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Outcome  evaluation  is  a cognitive  process  that plays  an  important  role  in  our daily  lives.  In most
paradigms  utilized  in  the  field  of  experimental  psychology,  outcome  valence  and  outcome  magnitude  are
the  two  major  features  investigated.  The  classical  “independent  coding  model”  suggests  that  outcome
valence  and outcome  magnitude  are  evaluated  by separate  neural  mechanisms  that  may  be mapped
onto  discrete  event-related  potential  (ERP)  components:  feedback-related  negativity  (FRN)  and  the  P3,
respectively.  To  examine  this  model,  we  presented  outcome  valence  and  magnitude  sequentially  rather
ecision-making
utcome evaluation
utcome valence
utcome magnitude
vent-related potential (ERP)
eedback-related negativity (FRN)
3

than simultaneously.  The  results  reveal  that  when  only outcome  valence  or  magnitude  is known,  both
the FRN  and  the  P3  encode  that outcome  feature;  when  both  aspects  of  outcome  are  known,  the  cognitive
functions  of  the  two  components  dissociate:  the FRN  responds  to  the  information  available  in  the  current
context,  while  the  P3  pattern  depends  on  outcome  presentation  sequence.  The  current  study  indicates
that  the human  evaluative  system,  indexed  in  part by the  FRN  and  the  P3,  is  more  flexible  than  previous
theories  suggested.
. Introduction

The process of outcome evaluation constitutes a late stage of
ecision-making (Ernst & Paulus, 2005; Paulus, 2005; Platt, 2002).

ts role in reinforcement learning, adaptation, and survival is crucial
or human beings (Nieuwenhuis, Holroyd, Mol, & Coles, 2004). Peo-
le adjust their behavior according to outcomes or consequences
f their actions (Ernst & Paulus, 2005; Friedrich & Zentall, 2010;
olroyd & Coles, 2008). Our brain stores information about past
utcomes so as to improve future decisions (Cohen & Ranganath,
007; Frank, Seeberger, & O’Reilly, 2004; Platt, 2002). Abnormal-

ties in outcome evaluation might lead to problematic behavior
uch as drug abuse or pathological gambling (Everitt et al., 2007;
ridberg et al., 2010; Shiv, Loewenstein, & Bechara, 2005). Thus
ar, most studies on outcome evaluation have focused on reward
nd punishment processing (Kim, Shimojo, & O’Doherty, 2006;
lassmann, Doherty, & Rangel, 2010; Rogers et al., 2004). This pro-
essing encodes outcome valence. Outcome magnitude, the size or

egree of a reward or punishment, is also an important factor and
as been investigated (Goyer, Woldorff, & Huettel, 2008; Sato et al.,
005; Shenhav & Greene, 2010; Wu  & Zhou, 2009). We  suggest
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the importance of outcome magnitude stems from larger magni-
tudes often being associated with stronger arousal and emotional
feelings. In sum, outcome valence reveals whether or not the out-
come is beneficial, while outcome magnitude modulates the level
of arousal.

Event-related potentials (ERPs) of electroencephalogram (EEG),
most notable for their exquisite temporal resolution (Liotti,
Woldorff, Perez, & Mayberg, 2000), provide important real-time
knowledge about the mechanism of outcome evaluation (e.g.,
Cohen, Elger, & Ranganath, 2007; Cohen & Ranganath, 2007).
Among the ERP signals that could potentially be biomarkers
of outcome evaluation, feedback-related negativity (FRN) and
the P3 are the most often studied components (Polezzi, Sartori,
Rumiati, Vidotto, & Daum, 2010; Wu & Zhou, 2009). The FRN is a
negative-going component that is consistently larger after negative
outcomes than positive outcomes (Gehring & Willoughby, 2002;
Nieuwenhuis et al., 2004) while the P3 is a centro-parietal positiv-
ity that indicates the affective significance of stimuli (Polezzi et al.,
2010; Wu  & Zhou, 2009).

The reinforcement learning theory of error-related negativity
(RL-ERN theory) provides a classical interpretation of the cogni-
tive function associated with the FRN (Holroyd & Coles, 2002;
Holroyd, Coles, & Nieuwenhuis, 2002). This theory suggests that

the FRN is an index of the activities of the midbrain dopamine sys-
tem, which evaluates the ongoing event along a binary “good–no
good” dimension (Holroyd, Hajcak, & Larsen, 2006). Accordingly,
the FRN responds to outcome valence but is insensitive to variations

dx.doi.org/10.1016/j.neuropsychologia.2011.10.006
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:luoyj@bnu.edu.cn
mailto:piaget1984@gmail.com
dx.doi.org/10.1016/j.neuropsychologia.2011.10.006


3 hologia

i
e
Y
p
a
e
t
t
o
“
(
2
H
2
v
r

i
i
t
h
f
t
t
o
t
t
c
t
c

2

2

j
r
c
h
t
m
t

F
h
p
s

892 R. Gu et al. / Neuropsyc

n magnitude (Hajcak, Moser, Holroyd, & Simons, 2006; Holroyd
t al., 2006; Nieuwenhuis et al., 2004). To take a step further,
eung and Sanfey (2004) suggest that both the FRN and the P3 are
hysiological reflections of the human evaluative function. Valence
nd magnitude, two fundamental features of outcome stimuli, are
ncoded by the FRN and the P3, respectively. The FRN is sensi-
ive to outcome valence, regardless of outcome magnitude, and
he P3 shows the opposite pattern. This idea, which indicates that
ur brain processes valence and magnitude separately, is called the
independent coding model” by its proposers. Yeung and Sanfey’s
2004) model remains controversial hitherto (Bellebaum & Daum,
008; Hajcak, Holroyd, Moser, & Simons, 2005; Hajcak, Moser,
olroyd, & Simons, 2007; Pfabigan, Alexopoulos, Bauer, & Sailer,
011; Wu & Zhou, 2009), and some researchers doubt whether
alence and magnitude could be mapped onto the FRN and the P3,
espectively (Goyer et al., 2008).

This issue remains unsolved partly because in previous stud-
es the valence and the magnitude of outcomes are presented
n an integrated way (i.e., simultaneously). Potential interac-
ions between the processing of valence and magnitude might
ave been masked by the simultaneous presentation of both

eatures. Hence, the ideal test of the model should separate
he presentations of the valence and the magnitude during a
ask. We  modified Yeung and Sanfey’s (2004) design such that
utcome valence and outcome magnitude were presented sequen-
ially rather than simultaneously. We  expect that if the FRN and
he P3 components are sensitive to outcome valence and out-
ome magnitude, respectively, in a separate presentation design,
he reliability of the “independent coding model” would be
onfirmed.

. Methods

.1. Participants

24 Right-handed students (13 females; mean age 22.25 ± 2.42 years) from Bei-
ing Normal University participated in the experiment. All participants were free of
egular use of medication or other nonmedical substances that might influence the

entral nervous system. All had normal vision (with or without correction); none had
istory of neurological disease. All participants gave their informed consent prior to
he  experiment. The experimental protocol was  approved by the Local Ethics Com-

ittee (Beijing Normal University). None of the participants reported knowledge of
he  Hebrew alphabet.

ig. 1. Each participant was  asked to select one of two alternatives and indicate his/h
ighlighted with a thick red border for 500 ms.  Afterward, the outcome was presented 

resented antecedently, and outcome magnitude was presented subsequently; (B) outco
ubsequently. In this sample, both formats indicate the result “+9”.
 49 (2011) 3891– 3897

2.2. Procedure

Stimulus display and behavioral data acquisition were conducted using E-Prime
software (Version 1.1, Psychology Software Tools, Inc.). During the task, the partic-
ipant sat comfortably in an electrically-shielded room approximately 100 cm from
a  computer screen. Each trial began with the presentation of two white rectangles
(2.5◦ × 2.5◦ of visual angle) in which two Hebrew letters (“ ” and “ ”) were indi-
vidually presented to indicate two alternative options on the left and right sides of
a  fixation point. The positions of the two letters were counterbalanced across trials.
The participant was  asked to make a selection by pressing the “F” or “J” key on the
keyboard with the left or right index finger, respectively. The alternatives remained
on  the screen until the participant chose a rectangle, which was then highlighted
by  a thick red outline for 500 ms. Thereafter, the outcome of the participant’s choice
was presented such that its valence and magnitude were displayed sequentially,
with a 500 ms  interval between presentations (see Fig. 1).

There were four kinds of outcomes: “+9”, “+99”, “−9”, and “−99”. Each indicated
the points the participant won (when the valence of outcome was “+”) or lost (when
the valence of outcome was “−”) in the current trial. The formal task consisted of four
blocks of 96 trials each. Unbeknownst to the participant, the outcomes were pro-
vided according to a pre-determined pseudorandom sequence, and each participant
received exactly 96 of each kind of outcome.

There are two  kinds of outcome sequences: (A) the valence of outcomes was
presented antecedently, then the magnitude of outcomes subsequently and (B) the
reversal of (A). Prior to the experiment, each participant was told that the sequence
of  outcome presentation was irrelevant to its value. The two kinds of outcome
sequences were counterbalanced within each kind of outcome.

Before the experiment, each participant was instructed about the rules and the
meaning of the symbols in the task. In addition, he/she was encouraged to respond
in  a way that would maximize the total score amount. He/she was told that the
higher the score he/she earned, the more bonus money he/she would receive at the
end of the experiment. However, after the participant finished the task, he/she was
briefed that there was no optimal strategy for the task. Each participant was paid
60  Chinese Yuan (approximately $10) for participation.

2.3. Electrophysiological recording and measures

Electroencephalogram (EEG) activity was recorded from 64 scalp sites using
tin  electrodes mounted in an elastic cap (NeuroScan Inc.) with an online refer-
ence to the left mastoid and off-line algebraic re-reference to the average of the left
and  right mastoids. Horizontal electrooculogram (HEOG) was recorded from elec-
trodes placed at the outer canthi of both eyes. Vertical electrooculogram (VEOG) was
recorded from electrodes placed above and below the left eye. All inter-electrode
impedance was  maintained at <5 k�. EEG and EOG signals were amplified with a
bandpass from 0.05 Hz to 100 Hz and continuously sampled at 500 Hz/channel.

During the offline analysis, ocular artifacts were removed from the EEG signal

using a regression procedure implemented with Neuroscan software (Semlitsch,
Anderer, Schuster, & Presslich, 1986). After digital filtering through a zero phase shift
(see below), the EEG data were epoched time-locked to the onset of each kind of
outcome stimulus. Separate EEG epochs of 1000 ms were baseline-corrected by sub-
tracting from each sample the average activity of that channel during the 200–0 ms

er selection using the left or right index finger. His/her choice was  immediately
in two  formats that were counterbalanced across trials: (A) outcome valence was
me magnitude was  presented antecedently, and outcome valence was  presented
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aseline period. Any trials where EEG voltages exceeded a threshold of ±100 �V
uring the recording epoch were excluded from the analysis.

Following the methods of Yeung and Sanfey (2004),  FRN amplitude was mea-
ured for each participant as the base-to-peak difference in voltage between the
ost negative peak within the 200–400 ms  window and the average voltage of the

mmediately preceding and following positive peaks, after 0.05–30 Hz band-pass fil-
ering. P3 amplitude was measured as the most positive peak within the 200–600 ms
indow after 2 Hz low-pass filtering (Yeung & Sanfey, 2004). The electrode at which

he  ERP components reached their maximum was  detected along the midline (Fz,
Cz,  Cz, CPz, Pz, POz and Oz); thereafter, the mean amplitude of this electrode and

 adjacent electrodes were calculated for further analysis.

. Results

For all the analyses listed below, the significance level was
et at 0.05. Greenhouse–Geisser correction for ANOVA tests was
sed whenever appropriate. Post-hoc testing of significant main
ffects was conducted using LSD method. Significant interactions
ere analyzed using simple-effects models. Partial eta-squared
as reported to demonstrate the effect size in ANOVA tests, where

.05 represents a small effect, 0.10 equals a medium effect, and 0.20
epresents a large effect (Pfabigan et al., 2011). Statistical analysis
as performed using SPSS (17.0; SPSS, Inc., Chicago, IL).

.1. Behavioral results

The percentage of trials where alternative “ ” was selected
as 49.65 ± 3.11%; this number was 50.36 ± 3.11% for “ ”. Average
ecision-making time was 760.76 ± 447.26 ms.  Since there was no
ptimal strategy for each participant during the task, behavioral
ata was not analyzed any further.

.2. ERP results

.2.1. Sequence (A): outcome valence → outcome magnitude

.2.1.1. Outcome valence (presented antecedently). FRN: The analy-
is across the midline revealed that the FRN elicited by outcome
alence (presented antecedently) was largest at electrode FCz
−2.96 �V). Accordingly, this electrode and 8 adjacent electrodes
F1, Fz, F2, FC1, FC2, C1, Cz, and C2) were chosen for further anal-
sis. The mean amplitudes of these electrodes were entered into a

aired-samples t test using outcome valence (positive/negative) as
he within-subject factor.

The main effect of outcome valence was  significant
t (23) = 5.889, p < 0.001). Consistent with classical studies (Gehring

ig. 2. (a) Grand-average ERPs evoked by outcome valence (presented antecedently) a
ubsequently) at the Fz recording site using a 0.05–30 Hz band-pass filter. The time point
00–400  ms  time window for the detection of the most negative peak. The scalp topograp
 49 (2011) 3891– 3897 3893

& Willoughby, 2002; Holroyd et al., 2006; Miltner, Braun, & Coles,
1997), this result indicated that the FRN was larger when outcome
valence was negative (−3.69 �V) and smaller when outcome
valence was  positive (−1.80 �V) (see Fig. 2a). Please note that the
FRN is a negative-going component. Thereby, smaller amplitude
indicates a larger FRN.

P3: The analysis across the midline revealed that the P3 elicited
by outcome valence (presented antecedently) was  largest at elec-
trode CPz (8.11 �V). Accordingly, this electrode and 8 adjacent
electrodes (C1, Cz, C2, CP1, CP2, P1, Pz, and P2) were chosen for
further analysis. The mean amplitudes of these electrodes were
entered into a paired-samples t test using outcome valence (posi-
tive/negative) as the within-subject factor.

The main effect of outcome valence was significant
(t (23) = 3.705, p = 0.001); the P3 was larger when outcome
valence was positive (8.50 �V) and smaller when outcome valence
was negative (7.19 �V) (see Fig. 3a; see also Hajcak et al., 2005;
Polezzi et al., 2010).

3.2.1.2. Outcome magnitude (presented subsequently). FRN: The
analysis across the midline revealed that the FRN elicited by out-
come magnitude (presented subsequently) was  largest at electrode
Fz (−4.27 �V). Accordingly, this electrode and 8 adjacent electrodes
(FP1, FPz, FP2, F1, F2, FC1, FCz, and FC2) were chosen for further
analysis. The mean amplitudes of these electrodes were entered
into a 2 (magnitude: 9/99) × 2 (valence: positive/negative) ANOVA
test.

The main effect of outcome magnitude was  significant (F (1,
23) = 30.282, p < 0.001, partial �2 = 0.568); the FRN was larger
when outcome magnitude was  “9” (−4.76 �V) and smaller when
outcome magnitude was  “99” (−3.34 �V) (see Fig. 2b). The main
effect of outcome valence was  not significant (F (1, 23) = 0.138,
p = 0.714). The magnitude × valence interaction was  not significant
(F (1, 23) = 0.021, p = 0.886).

P3: The analysis across the midline revealed that the P3 elicited
by outcome magnitude (presented subsequently) was largest at
electrode CPz (9.90 �V). Accordingly, this electrode and 8 adjacent
electrodes (C1, Cz, C2, CP1, CP2, P1, Pz, and P2) were chosen for
further analysis. The mean amplitudes of these electrodes were
entered into a 2 (magnitude: 9/99) × 2 (valence: positive/negative)

ANOVA test.

The main effect of outcome magnitude was  significant (F
(1, 23) = 44.784, p < 0.001, partial �2 = 0.661); the P3 was larger
when outcome magnitude was  “99” (11.24 �V) and smaller when

t the FCz recording site, and (b) that evoked by outcome magnitude (presented
 “0” indicates outcome presentation onset. The light gray shaded areas indicate the
hies of each condition are presented beneath.
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ig. 3. (a) Grand-average ERPs evoked by outcome valence (presented anteceden
ow-pass filter. Both were observed at the CPz recording site. The time point “0” indic
nalysis window for the P3. The scalp topographies of each condition are presented

utcome magnitude was “9” (7.72 �V) (see Fig. 3b). The main
ffect of outcome valence was not significant (F (1, 23) = 0.077,

 = 0.784). The magnitude × valence interaction was not significant
F (1, 23) = 0.470, p = 0.500).

.2.2. Sequence (B): outcome magnitude → outcome valence

.2.2.1. Outcome magnitude (presented antecedently). FRN: The
nalysis across the midline revealed that the FRN elicited by out-
ome magnitude (presented antecedently) was largest at electrode
z (−3.92 �V). Accordingly, this electrode and 8 adjacent electrodes
FP1, FPz, FP2, F1, F2, FC1, FCz, and FC2) were chosen for further
nalysis. The mean amplitudes of these electrodes were entered
nto a paired-samples t test using outcome magnitude (9/99) as the

ithin-subject factor.
The main effect of outcome magnitude was significant

t (23) = −4.714, p < 0.001); the FRN was larger when the magnitude
as “9” (−4.44 �V) and smaller when the magnitude was  “99”
−2.81 �V) (see Fig. 4a).
P3: The analysis across the midline revealed that the P3 elicited

y outcome magnitude (presented antecedently) was largest at
lectrode CPz (7.61 �V). Accordingly, this electrode and 8 adjacent

ig. 4. (a) Grand-average ERPs evoked by outcome magnitude (presented antecedentl
ubsequently) at the FCz recording site using a 0.05–30 Hz band-pass filter. The time 

ndicate the 200–400 ms  time window for the detection of the most negative peak. The sc
nd (b) that evoked by outcome magnitude (presented subsequently) using a 2 Hz
e outcome presentation onset. The light gray shaded areas indicate the 200–600 ms

ath.

electrodes (C1, Cz, C2, CP1, CP2, P1, Pz, and P2) were chosen for
further analysis. The mean amplitudes of these electrodes were
entered into a paired-samples t test using outcome magnitude
(9/99) as the within-subject factor.

The main effect of outcome magnitude was significant
(t (23) = −6.472, p < 0.001); the P3 was  larger when outcome
magnitude was  “99” (8.46 �V) and smaller when outcome
magnitude was “9” (6.25 �V) (see Fig. 5a).

3.2.2.2. Outcome valence (presented subsequently). FRN: The analy-
sis across the midline revealed that the FRN elicited by outcome
valence (presented subsequently) was largest at electrode FCz
(−4.21 �V). Accordingly, this electrode and 8 adjacent electrodes
(F1, Fz, F2, FC1, FC2, C1, Cz, and C2) were chosen for further analy-
sis. The mean amplitudes of these electrodes were entered into a 2
(valence: positive/negative) × 2 (magnitude: 9/99) ANOVA test.

The main effect of outcome valence was  significant

(F (1, 23) = 16.886, p < 0.001, partial �2 = 0.423); the FRN was larger
when outcome valence was  negative (−4.70 �V) and smaller when
outcome valence was positive (−3.15 �V) (see Fig. 4b). The main
effect of outcome magnitude was  not significant (F (1, 23) = 2.085,

y) at the Fz recording site, and (b) that evoked by outcome valence (presented
point “0” indicates the outcome presentation onset. The light gray shaded areas
alp topographies of each condition are presented beneath.
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ig. 5. (a) Grand-average ERPs evoked by outcome magnitude (presented anteced
ow-pass filter. Both were observed at the CPz recording site. The time point “0” indic
nalysis window for the P3. The scalp topographies of each condition are presented

 = 0.162). The valence × magnitude interaction was  significant (F
1, 23) = 17.018, p < 0.001, partial �2 = 0.425). Simple effect analysis
ndicated that the effect of outcome valence was  significant when
utcome magnitude was “99” (F (1, 23) = 23.85, p < 0.001), but not
ignificant when outcome magnitude was “9” (F (1, 23) = 0.65,

 = 0.427).
P3: The analysis across the midline revealed that the P3 elicited

y outcome valence (presented subsequently) was largest at elec-
rode CPz (11.34 �V). Accordingly, this electrode and 8 adjacent
lectrodes (C1, Cz, C2, CP1, CP2, P1, Pz, and P2) were chosen for
urther analysis. The mean amplitudes of these electrodes were
ntered into a 2 (valence: positive/negative) × 2 (magnitude: 9/99)
NOVA test.

The main effect of outcome valence was significant (F (1,
3) = 5.138, p = 0.033, partial �2 = 0.183); the P3 was larger when
utcome valence was positive (11.18 �V) and smaller when out-
ome valence was negative (10.51 �V). The main effect of outcome
agnitude was also significant (F (1, 23) = 46.791, p < 0.001, par-

ial �2 = 0.670); the P3 was larger when outcome magnitude was
99” (12.92 �V) and smaller when outcome magnitude was “9”
8.78 �V) (see Fig. 5b). The valence × magnitude interaction was
ot significant (F (1, 23) = 1.322, p = 0.262).

. Discussion

According to the classical independent coding model, the FRN
nd the P3 are associated with the coding of outcome valence and
utcome magnitude, respectively. This model would predict that
hen outcome valence and outcome magnitude were presented

eparately, the FRN would be selectively sensitive to outcome
alence presentation, and the P3 would show the opposite pat-
ern. Contrary to this prediction, the present results reveal that both
he FRN and the P3 were sensitive to valence and magnitude. We
herefore suggest the processing of valence and magnitude are not
ndexed by separate ERP components.

.1. The cognitive function of the FRN

Many studies suggest that the FRN, which appears to be larger
fter unfavorable outcomes or feedback that indicates incorrect

erformance, may  reflect a binary evaluation of “good” versus “no
ood” outcomes (Hajcak et al., 2005; Polezzi et al., 2010; Toyomaki

 Murohashi, 2005). Given that binary evaluation interpretation,
e proposed that the relationship between outcome valence and
), and (b) that evoked by outcome valence (presented subsequently) using a 2 Hz
e outcome presentation onset. The light gray shaded areas indicate the 200–600 ms

ath.

the FRN should not be influenced by outcome presentation style.
Nevertheless, in the current study, the FRN could respond to either
valence or magnitude, depending upon which of the two  was
being presented. It remains unknown, however, why the magni-
tude “9” consistently elicited a larger FRN than “99”. One possibility
is that the participants, always seeking higher scores, evaluated “9”
more unfavorably than “99”. Our results indicate that the cognitive
function associated with the FRN goes beyond encoding outcome
valence.

In spite of our results, most studies have reported that the FRN is
selectively sensitive to valence (but see Bellebaum & Daum, 2008;
Goyer et al., 2008). A possible explanation is that the rapid eval-
uative system indexed by the FRN (Gehring & Willoughby, 2002;
Yeung & Sanfey, 2004) encodes whichever information is contex-
tually most salient (Goyer et al., 2008; Potts, Martin, Burton, &
Montague, 2006). Bradley (2000) claimed “for adult humans, object
meaning tends to outweigh stimulus magnitude as the eliciting
cue”, implying that valence is considered more important than
magnitude. Accordingly, when the valence and the magnitude are
presented simultaneously, the evaluative system indexed by the
FRN focuses on valence rather than magnitude.

However, if valence is unknown, we  suggest that magnitude
alone could be motivationally significant in many scenarios. A
night watchman who observes hundreds of people approaching
may  need to respond to the crowd’s magnitude in spite of their
“valence” (i.e. their positive or negative intentions) being unknown.
Consistent with our viewpoint, Schneirla (1959) proposed that
the intensity of stimulus is an important factor that deter-
mines approach and withdrawal behaviors, with low-intensity
stimuli associated with approach and high-intensity stimuli asso-
ciated with withdrawal (cited from Bradley, 2000). This viewpoint
demonstrates how our revised interpretation of the cognitive
function indexed by the FRN harmonizes with existing theory
suggesting the FRN’s role in motivationally-significant evaluation
(Gehring & Willoughby, 2002; Holroyd, Baker, Kerns, & Muller,
2008; Yeung, Holroyd, & Cohen, 2005).

In our opinion, it is evolutionarily advantageous for the rapid
evaluative system to respond to the most salient environmental
features rather than immutably processing valence and magnitude
separately. Researchers have pointed out that it is often necessary

to make a quick, imperfect decision, so as to meet the chal-
lenges of the environment (Rahman, Sahakian, Cardinal, Rogers,
& Robbins, 2001; Slovic, Peters, Finucane, & MacGregor, 2005). For
this purpose, focusing attention on the contextually most salient
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nformation may  quicken decision-making (Rahman et al., 2001).
hen outcome features are not fully known, encoding the most

alient information regardless of its category, may  be crucial for
daptation and survival (see also Anokhin et al., 2006).

.2. The cognitive function of the P3

Like the FRN, the P3 elicited by outcome information (presented
ntecedently) could be sensitive to either valence or magnitude,
epending upon which feature was being presented. Moreover, the
attern of the P3 elicited by outcome information (presented sub-
equently) was significantly influenced by outcome presentation
equence.

Using laboratory gambling tasks, some previous studies have
eported that the time-course of the FRN and P3 temporally over-
ap (Foti, Weinberg, Dien, & Hajcak, 2011; Wu  & Zhou, 2009;
eung et al., 2005). These two components are even referred to as
he “FRN–P3 complex” by some researchers (Dywan, Mathewson,
nyder, Tays, & Segalowitz, 2008; see also Folstein & Van Petten,
008; Holroyd, 2004). We  suggest that when outcome information

s incomplete (e.g., either valence or magnitude is unknown), the
3 encodes the contextually most salient information in tandem
ith the FRN, so as to guide adaptive behavior more effectively

Nieuwenhuis et al., 2004; Prinzel, Freeman, Scerbo, Mikulka, &
ope, 2003).

The P3 elicited by outcome valence (presented subsequently)
esponded to both magnitude (presented antecedently) and
alence. Regarding the valence, positive outcomes evoked a larger
3 than negative outcomes, indicating stronger affective signifi-
ance (van Lankveld & Smulders, 2008; Wu & Zhou, 2009). These
esults fit well with the idea that the P3 encodes both valence
nd magnitude (Hajcak et al., 2005, 2007; Martin & Potts, 2004;
olezzi et al., 2010; Wu  & Zhou, 2009). One possible explanation for
his phenomenon is that when outcome features are fully known,
he P3 reflects the process of overall outcome evaluation; all the

ajor properties of the outcome are taken into account (Wu &
hou, 2009). However, this interpretation does not account for
he P3 elicited by outcome magnitude (presented subsequently)
eing insensitive to valence (presented antecedently). As such, it
ay  be that the cognitive process indexed by the P3 is significantly

ffected by outcome presentation style. Different outcome presen-
ation sequences may  produce distinct neurological responses to
he outcome. Further investigation into this issue may  be necessary.

. Conclusions

Using a new experimental design, the current study reveals that
he human evaluative system, indexed in part by the FRN and the
3, encodes outcome information in a flexible way. When the out-
ome is partly unknown, both the FRN and the P3 encode the most
alient feature (either valence or magnitude) of the outcome; when
he outcome is fully known, the cognitive functions of the two  com-
onents dissociate: the FRN still responds to the contextually most
alient information, but the P3 could be sensitive to both valence
nd magnitude in specific outcome presentation sequence. More
esearch is needed to test these findings.

In our opinion, brain imaging experiments that use our task
aradigm would provide important knowledge about the neural
nderpinning of outcome evaluation. In addition, since the FRN and
he P3 are both strongly affected by individual differences in per-

onality (Foti & Hajcak, 2009; Gu, Ge, Jiang, & Luo, 2010; Gu, Huang,

 Luo, 2010; Iacono & Mcgue, 2006; Martin & Potts, 2009; Onoda,
be, & Yamaguchi, 2010), further studies utilizing personalities as
rouping factors would be worthwhile.
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