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Abstract

Excessive monitoring of one's performance is a characteristic of anxiety disorders that has been 

linked to alterations in implicit emotion regulation (ER), including elevations in neural measures 

of performance monitoring (i.e., error- and correct-related negativity; ERN and CRN). Elevations 

in ERN and CRN amplitudes have been reported consistently in anxiety disorders, suggesting 

that an overactive performance monitoring system is linked to ER difficulties in anxiety. Yet, 

the relevance of these lab-based neural measures for day-to-day emotional functioning remains 

poorly understood. This study examined the degree to which ERN and CRN amplitudes are 

associated with measures of daily ER difficulties in youth with anxiety disorders. Youth (N = 

100, Mage = 11.14, SDage = 1.46) completed a computerized flanker task assessing the ERN and 

CRN. They then completed a 5-day ecological momentary assessment (EMA) protocol assessing 

their daily ER (i.e., intensity of momentary and peak negative affect, intensity of worry, reliance 

on maladaptive ER strategies). Results showed that more negative mean CRN amplitudes were 

associated with higher levels of negative emotional reactivity and more intense worries. There 

were no significant associations between ERN amplitude and EMA measures. Furthermore, 

elevations in CRN were linked to more frequent use of maladaptive ER strategies (i.e., rumination, 

physiological reactivity, avoidance). Together, results indicate that among youth with anxiety, 

individual differences in CRN, but not ERN, amplitudes are related to daily ER difficulties. 

Findings highlight the clinical utility of a lab-based neural measure of ER, suggesting that the 

CRN, rather than the ERN, reflects individual ER differences in the context of daily life among 
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youth with pediatric anxiety disorders. As such, the CRN might serve as an important dimensional 

index of a treatment target that can be tracked with a validated, multi-method measure.

Keywords

Error-related negativity; Correct-related negativity; Pediatric anxiety disorders; EEG; Emotion 
regulation; Cognitive control; Ecological momentary assessment

Anxiety disorders are prevalent and impairing disorders that often onset in childhood and 

adolescence and heighten risk for later anxiety, mood, and substance use disorders (Kessler 

et al., 2005; Lonigan et al., 2004). Building on studies that link anxiety with alterations 

in emotion regulation (ER) (see Cisler and Koster, 2010, for review), researchers have 

sought to clarify the role that alterations in an implicit ER subprocess (Phillips et al., 

2008), performance monitoring, plays in the development and maintenance of anxiety 

disorders (Meyer, 2017). Compared to healthy controls, youth and adults with anxiety 

disorders (Ladouceur et al., 2006; Meyer et al., 2013; Moser et al., 2013; Weinberg et al., 

2010) exhibit heightened neural responses to errors (i.e., elevated error-related negativity, 

ERN), suggesting that the ERN could be a biomarker (Hanna et al., 2020; Meyer, 2017) 

of clinically-significant anxiety – anxiety levels that impact daily functioning. However, 

implications of variations in neural indices of performance monitoring on a day-to-day 

basis for anxious patients have not been determined, limiting our understanding of the 

generalizability and clinical significance of the ERN. We therefore sought to examine the 

degree to which ERN amplitude is associated with daily-life ER difficulties among youth 

diagnosed with anxiety disorders, measured by ecological momentary assessment (EMA) 

measures of emotional intensity, worry, and reliance on maladaptive ER strategies. We 

also sought to clarify whether this relationship was specific to error monitoring (i.e., the 

error-related negativity, or ERN), or whether neural activity following correct responses (i.e., 

the correct-related negativity, or CRN) was also associated with ER difficulties in daily 

life. Findings from this study are an important first step in understanding the implications 

of the ERN and/or CRN for characterizing variations in anxious youth's daily emotional 

functioning and for improving the treatment of anxiety disorders by targeting performance 

monitoring processes to enhance anxious youth's capacity for ER.

1.1. The ERN, CRN, and anxiety

The ERN and CRN are negative fronto-central deflections in the electroencephalogram 

(EEG) occurring within 100 ms of a response onset and are thought to be generated within 

a network of brain regions associated with performance monitoring that includes the anterior 

cingulate cortex (ACC), with the ERN following commission errors and the CRN following 

correct responses (Falkenstein et al., 1991; Gehring et al., 1993). Relative to the ERN, the 

CRN is typically a smaller and less negative deflection in the waveform (Allain et al., 2004; 

Burle et al., 2008; Vidal et al., 2000, 2003). Although the ERN has been consistently linked 

to performance monitoring, various theories exist regarding the specific functional role(s) 

of this neural index (Gehring et al., 2012). Some posit that the ERN reflects evaluative 

aspects of cognitive control (Yeung et al., 2004), while others consider it to reflect dopamine 
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learning signals in the ACC (Holroyd and Coles, 2002), with the ERN serving as an 

early indicator for the need for adaptive behavior. That is, the ERN signals the need for 

adjustments in action, attention, and or emotional salience (Ullsperger et al., 2014).

With respect to anxiety and anxiety-related disorders (e.g., obsessive compulsive disorders, 

or OCD), an elevated ERN has been conceptualized as signaling heightened sensitivity to 

internal threat (Weinberg et al., 2015). AN elevated ERN has been associated with increased 

emotional arousal, or aversiveness, following error commission (Hajcak and Foti, 2008; 

Proudfit et al., 2013) as well as the recruitment of compensatory cognitive control processes 

(Moser, 2017). Each of these perspectives on why individuals with anxiety disorders exhibit 

an elevated ERN has implications for understanding the ER difficulties that individuals 

with anxiety experience in daily life. Notably, EMA studies have found that youth with 

anxiety report more intense negative emotional reactions to self-nominated stressors (Tan 

et al., 2012) and greater difficulty disengaging from repetitive negative thoughts (Newman 

et al., 2019), examples of emotional behaviors in daily life that might stem from increased 

sensitivity/reactivity to internal threat as well as deficits in cognitive control.

Although a large literature has examined the ERN in relation to anxiety (Meyer, 2017; 

Michael et al., 2021; Weinberg et al., 2015), fewer studies have specifically examined 

relations between CRN magnitude and anxiety. There is, however, some evidence to posit a 

similar, but less robust, association between an elevated CRN and clinical levels of anxiety 

(Michael et al., 2021; Moser et al., 2013). Nonetheless, much remains unknown about the 

role that the CRN might play in anxiety, especially in comparison to the number of studies 

linking the ERN to regulatory processes implicated in anxiety and anxiety-related disorders 

(e.g., Carthy et al., 2010; Joormann and Tanovic, 2015; Ochsner and Gross, 2005). Some 

theories suggest the CRN may be an artifact resulting from post-stimulus processing or 

partial error-processing (Coles et al., 2001). Others conceptualize the CRN as a meaningful 

signal, reflecting conflict resulting from a mismatch between one's intended and actual 

response (Luu et al., 2000), the degree to which a response was accurate but suboptimal 

(e.g., too slow), or uncertainty about the accuracy of one's response (Pailing and Segalowitz, 

2004). An elevated CRN could, therefore, be attributed to an overactive performance 

monitoring system where all actions are excessively monitored due to heightened concerns 

about being correct (e.g., perfectionism) or an elevated negative self-focus (e.g., rumination). 

If this is the case, it is reasonable to expect that an elevated CRN could be associated with 

dimensions of anxiety such as worry and rumination.

Methodological factors, specifically the quantification of ERPs in terms of the difference 

in within-subject conditions (i.e., ERP activity following correct vs. erroneous responses), 

may have also obscured our understanding of the degree to the ERN-anxiety association 

is attributable to alterations in error processing. Difference-based quantification methods 

have been used to isolate neural activity associated with one condition relative to another 

in ERP studies (Luck, 2005). As such, a common conclusion of ERP studies using a 

subtraction-based difference score (ΔERN or ERNMamplitude – CRNMamplitude) to study 

anxious vs. nonanxious group differences in performance monitoring is that individuals with 

elevated-to-clinically levels of anxiety have an overactive error detection system. Although 

informative of an association between error monitoring and anxiety, subtraction-based 
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difference scores do not assess the degree to which individual differences in performance 

monitoring processes following correct responses might also contribute to individual 

differences in anxiety. Indeed, there is some evidence to suggest that individual differences 

in ΔERN are driven by variability in the CRN rather than the ERN (Grammer et al., 2014; 

Ladouceur et al., 2018), underscoring the importance of examining both the CRN and 

ERN when investigating associations between individual differences in neurophysiological 

indices of performance monitoring and behavior. Moreover, because the ΔERN typically 

correlates with both the ERN and CRN in inverse directions, it is difficult to determine 

the relative contribution of the CRN vs. ERN (see Meyer, 2017). Consequently, there is a 

need to separately examine CRN and ERN amplitudes to better understand the aspects of 

performance monitoring that contribute to anxious symptoms.

Taken together, there have been significant advances in our understanding of how the 

ERN, and to a lesser degree the CRN, marks clinical vs. non-clinical group differences 

in anxiety severity. These advances have significant implications for identifying clinical 

risk in terms of diagnostic status and the development of anxiety disorders (Meyer et 

al., 2018). However, variability in ERN and CRN amplitude among youth diagnosed with 

anxiety disorders could have important implications for understanding heterogeneity in this 

population. Moreover, because much of this line of research has focused on links between 

neural indices of performance monitoring and clinical symptoms obtained from clinical 

interviews or self-report rating scales, we have a limited understanding of the daily life 
significance of alterations in neural indices of performance monitoring (i.e., ERN and CRN) 

obtained from laboratory tasks as they are implemented in daily life. That is, does an 

over-active performance monitoring system translate to heightened emotional reactivity or 

maladaptive ER experienced by youth as they partake in daily activities in the rich context of 

their natural social environments?

Among youth with impairing levels of anxiety, an elevated ERN in the lab might, for 

example, reflect heightened catastrophizing of mistakes (“People are going to think I'm 

the worst student in the class”; “No one will talk to me after I trip on the stairs”). More 

negative CRN amplitudes might, on the other hand, reflect a negative self-focus about the 

possible correctness and/or appropriateness of one's behavior (“What if my response is 

actually wrong?”; “What if they were laughing at me, not at my joke?”). That is, CRN 

amplitude might track with an aspect within the distress dimension of anxiety – a tendency 

to worry. Although other clinical or self-report measures may also provide some indication 

of how neural indices of performance monitoring relate to clinically relevant functional 

domains, individuals (especially youth) may be less accurate when reporting on patterns of 

emotional reactivity and maladaptive ER retrospectively. Further, these rating scale measures 

tend to reflect broader trait tendencies to use certain types of strategies that may not reflect 

ER as it is naturalistically deployed in the context of day-to-day life (see McMahon and 

Naragon-Gainey, 2020).

1.2. Linking the ERN/CRN with emotional functioning in daily life

To our knowledge, only three studies have examined associations between the ΔERN and 

daily emotional functioning. Both were conducted in community samples. First, Compton et 
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al. (2008) found that a larger ΔERN was associated with lower levels of stress reactivity, 

suggesting that elevated (i.e., more negative) ERNs reflect higher levels of cognitive 

control that also contributed to enhanced ER in adults without anxiety disorders. Second, 

in a follow-up study of undergraduates with elevated depressive symptoms, Compton et 

al. (2011) identified a trend relationship between an elevated ΔERN and reduced stress 

reactivity, supporting the view that an elevated ΔERN reflects higher levels of evaluative 

cognitive control that aid stress regulation in daily life. Third, a recent study (Overmeyer 

et al., 2021) reported a similar pattern of findings using a sophisticated analytic approach 

to identify the neurophysiological measures of performance monitoring (ERN, CRN, and 

ΔERN amplitudes from fronto-central electrodes quantified across the response-locked ERP 

waveform) that explained the most variance in self-control among a community sample 

of adults. Self-control, conceptualized as an aspect of self-regulation, was defined as the 

ability to resist a conflict-laden desire (e.g., a desire that conflicts with a long-term goal 

or personal standard) and was assessed using EMA. Findings from the study showed that 

attenuated (i.e., smaller or less negative) ΔERNs and ERN amplitudes were associated with 

more frequent self-control failures. Together, these findings are consistent with the view that 

among adults who report no psychopathology, larger ERNs reflect effective cognitive and 

emotion regulation (i.e., higher levels of self-control).

How, then, might researchers and clinicians understand the apparent discrepancy in the 

ERN-adaptive self-regulation association between individuals with normative (i.e., Compton 

et al., 2008, 2011; Overmeyer et al., 2021) vs. clinical levels of anxiety (see Moser et al., 

2016; Weinberg et al., 2015)? That is, if more negative ERN amplitudes reflect better self-

regulation processes, then why might an elevated ERN be associated with problematic and 

clinical levels of anxiety when evidence suggests that anxiety disorders are characterized by 

altered cognitive and emotional regulation (Cisler and Olatunji, 2012; Mennin et al., 2002; 

Eysenck et al., 2007)? One way researchers have tackled this issue is by conceptualizing 

the ERN as an early signal of the need for adaptive control (Ullsperger et al., 2014). The 

regulatory processes that occur following the early ERN warning signal, however, might not 

be effectively and/or efficiently executed (Moser et al., 2013) or, perhaps, even misapplied 

and result in maladaptive behaviors (Overmeyer et al., 2021).

Indeed, researchers have suggested that larger, more negative ERN amplitudes might not be 

related to adaptive behaviors among individuals with OCD (Gillan et al., 2017) because 

ERN amplitude could reflect misguided regulatory processes that transform a typical 

behavior (e.g., checking the locks) into an unhealthy compulsion (checking the locks 50×/

day). Likewise, it is possible that larger ERN amplitudes among youth with clinical levels 

of anxiety could reflect misguided regulatory processes that transform a typical thought (“I 

didn't do well on that test”) into an intense and frequent worry (“I failed the course and 

will be held back a grade”). As such, one might expect that youth with impairing levels of 

anxiety who exhibit elevations in neural indices of performance monitoring (i.e., elevated, 

more negative ERN and CRN) would experience greater difficulties in ER in daily life 

relative to those with attenuated ERN and CRN amplitudes.

In the present study, we focused on early adolescence when rates of generalized and social 

anxiety disorders begin to increase (Beesdo et al., 2009; Kessler et al., 2005). Consistent 
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with prior research in pediatric anxiety, we examined neural indices of performance 

monitoring in youth diagnosed with generalized anxiety (GAD), social anxiety (SocAD), 

and/or separation anxiety disorder (SAD) using an archival study examining treatment-

related changes in neural and behavioral correlates of pediatric anxiety disorders (Ladouceur 

et al., 2018). Specifically, we examined, in youth with these anxiety disorders, the degree to 

which the ERN and CRN were related to daily ER difficulties using ecological momentary 

assessment (EMA) to measure youth's negative emotion, reliance on maladaptive ER 

behaviors such as avoidance, rumination, or physiological arousal, and level of worry. 

Considering theories suggesting that among individuals with anxiety disorders, larger (i.e., 

more negative) ERN amplitudes reflect greater negative reactivity to errors (Proudfit et al., 

2013) and/or inefficient, or compensatory, processes (Moser et al., 2013), it is expected 

that elevations in ERN amplitude would be associated with ER difficulties (i.e. experience 

of more intense negative emotions, heightened negative emotional reactivity) in daily life 

among youth diagnosed with anxiety disorders. We also explored a secondary hypothesis 

that more negative CRN amplitudes would be associated with higher intensity worries in the 

daily life of youth with anxiety.

2. Methods

2.1. Participants

Participants (N = 100; 9–14 years) included youth with anxiety who provided good quality 

data from the Flanker Task (see Supplementary information: Fig. 1), defined as participants 

who showed accuracy ≥70 % and who, following initial visual inspection of EEG data had 

fewer than 11 electrode channels and/or the FCz or Fz electrode channels rejected for poor 

data quality. Youth were a subset of participants recruited as part of a randomized clinical 

trial study examining the neurobehavioral mechanisms of individual treatment in pediatric 

anxiety disorders (Silk et al., 2016). All participants met DSM-IV criteria for current 

Generalized Anxiety Disorder (GAD), Social Anxiety Disorder (SocAD), and/or separation 

anxiety disorder (SAD). Exclusion criteria included: IQ < 70 (assessed via the Block Design 

and Vocabulary subtests of the Wechsler Abbreviated Scale of Intelligence; WASI), use of 

psychoactive medications, presence of neurological impairments, current primary diagnosis 

of major depressive disorder and other current (e. g., PTSD) or lifetime (e.g., psychosis) 

Axis-I diagnoses. Table 1 outlines participant sociodemographic and clinical characteristics.

2.2. Procedures

Study procedures, including obtaining written informed consent from the primary caregiver 

and written assent from the participant, were approved by the University of Pittsburgh's 

Institutional Review Board. Interviews and rating scales were administered to the child and 

his/her primary caregiver before and after treatment by an independent evaluator. Following 

the intake assessment, participants completed an EEG assessment that assessed brain 

activity following responses using event-related potentials (ERPs) as well as an ecological 

momentary assessment (EMA) protocol to assess youth's daily emotional reactivity and 

regulation in their natural social environments. This study uses archival data to examine 

associations between ERP and EMA measures obtained prior to starting treatment. Results 
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examining treatment-related changes in these measures have been previously reported 

(Ladouceur et al., 2018).

2.3. Assessment of clinical functioning

The Schedule for Affective Disorders and Schizophrenia in School-Age Children—Present 
and Lifetime Versions (Kaufman et al., 1997) was administered by independent evaluators 

to determine the presence of other Axis-I disorders. Parents and youth were interviewed 

separately, with independent evaluators (trained BA- and MA-level research clinicians) 

integrating data from both informants to arrive at final diagnoses (Silk et al., 2016). Inter-

rater reliability between interviewers was calculated for 16 % of interviews, with high 

reliability for anxiety diagnoses (Kappa = 0.97).

2.4. Ecological momentary assessment

2.4.1. EMA protocol—We used a cellphone methodology developed for collecting EMA 

data on youths' day-to-day emotional functioning (Tan et al., 2012). In brief, youth received 

two calls each day on weekdays and four calls each day on weekends, for a total of 14 calls 

across 5 days. Calls occurred randomly within pre-specified 3-hour time windows and were 

conducted by trained research assistants. During each call, youth were asked to rate their 

negative emotions (herein referred to as momentary negative emotion (momentary NE)) and 

level of worry at the time of the call (herein referred to as momentary worry); they were 

also asked to nominate the most negative event that occurred within the past hour, even 

if they were minor events. Youth were then asked to rate emotions associated with their 

self-nominated “worst” event (herein referred to as peak negative emotion (peak NE) and 

their behavioral responses to that event (herein referred to as ER behaviors; see Silk et al., 

2003). This 5-day protocol was repeated throughout treatment, but data here focus only on 

the pre-treatment EMA assessment.

Based on previous research, momentary and peak emotion ratings were made using four 

negative emotions (nervous, upset, sad, angry) (Laurent et al., 1999; Silk et al., 2003). 

Emotions and worries were rated on a scale from 1 (very slightly or not at all) to 5 

(extremely). The ER behaviors assessed were taken from a previous EMA study (Silk et 

al., 2011), which was adapted from the Responses to Stress Questionnaire (Connor-Smith 

et al., 2000). Consistent with prior work, youth could endorse multiple ER behaviors for 

the same event (Silk et al., 2011). Dichotomous variables indicating the presence or absence 

of each ER behavior were used to create composite variables indexing the proportion of 

negative events in which youth used strategies that the literature has classified maladaptive 

(i.e., avoidance, rumination, physiological response) (Connor-Smith et al., 2000; Hampel 

and Petermann, 2005). Overall, the compliance rate for the EMA protocol was high, with 

youth completing an average of 91 % of phone surveys (M = 12.74/14 surveys, SD = 1.46, 

ranging from 7 to 14); EMA compliance rates did not differ for youth with and without 

SocAD (t = 0.27, p = .39).

2.5. Performance monitoring ERPs

2.5.1. Eriksen flanker task—An arrow version of the flanker task was administered 

using E-prime 2.0 software (Eprime Inc., Pittsburgh, PA). As previously described 
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(Ladouceur et al., 2006, 2018), the task included presentation of five horizontal arrows, 

with 50 % congruent trials and 50 % incongruent trials. Participants were asked to respond 

as fast and as accurately as possible on a keyboard using their right and left index fingers 

according to the direction of the central arrow. Additionally, to encourage both fast and 

accurate responding, participants received feedback based on their performance at the end of 

each block. If performance was 75 % correct or lower, the message “Please try to be more 

accurate” was displayed; performance above 80 % correct was followed by “Please try to 

respond faster”; otherwise, the message “You're doing a great job” was displayed. The task 

comprised of 3 blocks of 200 trials each, with 30 practice trials. All stimuli were presented 

for 200 ms followed by an inter-trial interval that varied randomly between 500 and 1500 

ms, during which a fixation cross was presented.

2.5.2. EEG data acquisition and processing—Continuous EEG activity was 

recorded using an the ActiveTwo 128-channel BioSemi system (BioSemi, Amsterdam, The 

Netherlands) sampled at 512 Hz. BioSemi ActiveTwo hardware is DC-coupled and applies 

digital low-pass filtering through its ADC's decimation filter which has a fifth-order sync 

response with a 3 dB point at one-fifth of the sample rate (i.e., approximating a low-pass 

filter at 100 Hz). An elastic Active Two Lycra head cap was placed on the youth's head 

and 128 Ag/AgCl-tipped electrodes were attached to the cap. Two electrodes were placed at 

supra and infra orbital sites of the right eye to monitor vertical eye movements and 2 on the 

outer canthi of the left and right eyes to monitor horizontal eye movements. In addition, 2 

electrodes were placed on the mastoids (right and left) and 1 on the tip of the nose.

Offline, all data processing was performed using Brain Electrical Signal Analysis (BESA) 

software. Although EEG data were recorded using the tip of the nose as the reference (Light 

et al., 2010), the ActiveView system saves raw reference-free EEG data. Offline, data were 

re-referenced to the tip of the nose and filtered using Butterworth zero-phase filters, with a 

high-pass filter at 0.01 Hz with a cutoff slope of 6 dB/oct and a low-pass filter at 30 Hz with 

a cutoff slope of 24 dB/oct. A semi-automated pre-processing procedure was used to reject 

bad channels and trials with significant signal artifact. After visual inspection to identify bad 

channels, segments were extracted from the continuous EEG, from 200 ms prior to correct 

and erroneous responses to 800 ms following responses. ERP data were corrected for blinks 

and eye-movements using the method developed by Gratton et al. (1983). Research indicates 

that data that the ERN is stable after 6 trials (Olvet and Hajcak, 2009). For this study, 

ERN data was excluded from analyses if the EEG was contaminated by excessive artifact 

or the participant had fewer than 10 errors in order to better ensure more reliable signals 

within a sample of youth with anxiety disorders. As detailed in Ladouceur et al. (2018), a 

semi-automatic procedure was used to detect and reject artifacts according to the following 

criteria: a voltage step of >50 μV between data points, a voltage gradient of 150 μV within 

trials, a signal of <0.1 μV across the trial, or reaction times occurring outside of a 100–2000 

ms window. Visual inspection of the data served to detect and reject any remaining artifacts. 

As a result, of the 130 participants with anxiety who completed the baseline ERP assessment 

as part of their participation in the larger RCT, 30 youth were excluded from analyses.
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2.5.3. EEG data reduction and analyses—To quantify the response-locked ERPs, 

averages were computed separately for correct and error trials. Baseline correction was 

applied by subtracting from each data point the average activity in a −150 to −50 ms 

window prior to the response. Following artifact rejection, an average of 46 (94.6 % of total 

possible trials) error trials and 520 (94.51 % of total possible correct trials) correct trials 

were included in EEG analyses A paired-sample t-test showed that the two conditions (error 

and correct) did not significantly differ with respect to the percentage of trials retained, t = 

0.130, p = .90. The ERN and CRN were scored as the average activity on error and correct 

trials, respectively, from 0 to 90 ms window after response onset at scalp site FCz, where 

error-related brain activity was maximal. Decisions regarding the choice of baseline and 

quantification of average ERN/CRN activity were informed by pervious work on the ERN in 

anxious clinical populations (e.g., Hajcak et al., 2005; Ridderinkhof et al., 1997; Botvinick 

et al., 2004) and an aim to be consistent with previously published findings reporting on the 

ERN from this sample (Ladouceur et al., 2018).

3. Results

3.1. Preliminary analyses

Descriptive statistics for behavioral performance on the Flanker task and main study 

variables (i.e., ERN/CRN mean amplitude; EMA ratings of momentary NE, peak NE, worry 

intensity, and reliance on maladaptive ER behaviors) can be found in Table 2. Age and sex 

were included as covariates based on previous research showing age and sex differences 

in anxiety symptoms and ERN magnitude (e.g., Grammer et al., 2014; McLean et al., 

2011; Larson et al., 2011; Lewinsohn et al., 1998; Lo, 2018; Santesso et al., 2011). After 

controlling for age and sex, there were expected trial type and response type main effects, 

indicating that mean reaction times were faster for incorrect than correct responses (F = 

12.12, df = 1,97, p < .01, ηp
2 = 0.11) and that on correct trials, mean reaction times were 

slower for the incongruent than congruent trial types (F = 11.14, df = 1,97, p < .01, ηp
2 = 0.11) 

and that. Post-error slowing, calculated as the average difference in reaction times from trials 

subsequent to an error compared to reaction times in trials following correct trials, was also 

marginally greater for incongruent trials than congruent ones (F = 207.09, df = 1,97 p = 

.03, ηp
2 = 0.04). Fig. 1 presents response-locked ERP data for correct and error trials at FCz 

for youth with anxiety (N = 100), which shows that ERP amplitude was significantly more 

negative for error compared to correct trials (F = 5.12, df = 1,97, p = .03, ηp
2 = 0.05). As 

shown in Table 3, we also examined bivariate associations between the two ERP indices 

of performance monitoring, ERN and CRN mean amplitude, and behavioral performance 

variables from the Flanker task; there were no significant associations between ERP and 

behavioral performance variables. All analyses were performed using SPSS 25.

3.2. Associations between performance monitoring ERPs and EMA measures

Because EMA data have a two-level hierarchical structure, with calls nested within 

individual, associations between ERP indices of performance monitoring and EMA indices 

of daily emotional reactivity and regulation were analyzed using multi-level linear mixed 

(MLM) models that included momentary negative affect, worry, and peak negative affect 

as time-varying dependent variables and ERN and CRN mean amplitudes independent 
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variables as fixed effects at level-2 of the model. Continuous predictors (i.e., ERN, CRN, 

age) were centered at the sample mean; time was linearly entered as a fixed effect with t = 0 

defined as the first EMA assessment (i.e., first EMA phone call). Age and sex were included 

as covariates at level-2 because of research showing that sex differences in anxiety levels 

(Lewinsohn et al., 1998; McLean et al., 2011) as well as sex (e.g., Larson et al., 2011) and 

age-related differences in ERN magnitude (e.g., Grammer et al., 2014; Lo, 2018; Santesso et 

al., 2011). All models included a random intercept and a within-group correlation structure 

of the form autoregressive order 1 (AR1) was used because calls occurred on consecutive 

days, resulting in correlated residuals that were expected to show decreasing dependency 

within increasing time lags.

Three MLM models examining associations between ERN and CRN amplitude and (1) 

momentary NE, (2) worry, and (3) peak NE showed that, after controlling for age and sex, 

there were no significant associations between individual differences in ERN amplitude 

and individual differences in any of the three EMA indices of daily emotional reactivity 

and regulation (all p's > 0.20). In contrast, greater (more negative) CRN amplitudes were 

significantly associated with individual differences in anxious youth's peak negative emotion 

(B = −0.05, t = −02.60, p = .01) and worry (B = −0.11, t = −3.22, p < .01). Specifically, 

for every 1 unit decrease in CRN amplitude, it expected that youth in this study experience 

an increase of 0.05 units in level of peak NA and an increase of 0.11 units in worry 

intensity. There was no significant association between CRN amplitude and momentary 

NE. Results from the MLM models can be found in Table 2. Associations between CRN 

amplitude and both peak NE (corrected p = .02) and worry intensity (corrected p = .01) 

remained significant following multiple comparison correction using FDR (Benjamini and 

Hochberg, 1995). Results from the MLM models can be found in Table 4. Overall, MLM 

results indicated that among youth with anxiety disorders, elevated (more negative) CRN 

amplitudes were associated with greater negative emotional reactivity (i.e., higher levels 

of negative emotion reported following a self-nominated stressor) as well as more intense 

worries.

A similar pattern of results was found for an ordinary least squares regression (OLS) model 

examining associations between ERN and CRN amplitude and the use of different ER 

strategies in youth diagnosed with anxiety disorders. Results showed that after controlling 

for age and sex, higher (more negative) CRN amplitudes (B = −0.27, B = −0.01 [−0.02; 

−0.00], t = −2.63, p = .01) were associated with greater reliance on maladaptive ER 

strategies (F = 3.20, df = 4,95, p = .02, R2 = 0.12). ERN mean amplitudes (B = 0.14, B 

= 0.00[−0.00; 0.01]; t = 1.36, p = .20) were not significantly associated with youth's reliance 

on maladaptive ER strategies.

The above MLM analyses were repeated with models that included an interaction term ERN 

× CRN exploring the moderating role of CRN amplitude on ERN amplitude. The interaction 

term was not significant in any model (see Supplemental materials, Table S1). Thus, we 

present results from the more parsimonious model excluding the interaction term. Finally, 

an additional three MLM models examined 2-way interactions between time and ERN/CRN 

amplitude to test the degree to which ERN and/or CRN amplitude might moderate change in 

worry or in momentary or peak NE. Specifically, time × ERN and time × CRN interaction 
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variables were included as fixed effects on level 2 of the models predicting. Results from 

MLM models showed that neither ERN nor CRN amplitude moderated change in level of 

worry or negative emotionality for anxious youth (see Table 5); this pattern of results is 

consistent with the view that more negative CRN amplitudes are generally associated with 

ER difficulties that youth with anxiety disorders experience in daily life.

4. Discussion

Findings from this study contribute to a deeper understanding of the clinical implications of 

neural indices of performance monitoring for youth diagnosed with anxiety disorders (i.e., 

separation anxiety disorder, generalized anxiety disorder, social anxiety disorder, and/or 

specific phobia), providing some of the first evidence of relations between laboratory-based 

neural measures and behavioral measures of anxious youth's day-to-day emotional reactivity 

and regulation. Contrary to our hypothesis, more negative ERN amplitudes were not 

associated with increased levels of negative emotional reactivity and ER difficulties in daily 

life. Rather, we found that more negative CRN mean amplitude is linked to higher levels of 

peak negative emotion and a greater reliance on maladaptive ER strategies). We also found, 

as hypothesized, a relationship between CRN amplitude and worry intensity. Together, 

findings indicate that the CRN amplitude, rather than ERN amplitude, reflects individual 

differences in the day-to-day emotional reactivity and regulation of clinically-anxious youth, 

suggesting that the CRN may be particularly relevant for assessing – and understanding – 

variabilities in clinical presentation and impairment in pediatric anxiety disorders.

The absence of significant associations between ERN amplitude and daily emotional 

functioning was unexpected but may shed light on the pathophysiology and etiological 

processes that underlie pediatric anxiety disorders. As highlighted by previous studies 

of associations between neurophysiological measures of performance monitoring and 

behavioral measures of self-regulation in non-clinical samples (Compton et al., 2008; 

Overmeyer et al., 2021), the ERN may reflect evaluative aspects of error monitoring that 

signal need for enhanced cognitive control (Botvinick et al., 2001; Holroyd and Coles, 

2002). However, the behavioral changes that involve the cognitive control subprocesses 

that are, in part, recruited by the ERN signal may not necessarily be adaptive (Inzlicht 

et al., 2015). It is possible that among clinically anxious individuals, who are thought to 

experience greater aversion to errors (Weinberg et al., 2015), the ERN signal may contribute 

to maladaptive regulatory processes, for example, over-regulation (e.g., freezing, avoidance, 

overcorrection), rather than adaptive behavior.

The lack of an ERN-anxiety association within our sample of youth with an anxiety 

disorder is also broadly consistent with other studies reporting null associations between 

ERN amplitude and measures of anxiety severity in clinical samples (for a review, see 

Meyer, 2017). However, when considering links between the ERN and day-to-day emotional 

functioning, it is perhaps unsurprising that a measure of error-related neural activity obtained 

from a situation that likely elicits a high degree of self-consciousness from everyone – 

performing a task while being carefully observed in a research laboratory – was unrelated to 

variations in daily functioning of youth with anxiety. On the other hand, because the CRN 

is posited to reflect higher levels of uncertainty and/or concern about one's performance 
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(Pailing and Segalowitz, 2004; Simons, 2010), elevations in CRN amplitude could be 

associated with ER behaviors in daily life that involve a preoccupation with potentially 

negative outcomes.

A negative self-focus, particularly regarding potential threats to self, is a hallmark of anxiety 

disorders. Many youth with anxiety disorders are concerned with making good impressions, 

following the rules, and staying away from dangers that range from social embarrassment 

to dog bites (Kendall et al., 2010; Silverman et al., 1995) – behaviors that are supported 

by enhanced monitoring of one's actions that likely automatically occur even during simple 

tasks that have a “correct” or “incorrect” behavior. Thus, as a neural signal of enhanced 

performance monitoring (even) when one is correct, it is perhaps unsurprising that individual 

differences in the CRN, rather than the ERN, are associated with EMA measures reflecting 

day-to-day worry tendencies including heightened negative emotionality, greater use of 

rumination and avoidance as ER strategies, as well as more intense worries.

The idea that the CRN captures individual differences in the distress dimension of anxiety, 

such as a tendency to worry, is also consistent with results linking elevated CRN amplitudes 

with elevations in checking symptoms in obsessive compulsive disorder (e.g., Endrass et al., 

2010; Riesel et al., 2014) and perfectionism (Meyer and Wissemann, 2020). There was also 

no evidence that CRN amplitude moderated change in level of negative emotional reactivity 

or worry in anxious youth's daily lives, suggesting that CRN is generally associated with 

difficulties in ER that are reflected in behavioral symptoms of anxiety and anxiety-related 

disorders. Additionally, research has shown that the ΔERN, an ERP measure that includes 

CRN amplitude, increases when there is greater uncertainty in a task (Jackson et al., 2016), 

providing further support for a link between the CRN and performance-related worries. 

Thus, clarifying the role of CRN in patterns of ER observed in youth with anxiety could 

yield new information about the heterogeneity in pediatric anxiety and neurodevelopmental 

mechanisms. For example, further study is needed to determine why variations in the CRN 

are linked to maladaptive ER in anxiety, including the possibility that CRN magnitude 

reflects (a) the degree to which youth with anxiety experience concerns and/or uncertainty 

about “doing a good job” interferes with ER, (b) whether CRN amplitude is specifically 

associated with performance-related worries vs. more generally related to all worries, and (c) 

if the CRN-worry association is observed only within pediatric anxious populations. Future 

research comparing ERN-EMA associations in youth without anxiety disorders or with other 

emotional disorders is also needed to clarify the functional roles of the CRN and ERN.

It is also noteworthy that findings from the current study differ from those of other studies 

linking ERP indices of performance monitoring and EMA indices of emotional reactivity 

and regulation. Unlike Compton et al. (2008, 2011) who found that greater ΔERN was 

associated with adaptive ER, specifically reduced stress reactivity, in community samples 

of young adults, we found that elevated CRN amplitude was associated with measures that 

likely reflect maladaptive ER processes in youth diagnosed with anxiety disorders, such as 

heightened negative reactivity to daily stressors, more intense worries, and a greater reliance 

on maladaptive ER strategies. Such discrepant findings could be attributed to differences 

in sample characteristics (e.g., age, severity of anxiety, severity of co-occurring depression 

and/or ADHD) or the paradigm used to assess neural indices of performance monitoring 
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(Boen et al., 2021). The pattern of results from our study suggests that there may be a 

threshold of clinical significance (i.e., typical vs. problematic anxiety) where monitoring 

of one's performance hinders, rather than supports, one's ability to use performance-related 

feedback to regulate behavior. An additional interpretation to explore is the degree to which 

alterations in the ERN may contribute to inefficient, ineffective, or maladaptive regulatory 

behaviors (Inzlicht et al., 2015). Although we did not find that an interaction between ERN 

and CRN amplitude predicted variance in clinically anxious youth's day-to-day functioning, 

highlighting the need to for future research with larger samples to investigate multivariate, 

temporal associations between different aspects of cognitive control processes and day-to-

day functioning in youth with and without anxiety disorders.

A strength of the current study is the use of a relatively large, well-characterized sample 

of youth with an anxiety disorder. Further, the study included EMA measures of daily 

emotional reactivity and regulation obtained from youth's natural social environments 

to assess clinical functioning. To our knowledge, this is the first study to identify brain-

behavior relations that bridge laboratory indices of a subprocess of ER, performance 

monitoring, and the ER difficulties that youth with anxiety disorders experience as they 

go about their day-to-day activities. Replication of these findings in additional, longitudinal 

samples are essential to validate the role(s) of the CRN in pediatric anxiety disorders. 

Nonetheless, several limitations should be noted. First, because of the primary goals of the 

larger study, the sample consists primarily of youth with GAD, social phobia, and/or SAD. 

Recruiting a transdiagnostic sample of youth with other disorders (e.g., panic disorders, 

specific phobia, depression) could help deepen our understanding of the functional role 

of ERP indices of performance monitoring and how variation of these indices map on 

to daily life measures of emotional functioning dimensionally. Additionally, as this study 

used archival EEG data from a larger study examining behavioral and neurophysiological 

moderators of CBT response in pediatric anxiety disorders, the influence of different 

EEG methodological decisions such as choice of ERN baseline and of time window 

for ERN/CRN quantification on findings were not compared (please see Clayson et al., 

2021; Klawohn et al., 2020; Sandre et al., 2020 for a discussion of ERN methodological 

decisions). Second, we did not have fine-grained measures of participants' levels of 

uncertainty and arousal during the performance monitoring task. Additionally, to ascertain 

the functional significance of the CRN, studies should include tasks with conditions that 

vary by uncertainty of response accuracy (e.g., due to ambiguity of task stimuli and/or task 

difficulty) and embedded ratings of participants' perceived levels of uncertainty, distress, and 

arousal/effort as they complete tasks assessing performance monitoring.

In sum, the associations between neural activity and daily-life behaviors observed in 

this study provide new insights about the relevance of variations in the magnitude of 

lab-based neural measures of performance monitoring for youth with anxiety disorders. 

By documenting associations between CRN amplitude and individual differences in worry 

intensity and negative emotional reactivity among youth with anxiety disorders, the study 

sheds light on the potential utility of ERP measures of performance monitoring, specifically, 

using the CRN to better understand heterogeneity within pediatric anxiety disorders. 

This finding is particularly interesting given results showing the lack of association 

between ERN/CRN amplitude and rating scales (see Meyer, 2017). Furthermore, consistent 
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with neurocognitive perspectives on anxiety disorders, findings suggest that variability 

in the CRN is particularly relevant for understanding ER difficulties that are associated 

with emotional distress and clinical impairment among youth with anxiety disorders, 

including negative emotional reactivity, worry, and reliance on maladaptive ER strategies 

like avoidance or rumination in daily life. Finally, given the links between performance 

monitoring and ER, there is support for future research on the effectiveness of targeting 

performance monitoring to improve the ER among youth with anxiety. Future research 

is warranted to determine whether the CRN could be used as an assessment tool for 

tracking changes within the distress dimension of anxiety over the course of treatment or 

development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A. Grand average event-related potential (ERP) waveforms are plotted at FCz following 

correct and error responses in anxious youth (n = 100). B. Topographic current source 

density (CSD) maps display the projection of the currents on the scalp surface after onset 

of incorrect responses at their maximal peaks between 0 and 90 ms (note: blue = more 

negative; red = more positive; reference free, 0.02 μV/cm2/step).
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Table 1

Socio-demographic and clinical characteristics.

Variable Youth with anxiety disorders (n = 100)

Age 11.14 (1.46)

Female, [n] 54

Caucasian, [n] 88

Head of household, education, [n]

 Some high school 1

 High school graduate 8

 Some college 17

 College graduate 40

 Graduate professional training 34

Current diagnosis
a
, [n]

 Generalized Anxiety Disorder 71

 Social Anxiety Disorder 21

 Separation Anxiety Disorder 23

 Specific phobia 12

 Major Depressive Disorder 1

 ADHD (inattentive type) 1

 ODD 2

 Tic disorder 4

a
Diagnostic groups are partially overlapping due to inclusion of comorbid patients. Primary/principle diagnoses were not designated, meaning that 

percentages for the 3 diagnostic inclusion groups will not sum to 100.
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Table 2

Summary of behavioral performance, event-related potential (ERP), and ecological momentary assessment 

(EMA) measures.

Variables Mean (SD)

Reaction time (milliseconds)

 Overall 526.16 (100.14)

 Correct 537.56 (99.04)

 Error 426.47 (115.80)

 Congruent 500.09 (95.13)

 Incongruent 552.24 (107.25)

 Post-error slowing, overall 114.25 (7.95)

 Post-error slowing, congruent 102.79 (11.86)

 Post-error slowing, incongruent 125.91 (8.53)

Percentage of errors

 Overall 8.53 (4.62)

 Congruent 3.89 (3.50)

 Incongruent 13.14 (6.47)

ERP mean amplitude at FCz (microvolts)

 Correct trials 1.35 (2.37)

 Error trials −2.47 (3.36)

ERP mean peak latency at FCz (milliseconds)

 Correct trials 22.81 (19.17)

 Error trials 46.81 (27.31)

EMA data

 Momentary negative emotional intensity (angry, sad, nervous, and upset at time of call) 1.32 (0.33)

 Worry intensity 3.17 (0.97)

 Peak negative emotional intensity (angry, sad, nervous, and upset during a recent stressor) 2.28 (0.58)

 Reliance on maladaptive ER behaviors (% of total ER behaviors) 33.99 (10.21)

Note: ERP: event-related potentials; EMA: ecological momentary assessment, ER: emotion regulation.
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Table 3

Bi-variate correlations between ERP mean amplitude and behavioral performance measures on the flanker 

task.

ERP
measure

Flanker behavioral performance variable

%
Correct

RT,
correct
trials

RT,
incorrect
trials

Post error
slowing,
congruent
trials

Post error
slowing,
incongruent
trials

CRN 0.02 0.09 0.09 0.07 0.06

ERN −0.16 0.20 0.21 0.13 −0.01

Notes: ERP: event-related potential; ERN: error-related negativity; CRN: correct-related negativity; RT: reaction time.
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Table 4

Summary of results from multi-level models testing associations between CRN and ERN mean amplitudes and 

EMA indices of emotional functioning in youth diagnosed with anxiety disorders.

B SE t p

Momentary NE

Intercept 1.28 (1.20; 1.36) 0.04 30.50 <0.001

Time 0.01 (−0.00; 0.02) 0.01 1.15 0.252

Age 0.02 (1.20; 1.36) 0.0 1.48 0.141

Sex 0.02 (−0.01; 0.11) 0.04 0.48 0.630

CRN −0.01 (−0.02; 0.01) 0.01 −0.75 0.456

ERN 0.01 (−0.00; 0.02) 0.01 0.97 0.334

Worry

Intercept 3.09 (2.82; 3.35) 0.13 23.00 <0.001

Time 0.04 (0.01; 0.07) 0.01 2.60 0.010

Age −0.09 (−0.18; 0.01) 0.05 −1.82 0.072

Sex 0.20 (−0.08; 0.48) 0.14 1.41 0.160

CRN −0.11 (−0.18; −0.04) 0.03 −3.22 0.002

ERN 0.02 (−0.03; 0.06) 0.02 0.85 0.399

Peak NE

Intercept 2.29 (2.14/2.44) 0.07 29.67 <0.001

Time 0.01 (−0.01; 0.02) 0.01 0.99 0.324

Age 0.00 (1.20; 1.36) 0.03 0.10 0.920

Sex −0.13 (−0.29; 0.03) 0.08 −1.57 0.118

CRN −0.05 (−0.08; −0.01) 0.01 −2.77 0.006

ERN 0.02 (−0.01; 0.04) 0.01 1.26 0.207

Notes: ERN: error-related negativity; CRN: correct-related negativity; EMA: ecological momentary assessment; NA: negative affect; B = 
unstandardized parameter estimate; SE = standard error, t = t-statistic; p = p-value. Age, CRN, and ERN were centered at the sample mean; 
time was centered at the start of the EMA assessment. Bolded values indicate p<.05.
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Table 5

Summary of results from multi-level models testing 2-way Time × CRN and ERN mean amplitudes effects in 

EMA indices of emotional functioning in youth diagnosed with anxiety disorders.

B SE t p

Momentary NE

Intercept 1.28 (1.20; 1.36) 0.04 30.50 <0.001

Time 0.01 (−0.00; 0.02) 0.01 1.15 0.252

Age 0.02 (1.20; 1.36) 0.0 1.48 0.141

Sex 0.02 (−0.01; 0.11) 0.04 0.48 0.630

CRN −0.01 (−0.02; 0.01) 0.01 −0.75 0.456

ERN 0.01 (−0.00; 0.02) 0.01 0.97 0.334

Time × CRN −0.00 (−0.00; 0.00) 0.00 −0.08 0.937

Time × ERN −0.00 (−0.00; 0.00) 0.00 −0.86 0.390

Worry

Intercept 3.09 (2.82; 3.35) 0.13 22.87 <0.001

Time 0.04 (0.01; 0.07) 0.02 2.60 0.010

Age −0.09 (−0.18; 0.01) 0.05 −1.82 0.072

Sex 0.21 (−0.08; 0.49) 0.14 1.46 0.148

CRN −0.11 (−0.23; 0.01) 0.06 −1.87 0.060

ERN 0.00 (−0.08; 0.08) 0.04 0.20 0.984

Time × CRN 0.00 (−0.01; 0.01) 0.01 0.58 0.954

Time × ERN −0.00 (−0.01; 0.01) 0.00 0.61 0.546

Peak NE

Intercept 2.29 (2.14; 2.44) 0.08 29.61 <0.001

Time 0.01 (−0.01; 0.03) 0.01 0.99 0.352

Age 0.00 (−0.05; 0.05) 0.03 0.10 0.920

Sex −0.13 (−0.29; 0.03) 0.08 −1.58 0.116

CRN −0.05 (−0.11; 0.01) 0.03 −1.59 0.112

ERN 0.02 (−0.02; 0.07) 0.02 1.13 0.262

Time × CRN −0.00 (−0.01; 0.01) 0.00 −0.46 0.963

Time × ERN −0.00 (−0.01; 0.00) 0.00 −0.47 0.638

Notes: ERN: error-related negativity; CRN: correct-related negativity; EMA: ecological momentary assessment; NA: negative affect; B = 
unstandardized parameter estimate; SE = standard error, t = t-statistic; p = p-value. Age, CRN, and ERN were centered at the sample mean; 
time was centered at the start of the EMA assessment. Bolded values indicate p<.05.
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