
One aspect of cognition that has attracted considerable 
interest is the ability to adjust performance with shifting 
incentives and the consequences of previous events (action 
monitoring). This capacity allows us to coordinate actions 
in a manner that maximizes the likelihood of achieving 
intended goals, even following unexpected changes in the 
environment. Major depressive disorder (MDD) is char-
acterized by action-monitoring  dysfunction—particularly, 
impaired behavioral performance in situations requiring 
adaptive strategy shifts (Beats, Sahakian, & Levy, 1996; 
Elliott et al., 1996; Holmes & Pizzagalli, 2008) and de-
creased approach-related behavior (for a review, see 
Pizzagalli, Dillon, Bogdan, & Holmes, in press). Thus, 
impairments in action monitoring might be partially ex-
plained by abnormalities in incentive processing. Provid-
ing initial support for this hypothesis, among healthy con-
trols, action monitoring has been found to be modulated 
by motivational/ emotional context and individual differ-
ences in reward sensitivity (Boksem, Tops, Kostermans, 
& De Cremer, 2008; Holmes & Pizzagalli, 2007; Luu, 
Tucker, Derryberry, Reed, & Poulsen, 2003).

A growing literature suggests that dysregulated activity 
within structures critically implicated in action monitor-
ing and incentive processing, including the dorsolateral 
prefrontal cortex (DLPFC) and anterior cingulate cor-
tex (ACC), could contribute to behavioral impairments 
in MDD (e.g., Alexopoulos et al., 2005; Forbes et al., 
2006; Siegle, Thompson, Carter, Steinhauer, & Thase, 
2007). Specifically, dysfunctional ACC activity in MDD 
has been associated with reduced performance following 
perceived failure (errors) or negative feedback ( Holmes 

& Pizzagalli, 2008; Tucker, Luu, Frishkoff, Quiring, & 
Poulsen, 2003), as well as reduced responsiveness to 
positive reinforcement (e.g., monetary incentives; Forbes 
et al., 2006). Altogether, prior behavioral and neuroim-
aging findings raise the possibility that the action-
 monitoring system could be differentially modulated by 
shifts in task-relevant incentives in healthy controls and 
MDD participants.

Due to the rapid nature of neural processes implicated 
in action monitoring, research in this area has relied on 
electrophysiological markers of performance monitoring. 
Capitalizing on the temporal resolution of event-related 
potential (ERP) recordings, studies have primarily focused 
on two response-related waveforms—the error-related 
negativity (ERN) and error positivity (Pe)—which may 
represent partially dissociable components of error pro-
cessing (e.g., Falkenstein, Hoormann, Christ, & Hohns-
bein, 2000; Holroyd & Coles, 2002; Overbeek, Nieuwen-
huis, & Ridderinkhof, 2005; van Veen & Carter, 2002).

ERN
Occurring 50–150 msec following an incorrect re-

sponse and elicited even when participants are unaware 
of having committed a mistake (see, e.g., Nieuwenhuis, 
Ridderinkhof, Blom, Band, & Kok, 2001; Shalgi, Bar-
kan, & Deouell, 2009), the ERN is a negative deflection 
with frontocentral scalp distribution believed to index the 
automatic detection of events (e.g., errors) that require 
increased cognitive control (see, e.g., Falkenstein, Hohns-
bein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles, 
Meyer, & Donchin, 1993). The function of the ERN re-
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Shalgi et al., 2009; for reviews, see Falkenstein et al., 2000; 
Overbeek et al., 2005). In addition, similarities between the 
Pe and P3b components have led to the hypothesis that the 
Pe might be linked to the motivational significance of er-
rors (Overbeek et al., 2005). In line with this argument, Pe 
amplitude has been found to be positively correlated with 
individual differences in reward sensitivity (e.g., Boksem 
et al., 2008; Boksem, Tops, Wester, Meijman, & Lorist, 
2006) and larger when errors are salient (e.g., Leuthold & 
Sommer, 1999). These findings have been interpreted as 
suggesting that, following a mistake in performance, the 
Pe might reflect a mechanism to prevent the occurrence 
of subsequent errors, maximizing future rewards (i.e., ap-
proach motivation/ reward seeking; Boksem et al., 2006).

Pe findings in depression have been equally inconsis-
tent. Specifically, whereas reduced Pe has been described 
in severely depressed individuals (Alexopoulos et al., 
2007; Schrijvers et al., 2008; Schrijvers, de Bruijn, et al., 
2009), such findings in moderately depressed partici-
pants have not emerged (Chiu & Deldin, 2007; Compton 
et al., 2008; Holmes & Pizzagalli, 2008). Prior null find-
ings in participants with moderate levels of depressive 
symptoms were interpreted as suggesting that disruption 
in later stages of error processing might emerge only in 
samples of treatment-resistant patients and/or geriatric 
patients with depression (Holmes & Pizzagalli, 2008). 
However, it is important to emphasize that null findings 
have been observed either in experimental tasks without 
manipulations of incentive motivation (Compton et al., 
2008;  Holmes & Pizzagalli, 2008) or in tasks involving 
separate blocks of reward and no-incentive trials (Chiu & 
Deldin, 2007). Because reduced Pe in severe depression 
has been attributed to anhedonia and apathy (Schrijvers, 
de Bruijn, et al., 2009), and in light of findings in healthy 
controls implicating the Pe in processing the motivational 
significance of errors (Overbeek et al., 2005), we reasoned 
that Pe differences might emerge in tasks manipulating 
incentive motivation on a trial-by-trial basis. On the basis 
of these arguments and on findings highlighting reduced 
reward responsiveness in depression (e.g., Pizzagalli, 
Holmes, et al., 2009; Pizzagalli, Iosifescu, et al., 2009), 
we hypothesized that moderately depressed participants 
would display reduced Pe, particularly within the context 
of reward trials.

In sum, the goal of the present study was to investigate 
putative dysfunctions in error processing in MDD as a 
function of varying task incentives and clinical profile. To 
this end, 128-channel ERPs were recorded as healthy con-
trols and unmedicated, moderately depressed MDD par-
ticipants performed a Stroop task under different incentive 
conditions (no incentive vs. reward). In addition to testing 
hypotheses concerning group differences in ERN and Pe 
as a function of task incentives, we performed correla-
tional analyses to investigate whether these error-related 
ERP components were further modulated by depression 
severity and anhedonia. In light of inconsistent findings 
in the literature (e.g., Alexopoulos et al., 2007; Holmes 
& Pizzagalli, 2008; Schrijvers, Maas, et al., 2009), these 
latter analyses were considered exploratory.

mains under debate, but recent findings suggest that, in 
addition to automatic error detection, it may reflect a more 
general estimation of the motivational value of ongoing 
events (e.g., Boksem et al., 2008; Hajcak, Holroyd, Moser, 
& Simons, 2005; Luu, Collins, & Tucker, 2000).

Consistent with this argument, among healthy con-
trols, ERN amplitude is larger (i.e., more negative) to 
errors committed when monetary incentives are avail-
able (see, e.g., Ganushchak & Schiller, 2008; Gehring 
& Willoughby, 2002; Hajcak, Moser, Yeung, & Simons, 
2005). Along similar lines, in a recent study (Boksem 
et al., 2008) using an Eriksen flanker task under varying 
incentive conditions, students high on reward sensitivity 
showed heightened ERN when failing to earn rewards due 
to errors, but not when they were punished for committing 
mistakes. In contrast, participants with high punishment 
sensitivity showed largest ERN under the punishment con-
dition. Collectively, these findings suggest that the ERN is 
sensitive to the motivational significance of errors (for a 
recent review, see Olvet & Hajcak, 2008).

ERN findings in MDD have been inconsistent. Potentiated 
ERN has been observed in moderately depressed participants 
during experimental tasks devoid of incentive manipulations 
in some (e.g., Alexopoulos et al., 2007; Chiu & Deldin, 2007; 
Holmes & Pizzagalli, 2008) but not all (Ruchsow et al., 2006; 
Ruchsow et al., 2004) studies, as well as in tasks involving 
possible penalties (Chiu & Deldin, 2007), whereas no dif-
ferences between MDD and control participants emerged 
within the context of reward (Chiu & Deldin, 2007). Con-
versely, in severely depressed samples, reduced ERN am-
plitudes following errors have emerged under no-incentive 
conditions, a finding generally attributed to the presence of 
apathy and/or psychomotor slowing in more severe cases of 
depression (Schrijvers et al., 2008; Schrijvers, Maas, et al., 
2009). Accordingly, under baseline (no-incentive) condi-
tions, MDD participants appear to be characterized by exag-
gerated automatic responses to perceived failures. However, 
when errors occur within the context of rewards, group dif-
ferences may be attenuated due to the fact that healthy con-
trols generate relatively larger ERN during reward conditions 
than during no-incentive conditions (Ganushchak & Schiller, 
2008; Gehring & Willoughby, 2002; Hajcak, Moser, et al., 
2005), whereas MDD participants may lack this potentiation 
due to anhedonia and blunted reward responsiveness (e.g., 
Forbes et al., 2006; Pizzagalli, Holmes, et al., 2009; Pizza-
galli, Iosifescu, Hallett, Ratner, & Fava, 2009). On the basis 
of these arguments and prior studies (Chiu & Deldin, 2007; 
Holmes & Pizzagalli, 2008), we hypothesized that, relative 
to controls, MDD participants would show larger ERN to 
errors, particularly under no-incentive conditions.

Pe
The Pe is a positive voltage deflection peaking approxi-

mately 200–400 msec after error commission (Falkenstein 
et al., 2000). Although the functional significance of the Pe 
remains to be delineated, it has been hypothesized to reflect 
error awareness, affective appraisal of errors, or processes 
implicated in posterror behavioral adjustments (e.g., Haj-
cak, McDonald, & Simons, 2003; Nieuwenhuis et al., 2001; 
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or incongruent (e.g., the word RED printed in green ink). Responses 
were made using the index, middle, and ring fingers of the right 
hand. Participants were instructed to press whichever of the buttons, 
identified by colored stickers, corresponded to the ink color of each 
stimulus as quickly and as accurately as possible.

Prior to the task, participants completed two 24-trial practice 
blocks. Reaction times (RTs) from the second practice block were 
used to calculate individual windows for early and late responses (see 
below). During practice, each trial began with the presentation of a 
fixation cross (250 msec), followed by a Stroop probe (150 msec) 
and a jittered intertrial interval (ITI; 1,850–1,950 msec). Upon com-
pleting the practice, participants were informed that, on the basis 
of their task performance, they would have the opportunity to earn 
$20 in addition to their base reimbursement ($10/h). Unlike a prior 
study that featured separate blocks with and without incentives (Chiu 
& Deldin, 2007), the present design incorporated trial-to-trial shifts 
in task-relevant incentives, allowing us to compare reward and no-
incentive conditions while minimizing potential confounds inherent 
in block designs (e.g., habituation, anticipation, set/strategy effects). 
Accordingly, participants were informed that a visual cue signaling 
either the possibility of a rewarding outcome ( $) or no monetary 
incentive (0$) would be presented at the beginning of each trial. Par-
ticipants were also told that, in order to maximize their earnings, they 
should respond as quickly and accurately as possible and that each 
trial would end with feedback informing them about the outcome.

The behavioral task consisted of six blocks, each involving 100 
trials. In each block, 50% of the trials were reward and no-incentive 
trials, respectively. Within each block, 36% of the stimuli were in-
congruent (64 congruent and 36 incongruent trials/block), evenly 
distributed across the reward/no-incentive trials. Stimuli were pre-
sented using a pseudorandomized sequence in which no more than 
three repetitions of incongruent/congruent trials, a given word/color, 
or a reward/no-incentive cue type were allowed. Thus, each trial in-
volved a cue manipulation and task-relevant feedback. Experimental 
trials began with the presentation of a cue (1,250 msec), which was 
followed by a jittered interstimulus interval (ISI;  950–1,050 msec), a 
Stroop probe (150 msec), a second jittered ISI (1,150–1,250 msec), 
the feedback (200 msec), and a variable ITI (950–1,500 msec).

For each trial, correct responses made within the individually 
calculated response window—that is, 85% of each participant’s 
mean RT from the second practice block—were followed by posi-
tive feedback (a schematic smiling face). If participants responded 
incorrectly (or correctly, but outside the response window), they 
were presented with negative feedback (a schematic frowning face). 
Participants were informed that, for a reward-cue trial, positive feed-
back indicated that they had successfully earned money for that trial, 
whereas negative feedback meant that they had failed to earn addi-
tional money. For the no-incentive trials, participants were informed 
that neither the positive nor the negative feedback would affect their 
earnings. Participants did not receive feedback about their cumula-
tive earnings during the task. To account for potential performance 
drifts over time, the response window was recalculated at the middle 
and end of each behavioral block.

Data Reduction
Behavioral data. As noted above, participants who performed at 

chance or worse than chance levels were excluded from the analyses 
(MDD, n  2; control, n  1). For the remaining MDD (n  16) 
and control (n  17) participants, trials without a response or with 
RTs lower than 150 msec or higher than 1,000 msec were excluded. 
Additionally, to reduce the potential effect of outliers, trials with 
RTs beyond the mean 3 SDs (following ln transformation) were 
excluded from all analyses [total number of excluded trials: MDD, 
M  1.63, SD  3.10; control, 0.77  1.20; t(31)  1.04, p  
.31].

ERP data. Data were analyzed in BrainVision (Brain Products 
GmbH, Gilching, Germany). First, an independent component analy-
sis was utilized to remove activity associated with blinks, eye move-
ments, and other artifacts (Jung et al., 2000). Channels with corrupted 

METHOD

Participants
Eighteen participants with MDD and 18 controls were recruited 

from the community through flyers and Internet postings. General 
inclusion criteria included right-handedness (Chapman & Chapman, 
1987), age between 18 and 55 years, and normal or corrected-to-
 normal vision. Participants were excluded if they reported neuro-
logical disorders; a history of electroconvulsive therapy, seizures, 
or head injury resulting in loss of consciousness; or past/current 
substance abuse or dependence (with the exception of alcohol and 
marijuana abuse 1 year ago). None of the participants had had 
prior research experience in our laboratory; consequently, the pres-
ent sample has not been included in any prior publications (Holmes 
& Pizzagalli, 2008).

Depressed participants met Diagnostic and Statistical Manual of 
Mental Disorders (4th ed.) (DSM–IV; American Psychiatric Asso-
ciation, 1994) diagnostic criteria for MDD, as assessed by the Struc-
tured Clinical Interview for the DSM–IV (SCID; First, Spitzer, Gib-
bon, & Williams, 2007). MDD participants were excluded if they 
reported current or past psychotic symptomatology or met criteria 
for any current Axis I diagnosis other than MDD (with the exception 
of simple phobia, n  2) and/or if they had received psychotropic 
medication within the previous 2 weeks (4 weeks for neuroleptics 
and benzodiazepines, 6 weeks for fluoxetine, and 6 months for do-
paminergic drugs). Healthy controls were excluded if they reported 
current or past psychopathology (as assessed by the SCID) or psy-
chological treatment. Three participants performed at or worse than 
chance levels in the behavioral task, and their data were excluded 
from the analyses (MDD, n  2; controls, n  1).

To investigate possible relationships between ERN/Pe amplitudes 
and clinical symptoms, the Beck Depression Inventory–II ( BDI–II; 
Beck, Steer, & Brown, 1996) and Mood and Anxiety Symptom 
Questionnaire (MASQ; Watson et al., 1995) were administered. The 
MASQ assesses anxiety-specific symptoms (anxious arousal, AA), 
depression-specific symptoms (anhedonic depression, AD), and gen-
eral distress symptoms (general distress–anxious symptoms, GDA; 
general distress–depressive symptoms, GDD).

Procedure
The study consisted of two separate sessions. In the first session, 

written informed consent was collected after the study was de-
scribed. Subsequently, a SCID was administered by a masters-level 
interviewer to confirm study eligibility. To evaluate diagnostic reli-
ability, audiotapes from 18 SCID interviews were randomly selected 
and independently rated by a second interviewer (   1). Within 
1 week of establishing study eligibility, we invited the participants 
to the second session, during which they completed self-report ques-
tionnaires (BDI, MASQ) and performed a modified version of the 
Stroop task while 128-channel EEG data were collected. After the 
task, participants were fully debriefed and received $32 for their par-
ticipation. The Committee on the Use of Human Subjects at Harvard 
University approved the protocol.

Apparatus
We collected 128-channel EEG data within an acoustically and 

electrically shielded room using the Geodesic Sensor Net system 
(Electrical Geodesics, Inc., Eugene, OR). Data were collected using 
a 250-Hz sampling rate (bandwidth, 0.01–100 Hz) and the vertex 
electrode (Cz) as the recording reference. Impedances were kept 
below 50 K . E-Prime software (Psychology Software Tools, Inc., 
Pittsburgh, PA) was used to present the experiment and to interface 
with the EEG NetStation acquisition software.

Task
All participants completed a modified version of the Stroop 

task. The stimuli consisted of three words (RED, GREEN, and BLUE) 
printed in one of three ink colors (red, green, and blue). Each probe 
could be either congruent (e.g., the word BLUE printed in blue ink) 
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(Fz, FCz, Cz) as factors was run (i.e., collapsing across responses 
for incongruent and congruent stimuli). When applicable, the 
Greenhouse– Geisser correction was applied (adjusted p and  val-
ues are reported).

Pe. For the Pe, a 2  2  2 ANOVA with group (MDD partici-
pants, controls), condition (reward, no incentive), and site (CPz, Pz) 
was performed. Effect sizes are reported in the form of 2

p values. 
Post hoc Newman–Keuls tests were performed in the event of sig-
nificant ANOVA findings. For the sake of brevity, only ERP effects 
involving group and condition are presented in detail. Other find-
ings are available upon request from the authors via e-mail (dap@
wjh. harvard.edu).

RESULTS

Demographic and Self-Report Data
The demographic and self-report data are summarized 

in Table 1. The MDD and control groups did not dif-
fer with respect to gender [ 2(1)  1.56, p  .21], age 
[t(31)  0.41, p  .69], ethnicity [ 2(1)  0.17, p  .68], 
or education [t(31)  0.79, p  .44]. As expected, the 
unmedicated MDD participants reported significantly 
higher depressive symptoms [t(31)  11.28, p  .001], 
with BDI scores in the moderate range (M  26.75, SD  
9.07). MDD participants also reported significantly higher 

signals were replaced individually through spatially weighted linear 
interpolations. Semiautomatic artifact detection was performed to 
identify remaining artifacts (maximal amplitude, 75 V; within-
segment absolute amplitude difference, 150 V; gradients, 50 V). 
The ERP analyses focused on the ERN, its complement for correct 
responses [correct-response negativity (CRN)], and the Pe. Response-
 locked ERPs were computed 200 msec prior to and 924 msec follow-
ing a response. Mirroring the behavioral data analyses, ERPs were 
computed only for trials in which participants made a response. Data 
were then band-pass filtered (0–30 Hz, 12 dB/ octave), baseline cor-
rected ( 200 to 100 msec pre-response onset), and rederived to an 
average reference. Grand mean ERP waveforms were calculated by 
averaging data across conditions and groups.

ERN/CRN. Amplitudes for the ERN and CRN were calculated 
separately following responses for the reward and no-incentive tri-
als at midline electrode sites (Fz, FCz, and Cz), where the ERN/
CRN are largest (e.g., Falkenstein et al., 1991; Gehring et al., 1993; 
 Holmes & Pizzagalli, 2008). Following prior studies, and to mini-
mize the effects of possible slow-wave components, ERN/CRN am-
plitudes were calculated as the difference between the most negative 
peak within the time window 0–150 msec after incorrect and cor-
rect responses and the preceding positive peak −80 msec prior to 
and 80 msec following the response (e.g., Schrijvers et al., 2008; 
 Ullsperger & von Cramon, 2006).

Pe. For each participant and condition (reward, no incentive), the 
amplitude of the Pe following incorrect responses was defined as the 
most positive peak 170–500 msec following an incorrect response at 
electrodes CPz and Pz (see, e.g., Schrijvers et al., 2008; Ullsperger 
& von Cramon, 2006).

The cortical regions implicated in adaptive responding to errors 
partially overlap with those associated with response conflict (Ull-
sperger & von Cramon, 2001). To avoid confounding these effects, 
ERN/CRN and Pe waveforms are traditionally scored only for incon-
gruent trial errors or while errors in incongruent and congruent trials 
are simultaneously considered (e.g., Holmes & Pizzagalli, 2008; 
Schrijvers et al., 2008). However, due to the limited number of er-
rors in the congruent condition, condition (reward, no incentive)  
trial type (congruent, incongruent) analyses were not possible. Ac-
cordingly, analyses examined group differences in ERN/CRN and 
Pe amplitudes/ latencies during the reward and no-incentive con-
ditions (i.e., collapsing across incongruent and congruent trials). 
Three MDD participants were lost due to insufficient numbers of 
artifact-free error responses ( 10 errors per condition). The remain-
ing MDD (n  13) and control (n  17) participants did not differ 
with respect to demographic variables ( ps  .21) or to the number of 
available segments [reward error, 25.62  18.09 vs. 25.41  11.68; 
no-incentive error, 27.23  22.21 vs. 27.18  12.06; ts(28)  0.037, 
ps  .97].

Statistical Analyses
Exploratory analyses revealed no significant effects of gender or 

ethnicity; therefore, these variables were not further considered.
Behavioral data. Behavioral analyses focused on group differ-

ences in overall RT and accuracy, as well as incongruency (Stroop) 
effects. Increased Stroop effect scores (RTincongruent   RT congruent) 
and (accuracycongruent  accuracyincongruent) are indicative of impair-
ments in cognitive control. For accuracy and RT scores, separate 
mixed 2  2  2 ANOVAs with group (MDD participants, controls) 
as the between-subjects factor and trial type (incongruent, congru-
ent) and condition (reward, no incentive) as repeated measures were 
conducted. Due to the inclusion of incentive cues and task-relevant 
feedback, as well as relatively long delay between an error and a 
subsequent response (~4 sec), posterror and postconflict behaviors 
were not examined.

ERN. Preliminary ANOVAs revealed no ERN, CRN, or Pe la-
tency differences across groups or conditions. Thus, the ANOVAs 
focused on amplitudes. For the ERN/CRN analyses, a mixed 2  
2  2  3 ANOVA with group (MDD participants, controls), con-
dition (reward, no incentive), response (correct, incorrect) and site 

Table 1 
Summary of Demographic and Self-Report Data

MDD Control
Participants Participants

 Variable  M  SD  M  SD  

Age* 36.44 13.06 34.82 9.39
Years of education* 16.06  2.41 15.47 1.88
Percent female* 68.8 n/a 47.1 n/a
Percent Caucasian* 87.5 n/a 82.4 n/a
BDI–II*** 26.75  9.07  1.00 1.12
AA** 21.44  4.63 17.94 1.20
AD*** 86.69 10.44 48.91 7.76
GDA*** 20.44  5.25 12.88 1.87
GDD*** 37.88 10.14 13.49 1.68

Note—MDD, major depressive disorder; BDI–II, Beck Depression  
Inventory– II; AA, anxious arousal symptoms; AD, anhedonic depression 
symptoms; GDA, general  distress–anxious symptoms; GDD, general 
distress–depressive symptoms. *n.s. **p  .005. ***p  .001.

Table 2 
Summary of Accuracy and Reaction Time  

During the Stroop Task

MDD Control
Participants Participants

  M  SD  M  SD  p Value

Accuracy

Incongruent no-incentive .88 .11 .85 .07 .34
Congruent no-incentive .94 .06 .94 .03 .86
Incongruent reward .89 .09 .87 .08 .34
Congruent reward .94 .05 .94 .03 .87

Reaction Time

Incongruent no-incentive 532.80 109.00 497.34 86.20 .31
Congruent no-incentive 467.71 65.45 445.02 67.87 .34
Incongruent reward 517.16 109.25 489.02 92.46 .43
Congruent reward 451.06 62.99 434.31 62.35 .45

Note—Major depressive disorder (MDD) participants, n  16; control 
participants, n  17.
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Tables 3 and 4 summarize significant effects emerging 
from the group  condition  response  site ANOVA on 
the ERN and CRN amplitudes. The main effect of site was 
significant [F(2,56)  29.57, p  .001; 2

p  .51], driven 
by more negative waveforms at Fz ( 2.95  1.58 V) and 
FCz ( 2.59  1.83 V) than at Cz ( 1.47  1.78 V; 
both ps  .001), as well as at Fz than at FCz ( p  .04). 
As expected, the main effect of response was significant 
[F(1,28)  72.17, p  .001; 2

p  .72], due to more nega-
tive amplitudes for the ERN ( 3.79  2.42 V) than for 
the CRN ( 0.89  0.11 V). Of primary importance, 
a significant group  response interaction emerged 
[F(1,28)  4.22, p  .049; 2

p  .13], indicating that 
groups differed significantly in their relative potentia-
tion to error responses. The main effect of group was only 
trending [F(1,28)  3.07, p  .091; 2

p  .10]. Follow-up 

scores on each of the four MASQ subscales [all ts(31)  
2.93, all ps  .005].

Behavioral Data
Table 2 summarizes accuracy and RT data across the 

various conditions for the two groups. For accuracy, the 
main effect of trial type was significant [F(1,31)  44.51, 
p  .001; 2

p  .60], due to the expected higher accuracy for 
congruent (.94  .042) than for incongruent (.87  .085) 
trials. For RTs, the main effect of trial type was also signif-
icant [F(1,31)  47.80, p  .001; 2

p  .61], due to the ex-
pected slower RTs for incongruent (509.08  98.60 msec) 
than for congruent (449.53  83.86 msec) trials. Addi-
tionally, a main effect of condition emerged [F(1,31)  
20.70, p  .001; 2

p  .40], driven by quicker RTs for 
reward (472.89  79.32 msec) than for no-incentive 
(485.72  80.24 msec) trials, indicating that our reward 
manipulation was successful. Contrary to our hypotheses, 
no effects involving group emerged for either accuracy or 
RT data (all Fs  2.43, all ps  .13).

ERN/CRN
ERN/CRN analysis included no-incentive versus reward 

trials collapsed across incongruent and congruent trials. 

Table 3 
Summary of Significant ANOVA Effects for  

ERN, CRN, and Pe Amplitudes

 Contrast  F  df  p Value  2
p  

ERN/CRNa

 Site 29.57 2,56 .001 .51
 Response 72.17 1,28 .001 .72
 Group 3.07 1,18 .091 .10
 Group  response 4.22 1,28 .049 .13
Peb

 Site 17.85 1,28 .001 .39
 Group  condition 4.52 1,28 .043 .14

Note—ERN, error-related negativity; CRN, correct-response negativ-
ity; Pe, error positivity. aEffects emerging from group  condition 
(no incentive, reward)  response (correct, incorrect)  site ANOVAs 
(collapsed across incongruent and congruent trials). bEffects emerging 
from group  condition (no incentive, reward)  site ANOVAs (col-
lapsed across incongruent and congruent trials).

Table 4 
Mean (and SD) ERN, CRN, and Pe Amplitudes for MDD and 
Control Participants (Averaged Across Electrodes of Interest)

MDD Control
Participants Participants

  M  SD  M  SD  p Value

ERN/CRNa

 ERN 4.65 2.86 2.94 1.77 .053
 CRN 1.04 0.13 0.74 0.09 n.s.
Peb

 No incentive 2.75 3.76 3.23 3.47 n.s.
 Reward 2.07 3.65 4.37 4.47 .004

Note—ERN, error-related negativity; CRN, correct-response negativity; 
Pe, error positivity; MDD, major depressive disorder. aAveraged across 
reward and no-incentive feedback, as well as incongruent and congruent 
trials (MDD participants, n  13; control participants, n  17). bAver-
aged across incongruent and congruent trials (MDD participants, n  
13; control participants, n  17).

Figure 1. (A) Response-locked waveforms for major depressive 
disorder (MDD; n  13) and control (n  17) participants. To re-
flect the significant group  response interaction and to highlight 
the error-related negativity (ERN), the waveforms were averaged 
across congruent and incongruent trials, no-incentive and reward 
trials, and Fz, FCz, and Cz. (B) Mean amplitude scores for the 
ERN and the correct-response negativity (CRN) averaged across 
Fz, FCz, and Cz for the MDD and control participants. Error 
bars represent standard errors of the means.
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Pe
Pe analysis included no-incentive versus reward trials 

collapsed across incongruent and congruent trials. Sig-
nificant effects emerging from the group  condition  
site ANOVA on Pe amplitudes are summarized in Tables 3 
and 4. There was a main effect of site [F(1,28)  17.85, 
p  .001; 2

p  .39], due to increased Pe amplitude for CPz 
(4.08  3.84 V) relative to Pz (2.31  3.92 V). Addi-
tionally, and of primary importance to our hypotheses, the 
group  condition interaction was significant [F(1,28)  
4.52, p  .043; 2

p  .14]. Follow-up tests indicated that, 
although groups did not differ in their Pe amplitudes dur-
ing no-incentive trials (controls, 3.23  3.47 V; MDD, 
2.75  3.76 V; p  .42; Figure 2A), controls had signifi-
cantly larger Pe amplitudes than did MDD participants for 
the reward condition (4.37  4.47 V vs. 2.07  3.65 V; 

tests revealed that this interaction was driven by increased 
ERN amplitudes for the MDD ( 4.65  2.86 V) rela-
tive to the control ( 2.94  1.77 V; p  .053) partici-
pants (Figure 1). Importantly, no significant group differ-
ences emerged when considering CRN amplitude (MDD, 

1.04  0.13; control, 0.76  0.09; p  .47). Addition-
ally, both groups displayed more negative amplitudes for 
the ERN than for the CRN ( ps  .001). No other effects 
involving either group or condition approached signifi-
cance (all Fs  2.47, ps  .12).

Contrary to the findings of prior studies (Ganushchak 
& Schiller, 2008; Gehring & Willoughby, 2002; Hajcak, 
Moser, et al., 2005), the ERN did not differ between the 
reward and no-incentive conditions for control partici-
pants ( p  .17). Similar null findings emerged for MDD 
participants ( p  .89).
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Figure 2. Response-locked waveforms for major depressive disorder (MDD; n  13) and control (n  17) participants for (A) no-
incentive and (B) reward trials. The waveform was averaged across congruent and incongruent trials and across CPz and Pz to high-
light the error positivity (Pe).
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Figure 3. Scatterplots and Pearson correlations between error-positivity (Pe) amplitudes and Beck Depression Inventory–II (BDI–II) 
scores for (A) no-incentive (B) and reward trials for MDD participants only (n  13).
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Figure 3A) and reward (r  .66, p  .015; Figure 3B) 
trials. For the MASQ subscales, the Pe amplitudes during 
no-incentive trials were significantly correlated with AD 
(r  .68, p  .006; Figure 4A) and GDD (r  .72, 
p  .006; Figure 4B) scores, but not with GDA (r  .37, 
p  .21) or AA (r  .47, p  .10) scores. The correla-
tion involving AD scores was driven by 2 MDD partici-
pants with low anhedonic symptoms, however, and should 
therefore be interpreted cautiously. Conversely, for reward 
trials, Pe amplitudes were significantly correlated with 
AA (r  .58, p  .040; Figure 4C) and GDA (r  .65, 
p  .020; Figure 4D) scores, but not with GDD (r  .47, 
p  .10) or AD (r  .32, p  .27) scores.

p  .004; Figure 2B). In addition, controls displayed a 
trend for increased Pe for reward relative to no-incentive 
trials ( p  .07), whereas MDD participants did not dis-
play any Pe modulation across conditions ( p  .27).

Correlation Between Self-Report  
and ERN/Pe Amplitudes

Among MDD participants, no significant correlations 
emerged between ERN amplitudes (reward or no- incentive 
trials) and BDI scores (all rs  .35, all ps  .23) or any 
of the MASQ subscales (all rs  .45, all ps  .12). When 
considering the Pe, BDI scores were inversely related to Pe 
amplitudes for both the no-incentive (r  .57, p  .041; 
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Figure 4. Scatterplots and Pearson correlations between error-positivity (Pe) amplitudes and Mood and Anxiety Symptom Ques-
tionnaire subscales for major depressive disorder participants only (n  13): (A) anhedonia depression symptoms (AD), (B) general 
 distress–depressive symptoms (GDD), (C) anxious arousal symptoms (AA), (D) general distress–anxious symptoms (GDA). For panels A 
and B, Pe amplitudes were derived from no-incentive trials. For panels C and D, Pe amplitudes were derived from reward trials.
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As compared with controls, MDD participants exhib-
ited significantly lower Pe amplitudes following errors 
committed in reward trials, although no group differences 
were observed in the no-incentive condition. Moreover, 
among the MDD participants, significant negative cor-
relations between depression severity and Pe amplitudes 
emerged, consistent with prior reports of reduced Pe in 
severely depressed individuals (Alexopoulos et al., 2007; 
Schrijvers et al., 2008). The present finding of decreased 
Pe in the reward—but not in the no-incentive—condition 
is intriguing, particularly when considering recent data in 
healthy controls indicating that heightened Pe amplitudes 
occur when errors are motivationally salient (Overbeek 
et al., 2005) and are associated with increased relevance 
to task goals (Boksem et al., 2006; Heldmann, Rüsseler, 
& Münte, 2005). In MDD participants, reduced Pe ampli-
tudes are evident in severely depressed samples, a finding 
hypothesized to stem from increased task disengagement 
due to apathy/anhedonia (Schrijvers et al., 2008; Schrij-
vers, de Bruijn, et al., 2009). Accordingly, the present data 
suggest that decreased Pe amplitudes become apparent in 
moderately depressed individuals when monetary incen-
tives are made available and the relationship between an-
hedonia and action monitoring is more explicitly probed. 
The correlations between Pe amplitude and (1) anhedonic 
symptoms and (2) negative affect among MDD partici-
pants are in line with recent data indicating that the Pe 
is potentiated in individuals with high reward sensitiv-
ity (e.g., Boksem et al., 2008; Boksem et al., 2006) and 
reduced in those with high negative affect (e.g., Hajcak, 
McDonald, & Simons, 2004). However, it is important to 
note that anhedonic symptoms were associated with re-
duced Pe amplitudes in no-incentive trials (and the corre-
lation was driven mostly by 2 MDD participants), whereas 
increased anxious arousal was unexpectedly linked to 
reduced Pe amplitudes in reward trials. The reasons for 
this dissociation are not clear, and future research will be 
necessary to determine how individual differences in self-
reported anhedonia and anxiety interact with the action-
monitoring system.

Generally, increased ERN amplitudes and reduced Pe to 
errors occurring within reward contingencies are consistent 
with a failure within the MDD group to appropriately react 
to mistakes in performance and recruit additional resources 
when motivationally required. Prior research has indicated 
that MDD participants are characterized by reduced func-
tional coupling between DLPFC and ACC regions imme-
diately following error commission ( Holmes & Pizzagalli, 
2008) and the presentation of personally relevant negative 
stimuli (Siegle et al., 2007). These findings are of interest, 
particularly when considering the role of ACC and DLPFC 
regions in cognitive control (Botvinick, Cohen, & Carter, 
2004) and reward responsiveness (Kumar et al., 2008). This 
literature suggests that the present data and earlier reports 
of abnormal reactions to errors and negative feedback in 
depression (Beats et al., 1996; Elliott et al., 1996; Steffens, 
Wagner, Levy, Horn, & Krishnan, 2001) could emerge as 
a result of exaggerated paralimbic activation and/or of a 
failure to recruit PFC-based cognitive control, possibly due 
to abnormal frontocingulate connectivity.

DISCUSSION

The overarching goal of the present study was to exam-
ine action monitoring—specifically error processing—
in unmedicated and moderately depressed participants 
as a function of task-relevant incentives and clinical pro-
file. Three main findings emerged. First, MDD partici-
pants were characterized by potentiated ERN responses, 
irrespective of task incentives, highlighting generally 
exaggerated reactivity in early (automatic) stages of 
error processing. Second, when monetary rewards were 
available, MDD participants exhibited reduced Pe ampli-
tudes, highlighting blunted responses at later stages as-
sumed to index conscious error awareness and subjective 
affective evaluative responses (Falkenstein et al., 2000). 
Third, whereas ERN amplitudes were not modulated by 
depression severity or clinical symptoms, significant 
negative correlations between BDI/MASQ scores and 
Pe amplitudes emerged, indicating that the most severely 
depressed participants were characterized by the lowest 
Pe responses.

The present ERN findings replicate prior reports of 
potentiated ERN responses in MDD, particularly in sam-
ples tested under no-incentive conditions (Alexopoulos 
et al., 2007; Holmes & Pizzagalli, 2008; but see Compton 
et al., 2008; Ruchsow et al., 2006; Ruchsow et al., 2004; 
Schrijvers et al., 2008; Schrijvers, de Bruijn, et al., 2009). 
Two additional findings extend these prior studies, how-
ever. First, ERN differences were not modulated by task 
incentives (the significant group  response interaction 
was not qualified by the group  response  condition 
triple interaction), highlighting global ERN potentiation 
in moderately depressed and unmedicated MDD partici-
pants. Second, groups did not differ in their CRN am-
plitudes, suggesting that abnormal action monitoring is 
specific to error responses at early stages of processing. 
Of note, a recent study found that the ERN might prime 
defensive motivational responses (Hajcak & Foti, 2008). 
Taken together, these findings indicate that depression 
is characterized by exaggerated automatic responses to 
perceived failures, which might foster the emergence 
or maintenance of negative processing biases (Chiu & 
Deldin, 2007; Holmes & Pizzagalli, 2008). In addition, 
replicating prior findings (Compton et al., 2008; Holmes 
& Pizzagalli, 2008; Schrijvers et al., 2008; but see Chiu 
& Deldin, 2007; Schrijvers, de Bruijn, et al., 2009), the 
lack of correlation between ERN amplitude and clini-
cal symptoms is consistent with recent proposals that 
the ERN may be associated with “stable characteristics 
related to internalizing disorders” (Olvet & Hajcak, 
2008, p. 1349). Reports of increased ERN amplitudes 
in asymptomatic individuals carrying allelic variations 
within the promoter region of the serotonin transporter 
(Althaus et al., 2009; Fallgatter et al., 2004), previously 
linked to increased vulnerability to depression (Caspi 
et al., 2003), are also consistent with this argument. Due 
to the relatively limited sample size investigated here, 
further studies are needed in order to further evaluate 
putative relations between ERN amplitude and clinical 
profile.
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Findings from this study should be interpreted in the 
context of several limitations. First, although participants 
exhibited slower RTs for incongruent than for congru-
ent trials and for no-incentive than for reward trials, no 
group differences were observed in the behavioral data. 
This allows for the ERP data to be interpreted without 
the possible confounds associated with differences in task 
performance, but it is inconsistent with prior findings of a 
relationship between less adaptive incongruence (Stroop) 
effects and depression ( Holmes & Pizzagalli, 2007). Sec-
ond, there was an insufficient number of artifact-free ERP 
segments for performing analyses that concurrently exam-
ined condition (no incentive, reward), trial type (incon-
gruent, congruent), and response (correct, incorrect) that 
would have allowed us to fully dissociate error processing 
and conflict monitoring. Finally, clinical symptomatology 
was assessed exclusively through self-report measures 
rather than clinician-rated measures. We cannot exclude 
the possibility that self-reporting biases might have par-
tially confounded some of the correlations described in 
the present analyses. Given these limitations, the present 
findings await replications in larger samples before con-
clusive interpretations about the possible differential im-
pact of task-relevant incentives on the electrophysiologi-
cal correlates of action monitoring in MDD can be made.

These limitations notwithstanding, the present findings 
are consistent with the hypotheses that MDD is associated 
with a heightened reactivity to error commission and with 
a failure to increase activity in the presence of task-relevant 
incentives. The inclusion of trial-to-trial reward manipula-
tions uncovered action-monitoring dysregulation in the 
present unmedicated and moderately depressed sample, 
with evidence of generally potentiated early (automatic) 
abnormal reaction to errors (ERN) but blunted responses 
under reward conditions at later stages associated with 
motivational significance of errors (Pe). Given that ab-
normal executive function and ERN/Pe amplitudes have 
been shown to predict symptom remission and antide-
pressant treatment response in elderly depressed patients 
(Alexopoulos et al., 2007; Kalayam & Alexopoulos, 2003; 
Sneed et al., 2007), additional research examining the re-
lationship between ERP correlates of action monitoring, 
depression, and task-relevant incentives is warranted.
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