
International Journal of Psychophysiology 80 (2011) 1–10

Contents lists available at ScienceDirect

International Journal of Psychophysiology

j ourna l homepage: www.e lsev ie r.com/ locate / i jpsycho
The relation of self-efficacy and error-related self-regulation

Jason R. Themanson a,⁎, Matthew B. Pontifex b, Charles H. Hillman b, Edward McAuley b

a Department of Psychology, Illinois Wesleyan University, Bloomington, IL, USA
b Department of Kinesiology and Community Health, University of Illinois at Urbana-Champaign, Urbana, IL, USA
⁎ Corresponding author at: Department of Psychology
P.O. Box 2900, Bloomington, IL 61702-2900, USA. Tel.: +
556 3864.

E-mail address: jthemans@iwu.edu (J.R. Themanson

0167-8760/$ – see front matter © 2011 Elsevier B.V. Al
doi:10.1016/j.ijpsycho.2011.01.005
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 January 2010
Received in revised form 2 December 2010
Accepted 10 January 2011
Available online 20 January 2011

Keywords:
Self-efficacy (SE)
Self-regulation
Error-Related Negativity (ERN)
Event-Related Brain Potentials (ERPs)
Relations between a modifiable psychosocial factor, self-efficacy (SE), and behavioral and neural indices of
self-regulation, including post-error behavior, the error-related negativity (ERN), and error positivity (Pe)
were examined in young adults during a flanker task emphasizing either accuracy or speed. SE was predicted
to be associated with larger ERN and Pe amplitudes, as well as greater post-error behavioral performance
during task conditions emphasizing accuracy, but not speed. Results showed that higher SE was associated
with greater post-error response accuracy during the accuracy condition, but not the speed condition, and
higher SE was related with greater ERN amplitudes across instruction conditions. Further, ERN amplitude
mediated the relationship between SE and post-error response accuracy in the accuracy condition. These
findings emphasize the role of motivation and incentive on the self-regulatory system and suggest that SE is
beneficially related to self-regulatory processes and outcomes.
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1. Introduction

1.1. Self-efficacy

Self-efficacy (SE) is the primary variable of interest in social
cognitive theory (Bandura, 1986, 1997). Social cognitive theory
specifies four core features of human agency: “intentionality, fore-
thought, self-reactiveness, and self-reflectiveness” (Bandura and
Locke, 2003, p. 97). In this framework, SE works within a dual control
system that operates both as a proactive agent to institute higher levels
of functioning as well as a reactive agent to reduce discrepant
outcomes (Bandura, 1991, 2001). Specifically, SE reflects individuals'
judgments in their capabilities to successfully execute courses of
action (Bandura, 1977) and is theorized to influence effort expenditure
and perseverance under failure and aversive stimuli (Bandura, 1986),
with more efficacious individuals expending more effort and perse-
vering longer than less efficacious individuals. SE has been positively
associated with work-related performance (Stajkovic and Luthans,
1998) as well as cognitive performance (Berry and West, 1993;
Bouffard-Bouchard, 1990; Lachman and Jelalian, 1984). Further, SE is
quite malleable and can be altered through attainments based on
mastery experiences, social modeling, and social persuasion (Bandura,
1986) and experimentally induced SE has been positively associated
with cognitive task performance (Bouffard-Bouchard, 1990). Finally,
SE plays an important role in achievement and self-regulatory
adjustments during the completion of challenging tasks or task
conditions (Bandura and Cervone, 1983; Cervone and Peake, 1986).

Given the flexibility of SE and its sensitivity to experience, it is
important to consider potential ongoing adjustments to both SE and
task performance. Specifically, as one engages a task, self-feedback and
mastery experiences are obtained. Thus, more information is available
to adjust both SE and related self-regulatory processes in order to
perform the task in accord with one's intentions. Accordingly, the
relations between SE and indices of self-regulation may be adjusted as
well. One interpretation of the relation between SE and self-regulation
during task execution is that during the initial completion of a task,
individuals may still be learning how to engage the task and developing
their self-regulatory capabilities (Zimmerman and Kitsantas, 1997).
This would lead them to focus more on process goals during task
execution. Process goals focus on strategies needed to execute the task
(e.g., ensurehands are placed properly on the response buttons; visually
focus on the target stimulus). During later performances, individuals
would have better developed experience-based self-regulatory skills
with the task andwould be able focusmore on outcome goals. Outcome
goals involve the final outcome of task execution (e.g., make the correct
response).

An alternative interpretation suggests that process and outcome
distinctions may not be warranted for self-regulatory processing
in a relatively simple speeded-response task. As such, the goal of self-
regulation (improved performance)would remain consistent (outcome
goal-oriented) and relations between SE and all indices of self-
regulation would be similar across task experiences. In sum, greater
experience would uniformly enhance perceptions of SE, self-regulatory
function, and subsequent task performance (Bandura andWood, 1989).
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1.2. Indices of self-regulation

To assess the nature of the relationship between SE and self-
regulation across task experience, the measurement of self-regulatory
processes and outcomes are required during the completion of a
speeded-response task. Assessments of self-regulatory outcomes have
come largely from examining post-error behavior; specifically post-
error response accuracy and post-error response time (RT; Rabbitt,
1966). These behavioral measures reflect the outcome of self-
regulation and provide evidence for the overall implementation and
effectiveness of self-regulation. The assessment of self-regulatory
processes in the field of psychophysiology has come largely from the
investigation of the error-related negativity (ERN; Gehring et al.,
1993; or Ne; Falkenstein et al., 1991, 2000) and error positivity (Pe;
Falkenstein et al., 2000).

The ERN is a negative-going component of the response-locked
event-related brain potential (ERP) with a fronto-central maximum
and peaks around 50-100 ms after an incorrect response. The ERN is
typically identified as either a reinforcement learning index of error
detection (Holroyd and Coles, 2002) or an early indicator of response
conflict in association with erroneous task performance (Yeung et al.,
2004). Specifically, the ERN is believed to index the self-regulatory
detection of behavioral conflict or an error during task execution. This
detection process appears to exist outside of conscious awareness
(Nieuwenhuis et al., 2001) and an array of variables and factors
appear to influence ERN amplitude and this detection process. These
include psychological factors such as neuroticism (Pailing and
Segalowitz, 2004a), negative affect (Hajcak et al., 2004; Luu et al.,
2000), depression (Chiu and Deldin, 2007), and motivation and
incentive (Hajcak et al., 2005; Pailing and Segalowitz, 2004a). Given
the strong, positive relationships SE has with motivation (Bandura,
1977, 1986, 1993) and neuroticism (Judge et al., 2002), a relation
between SE and ERN fits well with the established state and trait
influences on the ERN and self-regulatory processing.

Additionally, task instructions stressing accuracy over speed
(Gehring et al., 1993) have been associated with enhanced ERN
amplitudes, suggesting motivational factors associated with an
increased salience of errors under accuracy instructions (Gehring
et al., 1993; Hajcak et al., 2005), a greater certainty of error com-
mission during more careful task completion (Pailing and Segalowitz,
2004b), or an increase in attentional focus on the target stimulus
leading to a more rapid upsurge in post-error activation of the correct
response (Yeung et al., 2004) may influence this component. Finally,
ERN amplitude has been found to be smaller for older, compared to
younger, adults (Band and Kok, 2000; Nieuwenhuis et al., 2002;
Themanson et al., 2006, 2008). This difference is believed to reflect an
age-related degradation in self-regulatory processing, which is
consistent with the notion that cognitive health peaks during young
adulthood (Salthouse and Davis, 2006) and older adults exhibit
deficits in executive control processes (Kramer et al., 1999; West,
1996).

The Pe is a positive-going component observed in response-locked
ERP averages of error responses. It is maximal over centro-parietal
recording sites and peaks after the ERN (about 300 ms following an
incorrect response). The Pe has been described as an emotional
reaction to the commission of an error (Falkenstein et al., 2000; van
Veen and Carter, 2002), a post-response evaluation of an error (Davies
et al., 2001; Falkenstein et al., 1990), or the allocation of attention
toward an error following error commission (Mathewson et al., 2005).
More specifically, Davies et al. (2001) found strong correlations
between Pe and P3 amplitude, suggesting that the Pe could be a P3-
like self-regulatory response to the internal detection of an error, with
the error response being the salient stimulus to which attention is
allocated.

To date, one study has investigated the relationship between SE
and neural and behavioral indices of self-regulation (Themanson
et al., 2008). This study examined high- and low-SE older participants
during the execution of a modified flanker task under speed and
accuracy instruction conditions. Results indicated that SE was related
to ERN amplitude following performance errors and SE moderated a
positive linear relationship between ERN amplitude and post-error
response accuracy, with a relationship present in the high-SE group,
but not the low-SE group. These findings were evidenced under
accuracy instructions, but not speed instructions, suggesting that
under circumstances where errors are more salient and participants
havemoremotivational incentive to detect and correct their errors, SE
is associated with enhanced functioning of self-regulatory processes
above and beyond the influence of task parameters (Themanson et al.,
2008). However, this study focused specifically on an older adult
population and performed a median split on SE scores to create high-
and low-SE groups, which limits the findings and implications of the
study. Aging has been associated with the decline of higher-order
cognitive processes (West, 1996), including self-regulatory processes
(Band and Kok, 2000; Nieuwenhuis et al., 2002; Themanson et al.,
2006). Thus, findings of an effect in older adults may not be
generalizable as more room exists to find such cognitive effects in
older adults compared to younger adults, who are at their peak
cognitive health (Salthouse and Davis, 2006). Additionally, SE is a
continuous variable that is best examined along a continuum to avoid
artificial or arbitrary groupings of disparate individuals (Bandura,
2006). Finally, this study did not examine the dynamics of the relation
between SE and self-regulatory processes across the participants' task
experiences. This leaves the nature of SE/self-regulation relationship
undefined over the course of task execution and does not address
whether the association between SE and self-regulation is uniform
over experience or dynamically shifts as task experience grows.

1.3. Present study

In the present study, we investigated the relationship between SE
and self-regulatory processes in conjunction with task instructions
emphasizing either speed or accuracy. We examined SE as a
continuous variable in a sample of healthy young adults to extend
our previous investigation of SE effects on self-regulation (Themanson
et al., 2008).Wemeasured ERN, Pe, and post-error behavior (accuracy,
RT) while participants made responses during a modified Eriksen
flanker task (Eriksen and Eriksen, 1974). Further, we examined the
order of instruction conditions to determine whether the relations
between SE and self-regulatory processes would be sensitive to the
amount of experience gained by the participants.

We predicted positive relationships for SE with ERN and Pe
amplitudes, as well as post-error response accuracy and response
slowing, with higher SE associated with greater ERN, Pe, post-error
accuracy, and post-error slowing in the accuracy condition, but not
the speed condition, extending our previous findings (Themanson
et al., 2008). No relationships were predicted to exist between SE and
ERPs on correct trials (CRN, correct trial Pe) in either instruction
condition as self-regulatory processes are not implemented to the
same degree following correct task execution. These findings would
suggest greater levels of self-regulatory processing for more effica-
cious individuals when task instructions emphasized the salience of
errors (Gehring et al., 1993; Hajcak et al., 2005; Themanson et al.,
2008). That is, greater SE might heighten self-regulatory adjustments
following error commission to improve subsequent task performance,
especially when errors are more meaningful and aversive to the
individual, corroborating the influence of SE on self-reactive processes
described by social cognitive theory (Bandura and Locke, 2003).
Further, we predicted that SE would linearly moderate the relation-
ship between ERN and post-error task performance, extending our
previous finding in older adults, with high-SE participants exhibiting a
stronger relationship between the ERN and post-error performance
measures. Finally, we examined the influence of prior task experience
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on the relation between SE and self-regulation in the accuracy
instruction condition: if the relations between SE and ERN, Pe, and
post-error behavior are differentially sensitive to levels of task
experience; this may suggest that the goal orientation of self-
regulation is actively developing from process goals to outcome
goals across participants' engagement in the task (Zimmerman and
Kitsantas, 1997). This difference in process or outcome orientation
would be evidenced through accuracy-first participants showing
relatively stronger relationships with the ERN and Pe, indices of the
process of detecting and evaluating errors, and weaker relations with
post-error accuracy, an outcome index of self-regulation, when
compared to accuracy-second participants. If all aspects of self-
regulation are similarly influenced by task experience, the goal
orientation of self-regulation is consistent for the duration of task
engagement and experience should strengthen the relations between
SE and all indices of self-regulation.

2. Material and methods

2.1. Participants

Seventy-two healthy adults (18–25 years) were recruited from
undergraduate kinesiology courses at the University of Illinois at
Urbana–Champaign. Participants received extra course credit in
exchange for their participation. Participants (n=5) with fewer
than six errors in each task condition (i.e., accuracy, speed) were
discarded from the analyses (Olvet and Hajcak, 2009; Pontifex et al.,
2010) as were participants (n=4) who did not perform above 50%
accuracy in each task condition, resulting in a sample size of 63
participants (38 females, 25 males). The study was approved by the
Institutional Review Board of the University of Illinois at Urbana–
Champaign.

2.2. Behavioral Task

Participants completed a modified version of the Eriksen flanker
task (Eriksen and Eriksen, 1974) utilizing symbols that were either
congruent (bbbbb or NNNNN), or incongruent (NNbNN or bbNbb) to the
central target stimulus. The central target symbol pointing to the right
(“N”) required a right-handed response and the central target symbol
pointing to the left (“b”) required a left-handed response. Thus, on
congruent trials, the flanking symbols were identical to the target and
did not activate the incorrect response. Alternatively, on incongruent
trials, the flanking symbols pointed in the opposite direction of the
central target symbol, which was designed to elicit activation of the
incorrect response and lead to an increased number of performance
errors and response delays. Participants viewed a series of white
stimuli on a black background presented focally on a computer
monitor at a distance of 1 m and each array of five arrows subtended
13.5° of the horizontal visual angle and 3.4° of the vertical visual angle
when presented on the computer monitor. Stimuli were 4 cm in
height and were presented for 80 ms with an inter-trial interval (ITI)
varying between either 1000, 1200, or 1400 ms for each trial. The
trials were grouped into two task blocks, with a brief rest period
between each block. One block was conducted under the instruction
to respond as accurately as possible (i.e., accuracy instruction) and the
other was conducted under the instruction to respond as quickly as
possible (i.e., speed instruction). Each block contained 600 trials.
Congruent and incongruent trials were equiprobable and randomly
ordered within each task block. Finally, the two blocks were
counterbalanced across participants.

2.3. Self-efficacy assessment

Two measures were constructed to assess SE for task performance
under conditions that stress either accuracy or speed (McAuley et al.,
2005). These measures followed the format recommended by
Bandura (1977) for construction of efficacy measures and were
composed of 10 items in each scale, which reflected beliefs relative to
the accurate completion of successively more trials on the flanker
task. In the context of SE for accuracy, participants were asked to
report their degree of confidence in completing trials as accurately as
possible. The first item on the scale was “I believe that I am able to
accurately complete 10 out of 100 trials without regard for speed.”
Each item on the scale increased by 10 trial increments so that the last
item examined beliefs relative to completing 100 out of 100 trials.
Each itemwas scored on a Likert scale from 0% (“not at all confident”)
to 100% (“highly confident”). Responses to all 10 items were summed
and divided by the total number of items resulting in an accuracy
efficacy score with a possible range from 0 to 100. The measure of SE
for speed was constructed and scored in the same manner and
reflected items worded to emphasize the speed of performance by
utilizing the following wording “I believe that I am able to accurately
complete x out of 100 trials as fast as possible.” Both measures had
high internal consistency, α for accuracy=.95, α for speed=.94, and
have been utilized in previous research (Themanson et al., 2008).

2.4. Neural assessment

The electroencephalogram (EEG) was recorded from 64 sintered
Ag–AgCl electrodes embedded in an elastic cap, arranged in an
extended 10–20 system montage with a ground electrode (AFz) on
the forehead. The sites were referenced online to a midline electrode
placed at the midpoint between Cz and CPz. Vertical and horizontal
bipolar electrooculographic activity (EOG) was recorded to monitor
eye movements using sintered Ag–AgCl electrodes placed above and
below the right orbit and near the outer canthus of each eye.
Impedances were kept below 10 kΩ for all electrodes. A Neuroscan
Synamps2 bioamplifier (Neuro Inc., El Paso, TX), with a 24 bit A/D
converter and ±200 millivolt (mV) input range, was used to
continuously digitize (500 Hz sampling rate), amplify (gain of 10),
and filter (70 Hz low-pass filter, including a 60 Hz notch filter) the
raw EEG signal in DC mode (763 μV/bit resolution). EEG activity was
recorded using Neuroscan Scan software (v 4.3.1). Stimulus presen-
tation, timing, and measurement of behavioral response time and
accuracy were controlled by Neuroscan Stim (v 2.0) software.

Offline neural processing of the response-locked components
included: eye blink correction using a spatial filter (Compumedics
Neuroscan, 2003), re-referencing to average mastoids, creation of
response-locked epochs (−400 to 1000 ms relative to behavioral
response), baseline removal (100 ms time window that runs from
−100 ms to 0 ms prior to the response; Yeung et al., 2004), low-pass
filtering (15 Hz; 24 dB/octave), and artifact rejection (epochs with
signal that exceeded ±75 μV were rejected). The spatial filter is a
multi-step procedure that generates an average eye blink, utilizes a
spatial singular value decomposition based on principal component
analysis (PCA) to extract the first component and covariance values,
and then uses those covariance values to develop a filter that is
specifically sensitive to eye blinks. Average ERP waveforms for correct
trials were matched to error trial waveforms on response time and
number of trials to protect against differential artifacts from any
stimulus-related activity (Coles et al., 2001). Matching involved
selecting individual correct trials for each participant, without
replacement, that matched the response time for each of the error
trials for that individual. This procedure removes any differences that
may exist in the timing of processing due to differences in response
latency for correct and error trials (Falkenstein et al., 2001; Mathewson
et al., 2005; Yeung et al., 2004) and results in an equal number of
matched-correct trials and error trials for each individual to compare
differences across accuracy conditions (Themanson and Hillman, 2006;
Themanson et al., 2008). ERN amplitude was quantified as the average
amplitude between 0–100 ms post-response at FCz and Pe amplitude
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was quantified as the average amplitude between 200–500 ms post-
response at Pz in the average waveforms of error trials, with the CRN
and Pe on correct trials derived in the same fashion in average
waveforms from matched-correct trials.

2.5. Task performance

Behavioral data were collected on response time (i.e., time in ms
from the presentation of the stimulus) and response accuracy (i.e.,
number of correct and error responses) for all trials across task blocks.
Errors of omission (non-responses to task stimuli) were categorized
as incorrect responses for calculations of response accuracy, but these
trials were not included in the creation of ERP waveforms due to the
lack of a behavioral response. The mean number of error trials
included in the ERP waveforms in the accuracy condition was 36
(range=6–153, SD=28.0). In the speed condition, the mean number
of error trials was 64 (range=13–192, SD=33.2). Multiple average
response latencies were calculated for each participant (Themanson
et al., 2008). Specifically, these latencies were calculated for: 1) correct
trials, 2) error trials, 3) matched-correct trials (the subset of correct
trials matched to specific error trials based on RT), 4) correct trials
following an error trial (post-error RT), and 5) correct trials following
a matched-correct trial (post-matched-correct RT). Each participant's
post-error RT was compared to his or her post-matched-correct RT
due to the consistent finding that average error RT is faster than
average correct RT (Mathewson et al., 2005; Ridderinkhof et al., 2004;
Yeung et al., 2004) and thus accounts for any effects of RT slowing that
are present simply because error RT generally tends to be faster than
correct RT (Themanson and Hillman, 2006; Themanson et al., 2008).

2.6. Procedure

After providing informed consent, participants completed: a
health history and demographics questionnaire and the Edinburgh
handedness inventory (Oldfield, 1971). Participants visited the
laboratory to have their behavioral and neural measures collected
during the completion of a modified Eriksen flanker task (Eriksen and
Eriksen, 1974). Participants were first seated in a comfortable chair in
front of a computer screen and prepared for neural measurement in
accordance with the guidelines of the Society for Psychophysiological
Research (Picton et al., 2000). After acceptable EEG signals were
observed, the lights were dimmed, participants were given task
instructions (speed: “respond as quickly as possible after seeing the
stimulus”; or accuracy: “respond as accurately as possible after seeing
the stimulus”), and 20 practice trials were administered. Following
the practice trials, participants completed the relevant SE measure
to assess expectations relative to subsequent performance on the
cognitive task. After the completion of the first task condition, the
other task condition (speed or accuracy) was completed. The protocol
for this task condition was identical to the first, with participants
receiving appropriate task instructions, completing 20 practice trials,
and then completing the relevant SE questionnaire prior to the task.
Following the completion of the last block, participants were briefed
on the purpose of the experiment. This session lasted approximately
120 min.

2.7. Statistical analyses

ERN, Pe, post-error RT, and post-error accuracy were analyzed
separately using omnibus 2 (condition: speed, accuracy)×2 (accura-
cy: error, correct)×2 (order: accuracy-first, accuracy-second)×2
(sex: male, female) mixed-model ANCOVAs with SE entered as a
covariate to better establish the relation between SE and these indices
of self-regulation. Bonferroni-corrected ANCOVAs, ANOVAs, paired-
samples t tests, and zero-order bivariate correlations were performed
for follow-up testing. The alpha level was set at p≤ .05 for each
individual analysis and all analyses included every participant in the
final sample (n=63). In instances where SE exhibited a significant
interaction with a well-established effect (i.e., accuracy, condition),
rendering that effect non-significant in the ANCOVA, follow-up 2
(condition)×2 (accuracy)×2 (order)×2 (sex) mixed-model ANOVAs
were conducted to verify that the data conformed to the expected
condition and accuracy effects for that dependent measure. Finally,
simple linear regression analyses (Baron and Kenny, 1986) were
conducted to determine if SE moderated the relationship between
ERN and post-error behavior and to determine if the relation between
SE and indices of self-regulation was sensitive to one's level of task
experience. Additionally, regression analyses were conducted to
examine the potential mediating effect of ERN on the predicted
relationships between SE and post-error behavior. Since the focus of
this study was on SE, only those follow-up analyses that are related to
SE are included in the text.

3. Results

3.1. Self-efficacy

In the accuracy condition (accuracy-SE), the mean (±SD) SE score
was 64.7 (±15.2) with scores ranging from 31 to 96 on a scale with a
possible range of 0 to 100. In the speed condition, the mean SE score
(speed-SE) was 61.1 (±16.9) with scores ranging from 29 to 100. The
correlation between the two SE measures was significant, r=.71,
pb .001, suggesting the two measures were related, but not identical.
A paired-samples t test indicated a significant difference in SE across
task conditions, t(62)=2.6, p=.01, with higher SE reported in the
accuracy condition compared to the speed condition.

3.2. Behavioral task performance

A 2 (condition)×2 (order) mixed-model ANOVAwas conducted for
both response accuracy (% correct) and response time (RT) to verify that
these data conformed to the expected effects. Both analyses revealed
significant condition effects as individuals performed significantly
more accurately (F(1, 61)=71.9, pb .001, partial η2=.54) and more
slowly (F(1, 61)=164.2, pb .001, partial η2=.73) under instructions
stressing accuracy (mean±SD=87% correct±8.6; 390 ms±41.2)
compared to speed (mean±SD=79% correct±9.3; 350 ms±39.2).
No order effects were observed. Bonferroni-corrected paired-samples t
tests conducted in both the speed and accuracy conditions verified the
expected differences in error and correct RT (Falkenstein et al., 2001;
Mathewson et al., 2005; Rabbitt, 1966; Yeung et al., 2004), with errors
being significantly faster than correct trials in both the accuracy
condition (t(62)=18.7, pb .001; error-RT mean±SD=321 ms±43.4;
correct-RT mean±SD=389 ms±41.2) and the speed condition
(t(62)=20.8,pb .001; error-RTmean±SD=293 ms±35.3; correct-RT
mean±SD=350 ms±39.2).

3.3. Corrective behavioral actions

3.3.1. Post-error RT
The omnibus 2 (condition)×2 (accuracy)×2 (order)×2 (sex)

ANCOVA analysis revealed a main effect for sex, F(1, 58)=10.9,
p=.002, partial η2=.16, with faster post-error RT for males
compared to females. Additionally, the expected significant condition,
F(1, 58)=11.0, p=.002, partial η2=.16, and accuracy, F(1, 58)=9.5,
p=.003, partial η2=.14, effects were present, suggesting slower
post-error RTs in the accuracy condition and greater RT slowing
following errors, respectively. These main effects were modified by a
significant two-way condition×order interaction, F(1, 58)=9.3,
p=.003, partial η2=.14, as well as a three-way condition×accur-
acy×order interaction, F(1, 58)=19.3, pb .001, partial η2=.25.
Table 1 provides post-error RT and post-error accuracy means (SD)



5J.R. Themanson et al. / International Journal of Psychophysiology 80 (2011) 1–10
by condition and accuracy for each task order. No significant main or
interaction effects for SE were present in the analysis.

3.3.2. Post-error accuracy
The omnibus 2 (condition)×2 (accuracy)×2 (order)×2 (sex)

ANCOVA revealed the expected significant accuracy main effect,
F(1, 58)=5.4, p=.024, partial η2=.09, suggesting greater post-error
accuracy following errors (see Table 1) as well as a significant main
effect for SE, F(1, 58)=11.9, p=.001, partial η2=.17, suggesting
greater SE is associated with greater post-error accuracy. These main
effects were modified by a significant two-way condition×accuracy
interaction, F(1, 58)=5.5, p=.022, partial η2=.09, as well as a three-
way condition×accuracy×SE interaction, F(1, 58)=5.6, p=.021,
partial η2=.09.

Decomposition of the three-way interaction into simple accuracy
ANCOVAs for each condition revealed significant accuracy main
effects for both conditions, with similar effects in both the accuracy
condition, F(1, 26)=17.5, pb .001, partial η2=.40, and speed con-
dition, F(1, 21)=16.0, p=.001, partial η2=.43. Zero-order bivariate
correlations between SE and post-error behavior revealed the largest
correlation between SE and post-error accuracy in the accuracy
condition, r=.30, p=.02, with a significant relationship between SE
and post-matched-correct accuracy in the accuracy condition as well,
r=.25, pb .05. In the speed condition, SE was not significantly
correlated with post-error accuracy, r=.12, p=.32, but was signif-
icantly correlated with post-matched-correct accuracy, r=.26,
p=.04, suggesting SE is differentially related with post-error self-
regulation across task instruction conditions, but no differences exist
across task conditions in relation to post-correct processes. Finally,
though the omnibus ANCOVA did not reveal the expected condition
main effect, a follow-up ANOVAwithout SE included as a covariate did
reveal the condition main effect, F(1, 59)=69.1, pb .001, partial
η2=.54, with greater post-error accuracy in the accuracy condition
compared to the speed condition. Further, the accuracy main effect
was much larger, F(1, 59)=39.4, pb .001, partial η2=.40, when SE
was removed from the model.

3.4. ERN

Fig. 1 provides grand-averaged response-locked waveforms by
instruction condition (accuracy, speed) and response accuracy (error,
correct). The omnibus 2 (condition)×2 (accuracy)×2 (order)×2
(sex) ANCOVA revealed significant SE, F(1, 58)=5.1, p=.03, partial
η2=.08, and sex, F(1, 58)=5.6, p=.02, partial η2=.09, main effects,
suggesting larger ERN amplitudes for individuals with greater-SE and
for females, respectively. These main effects were modified by a
significant two-way accuracy×SE interaction, F(1, 58)=5.1, p=.03,
partial η2=.08, as well as a three-way accuracy×sex×order
interaction, F(1, 58)=7.3, p=.009, partial η2=.11. Decomposition
of the accuracy×SE interaction into zero-order bivariate correlations
between SE, ERN, and CRN revealed that SE is significantly correlated
with ERN, r=−.26, p=.04, but not with CRN, r=−.07, p=.57, with
Table 1
Post-error RT and post-error accuracy means (SD) by task condition (accuracy, speed)
and accuracy (post-error, post-matched-correct) for each task order (accuracy-first,
accuracy-second).

Variable Accuracy-first Accuracy-second

Accuracy
condition

Speed
condition

Accuracy
condition

Speed
condition

P-E RT 398.3 (51.1) 352.0 (38.6) 382.6 (41.0) 378.3 (44.0)
PMC RT 363.9 (39.8) 327.7 (39.2) 369.0 (41.2) 335.6 (39.5)
P-E PC 90.1 (7.8) 82.0 (10.7) 89.2 (9.3) 80.2 (9.4)
PMC PC 85.5 (8.6) 77.9 (9.0) 85.4 (9.3) 74.3 (10.7)

Note. P-E = post-error; PMC = post-matched-correct; RT = response time; PC =
percentage correct (response accuracy).
greater SE associated with larger (more negative) ERN amplitude
across instruction conditions. Fig. 2 provides grand-averaged re-
sponse-locked waveforms highlighting SE influences at the FCz
and Pz electrode sites. A median split was performed for SE to
facilitate the display of these waveforms. Finally, though the omnibus
ANCOVA did not reveal the expected condition and accuracy main
effect, a follow-up ANOVA without the SE covariate did reveal both
the condition, F(1, 59)=20.4, pb .001, partial η2=.26, and accuracy
main effects, F(1, 59)=74.6, pb .001, partial η2=.56, with larger
amplitudes in the accuracy instruction condition compared to the
speed condition and in relation to error trials compared to correct
trials, respectively1.

3.5. ERN and post-error accuracy

3.5.1. SE moderation analysis
Zero-order correlations revealed a significant relationship between

ERN and post-error accuracy, r=−.41, p=.001, with larger (more
negative) ERN amplitude associated with greater post-error accuracy
across instruction conditions. Since the relationship between SE and
ERN did not interact with instruction condition for the ERN (i.e., the
relationshipwas not specific to the accuracy instruction condition, but
existed across instruction conditions), analyses examining SE as a
moderator of the ERN and post-error accuracy relationship are only
appropriate across task conditions. Thus, to determine if SEmoderated
the relation between ERN and post-error accuracy, a linear multiple
regression was conducted regressing post-error accuracy on SE, ERN,
and the product of SE and ERN across task conditions (Baron and
Kenny, 1986). Results indicated that SE did not moderate the
relationship as the product variable (SE×ERN), was not significant
(t(59)=1.2, p=.24), suggesting a linearmoderation relationshipwas
not present.

Previous research on this topic utilized a median-split to group
participants by SE and showed a moderation effect (Themanson et al.,
2008), suggesting the moderating effect of SE may be best sum-
marized as a step function (Baron and Kenny, 1986) and is not
appropriately examined in a linear model. To assess this possibility, a
post-hoc median split was performed on SE to examine the potential
existence of a non-linear moderation relationship (Baron and Kenny,
1986). Simple linear regression analyses were conducted separately
for both the high- and low-SE groups to determine whether SE
moderated the relationship between ERN and post-error accuracy
(Themanson et al., 2008), with post-error accuracy regressed on ERN
amplitude. The analyses revealed a significant relation between ERN
and post-error accuracy in the high-SE group, r=−.46, F(1, 29)=6.3,
p=.01, with larger ERN associated with greater post-error accuracy.
However, no significant relationship was present in the low-SE group,
r=−.34, F(1, 30)=3.6, p=.07. A Fisher's Z-transformation was
calculated to compare the ERN and post-error accuracy correlations
across levels of SE. The results showed a non-significant difference in
the relationships between ERN and post-error accuracy across SE
groups, z=.54, p=.59, suggesting no difference in the relation
between ERN and post-error accuracy in the high-SE participants
compared to the low-SE participants. These findings do not support
those from previous research on older adults (Themanson et al., 2008)
as SE did not moderate the relation between ERN amplitude and post-
error accuracy.

3.5.2. Mediation analysis
Previous analyses demonstrated a significant positive relationship

between SE and post-error accuracy, but only in the accuracy
instruction condition. Further, SE was significantly related with ERN
1 All ERN analyses were also conducted at Cz. The pattern of findings did not differ
from those reported in the text at FCz. These analyses were not included in the text to
clarify the presentation of the data.
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Fig. 1. Grand averaged response-locked waveforms for the accuracy and speed conditions on error and correct trials at the Fz, FCz, Cz, and Pz electrode sites.
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Fig. 2. Grand averaged response-locked waveforms for SE influences on error and correct trials in the accuracy and speed conditions at the FCz and Pz electrode sites. A median split
was performed for SE to facilitate the display of these waveforms.

Table 2
Summary of regression analyses to test ERNmediation of relation between SE and post-
error accuracy in the accuracy instruction condition: regressing post-error accuracy on
SE (top), regression ERN amplitude on SE (middle), and regression post-error accuracy
on both SE and ERN amplitude (bottom).

Post-error accuracy

Variable B SE B β

SE .16 .08 .30⁎

ERN amplitude

Variable B SE B β

SE −.08 .03 −.31⁎

Post-error accuracy

Variable B SE B β

SE .09 .08 .15
ERN −.88 .07 −.37⁎⁎

Note. SE = self-efficacy; ERN = error-related negativity.
⁎ pb .05.
⁎⁎ pb .01.
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across task conditions, with a significant correlation evidenced in the
accuracy condition, r=−.31, p=.01. Moreover, ERNwas significantly
related with post-error accuracy across task conditions, with a
significant relationship in the accuracy condition, r=−.41, p=.001.
Therefore, it is possible that ERN amplitude mediates the exhibited SE
effect on post-error accuracy in the accuracy instruction condition. To
formally test for ERN mediation of the relationship between SE and
post-error accuracy, three linear regression analyses were performed
to test for ERN mediation (Baron and Kenny, 1986). As expected, the
first and second regression analyses revealed that SE affected ERN
amplitude, t(61)=2.6, p=.01, and post-error accuracy, t(61)=2.4,
p=.02, respectively, in the accuracy instruction condition. The third
analysis, which regressed post-error accuracy on both SE and ERN
amplitude, revealed a significant effect of ERN amplitude on post-
error accuracy, t(60)=3.0, p=.004, and a smaller, non-significant,
effect of SE on post-error accuracy, t(60)=1.2, p=.23 (see Table 2). A
Sobel (1982) test was conducted to assess the significance of the
mediating variable (ERN) on the strength of the relation between SE
and post-error accuracy. The test revealed a significant effect, z=2.01,
p=.04, suggesting ERN does mediate, in part, the relation between SE
and post-error accuracy in the accuracy instruction condition as the
relation between SE and post-error accuracy was significantly weaker
with the inclusion of ERN in the regression model.

3.6. Pe

The omnibus 2 (condition)×2 (accuracy)×2 (order)×2 (sex)
ANCOVA revealed a significant main effect for SE, F(1, 58)=9.2,
p=.004, partial η2=.14, suggesting greater SE is associated with
larger Pe amplitude regardless of task condition or response accuracy,
as well as a significant three-way condition×accuracy×order
interaction, F(1, 58)=16.5, pb .001, partial η2=.22, and a significant
four-way condition×accuracy×order×sex interaction, F(1, 58)=7.9,
p=.007, partial η2=.12. Though the omnibus ANCOVA did not reveal
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the expected condition and accuracy main effect, a follow-up
ANOVA without the SE covariate did reveal the accuracy main effect,
F(1, 59)=60.4, pb .001, partial η2=.51, with larger amplitudes for
error trials compared to correct trials (see Fig. 1).

3.7. Order/experience effects on SE and self-regulation

To determine if prior task experience had an effect on the relation
between SE and indices of self-regulation under accuracy instructions,
we computed bivariate zero-order correlations between SE, ERN, Pe,
and post-error accuracy separately for each task order (accuracy-first,
accuracy-second). Correlations revealed that accuracy-first partici-
pants exhibited smaller, but still significant, correlations between SE
and ERN, r=−.36, p=.04, and SE and post-error accuracy, r=.29,
p=.08, compared to accuracy-second participants who gained task
experience prior to engaging in the accuracy condition (SE with ERN:
r=−.24, p=.16; SE with post-error accuracy: r=.35, p=.05).
Fisher's Z-transformations were calculated to compare the ERN and
post-error accuracy correlations across task orders. The results
showed no significant difference in the relationships between SE
and ERN across task orders, z=.72, p=.47, or between SE and post-
error accuracy across task orders, z=.36, p=.72. These findings
suggest that the relations between SE and indices of self-regulation do
not strengthen with task experience and different indices of self-
regulation are not differentially sensitive to one's relative level of task
experience.

4. Discussion

The present data confirm that beneficial relationships exist
between SE and both behavioral and neural indices of self-regulation.
SE was associated with greater post-error response accuracy during
accuracy instruction conditions, corroborating previous evidence
relating SE to self-regulatory processes (Themanson et al., 2008)
and extending the literature to include young adults using a more
robust continuous assessment of SE. Additionally, support is provided
for social cognitive theory, which details SE as a self-regulatory agent
for improving goal-directed behavior (Bandura, 2001; Bandura and
Locke, 2003) as SE was associated with ERN amplitude, a neural index
of self-regulatory processes intended to improve desired behavioral
outcomes, across instruction conditions. Further, findings suggest
that ERN amplitude mediated the relationship between SE and post-
error response accuracy in the accuracy instruction condition, such
that the activation of self-regulatory processes indexed by ERN
amplitude help explain the improved performance following errors in
the accuracy instruction condition for those individuals with greater
SE. Finally, findings showed the association between motivational
influences (SE, accuracy instructions) and indices of self-regulation
remains constant as one gains experience in task engagement, with no
strengthening of the relationships or modulatory differences among
those indices due to increased task experience, suggesting no varia-
tion in goal orientation (process, outcome) over the course of
participation and no improvements in self-regulatory processes
associated with SE.

Researchers have examined the beneficial relationship between SE
and cognitive behavior (Berry and West, 1993; Bouffard-Bouchard,
1990; Lachman and Jelalian, 1984; Stajkovic and Luthans, 1998) and
have detailed SE influences on effort and motivation following sub-
standard performance (Bandura and Cervone, 1983; Bandura, and
Locke, 2003). However, there has been little focus on the relationship
between SE and behavioral outcomes following self-regulatory
processing and how the impact of SE may be implemented through
patterns of neural activation (Themanson et al., 2008). Fundamental-
ly, post-error adaptations in behavior are made to improve subse-
quent performance. Further, the degree to which one is able to
accurately perform following behavioral errors is a direct indicator of
one's ability to beneficially monitor and modify actions to meet
desired and intended outcomes. The current findings indicate that SE
may be one factor related with improved post-error corrective
adjustments, with the greatest beneficial influencewhen performance
accuracy is most salient (Gehring et al., 1993) or when the individual
is more motivated (Hajcak et al., 2005) or has more incentive (Pailing
and Segalowitz, 2004a) to perform accurately. This result is also
consistent with social cognitive theory, which details SE as a positive
influence on motivation, effort, and perseverance (Bandura, 1991,
1993). Thus, greater SE may lead to greater levels of motivation,
incentive, or effort to perform accurately under task instructions
emphasizing accuracy, above and beyond the influence of task para-
meters, and this enhanced motivation is associated with an enhanced
ability to self-regulate following errors to improve performance.

In addition to post-error accuracy, a relationship exists between SE
and ERN amplitude across task conditions, with more efficacious
individuals exhibiting greater (more negative) ERN amplitudes. This
finding extends the post-error accuracy finding described above to
include neural measures of self-regulation, though the neural effect
was evidenced across task instruction conditions. This does not
corroborate previous evidence relating SE to ERN amplitude in older
adults, which showed a relationship only under accuracy instructions
(Themanson et al., 2008). This indicates that while greater SE
heightens the detection of errors (Holroyd and Coles, 2002) or
behavioral conflict (Yeung et al., 2004) during tasks emphasizing the
importance of accurate task execution in young adults, the beneficial
impact of SE on self-regulatory processes indexed by the ERN
generalizes to different task parameters. Further, the relation between
SE and ERN provides support for the reinforcement learning (R–L)
theory of ERN (Holroyd and Coles, 2002). The R–L theory suggests that
ERN amplitude is sensitive to performance expectancy, such that
lower expectations and poorer performance are associated with
smaller (less negative) ERN amplitudes and higher expectations and
better performance are associated with larger (more negative) ERN
amplitudes. In the present study, higher SE expectations were indeed
associated with both improved post-error performance, in accord
with social cognitive theory (Bandura, 1986), and larger ERN
amplitudes, which result from higher expectations as predicted by
R–L theory (Holroyd and Coles, 2002). Finally, no effects of SE were
present with the CRN, suggesting the SE effect is specific to neural
indices of error-related self-regulation. This finding is consistent with
Hajcak et al. (2005), who reported a similar pattern of results in
relation to motivational influences on the ERN and suggested that a
“functional differentiation” (Hajcak et al., 2005, p. 159) may exist
between correct and error trials in terms of ACC activation and self-
regulation.

Moreover, the relationship between SE and post-error accuracy in
the accuracy condition was mediated by ERN amplitude, such that
self-regulatory processes indexed by ERN amplitude help explain the
improved post-error performance of individuals with greater SE.
Importantly, in addition to SE, larger (more negative) ERN amplitudes
were also associated with greater response accuracy following error
commission, which is consistent with fMRI research showing ACC
activation during errors and task conditions that elicit response
conflict predicted the recruitment of additional prefrontal neural
structures believed to be crucial for the implementation of control on
subsequent trials (Garavan et al., 2002; Kerns et al., 2004). Our
findings in older adults (Themanson et al., 2008) suggested that the
relationship between ERN and post-error accuracy was moderated by
SE, with a tighter coupling of the neural self-regulatory processes and
post-error behavioral improvements in the higher-SE participants.
However, the current finding in young adults provides more
information on how SE, ERN, and post-error accuracy are related.
Notably, the intervening effects SE has on ERN and ERN has on post-
error accuracy provide one important mechanism throughwhich SE is
related with compensatory post-error adjustments in behavior.
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Given the relation between SE and indices of self-regulation, and
the modifiable nature of SE through a variety of means, including
mastery experiences (Bandura, 1986), one could hypothesize that SE
and its relations with process- and outcome-oriented self-regulatory
goals develops over the course of task experience (Zimmerman and
Kitsantas, 1997). Alternatively, the goal orientation of self-regulation
may not change or develop in relation to task experience at all.
Instead, the relation between SE and all indices of self-regulation
may strengthen with greater task experience (Bandura and Wood,
1989). However, our findings indicate that the relations between
SE and all indices of self-regulation in the accuracy condition
remained consistent with task experience; they did not change/
develop (Zimmerman and Kitsantas, 1997) or strengthen (Bandura
and Wood, 1989); suggesting the association between SE and self-
regulation was not enhanced, or influenced in any way, by greater
task experience.

Upon initial inspection, the adaptive relations larger ERN ampli-
tudes has with SE and post-error performance (present study;
Themanson et al., 2008), stress regulation (Compton et al., 2008),
and academic performance (Hirsh and Inzlicht, 2010), may seem
paradoxical with research detailingmaladaptive associations between
larger ERN and psychological processes like obsessive–compulsive
disorder (OCD; Gehring et al., 2000), anxiety (Hajcak et al., 2003),
depression (Chiu and Deldin, 2007; Holmes and Pizzagalli, 2008) and
negative affect (Hajcak et al., 2004; Luu et al., 2000; see Olvet and
Hajcak, 2008 for a review). However, these findings should not be
interpreted to indicate that the self-regulatory system itself is
functionally adaptive or maladaptive. Rather, these findings should
be used to detail the psychological and emotional context surround-
ing the use or misuse of the self-regulatory system. As theorized and
modeled by both Yeung et al. (2004) and Holroyd and Coles (2002),
the ERN is part of a cognitive self-regulatory system. Its function is
related with one's ability to detect and correct mistaken behavioral
interactions/executions following erroneous task performance. Given
that functionality, larger ERN can be both adaptive andmaladaptive as
both the self-regulatory system and the implementation of that
system can be imprecise, misguided, and imperfect. When running
smoothly, in an appropriately sensitive and controlled manner and
existing in a well-adjusted and healthy individual, enhanced neural
signaling of error detection and the recruitment of additional
cognitive control to alleviate subsequent mistakes is an adaptive
process. However, when the self-regulatory system is not calibrated
appropriately due to psychological or emotional disruptions affecting
the system or the individual in general, the system does not behave in
the most efficient or healthy manner. This can lead to “hyperactive or
hypoactive error-processing,” (Olvet and Hajcak, 2008, p. 1349) and
the inefficiency, miscalibration, or misuse of the self-regulatory
system can be viewed as an indicator of the larger unhealthy and
maladaptive state of the individual (e.g., internalizing disorders and/
or externalizing disorder; Olvet and Hajcak, 2008).

4.1. Limitations

Although we report on interesting relationships among SE,
behavioral performance, and neural indices of self-regulation, there
are a number of limitations to the present study. Although our
analyses were able to determine the extent to which SE was
independently associated with post-error behavior and ERN ampli-
tude, it is important to clarify that no causal relationships or temporal
models are being proposed. The cross-sectional nature of the study, as
well as the lack of random assignment to levels of SE, limits the
strength of the findings because the effects may be attributable to
other factors. Additionally, only one relatively simple cognitive task
was utilized in the current investigation. Future research should
implement an array of cognitive measures with greater levels of
complexity to more completely assess the relationships between SE,
indices of self-regulation, and the potential development of self-
regulatory processes across task experiences.

4.2. Conclusions

Overall, our findings support SE, a modifiable psychosocial
construct, as an important correlate of self-regulation and post-error
adjustments in behavior. As predicted by social cognitive theory
(Bandura, 1986, 1997), SE expectations were associated with higher
levels of reactive evaluation and behavioral adaptations utilized to
improve performance following error commission. These benefits
were evident in both neural (ERN) and behavioral (post-error
accuracy) measures of self-regulation, with a more general relation-
ship between SE and ERN across task instruction conditions and a
more specific relation between SE and post-error accuracy only under
task conditions emphasizing the accuracy of performance, suggesting
the influence of SE interacts with task constraints (Themanson et al.,
2008). Further, the relationship between SE and post-error response
accuracy in the accuracy condition was mediated by ERN amplitude,
suggesting the improved post-error performance of individuals with
greater SE may be explained by the self-regulatory processes
underlying ERN activation. Whether the manipulation of SE beliefs
differentially alters the functioning of an individual's self-regulatory
system and the quality of their interactions with the environment
remains to be determined. Future efforts might consider employing
true experimental designs in which SE is manipulated to determine
how these task-specific improvements in behavior and post-error
cognitivemodificationsmight subsequently enhance overall cognitive
health and well-being.
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