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A B S T R A C T

As social beings, humans often find themselves in situations in which they are required to act against the
backdrop of public observation. In these situations, the presence of observers may influence how we evaluate
feedback and learn from it. The neural basis of such observer-induced behavioral changes is not well understood
at present. In the current study, we used event-related potentials (ERPs) and event-related spectral perturbations
(ERSPs) combined with a gambling task to examine how the presence of others modulates the neural re-
presentations of errors and losses. In the alone condition, participants finished the gambling task alone while in
the observed condition, they were observed by two others. Results revealed that the observer effect particularly
altered the feedback-related negativity (FRN) and the late positive potential (LPP). The difference in FRN am-
plitude between error and correct feedback was enlarged when participants were being observed. The LPP also
showed a marginally enhanced amplitude difference between error and correct feedback in the observed con-
dition. We also found that theta power was enhanced in the observed condition. Taken together, our findings
suggest that neural representations of errors were influenced by the presence of others.

1. Introduction

Humans rarely live in isolation. Under normal circumstances, we
live with our families at home, experience constant interactions with
others at school when young and work alongside colleagues when we
grow up. We are watched by others most of the time in our life. More
often than not, the presence of other people may profoundly influence
our feelings, thoughts and actions, with or without our awareness.
Previous research has demonstrated that mere presence of other people
may significantly influence one's behavior (Bateson et al., 2006;
Baumeister, 1984; Baumeister and Steinhilber, 1984; Bereczkei et al.,
2007; DeCaro et al., 2011; Haley and Fessler, 2005; Izuma et al., 2011;
Satow, 1975; Zajonc, 1965). Compared to their performance when
alone, individuals perform tasks better in some cases and worse in
others in the presence of spectators. Zajonc (1965) developed the
generalized drive hypothesis by proposing that the presence of others
serves as a source of arousal, and heightened arousal facilitates well-
learned performance and impairs less-practiced tasks. Some other
psychologists believe that the presence of an audience induces the si-
tuational pressure termed “monitoring pressure” which can be parti-
cularly detrimental to an individual's performance (Baumeister, 1984;

Baumeister and Steinhilber, 1984; DeCaro et al., 2011). Additionally,
some researchers found that the mere presence of observers, or even the
subtle cue of being watched by others, can promote pro-social beha-
viors (Bateson et al., 2006; Bereczkei et al., 2007; Haley and Fessler,
2005; Izuma et al., 2011; Satow, 1975).

Much of the extant research investigated the observer effect only at
the behavioral level. Few studies have explored how the presence of
others shapes the neural representations of individuals’ outcomes
(Hobson and Inzlicht, 2016; Kim et al., 2005). To gain a better under-
standing of the dynamic neural mechanisms of the observer effect, we
used electroencephalography (EEG) to investigate how the presence of
others influences external feedback processing or outcome evaluation.

Several event-related components have been shown to be highly
sensitive to outcome evaluations, including the feedback-related nega-
tivity (FRN), P300 and the late positive potential (LPP). The FRN is a
negative deflection at fron to central recording sites and peaks between
200 and 300ms post onset of outcome feedback (Miltner et al., 1997).
Previous research has shown that the FRN reflects the binary evaluation
of good versus bad outcomes and is an indication of the sensitivity of
the reward prediction error (Nieuwenhuis et al., 2004b). Specifically,
the FRN is considered to be relatively more negative if the outcome is
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worse than expected. Although the FRN was thought to be a neural
representation of the negative feedback, several psychologists have
recently stated that the FRN is a response to positive feedback (Holroyd
et al., 2008; Holroyd and Umemoto, 2016; Proudfit, 2015). Beyond just
an association with outcome evaluation, an increasing number of ex-
periments have found that the FRN can also be modulated by psycho-
logical processes relevant to the context of interpersonal interactions,
such as social observation, competition, and conformity (Koban et al.,
2012; Van Meel and Van Heijningen, 2010; Yu and Sun, 2013; Yu and
Zhou, 2006).

Using the time-estimation task combined with the minimal group
manipulation, Hobson and Inzlicht (2016) found that the presence of an
in-group member induced a typical FRN when receiving feedback
whereas in the presence of an out-group member the FRN was dam-
pened. They suggested that monitoring by an outgroup member could
cause disruption of the feedback monitoring system and impair the
reinforcement learning signal. Though this study made a comparison
between receiving feedback in front of an outgroup versus ingroup
member, it could not demonstrate the neural differences between doing
the task alone and doing the task in front of others. It also could not
draw a conclusion about whether being watched by an ingroup member
would cause distinct neural feedback monitor signals compared to
completing the task alone.

Kim et al. (2005) investigated children's erroneous response in an
audience group and alone group using the error-related negativity
(ERN), a negative deflection of the ERPs that peaks 80ms after an er-
roneous response. They found the ERN was larger in the audience group
than in the alone group and assumed that errors committed in front of
an audience elicited emotions such as anxiety or guilt, and as a con-
sequence, enhanced the ERN amplitude. Similarly, a recent study in
adolescent girls found that the ERN was larger in a social context than
in a nonsocial context (Barker et al., 2018). However, this effect only
exists in younger adolescent girls, suggesting that the sensitivity of the
ERN to motivationally significant context changes across age. Given
that some studies have shown that the ERN and FRN reflect the same
neural mechanism of the brain (Holroyd and Coles, 2002; Miltner et al.,
1997; Nieuwenhuis et al., 2004a), we assume that the FRN elicited by
the negative feedback would be similarly enlarged by the presence of
observers.

The P300 peaks around 300–600ms after stimulus presentation and
has the most positive deflection at the posterior electrode locations.
Generally, the magnitude of P300 represents the mental resources di-
rected toward task-relevant stimuli (Donchin and Coles, 1988;
Nieuwenhuis et al., 2005). In the literature on feedback monitoring,
P300 has been proposed to represent a top-down control process of
outcome evaluation and is thought to be modulated by the distribution
of attentional resources when encoding factors like reward valence,
reward magnitude and magnitude expectancy (Wu and Zhou, 2009).
Since the observers in our study are not directly related to the gambling
task and do not contribute to the participants’ outcome, we surmised
that the presence of observers does not modulate the magnitude of the
P300.

Lastly, the late positive potential (LPP), a component occurring
between 300 and 1200ms after stimuli onset, is enhanced by emo-
tionally arousing stimuli. The LPP is likely to reflect the relatively rapid
and dynamic allocation of increased attention to emotional stimuli
(Hajcak et al., 2009). In comparison to viewing the picture passively,
Hajcak et al. (2006) found that by instructing participants to reappraise
pleasant or unpleasant pictures as affective or non-affective, the LPP
was significantly reduced when the emotional pictures were categor-
ized as non-affective pictures, suggesting that it may be affected by the
way the emotional stimuli was assessed. In the current study, in-
dividuals may experience psychological and physiological arousal when
observed (Mullen et al., 1997; Zajonc, 1965). Furthermore, the possi-
bility of being evaluated may lead participants to concentrate more on
their behavioral outcomes. In this case, we expected the amplitude of

LPP to be larger when individuals received feedback in an observed
context than in an alone context.

Although traditional ERPs can capture fixed-latency electro-
physiological brain activity brought about by the event, it disposes of
strongly oscillatory EEG activity that are meaningful and probably
critical for revealing relevant cognitive processes (Cohen, 2011). Since
oscillatory top-down activity in the brain is not necessarily time-locked
to events and might therefore be lost during time-locked averaging,
time-frequency decomposition analyses like wavelet convolutions were
employed to characterize oscillatory dynamics (Cohen, 2011; Makeig
et al., 2004). Previous research has found that theta oscillatory activity
is involved in feedback processing. Specifically, theta power over the
midline frontal electrodes (usually FCz and Fz) is enhanced around
200–400ms after presentation of a bad outcome, compared to a good
outcome (Cohen et al., 2011, 2007; Luft, 2014; Pornpattananangkul
and Nusslock, 2016). Additionally, it has been shown that theta oscil-
lation is reflected in several mid-frontal ERPs, such as the ERN, the
FRN, the N2 and the CRN (Cavanagh et al., 2012). Theta oscillation is
interpreted to represent a non-specific mechanism for organizing neural
activities around decision points or for coordinating internal and ex-
ternal information relevant to performance (Luft, 2014).

In the present study, to investigate how brain activity directed to-
wards a task is modulated by the observer effect when encoding feed-
back, we adopted a modified version of a simple gamble task combined
with (ERPs and event-related spectral perturbations (ERSPs)), which
are based on EEG with exquisite temporal resolution. During the task,
participants were instructed to choose one of two cards. After the
chosen card was highlighted, the participant received a feedback in-
dicating the outcome of the trial. In the alone condition, participants
played the game alone, whereas, in the observed condition, partici-
pants’ choices and outcomes were concurrently observed by two
strangers in the same room. There are two types of information that can
be acquired from the feedback: the utilitarian aspect which shows the
monetary win or loss of the outcome and the performance aspect which
shows the optimal or the non-optimal response by comparing the
chosen outcome with the unchosen outcome. To make errors more
salient, we manipulate the background color to emphasize the perfor-
mance aspect (optimal or non-optimal choice) of the feedback in the
task.

2. Material and methods

2.1. Participants

Forty right-handed volunteers (23 females, mean age =20.48, SD
=1.63, range 17–22) were recruited from South China Normal
University through online advertisements. All participants had normal
or corrected-to-normal vision with no history of cognitive disorders or
psychiatric illnesses. Participants were paid for their time. All partici-
pants gave written informed consent, and the study was approved by
the South China Normal University Institutional Review Board.

2.2. Design and procedures

At the beginning of each trial, participants were required to choose
one of two cards by pressing the corresponding button on the keyboard
within 1.5 s. Following the button press, the chosen card was high-
lighted in yellow for the remaining time (i.e., 1.5 s minus the response
time). Then the outcomes associated with both the selected and un-
selected cards were revealed for 1.5 s. At the outcome stage, the per-
formance aspect (see below) of the outcome was emphasized using
color. Specifically, the color of the background area around the two
cards would turn green if participants got a ‘correct’ feedback or turn
red if participants received a feedback indicative of error. At the end of
each trial, a central fixation point was presented on the screen for 0.5 s
(Fig. 1B).
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Each time participants received a feedback, they simultaneously
obtained both utilitarian and performance aspects of information from
the outcome. In the performance aspect, they could know whether their
choice was correct (i.e., the chosen card yields a larger monetary re-
ward or smaller penalty compared to the unchosen card) or error (i.e.,
the chosen card yields a larger penalty or smaller monetary reward
compared to the unchosen card). In the utilitarian aspect, they would
know whether they won or lost money from the chosen card. The value
of the chosen card was randomly assigned (in integers) from a uniform
distribution ranging from − 40¥ to +40¥ (about $6.2). The value of
the unchosen card was also determined randomly from a uniform dis-
tribution, but with the constraint that the difference between the
chosen and unchosen outcomes should be between 2¥ and 20¥. The
values of the chosen and unchosen cards were independent of card
positions. The four possible outcomes in the task were: win correct, win
error, loss correct and loss error.

Each participant completed 160 trials divided into two blocks of 80
trials in each of two conditions: alone and observed. In the alone con-
dition, participants finished the task alone in a room while in the ob-
served condition they finished the task under the observation of two

strangers (Fig. 1A). The order of the two conditions was counter-
balanced between participants. All trials in each condition were fully
randomized.

Participants were told that their goal was to earn as much money as
possible and that they were free to employ any strategy to achieve that
goal. However, as all the outcomes were predetermined and pseudo-
randomized across conditions, unbeknown to the participants, there
was no ideal strategy.

Prior to the experiment, all participants were informed that one trial
would be randomly selected at the end of the experiment and the value
of the chosen outcome in that trial would be added to their base pay-
ment of ¥30 (about 5 US dollar) after multiplying with a coefficient of
0.5. The reward depended on whether they won or lost the gamble and
varied from 0¥ to +20¥ (about $3.2). Ten other practice trials were
performed before the formal experiment, allowing the participants to
familiarize themselves with the task procedure. No reward was given
for the practice trials.

Fig. 1. Experimental design and behavioral
results. (A) Participants were observed by two
strangers during the observed condition. (B) At
the beginning of each trial, participants chose
one of the two cards within 1.5 s. The chosen
card was highlighted for the rest of 1.5 s. Then
the outcome of the chosen and unchosen card
appeared for 1.5 s. There was an inter-trial in-
terval of 0.5 s (C) Switching frequency (mean,
SE) was similar between the alone condition
and the observed condition across the combi-
nation of utility (win/loss) and performance
(correct/error) factors. (D) Participants show
higher switch frequency in loss condition than
in win condition. The switching frequency was
also higher in the ‘error’ condition than the
‘correct’ condition. (L-W: loss minus win, E-C:
error minus correct). **p < 0.01. (For inter-
pretation of the references to color in this
figure, the reader is referred to the web version
of this article.)
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2.3. EEG data acquisition and analysis

The experiment was conducted in an electromagnetically shielded
booth with dim illumination and noise attenuation. Standard ERP re-
cording and analysis were applied. EEG was recorded from 32 scalp
sites using Ag/AgCl electrodes embedded in an elastic cap (NeuroScan
Inc., USA) according to the international 10–20 system, with the re-
ference at the right mastoid. Eye blinks were recorded from electrodes
located above and below the left eye. The horizontal electro-oculogram
(EOG) was recorded from electrodes placed 1.5 cm lateral to the left
and right external canthi. Impedances of all electrodes were maintained
below 5 kΩ. The EEG and EOG were amplified using a 0.05–100 Hz
online bandpass filter and continuously sampled at 1000 Hz/channel
for offline analysis.

The EEG data were resampled to 250 Hz and re-referenced offline to
the average of the left and right mastoids. An additional 50 Hz notch
filter was enabled to suppress line noise. After manually rejecting some
distinct muscle artifacts and bad channels (if any), the continuous EEG
data was subjected to Independent Component Analysis (ICA). To get
rid of the ocular artifacts, independent components that were sensitive
to eye-movement artifacts were identified and removed. For ERP ana-
lysis, the EEG signal was low-pass filtered with a cut-off value of fc
= 30Hz, using the default FIR filter implemented in EEGLAB: a least
square linear-phase filter of order 110 with a transition bandwidth of
7.5 Hz, run forward and backward. Additionally, the EEG data was
high-pass filtered with a cut-off value of fc = 0.05 Hz, using the default
FIR filter implemented in EEGLAB: a least square linear-phase filter of
order 16,500 with a transition bandwidth of 0.05 Hz, run forward and
backward. All trials in which EEG voltages exceeded a threshold of + /-
75mV during the recording epoch were excluded from analysis. EEG
data were analyzed with the EEGLAB toolbox (Delorme and Makeig,
2004) (available at http://sccn.ucsd.edu/eeglab/) in Matlab.

For ERP quantification, the continuous EEG signal was segmented
into epochs from 200ms before to 1000ms after feedback onset and
baseline corrected over the pre-feedback period (-200 to 0ms). The
analyzed ERP components included the FRN, P300 and LPP. We com-
puted the mean waveform of each type of outcome, time-locked to the
onset of the feedback within each subject. The FRN amplitudes were
measured in a window of 250–350ms after the onset of feedback over
the frontal electrodes (Fz, FCz, F3 and F4) (Gehring, 2002; Yu et al.,
2011). The P300 was defined as the mean activity between 300 and
400ms after the feedback onset over the posterior electrodes (Pz, CPz,
P3 and P4) (Nieuwenhuis et al., 2004b; Yeung et al., 2005). The LPP
was identified using the mean activity between 500 and 800ms after
the stimulus onset over anterior frontal electrodes (Fz, F3 and F4) as
well as parietal electrodes (Pz, CPz, P3 and P4) (Cunningham et al.,
2005; Wu et al., 2011).

For ERSP quantification, EEG was epoched from -1000 to 2000 ms
relative to the feedback onset. This relatively long epoch allowed us to
investigate ERSPs from a low (3 Hz) to a relatively high (45 Hz) fre-
quency, which covered EEG frequency bands of interest during these
time periods (theta band). A modified complex sinusoidal wavelet was
used with a sliding window of 1116ms wide and a wavelet factor of
0.77 (leading to an increase from 3 cycles at 3 Hz to 10.35 cycles at
45 Hz). To reduce the potential edge effects, we removed half of the
sliding window (558ms) at the edges (i.e., the beginning and the end)
of each epoch, leaving an epoch between− 442 and 1438ms after edge
removal. A time window between − 300 to − 100ms before stimulus
onset was used as a baseline for ERSPs. Then ERSPs were averaged
separately for each condition, and plotted at all frequencies, at time
points from 200ms before outcome onset to 1000ms after outcome
onset. Based on previous studies which found that theta oscillatory
activities over the midline frontal electrodes were associated with
feedback processing (Cohen et al., 2011, 2007; Luft, 2014;
Pornpattananangkul and Nusslock, 2016), we analyze the theta
(4–7 Hz) frequency bands between 150 and 400ms at Fz. For statistical

analyses, we conducted a 3-way repeated measures ANOVA for each
ERP and ERSP index (the FRN, P300, LPP, theta power) with utility
(win/loss), performance (correct/error) and observation (alone/ob-
served) as within-subject factors. The average numbers of trials in each
condition are all higher than 37.

3. Results

3.1. Behavioral results

We conducted a 3-way repeated measures ANOVA on switch fre-
quency using utility (win/loss), performance (correct/error) and ob-
servation (alone/observed) as within-subject factors.

The main effects of utility (F(1,39)= 13.28, p < 0.001, ηp2 = 0.25)
and performance (F(1,39)= 14.92, p < 0.001, ηp2 = 0.28) were sig-
nificant. Specifically, as illustrated in Fig. 1D, participants were more
inclined to switch after loss trials than win trials (mean± SE,
0.46 ± 0.22 vs. 0.42 ± 0.22, t(39)= 3.645, p < 0.001), and after
error trials than correct trials (mean ± SE, 0.51 ± 0.25 vs.
0.37 ± 0.31, t(39)= 3.86, p < 0.001), indicating that participants
change their decision strategy by using both the feedback information
of utility and performance. However, we did not find any significant
effect of observation (ps> 0.20) (Fig. 1C), suggesting that switch fre-
quencies were not modulated by social observation.

3.2. ERP results

To illustrate the result, we plotted the grand-average ERP wave-
forms for the possible outcomes at electrode Fz and Pz in Fig. 2 and
Fig. 3 respectively. We also plotted the FRN scalp topography in Fig. 2B
and the LPP scalp topography in Fig. 3B.

We found a significant main effect of performance on FRN ampli-
tude (F(1,39)= 54.51, p < 0.001, ηp2 = 0.58). The FRN appeared to
be more negative in error trials than in correct trials. Importantly, this
effect was induced by an interaction between performance and ob-
servation (F(1,39)= 7.19, p < 0.011, ηp2 = 0.16) (Fig. 2B, C). To
control the bogus effect brought about by multiple comparisons, the p
values of performance x observation interactions were submitted to
FDR (false discovery rate). The effect observed in the FRN was robust
after applying the FDR procedure. Post-hoc comparisons revealed more
negative output for error minus correct FRN in the observed (mean±
SE, − 3.76 ± 0.49) than the alone occasion (mean± SE,
− 2.78 ± 0.47), suggesting that participants were more sensitive to
their own errors while being observed than being alone. Another simple
effect analyses on performance x observation interaction showed that
the FRN did not differ between alone and observed conditions for a
given performance level (both ps > 0.12). The remaining effects were
not significant, all Fs< 1.66, all Ps> 0.21. Using an earlier window
(225–325ms or even 200–300ms) to measure the FRN, we found si-
milar results.

We didn’t find any significant effects on parietal LPP (Fig. 3C). For
the frontal LPP, our data revealed significant main effects of utility (F
(1,39)= 5.32, p= 0.027, ηp2 = 0.12) and performance (F(1,39)
= 16.63, p < 0.001, ηp2 = 0.30). The LPP appeared to be more posi-
tive in correct trials than in error trials and in win trials than in loss
trials. There was a marginally significant interaction between ob-
servation and performance (F(1,39)= 3.41, p= 0.072, ηp2 = 0.08)
(Fig. 2B, C). Post-hoc comparisons revealed that the LPP amplitude
differences between correct trials and error trials were larger in the
observed condition (mean ± SE, 1.26 ± 0.32) than in the alone con-
dition (mean± SE, 0.65 ± 0.25). Another simple effect analyses on
performance x observation interaction showed that the LPP did not
differ on respective performance level between alone and observed
conditions (both ps > 0.43). No other effects were significant, all
Fs< 2.55, all Ps> 0.12.

For the P300, we observed a significant main effect of performance
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(F(1,39)= 47.92, p < 0.001, ηp2 = 0.55) (Fig. 3), indicating that P300
amplitude was greater for correct outcomes than error outcomes. No
other effects were significant, all Fs< 1.98, all Ps> 0.17.

3.3. ERSP results

Theta band. In the theta band, ANOVA yielded a significant main
effect of performance (F(1,39)= 5.25, p= 0.028, ηp2 = 0.12) (Fig. 3A).
Theta power was higher in the error condition than in the correct
condition (mean ± SE, 1.93 ± 0.20 vs. 1.68 ± 0.20) (Fig. 3B). There
was also a significant main effect of observation (F(1,39)= 4.16,
p=0.048, ηp2 = 0.10) (Fig. 4A). The theta power was higher when
observed than when alone (mean± SE, 1.94 ± 0.20 vs. 1.68 ± 0.21)
(Fig. 4B). No other significant effects were found, all Fs< 1.43, all
Ps> 0.24 Fig. 5.

4. Discussion

Using a simple modified gamble task combined with EEG techni-
ques, the current study aimed to uncover the neurophysiological me-
chanisms underlying social observation in feedback-monitoring. We
found that the FRN amplitude was modulated by being observed such
that the FRN difference between error and correct performance was
enhanced in the observed condition in comparison with the alone
condition. We also found a similar effect on the LPP component, though
the LPP amplitude was marginally modulated by the observers. As for
ERSP results, we found an enhanced theta power in the observed con-
dition compared to alone condition.

The ERP results indicated that the FRN component was sensitive to
the performance aspect (correct/error) instead of the utilitarian aspect
(win/loss) when the performance aspect of the feedback was

Fig. 2. ERPs at electrode Fz. (A) Waveforms at electrode Fz in alone and observed occasions following win correct, win error, loss correct and loss error feedbacks. (B)
The left panel shows the difference waveforms of L-W (loss minus win) and E-C (error minus correct) in alone level and in observed level at electrode Fz. The right
panel showed the FRN scalp topography of L-W (loss minus win) and E-C (error minus correct) in alone level and in observed level. (C) The left panel showed the
mean amplitude of L-W (loss minus win) and E-C (error minus correct) of the FRN in alone level and in observed level over the Fz, FCz, F3 and F4 electrodes. The right
panel showed the mean amplitude of L-W (loss minus win) and E-C (error minus correct) of the LPP in alone level and in observed level over the Fz, F3 and F4
electrodes. **p < 0.01, *p < 0.05.
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highlighted, which is in line with previous findings that the FRN is
sensitive to the salient aspect of the feedback (Gehring, 2002;
Nieuwenhuis et al., 2004b). A typical FRN was elicited by the error type
feedback, which indicated that the outcomes participants received were
worse than expected. Additionally, a larger error - correct FRN differ-
ence waveform was observed when participants processed feedback in
observed condition than in alone condition. One possible cause for the
larger FRN difference in observed condition is the enhanced affective
arousal. The marginally significant LPP differentiations in our study
might signify the internal higher emotional arousal of participants
while performing in front of others. This arousal may be brought about
by generalized processes such as physiological activation when ob-
served. It can also be generated due to participants’ concerns about
their social reputations when they commit errors in public. Considering
that the FRN magnitude is sensitive to emotional arousal (Liu et al.,
2015), future research is needed to further explore the role of arousal

on FRN difference in the context of social observation.
In addition to emotional arousal, FRN difference effect might be

driven by impression management (Leary and Kowalski, 1990). Ac-
cording to the RICOR model of social influence, individuals who receive
social attention from others spontaneously build mental representation
of other people's thoughts and integrate it into their own thought and
experience (Smith and Mackie, 2016b, 2016a). Participants who com-
plete tasks in public are motivated to control how others see them. In
this case, their behavioral outcomes may not only represent the feed-
back of their performance, but also reflect social motivational sig-
nificance such as dignity, personal competence and/or social reputa-
tion. It has been proposed that the FRN may not only encode negative
feedback or prediction error but also reflect the motivational salience of
the cues (Gehring, 2002; Masaki et al., 2006; Yeung et al., 2005; Yu and
Zhou, 2006). Furthermore, several studies have found that the tem-
poroparietal junction (TPJ) is involved in reasoning others’ mental

Fig. 3. ERPs at electrode Pz. (A) Waveforms at electrode Pz in alone and observed occasions following win correct, win error, loss correct and loss error feedback. (B)
The left panel shows the difference waveforms of L-W (loss minus win) and E-C (error minus correct) at electrode Pz in the alone and observed conditions. The right
panel shows the LPP scalp topography of L-W (loss minus win) and E-C (error minus correct) in alone and observed levels. (C) The left panel shows the mean
amplitude of L-W (loss minus win) and E-C (error minus correct) of the P300 over the Pz, CPz, P3 and P4 electrodes in alone and observed levels. The right panel
shows the mean amplitude of L-W (loss minus win) and E-C (error minus correct) of the LPP over the Pz, CPz, P3 and P4 electrodes in alone and observed levels.
**p < 0.01, *p < 0.05.
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states (Decety and Sommerville, 2003; Gallagher and Frith, 2003; Saxe
and Kanwisher, 2003). In the presence of observers, individuals may
automatically form mental representations of observers’ thoughts about
their own performance (the second-order mentalizing) and engage the
TPJ during this process. Together with the influential theory that holds
that the FRN amplitude is associated with the phasic changes of do-
pamine signals that are transmitted from the ventral tegmental area
(VTA) to ACC (Holroyd and Coles, 2002), it is possible that the TPJ
could indirectly exert influence on DA signals on the VTA (Abu-Akel
and Shamay-Tsoory, 2011), therefore modulating the magnitude of the
FRN.

A previous study has reported that the FRN would not be generated
if there is not enough time to build outcome expectation (Bismark et al.,
2013). In our study, the interval between card selection and outcome
presentation depends on the response time of participants, leaving the
expectation stage variable (mean ± SD, 1032.8 ± 243.51ms). It is
not clear whether and how this time jitter in our study would affect the
amplitude of the FRN. Further studies should explore the fine-grained
relationship between different intervals for building expectation and
FRN amplitude.

Notably, some research has shown a similarity between the FRN and
the ERN in terms of amplitude and topographical distribution, which
may reflect the generic error-detection function of the ACC (Holroyd
and Coles, 2002; Miltner et al., 1997; Nieuwenhuis et al., 2004a).
Furthermore, researchers found that the ERN component is also sensi-
tive to the motivational significance of errors (Hajcak et al., 2005).
Specifically, when participants were told that their performance was
evaluated by two strangers, ERNs were larger than in the no evaluation
condition. Our study also found the analogous effect in the FRN, which

may support the idea that the ERN and FRN reflect the same neural and
cognitive process.

Our results also showed that the frontal LPP amplitude difference
between correct condition and error condition was marginally larger in
observed context than in alone context. According to previous research,
the LPP is thought to reflect bottom-up processing of emotional stimuli
that would be automatically processed and demand for attentional re-
sources due to their intrinsic motivational significance (Hajcak et al.,
2009, 2010, 2006). In view of this, the marginally significant LPP dif-
ferentiations may suggest that the emotional responses toward correct
and error feedbacks are modulated by the social context.

The P300 amplitude is mainly determined by task-relevance, moti-
vational significance and arousal level on top of the influence of these
factors on mental resources allocation (for a review see Olofsson et al.,
2008). In our study, the P300 amplitude was greater for correct out-
comes than error outcomes, which demonstrated the role of P300 in
distinguishing favorable outcome from unfavorable outcome in feed-
back processing (Wu and Zhou, 2009). Unlike the frontal LPP, the error-
correct difference on the P300 amplitude was not modulated by the
social context, which may suggest that the P300 is not sensitive to the
motivational significance of feedback.

The ERSP result showing that theta oscillations responded to the
performance aspect of feedback replicated previous findings (Cavanagh
et al., 2012; Luft et al., 2014; Osinsky et al., 2016). Importantly, the
theta power was also sensitive to the observation factor such that the
theta power in response to feedback was enhanced in observed context.
One possibility is that the frontal theta oscillations could represent the
cognitive process which differentiate social surrounding cues like in-
terpersonal interaction from the non-social context. Alternatively, it

Fig. 4. Time-frequency representation of correct and error feedbacks at Fz. (A) Theta band power increased after correct and error feedbacks. (B) The average power
of the theta band (4–7 Hz) 150–400ms after correct and error feedbacks. (C) The theta power difference between error and correct feedback. The topography of
subtraction underlying theta band power difference is indicated next to time-frequency representation. *p < 0.05.
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was suggested that theta oscillations represent a non-specific me-
chanism for coordinating internal and external performance relevant
information (Luft, 2014).

There are several limitations worth mentioning. Firstly, we did not
manipulate the identity of the observer. It has been discovered that the
social identity of the observer could influence the neural feedback-
monitoring system. The FRN was found to be dampened when parti-
cipants were watched by an outgroup member as compared to an in-
group member (Hobson and Inzlicht, 2016). Future studies may further
investigate how social relationships between the observer and partici-
pant modulate the observer effect at the neural level. Secondly, our
study consisted of participants from a collectivistic Chinese culture
which emphasizes individuals' reputation and feelings of prestige
within society and among friends. It is possible that the patterns we
found may differ from those in individualistic oriented societies (Ho,
1991; Tse et al., 1988). Future studies may further investigate how
cultures influence the neural correlates of observation effects. Finally,
the behavior results in our study showed that the presence of an au-
dience does not affect participants’ behavioral strategy, suggesting that
being observed may change the encoding of outcomes without chan-
ging behavioral strategies. Previous research found that the presence of
audience changed people's learning pattern or prosocial performance
such as the response time or donation amount (Bateson et al., 2006;
Baumeister, 1984; Bereczkei et al., 2007; DeCaro et al., 2011; Zajonc,
1965). We speculate that this is due to the index of behavioral mea-
surement in our study not being sensitive enough to detect behavioral
changes.

5. Conclusion

To summarize, our experiment demonstrates that social contexts
like the presence of observers could magnify feedback-monitoring re-
lated neural activity. It is possible that people intend to present a po-
sitive public image and gain a better social reputation. Therefore, when
observed by others, individuals might consider the social motivational
significance of their performance as more salient since they may be
reluctant to be evaluated as inferior. Our findings have shed light on
how our brains learn from feedback information based on how people
behave in public context.
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