential (ERP) measures of reward- and error-related brain activity have emerged as 

potential biomarkers of risk for the development of psychopathology. However, the psychometric 

properties of reward- and error-related brain activity have been primarily investigated in 

adolescents and adults. It is critical to also establish the reliability of ERPs in younger children, 

particularly if they are used as individual difference measures of risk during key developmental 

periods. The present study examined the reliability of the reward positivity (RewP) and error­

related negativity (ERN) among 80 children (Mage = 6.9 years-old; 50% female). Participants 

completed the doors, flanker, and go/no-go tasks twice, separated by approximately 8 months, 

while electroencephalography (EEG) was recorded. Results indicated that the RewP demonstrated 

strong internal consistency and test-retest reliability. The ERN also demonstrated strong internal 

consistency, but test-retest reliability was only significant for the ERN measured during the flanker 

task and not the go/no-go task. These results are largely consistent with reported psychometric 

properties of reward- and error related ERPs in adolescents and adults, suggesting that the ERN 

and RewP may be appropriate biomarkers of individual differences in populations ranging from 

early childhood to adulthood.
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Aberrations in neural systems involved in reward processing and error detection have been 

linked to various forms of psychopathology. For example, a decreased neural response 

to rewards has been associated with depression (Keren et al., 2018), and an increased 

neural response to errors has been associated with anxiety and obsessive-compulsive and 

related disorders (Moser et al., 2013; Riesel, 2019). Many forms of psychopathology have 
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their initial onset during childhood and adolescence (Beesdo et al., 2009; Merikangas et 

al., 2009). Therefore, it is critical to establish whether neural risk factors can be reliably 

measured during early childhood.

Event-related potentials (ERPs) have often been employed to examine reward- and error­

related neural processing in youth. The reward positivity (RewP) is a positive-going ERP 

component that is elicited approximately 300ms following the presentation of reward 

feedback that is reduced or absent following loss feedback (Foti et al., 2011; Proudfit, 2015). 

The RewP has been associated with neural activation in several brain regions, including the 

anterior cingulate cortex, medial prefrontal cortex, and ventral striatum (Becker et al., 2014; 

Carlson et al., 2011). The feedback negativity (FN) is a negative-going component that is 

elicited within a similar time window but is larger following loss feedback. To better isolate 

reward-related brain activity, the ∆RewP is often examined as the difference between the 

RewP and FN (i.e., RewP-FN). A number of studies have indicated that a more blunted 

RewP is associated with depression (for a summary, see Kujawa & Burkhouse, 2017), 

including in preschool-aged children (Belden et al., 2016). There is also growing evidence 

that the RewP indexes individual differences in risk for the development of depression. 

Specifically, in children a more blunted RewP has been associated with maternal history of 

depression (Kujawa et al., 2014), and in adolescents a more blunted RewP has been shown 

to prospectively predict the onset of major depressive disorder and depressive symptoms two 

years later (Bress et al., 2013; Nelson et al., 2016).

The error-related negativity (ERN) is a negative-going ERP component that occurs 

approximately 50ms following the commission of an error (Hajcak, 2012). The correct 

response negativity (CRN) is a similar negative-going component that occurs during the 

same time window as the ERN and is elicited following correct responses. To better isolate 

error-related brain activity, the ∆ERN if often examined as the difference between the ERN 

and CRN (i.e., ERN-CRN). A larger (i.e., more negative) ERN has been associated with 

multiple forms of psychopathology, including generalized anxiety disorder and obsessive­

compulsive disorder (Carrasco et al., 2013; Weinberg et al., 2010). Moreover, a larger 

ERN has been associated with trait-like risk factors for anxiety disorders, such as anxious 

apprehension and behavioral inhibition (McDermott et al., 2009; Moser et al., 2013). In 

both children and adolescents, a larger ERN has been shown to prospectively predict the 

development of anxiety disorders (Meyer et al., 2015; Meyer, Nelson, et al., 2018). However, 

evidence also suggests that the relationship between the ERN and anxiety symptoms across 

development may differ among clinical and non-clinical populations. For example, among 

clinically anxious children, the relationship between anxiety and the ERN does not differ 

as a function of age (Meyer, 2017). Conversely, among non-clinically anxious children, the 

relationship between the ERN and anxiety differs across development, such that in young 

children anxiety is related to a more blunted ERN but in older children, anxiety is related 

to a larger (i.e., more negative) ERN (Meyer, 2017). Altogether, this research highlights the 

potential clinical utility of the RewP and ERN as neural biomarkers of risk that may help 

identify individuals who are likely to develop anxiety, depressive, and obsessive-compulsive 

and related disorders.
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If the RewP and ERN are to be used as individual difference measures of risk, it is 

critical to first establish that they have adequate psychometric properties (Hajcak et al., 

2019). In adults, the RewP and FN have demonstrated excellent internal consistency and 

strong, short-term test-retest reliability (Ethridge & Weinberg, 2018; Levinson et al., 2017; 

Marco-Pallares et al., 2011; Segalowitz et al., 2010). In addition, in adults the ERN has 

demonstrated acceptable internal consistently after as few as 7 errors (Meyer et al., 2013; 

Olvet & Hajcak, 2009; Pontifex et al., 2010), and a recent meta-analysis indicated that the 

overall internal consistency of the ERN for 8 trials is slightly below acceptability standards 

(Clayson, 2020). However, these studies also indicated that task differences may account 

for some of the variability present in ERN reliability estimates (Clayson, 2020; Meyer et 

al., 2013). The ERN has also demonstrated moderate to strong test-retest reliability across 

weeks (Larson et al., 2010) and up to 2.5 years (Weinberg & Hajcak, 2011).

Despite critical developmental changes in reward circuitry from childhood to adolescence, 

initial evidence suggests that the psychometric properties of the RewP and FN in child and 

adolescent samples are largely comparable to those of adults. For example, one investigation 

measured the RewP in children, adolescents, and adults and found that it was similar 

across groups (Lukie et al., 2014). Additionally, in study of 8 to 13 year-old children, 

results showed that two-year test-retest reliability of the RewP and FN was moderate 

(Bress et al., 2015). Evidence also suggests that internal consistency of the RewP and 

FN is not moderated by age (Ethridge & Weinberg, 2018; Luking et al., 2017). In a 

separate investigation spanning late childhood to middle adolescence, the RewP and FN 

demonstrated more robust test-retest reliability during early to middle adolescence than late 

childhood to early adolescence (Kujawa et al., 2018). Burani and colleagues (2019) also 

conducted a longitudinal investigation of children and adolescents and found that the RewP 

increased from late childhood to early adolescence, but not late adolescence, suggesting that 

the RewP exhibits greater temporal stability during late adolescence than in childhood.

There have only been a limited number of studies that have examined the psychometric 

properties of the ERN in children. For example, one investigation of 8 to 11 year-old 

children found that the ERN demonstrated excellent internal consistency in as few as 6 trials 

using the flanker task (Pontifex et al., 2010). Similarly, a separate investigation of 8 to 13 

year-old children found that the ERN achieved an acceptable internal consistency in 8 trials 

using a flanker task, but internal consistency never reached the acceptable range using a 

go/no-go task (Meyer et al., 2014). Additionally, the ERN and CRN demonstrated moderate 

two-year test-retest reliability using the flanker task (Meyer et al., 2014). Although studies 

suggest the ERN can be reliably elicited in young children, some evidence suggests that the 

ERN may change across development (Meyer, Carlton, et al., 2018), such that it increases 

following pubertal onset (Davies et al., 2004; Meyer et al., 2012).

Several studies have also examined the psychometric properties of the ΔRewP and ΔERN. 

It is important to note that there should be different expectations for assessing the reliability 

of difference scores. Prior studies have demonstrated the ΔRewP often has lower reliability 

than its constituent measures in both children and adults (Bress et al., 2015; Levinson 

et al., 2017; Marco-Pallares et al., 2011). The literature assessing the reliability of the 

ΔERN is mixed, with some studies indicating weaker reliability, particularly in children 
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(e.g., Meyer et al., 2014), and others showing more robust reliability (Weinberg & Hajcak, 

2011). The reliability of a difference score, such as the ΔRewP and ΔERN, is dependent 

upon the reliability, variability, and correlation between its components. Thus, it is expected 

that if the individual measures that make up a difference score are highly correlated, have 

poor reliability, or have different variances, which is often the case, the reliability of the 

difference score may be negatively affected (Furr & Bacharach, 2013; Meyer et al., 2017). 

Indeed, the lower reliability of a difference score places a limit on how much reliable 

variance can relate to another individual difference measure. Nonetheless, it is possible that 

the reliable portion of variance in the difference score might be largely related to another 

measure (Patrick et al., 2019). This scenario would be similar to one in which a highly 

reliable measure only has a small portion of variance that is related to another measure. 

Therefore, despite the limitations of difference score reliability, the ΔRewP and ΔERN may 

still be promising candidates in the search for clinically meaningful biomarkers.

Notwithstanding initial evidence that reward and error-related neural markers may be 

reliable in children, the child ERP psychometric literature is limited. Because most forms of 

depression and anxiety commonly have their onset in childhood and adolescence (Galvan, 

2010; Tamnes et al., 2013), more research is needed to understand the internal and test-retest 

reliability of neural biomarkers in key developmental periods, particularly early childhood. 

Moreover, the extant literature examining the psychometrics of the ERN and RewP has 

largely utilized adolescent and adult samples, and it remains unclear the extent to which 

these properties extend to young children.

The present study examined the psychometric properties of the RewP and ERN in early 

childhood. Eighty 6 to 8 year-old children were assessed using the doors, flankers, and 

go/no-go tasks at two time points, separated by 8 months, while electroencephalography 

(EEG) was recorded. Internal consistency and test-retest reliability were assessed with 

the aims of 1) characterizing the psychometric properties of the RewP and ERN in an 

early childhood sample and 2) comparing the psychometric properties of the ERN across 

tasks (flankers and go/no-go). We aimed to assess whether these ERPs achieve acceptable 

psychometric properties in early childhood, a necessary prerequisite for determining if these 

measures may serve as clinically meaningful neural markers of risk for psychopathology.

Method

Participants

Participants included 80 6 to 8 year-old children (Mage = 6.9 years-old; SDage = 0.6) 

and their mothers (Mage = 37.5; SDage = 5.7) as a part of a randomized controlled trial 

that compared a parenting intervention to a waitlist control. Participants were recruited 

using commercial mailing lists, locally posted flyers, online and social media postings, 

advertisements created by a data-driven clinical trial technology company (e.g., Trialspark), 

word of mouth, and a psychology clinic. Dyads were invited to participate in the study if 

they had a child between the ages of 6 and 8 with no history of developmental delays and 

an English-speaking mother who identified as the primary caregiver of the child participant. 

Additionally, mothers had to endorse a history of depression and/or anxiety disorder based 

on screening modules from the Mini International Neuropsychiatric Interview (Lecrubier et 
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al., 1997) or low authoritative and/or high authoritarian parenting based on subscales of the 

Parenting Styles and Dimensions Questionnaire (Olivari et al., 2013). Forty children (50%) 

were female. Sixty-one (76.3%) children were White, eight (10.0%) were Biracial, three 

(3.8%) were African American, and three (3.8%) were Asian, and five (6.3%) identified as 

“Other.” Additionally, ten children (12.5%) were Hispanic.

Procedure

The baseline assessment (Time 1) was conducted before random assignment to treatment 

group, and the follow-up assessment (Time 2) was conducted upon the completion of the 

parenting intervention (active intervention group) or approximately 8 months (mean time 

between visits= 7.7 months; SD = 2.0 months) following the initial baseline assessment (the 

waitlist group). Forty participants were assigned to each treatment condition. Procedures at 

both assessments were identical and task order was counterbalanced between the doors and 

go/no-go task. The flanker task was completed last since some evidence suggests that this 

task may be more challenging for young child participants (Davies et al., 2004; Torpey et al., 

2012). All tasks were presented on a 21-inch computer monitor using Presentation software 

(Neurobehavioral Systems, Inc.). Study materials are available through the Open Science 

Framework (Szenczy et al., 2021).

Doors task.—The doors task is a forced-choice guessing task that has been shown to 

elicit the RewP (Proudfit, 2015). On each trial, participants were presented with two doors 

and told to choose the door they think has a prize behind it using the left and right mouse 

buttons. Once the choice was made, a fixation cross was presented for an intertrial interview 

of 1000ms. Following this fixation cross, either a green up arrow was displayed indicating a 

gain of $0.50 or a red down arrow was presented indicating a loss of $0.25 for 2000ms. A 

fixation cross was again presented on the screen for 1,500ms followed by the words “Click 

for next round” until the participant clicked the left or right mouse button. Participants were 

told that they could win up to $15 for the completion of the task. Prior to the experimental 

trials, children were presented with practice trials to ensure that they understood the task 

directions. All participants received 50% gain feedback (30 trials) and 50% loss feedback 

(30 trials) for a total of 60 trials. Participants received $8 for the completion of this task.

Flanker task.—An arrowhead version of the flanker task was used to elicit the ERN. 

Participants were shown five horizontal arrowheads for 200ms, followed by a fixation cross 

that was presented between 2,300 and 2,800ms. Half of the trials displayed compatible 

arrows (“>>>>>” or “<<<<<”) and half displayed incompatible arrows (“<<><<” or 

“>><>>”). Participants were instructed to press the right mouse button if the center arrow 

was facing right and to press the left mouse button if the center arrow was facing left. 

Participants were also told to respond as accurately and as fast as possible. The first 30 trials 

were practice trials where the experimenter assessed for task understanding. The actual task 

consisted of 11 participant-initiated blocks of 30 trials (330 trials total). Between blocks, 

participants received performance-based feedback on the computer monitor. If performance 

was 75% correct or lower, participants received the feedback “Please try to be more 

accurate” on the monitor; if performance was above 90% correct, participants received 
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the feedback “Please try to respond faster.” Otherwise, participants received the feedback 

“You’re doing a great job.” The task was programmed to end after the child made 20 errors.

Go/no-go task.—A go/no-go task was also used to elicit the ERN. Participants were 

presented with a green triangle and instructed to press the left mouse button when they 

saw a vertically aligned upward facing triangle on the monitor (go stimulus) but to inhibit 

any response when the triangle was presented in any other orientation (no-go stimuli). The 

stimuli were presented in four possible orientations and were shown on the monitor for a 

duration of 1,200ms across 4 blocks of 60 trials (240 trials total). Each block contained: 

60% vertically aligned and upward facing triangles, 20% vertically aligned downward facing 

triangles, 10% left tilted triangles, and 10% right tilted triangles. Following each stimulus, a 

fixation cross was presented on the monitor between 300 and 800ms. Three practice blocks 

were presented prior to the experimental task: the first block to explain the task and present 

the stimuli (8 trials), the second block with thumbs up and thumbs down feedback following 

the participant’s response (20 trials), and the third block without feedback to ensure task 

understanding (30 trials). The experimenter reminded participants of the importance of 

response speed and directions between blocks.

Psychophysiological recording and data reduction.—Continuous 

electroencephalogram (EEG) recordings were collected using a 34-electrode elastic cap 

configured according to the 10/20 system, using the ActiveTwo BioSemi System (BioSemi, 

Amsterdam, The Netherlands). Two electrodes were also placed on the right and left 

mastoids and four facial electrodes were placed around the eyes: two placed approximately 

1cm away from the outer edge of the right and left eyes and two electrodes placed 1cm 

above and below the right eye. Facial electrodes were used to measure eyes movements 

and eye blinks. The EEG signal was pre-amplified at the electrode site to improve the 

signal-to-noise ratio with a gain of one. The data were digitized at 24-bit resolution with a 

sampling rate of 1024 Hz using a low-pass fifth-order sinc filter with a half-power cutoff of 

204 Hz. Each active electrode was measured online with respect to a common mode sense 

active electrode generating a monopolar channel. BrainVision Analyzer 2 (Brain Products, 

Munich, Germany) was used for all offline analysis. All data were referenced to the average 

of the left and right mastoid channels and bandpass filtered with high and low cutoffs of 0.1 

and 30 Hz, respectively, were applied. Eyeblink and ocular corrections were conducted using 

the Gratton and Coles method (Gratton et al., 1983). A semiautomatic procedure was used 

for all data to correct for artifacts. Data from individual channels were automatically rejected 

if a voltage step of more than 50.0μV between sample points or a voltage difference of 300.0 

μV within a trial existed. In addition, data were identified as artifacts if a voltage difference 

of less than 0.50 μV within 100-ms intervals was present. Finally, visual inspection of the 

data was conducted to detect and reject any remaining artifacts.

EEG data from the doors task was segmented for each trial beginning 200ms before 

feedback onset and continuing for 800ms (i.e., 1000 ms in total). A 200ms window from 

−200 to 0 ms prior to response onset served as the baseline that was subtracted from all data 

points. The FN and RewP were evaluated as the average activity to gain and loss feedback 

from 325–425ms at electrode FCz because the ΔRewP was maximal at this time window at 
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Time 1 and we wanted to keep the time window consistent across time points. The ∆RewP 

was quantified as the difference between the ERP response gains and losses (i.e., gain-loss). 

The flanker and go/no-go data were segmented from 500ms seconds before the response to 

1000ms after stimulus onset and 500ms before stimulus onset to 800ms after stimulus onset, 

respectively. A 200ms window from −500 to-30ms prior to response onset served as the 

baseline for both tasks. The ERN and CRN were evaluated as the average activity on error 

and correct trials, respectively, from −50 to 100ms after response at electrode Cz. Behavioral 

measures for both tasks include accuracy and reaction time (RTs) for error and correct trials. 

The ∆ERN was quantified as the difference between the ERP response error and correct (i.e., 

error-correct).

Data analysis.—At Time 1, 5 participants were excluded from analyses due to poor 

accuracy (i.e., less than 55%) and 6 for poor data quality. Ten participants did not complete 

one of the three tasks and 1 participant did not complete any of the tasks. At Time 2, 5 

participants were excluded because they did not make enough errors (i.e., fewer than 4) and 

4 for poor data quality. Seven participants did not complete the Time 2 visit. One individual 

with a seizure disorder was excluded from all Time 1 and 2 task analyses. In total, 77, 69, 

and 67 individuals completed the Time 1 doors, flankers, and go/no-go tasks, respectively, 

and 71, 70, and 65 completed the T2 doors, flankers, and go/no-go tasks, respectively.

Statistical analyses were conducted using IBM SPSS Statistics, Version 26.0 (Armonk, NY, 

USA). A 2 (trial type) x 2 (time) repeated measure analysis of variance (ANOVA) was 

used to assess for differences in mean ERP responses between gain and loss trials (for 

the doors task) and error and correct trials (for the flanker and go/no-go tasks), time, or 

their potential interaction. Split-half reliability was examined by calculating the correlation 

between averages based on odd- and even-numbered trials, corrected using the Spearman­

Brown prophecy formula (Nunnally et al., 1967). In addition, the overall internal reliability 

of the ∆RewP and ∆ERN difference scores was estimated using an adjusted formula (Furr & 

Bacharach, 2013). Test-retest reliability was evaluated using Pearson’s r. All participants had 

a minimum of 14 gain and 18 loss trials in the doors task and 4 errors and 39 correct trials 

in the flankers and go/no-go tasks. All psychometric analyses utilized all trials (30 gain and 

30 loss trials) for the doors task and the first 50 error and correct trials for the flankers and 

go/no-go tasks. Given that research indicates that a reliable ERN can be achieved in as little 

as 6–8 error trials in children (Meyer et al., 2013), 50 trials was determined as a conservative 

cutoff for the current analyses.

Results

Preliminary Analyses

The intervention did not impact error- or reward-related neural activity (see Supplemental 

Materials). Therefore, all analyses were collapsed across both groups.

Task Effects

Table 1 shows the ERP and behavioral data for the flanker and go/nogo tasks at Time 

1 and Time 2. Figure 1 depicts the doors, flankers, and go/no-go task waveforms and 
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scalp distributions. The neural response to gain feedback was more positive than the neural 

response to loss feedback, F(1,68) = 16.43, p < .001. Although the effect of outcome did 

not vary as a function of time, F(1,68) = .08, p = .773, there was a significant main effect 

of time, F(1,68) = 13.50, p < .001, such that both the FN and RewP were more positive at 

Time 2, t(68) = −3.15, p =.002, t(68) = −2.85, p = .006, respectively. In the flanker task, the 

neural response to errors was more negative than the neural response to correct responses, 

F(1,60) = 10.50, p = .002. The effect of outcome did not vary as a function of time, F(1,60) 

= .03, p = .870, and there was no significant main effect of time, F(1,60) = .84, p = .364. In 

the go/no-go task, the neural response to errors was more negative than the neural response 

to correct responses, F(1,53) = 69.83, p < .001. The effect of outcome did not vary as a 

function of time, F(1,53) = 1.76, p = .191, and there was no significant main effect of time, 

F(1,53) = .57, p =.455.

Internal Consistency

The RewP and FN achieved acceptable internal consistency at both Time 1 and Time 

2 (Table 2; r’s ranged from .71–.80). As expected, the ∆RewP did not reach acceptable 

internal consistency (r’s were .27 and .21 at Time 1 and 2, respectively).

Using the flanker task, the CRN achieved acceptable internal consistency at both Time 1 and 

Time 2 (Table 2; r’s were .82 and .77 at Time 1 and 2, respectively). However, the ERN only 

reached acceptable internal consistency at Time 1 but not Time 2 (Table 2; r’s were .71 and 

.62 at Time 1 and 2, respectively). The ∆ERN did not reach acceptable internal consistency 

(r’s were .36 and .35 at Time 1 and 2, respectively).

Using the go/no-go task, the CRN achieved acceptable internal consistency at Time 1 and 

Time 2 (Table 2; r’s were both .79). In contrast, the ERN did not reach acceptable internal 

consistency at Time 1 or Time 2 (Table 2; r’s were .67 and .36, respectfully). The ∆ERN did 

not meet acceptable internal consistency (r’s were .48 and .38 at Time 1 and 2, respectively).

Test-Retest Reliability

As shown in Table 2, the FN and RewP were significantly correlated from Time 1 to Time 

2, with large effect sizes (r’s = .56 and .59, respectively; Cohen, 1992). The ∆RewP was not 

significantly correlated from Time 1 to Time 2 (r = .16).

Using the flanker task, only the ERN was significantly correlated from Time 1 to Time 2, 

with a medium effect size (r = .48). The CRN and ∆ERN were not significantly correlated 

from Time 1 to Time 2 (r’s = .25 and .12, respectively).

Table 2 shows that using the go/no-go task, only the CRN was significantly correlated from 

Time 1 to Time 2, with a medium effect size (r = .32). However, the ERN and ∆ERN were 

not significantly correlated from Time 1 to Time 2 (r = −.02 and −.18, respectively).

Discussion

The present study examined the internal consistency and test-retest reliability of reward 

and error-related ERPs in early childhood. Consistent with the extant child and adult 
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psychometric literature (Bress et al., 2015; Levinson et al., 2019; Marco-Pallares et al., 

2011), the RewP and FN exhibited acceptable internal consistency. The RewP and FN 

also showed moderate test-retest reliability across an 8-month time period. The internal 

consistency of the ERN and CRN were also largely within the acceptable range, with the 

exception of the Time 2 ERN using the go/no-go task.

In terms of stability, the test-retest reliability of the ERN and CRN was task-dependent, with 

the ERN showing significant, moderate reliability from Time 1 to Time 2 using the flanker 

task and nonsignificant, low reliability from Time 1 to Time 2 using the go/no-go task. 

Conversely, the CRN showed nearly significant, low reliability and from Time 1 to Time 

2 using the flanker task and a significant, low reliability from Time 1 to Time 2 using the 

go/no-go task.

Altogether, the psychometric properties were stronger using the flanker task than the go/

no-go task. These differences in psychometric properties are consistent with prior studies 

showing that internal consistency of the ERN is moderated by task, with some results 

indicating that the flanker task may more reliably elicit the ERN than the go/no-go task 

(Clayson, 2020; Meyer et al., 2014). As suggested by Meyer and colleagues (2014), these 

discrepancies in reliability of the ERN are likely due to differences in task designs and 

cognitive demands, given that, unlike the flanker task, the go/no-go task requires participants 

to inhibit their responses to no-go stimuli. Consistent with other studies showing that the 

ERN can achieve acceptable reliability in adults (Clayson, 2020) and in older children 

(Meyer et al., 2014; Pontifex et al., 2010), the present study results indicate that the ERN 

may be reliable in early child samples. Therefore, the present study results provide novel 

information about the reliability of the ERN, with results suggesting that the ERN may be 

suitable for samples ranging from early childhood to adulthood.

Similar to previously reported results, the psychometric properties of reward and error­

related ERP difference scores (i.e., ΔRewP and ΔERN) fell short of typical metrics of 

acceptability and temporal stability across all three tasks (Bress et al., 2015; Ethridge & 

Weinberg, 2018; Levinson et al., 2017). This finding was expected given that the reliability 

of difference scores is dependent upon the reliability and variability of their individual 

measures. Thus, if the individual measures do not show acceptable reliability and/or have 

unequal variances, the reliability of the difference score will suffer. Additionally, the 

psychometric properties of the ΔRewP and ΔERN may have also been negatively impacted 

by strong intercorrelations between the RewP and FN, and between the ERN and CRN, 

respectively (Levinson et al., 2017). For these reasons, difference scores used to isolate the 

neural activity of interest generally have been found to have lower reliability, suggesting that 

ERP difference scores will likely not meet typical standards for robust internal and test-retest 

reliability. Yet, despite these limitations, difference score measures may still be clinically 

meaningful if the majority of the reliable variance relates to other measures of individual 

differences (Patrick et al., 2019). Further, if the ΔRewP and ΔERN relate better to clinical 

measures than other neural measures of error or reward processing in children, then ERP 

difference scores may be clinically useful indicators of risk for psychopathology.
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The present empirical results should be considered in light of some limitations. First, 

although our results indicate that, overall, the parenting intervention had no effect on 

the ERN and RewP in young children, it is possible that the intervention did have some 

influence on the stability of these neural markers and/or that the effect of the intervention 

on these neural markers was not detected in the time window assessed. Thus, more research 

is needed aimed at examining the internal consistency and test-retest reliability of the RewP 

and ERN in young children to see whether the present study results can be replicated in 

other young child samples. Additionally, more research is needed investigating whether 

psychosocial or pharmacological interventions can modify these neural markers in children, 

particularly children who may be at risk for the development of psychopathology. Second, 

given that many children had a mother who endorsed a history of anxiety and/or depression, 

it is possible that psychopathological risk may have also influenced the present study results. 

Third, the present study examined the reliability of the ERN and CRN using 50 trials, but it 

is possible that including a greater number of trials in our analyses could have improved the 

reliability of these ERPs. Therefore, future studies are encouraged to examine the reliability 

of these neural markers using a greater number of error and correct trials. Finally, our 

sample was size was limited and future studies are encouraged to examine child ERPs in 

larger clinical and non-clinical samples.

Over the past few decades, researchers have made great strides in better understanding 

neural correlates of psychopathology with the aim of identifying clinically useful biomarkers 

that may aid in the prevention, assessment, and treatment of mental disorders (Insel et al., 

2010). The RewP and ERN have shown much promise as potential biomarkers of risk for 

depression and anxiety disorders, respectively (Meyer, 2017; Proudfit, 2015). However, if 

these neural markers are to be clinically useful, it is critical to first establish that they have 

adequate psychometric properties as well as how their properties may differ among various 

samples. Childhood is a critical period for developmental changes in brain function and 

the emergence of particular forms of internalizing psychopathology thus, examining the 

reliability of the RewP and ERN in child samples is especially important for establishing 

these ERPs as clinically useful biomarkers (Galvan, 2010; Tamnes et al., 2013). The present 

study suggests that among early childhood samples, reward-and error-related ERPs are 

reliable measures of individual differences, but that the clinical utility of error-related ERPs 

may be somewhat dependent upon the task employed.

Future studies should regularly report the psychometric properties of ERPs in their samples, 

as others have advocated (Clayson, 2020; Clayson & Miller, 2017), since the reliability of 

ERPs may differ slightly in each sample. Tasks designed to examine error-related neural 

markers are challenging in that researchers cannot ensure that a particular number of errors 

are elicited by all participants. Thus, designing tasks to be adaptive to participants’ skill level 

and developmentally appropriate are important considerations for study design. Importantly, 

this is one of the only studies to examine the reliability of error and reward-related neural 

markers in an early childhood sample, therefore, more research is needed to further replicate 

these findings in larger samples and examine the reliability of these neural markers across 

development.
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Figure 1. 
Event-related potential (ERP) waveforms (left) and scalp distributions (right) for the doors 

(panel A), flanker (panel B), and go/no-go (panel C) tasks.
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Table 1.

ERP and behavioral data for the flanker and go/no-go tasks at Time 1 and Time 2

Flanker Time 1 Flanker Time 2 Go/No-Go Time 1 Go/No-Go Time 2

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Accuracy (% correct) 77.44 (10.55) 83.39 (7.88) 86.06 (7.99) 89.09 (6.30)

Correct RT (ms) 654 (150) 637 (131) 656 (67) 624 (62)

Error RT (ms) 433 (91) 424 (95) 549 (93) 514 (100)

ERN (μV) 7.56 (9.83) 7.40 (10.09) −0.40 (9.37) 2.20 (15.79)

CRN (μV) 10.26 (8.65) 10.25 (8.17) 9.66 (7.83) 10.19 (9.20)

ΔERN (μV) −2.70 (7.99) −2.85 (8.37) −9.71 (11.61) −7.99 (18.64)

Note. All ERP data are based on participants’ first 50 trials. RT= reaction time; SD= standard deviation.
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Table 2.

Split-half reliability and test-retest reliability for ERP measures from the doors, flankers, and go/no-go tasks at 

time 1 and time 2

Split-Half Reliability Test-Retest Reliability

Task Time 1 Time 2 Pearson’s r

Doors

RewP .73 .70 .59***

FN .80 .71 .56***

ΔRewP .27 .21 .16

Flanker

ERN .71 .62 .48***

CRN .82 .77 .25
+

ΔERN .36 .35 .12

Go/No-Go

ERN .67 .36 −.02

CRN .79 .79 .32*

ΔERN .48 .38 −.18

Note.

+
p < .10.

*
p < .05.

**
p < .01.

***
p < .001
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