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Abstract

Adolescence is a developmental period characterized by increased social motivation and a
heightened concern of peer evaluation. However, little research has examined social influences on
neural functioning in adolescence. One psychophysiological measure of motivation, the error-
related negativity (ERN), is an event-related potential following an error. In adults, the ERN is
enhanced by contextual factors that influence motivation, such as social observation and
evaluation. The current study examined relations among age and neural responses in social
contexts in adolescence. Seventy-Six adolescent girls (9-17 years old) completed a flanker task
under two different conditions. In the social condition, adolescent girls were informed that two
other adolescents would be observing and providing feedback about their performance. In the
nonsocial condition, adolescent girls completed a flanker task alone and were told feedback was
computer generated. Results revealed that younger adolescents exhibited a larger ERN in social
contexts than nonsocial contexts. In contrast, there were no differences in the ERN between
contexts among older adolescents. In addition, enhancements of the ERN in social contexts among
younger adolescents diminished the relation between the ERN and age. These findings suggest
that the ERN is sensitive to social contexts in early adolescence and developmental changes in the
ERN may be partially explained by contextual factors that influence motivation.

1. INTRODUCTION

Adolescence signals many changes including increasing social motivation (Crone & Dahl,
2012; Dahl, 2004; Shulman et al., 2016), and a heightened concern of social evaluation
(Muris, Merckelbach, Meesters, & Brand, 2002; Parker, Rubin, Erath, Wojslawowicz, &
Buskirk, 2015; Rubin, Bukowski, & Parker, 2007), particularly for adolescent girls (La
Greca & Lopez, 1998). Such changes in social motivation may reflect increased neural
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sensitivity to social contexts (Crone & Dahl, 2012; Nelson, Leibenluft, McClure, & Pine,
2005; Steinberg et al., 2008). However, more research is needed to directly examine
neurodevelopmental changes in the sensitivity to social contexts across adolescence. The
current study examines developmental changes in neural responses to errors during social
and nonsocial contexts in adolescent girls.

1.1 Social motivation and error monitoring

One promising psychophysiological measure of the motivation, the error-related negativity
(ERN), is an event-related potential (ERP) waveform following an erroneous motor response
(Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles, Meyer, &
Donchin, 1993). The ERN is likely generated by a neural network including the anterior
cingulate cortex (ACC; Dehaene, Posner, & Tucker, 1994; Holroyd, Dien, & Coles, 1998;
Van Veen & Carter, 2002), as well as the posterior cingulate cortex (PCC), insula, and
orbitofrontal cortex (Agam et al., 2011; Buzzell, Richards, et al., 2017; Liu, Hanna,
Carrasco, Gehring, & Fitzgerald, 2013; Taylor, Stern, & Gehring, 2007; Westlye et al.,
2010). Major theories view the ERN as an evaluative signal reflecting the motivational
significance of an error (Pailing & Segalowitz, 2004b; Proudfit, Inzlicht, & Mennin, 2013;
Weinberg et al., 2016; Weinberg, Riesel, & Hajcak, 2012). Alternative accounts suggest that
the ERN serves as reinforcement signal for learning (Holroyd & Coles, 2002), detection of
response conflict (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Carter & Veen, 2007;
Yeung, Botvinick, & Cohen, 2004), or a general response detection mechanism (Coles,
Scheffers, & Fournier, 1995; Gehring et al., 1993). Importantly, functional theories of the
ERN support the notion that neural regions responsible for the generation of the ERN, such
as the ACC, guide motivation and goal-directed behavior (Holroyd & Yeung, 2012;
Segalowitz & Dywan, 2009).

It has been consistently observed that the magnitude of the ERN is influenced by the
motivational significance of error commission (Boksem, Meijman, & Lorist, 2006; Boksem,
Tops, Wester, Meijman, & Lorist, 2006; Pailing & Segalowitz, 2004b). In adults, the ERN is
enhanced by nonsocial factors that increase error significance, such as when correct
responses are rewarded (Hajcak, Moser, Yeung, & Simons, 2005; Stiirmer, Nigbur, Schacht,
& Sommer, 2011), when errors are punished (Potts, 2011; Riesel, Weinberg, Endrass,
Kathmann, & Hajcak, 2012), or when accuracy is emphasized over speed (Gehring et al.,
1993). Theoretical accounts for motivational influences on the ERN suggest that such
enhancements of the ERN reflect increased motivation to the error in relation to current
contextual demands (Weinberg et al., 2016). Indeed, other psychophysiological measures of
motivation, such as startle potentiation, pupil dilation, and skin conductance, are also
increased following error commission (Critchley, Tang, Glaser, Butterworth, & Dolan, 2005;
Hajcak & Foti, 2008; Hajcak, McDonald, & Simons, 2003b, 2004; Riesel et al., 2012).
Critically, these psychophysiological measures are also sensitive to contextual factors
(Bradley, Zlatar, & Lang, 2018; Chiew & Braver, 2013), further emphasizing the role of
motivation in influencing ERN magnitude.

The ERN is also influenced by social factors. The presence of social partners increases the
perceived value of behavior (Geen, 1991, 1995), which increases arousal and evaluation
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apprehension (Geen & Bushman, 1989; Zajonc & Paulus, 1980; Zajonc, 1965).
Biopsychosocial models of social motivation suggest that social observation and evaluation
increase physiological arousal, reflecting the mobilization of motivational systems towards
the perceived significance of social contexts (Blascovich, Mendes, Hunter, & Salomon,
1999; Blascovich & Tomaka, 1996). In line with biopsychosocial theories of social
motivation, the ERN is enhanced by social observation and evaluation (Barker, Troller-
Renfree, Pine, & Fox, 2015; Hajcak et al., 2005; Masaki, Maruo, Meyer, & Hajcak, 2017,
Schillinger, Smedt, & Grabner, 2015; Van Meel & Van Heijningen, 2010). In children and
adolescents, social factors enhance the ERN (Buzzell, Troller-Renfree, et al., 2017; Kim,
Iwaki, Uno, & Fujita, 2005), whereas nonsocial factors (i.e., monetary rewards) appear to
not influence the ERN (Maruo, Sommer, & Masaki, 2017; Torpey, Hajcak, & Klein, 2009).
However, children with attention deficit hyperactivity disorder (ADHD), a disorder in part
characterized by altered motivational systems (Haenlein & Caul, 1987; Sergeant, 2000;
Tripp & Wickens, 2008), display an increased ERN only when performance is extrinsically
rewarded (Groom et al., 2013), suggesting the importance of within-individual valuation of
context in influencing ERN magnitude in development.

Although there is strong evidence that the ERN is sensitive to social factors in adults, little
research has examined whether the ERN is also influenced by social contexts in
adolescence, a developmental period characterized by heightened social motivation and
social evaluation (Crone & Dahl, 2012). We recently found that the ERN was enhanced
during social contexts as compared to nonsocial contexts in middle adolescence (Buzzell,
Troller-Renfree, et al., 2017). However, the age range of the sample was relatively restricted,
limiting the ability to examine whether the degree of ERN enhancement in social contexts
changes across adolescence. Theoretical accounts of adolescent neurobiology suggest that
the sensitivity of neural regions associated with social motivation increase in early
adolescence (Casey, Jones, & Hare, 2008; Shulman et al., 2016; Steinberg et al., 2008).
Furthermore, mesencephalic dopamine (DA) neurons, which are proposed to play a key role
in the generation of the ERN (Frank, Woroch, & Curran, 2005; Holroyd & Coles, 2002),
reach peak density in early adolescence (Andersen, Thompson, Rutstein, Hostetter, &
Teicher, 2000), and are theorized to contribute to changes in adolescent social motivation
(Ernst, Romeo, & Andersen, 2009). Lastly, large increases in ERN magnitude have been
observed in early adolescence, particularly among females (Davies, Segalowitz, & Gavin,
2004). Given that the magnitude of the ERN is theorized to reflect the interaction between
within-individual and contextual factors (Riesel et al., 2012; Weinberg et al., 2016), it is
likely that younger adolescents may exhibit a greater enhancement of the ERN in social
contexts as compared to older adolescents. However, this has yet to be examined.

Two additional event-related potentials are related to the error monitoring system. The
correct-related negativity (CRN) is a small negativity observed on correct trials, which has a
similar topography as the ERN (Davies et al., 2004; Gentsch, Ullsperger, & Ullsperger,
2009; Roger, Bénar, Vidal, Hasbroucq, & Burle, 2010; Wessel & Ullsperger, 2011).
Functional theories of the CRN suggest that the CRN may reflect a general response
monitoring mechanism (Falkenstein et al., 2001; Vidal, Burle, Bonnet, Grapperon, &
Hasbroucq, 2003; Vidal, Hasbroucq, Grapperon, & Bonnet, 2000), or artifactual
contamination of error trials in the CRN waveform due to stimulus-response mapping
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uncertainty (Coles, Scheffers, & Holroyd, 2001; Pailing & Segalowitz, 2004a; Scheffers &
Coles, 2000). The influence of motivation on the CRN are mixed (Barker et al., 2015;
Hajcak et al., 2005; Kim et al., 2005), although there is evidence that the CRN is influenced
by individual differences in personality factors (Hajcak et al., 2004; Hajcak & Simons, 2002;
Moser, Moran, Schroder, Donnellan, & Yeung, 2013).

The last component of interest, the error positivity (Pe) is a positive deflection occurring
approximately 200-300 ms after an error (Falkenstein et al., 1991). The Pe is thought to
reflect error awareness (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000; Nieuwenhuis,
Ridderinkhof, Blom, Band, & Kok, 2001), and the motivational significance of an error
(Hajcak et al., 2004; Overbeek, Nieuwenhuis, & Richard, 2005). There is evidence that the
Pe is modulated by motivational factors (Schroder, Moran, Moser, & Altmann, 2012). In
contrast to the ERN, the Pe has been found to directly relate to other physiological measures
of motivation and arousal following error commission (Elkins-Brown, Saunders, & Inzlicht,
2016; Hajcak et al., 2003b).

1.2 Development of the error monitoring system

Studies of the development of the error monitoring system suggest that the ERN is relatively
stable in childhood (Davies et al., 2004; Grammer, Carrasco, Gehring, & Morrison, 2014;
Richardson, Anderson, Reid, & Fox, 2011), with notable increases in magnitude occurring
in adolescence (Davies et al., 2004; Ladouceur, Dahl, & Carter, 2004; Santesso &
Segalowitz, 2008; Santesso, Segalowitz, & Schmidt, 2006). In contrast, the CRN and Pe
exhibit a different developmental pattern than the ERN (Davies et al., 2004; Grammer et al.,
2014; Santesso et al., 2006; Wiersema, van der Meere, & Roeyers, 2007). Findings for the
CRN typically find no developmental differences (Hogan, Vargha-Khadem, Kirkham, &
Baldeweg, 2005; Santesso & Segalowitz, 2008; Santesso et al., 2006; although see Davies et
al., 2004). Similarly, the Pe is invariant throughout adolescence (Davies et al., 2004;
Ladouceur, Dahl, & Carter, 2007; Santesso et al., 2006).

It has been suggested that developmental increases in the ERN during adolescence reflect
the structural development of neural regions supporting the generation of the ERN (Tamnes
et al., 2010; Tamnes, Walhovd, Torstveit, Sells, & Fjell, 2013; Westlye et al., 2010).
However, neural regions that support the generation of the ERN, such as the ACC and PCC
(Buzzell, Richards, et al., 2017), are highly influenced by contextual factors, particularly in
adolescence (Casey et al., 2008; Crone & Dahl, 2012; Ernst, Pine, & Hardin, 2006; Shulman
et al., 2016). As such, little research has examined whether contextual factors influence
developmental patterns of the ERN. Most studies finding developmental increases in ERN
magnitude in adolescence have elicited the ERN in relatively low motivational contexts
(Davies et al., 2004; Ladouceur et al., 2007; Santesso & Segalowitz, 2008; Santesso et al.,
2006). Given that contextual factors that influence motivation can increase ERN magnitude
(Barker et al., 2015; Boksem, Meijman, et al., 2006; Hajcak et al., 2005), it is possible that
some of the observed increases in ERN magnitude in adolescence are due to contextual
factors that influence motivation. However, this has yet to be examined.
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1.3 The present study

This study examines developmental differences in neural indices of the error monitoring
system in social and nonsocial contexts during adolescence. To examine social influences on
the ERN, we developed a novel experimental paradigm where adolescent girls were led to
believe that either two other adolescents (i.e., social condition) or a computer (i.e., nonsocial
condition) would be observing and providing feedback on their performance (Buzzell,
Troller-Renfree, et al., 2017). Seventy-six adolescent girls (9-17 years of age) completed a
flanker task (Eriksen & Eriksen, 1974) in two contexts, alone (nonsocial condition) and
during peer evaluation (social condition). Adolescent girls also provided information on
their degree of effort in each condition as an index of motivation in social and nonsocial
contexts.

We hypothesized that a social context, relative to nonsocial context, would increase the ERN
in adolescent girls based on previous findings in adult and developmental populations
(Barker et al., 2015; Buzzell, Troller-Renfree, et al., 2017; Hajcak et al., 2005; Kim et al.,
2005), In addition, we hypothesized that age would moderate the degree to which the ERN
was enhanced in social contexts, based on theoretical models of social motivation in
adolescence (Casey et al., 2008; Ernst et al., 2009; Shulman et al., 2016). Specifically, we
hypothesized that younger adolescent girls would exhibit a greater ERN enhancement from
social to nonsocial contexts as compared to older adolescent girls. For the Pe, we similarly
hypothesized that the Pe would be enhanced in social contexts as compared to nonsocial
contexts. However, we did not expect age to moderate the degree to which the Pe was
enhanced in social contexts based on findings that the Pe is not influenced by age (Davies et
al., 2004; Ladouceur et al., 2007; Santesso et al., 2006).

We also explored how social contexts influence developmental patterns of the ERN. We
hypothesized that in the nonsocial condition, increasing age would be associated with a
larger ERN in adolescence, based on previous reports (Davies et al., 2004; Santesso &
Segalowitz, 2008; Santesso et al., 2006). In contrast, we hypothesized that social contexts
would significantly alter the typically observed association between the ERN and age.
Specifically, we hypothesized that greater enhancements of the ERN in social contexts
among younger adolescents would significantly diminish the typically observed relation
between ERN and age.

2. METHOD

2.1 Participants

Participants were 76 adolescent girls (M,ge = 11.87 years; SD = 2.18 years; range = 8.67 -
17.14 years). This study was part of a larger project examining social and cognitive
development during adolescence. Subsequent to the approval of the University of Maryland
Institutional Review Board, adolescent girls and their families were recruited through an
interdepartmental database of families who agreed to be contacted for participation in
psychological studies at the University of Maryland, College Park. Participants with known
developmental disorders (e.g., autism, Down syndrome), known birth defects, or severe
visual impairment that could not be corrected with glasses were excluded from participation.

Psychophysiology. Author manuscript; available in PMC 2019 September 01.
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Ethnicity and race were self-reported as 56% Caucasian, 17% African American, 12%
multi-racial, 5% Hispanic, 4% Asian, and 6% unreported.

Participants were excluded if they reported that they were not deceived by the social
manipulation (7= 4). One participant did not complete the nonsocial condition and three
participants did not complete the social condition due to fatigue. Of the remaining
participants, none performed below the 60% a priori accuracy threshold in either condition.
Thus, behavioral analyses included 68 participants. For EEG analysis, six additional subjects
were excluded if either or both the social and nonsocial condition contained fewer than 6
artifact-free error trials (Olvet & Hajcak, 2009). Thus, the final sample for
electroencephalogram (EEG) analyses was 62 participants.

2.2 Experimental design

2.2.1 Nonsocial flanker task—An adapted arrow version of the flanker task (Eriksen &
Eriksen, 1974) was administered using e-prime software (Psychology Software Tools, Inc.,
Sharpsburg, PA). On each trial, participants viewed five horizontal arrowheads. On half of
the trials, arrowheads were congruent (<<<<<, >>>>>) and on the other half of the trials the
arrowheads were incongruent (<<><<, >><>>). The order of presentation of the arrowheads
was presented randomly. All stimuli were presented for 200 ms with an intertrial interval
(ITI) that varied randomly 800-1200 ms following the response. Prior to beginning the task,
participants were instructed to press a button depending on the direction of the middle arrow
and then completed a practice block of 16 trials. Next, adolescents completed the actual task,
which consisted of 10 blocks of 32 trials (320 trials total). After each block, adolescents
were told that they would receive a short break and computer-based feedback about their
performance, and were instructed to change their performance based on the feedback (see
Figure 1; Weinberg, Olvet, & Hajcak, 2010). If performance accuracy was below 75 %,
adolescents received a simple statement in white text indicating to increase accuracy (i.e.,
“Be more accurate”). If performance accuracy was above 90 %, adolescents received a
statement indicating to increase response speed (i.e., “Respond faster”). If performance
accuracy was between 75 % and 90 %, adolescents received a statement indicating to keep
their performance at a similar level (i.e., “Good job”).

2.2.2 Social flanker task—In the social condition, adolescents completed an identical
version of the flanker task, where feedback was presented at the same interval using the
same accuracy parameters as the nonsocial flanker task, but adolescents were made to
believe that the feedback between blocks was given by two peers who were evaluating their
performance. The feedback text appeared to be typed through a chat room and consisted of
phrases indicative of the language adolescents use in text/online conversations with peers.
Social feedback was accompanied by images (i.e., emoji/emoticons) that were unique to
each feedback type (see Figure 1). If performance accuracy was below 75 %, adolescents
received emoji/emoticons and a statement indicating to be more accurate (e.g., “You made
too many mistakes!”). If performance accuracy was above 90 %, adolescents received emoji/
emoticons and a statement indicating to respond faster (e.g., “Go Faster!”). If performance
accuracy was between 75 % and 90 %, adolescents received emoji/emoticons and a
statement indicating to keep their performance at a similar level (e.g., “You did great!”).

Psychophysiology. Author manuscript; available in PMC 2019 September 01.
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2.2.3 Self-report of motivation—After completing both conditions, adolescents reported
their perceived effort for each condition on a Likert scale from 1 (did not try at all) to 10
(tried really hard).

2.3 Procedure

At the beginning of the experiment, adolescents and parents were informed of the
procedures of the study and informed consent was obtained from the parent and assent was
obtained from the adolescent. Following consent/assent, parents and adolescents completed
the study questionnaires. Next, adolescents were fitted with the EEG net and performed the
flanker task in one of two conditions, which were counterbalanced across participants.
During the nonsocial condition, adolescents were informed that they would be receiving
computer-generated feedback about their performance, and were asked to adjust their
performance based on the feedback. In the social condition, participants were informed that
two adolescents located in another lab would be observing them through a webcam while
they played the flanker task, and that the adolescents located in the other lab would be giving
feedback about their performance. For participants who completed the social condition first,
during the nonsocial condition, it was emphasized that no one was watching their
performance, and the webcam was removed. Following the procedure, adolescents were
administered a debriefing questionnaire which included questions to check deception of the
social manipulation, and self-report of motivation in each condition. Of the adolescents who
completed both the social and nonsocial condition, 96 % reported that they were deceived by
the social manipulation. Similar results were obtained when including adolescents who
reported they were not deceived by the social manipulation in analyses.

2.4 EEG collection and data reduction

Continuous EEG was recorded using a 128-channel Geodesic Sensor Net and sampled at
250 Hz using EGI software (Electrical Geodesic, Inc, Eugene, OR). Before data collection,
all electrode impedances were reduced to below 50 kQ. All electrodes were referenced
online to Cz and re-referenced to the average off-line. All EEG/ERP processing was
completed using ERP PCA Toolkit (Dien, 2010). Data were filtered off-line using a digital
band-pass FIR filter from .3-30 Hz. Reponses-locked trials were separately segmented for
error and correct trials 600 ms before the response to 600 ms after the response. Channels
were marked bad if the amplitude for a trial exceeded 145 pV or if the difference between a
channel and neighboring channels was greater than 45 pV for an individual segment.
Channels were marked globally bad if the correlation between neighboring channels was
less than .30 or if the channel was bad on greater than 20% of trials. Individual trials were
marked bad if more than 15% of channels were determined to be bad (social condition

9.29 % of trials; nonsocial condition: 2.16 % of trials). Bad channels on remaining good
trials were replaced using spherical spline interpolation (Perrin, Pernier, Bertnard, Giard, &
Echallier, 1987; Perrin, Pernier, Bertrand, & Echallier, 1989). Participants needed at least 6
artifact-free error trials for each respective condition to be included in analyses (Larson,
Baldwin, Good, & Fair, 2010; Meyer, Bress, & Proudfit, 2014; Olvet & Hajcak, 2009).
There were no differences in the number of artifact-free error trials between conditions
(nonsocial: M= 36.23, SD=16.77, social: M=34.94, SD=16.34), {61) = 0.75, p=.46),
or the number of artifact-free correct trials between conditions (nonsocial condition: M=
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240.60, SD=50.91, social condition: M=245.73, SD=47.43, {61) = 1.08, p=.28). In
addition, in the nonsocial condition, the number of artifact-free error trials was negatively
correlated with accuracy, /(60) = —.81, p<.001, such that better accuracy was related to
fewer artifact-free error trials. The correlation between artifact-free error trials and accuracy
was also observed in the social condition, /(60) = -.83, p<.001.

The correlation between age and the number of error trials averaged into the ERN was not
significant for either the social condition /(60) = .11, p= .39, or the nonsocial condition,
1(60) = .06, p=.67. In addition, the correlation between age and accuracy was
nonsignificant for the social condition, /(60) = .12, p = .34, or the nonsocial condition, /60)
=.17, p=.18. Lastly, there were no differences in the number of artifact-free error trials
between conditions, A1, 60) = 0.40, p= .53, and no interaction with age, A1, 60) = 0.26, p
= .61.

All waveforms were first baseline corrected 600 ms to 400 ms before the response (Davies et
al., 2004; Pailing, Segalowitz, Dywan, & Davies, 2002). The ERN and the CRN were then
separately evaluated using a 20 ms moving window as the most negative average window
from 50 ms before the response to 100 ms following the response at 3 fronto-central
electrodes along the midline (electrode numbers on 128 ch. geodesic net: 5, 6 [FCz], 12).
The Pe was evaluated as the average activity 200-400 ms following the response from the
average of 7 centro-parietal electrodes (Cz, 31, 54, 55 [PCz], 62 [Pz], 79, 80). For the ERN,
to examine brain activity specific to errors, a difference wave was created by subtracting
brain activity on correct trials from brain activity on error trials (i.e., ERN minus CRN),
which is referred to as the AERN. Similarly, a change score was calculated for the Pe by
subtracting the Pe on correct trials from the Pe on error trials (APe).

Trials with response times faster than 200 and slower than 1200 were removed from the
analyses. Errors of omission (i.e., nonresponses) were not included in any calculations.
Accuracy was calculated as the number of correct trials divided by the number total trials
with a response. Response times were separately averaged for correct trials and error trials
for each condition. Post-error slowing was calculated as the difference in response times
between post-error trials and post-correct trials. Behavioral variability was calculated as the
within-individual standard deviation of response time separately for each response and
condition.

2.5 Data analysis

A univariate ANCOVA with age as a covariate was conducted to explore differences in self-
reported effort between conditions and the influences of age on effort. Next, to explore
social influences on the error monitoring system, mixed-model ACNOVA'’s with condition
(social, nonsocial) and response (correct, incorrect) as the repeated measures with
chronological age as a covariate were conducted. Behavioral measures (i.e., response time,
behavioral variability, post-error slowing, and accuracy) and physiological measures (i.e.,
ERN/CRN, and Pe/Correct Pe) were separately evaluated. In all ANCOVA analyses, age was
mean centered to evaluate main effects at the average age of the sample (Thomas et al.,
2009). Note that interactive effects with response type for neural measures represent a
change score (e.g., AERN, APe).
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Significant interactions with age were explored in two ways. First, to explore how age
influenced the degree to which the ERN and CRN were influenced by social contexts,
adolescents were categorized into groups based high and low terciles of age (i.e., younger
adolescents, older adolescents). Then follow-up ANCOVA’s were performed when
interaction effects were significant. Second, to explore the influence of context on
developmental patterns of neural components (i.e., ERN and CRN) across adolescence,
Pearson’s correlations were separately conducted for each condition. Differences in
correlations between conditions were analyzed using Fisher’s r~to-ztest (Steiger, 1980).

Lastly, to explore whether behavioral variability explained changes in the ERN across
conditions (DuPuis et al., 2015), mediation analyses were conducted using PROCESS
(Hayes, 2009, 2012). Mediation analyses were conducted separately for each condition
where behavioral variability on error responses was the mediator, age was the predictor, and
the ERN was the outcome. Direct and indirect effects of each variable were tested using
published guidelines (Hayes, 2009, 2012).

3. RESULTS

3.1 Influence of social context and age on behavior

Table 1 displays the behavioral measures for the social and nonsocial condition. Adolescents
reported engaging in more effort during the social condition as compared to the nonsocial
condition, A1, 65) = 17.20, p< .001, n2 = .21. This main effect was qualified by a trend for
an age x effort interaction, A1, 65) = 3.54, p=.064, n? = .05, suggesting that younger age
was associated with a larger increase in reported effort in the social condition as compared to
the nonsocial condition. Adolescents exhibited faster response times on error trials than
correct trials across both conditions, A1, 66) = 326.78, p < .001, nZ = .83. In addition,
response times in the social condition were faster than the nonsocial condition, A1, 66) =
10.11, p=.002, n?2 = .13. Analyses of the effects of age revealed that response times
decreased with chronological age across both conditions and responses, A1, 66) = 45.21, p
<.001, 12 = .41. No interactive effects with age and condition reached significance, p’s> .
20. Lastly, no differences in accuracy or post-error slowing were observed between
conditions, p’s>.20.

Examination of behavioral variability revealed a main effect of response, such that incorrect
responses had significantly less variability as compared to correct responses, A1, 66) = 4.99,
p=.029, n2 = .070. In addition, there was a main effect of condition, such that response
variability was significantly smaller in the social condition as compared to the nonsocial
condition A1, 66) = 6.50, p=.013, n2 = .09. Analyses of the effects of age on behavioral
variability revealed that increasing age was associated with decreases in response variability
across both conditions and responses A1, 66) = 60.42, p< .001, 12 = .48. However, age did
not interact with condition in predicting behavioral variability, p > .20.

3.2 Influence of social context and age on ERN

Figure 2 displays the ERP waveforms for the social and nonsocial condition. As expected,
error responses (i.e., ERN) were significantly larger (i.e., more negative) than correct
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responses (i.e., CRN) in both the social and nonsocial condition, A1, 60) = 41.16, p< .001,
12 = .41. In addition, both the CRN and ERN marginally increased with age, A1, 60) =
3.85, p=.054, 12 = .01.1 This effect was qualified by a significant response x condition x
age interaction, A1, 60) = 6.94, p=.011, n2 = .10, suggesting that adolescent age influenced
the ERN and CRN differently across conditions.2 No other main effect of condition was
observed, nor any other interactive effects with condition reached significance, p’s > .20.

Figure 3 presents the ERN across conditions for younger and older adolescents. Analyses
using this categorical grouping continued to reveal a significant response condition x age
interaction, A1, 40) = 9.04, p=.005, 2 = .18. Follow-up tests for each response revealed
that for the CRN, there were no main or interactive effects with age group, p’s> .20.
However, for the ERN, there was a significant age x condition interaction, A1, 40) = 9.10, p
=.004, 2 = .19. Follow-up analyses for each age group revealed that younger adolescents
exhibited a larger (i.e., more negative) ERN in the social condition as compared to the
nonsocial condition A1, 20) = 7.08, p=.015, n2 = .26. However, among older adolescents,
the ERN was not different between conditions, A1, 20) = 2.09, p= .16, 2 = .10.

3.3 Influence of social context and age on Pe

Analysis of the Pe revealed a main effect of response, such that the Pe on error trials was
significantly larger than the Pe on correct trials, A1, 60) = 233.49, p< .001, n2 = .80. In
addition, there was a main effect of condition, such that the Pe on both correct and error
trials in the social condition were significantly larger than the nonsocial condition, A1, 60) =
7.65, p=.008, 1) = .11. This effect was qualified by a significant condition x response
interaction, A1, 60) = 4.81, p=.032, nZ = .07, indicating a larger APe in the social condition
as compared to the nonsocial condition. Follow-up tests for each response revealed that the
Pe was significantly larger in the social condition than the nonsocial condition, A1, 60) =
7.19, p=.009, 12 = .11. However, the correct Pe was only marginally larger in the social
condition than the nonsocial condition, A1, 60) = 3.89, p=.053, 12 = .06. Finally, there
were no main or interactive effects with age, p’s > .30.

3.4 Developmental patterns of ERN

Figure 4 depicts a scatterplot between the ERN and age in the social and nonsocial
condition. As expected, the ERN in the nonsocial condition was negatively related to age,
1(60) = -.35, p=.005, such that increasing age was associated with a larger (i.e., more
negative) ERN. In contrast, the ERN in the social condition was unrelated to age, /(60) = -.
09, p = .88. The difference between the social ERN and nonsocial ERN correlations with age
was significant, 2(60) = 2.72, p=.006, suggesting different developmental patterns of the

lSelf-report of pubertal status was also collected via the Pubertal Development Questionnaire (PDS; Petersen, Crockett, Richards, &
Boxer, 1988). The nonsocial ERN was negativity associated with the PDS such that increasing pubertal status was associated with a
larger (i.e., more negative) ERN in the nonsocial condition, A60) = -.31, p=.014, but not the social condition, p=.88. However, due
to the high correlation between PDS and age, /(60) = .80, p< .001, PDS did not uniquely predict increases in the ERN, p’s> .20.

To examine if the influences of age and social context on the ERN and CRN were specifically related to increased neural activity as
opposed to general decreases in behavioral variability, we also computed residualized scores for the ERN and CRN for each condition
by removing the associated variance of behavioral variability. Critically, we continued to observe a significant age x condition x
response interaction A1, 60) =5.35, p=.016, 112 =.09, as well as significant follow-up tests, p’s < .05.
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ERN between conditions (see Figure 4). For the CRN, age was unrelated to the ERN in the
social and nonsocial condition (p’s > .10).

Mediation analyses were conducted to determine whether changes in behavioral variability
explained developmental changes in the ERN observed in each condition. In the nonsocial
condition, age and behavioral variability jointly predicted the ERN, /2= .12, A2, 59) =
4.13, p=.021. In addition, age continued to predict the ERN when controlling for
behavioral variability, {59) = 2.01, p=.049. However, behavioral variability did not
significantly predict the ERN when controlling for age, 4{59) = 0.21, p = .84. Furthermore,
behavioral variability did not mediate the relation between the ERN and age, p = —0.05,
95 % CI [-.52, .44]. In the social condition, neither age nor behavioral variability predicted
the ERN, p’s > .20. In addition, behavioral variability did not significantly mediate the
relation between the ERN and age, p = —0.20, 95 % CI [-.56, .10].

between effort, ERN and Pe

The correlation between the change in magnitude of the ERN and Pe across conditions was
not significant, /(59) = .09, p=.47. In addition, change in effort across conditions was
unrelated to change in ERN magnitude across conditions, 7(59) = .14, p=.29. However, for
the Pe, change in effort across condition was significantly correlated with change in Pe
magnitude across conditions, /(59) = .29, p=.023, such that increased report of effort in the
social condition as compared to the nonsocial condition was related to a larger Pe in the
social condition as compared to the nonsocial condition. Next, to examine the impact of
effort in explaining developmental changes in the ERN across conditions, we conducted
mediation analyses with effort as the mediator, age as the predictor, and the ERN as the
outcome measure for both the social and nonsocial conditions. Effort did not significantly
mediate the relation between age and the ERN in either condition, p’s > .10.

4. DISCUSSION

The primary goal of the present study was to examine developmental changes in the effect of
social and nonsocial contexts on the error monitoring system in adolescent girls. As
hypothesized, age influenced the degree to which the error-related negativity (ERN) was
enhanced in social contexts. Specifically, we observed that younger adolescent girls
exhibited a larger ERN in social contexts as compared to nonsocial contexts. In contrast,
older adolescent girls exhibited no differences in the ERN between social and nonsocial
contexts. For the error positivity (Pe), we found that the Pe was enhanced in social contexts
across all adolescents, but the degree of enhancement was not influenced by age. The second
goal of the study was to explore how contextual factors that increase motivation influence
developmental patterns of the ERN. As hypothesized, we observed that increasing age was
associated with a larger ERN in nonsocial contexts. In contrast, the ERN was unrelated to
age in social contexts, suggesting contextual factors diminished the typically observed ERN
and age association. Taken together, these findings suggest that sensitivity of the ERN to
social contexts changes across adolescence, and motivational factors, such as social contexts,
may explain a portion of the variance associated with developmental changes in the ERN
across childhood and adolescence.
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The present study found that adolescent girls reported higher motivation in social contexts as
compared to nonsocial contexts, with the largest increases in motivation in social contexts
observed among younger adolescents. Similarly, we observed a larger ERN in social
contexts as compared to nonsocial contexts among younger adolescents. These findings are
in agreement with previous research that has found enhancements of the ERN in
motivationally significant contexts (Boksem, Tops, et al., 2006; Buzzell, Troller-Renfree, et
al., 2017; Hajcak et al., 2005; Kim et al., 2005; Potts, 2011; Van Meel & Van Heijningen,
2010). In addition, our findings confirm previous work that the ERN is also sensitive to
social factors (Barker et al., 2015; Buzzell, Troller-Renfree, et al., 2017; Kim et al., 2005),
likely reflecting increased motivation (Blascovich et al., 1999; Blascovich & Tomaka, 1996).

We also observed developmental differences in the degree to which the ERN was enhanced
by social contexts. Specifically, we found that only younger adolescent girls exhibited a
larger ERN in social contexts as compared nonsocial contexts. In contrast, we observed no
differences in the ERN between contexts among older adolescent girls. These findings
suggest that the influence of social contexts on the ERN changes across adolescence. In
addition, these observed changes support theories of adolescent neurobiology, which
suggests that increased social motivation observed in adolescence is in part due to increased
neural sensitivity to social cues (Casey et al., 2008; Crone & Dahl, 2012; Nelson et al.,
2005; Shulman et al., 2016; Steinberg et al., 2008).

We found that the Pe was larger in social contexts as compared to nonsocial contexts. In
addition, we found that age did not influence the degree to which the Pe was enhanced in
social contexts. However, it is interesting to note that although the ERN and Pe were
enhanced by social contexts, age influenced the magnitude of the effect only for the ERN.
Given that age does not influence developmental patterns of the Pe (Davies et al., 2004;
Santesso & Segalowitz, 2008; Santesso et al., 2006), it is possible that age similarly does not
influence the degree that motivational and contextual factors impact the Pe.

As hypothesized, increasing age was associated with a larger ERN in nonsocial contexts,
replicating previous findings (Davies et al., 2004; Ladouceur et al., 2004, 2007; Santesso &
Segalowitz, 2008; Santesso et al., 2006). In contrast, we observed no relation between the
ERN and age in social contexts, suggesting that contextual factors that influence motivation
diminished the typically observed relation between the ERN and age. One possibility for this
finding is that increased motivation among younger adolescents led to concomitant increases
in ERN magnitude, thereby reducing the ERN and age association. However, we did not
observe an association between self-report of effort and ERN magnitude. Another possibility
for this finding is that older adolescents intrinsically evaluate and value their performance
more than younger adolescents (Eccles & Wigfield, 2002; Gottfried, Fleming, & Gottfried,
2001), whereas younger adolescents are more likely to be influenced by external evaluation
of performance (Shulman et al., 2016; Steinberg, 2007, 2008), particularly by social peers
(Ernst et al., 2006, 2009). Recent developmental theories of the ERN have similarly
suggested that changes from external to internal valuation of errors may account for some of
the observed changes in the ERN in adolescence (Meyer, 2017).
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We observed that increases in self-report of effort in social contexts was related to a larger
Pe in social contexts, but unrelated to changes in the ERN in social contexts. In addition,
enhancements of the ERN in social contexts were unrelated to enhancements of the Pe in
social contexts. One possibility for these differences is that increases in self-report of
perceived effort in social contexts may reflect a greater awareness of performance and error
behavior. The Pe has been theorized to represent conscious awareness of an error (Endrass,
Franke, & Kathmann, 2005; Endrass, Reuter, & Kathmann, 2007; Nieuwenhuis et al., 2001),
and the motivational salience of an error (Overbeek et al., 2005). Thus, it is possible that
enhancements of the Pe in social contexts are related to the effects of perceived motivation
on error awareness. In contrast, we found no relation between increased self-report effort in
the social condition and ERN. Although there is strong evidence that the ERN is enhanced
by motivational factors, less research has examined if ERN magnitude is related to
individual differences in subjective report of motivation and arousal (Yeung, Holroyd, &
Cohen, 2005). Further work should continue to explore the effect of perceived effort in
influencing the ERN and Pe.

Decreased behavioral variability, as measured as the within-individual standard deviation of
response times, was observed in the social condition as compared to the nonsocial condition.
It has been suggested that the smaller ERN observed in childhood and early adolescence is
in part due to increased behavioral variability, causing the ERN to be more variable in
relation to the response, which mutes the averaged waveform (DuPuis et al., 2015). Indeed,
larger behavioral variability is associated with a smaller ERN (DuPuis et al., 2015;
Richardson et al., 2011). Although we observed decreased behavioral variability in social
contexts, age did not significantly moderate this effect. In addition, we did not find that
behavioral variability mediated developmental changes in the ERN in the social condition,
suggesting that enhancements of the ERN in social contexts was independent of changes in
behavioral variability. However, future research should continue to explore the influence of
behavioral variability on the development of the ERN.

There is evidence that other physiological measures of motivation, such as startle
potentiation, pupil dilation, and skin conductance, are associated with error commission
(Critchley et al., 2005; Hajcak & Foti, 2008; Hajcak et al., 2003b, 2004; Riesel et al., 2012).
However, there is mixed evidence that the ERN is direct/y related to such physiological
measures during error commission (Hajcak, McDonald, & Simons, 2003a; Lewis & Pitts,
2015; Lo, Schroder, Moran, Durbin, & Moser, 2015; Moser, Moran, Schroder, Donnellan, &
Yeung, 2014; Riesel, Weinberg, Moran, & Hajcak, 2013), raising questions as to whether
motivational influences on ERN magnitude reflect increased motivational significance in
relation to a specific error, or more general increases in motivation which result in enhanced
ERN magnitude. Indeed, measures such as skin conductance and startle potentiation are
highly sensitive to contextual factors that increase motivation and arousal (Bradley et al.,
2018; Grillon, 2002). Thus, it is possible that contextual influences on the ERN in part
represent more general motivational factors unrelated to errors commission. Future research
should further examine this point.

Developmental changes in the mesencephalic dopamine system may account for observed
changes in the sensitivity to the ERN to social contexts across adolescence. Mesencephalic
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Dopamine (DA) neurons are located within the midbrain, which project to regions in the
cingulate and prefrontal cortices (i.e., mesocortical pathway; Ernst et al., 2009). DA neurons
are thought to play a key role in motivation, reward processing, and error monitoring
(Fibiger & Phillips, 2011; Nicola, 2007; Schultz, 2007). The density of DA neurons peak in
early adolescence, around the onset of puberty (Andersen, Dumont, & Teicher, 1997;
Andersen, Thompson, Rutstein, Hostetter, & Teicher, 2000; Tarazi, Tomasini, &
Baldessarini, 1999). It has been argued that changes in DA neuron structure in the
mesocortical pathway may explain increased adolescent social motivation (Ernst & Fudge,
2009; Ernst et al., 2006, 2009; Spear, 2000). Motivation and reward learning theories of the
ERN suggest that the ERN is produced by changes in phasic DA during error commission
(Frank, 2005; Holroyd & Coles, 2002), and developmental changes in the ERN may reflect
changes in DA (Davies et al., 2004). Thus, it is possible that the current findings of a larger
ERN in social contexts among younger adolescents may reflect increased DA functioning
toward social stimuli, resulting in a larger ERN. However, future studies should continue to
utilize the ERN to examine developmental changes in reward processing and social
motivation in adolescence.

4.1 Limitations and future directions

There are a number of limitations in the present study. First, it should be noted that only
adolescent girls participated, making it unknown whether the present findings generalize to
adolescent boys. A number of differences have been observed between the ERN and social
development between sexes. For example, adolescent girls display a different developmental
pattern of the ERN than adolescent boys (Davies et al., 2004), and are more likely to report
fear of social evaluation (La Greca & Lopez, 1998). In addition, it is possible that some of
the observed age differences of the ERN in social contexts were because older adolescents
were less likely believe the social manipulation. However, to limit these possibilities, we
excluded all adolescents who indicated that they thought they were not actually being
observed and evaluated by other adolescents. Lastly, it is unknown how pubertal factors such
sex hormones impact the ERN and social motivation. There is growing evidence that sex
hormones influence brain and behavior function in adolescence (Forbes & Dahl, 2010;
Herting et al., 2014). However the exact relationship is unclear (Ordaz, Fritz, Forbes, &
Luna, 2017).

It is important to note that the presentation of feedback was different across conditions.
Specifically, the nonsocial condition contained only text feedback whereas the social
condition contained both text feedback was well as emoji/ematicons. Such differences in
feedback amount and type between conditions may have changed the salience of the context
in the social condition beyond general factors with social observation and evaluation. Future
research should continue to explore the specificity of social influences on the ERN.

In the present study, we found that age influenced the degree to which the ERN was
enhanced by social contexts such that the largest enhancements were observed among
younger adolescents. In addition, we observed the Pe was enhanced in social contexts as
compared to nonsocial contexts, and such enhancements were not influenced by age. Lastly,
we observed that increasing age was associated with a larger ERN in nonsocial contexts. In

Psychophysiology. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barker et al.

Page 15

contrast, age was unrelated to the ERN in social contexts. Taken together, these findings
suggest that the ERN is also sensitive to social motivational factors in early adolescence, and
that developmental differences in the sensitivity of the ERN to social contexts may in part
reflect contextual factors that influence motivation.
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A. Nonsocial Condition

Introduction: Flanker Task Break & Block
Computer Feedback Block (32 trials) Feedback

Be More Accurate

\ 10 blocks )
B. Social Condition

Introduction: Flanker Task Break & Block
Virtual Chatroom Block (32 trials) Feedback

K 10 blocks )
Figure 1.

Experimental paradigm. Adolescents received 10 feedback breaks (e.g., after each block of
32 trials) for each the social and nonsocial condition. A) Depiction of trial sequence for the
flanker task in the nonsocial condition. Adolescents were told that they would receive
computer-based feedback. Feedback that adolescents received was dependent on accuracy
on the prior block. B) Depiction of the flanker task in the social condition. Adolescents were
told that two other adolescents would be observing and monitoring their performance (i.e.,
accuracy, response times) during the flanker task. Like the nonsocial condition, feedback
that adolescents received in the social condition was dependent on accuracy on the previous
block.
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Figure2.
A) Response-locked event-related potential (ERP) waveforms for correct and error responses

in the nonsocial condition and social condition. The top row is the fronto-central electrode
grouping where the ERN was maximal. The bottom row is the centro-parietal electrode
grouping, where Pe was maximal. B) Topographic plots of the AERN 20 ms post-response
(top) and APe 250 ms post-response (bottom).
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Waveforms for the ERN among older adolescents (right) and younger adolescents (left) for
the nonsocial condition (grey) and social condition (black). The ERN was significantly
larger in the social condition as compared to the nonsocial condition for younger

adolescents, p<.001, but not for older adolescents, p> .20.
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Figure 4.
Scatterplot depicting the relation between the ERN in the nonsocial condition (black circles,

black line) and the ERN in the social condition (grey squares, grey line) with age. The
relation between the nonsocial ERN and age reached significance, p=.005. In contrast, the
ERN in the social condition was unrelated to age, p= .88.
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Table 1

Raw means for behavioral performance and event-related potential (ERP) measures for the nonsocial and
social condition (standard deviations).

Nonsocial Social F

Behavior Measures

Effort (au) 7.40 (2.04) 8.25 (1.77) 17.20%
Error response time (ms) 410.65 (92.10) 389.11 (74.98) 10117
Correct response time (ms) ~ 498.50 (100.13)  475.88 (83.88) 1911 %

Accuracy (%) 86.20 (5.84) 86.66 (5.92) 0.66
Error response variability 122.47 (66.86)  110.11(58.79) g50%*

Correct response variability ~ 130.37 (46.05) 118.73 (34.44) g50*

Post-error slowing (ms) 4.78 (41.67) 8.41 (33.99) 0.41
ERP’s (LV)
ERN -1.62 (4.81) -2.31 (4.58) 1.06
CRN 0.43 (3.15) 0.42 (3.36) 1.06
AERN -2.05 (3.83) -2.74 (3.68) 1.41
Pe 7.70 (4.83) 9.25 (5.43) 765"
Correct Pe 0.27 (2.65) 0.72 (3.09) 765%
APe 7.44 (4.70) 8.53 (4.38) 281%

Note: au: arbitrary units;

*
Indicates p < .05; AERN refers to error minus correct trials in the time window of the ERN. APe refers to error minus correct trials in the time
window of the Pe. Identical ~values represent a main effect across response type.
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