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Abstract

A negative deflection in the event-related potential is enhanced following error- and loss-related feedback in decision-
making and simple gambling tasks. Researchers have assumed that the perceptual properties of the feedback stimuli are
unimportant in explaining these effects. This assumption was tested in the present study through a flanker gambling task,
in which the perceptual properties of the feedback were manipulated. Consistent with previous studies, loss elicited a
larger feedback-related negativity (FRN) than gain feedback. However, this FRN reward effect was modulated by the
perceptual properties of the feedback stimuli. When gain and loss feedback were perceptually similar to each other, the
enhancement of the FRN following the loss feedback was smaller compared to when the gain and loss feedback were
different from each other. In addition, incongruent feedback elicited a larger FRN than congruent feedback; this FRN
congruency effect was larger following gain than loss feedback. These results suggested that perceptual properties of the

feedback stimuli play a role in the elicitation of the FRN.

Descriptors: Feedback-related negativity, Flanker task, Perceptual mismatch, ERP

The feedback-related negativity (FRN) is an event-related potential
(ERP) component elicited following a negative feedback stimulus
indicating an incorrect choice or judgment. The FRN is maximal
over medial frontal scalp locations, peaks at about 250 to 350 ms
after the onset of the feedback stimuli, and may reflect a degree of
theta phase consistency and power enhancement over the medial
frontal cortex (Bernat, Nelson, Holroyd, Gehring, & Patrick, 2008;
Cavanagh, Cohen, & Allen, 2009). Source localization analyses
suggested the anterior cingulate cortex as a likely generator (Miltner
etal., 2003; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis,
2004), although this issue is not settled (Dehaene, Posner, & Tucker,
1994; Nachev, Kennard, & Husain, 2008; Ridderinkhof et al., 2004;
Vidal, Hasbroucq, Grapperon, & Bonnet, 2000; see Gehring, Liu,
Orr, & Carp, 2012).

The FRN was first observed by Miltner, Braun, and Coles
(1997) in a time-estimation task, in which subjects had to estimate
the passage of 1 s by pressing a button, after which they received
feedback about the accuracy of the estimate. Miltner and
colleagues (1997) originally proposed that the FRN reflected the
operation of an error-processing system, similar to the error-related
negativity (ERN) elicited upon error commission in speeded choice
reaction time tasks (Falkenstein, Hohnsbein, Hoormann, & Blanke,
1991; Gehring, Goss, Coles, Meyer, & Donchin, 1993). Later, the
component was also observed in gambling tasks when subjects
made a choice and then received loss rather than gain feedback
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about their choice (Gehring & Willoughby, 2002; Hajcak, Holroyd,
Moser, & Simons, 2005; Yeung, Holroyd, & Cohen, 2005; Yeung
& Sanfey, 2004). Holroyd and Coles (2002) proposed the
reinforcement-learning theory of the ERN (RL-ERN) to incorpo-
rate both the FRN and the response-locked ERN into a unified
theoretical framework, and suggested that these components are
representative of a temporal-difference error signal that is used to
adjust the cognitive control system. In particular, the FRN repre-
sents an ERN elicited upon the detection of unexpected and unfa-
vorable outcomes when feedback is given.

Consistent with the prediction of the RL-ERN theory, several
studies have shown that (a) the FRN reflects neural reward predic-
tion errors and is larger for unexpected than for expected outcomes
(Hajcak, Moser, Holroyd, & Simons, 2007; Holroyd, Krigolson,
Baker, Lee, & Gibson, 2009; Nieuwenhuis et al., 2002); (b) the
FRN reflects an evaluation of events along a general good-bad
dimension, and it is larger for unfavorable than for favorable out-
comes (Holroyd & Coles, 2002); and (c) the evaluation system that
produces the FRN is nonlinear, weighting the worst and middle
outcomes equally (Hajcak, Moser, Holroyd, & Simons, 2006;
Holroyd, Hajcak, & Larsen, 2006; Holroyd, Larsen, & Cohen,
2004; Yeung & Sanfey, 2004). More recently, however, studies
have questioned whether the FRN is restricted to unexpected,
unfavorable outcomes, and theories have emerged suggesting
that the FRN is elicited by unlikely outcomes, regardless of their
valence (Ferdinand, Mecklinger, Kray, & Gehring, 2012; Oliveira,
McDonald, & Goodman, 2007). Ferdinand etal. (2012), for
example, showed that FRN activity was elicited by unexpected,
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positive response outcomes in a time-estimation task. They argued
that the results supported an alternative to the RL-ERN theory, the
predicted response outcome (PRO) model of Alexander & Brown
(2010, 2011), according to which the anterior cingulate is sensitive
to unexpected response outcomes, regardless of their valence.

In previous studies, researchers have often assumed that the
FRN is unaffected by the perceptual properties of feedback stimuli
(Hajcak etal., 2006; Holroyd & Coles, 2002; Holroyd,
Nieuwenhuis, Yeung, & Cohen, 2003; Miltner etal.,, 1997).
However, there is evidence against the assumption. A feedback
stimulus can signify whether a response was associated with a gain
or a loss, whether it was correct or erroneous, or it can convey both
pieces of information (such as when a response is erroneous by
virtue of yielding a gain that is smaller than desired). Nieuwenhuis,
Yeung, Holroyd, Schurger, and Cohen (2004) showed that the FRN
responded to the most perceptually salient information conveyed
by a feedback stimulus and was not responsive to the same infor-
mation when the information was not perceptually salient. The
FRN can also be determined simply by the perceptual discrepancy
between two consecutive feedback stimuli. Using a guessing task,
where participants had to decide whether the first stimulus would
have the same color as the second stimulus that was subsequently
presented, Jia et al. (2007) showed that the FRN effect was not only
determined by the feedback concerning the correctness of one’s
performance, but also by the perceptual discrepancy between the
first stimulus and the second stimulus. In a previous study, in which
a single visual feature or a conjunction of features was used to
indicate reward feedback, we found that losses elicited a larger
FRN than gain feedback only in the single-feature condition but not
in the conjoined-feature condition, suggesting that the FRN is
modulated by the deviation of feedback stimuli from a perceptual
template (Liu & Gehring, 2009).

Such findings are not necessarily inconsistent with either the
RL-ERN theory or the PRO model, but rather point to a need for a
greater clarity about the representations underlying the computa-
tions in those models. For example, the RL-ERN theory is vague
about the representation in the system that generates the FRN—it
does not say whether the perceptual attributes of feedback stimuli
will or will not affect the FRN. Does the basal ganglia comparator
at the heart of the RL-ERN model depend on early automatic
perceptual processing, later more attention-dependent processing,
or both? In short, greater specificity is needed about what exactly is
expected and what is unexpected in these models.

The current study is an effort to clarify the empirical basis for
these models. Although there are many ways that perceptual rep-
resentations could be used as the basis for feedback processing, one
general question is whether the computation underlying the FRN
requires focused attention or whether the processing can proceed
on the basis of preattentive feature analysis (Treisman & Gelade,
1980). The findings of Liu and Gehring (2009) described earlier
support the latter interpretation. Here, we explored another impli-
cation of this interpretation: that the FRN will be sensitive to
irrelevant attributes of a feedback stimulus that mismatch percep-
tually the expected or desired gain stimulus. The two irrelevant
attributes we explored were (1) the presence of irrelevant stimuli
flanking the actual feedback stimulus, and (2) the visual similarity
of the gain and loss feedback stimuli. Neither attribute had an effect
on the amount actually gained or lost by the subject, and our
question was whether these attributes would affect the FRN, thus
dissociating the FRN responses from the actual monetary outcome.

In our study, we used a gambling task in which participants
chose one of four doors presented on the screen and then received
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gain or loss feedback about each choice. Feedback stimuli com-
prised perceptual attributes that conveyed the gain or loss outcome,
as well as irrelevant perceptual attributes. We manipulated the
congruence of the irrelevant perceptual information in the stimulus:
the feedback information was indicated by a central letter in a
congruent or incongruent five-letter string often used in the classic
Eriksen flanker letter task (Eriksen & Eriksen, 1974). In the con-
gruent letter string, the center target letter and its surrounding
flanker letters are identical (e.g., HHHHH); in the incongruent
letter string, the center target letter and its surrounding flanker
letters are different (e.g., SSHSS). The flanking letters did not
convey any actual gain or loss reward information.

We also manipulated the perceptual similarity of letters indicat-
ing gain and loss. Based on the hypothesis that the process respon-
sible for the FRN was sensitive to preattentive feature analysis, it
was predicted that dissimilar letters (e.g., letter S and T indicated
gain and loss, respectively) would elicit a larger FRN than similar
letters (e.g., letter E and F indicated gain and loss, respectively) due
to a larger perceptual mismatch between the actual outcome and
the expected mental template. For each set of letters, there were
four types of flanker letter strings: congruent gain, where all five
letters indicated gain (e.g., SSSSS); congruent loss, where all five
letters indicated loss (e.g., TTTTT); incongruent gain, where the
middle target letter indicated gain, surrounded by four letters indi-
cating loss (e.g., TTSTT); and incongruent loss, where the middle
target letter indicated loss, surrounded by four letters indicating
gain (e.g., SSTSS). It was predicted that the incongruent gain
feedback may elicit a larger FRN than congruent gain feedback for
two reasons: (1) the increased mismatch between the expected
gain-related features and the presence of the loss-related perceptual
features in the flanker letters, and (2) the increased mismatch
between the gain target and the loss flankers embedded in the
feedback stimulus itself (as in the classic Eriksen flanker letter
task). Strictly speaking, any theory such as the RL-ERN theory that
links the FRN only to the actual gain or loss delivered by a feed-
back stimulus would not predict an enhanced FRN for the incon-
gruent gain, because the stimulus would still be categorized as a
favorable outcome.

Method
Participants

There were 12 participants (6 males and 6 females) aged between
18 and 23 years old. All were right-handed, had normal or
corrected-to-normal vision, and normal color vision. Prior to the
test, participants provided written informed consent in accordance
with the Institutional Review Board of the University of Michigan.
They received a monetary payment for their participation.

Procedure

The participants were seated comfortably 60 cm in front of a 14”
CRT computer monitor in a dimly lit, sound-attenuating, and elec-
tromagnetically shielded room. They were instructed to remain as
still as possible and to minimize eye blinks throughout the experi-
ment. Materials were presented using E-Prime (Psychological
Software Tools, Pittsburgh, PA). On each trial of the experiment,
the participants were presented with four identical red doors dis-
played at the center of the screen following a 500-ms central
fixation, and were instructed that the reward information was
hidden behind those doors (Figure 1). Doors remained on the



784

1000 ms

Figure 1. Experimental paradigm.

screen until the participants selected one by pressing a button with
their left or right index or middle finger, corresponding to the
location of the chosen door. One thousand milliseconds after
the response, the reward information indicating a gain or loss on the
trial appeared for 1,000 ms. The intertrial interval was 1,000 ms.
The reward information was a letter string in the form of the
flanker stimuli—one target letter (e.g., letter S) at the center was
surrounded by identical (e.g., SSSSS; congruent condition) or dif-
ferent letters (e.g., TTSTT; incongruent condition). Only the
central letter conveyed the reward information. The perceptual
similarity of the gain and loss letters was manipulated. In half of the
trials, gain and loss information was indicated by two perceptually
similar letters: E versus F; in the other half of the trials, gain and
loss information was indicated by two perceptually dissimilar
letters: S versus T. Participants completed five blocks of EF feed-
back (similar blocks) and five blocks of ST feedback (dissimilar
blocks). The presentation sequence of the two types of blocks was
counterbalanced among the participants. Each block started with
50 cents as the initial allotment, and on each trial participants won
or lost 25 cents. There were 120 trials per block, and after every 12
trials, participants were given summary information on the com-
puter display about the bonus they had earned. The gain or loss
information each letter indicated was revealed to the participants at
the beginning of the experiment and was counterbalanced among
the participants. The feedback was randomly chosen from a set of
equal numbers of congruent and incongruent as well as gain and
loss feedback. The number of trials of each letter string (similar
blocks: EEEEE, FFEFF, FFFFF, EEFEE; dissimilar blocks:
SSSSS, SSTSS, TTTTT, TTSTT) was about the same, the percent-
age of gain or loss was approximately 50%, and the ratio of
congruent to incongruent trials was roughly 1:1. Before the experi-
ment, the participants did the practice block with 12 trials, and
the experimenter confirmed that participants understood the task.

Electrophysiological Methods

The electroencephalogram (EEG) was recorded from 26 scalp elec-
trodes with Ag/AgCl electrodes embedded in a nylon mesh cap
(Easy-Cap, Falk Minow Systems, Inc.). The electrode locations
consisted of FP1, AFz, FP2, F7, F3, Fz, F4, F8, FC3, FCz, FC4, T7,
C3, Cz, C4, T8, CP3, CPz, CP4, P7, P3, Pz, P4, P§, Ol, and O2.
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EEG data were recorded with a left mastoid reference and a fore-
head ground. An average mastoid reference was derived offline
using both left and right mastoid data. The vertical electrooculo-
gram (EOG) was recorded from two Ag/AgCl electrodes placed
respectively above and below the left eye; the horizontal EOG was
recorded from electrodes placed external to the outer canthus of
each eye. Impedances were kept below 10 KQ. EEG and EOG
were amplified by SYNAMPS DC amplifiers (Neuroscan Labs,
Sterling, VA, USA) and filtered online from .01 to 100 Hz (half-
amplitude cutoffs). The data were digitized at 500 Hz.

EEG epochs of 1,100 ms (100-ms baseline) were extracted
offline from the continuous data file for analysis. Data were
screened automatically to eliminate epochs that contained unvary-
ing amplitude values for more than 20 ms, but no such epochs were
identified. Ocular artifacts were corrected using the algorithm
described by Gratton, Coles, and Donchin (1983). Statistical analy-
ses were performed on the data without any additional filtering.
The data presented in the figures were filtered with a nine-point
Chebyshev II low-pass digital filter with a half-amplitude cutoff at
12 Hz (MATLAB 7.04; Mathworks Inc.).

In addition to the measurement in the time domain, we com-
puted a time-frequency (TF) counterpart to the time-domain FRN
in order to differentiate it from potential overlapping components at
other frequencies (e.g., especially the P300, which overlaps with
the FRN in time but is dominated by activity in a lower frequency
band and therefore is separable by TF analysis; Bernat, Nelson,
Steele, Gehring, & Patrick, 2011; Nelson, Patrick, Collins, Lang, &
Bernat, 2011). This entailed first computing TF energy distribution
(surface) of the time-domain ERP using the binomial reduced inter-
ference distribution variant of Cohen’s class of time-frequency
transforms (for details, see Bernat, Williams, & Gehring, 2005).
Next, TF principal components analysis (TF-PCA) was applied to
an area corresponding to the 0—750 ms time range and 3.5-6.5 Hz
frequency range (based on prior work demonstrating that FRN
activity occurs primarily in this theta frequency band; e.g., Bernat
etal., 2011; Gehring & Willoughby, 2004; Nelson et al., 2011).
Five components were extracted based on visual inspection of the
scree plot, and one was selected for analysis as it best matched the
temporal and spatial characteristics of the time-domain FRN (e.g.,
it was maximal around the same latency as the time-domain FRN,
it showed enhancement for loss vs. gain trials at frontocentral scalp
sites, and the loss-gain difference score correlated more strongly
than other PCs with the FRN loss-gain difference, r = .84). Elec-
trode FCz was most proximal topographically to the maximum
theta gain-loss condition difference, and hence data from this elec-
trode was used in the statistical analyses of theta-FRN.

Results

The FRN is characterized by the negative deflection that peaked
about 300 ms following the feedback. The FRN mean amplitude
between 250 ms and 350 ms following the feedback was measured
at FCz (see Table 1). A 2x2x2 three-way repeated measures
analysis of variance (ANOVA) with factors block type (similar vs.
dissimilar), reward valence (gain vs. loss), and congruency (con-
gruent vs. incongruent) revealed main effects of reward valence,
F(1,11)=19.31, p< .01, nﬁ =.637, and congruency F(1,11)=
9.83, p < .01, nf, =.472, in addition to interactions between reward
valence and congruency, F(1,11)=8.11, p <.05, nf, =.424, and
between reward valence and block type, F(1,11)=5.10, p <.05,
1112) =.317. There were no other main effects or interaction effects.
Overall, loss feedback elicited a larger FRN than gain feedback,
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Table 1. Descriptive Statistics of Mean Amplitude, Baseline-to-Peak Amplitude, and Peak Latency for Each Condition
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Mean amplitude (LV)

Peak amplitude (V)

Peak latency (ms)

(mean £ SD) (mean * SD) (mean £ SD)

Similar Gain_congurent 79+5.2 50x4.5 282.5+41.0
Gain_incongruent 6.3+£4.0 3.7+£4.2 311.3+47.5

Loss_congruent 6.2+4.8 3.4+438 299.5+53.0

Loss_incongruent 5.8+4.1 3.6+42 321.8£55.0

Dissimilar Gain_congruent 92+54 64+52 282.8 £62.0
Gain_incongruent 69+4.6 40x42 300.5+37.4

Loss_congruent 6.2+4.6 39+4.7 303.5+489

Loss_incongruent 52+29 22+28 323.7+41.7

Note. SD = standard deviation.

and incongruent feedback elicited a larger FRN than congruent
feedback. Consistent with our hypotheses, the congruency effect
was evident only in the FRN elicited by gain feedback,
F(1,11) = 14.44, p < .01, n? =.568, but not in the FRN elicited by
loss feedback, F(1,11) =2.57, p > .10, )} =.189. The reward effect
was evident in both similar, F(1,11) = 11.24, p < .01, nlz, =.505, and
dissimilar, F(1,11)=15.61, p<.01, nf, =.587, blocks, but the
effect was larger in the dissimilar blocks than that in the similar
blocks (Block Type x Valence interaction, F(1,11)=5.10, p < .05,
M5 =.317).

Inspection of the ERP waveforms in Figure 2 suggested that the
mean amplitude analyses using 250-350 ms as the time window
would not catch the late enhancement of the FRN in the
incongruent-loss feedback condition, so a baseline-to-peak meas-
urement was conducted at FCz as well. The peak amplitude of the
FRN was defined as the most negative value of the ERP waveforms
between 200 ms and 400 ms following the feedback (relative to the
prestimulus baseline), and the peak latency of the FRN was defined
as the time when the most negative peak occurred between 200 ms
and 400 ms (see Table 1). Consistent with the mean amplitude
analyses and our hypotheses, the reward effect was significant in
the dissimilar blocks, F(1,11) =10.28, p < .01, nf, =.483, and mar-
ginally significant in the similar blocks, F(1,11)=4.31, p =.06,
M5 =.281. The Block Type X Valence interaction revealed a trend
toward the reward effect being larger in the dissimilar block than in

Similar Blocks: E vs. F
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the similar block, F(1,11) =4.66, p =.054, nf, =.298. Meanwhile,
the congruency effect was evident for gain feedback,
F(1,11)=19.60, p < .01, nf, =.641, but not for loss feedback,
F(1,11)=1.70, p>.10, n} =.134. The congruency effect in the
gain feedback appears to be larger than that in the loss feedback
(Congruency X Valence interaction, F(1,11)=4.65, p=.054,
Mp =.297). For the peak latency, the FRN elicited by incongruent
feedback was longer than that by congruent feedback, F(1,11) =
15.88, p <.01, 2 =.591. There were no main effects of block type,
F<1, 2 =.002, and valence, F(1,11)=3.04, p>.10, 1} =.216,
or any interactions (F's < 1) in peak latency analyses.

Visual inspection of the ERP waveform suggested that the FRN
may have overlapped lower-frequency (P300) activity, so a time-
frequency theta-FRN component was extracted using TF-PCA in
order to isolate theta-FRN from this extraneous lower frequency
activity (see Method for details, Figure 3). Figure 3 showed that the
theta measure is squarely over the FRN and does not overlap with
P300. Consistent with the measurements in the time domain, loss
feedback increased the theta-FRN relative to gain feedback,
F(1,11)=10.92, p <.01, m} = .498. The reward effect was signifi-
cant in dissimilar blocks, F(1,11) =12.96, p < .01, nﬁ =.541, and
only marginally significant in similar blocks, F(1,11)=4.68,
p=.053,m} =.298. The Block Type X Valence interaction revealed
a trend toward the reward effect being larger in the dissimilar block
than in the similar block, F(1,11) =4.80, p =.051, nf, =.304. The
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Figure 2. Grand average of ERP recordings at FCz for (a) similar and (b) dissimilar blocks. Feedback stimuli appear at 0 ms.
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Figure 3. Time-frequency principal components
event-related potential activity. Top row: time-domain waveform plot at
FCz, depicting the expected amplitude difference for loss vs. gain trials in
the feedback-related negativity (FRN). Second row: Time-frequency
surface for primary activity in the theta (3.5-6.5 Hz) range corresponding to
FRN, depicted for loss (red) versus gain (blue) trials at FCz (green
corresponds to areas with no difference between loss and gain trials, as
depicted in the amplitude color legend). Bottom rows: Topographic maps
depict important condition differences in terms of overall magnitude (left;
color surface plots) and statistical significance (right; using Wilcoxon p
values for illustration of strength and topography of effects). PC = principal
component.
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incongruent gain feedback increased the theta-FRN relative to con-
gruent gain feedback, F(1,11) =5.17, p < .05, 2 =.320; there was
no difference between incongruent loss feedback and congruent
loss feedback, F(1,11)=2.43, p=.15, T]lz, =.181. However, the
interaction between congruency and valence was not significant
(F<1,m;=0).

Discussion

In the present study, we examined how the perceptual properties of
feedback stimuli may modulate the FRN by manipulating the
reward valence, congruency, and perceptual similarity of the feed-
back stimuli in a gambling task where flanker stimuli were used.
Consistent with previous findings (Gehring & Willoughby, 2002;
Holroyd & Coles, 2002), loss feedback elicited a larger FRN than
gain feedback, and this FRN reward effect was larger in dissimilar-
letter than similar-letter feedback. In addition, incongruent letter
strings elicited a larger FRN than congruent letter strings, and this
FRN congruency effect was larger for gain feedback than for loss
feedback.

FRN Reward Effect

The increased FRN reward effect in dissimilar blocks compared to
similar blocks was consistent with the proposal that the FRN is
affected by the perceptual mismatch between gain and loss feed-
back stimuli (Folstein & van Petten, 2008; Liu & Gehring, 2009).
In the gambling task, one way in which such an effect could occur
would be tuning (or priming) in the perceptual system for the
perceptual properties of gain-related feedback; any feedback
outcome that deviates from the prepared gain-related perceptual
representation would trigger the monitoring system to elicit an
error signal. The larger perceptual mismatch between loss and gain
feedback in the dissimilar-letter condition may generate a larger
error signal than in the similar-letter feedback condition, resulting
in a larger FRN. Results of time-frequency analysis further con-
firmed that the interaction was not due to ERP components of
different frequency (e.g., P300) overlap in time but truly reflected
the FRN occurring at around 3.5 to 6.5 Hz (Bernat et al., 2011;
Gehring & Willoughby, 2004).

The findings in the current study are consistent with the results
in our previous study (Liu & Gehring, 2009), where the FRN
reward effect was found in the single-feature condition but not in
the conjoined-feature condition. Both studies suggested that the
FRN reward effect was sensitive to the preattentive features of the
feedback stimuli (Treisman & Gelade, 1980). Models applicable to
the FRN (e.g., Alexander & Brown, 2011; Holroyd & Coles, 2002)
should incorporate computational processes making clear how the
preattentive feature analysis of the feedback stimuli affects the
representation underlying the FRN computation. Furthermore, a
reduced FRN reward effect was found in the similar-letter condi-
tion in the current study, where attention is needed to discriminate
loss from gain feedback stimuli, suggesting that attention-
dependent processing may also be present in the computation of the
FRN. More studies are needed to address the role of early auto-
matic perceptual processing and later attentional processing in the
FRN computations.

Of note, the interaction between block type and reward valence
was significant in the FRN mean amplitude measure, and only
marginally significant in the FRN peak amplitude and time-
frequency theta-FRN measures (ps < .06). The partial eta squared
(i.e., M}) effect size measures showed a large effect size corre-
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sponding to the interaction between block type and reward
valence—0.317, 0.297, and 0.298, respectively, for FRN mean
amplitude, peak amplitude, and theta-FRN measures (Brown,
2008). The fact that these results occur after our stringent efforts to
account for possible contamination from overlapping ERP compo-
nents lends increased confidence to the finding in mean amplitude
measures of an increased FRN reward effect in dissimilar-letter
condition compared to similar-letter condition. It is possible that
larger differences would be observed if the perceptual difference
between the dissimilar and similar conditions were increased.
Finally, we should note that, without behavioral measures directly
reflecting the gain/loss discrimination, it is difficult to rule out
stimulus equivocation as a possible contributor to the observed
FRN differences. Incorporating additional behavioral measures to
indicate that stimuli were perceived correctly as gains and losses
would be desirable.

FRN Congruency Effect

In addition to the reward effect, the FRN elicited by incongruent
letter strings was larger than that elicited by congruent letter
strings, especially those elicited by gain feedback stimuli. The FRN
congruency effect was similar to the N2 effect observed in the
classic Eriksen flanker task, in which incongruent stimuli elicit a
central or frontocentral N2. As reviewed in Folstein and van Petten
(2008), both response conflict and the perceptual mismatch
between central target and surrounded flanker letters may contrib-
ute to the frontal N2 in the classic flanker task. In contrast to the
classic flanker task, the flankers in the current gambling task had no
response-related features. In addition to the perceptual mismatch
between central and flanker letters, the FRN may be sensitive to the
mismatch between the reward information conveyed by central
letters and that conveyed by flanker letters, which was not dissoci-
ated from perceptual mismatch in the current experimental design.
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Another potential factor contributing to the FRN enhancement in
the incongruent gain condition is the increased mismatch between
the expected gain-related features and the presence of the loss-
related perceptual features in the flanker letters. If the perceptual
system is tuned for the perceptual properties of gain-related
feedback, the presence of loss-related perceptual features in
incongruent-flanker gain feedback deviates from the prepared gain-
related perceptual representation, which triggers an error signal. In
contrast, in the incongruent flanker loss condition, there is no
mismatch between the expected gain-related features and the gain-
related perceptual features in the flanker letters; instead, the appear-
ance of gain-related features in the incongruent-flanker loss
condition would reduce the FRN congruency effect elicited by
mismatch between central and flanker letters. Thus, the congruency
effect in the loss condition is smaller than that in the gain condition.

Recent theorizing suggested that an enhanced positivity (e.g., a
frontal P2) in the gain feedback may be responsible for the FRN or
may overlap it (Holroyd & Coles, 2008; Potts, Martin, Burton, &
Montague, 2006). Visual inspection of our waveforms suggested
that a P2 difference cannot account for our results, with our FRN
findings primarily occurring after the P2. We cannot, however, rule
out contributions from a positivity that perfectly overlaps in time
with the negative peak of the FRN.

In summary, we found that the FRN amplitude was modulated
by the perceptual similarity between gain and loss feedback stimuli
and was enhanced by the congruence of perceptual features in the
stimuli. Our findings suggest that theories of the FRN must address
the ways that feedback-related processing interacts with perceptual
processing of stimulus attributes. In particular, the present data
point toward preattentive inputs to the neural processing reflected
in the FRN. At a more practical level, the findings suggest that
researchers must control the perceptual properties of the feedback
stimuli when using the FRN to investigate decision-making or
reward-related processing.
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