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Abstract

The error-related negativity (ERN) is an event-related brain potential observed when subjects commit errors. To
examine whether the ERN is sensitive to the value of errors, the motivational significance of errors was manipulated in
two experiments. In Experiment 1, low and high monetary value errors were compared to evaluate the effect of trial
value on the ERN. In Experiment 2, subjects performed a flanker task both while their performance was being
evaluated and during a control condition. Consistent with the notion that the error-detection system is sensitive to the
significance of errors, the ERN was significantly larger on high-value trials in Experiment 1 and during evaluation in
Experiment 2. There were no corresponding effects on the correct response negativity, and no behavioral differences
between conditions were evident in either experiment. These results are discussed in terms of the functional role of the

ERN in response monitoring.

Descriptors: Motivation, Event-related potentials (ERPs), Error-related negativity (ERN), Ne, Value, Affect

Effective action monitoring involves appropriate performance
adjustments in terms of task demands, and a crucial component
of this process is the ability to detect errors and adjust per-
formance accordingly (Falkenstein, Hoormann, Christ, &
Hohnsbein, 2000). Studies that measure response-locked event-
related brain potentials (ERPs) have described fronto-centrally
maximal negative components that appear relevant to response
monitoring. Perhaps most notably, when subjects make a mis-
take, the response-locked ERP at fronto-central recording sites is
characterized by a negative deflection known as the error-related
negativity (ERN or Ne) that peaks approximately 50 ms post-
response (Falkenstein et al., 2000; Falkenstein, Hohnsbein,
Hoormann, & Blanke, 1991; Gehring, Coles, Meyer, & Don-
chin, 1990; Gerhing, Goss, Coles, Meyer, & Donchin, 1993;
Holroyd & Coles, 2002; Nieuwenhuis, Ridderinkhof, Blom,
Band, & Kok, 2001).

Because the ERN has been observed across different stimulus
and response modalities, it is thought to reflect the activity of a
generic response monitoring system (Bernstein, Scheffers, &
Coles, 1995; Dehaene, Posner, & Tucker, 1994; Falkenstein
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etal., 1991, 2000; Holroyd, Dien, & Coles, 1998; Luu, Flaisch, &
Tucker, 2000; Miltner, Braun, & Coles, 1997; Van 't Ent & Ap-
karian, 1999). Studies utilizing source localization suggest that
the ERN is generated in the medial frontal cortex, most likely the
anterior cingulate cortex (ACC; Dehaene et al., 1994; Holroyd
et al., 1998; Miltner et al., 1997).

In addition to the ERN, a small negative deflection has also
been observed in the response-locked ERP on correct trials. This
correct response negativity (CRN) appears to have morpholog-
ical and topographical properties similar to the ERN (Vidal,
Burle, Bonnet, Grapperon, & Hasbroucq, 2003; Vidal, Has-
broucq, Grapperon, & Bonnet, 2000). Although the functional
significance of the CRN is unknown, the similarities between the
ERN and CRN suggest that both components may index re-
sponse monitoring processes. In support of this possibility, Rid-
derinkhof, Nieuwenhuis, Hajcak, van den Wildenberg, and
Burle (2004) recently showed that CRN amplitude was related to
performance measures that index response control. Specifically,
trials that followed large-CRN trials were characterized by in-
creased accuracy and reduced reaction time (RT) interference
from incompatible stimuli. Taken together, the ERN and CRN
are potentially similar medial frontal negativities that are related
to evaluative functions during response monitoring.

Although many contemporary response monitoring theories
discuss ERP components such as the ERN in terms of informa-
tion processing signals (e.g., related to reinforcement learning or
the detection of response conflict; Holroyd & Coles, 2002; Ye-
ung, Botvinick, & Cohen, 2004) there is a growing body of lit-
erature describing potential affective and motivational influences
on these components. For instance, a number of studies have
reported enhanced ERNs in affectively distressed subjects such as
patients with obsessive-compulsive disorder (OCD; Gehring,
Himle, & Nisenson, 2000; Johannes, Wieringa, Nager, Rada,
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etal., 2001), subjects who score high in OC symptoms (Hajcak &
Simons, 2002), worried subjects (Hajcak, McDonald, & Simons,
2003), and subjects who report high negative affective experience
(Hajcak, McDonald, & Simons, 2004; Luu, Collins, & Tucker,
2000). Additionally, Johannes, Wieringa, Nager, Dengler, and
Munte (2001) found that administration of an anxiolytic drug
(Oxazepam) reduced the amplitude of the ERN, despite having
no effect on performance measures.

Based on these data, several authors have now assigned an
important role for affective and motivational factors in their
conceptualization of the ERN (Gehring & Willoughby, 2002;
Hajcak, McDonald, et al., 2004; Luu et al., 2000; Luu, Tucker,
Derryberry, Reed, & Pulsen, 2003; Luu & Tucker, in press; Pail-
ing & Segalowitz, 2004). Rather than indexing error or conflict
detection as such, it has been suggested that the ERN may by
sensitive to dynamically established goal states, and reflect the
negative affective response to errors (Luu et al., 2000, 2003; Luu
& Tucker, in press).

If the ERN reflects the affective evaluation of response out-
comes and is sensitive to motivational factors, then a straight-
forward prediction is that the ERN should be larger when errors
are more valuable or significant. In an early study, Gehring et al.
(1993) found that the ERN was larger when subjects were re-
warded for being accurate rather than fast. One interpretation of
this finding is that instructions to be accurate made errors more
salient and therefore negatively valent when they occurred.
However, the conflict model of the ERN can explain these ERP
differences based on behavioral data alone (e.g., differences in
error rate and reaction time; Yeung, 2004; Yeung et al., 2004).

More recently, Pailing and Segalowitz (2004) attempted to
directly manipulate the motivational value of response errors by
selectively rewarding one type of correct response over another in
a four-choice reaction-time task. Although they did not find that
more costly types of errors were associated with larger ERNs in
all participants, Pailing and Segalowitz did show that the mo-
tivational influence on the ERN was negatively related to con-
scientiousness and positively related to neuroticism. Pailing and
Segalowitz argue that their results demonstrate the importance of
taking both motivational and personality factors into account
when analyzing an individual’s response to an error.

Although there have been suggestions that the ERN reflects
the motivational or affective evaluation of events based on be-
tween-groups studies on affective distress, more valuable errors
have not consistently been related to enhanced ERN magnitude
in within-subject designs. In an attempt to further examine
the role of motivational factors on the ERN, the main goal of the
present research was to evaluate the ERN while manipulating
the motivational salience of errors in two experiments. In Ex-
periment 1, we sought to make errors more or less significant by
manipulating the monetary value of each trial. In Experiment 2,
subjects performed a task while their performance was being
evaluated, and again when they were simply encouraged to be
fast and accurate. We hypothesized that more significant errors
(those committed on more valuable trials and those committed
during evaluation) would be associated with larger ERNs than
less significant errors.

A second goal of the present study was to determine whether
the effect of motivational manipulations would be confined to
erroneous trials. Considering the potential functional, morpho-
logical, and topographical similarities of the ERN and CRN,
more significant trials may modulate both of these components.
Despite this possibility, the influence of motivation on the CRN
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has not yet been evaluated. If the general response monitoring
activity of the ACC is sensitive to affective and motivational
factors, then the manipulations in the present study might exert
an influence on both the CRN and ERN. However, if the mo-
tivational manipulations selectively increase the ERN, these data
would suggest that only error detection, as such, is sensitive to
situational affective and motivational factors, and indicate some
functional differentiation between the ERN and CRN.

EXPERIMENT 1

In this experiment, we employed a simple motivational manip-
ulation: varying monetary value on a trial-by-trial basis. To this
end, participants performed an arrowhead version of a flanker
task in which each trial was preceded by either a ““5” or “100”
signal, indicating the number of points they could earn on the
upcoming trial. Participants were instructed to earn as many
points as possible and were told that points would be converted
to money at the conclusion of the experiment. If the ERN is
sensitive to the value of errors, then the response ERN should be
larger on 100-point than on 5-point errors.

Methods

Participants

Twenty-two undergraduate students (21 women) in an upper
level psychology class participated in the current experiment for
extra credit. Participants were told that they could earn bonus
money based on their performance, but, in fact, performance was
unrelated to subject remuneration. All participants received $5
for their participation. Data from 2 participants were excluded
because of near perfect task performance.

Task

An arrowhead version of the flanker task was administered on a
Pentium I class computer, using Presentation software (Ne-
urobehavioral Systems, Inc.) to control the presentation and
timing of all stimuli, the determination of response accuracy, and
the measurement of reaction times.

Throughout the task, participants were shown sets of five
arrowheads (“<<<<<”, “<<>< <7, “>>>>>" or
“>><>>") and were instructed to press the left or right
mouse button in accordance with the direction of the center ar-
rowhead. In this way, there were two congruent conditions
(“<<<<<”and “> > > > >")and two incongruent condi-
tions (“< < > < <”and “> > < > >"). Arrowheads were pre-
sented in white font against a black background, and were
positioned in the center of the screen. At a viewing distance of
roughly 65 cm, each set of arrowheads occupied 1.3° of visual
angle vertically and 9.2° horizontally. A fixation mark (+) was
presented just prior to the onset of each stimulus. The stimuli
were presented randomly such that 50% of trials were congruent.
Finally, each trial was preceded randomly by either a ““5” or
“100” cue indicating the point value of the upcoming trial. The
cue remained on the screen for 2 s, and the imperative stimulus
appeared between 200 and 800 ms following cue offset and re-
mained on the screen for 200 ms. The interval between the offset
of the imperative stimulus and the onset of the following cue
varied between 1700 and 2300 ms.
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Procedure

After a brief description of the experiment, EEG sensors were
attached and the participants were given detailed task instruc-
tions. They were then given two blocks of 48 practice trials during
which both speed and accuracy were emphasized. Although there
was no explicit RT deadline during the actual experiment, par-
ticipants were instructed that they could earn points during the
actual experiment if they were both fast and accurate. Partici-
pants were told that each trial would be preceded by a “5” or
“100” signal indicating the value of the upcoming trial. Partic-
ipants were told to earn as many points as possible and that
points would be converted to money at the conclusion of the
experiment. Following this brief set of instructions, the exper-
iment commenced and consisted of 12 blocks of 48 trials (576
total trials) with each block initiated by the participants at their
own pace. The entire procedure lasted approximately 40 min.

Psychophysiological Recording, Data Reduction, and Analysis
The electroencephalogram (EEG) was recorded using a Neuro-
soft Quik-Cap with tin electrodes. Recordings were taken from
three locations along the midline: frontal (Fz), central (Cz), and
parietal (Pz). In addition, tin disk electrodes were placed on the
left and right mastoids. During the recording, all activity was
referenced to Cz. The electrooculogram (EOG) generated from
blinks and vertical eye movements was recorded using Med-As-
sociates miniature Ag-AgCl electrodes placed approximately 1
cm above and below the participant’s right eye. The right earlobe
served as a ground site. All EEG/EOG electrode impedances
were below 10 KQ and the data from all channels were recorded
by a Grass Model 7D polygraph with Grass Model 7P1F pre-
amplifiers (bandpass = 0.05-35 Hz).

All bioelectric signals were digitized on a laboratory micro-
computer using VPM software (Cook, 1999). The EEG was
sampled at 200 Hz. Data collection began with the presentation
of the imperative stimulus and continued for 1500 ms. Off-line,
the EEG for each trial was corrected for vertical EOG artifacts
using the method developed by Gratton, Coles, and Donchin
(1983; Miller, Gratton, & Yee, 1988) and then re-referenced to
the average activity of the mastoid electrodes. Trials were rejected
and not counted in subsequent analyses if the signal fell out of the
range of the analog-to-digital converter or if the signal was flat
for 25 ms or longer. Additionally, trials were not included in ERP
averages if the reaction time fell outside of a 200-800 ms window.
Finally, the EEG for each trial was time-locked to its respective
reaction time and averaged across trials to yield error- and cor-
rect-trial ERPs for each electrode site.

To quantify the response-locked CRN and ERN, averages
were separately computed for correct and erroneous trials. The
data were then baseline corrected by subtracting from each data
point after response onset the average activity in the 100-ms
window prior to the response. Both the ERN and CRN were
then defined as the average voltage in the window from 0 to 100
ms post-response. To rule out possible stimulus-locked differ-
ences on the response-locked ERPs, the P300 was also evaluated.
The P300 was defined in the averaged ERP of each participant as
the most positive peak in a 300-600-ms window following stim-
ulus onset, relative to the first data point as a baseline. Behavioral
measures were analyzed via analysis of variance (ANOVA) and
all ERP components were statistically evaluated using an ANO-
VA with the Greenhouse—Geisser correction applied to p values
associated with multiple df repeated-measures comparisons.
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Results

Behavioral Measures

Table 1 presents RTand accuracy data for 5- and 100-point trials.
The number of excluded trials did not differ between 5-
(M=1094, SD=10.34) and 100-point (M =9.23, SD=
11.76) trials, F(1,19)< 1. Because the number of rejected trials
could vary between conditions, the number of errors and per-
centage correct are not redundant behavioral measures, and both
are reported. Subjects did not differ in terms of the total number
of 5- and 100-point errors, F(1,19) =2.79, p> .10, nor did they
differ in average error rate on 5- and 100-point trials,
F(1,19) =2.11, p>.10. All subjects made at least five errors on
both 5- and 100-point trials. In terms of RT on valid trials, a 2
(Trial Type) x 2 (Trial Value) ANOVA indicated that subjects
were faster on error trials, F(1,19) = 5.91, p<.05, than on correct
trials, but not faster on 100-point trials than on 5-point trials,
F(1,19)< 1. The interaction between Trial Type and Trial Value
also did not reach significance, F(1,19)<1.

Table 1 also presents the RTs for both congruent and incon-
gruent correct trials. A 2 (Congruency) x 2 (Trial Value) ANO-
VA confirmed the impression that congruent trials were char-
acterized by faster RTs than incongruent trials, F(1,19) = 148.89,
p<.001; there was no main effect of Trial Value, F(1,19)<1, and
no interaction between Congruency and Trial Value, F(1,19)<1.
These data demonstrate the traditional flanker interference effect
such that incongruent trials are associated with slower RTs than
congruent trials; however, this flanker interference effect was
comparable on both 5- and 100-point trials.

Response-Locked ERPs

Figure 1 presents the response-locked ERP averages for errors
and correct trials at Fz (top), Cz (middle), and Pz (bottom) for
5- and 100-point trials. The ERN is evident as a sharp negative
deflection on error trials, peaking roughly 50 ms after the re-
sponse. A smaller negativity, the CRN, is apparent on trials with
correct responses.

A 2 (Trial Type) x 2 (Trial Value) x 3 (Electrode Site) ANO-
VA confirmed that the ERN was larger than the CRN,
F(1,19) = 25.79, p<.001. Additionally, there was a main effect
for Electrode Site, confirming the impression from Figure 1 that
both the ERN and CRN were fronto-centrally maximal,
F(2,38) = 11.76, p<.001, ¢ = .68. Importantly, there was also a
significant interaction between Trial Type and Trial Value,
F(1,19) = 7.59, p<.05, suggesting that the motivational manip-
ulation differentially influenced correct and erroneous trials. In
post hoc analyses, we separately compared the CRN and ERN
for 5- and 100-point trials. In terms of the CRN, a 2 (Trial Value)

x 3 (Electrode Site) ANOVA confirmed the impression that the
CRN did not differ between 5- and 100-point trials, F(1,19)<1.

Table 1. Mean RT and Accuracy Measures (and Standard
Deviations) for Experiment 1

S-point trials 100-point trials
Number of errors 15.2 (9.0) 17.7 (12.7)
Accuracy (% correct) 93.0 (4.1) 93.7 (4.6)
Error RT (ms) 360.2 (36.0) 358.8 (29.1)
Correct RT (ms) 421.6 (27.3) 422.4 (27.7)
Congruent RT (ms) 391.2 (23.8) 390.8 (24.2)
Incongruent RT (ms) 464.5 (38.4) 462.8 (33.2)
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Figure 1. Response-locked ERPs at Fz (top), Cz (middle), and Pz
(bottom) for 5- and 100-point correct and error trials.

However, a similar analysis of the ERN yielded a main effect for
Trial Value, F(1,19) =7.53, p<.05, such that 100-point errors
were associated with a significantly greater ERN. The interaction
of Trial Value and Electrode Site on error trials approached sig-
nificance, F(2,38) =3.19, p<.10, ¢ = .75, with the ERN differ-
ence between error values appearing largest at the central
recording site. Seventeen of the 20 subjects had larger ERNs at
Cz on 100-point than S-point errors (p <.005 by sign test).
Because the enhancement of the negative activity on 100-
point trials appeared to be prolonged, especially at the Cz re-
cording site, we subtracted correct trial averages from error trial
averages to yield a difference wave (Figure 2, top). The difference
wave is characterized by a general increase in negative activity,
but shows a clear negative peak around 75 ms post-response,
maximal at the Cz recording site. Thus, the enhanced negativity
on 100-point errors was largest around the time window of the
ERN-—suggesting that the motivational manipulation enhanced
error-related activity in the response-locked ERP.!

Stimulus-Locked ERPs

To ensure that response-locked ERP differences were not due to
stimulus-related differences or to a general increase in orienting
or arousal, we evaluated the stimulus-locked P300 for both

'In an analysis not reported in detail here, we performed a principal
components analysis (PCA) to further examine this issue. The PCA
yielded a factor showing a sharp negative peak just after the response that
corresponded to the ERN and was significantly greater at Cz for 100-
point errors than 5-point errors.
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Figure 2. Difference waveforms at Fz, Cz, and Pz for 100-point minus
S-point errors (top) and evaluation-control errors (bottom).

5- and 100-point trials. Because the P300 for congruent flankers
has been shown to peak earlier than P300 on incongruent flank-
ers (Coles, Scheffers, & Fournier, 1995; Masaki, Takasawa, &
Yamazaki, 2000; Scheffers & Coles, 2000), we evaluated con-
gruent and incongruent trials separately; these data are presented
in Figure 3.

A 2 (Trial Value) x 2 (Congruency) x 3 (Electrode Site)
ANOVA yielded a main effect of Electrode Site, F(2,38) = 97.03,
p<.001, ¢ = .87, which was consistent with the fact that the P300
was largest at central and parietal recording sites; overall P300s
were not larger on congruent trials, F(1,19)=2.64, p>.10,
and there was no interaction between Congruency and Electrode
Site, F(2,38)=2.38, p>.10. Importantly, there was no effect
of trial value on the P300, F(1,19)< 1, and the Value x Congru-
ency, F(1,19)<1, Value x Site, F(2,38)=1.03, p>.30, and
the Value x Congruency x Site, F(2,38)< 1, interactions were
not significant.

Discussion

By manipulating the value of errors on a trial-by-trial basis, the
present study found that 100-point errors were characterized by a
larger ERN than 5-point errors. An interesting feature of the
present results was that the effect of value on the ERN was
observed despite this manipulation having no systematic effect
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Figure 3. Stimulus-locked ERPs at Fz (top), Cz (middle), and Pz (bottom) for congruent and incongruent correct 100-point (left)

and 5-point (right) trials.

on subjects’ performance. That is, subjects were equally accurate
on both 5- and 100-point trials, and RTs did not differ between
100- and 5-point trials on either error or correct trials.

Because 5- and 100-point trials did not differ with respect to
any behavioral measures, it is unlikely that the enhanced ERN on
more valuable trials could be driven by performance-related dif-
ferences, such as those related to response conflict or error-
detection as described by Yeung (2004), or by differential stim-
ulus-component overlap as described by Hajcak, Vidal, and
Simons (2004). The absence of behavioral differences strongly
suggests that the larger ERN on 100-point trials is specifically
related to the higher value of these errors.

In addition, the enhanced ERN associated with 100-point
trials appeared to be specific to response-locked data on erro-
neous trials. First, trial value had no corresponding effect on the
CRN. Insofar as trial value selectively influenced the ERN, these
data suggest some functional difference between the ERN and
CRN. Second, the P300 was similar on both 5- and 100-point
trials. This suggests that the effect of trial value on the ERN
was not related to general increases in arousal or to stimulus-
related artifact.

The present data indicate that if subjects are given an appro-
priate cue, the magnitude of the ERN is enhanced for more val-
uable errors. Whereas Pailing and Segalowitz (2004) found that

motivational factors only influenced ERN magnitudes in some
subjects, the present data found a reliable increase in the ERN for
more valuable errors. One possible explanation for this discrep-
ancy is that the present study used a simpler manipulation of trial
value. Overall, the finding that the magnitude of the ERN was
sensitive to the value of errors is consistent with the view that the
ERN reflects the motivational significance of errors.

EXPERIMENT 2

In an effort to examine the robustness of motivational influences
on the ERN, we conducted a second experiment that evaluated
the effects of error significance, by using a very different manip-
ulation. In this experiment, participants again performed the ar-
rowhead version of the flanker task; in this case, however, there
were no cues indicating points that could be earned. Rather,
participants performed the flanker task in both an evaluation and
control condition. During the evaluation condition, the partic-
ipants were told that their performance was being evaluated on-
line by a research assistant, and that the research assistant would
compare the participant’s performance to other students who
had performed the task. Participants were also told that they
would receive feedback about how they compared to others who
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had performed the task (for similar task instructions to ensure
engagement in a response monitoring task, see Luu et al., 2000).
During the control condition, participants were told that no
evaluation would take place and were simply encouraged to be
both fast and accurate.

We hypothesized that errors committed during the evaluation
condition would be more significant to participants, and there-
fore, predicted that errors in the evaluation condition would be
associated with a larger ERN relative to the control condition.
Because more valuable correct trials in Experiment 1 were not
characterized by an enhanced CRN, we expected this effect to be
specific to the ERN and that the magnitude of the CRN would
not differ between the two experimental conditions.

Method

Participants

Nineteen undergraduate students (12 men) were recruited
through the University of Delaware Psychology Department
subject pool to participate in the current study. All participants
received course credit for their participation. Data from 1 par-
ticipant were not included due to a technical malfunction. Thus,
18 participants comprised the final study sample and data from
these participants were included in all subsequent analyses.

Task

The arrowhead version of a flanker task described in Experiment
1 was also utilized for this experiment. Because there were no *5”
or “100” cues in this experiment, the interval between offset of
the imperative stimulus and the following imperative stimulus
varied between 1700 and 2300 ms.

Procedures

All procedures for this experiment were identical to those de-
scribed in Experiment 1, except that participants received 12
blocks of 48 trials (576 trials) in each of the two experimental
conditions (1152 total trials). Each condition lasted approxi-
mately 20 min and a 5-min break was taken between conditions;
the order of conditions was counterbalanced between partici-
pants such that half the participants (9) performed the task in the
control condition first.

In the evaluation condition, participants performed the flank-
er task seated approximately 0.5 m from a male research assist-
ant. The evaluator was seated at a desk with a laptop computer
that was connected to the participant’s computer. Participants
were told that the evaluator would receive information about the
speed and accuracy of their performance throughout the task,
and would compare their performance to that of other University
of Delaware students who had completed the task before. Par-
ticipants were also told that they would receive feedback about
how they compared to others at the completion of the study.
However, no actual evaluation was performed; at the conclusion
of the experiment, all participants were told that they performed
above average.

During the control condition, the evaluator was not present in
the room and the participant was simply encouraged to be both
fast and accurate. If the control condition was second, the par-
ticipant was told explicitly that no formal performance evalua-
tion would take place.
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Psychophysiological Recording, Data Reduction, and Analysis
All psychophysiological recording, data reduction, and data
analysis procedures for this study were identical to those utilized
in Experiment 1.

Results

Behavioral Measures

Table 2 presents RTand accuracy data for trials in the evaluation
and control conditions. The number of valid trials did not differ
between experimental conditions, F(1,17)<1. Subjects did not
differ in terms of either the total number of errors,
F(1,17)=2.94, p>.10, or average error rate between condi-
tions, F(1,17) = 3.37, p>.08. In terms of RT on valid trials, a 2
(Trial Type) x 2 (Condition) ANOVA indicated that subjects
were faster on error trials, F(1,17) =164.22, p<.001, than on
correct trials, but did not differ between evaluation and control
conditions, F(1,17)<1; the interaction between Trial Type and
Condition also did not reach significance, F(1,17)<1.

Table 2 also presents the RTs for both congruent and incon-
gruent correct trials. A 2 (Congruency) x 2 (Condition) ANO-
VA confirmed the impression that congruent trials were
characterized by faster RTs than incongruent trials,
F(1,17) = 213.06, p<.001. There was no main effect of Trial
Value, F(1,19)< 1, and no interaction between Congruency and
Trial Value, F(1,19) < 1. Thus, the flanker interference effect was
comparable in both the evaluation and control conditions.

Response-Locked ERPs

Figure 4 presents the response-locked ERP averages for errors
and correct trials at Fz (top), Cz (middle), and Pz (bottom) in
both the evaluation and control conditions. The ERN is evident
as a sharp negative deflection on error trials, peaking roughly 50
ms after the response; the smaller CRN is also apparent as a
negative deflection on correct trials.

A 2 (Trial Type) x 2 (Condition) x 3 (Electrode Site) ANO-
VA confirmed that the ERN was significantly larger than the
CRN, F(1,17) = 41.43, p<.001. Additionally, there was a main
effect for Electrode Site, consistent with the impression from
Figure 4 that both the ERN and CRN were fronto-centrally
maximal, F(2,34) =36.02, p<.001, ¢ =.68. Importantly, there
was also a significant interaction between Trial Type and Con-
dition, F(1,17)=8.47, p<.01, suggesting that the correct and
erroneous trials were differentially affected in the control and
evaluation conditions. In post hoc analyses, CRNs and ERNs
were separately compared.

A 2 (Condition) x 3 (Electrode Site) ANOVA confirmed that
the ERN was significantly larger during the evaluation condition
than in the control condition, F(1,17) = 6.44, p<.05. Consistent
with the fact that the ERN was most negative at fronto-central

Table 2. Mean RT and Accuracy Measures (and Standard
Deviations) for Experiment 2

Control Evaluation
Number of errors 33.2(18.8) 29.9 (18.7)
Accuracy (% correct) 94.1 (3.4) 94.7 (3.3)
Error RT (ms) 340.6 (41.2) 338.7 (30.8)
Correct RT (ms) 407.9 (31.1) 407.0 (36.1)
Congruent RT (ms) 381.4(32.2) 380.2 (32.5)
Incongruent RT (ms) 437.3 (32.5) 436.1 (42.0)
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Figure 4. Response-locked ERPs at Fz (top), Cz (middle), and Pz
(bottom) for errors and correct trials during the evaluation and control
conditions.

recording sites, there was a main effect of Electrode Site,
F(2,34) = 34.40, p<.001, ¢ =.75. There was no interaction be-
tween Electrode Site and Condition, F(2,34)<1.

In contrast with the ERN, A 2 (Condition) x 3 (Electrode
Site) ANOVA confirmed the impression that the CRN did not
differ between experimental conditions, F(1,17)< 1. There was a
main effect for Electrode Site, F(2,34) = 20.27, p<.001, ¢ = .56,
consistent with the notion that the CRN was frontally maximal.
There was no interaction between Electrode Site and Condition,
F2,34)<1.

Difference waves were computed by subtracting ERP aver-
ages obtained on error trials in the control condition from ERP
averages obtained on error trials in the evaluation condition, and
are presented in Figure 2 (bottom). As in Experiment 1, these
difference waves demonstrate a negative peak around 75 ms after
response onset—consistent with an enhancement of the ERN.
Unlike the data in Experiment 1, the negative enhancement on
more significant errors did not continue beyond the window of
the ERN.

Stimulus-Locked ERPs

The stimulus-locked ERP averages derived from congruent and
incongruent correct trials in both the evaluation and control
conditions are presented in Figure 5.

A 2 (Condition) x 2 (Congruency) x 3 (Electrode Site)
ANOVA confirmed the impression that P300s were largest at
central and parietal recording sites, F(2,34)=51.62, p<.001,
€ = 1.0; the magnitude of the P300 did not differ overall between
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congruent and incongruent trials, F(1,17) =3.72, p>.05. How-
ever, there was a significant interaction between Congruency and
Electrode Site, F(2,34) = 3.97 p<.05, ¢ = .96, indicating that in-
congruent trials were characterized by larger P300s at the central
and parietal recording sites. These differences were confirmed by
post hoc analyses, F(1,17) =6.74, p<.05, and F(1,17) =17.02,
p<.05, at the central and parietal recording sites, respectively.
Although congruency appeared to influence the magnitude of the
P300, the effect of Condition on the P300 was not significant,
F(1,17) = 3.65, p> .05, nor were the interactions between Con-
dition and Congruency, F(1,17) =1.47, p> .20, Condition and
Electrode Site, F(2,34)<1, and the three-way interaction of
Condition, Congruency, and Electrode Site, F(2,34)=1.10,
p>.30. Although the magnitude of the P300 was influenced
by the congruency of the trials at central and parietal recording
sites, the motivation manipulation did not affect the P300.

Discussion

The results of Experiment 2 provide further support for the no-
tion that the magnitude of the ERN is sensitive to error signif-
icance. Specifically, when subjects made mistakes in the
evaluation condition, ERNs were reliably larger than ERNs in
the control condition. Like Experiment 1, this effect was not
found on correct trials, and was not accompanied by behavioral
differences between conditions. Furthermore, analyses of the
P300 suggested that the ERN difference was not related to dif-
ferences in arousal or orienting in the evaluation condition.

Curiously, incongruent trials were characterized by an en-
hanced P300 at the central and parietal recording sites in Exper-
iment 2, although this effect was not observed in Experiment 1.
In fact, although differences did not reach statistical significance,
the P300 appeared larger at Pz on congruent trials in Experiment
1. The difference in congruency effects on the P300 might be
explained by methodological differences between the studies, al-
though the precise mechanism underlying this difference is un-
clear. It is important to note that Experiments 1 and 2 also
differed with respect to the sustained activity following the peak
of the ERN. In Experiment 1, the enhanced negative activity on
more valuable trials was sustained following the ERN. In Ex-
periment 2, however, the enhanced ERN in the evaluation con-
dition was followed by greater positive activity. These differences
may reflect variation in the error positivity (Pe), a centro-
parietally maximal event-related brain potential that follows
the ERN and has been related to processes that follow error
detection, such as error awareness or error salience (cf. Falken-
stein et al., 2000; Nieuwenhuis et al., 2001). In light of
these results, future studies might be designed to further exam-
ine the role of motivational factors on this later error-related
brain potential.

General Discussion

In the present study, the role of error significance was evaluated
in two experiments. In Experiment 1, the value of errors was
manipulated on a trial-by-trial basis. In Experiment 2, errors
were made more relevant in a performance evaluation condition.
In both experiments, more significant errors were associated
with an enhanced ERN. These effects on ERN amplitude were
observed in the absence of performance differences between
conditions. That is, subjects were equally as fast and accurate
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Figure 5. Stimulus-locked ERPs at Fz (top), Cz (middle), and Pz (bottom) for congruent and incongruent correct trials during the

evaluation (left) and control (right) conditions.

on 5- and 100-point trials in Experiment 1, and demonstrated
comparable performance in both evaluation and control condi-
tions in Experiment 2. Thus, the observed effects of motivational
significance on the ERN cannot be explained in terms of
confounding effects of between-condition performance differ-
ences (cf. Yeung, 2004). Moreover, we conclude that the
observed modulations of the ERN amplitude are not attributable
to differential overlap with stimulus-locked components (cf.
Hajcak, Vidal, et al., 2004) or differences in orienting/arousal
that would be reflected in the P300. Instead, our findings provide
clear evidence of the sensitivity of the ERN to the motivational
significance of errors.

These findings suggest the need to extend contemporary the-
ories of the ERN that have been formalized in computational
models of specific cognitive functions, such as reinforcement
learning (Holroyd & Coles, 2002) and response conflict moni-
toring (Yeung et al., 2004). To date, these theories have not
placed emphasis on the kind of motivational factors studied here.
Instead, the present results add to the growing body of evidence
indicating the importance of affective and motivational factors
on the evaluative functions reflected in the ERN.

For instance, a number of studies have reported enhanced
ERNSs in affectively distressed subjects (Gehring et al., 2000;
Hajcak & Simons, 2002; Hajcak et al., 2003; Hajcak, McDonald,
et al., 2004, Johannes, Wieringa, Nager, Rada, et al., 2001;

Luu, Collins et al., 2000). Based on these data, Luu and Tucker
(in press) suggest that the ERN indexes the affective distress
associated with making an error. Insofar as more significant er-
rors in Experiment 1 and 2 could be associated with greater
affective distress, the present data appear consistent with this
suggestion. In fact, affective distress has also been related to
increased concern about mistakes, suggesting that errors are
more significant for subjects high in affective distress (Cox, Enns,
& Clara, 2002; Frost, Heimberg, Holt, Mattia, & Neubauer,
1993). Thus, one possibility is that the kind of motivational in-
fluences reported here may explain the relationship between af-
fective distress and the ERN.

The present results also suggest potentially important
dissociations between the response-locked ERN and other me-
dial frontal negativities that have been implicated in evaluative
functions. In particular, we found no effects of our motivational
manipulations on the amplitude of the CRN, another response-
locked component thought to be related to action monitoring.
This finding suggests that the effect of motivation is specific to
response-locked error-related brain activity. Insofar as the ERN
is an index of ACC engagement, these data suggest that the
ACC may become more engaged when processing more
significant errors. Although the CRN may reflect similar ACC
activity (Ridderinkhof et al., 2004; Vidal et al., 2000, 2003),
the present data suggest that the ACC is not more engaged
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in response monitoring during more significant correct trials.
In this way, the present data suggest some functional differ-
entiation between the CRN and ERN in terms of response
monitoring.

In addition to the response-locked ERN, a number of studies
have described the existence of a medial frontal negative deflec-
tion following negative performance feedback (Gehring & Will-
oughby, 2002; Hajack, Holroyd, Moser, & Simons, in press;
Holroyd & Coles, 2002; Luu et al., 2003; Miltner et al., 1997). In
fact, Holroyd and Coles suggest that both the response- and
feedback-locked ERN reflect the activation of the same rein-
forcement learning system. Interestingly, recent studies have
found that the feedback ERN is relatively insensitive to the value
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of negative feedback (Luu et al., 2003; Yeung & Sanfey, 2004).
To the extent that the response-locked ERN does appear to be
sensitive to error value, the present data suggest some functional
dissimilarity between the response-locked and feedback-locked
ERN (cf. Gehring & Willoughby, 2004).

Overall, the present study provides support for the notion that
the ERN conveys information beyond simple error detection.
The present study provides experimental evidence that the ERN
is larger when errors are more significant. This effect was
unrelated to performance differences, and was not accompanied
by differences in the CRN or P300. These data suggest that
the magnitude of the ERN reflects the motivational significance
of errors.
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