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The effect of trial-to-trial feedback
on the error-related negativity
and its relationship with anxiety

DOREEN M. OLVET AND GREG HAJCAK
Stony Brook University, Stony Brook, New York

Individuals with anxiety disorders and related personality traits are characterized by increased error-related
brain activity, as measured by the error-related negativity (ERN) in simple speeded response tasks. An absent,
or opposite, relation between anxiety and the ERN has been reported in studies that employed reinforcement
learning paradigms with trial-to-trial feedback. Understanding the effect of trial-to-trial feedback on the ERN
may help clarify these results and can further elucidate the impact of feedback on performance monitoring. In the
present study, 30 undergraduate participants performed two versions of the arrowhead version of the flanker task
in counterbalanced order: one with trial-to-trial feedback and one without. The participants were slower and more
accurate in the task with trial-to-trial feedback; however, the ERN was equivalent between the two tasks. Larger
ERNs were related to higher trait anxiety, but only in the version without trial-to-trial feedback. These findings
show that although trial-to-trial performance feedback impacts behavioral measures, it does not affect the ERN;
moreover, the presence of trial-to-trial feedback moderates the relationship between the ERN and anxiety.

Neural measures of error processing have been fea-
tured in contemporary studies in developmental (Davies,
Segalowitz, & Gavin, 2004), cognitive (Gehring, Goss,
Coles, Meyer, & Donchin, 1993), clinical (Hajcak, Frank-
lin, Foa, & Simons, 2008), and social (Amodio, Jost, Mas-
ter, & Yee, 2007) psychology. In particular, these studies
have focused on an event-related potential (ERP) known
as the error-related negativity (ERN). The ERN presents
as a negative deflection approximately 50 msec following
an erroneous response at frontal-central midline record-
ing sites (Falkenstein, Hohnsbein, Hoormann, & Blanke,
1991; Gehring et al., 1993). The neural source of the ERN
appears to be the anterior cingulate cortex (Dehaene,
Posner, & Tucker, 1994; Holroyd, Dien, & Coles, 1998;
van Veen & Carter, 2002), and it has been hypothesized
that it represents the early detection of events that require
increased cognitive control (Ridderinkhof, Ullsperger,
Crone, & Nieuwenhuis, 2004)—for instance, events that
are worse than anticipated (Holroyd & Coles, 2002) or
when there is increased response conflict (Yeung, Cohen,
& Botvinick, 2004). The ERN is observed regardless of
stimulus and response modalities (Bernstein, Scheffers, &
Coles, 1995; Holroyd et al., 1998; Van’t Ent & Apkarian,
1999) and is similarly observed for both simple (Hajcak &
Foti, 2008; Hajcak & Simons, 2008) and difficult (Band &
Kok, 2000; Compton et al., 2008; Mathalon et al., 2003;
Themanson, Hillman, & Curtin, 2006) tasks.

To elicit the ERN, studies have employed relatively
simple speeded response tasks. For example, in versions

of the flanker task, participants are instructed to respond
to the identity or direction of a centrally presented stimu-
lus, while ignoring the identity or direction of the sur-
rounding stimuli. In an arrowhead version of the flanker
task, participants have to respond to the direction of a
central arrowhead on both compatible (e.g., < < < < <)
and incompatible (e.g., < < > < <) trials (Eriksen &
Eriksen, 1974). These tasks are fairly simple, and par-
ticipants are instructed to respond both quickly and ac-
curately. Although accuracy tends to be high, participants
occasionally commit errors—presumably due to impul-
sive responding before stimulus processing has been fully
completed (Rabbitt & Vyas, 1981).

The ERN has been a useful tool for understanding ab-
normal error processing in certain clinical populations,
such as individuals with anxiety disorders. Gehring,
Himle, and Nisenson (2000) first demonstrated that in-
dividuals with obsessive-compulsive disorder (OCD) had
larger ERNs than did healthy controls, and these data were
taken to reflect exaggerated error signals that might under-
lie the cycle of obsessions and compulsions that character-
izes patients with OCD. Although a number of researchers
have subsequently replicated the finding that OCD and
obsessive-compulsive traits are related to an increased
ERN (Hajcak et al., 2008; Hajcak & Simons, 2002; Jo-
hannes et al., 2001; Ruchsow et al., 2005; Santesso, Se-
galowitz, & Schmidt, 2006), it appears that this effect
is not specific to OCD. For example, some studies have
shown larger ERNs among individuals who are worried
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(Hajcak, McDonald, & Simons, 2003) and depressed
(Chiu & Deldin, 2007; Holmes & Pizzagalli, 2008). Con-
sistent with these results, an increased ERN has been re-
lated to the higher order construct of negative affect that
might characterize both anxious and depressed individu-
als (Hajcak, McDonald, & Simons, 2004; Luu, Collins, &
Tucker, 2000; Olvet & Hajcak, 2008). Importantly, studies
relating the ERN to anxiety and related personality traits
have utilized simple speeded response tasks.

When more complex tasks (i.e., tasks that incorporate
learning) have been employed to study error processing
in anxiety disorders, results have been mixed, if not oppo-
site. For instance, in a number of studies, a reinforcement
learning task has been used to study the ERN, in which
participants are provided with trial-to-trial feedback to
learn the appropriate stimulus—response mappings (e.g.,
Holroyd & Coles, 2002). Nieuwenhuis, Nielen, Mol, Haj-
cak, and Veltman (2005) used a reinforcement learning
task and found that individuals with OCD had ERNs com-
parable to those of healthy controls. The authors suggested
that the failure to find an increased ERN among OCD
patients in this study may have been due to the presence of
trial-to-trial feedback in the reinforcement learning task;
that is, trial-to-trial feedback may reduce error-monitoring
demands and, therefore, alter the relationship between the
OCD and the ERN (Nieuwenhuis et al., 2005). Consistent
with this possibility, a recent study examined the ERN
among individuals with high and low OCD symptoms,
using both a reinforcement learning and a simple flanker
task; in this study, individuals reporting OCD symptoms
had larger ERNs in the flanker task and smaller ERNs
in the reinforcement learning task (Griindler, Cavanagh,
Figueroa, Frank, & Allen, 2009). Although the simple
flanker task and the reinforcement learning task differ on
several dimensions, these data are consistent with the pos-
sibility that the presence of trial-to-trial feedback itself in-
fluences the relationship between the ERN and individual
differences in anxiety.

The implications of these findings extend beyond anxi-
ety disorders and individual differences to more funda-
mental issues regarding performance monitoring: It is
possible that trial-to-trial feedback may alter how errors
are processed. For instance, it is possible that receiving
performance feedback could increase emphasis on per-
formance accuracy, which has been shown to increase the
ERN in previous work (Gehring et al., 1993). However,
it is also possible that internal and external performance-
monitoring systems interact in a reciprocal fashion to op-
timize behavioral performance. That is, when presented
with trial-to-trial performance feedback, participants may
rely less on internal error monitoring, which would be re-
flected in a diminished ERN (Nieuwenhuis et al., 2005).
The latter possibility is supported by studies that have
demonstrated an inverse relationship between the ERN
and a similar ERP response to negative feedback in re-
inforcement learning tasks: When individuals must rely
more on external feedback, the ERN is decreased (Hol-
royd & Coles, 2002; Nieuwenhuis et al., 2002). As with
reinforcement learning tasks, some studies in which sim-

ple speeded response tasks have been utilized have also
included trial-to-trial feedback (i.e., Holmes & Pizzagalli,
2008; Schrijvers et al., 2008; Schrijvers et al., 2009); how-
ever, in these studies, the feedback often conveys redun-
dant information, because the participants are aware of
their mistakes. Yet it is not known how the mere presence
of performance feedback may impact the internal detec-
tion of errors.

To date, the effect of trial-to-trial feedback on the ERN
has not been examined using a within-subjects design.
In other words, it is not clear whether the presentation
of extraneous trial-to-trial feedback itself serves as a ma-
nipulation of the ERN. To address this issue, performance
and ERP measures were recorded while participants per-
formed a speeded response task with and without trial-
to-trial performance feedback. The presence of trial-to-
trial feedback might induce more cautious responding, as
indicated by increased accuracy and decreased reaction
time. If this were the case, trial-to-trial feedback should be
associated with a larger ERN, on the basis of data relating
improved behavioral measures to a larger ERN (Gehring
et al., 1993). Conversely, participants might reduce in-
ternal monitoring in the condition with trial-to-trial per-
formance feedback, which should be associated with a
smaller ERN (Holroyd & Coles, 2002; Nieuwenhuis et al.,
2002). In addition, the relationship between the ERN in
both tasks and self-reported symptoms of anxiety was ex-
amined. On the basis of recent work suggesting that the
presence of performance feedback may alter the relation-
ship between the ERN and OCD symptoms (Griindler
et al., 2009; Nieuwenhuis et al., 2005), it was expected
that higher self-reported anxiety would relate to a larger
ERN in the condition without feedback but a smaller ERN
in the condition with feedback.

METHOD

Participants and Measures

Thirty undergraduates (19 male, 11 female) participated in the
present study. Participants who made fewer than six errors in either
task were excluded (Olvet & Hajcak, 2009); thus, 1 participant was
excluded, and the final sample consisted of 29 participants (11 fe-
male). For the behavioral data, 2 subjects were not included, due
to a computer error. Informed consent was obtained from the par-
ticipants prior to the experiment. This research was approved by the
Stony Brook University Institutional Review Board. No participants
discontinued their participation in the experiment once procedures
had begun, and all the participants received course credit for their
participation.

To assess the influence of symptoms of anxiety on error monitor-
ing, the participants completed the short-form version of the Depres-
sion Anxiety Stress Scales (DASS—21; Lovibond & Lovibond, 1995).
The DASS-21 is a 21-item self-report that is divided into three scales:
depression, anxiety, and stress. There are 7 items for each scale, and
the participants were instructed to respond to each item on the basis
of how they had felt for the past week, using a 0-3 scale with 0 = did
not apply to me and 3 = applied to me much or most of the time. The
reliability and validity of the DASS—21 in both clinical and nonclini-
cal samples has been previously established (Antony, Bieling, Cox,
Enns, & Swinson, 1998; Brown, Chorpita, Korotitsch, & Barlow,
1997; Clara, Cox, & Enns, 2001; Crawford & Henry, 2003; Henry &
Crawford, 2005; Lovibond & Lovibond, 1995).
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Task and Materials

The present tasks were administered on a Pentium D class com-
puter, using Presentation software (Neurobehavioral Systems, Al-
bany, CA) to control the presentation and timing of all the stimuli.
The task was an arrow version of the flanker task (Eriksen & Erik-
sen, 1974; Moser, Hajcak, & Simons, 2005). On each trial, five hori-
zontally aligned arrowheads were presented. Half of all trials were
compatible (< < < < < or > > > > >), and half were incompat-
ible (< <> < <or > > < > >), and the order of compatible and
incompatible trials was random. All the stimuli were presented for
200 msec, followed by an interval that varied randomly from 2,300
to 2,800 msec; this value reflected the interstimulus time between
flanker offset and subsequent onset. In the condition with feedback,
500 msec after the participants made their responses, they received
feedback to indicate whether or not they had responded correctly.
The feedback stimuli were presented for 500 msec and consisted of
a schematic frowning (®; negative feedback) or smiling (©; positive
feedback) face; these stimuli were not presented in the condition
without feedback.

Procedure

Following a brief description of the experiment, electroencepha-
lograph (EEG) sensors were attached, and the participant was given
detailed task instructions. Each participant performed the flanker
task both with and without trial-to-trial feedback, and the order of
the task conditions was counterbalanced across participants. The
participants were instructed to press the right mouse button if the
center arrow was facing to the right and to press the left mouse but-
ton if the center arrow was facing to the left. For each condition,
the participants performed a practice block containing 30 trials and
were instructed to be both as accurate and as fast as possible. Each
condition consisted of 11 blocks of 30 trials. To encourage both fast
and accurate responding in both conditions, the participants received
feedback based on their performance at the end of each block. If
performance was 75% correct or lower, the message “Please try to
be more accurate” was displayed; performance above 90% correct
was followed by “Please try to respond faster”; otherwise, the mes-
sage “You’re doing a great job” was displayed. The only differences
between the two task conditions were the trial-to-trial feedback and
a longer intertrial interval in the feedback condition.

Psychophysiological Recording,
Data Reduction, and Analysis

The continuous EEG activity was recorded using an ActiveTwo
head cap and the ActiveTwo BioSemi system (BioSemi, Amsterdam).
Recordings were taken from 64 scalp electrodes based on the 10/20
system, as well as 2 electrodes placed on the left and right mastoids.
The electrooculogram (EOG) generated from blinks and eye move-
ments was recorded from 4 facial electrodes: 2 approximately 1 cm
above and below the participant’s right eye (vertical EOG bipolar
recording), 1 approximately 1 cm to the left of the left eye, and 1 ap-
proximately 1 cm to the right of the right eye (horizontal EOG bipo-
lar recording). As per BioSemi’s design, the ground electrode during
acquisition was formed by the Common Mode Sense active electrode

and the Driven Right Leg passive electrode. The EEG was sampled at
512 Hz. All bioelectric signals were digitized on a laboratory micro-
computer using ActiView software (BioSemi, Amsterdam).

Offline analysis was performed using Brain Vision Analyzer software
(Brain Products, Gilohing, Germany). EEG data were rereferenced to
the numeric mean of the mastoids and band-pass filtered with cutoffs
of 0.1 and 30 Hz. The EEG was segmented for each trial, beginning
400 msec before each picture onset and continuing for 1,000 msec. The
EEG was corrected for blinks and eye movements, using the method
developed by Gratton, Coles, and Donchin (1983). Specific intervals
for individual channels were rejected on each trial, using a semiau-
tomated procedure, with physiological artifacts identified by the fol-
lowing criteria: a voltage step of more than 50.0 «V between sample
points, a voltage difference of 300.0 ¢V within a trial, and a maximum
voltage difference of less than 0.50 ¢V within 100-msec intervals; all
segments were also visually inspected for additional artifacts.

Response-locked average ERPs were computed for correct and
error trials. The ERN and correct response negativity (CRN) were
quantified on error and correct trials, respectively, as the average ac-
tivity in a 0- to 100-msec window, relative to response onset at elec-
trode site FCz, where the ERN was maximal. The Pe was evaluated
on error trials as the average activity from 200 to 400 msec following
response onset at electrode site Pz. A 200-msec window prior to the
response (—400 to —200 msec) served as the baseline.

In all cases, behavioral and ERP data were statistically evaluated
using SPSS General Linear Model software (Version 16.0; SPSS
Inc., Chicago). A trial (correct vs. incorrect) X condition (feedback
vs. no feedback) ANOVA was used to detect differences between the
two tasks, and paired 7 tests were performed for follow-up post hoc
comparisons. A paired-sample 7 test was used to determine the ef-
fect of condition on the Pe. The Pearson correlation coefficient (r)
was used to examine the relationship between the ERN and Pe in the
conditions with and without feedback, as well as the relationship
between the ERN and Pe and the DASS—-21 scores. Fisher’s z was
used to examine differences between correlation coefficients.

RESULTS

Behavioral Results

Behavioral data are presented in Table 1. The partici-
pants committed fewer errors on the flanker task when
they received trial-to-trial feedback [M = 26.48, SD =
11.88, vs. M = 46.78, SD = 21.85; t(28) = 539, p <
.001]. Number of errors was significantly correlated be-
tween the task conditions [r(27) = .45, p < .05]. Con-
sistent with previous studies, the participants responded
more quickly on error than on correct trials [F(1,26) =
151.27, p < .001], and they were faster in the condition
without trial-to-trial feedback [F(1,26) = 8.33, p < .01];
reaction time differences between correct and error tri-
als did not vary between the conditions with and without

Table 1
Behavior and ERP Data
Without Trial-to- With Trial-to-
Trial Feedback Trial Feedback
M SD M SD
No. of errors 46.78  21.85" 26.48  11.88"
Error trial reaction time (msec) 331.28  65.61™  351.64  40.92**
Correct trial reaction time (msec) ~ 389.61  39.23™  412.86 39.61™
Error-related negativity (uV) 0.32 6.89 1.13 6.94
Correct response negativity (u«V) 8.65 4.87 9.00 6.19

*p < .001.
longer in the task with feedback (p < .01).

**Both correct and error trial reaction times were significantly
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Figure 1. The response-locked event-related potentials for error and correct trials at FCz, where the ERN was maximal for the
flanker task without feedback (left) and with feedback (right). Response onset occurred at 0 msec, and negative is plotted up.

feedback [F(1,26) < 1]. Therefore, the participants were
both slower and more accurate when they received trial-
to-trial feedback. In terms of speed—accuracy trade-off,
the presence of trial-to-trial feedback was associated with
more cautious performance.

ERP Results

Figure 1 presents response-locked ERPs from the flanker
task without feedback (left) and with feedback (right), and
the average ERP values are presented in Table 1. As was
expected, the ERN was significantly more negative than
the CRN [F(1,28) = 112.58, p < .001]. However, the
ERN did not differ between the tasks with and without
feedback [F(1,28) < 1]; the interaction between trial and

ERN With Feedback (uV)
o

condition also did not reach significance [F(1,28) < 1].
The magnitudes of the ERN in the conditions with and
without feedback were highly correlated [#(27) = .72,
p <.001]; Figure 2 depicts the ERN in the condition with-
out feedback as a function of the ERN in the condition
with feedback. Finally, there was no difference in the Pe
between the tasks without (M = 12.20, SD = 7.11) and
with feedback [M = 12.91, SD = 8.48; #(28) = —0.62,
p > .05]; however, the Pe was highly correlated between
tasks [7(27) = .71, p < .001].

Individual Differences
The average score on the depression subscale was 9.93
(SD = 9.67), with a range of 0—30. The average score on

-15

ERN Without Feedback (uV)

Figure 2. Scatterplot depicting the Pearson correlation for the error-related negativity (ERN) at
FCz between the feedback and no-feedback conditions.
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the anxiety subscale was 7.72 (SD = 8.10), with a range of
0-26. The average score on the stress subscale was 11.31
(SD = 9.60), with a range of 0—32.

The Pearson correlation coefficient was used to explore
the relationship between ERPs and self-report measures.
There was a significant correlation between the ERN
and anxiety in the condition without feedback [#(27) =
—.37, p < .05; see Figure 3],! indicating that higher
anxiety scores predicted a larger ERN; however, the cor-
relation between anxiety and the ERN in the condition
with feedback did not reach significance [r(27) = —.14,
p > .05]; the correlations between anxiety and the ERN
were significantly different between tasks (z = 4.62, p <
.001). There were no statistically significant correlations
between the ERNS in either condition and the depression
or stress scores or between the Pe in either condition and
all the self-report measures (all ps > .05).

DISCUSSION

The present study suggests that the ERN and other
error-related components are not directly affected by the
presence of trial-to-trial performance feedback. However,
trial-to-trial feedback was related to longer reaction times
and increased performance accuracy. Together, these
findings indicate comparable error-related brain activity
despite behavioral differences in the conditions with and
without trial-to-trial feedback. In addition, we found that
the ERN in the task without feedback was correlated with
anxiety scores on the DASS-21, such that individuals who
reported high levels of anxiety also had larger (i.e., more
negative) ERNs. This finding was specific to the condi-
tion without feedback. Thus, the present results suggest
a need to consider the presence of trial-to-trial feedback
when the relationship between the ERN and individual
differences is examined.

ERN Without Feedback (uV)

Recently, Griindler et al. (2009) reported smaller ERNs
in undergraduates with high OCD symptoms, as compared
with those with low OCD symptoms, when a reinforce-
ment learning task was used. This finding was specific
to the reinforcement learning task: The participants in the
Griindler et al. study also performed a simple flanker task;
in this task, those with high OCD symptoms had /arger
ERNSs. Nieuwenhuis et al. (2005) also reported compa-
rable ERNs between individuals with OCD and healthy
controls when a reinforcement learning task was used.

On the other hand, most studies to date have shown an
increased ERN in individuals with anxiety disorders, such
as OCD (Gehring et al., 2000; Hajcak et al., 2008; Johannes
etal.,2001; Ruchsow et al., 2005) and generalized anxiety
disorder (Ladouceur, Dahl, Birmaher, Axelson, & Ryan,
2006), and in individuals reporting anxiety symptoms
(Hajcak et al., 2003; Hajcak & Simons, 2002; Santesso
et al., 2006); however, in all of these studies, speeded re-
sponse tasks without trial-to-trial feedback were used. Our
findings suggest that the lack of association between the
ERN and anxiety is not specific to reinforcement learning
per se but may be due to the presence of trial-to-trial feed-
back. This possibility is consistent with the suggestion
by Nieuwenhuis et al. (2005) that trial-to-trial feedback
reduces the encumbrance on response monitoring; that
is, trial-to-trial feedback might serve as a kind of reassur-
ance for more anxious individuals and, therefore, alter the
relationship between the ERN and trait anxiety.

Although there was no overall difference in the ERN
for the tasks with and without feedback, the participants
committed fewer errors and were slower to respond when
they received trial-to-trial performance feedback. In both
conditions in the present study, accuracy and speed were
emphasized equally, yet the participants responded more
cautiously when given trial-to-trial feedback. Two promi-
nent computational models of the ERN suggest that the

15 20 25 30

DASS-21: Anxiety

Figure 3. Scatterplot depicting the Pearson correlation between the error-related negativity (ERN) at FCz in the

condition without feedback and DASS-21 anxiety scores.
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ERN should be larger when fewer errors are committed
(Holroyd & Coles, 2002; Yeung et al., 2004). Indeed,
when accuracy is emphasized over speed, the ERN ap-
pears larger in within-subjects designs (Gehring et al.,
1993). However, better performance was not character-
ized by an increased ERN in the present study. Thus, it is
possible that behavioral differences alone might not ac-
count for ERN differences when accuracy is emphasized
over speed (cf. Gehring et al., 1993). Another possibility
is that by emphasizing accuracy over speed, the motiva-
tional value of errors is increased, and if errors become
more motivationally significant, the brain may signal the
need for enhanced internal error monitoring, leading to
an increased error signal (cf. Hajcak, Moser, Yeung, &
Simons, 2005).

The present data indicate that the presence of trial-to-
trial feedback moderates the relationship between anxiety
and the ERN. Future studies might similarly assess this
moderation in other psychiatric disorders. For example,
studies that have assessed the ERN in other psychiatric
disorders, such as depression and substance abuse, have
utilized only speeded response tasks wit# trial-to-trial feed-
back (Chiu & Deldin, 2007; Compton et al., 2008; Franken,
van Strien, Franzek, & van de Wetering, 2007; Holmes &
Pizzagalli, 2008; Schrijvers et al., 2008; Schrijvers et al.,
2009). Because behavioral studies indicate that individuals
with these psychiatric disorders are especially sensitive to
negative feedback (Beats, Sahakian, & Levy, 1996; Elliott,
Sahakian, Herrod, Robbins, & Paykel, 1997; Elliott, Saha-
kian, Michael, Paykel, & Dolan, 1998; Garavan & Stout,
2005; Steffens, Wagner, Levy, Horn, & Krishnan, 2001),
increased error-related brain activity in depression might
be evident only in tasks that present trial-to-trial perfor-
mance feedback. This would lead to an intriguing set of
results: Although both anxiety and depressive disorders
might be characterized by increased error-related brain ac-
tivity, the context in which hyperactive response monitor-
ing is observed may differentiate the disorders.

The present findings underscore the importance of as-
sessing variation in task parameters, especially in regard
to relating the ERN both to behavioral measures and to
individual-difference variables. Although trial-to-trial
feedback did not impact the ERN, it altered behavioral
measures substantially; a comparable ERN was observed
across conditions that varied greatly in terms of reaction
time and error rate. Moreover, the relationship between
anxiety and the ERN was moderated by whether or not
there was trial-to-trial feedback in the flanker task: Anxi-
ety was related to the ERN only in the task without ex-
traneous performance feedback. These data might help
reconcile seemingly contradictory findings on the ERN
and anxiety and raise interesting questions about how
trial-to-trial feedback might moderate the relationship be-
tween neural activity during error monitoring and other
individual differences and psychiatric populations.
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NOTE

1. Anxiety and depression were highly correlated in the present sam-
ple (r = .76, p < .001). To explore the specificity of the relationship
between the ERN in the condition without feedback and anxiety, we
performed a partial correlation between the ERN and anxiety, including
depression as a covariate. The results were in the same direction; how-
ever, the correlation did not reach significance (» = —.32, p = .1). The
correlation between the ERN in the condition with feedback and anxiety
was still nonsignificant when depression was included as a covariate
(r=—.00,p > .05).
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revision accepted for publication August 5, 2009.)
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