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Positively Biased Processing of Self-Relevant Social Feedback
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Receiving social feedback such as praise or blame for one’s character traits is a key component of everyday human interactions. It has
been proposed that humans are positively biased when integrating social feedback into their self-concept. However, a mechanistic
description of how humans process self-relevant feedback is lacking. Here, participants received feedback from peers after a real-life
interaction. Participants processed feedback in a positively biased way, i.e., they changed their self-evaluations more toward desirable
than toward undesirable feedback. Using functional magnetic resonance imaging we investigated two feedback components. First, the
reward-related component correlated with activity in ventral striatum and in anterior cingulate cortex/medial prefrontal cortex (ACC/
MPEC). Second, the comparison-related component correlated with activity in the mentalizing network, including the MPFC, the tem-
poroparietal junction, the superior temporal sulcus, the temporal pole, and the inferior frontal gyrus. This comparison-related activity
within the mentalizing system has a parsimonious interpretation, i.e., activity correlated with the differences between participants’ own
evaluation and feedback. Importantly, activity within the MPFC that integrated reward-related and comparison-related components
predicted the self-related positive updating bias across participants offering a mechanistic account of positively biased feedback pro-
cessing. Thus, theories on both reward and mentalizing are important for a better understanding of how social information is integrated

into the human self-concept.

Introduction

Humans are often confronted with social feedback about their
character when interacting with other people and have to in-
tegrate this feedback into their self-concept. For example, if
somebody tells you that you are polite you weigh this feedback
and integrate it into how polite you see yourself. Importantly,
people tend to see themselves in a positive light (Leary, 2007)
and expect to receive more positive than negative feedback
(Hepper et al., 2011). It has been proposed that humans can
achieve and maintain a positive self-concept because cognitive
processing mechanisms distort incoming information in a
positive direction (Taylor and Brown, 1988). Studying posi-
tively biased self-views bears far-reaching implications for
psychiatry, health psychology, and policy making, since posi-
tivity biases have often been linked to mental health, personal
well being, and professional success (Leary, 2007). The goal of
the present study was to determine the information processing
mechanisms at play when people receive feedback relevant for
their self-concept.

Received June 21, 2012; revised Aug. 30, 2012; accepted Sept. 23, 2012.

Author contributions: CW.K., K.P., HW., and H.R.H. designed research; C.W.K. performed research; CW.K.,
S.Q.P.,and H.RH. analyzed data; CW.K., K.P., S.Q.P., H.W., and H.R.H. wrote the paper.

This work was supported by the Excellence Initiative of the German Federal Ministry of Education and Research,
Deutsche Forschungsgemeinschaft, Grants GSC86/1-2009 and EXC 302.

The authors declare no competing financial interests.

Correspondence should be addressed to Christoph W. Korn, Freie Universitét Berlin, Habelschwerdter Allee 45,
14195 Berlin, Germany. E-mail: christoph.w.korn@gmail.com.

DOI:10.1523/JNEUR0SCI.3016-12.2012
Copyright © 2012 the authors  0270-6474/12/3216832-13$15.00/0

The idea that processing mechanisms distort incoming infor-
mation in a positive direction suggests that reward should play a
central role in social feedback processing. Neuroscientific studies
have shown that nonsocial rewards (e.g., money) and social re-
wards (e.g., positive feedback on character traits) are processed
within shared brain regions, notably the ventral striatum and a
region at the border of the pregenual anterior cingulate cortex
(ACC), the ventral medial prefrontal cortex (MPFC), and the
medial orbitofrontal cortex (OFC; Fehr and Camerer, 2007;
Fliessbach et al., 2007; Izuma et al., 2008; Beckmann et al., 2009;
Rushworth etal., 2011). However, neural activity related to social
reward has not been linked to positively biased self-views.

When receiving social feedback about character traits, people
compare their own view to the view of others. Self-referential
processing, such as judging one’s own personality traits, has been
linked to the frontal midline, especially ventral MPFC (Amodio
and Frith, 2006; Moran et al., 2006; Northoff et al., 2006; Lieber-
man, 2007, Wagner et al., 2012). Moreover, inferring the mental
states of other persons—known as mentalizing or theory-of-
mind— has been reliably associated with a network comprising
dorsal MPFC, temporoparietal junction (TPJ), superior tempo-
ral sulcus (STS), temporal poles (TPs), and orbital inferior frontal
gyrus (IFG) (Amodio and Frith, 2006; Gilbert et al., 2006; Saxe,
2006; Van Overwalle, 2009; Bahnemann et al., 2010; Mar, 2011).
Activity within the mentalizing network has been observed across
a variety of tasks, such as reading stories about false beliefs (Saxe
and Powell, 2006), viewing diagrams or videos of social interac-
tions (Walter et al., 2004; Wolf et al., 2010), and engaging in
strategic interactions (Behrens et al., 2008; Hampton et al., 2008;
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Yoshida et al., 2010). Social feedback processing arguably in-
volves inferring other persons’ mental states to integrate their
views into one’s self-concept. However, it has not been tested
whether regions associated with mentalizing are implicated in
social feedback processing.

Here, we mainly investigated how humans process feedback
about their own character traits but we were additionally inter-
ested in comparing self-related versus other-related feedback. We
hypothesized that humans process social feedback in a positively
biased way and expected feedback processing to include two
components. First, we expected a reward-related component to
be linked to activity in the ventral striatum and ACC/MPFC.
Second, we hypothesized that the comparison between partici-
pants’ own views and the feedback ratings they received would be
reflected in regions previously associated with mentalizing. We
expected activity in the MPFC in particular, since distinctive sub-
regions of the MPFC have been linked to processes that we ex-
pected to be relevant for social feedback processing. First, a region
at the border of pregenual ACC, ventral MPFC, and OFC shows
involvement in reward and value processing (Beckmann et al.,
2009; Rushworth et al., 2011). Second, meta-analytic evidence
suggests a spatial gradient within the MPFC—with more ventral
subregions involved in self-referential processing and more dor-
sal subregions involved in other-referential processing including
mentalizing (Denny et al., 2012).

Materials and Methods

Participants

In total, 30 right-handed subjects participated. Three participants had to
be excluded (one did not tolerate the scanner environment, another
showed excessive head movement (>8 mm), and data from another
subject could not be used due to technical problems) leaving 27 subjects
for analyses (14 female, mean age = 24.3 years, SD = 2.46). All subjects
gave written informed consent.

Experiment
The experimental procedure is outlined in Figure 1. We wanted partici-
pants to believe that they would get realistic feedback on their personality
traits from peers with whom they had interacted in real life. We tested
how much this feedback changed participants’ self-concept by asking
them to rate their own personality before and after receiving social feed-
back. Additionally, each participant rated one other person before and
after receiving social feedback for this person. Participants came into the
laboratory on 2 consecutive days. The purpose of the first day was to
create a real-life interaction among peers so that the social feedback
would be meaningful for participants. The purpose of the second day was
to assess participants’ self-concept change after receiving social feedback.
Day 1—social interaction and rating of three players. On the first day
(Fig. 1 A), participants came into the laboratory in groups of five people
of the same sex and got to know each other by playing a table-top version
of the popular board game Monopoly (Hasbro) for 1 h and 15 min. We
made sure that participants did not know each other before the experi-
ment. We chose the board game Monopoly for the social interaction
because it is highly engaging, quite well known, and allows players to
show a variety of cooperative and competitive behaviors. Furthermore,
within 1 h 15 min nobody was eliminated from the game. The rules of the
game were explained to all participants. The study was introduced as a
study about the neural correlates about how people get to know each
other. Participants knew before they started to play the game that they
were going to be rated by the other players of their group and they
believed that their own ratings were going to be shown to the other
players in an anonymous fashion. During the game participants were free
to talk about whatever topics they wanted. Participants wore name tags
and we made sure that participants knew the names of all players after the
game. After 1 h 15 min we assessed the ranking of the participants in the
game, i.e., assigned the first rank to the winner and so on. After the game,
each participant rated three of the four other participants on 80 trait
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Figure 1.  Task design, receiving social feedback from peers after a real-life interaction. 4, Partici-
pants came to the laboratory in groups of five on 2 consecutive days. On the first day they got to know
each other by playing the board game Monopoly for Th 15 min. Afterward, each person rated three of
the other players on 40 positive and 40 negative trait adjectives on a Likert scale from 1 (this trait does
not apply to the person at all) to 8 (this trait applies to the person very much). On the first day partic-
ipants did not rate themselves (yellow) and did not rate one of the other players (green). See Table 1
for a list of the trait adjectives. B, On the second day participants performed the following task in the
fMRI scanner. They first saw a cue indicating whether the following trial was about themselves or
about the other person they had not rated on the previous day. They then saw one of 40 positive or 40
negative trait adjectives and had to imagine how much the trait applied to themselves or to the other
person. Theyfirst gave their own rating and then saw the feedback in the form of the mean rating they
believed three other participants had given on the previous day. The absolute difference between
participants’ own ratings and the feedback ratings they received was conceptualized as feedback
discrepancies and manipulated during the experiment. Outside the scanner participants rated them-
selvesand the other playera second time so that we could assess how much they updated their ratings
afterreceiving feedback. €, For the main behavioral analyses we used a 2 by 2 design with the factors
feedback target (self/other) and feedback desirability (desirable/undesirable). Desirable feedback
was defined as feedback ratings that were higher than participants’ own first ratings (e.g., own first
rating for polite was 6 and feedback rating was 8.0). Conversely, undesirable feedback was defined as
feedback ratings lower than participants’ first ratings (e.g., own first rating for polite was 6 and feed-
back rating was 4.0). All ratings for negative trait adjectives were reverse coded. Thus, feedback
desirability was independent of the valence of the trait adjective.

adjectives (Table 1; see below, Stimuli) on a Likert scale from 1 (this trait
does not apply the person at all) to 8 (this trait does apply the person very
much) on a PC using the MATLAB toolbox Cogent 2000 (www.vislab.
ucl.ac.uk/cogent.php). Each of the three persons was rated in a separate
block. On each trial participants saw one of the 80 adjectives with the first
name of the person to rate and had up to 10 s to respond. At the end of
day 1 each participant had rated three other participants and in turn each
participant had been rated by three other participants. Participants had
not yet rated themselves (Fig. 1 A, yellow) and had not yet rated one other
player (depicted in green).

Day 2—functional magnetic resonance imaging task and post-functional
magnetic resonance imaging ratings. On the second day (Fig. 1 B), partic-
ipants performed the following functional magnetic resonance imaging
(fMRI) experiment, which was presented using the MATLAB toolbox
Cogent 2000. On each trial, participants first saw a cue (1 s) indicating
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Table 1. List of trait adjectives
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Table 1. Continued

German original

English translation

German original English translation

Positive trait adjectives
Aufrichtig
Bescheiden
Diszipliniert
Effizient
Einfiihlsam
Enthusiastisch
FleiBig
Freundlich
Geistesgegenwiartig
Gelassen
Geschickt
Gesellig
GroBziigig
Hilfsbereit
Hoflich
Kompetent
Kooperativ
Kreativ
Lebenslustig
Locker
Loyal
Offen
Ordentlich
Respektvoll
Scharfsinnig
Schlagfertig
Selbststandig
Sorgfaltig
Souverdn
Spontan
Tatkréftig
Tolerant
Verniinftig
Verstandnisvoll
Vertrauenswiirdig
Vielseitig
Weitsichtig
Wissbegierig
Zielstrebig
Luverlassig

Negative trait adjectives
Aggressive
Angstlich
Arrogant
Bieder
Chaotisch
Egoistisch
Eitel
Engstirnig
Feige
Gehdssig
GroBmaulig
Heuchlerisch
Hinterhaltig
Humorlos
Inkonsequent
Kalt
Launisch
Leichtsinnig
Nachtragend
Naive
Oberflachlich
Opportunistisch

Honest
Modest
Organized
Efficient
Empathetic
Enthusiastic
Hard-working
Friendly
Quick-witted
Composed
Skilled
Sociable
Generous
Helpful

Polite
Competent
Cooperative
(reative
Fun-loving
Easy-going
Loyal
Open-minded
Tidy
Respectful
Astute
Articulate
Self-reliant
Diligent
Confident
Spontaneous
Dynamic
Tolerant
Level-headed
Understanding
Trustworthy
Versatile
Perspicacious
Inquisitive
Goal-oriented
Reliable

Aggressive
Anxious
Arrogant
Overly conservative
Chaotic
Selfish
Conceited
Narrow-minded
Cowardly
Spiteful
Loud-mouthed
Two-faced
Conniving
Humorless
Inconsistent
Cold-hearted
Moody
Foolhardy
Unforgiving
Naive
Supefficial
Opportunistic
(Table continues.)

Pedantisch Pedantic
Riicksichtslos Inconsiderate
Scheu Unassertive
Stur Stubborn
Trage Lazy
Unentschlossen Indecisive
Ungeduldig Impatient
Unnahbar Inapproachable
Unpiinktlich Tardy
Unsicher Insecure
Unsympathisch Unpleasant
Verschwenderisch Wasteful
Voreilig Rash
Voreingenommen Biased
Wehleidig Whiny
Zickig Catty
Zwanghaft Obsessive
Zynisch Cynical
Adjectives used during the training session
Intelligent Intelligent
Unsportlich Unathletic

whether the trial was about themselves (self-condition) or about the
fourth participant (other-condition) they had not rated on the first day.
Then, they saw 1 of 80 trait adjectives and had to think about how much
that trait applied to themselves or to the other person (imagination
phase, 4 s). When the words “How much does this trait apply to you/to
this person?” appeared participants had to indicate their rating on an 8
point Likert scale via two button boxes with four buttons each (rating
phase, 6 s). After a jittered fixation cross (2, 4, or 6 s) participants saw
what they believed to be the mean rating of three other participants from
the previous day (feedback phase, 2 s). This mean rating, which served as
the feedback rating, was a number with one decimal, ranging from 1.0 to
8.0 in steps of 0.3. The feedback rating was determined by the program
during the experiment to reliably create a sufficient number of trials in
which participants received desirable and undesirable feedback (see be-
low, Task conditions and behavioral analyses for a detailed description).
After a second jittered fixation cross (1, 3, or 5 s) a new trial began.
Participants performed four training trials before scanning. The experi-
ment was split up into four blocks with the same 10 positive and the same
10 negative trait adjectives for self and other trials within one block. Trials
for self and other were randomly intermixed. Adjectives were randomly
assigned to the four blocks for each person.

Immediately after the scanning session participants performed a sec-
ond rating outside the fMRI scanner on a PC to measure how much
participants changed their self-ratings and other-ratings after having re-
ceived social feedback in the scanner. Specifically, they rated themselves
and the other person again on all 80 trait adjectives in two separate blocks
(one for themselves and one for the other person). These blocks were
randomized for order. For each trait adjective participants had up to 6 s
to respond.

Day 2—additional behavioral tasks: memory and individual difference
scores. After rating themselves and the other person a second time, par-
ticipants were assessed for their memory of the feedback they had re-
ceived in the scanner. For all 80 trait adjectives participants had to
recollect the feedback they had seen in the scanning sessions and had to
type in that number, i.e., a number between 1 and 8 with one decimal
such as 1.0, 1.3, or 1.7. Participants had to recollect the feedback in two
separate blocks (one for themselves and one for the other person), which
were randomized for order. They had up to 12 s to respond.

Participants rated how similar they thought the other person was to
them on a Likert scale from 1 (not similar at all) to 8 (very similar) and
completed the Rosenberg self-esteem scale (Rosenberg, 1965).
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Stimuli

Adjectives were selected on the basis of a comprehensive list of trait
adjectives (Anderson, 1968), which had been previously used to create
stimuli for social neuroscience experiments (Fossati et al., 2003; Izuma et
al., 2008), and on the basis of the Berlin Affective Word List (Vo et al.,
2006). We selected 40 positive adjectives describing socially desirable
traits and 40 negative adjectives describing socially undesirable traits. To
assess whether participants really perceived the trait words as positive
and negative in the way we had predefined them, participants rated all 80
trait adjectives on social positivity on a scale from 1 (not positive at all) to
8 (very positive) at the very end of the experiment. Mean ratings for
positive and negative trait words differed significantly from each other
and from the midpoint of the scale (mean rating: positive words = 6.6,
SD = 0.49; negative words = 2.4, SD = 0.44; paired ¢ test comparing
ratings for positive with those for negative words t(,5, = 29.3, p < 0.001;
one-sample t tests comparing ratings to the mid-point of the scale: for
positive words f,¢) = 22.7, p < 0.001; for negative words t.,¢, = —25.7,
p < 0.001).

We used adjectives describing different trait concepts and avoided
synonyms or antonyms. Word frequency per million words ranged from
0.09 (“touchy”) to 61.32 (“open-minded”) with a median frequency of
1.23 (“respectful”) as assessed by the lexical database DLEX (Heister et
al., 2011; www.dlexdb.de/). See Table 1 for a list of trait adjectives.

Task conditions and behavioral analyses

Task conditions. The main behavioral analyses used a 2 by 2 design with
the within-subject factors feedback target (self/other) and feedback de-
sirability (desirable/undesirable; Fig. 1C).

First, feedback was either targeted to the self, i.e., participants rated
themselves before and after receiving feedback for themselves, or tar-
geted to one other person, i.e., participants rated one of the other persons
he or she had met on the first day before and after receiving feedback for
that person.

Second, for each participant trials were classified according to whether
feedback was desirable or undesirable. Desirable feedback was defined as
feedback ratings that were more “positive” than participants’ own initial
ratings. For a positive trait adjective, desirable feedback indicated that the
feedback rating was numerically higher than the initial rating (e.g., a
participant’s initial rating for polite was 6 and the feedback rating was 8).
For a negative trait adjective, desirable feedback indicated that the orig-
inal feedback rating was numerically lower than the original initial rating
(e.g., a participant’s initial rating for “aggressive” was 3 and the feedback
rating was 1). Conversely, undesirable feedback was defined as feedback
ratings that were more “negative” than participants’ own initial ratings.
For a positive trait adjective, undesirable feedback indicated that the
feedback rating was numerically lower than the initial rating (e.g., a
participant’s initial rating for polite was 6 and the feedback rating was 4).
For a negative trait adjective, undesirable feedback indicated that the
original feedback rating was numerically higher than the original initial
rating (e.g., a participant’s initial rating for “aggressive” was 3 and the
feedback rating was 5).

Reverse coding. Importantly, by the above definition feedback desir-
ability was independent of the valence of the trait word. For all analyses
we reverse-coded ratings for negative trait adjectives. Specifically, all rat-
ings were on an 8 point Likert scale ranging from 1 (this trait does not
apply the person at all) to 8 (this trait does apply the person very much).
Ratings for negative traits were subtracted from 9. For example, if the
original rating for a negative trait adjective (e.g., unpleasant) was 1 this
number was transformed into 8 for the analyses, i.e., into the rating of the
corresponding positive trait adjective (e.g., pleasant).

Feedback discrepancy. For each trial (i.e., for each trait adjective; sepa-
rately for self-conditions and other-conditions) we calculated a “feed-
back discrepancy” term as the absolute difference between first own
ratings and feedback ratings:

feedback discrepancy = abs(feedback rating — first own rating).

This feedback discrepancy term indicated the social comparison com-
ponent of receiving social feedback (i.e., the comparison between own
ratings and feedback ratings depended on the absolute magnitude of
their difference). Since feedback discrepancies were an independent vari-
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able of our task we manipulated their magnitude using a random number
generator.

Random number generator for feedback discrepancy. Feedback discrep-
ancies were determined by a random number generator during the fMRI
task to reliably create a similar range of feedback discrepancies across
participants and to create a sufficient number of trials with desirable and
undesirable feedback. Specifically, on each trial the number of previous
trials of the same target condition (self or other) within the same scan-
ning session was determined. These previous trials were classified as
either desirable or undesirable according to the definition given above
(see above, Task conditions). If the numbers of previous trials with de-
sirable and undesirable feedback differed by more than two trials, the
feedback type that had been used less was chosen (e.g., if there had been
seven trials with desirable feedback and four trials with undesirable feed-
back the feedback of the current trial would by undesirable). Otherwise
feedback desirability was chosen randomly.

Once feedback desirability was determined, a random number gen-
erator was used to create a feedback discrepancy so that the feedback
rating lay between the first own rating on the endpoints of the scale.
(For example, a participant had rated herself 6 on polite and the
feedback should be desirable. In that case the feedback rating had to
lie between 6.0 and 8.0. The random number generator determined a
feedback rating within that range, i.e., a number between 6 and 8 with
one decimal, in steps of 0.3).

To ensure believability of the feedback rating, feedback discrepancies
could be zero. These trials were excluded from behavioral analyses (see
below, Behavioral analyses—ANOVA).

Updates. To assess how much participants changed their self-concept
after receiving social feedback, we calculated an update term quantifying
how much participants changed their own ratings:

update = second own rating — first own rating.

We expected participants to change their ratings on average toward the
feedback ratings. That is, for desirable feedback (i.e., feedback ratings
higher than own first rating) participants should increase their ratings
(i.e., updates should be positive). For undesirable feedback (i.e., feedback
ratings lower than own first rating) participants should decrease their
ratings (i.e., updates should be negative).

However, the critical test for positively biased updating is that the
change toward desirable feedback (i.e., the increase) is larger than the
change toward undesirable feedback (i.e., the decrease). Therefore, trials
were split into trials with desirable feedback and trials with undesirable
feedback for each participant and both target conditions (self-desirable,
self-undesirable, other-desirable, other-undesirable). We first calculated
the mean of all signed updates for each participant within each condition
and then calculated absolute mean updates. We then scaled absolute
mean updates across conditions and participants by the respective mean
feedback discrepancies. That is, we obtained relative absolute mean up-
dates for each participant and condition by dividing absolute mean up-
dates by the respective mean feedback discrepancies:

relative absolute mean update = absolute mean update/mean feed-
back discrepancy.

Relative updates can be interpreted in a straightforward way; e.g., a
relative update of 0.3 indicates that the change in ratings was on average
30% of the difference between initial own ratings and feedback ratings.

Behavioral analyses—ANOVA. For our main behavioral analysis, we
performed a 2 (target: self/other) by 2 (desirability: desirable/undesir-
able) repeated-measures ANOVA on relative absolute mean updates.
Trials with adjectives for which participants failed to respond in time for
the first or second rating were excluded from all analyses (self: mean =
1.7 trials, SD = 1.9; other: mean = 2.2 trials, SD = 2.0). Furthermore,
trials with a feedback discrepancy of zero were excluded from behavioral
analyses since these trials could not be clearly assigned to either receiving
desirable or receiving undesirable feedback (self: mean = 5.5 trials, SD =
2.3; other: mean = 6.4 trials, SD = 2.5).

Absolute memory errors. To assess how well participants remembered
the feedback presented we asked them to recall all feedback ratings in a
separate session. Memory errors were calculated as the absolute differ-
ences between the recollected number and the actual feedback rating:
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absolute memory error = abs(feedback rating — recollection of feed-
back rating).

Mean absolute memory errors were compared in a 2 (target: self/
other) by 2 (desirability: desirable/undesirable) repeated-measures
ANOVA.

fMRI data acquisition

MRI data were acquired on a 3 T scanner (Trio; Siemens) using a 12-
channel head coil. Functional images were acquired with a gradient echo
T2*-weighted echo-planar sequence (TR = 2000 ms, TE = 30 ms, flip
angle = 70, 64 X 64 matrix, field of view = 192 mm, voxel size = 3 X 3 X
3 mm?). A total of 37 axial slices (3 mm thick, no gap) were sampled for
whole-brain coverage. Imaging data were acquired in four separate 349
volume runs of 11 min 38 s each. The first five volumes of each run were
discarded to allow for T1 equilibration. A high-resolution T1-weighted
anatomical scan of the whole brain was acquired (256 X 256 matrix,
voxel size =1 X 1 X 1 mm?).

fMRI data analysis

Preprocessing. Image analysis was performed using SPM8 (www.fil.ion.
ucl.ac.uk/spm). Echoplanar imaging images were realigned, unwarped,
and coregistered to the respective participant’s T1 scan; normalized to a
standard T1 template based on the Montreal Neurological Institute
(MNI) reference brain; resampled to 3 mm isotropic voxels; and spatially
smoothed with an isotropic 8 mm full-width at half-maximum Gaussian
kernel.

Modeling of fMRI data— overview. fMRI time series were regressed
onto a general linear model (GLM) containing regressors representing
the time periods of the task (Fig. 1 B): cue (1 s), imagination phase sepa-
rately for self and other (4 s), rating phase (4 s), feedback phase separately
for self and other (2 s), and two motor regressors for button presses with
the left and the right hands (0 s). This resulted in eight regressors per
session. The imagination phase regressors for self and other were para-
metrically modulated by the respective first own ratings. The feedback
phase regressors for self and other were modulated by the respective
feedback ratings and the respective feedback discrepancies (see below,
Modeling of fMRI data—parametric modulators for more details). This
model included trials with feedback discrepancies of zero. The six
motion-correction parameters estimated from the realignment proce-
dure were entered as covariates of no interest. All regressors and modu-
lators were entered independently into the design matrix, i.e., without
the serial orthogonalization used as default in SPM (for a similar ap-
proach see Glischer et al., 2010; Wunderlich et al., 2011). This ensured
that only the additional variance that could not be explained by any other
regressor was assigned to the respective effect and thus prevented spuri-
ous confounds between regressors. Regressors were convolved with the
canonical hemodynamic response functions and low-frequency drifts
were excluded using a highpass filter with a 128 s cutoff.

Modeling of fMRI data—parametric modulators. For the behavioral
analyses we split trials into four categories according to feedback target
(self/other) and feedback desirability (desirable/undesirable). In the
functional analyses we wanted to investigate trial-by-trial fluctuations in
brain activity during the feedback phase, which correlated with two dif-
ferent components of social feedback: reward-related and comparison-
related components. In our main functional model we therefore split
trials according to feedback target (self/other) for each participant and
used parametric modulators of feedback ratings and feedback discrepan-
cies to detect activity related to social reward and social comparison,
respectively. Thus, we used the full parametric range of feedback ratings
and feedback discrepancies across all trials (i.e., across trials with desir-
able and undesirable feedback).

First, the activity related to the rewarding component of social feed-
back should correlate positively with the feedback ratings for self. Note
that feedback ratings for negative traits were reverse coded. That is, a high
feedback rating indicated high self-relevant social reward (i.e., feedback
that a positive trait applied to the self or that a negative trait did not apply
to the self) and a low feedback rating indicated low self-relevant social
reward (i.e., feedback that a positive trait did not apply to the self or that
a negative trait did apply to the self). To make sure that activity related to
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the rewarding component of social feedback was truly self-specific, we
subtracted activity that correlated with the feedback ratings for other.

Second, the activity related to the social comparison component of
social feedback should correlate positively with feedback discrepancies
defined as the absolute differences between first own ratings and feed-
back ratings. We defined feedback discrepancies as absolute differences;
i.e., feedback discrepancies captured how close feedback ratings were to
participants’ own ratings, regardless of the direction of the differences.

Follow-up analyses. To visualize the correlations between neural
activity and the parametric modulators (i.e., the Bs of the parametric
modulators for feedback ratings and the Bs of the parametric modu-
lators for feedback discrepancies) we performed follow-up functional
region of interest (ROI) analyses. We extracted parameter estimates
of the parametric modulators for self and other within the functional
ROIs identified in the contrasts using the MarsBaR toolbox for SPM
(marsbar.sourceforge.net/).

Additionally, to analyze activity for desirable and undesirable trials
separately in follow-up analyses, we estimated a second GLM to analyze
onset activity within functional ROIs defined by the main model de-
scribed above (see above, Modeling of fMRI data— overview and Mod-
eling of fMRI data—parametric modulators). Specifically, we estimated a
GLM in which regressors for the feedback time period were split up into
four conditions in the same fashion as for the main behavioral analysis
(self-desirable, self-undesirable, other-desirable, other-undesirable).
This follow-up GLM included no parametric modulators.

Conjunction and statistical inference. We tested the conjunction null
hypothesis using the minimum T statistic as implemented within SPM8
(Nichols et al., 2005).

All reported activations survived a threshold of p < 0.05 after cluster-
wise familywise error correction for multiple comparisons over the entire
brain at a cluster-defining threshold of p < 0.0001, uncorrected.

All coordinates are reported in MNI space. Activations are dis-
played on the standard MNI reference brain. Brodmann areas were
manuallylabeled usingthe SPM toolbox WFU PickAtlas (fmri.wfubmc.
edu/software/PickAtlas).

Results

Behavioral results—positively biased updating

Participants rated how much 40 positive and 40 negative trait
adjectives applied to themselves and to one other person before
and after receiving feedback ratings. Importantly, all ratings for
negative trait adjectives were reverse-coded so that higher ratings
always indicated more positive ratings.

In an initial analysis, we performed a 2 by 2 ANOVA compar-
ing ratings before versus after receiving feedback and ratings tar-
geted to the self versus the other person. Participants rated
themselves on average more positively than the other person
(main effect: self/other; F(, ,5) = 6.7, p < 0.05, n7 = 0.21; Fig.
2A), indicating a positivity bias toward the self. They also rated
themselves and the other person more positively after receiving
feedback (main effect: before/after; F(, ,5, = 9.6, p < 0.005, nf, =
0.27). The interaction was not significant (p > 0.6).

In our main behavioral analyses, we tested whether partici-
pants showed positively biased processing of social feedback.
Specifically, we assessed how participants updated their ratings
depending on feedback target (self/other) and feedback desirabil-
ity (desirable/undesirable; Fig. 1C). Desirable feedback was de-
fined as feedback ratings that were higher than participants’ first
ratings. Conversely, undesirable feedback was defined as feed-
back ratings lower than participants’ first ratings. Participants
changed their ratings on average toward the feedback. They in-
creased their ratings for desirable feedback (indicated by positive
mean updates significantly different from zero) and decreased
their ratings for undesirable feedback (indicated by negative
mean updates significantly different from zero; mean update self-
desirable = 0.5, SD = 0.35; one-sample t tests against zero ¢ ,¢) =
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Figure 2. Positively biased updating. A, Mean first and second ratings for self were signifi-

cantly higher than for other. Second ratings were significantly higher than first ratings. B,
Participants changed their ratings more after receiving desirable than after receiving undesir-
able feedback both for self-related and other-related feedback. Trials were split into four con-
ditions (self-desirable, self-undesirable, other-desirable, other-undesirable). For each
condition we calculated the mean update (i.e., the mean difference between second and first
ratings). Mean updates were positive for desirable feedback (indicating an increase in ratings)
and negative for undesirable feedback (indicating a decrease in ratings). To test whether par-
ticipants updated their ratings more toward desirable than toward undesirable feedback we
calculated absolute mean updates (i.e., we compared the magnitude of the increase for desir-
able feedback with the magnitude of the decrease for undesirable feedback). Additionally, we
scaled absolute mean updates by the respective mean feedback discrepancies for each condi-
tion and participant. The resulting relative updates indicate by how much participants changed
their ratings with respect to the difference between initial own ratings and feedback ratings.
Error bars indicate SEM.

7.4, p < 0.001; mean update self-undesirable = —0.2, SD = 0.32;
t2) = —2.7, p < 0.05; mean update other-desirable = 0.6, SD =
0.33; t,6) = 8.8, p < 0.001; mean update other-undesirable =
~0.3,SD = 0.42; f55, = —3.0, p < 0.01).

Importantly, the critical test for positively biased updating is that
the changes toward desirable feedback are larger than the changes
toward undesirable feedback (i.e., that absolute mean updates are
larger for desirable than for undesirable feedback). Additionally, we
scaled absolute mean updates by the respective mean feedback dis-
crepancies (i.e., the differences between first own ratings and feed-
back ratings) to account for possible differences in feedback
discrepancies across conditions and participants (relative absolute
mean updates: self-desirable = 0.3, SD = 0.23; self-undesirable =
0.1, SD = 0.16; other-desirable = 0.3, SD = 0.20; other-undesir-
able = 0.1, SD = 0.24). Performing a 2 by 2 ANOVA on relative
absolute mean updates comparing self-directed versus other-
directed feedback and desirable versus undesirable feedback, we
found that participants showed positively biased processing of social
feedback. After receiving desirable feedback participants updated
their self-ratings and other-ratings more toward the positive than
they updated their ratings toward the negative after receiving unde-
sirable feedback (main effect: desirable/undesirable: F, ,5 = 12.9,
p <0.005, nf, = 0.33; Fig. 2 B). Positively biased feedback processing
did not differ between self-directed and other-directed feedback
(main effect: self/other: p > 0.1; interaction: p > 0.6). In a follow-up
analysis we confirmed that similar results were observed, when com-
paring absolute mean updates that were not scaled by the respective
mean feedback discrepancies (main effect: desirable/undesirable:
Fi1.26) = 15.0, p < 0.001, nf, = 0.37; main effect: self/other: p > 0.1;
interaction: p > 0.8). The magnitude of mean feedback discrepan-
cies was equal across conditions (p > 0.1).

Additionally, we investigated possible influences on the posi-
tive updating bias. When participants gave the highest rating pos-
sible, they could not receive a feedback rating higher than their
own rating and thus feedback could not be desirable. The reverse
was true when participants gave the lowest rating possible. To
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exclude that this relationship between first ratings and feedback
compromised our results we tested for positively biased updating
only for trials with first ratings in the middle range of the scale (4,
5,and 6). Updating for desirable versus undesirable feedback was
still higher when including only trials with first ratings in the
middle range of the scale (main effect: desirable/undesirable:
F 26 = 14.4, p < 0.001, nf, = 0.36; main effect: self/other: p >
0.8; interaction: p > 0.5). This analysis excluded the possibility
that positively biased updating was driven by trials in which par-
ticipants initially rated themselves or the other person on the
highest or lowest points of the scale.

Furthermore, we tested whether the valence of the trait adjec-
tives had an effect on updating. We split update scores according
to the valence of the trait words and performed a 2 (trait valence:
positive/negative) by 2 (feedback target: self/other) by 2 (desir-
ability: desirable/undesirable) ANOVA on absolute mean up-
dates divided by absolute mean feedback discrepancies. Only the
main effect of desirability reached significance (F; ,¢) = 13.0,p <
0.005, nf, = 0.33). Specifically, the interaction between the factors
trait valence and desirability did not reach significance (p > 0.9),
excluding the possibility that trait valence had an effect on posi-
tively biased updating in our paradigm.

In sum, our behavioral results establish that humans take de-
sirable feedback more into account than undesirable feedback.

Behavioral results— control analyses and

individual differences

For an additional control analysis, participants recollected out-
side the scanner the feedback rating they had seen inside the
scanner. Mean absolute memory errors were smaller for self-
related than for other-related feedback (F(,,s = 25.4, p <
0.0001, "r;f, = 0.49) but did not differ between desirable and un-
desirable feedback (p > 0.1). Furthermore, we conducted two
separate ANCOVAs, one for self and one for other, testing
whether the difference between desirable and undesirable up-
dates remained significant when entering additional scores as
covariates. These scores were the differences between trials with
desirable and undesirable feedback for first ratings, participants’
social desirability ratings of the trait adjectives, memory errors, or
reaction times on the first or second ratings. The difference be-
tween desirable and undesirable updates remained significant
when controlling for these scores (self: F, ,,, = 15.8, p < 0.001;
other: F, ,;, = 8.6, p < 0.01). Moreover, winning or losing in the
board game that participants played to get to know each other
before receiving feedback, did not have any influence on behavior
during the task. Specifically, participants’ rank order in the game
did not correlate with mean ratings or any update measure using
Spearman’s correlation coefficient (all p > 0.1). Thus, positively
biased updating could not be explained by differential memory,
first ratings, social desirability ratings of the trait adjectives, va-
lence of the trait words, reaction times, or performance in the
board game.

Next, we aimed to establish links between performance in our
task and individual differences in trait self-esteem and perceived
similarity between self and other. As expected, mean first ratings
for self correlated significantly with scores on the Rosenberg self-
esteem scale across participants (Pearson’s r = 0.59, p < 0.005);
the higher a participant’s trait self-esteem the more positive is his
or her mean rating across all trait adjectives. Mean first ratings for
the other person correlated with perceived similarity to the other
person, which was assessed on a Likert scale from 1 (not similar at
all) to 8 (very similar; Pearson’s r = 0.51, p < 0.01). Thus, mean
ratings in our task were related to intersubject differences in trait
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Table 2. Significant activations in feedback onsets

Korn et al. e Positively Biased Processing of Social Feedback

Peak voxel MNI
coordinates (mm)

Cluster size (voxels at p (cluster FWE Peak z
Side Brodmann area X y z p < 0.0001) corrected) score
Feedback onset: self > other
MPFC L/R 10/9/8/6/32/24 -3 59 28 1602 <0.001 7.60
IFG (orbital part)/anterior insula L 47/11/13/45/38 —33 17 —17 399 <0.001 7.25
IFG (orbital part)/anterior insula R 47/1113/38 30 20 =17 335 <0.001 7.18
Cerebellum R — 30 —82 =35 161 <0.001 5.98
Cerebellum L — —30 —85 —38 77 <0.001 5.41
Midbrain L/R — -12 -13 —14 381 <0.001 538
Cerebellum LR — 3 —55 —35 30 0.017 471
Caudate body L — -9 8 16 58 0.002 4.45
Feedback onset: other > self
Precuneus/postcentral gyrus/superior temporal gyrus/ L/R 7/6/4/1/2/3/5/18/22/40 12 —46 52 7102 <0.001 6.89
supramarginal gyrus
Middle temporal gyrus R 38 51 —64 10 82 <0.001 4.86
Precentral gyrus R 4 39 =10 58 172 <0.001 4.67
Middle frontal gyrus R 9 27 29 40 39 0.007 4.42
Middle frontal gyrus L 9 —30 35 25 27 0.023 4.19
Middle frontal gyrus L 10 —36 50 13 20 0.047 417

All'reported clusters are familywise error (FWE) corrected for multiple comparisons at p < 0.05; cluster-defining threshold of p << 0.0001. IFG, inferior frontal gyrus; MPFC, medial prefrontal cortex.

self-esteem and perceived similarity of the other person. In a next
step, we explored how first ratings were related to the update bias
across participants. Mean first self ratings did not correlate sig-
nificantly with the updating bias for self (Pearson’s r = 0.04, p >
0.8). However, mean ratings for the other person did correlate
significantly with the magnitude of the update bias for this other
person, i.e., the absolute relative mean update for desirable minus
undesirable feedback (Pearson’s r = 0.51, p < 0.01). This suggests
that the higher the other person was rated on average the more
pronounced was the positively biased updating pattern. Posi-
tively biased updating for self seemed to be unrelated to mean self
ratings in our sample.

Behaviorally, participants showed a positively biased updating
pattern after receiving feedback. Therefore, we turned to our
fMRI data to establish a link between biased updating and blood
oxygenation level-dependent (BOLD) signals related to feedback
processing. Specifically, we examined reward-related and
comparison-related components of feedback processing.

BOLD signals for self-related versus other-related feedback

In an initial step, we examined brain activity during the feedback
period to find regions in which activation differed between the
processing of self-related and other-related feedback. We ex-
pected regions previously implicated in self-referential and
other-referential processing, notably the MPFC (Amodio and
Frith, 2006). Contrasting the time point when participants re-
ceived self-related versus when they received other-related feed-
back (self > other), we found activity in the medial prefrontal
wall (peak voxel in MNI coordinates x, y, z: —3, 59, 28; p < 0.05
corrected for multiple comparisons at a cluster-defining thresh-
old of p < 0.0001) as well as bilaterally in the orbital part of the
IFG extending into the anterior insula (left: —33, 17, —17; right:
30, 20, —17; see Table 2 for a comprehensive list of activations).
The reverse contrast (other > self) revealed among other regions
activity in bilateral precuneus (12, —46, 52; p < 0.05 corrected for
multiple comparisons at a cluster-defining threshold of p <
0.0001; Table 2).

During the imagination phase, participants in our task rated
themselves and another person in a similar way as shown in many
previous studies (Northoff et al., 2006; Denny et al., 2012; Fig.
1 B). Therefore, we wanted to explore possible differences in ac-

tivity between feedback phase and imagination phase in a
follow-up ROI analysis. We concentrated this analysis to the
MPEFC since this region has consistently been implicated in self-
related processing. We extracted parameter estimates during
both time points within an ROI that was independently defined
based on a recent meta-analysis of self-referential processing
(Denny et al., 2012; sphere with a radius of 15 mm centered at the
MNI coordinates —6, 50, 4). Parameter estimates were compared
ina 2 (imagination/feedback phase) by 2 (self/other) ANOVA. As
expected there was a significant main effect of activity for self
being higher than for other (F(, ,) = 126.1, p < 0.0001, 7, =
0.83). There was also a significant main effect of phase with
higher activity during the feedback phase than during the imag-
ination phase (F(; ,) = 9.2, p < 0.01, nf, =0.26). The interaction
was not significant (p > 0.1).

These results show that self-relevant feedback implicates the
MPEFC as has been reliably shown for self-referential processing
in general (Amodio and Frith, 2006; Northoff et al., 2006; Denny
etal., 2012).

BOLD signals related to the rewarding component of

social feedback

The behavioral analyses showed that participants processed desir-
able feedback more than undesirable feedback. We hypothesized
that neural activity during the feedback phase should mirror two
aspects of social feedback processing: a reward-related aspect (opera-
tionalized by feedback ratings) and a comparison-related aspect (op-
erationalized by feedback discrepancies). To identify neural activity
related to these two components, we used the full parametric range
of feedback ratings and feedback discrepancies. Our model included
separate onset regressors for self-related and other-related feedback,
which were parametrically modulated by the respective feedback
ratings and feedback discrepancies. This model allowed us to search
for regions in which these parameters correlated with BOLD signals
in a trial-by-trial fashion.

To test for activity correlating with the rewarding compo-
nent of feedback at the time point of feedback, we performed a
contrast between the two parametric modulators for feedback
ratings (feedback ratings for self and feedback ratings for
other). First, activity related to reward should correlate posi-
tively with feedback ratings for self. That is, the higher the
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Figure3. BOLD signals related to the rewarding component of social feedback. A, BOLD signal changes in bilateral ventral striatum and ACC/MPFC correlated with the rewarding component of
feedback on a trial-by-trial basis at the time point of feedback (all clusters are significant at p << 0.05 corrected for multiple comparisons at a cluster-defining threshold of p << 0.0001).
Reward-related activity fulfilled two requirements. First, activity correlated positively with feedback ratings for self since higher feedback ratings for self indicated more rewarding feedback (e.g.,
a feedback rating of 8.0 on polite is more rewarding than a feedback rating of 7.0; feedback ratings for negative trait adjectives were reverse coded). Second, activity correlated more with the
feedback ratings for self than for other since we searched for regions in which reward-related activity was self-specific. B, For illustration purposes, we plotted parameter estimates of the parametric
modulators for feedback ratings for self and other within functional ROIs. C, To explore differences in onset activity, we plotted parameter estimates of the onset regressors within the functional ROls
in a second model that included separate regressors for feedback target and feedback desirability. Error bars indicate SEM.

Table 3. BOLD signals related to the rewarding component of social feedback: parametric analysis—feedback ratings

Peak voxel MNI
coordinates (mm)

Side  Brodmannarea x y z Cluster size (voxelsatp << 0.0001)  p (cluster FWE corrected) ~ Peak zscore
Feedback rating (trial-by-trial correlation): self > other
ACC/mid-cingulate cortex/MPFC L/R  32/24/9/10 3 32 25 414 < 0.001 5.56
Ventral striatum (caudate head and putamen) R — 12 5 =8 7 < 0.001 473
Thalamus R — 21 —-13 2 2 0.032 4.60
Ventral striatum (caudate head and putamen) L — =15 2 -1 25 0.017 4.50
Cerebellum L — -33 -3 -2 5 0.001 4.48
Cerebellum R — 39 —58 —26 39 0.004 435
Cerebellum R — 12 —61 —17 47 0.002 433
Lingual gyrus L 18 -3 -3 -5 2 0.015 431
Calcarine fissure LR 18 3 -8 13 29 0.011 413
Mid-cingulate cortex LR 24 0 -1 43 25 0.017 4.06

All reported clusters are familywise error (FWE) corrected for multiple comparisons at p << 0.05; cluster-defining threshold of p << 0.0001. ACC, anterior cingulate cortex; MPFC, medial prefrontal cortex.

feedback rating the more rewarding was the social feedback
(e.g., receiving a self-related feedback rating of 8 is more re-
warding than a feedback rating of 7). Note that feedback rat-
ings for negative trait adjectives were reverse coded so that a
higher feedback rating always indicated a more positive feed-
back. Second, reward-related activity should be self-specific.
That is, the trial-by-trial correlation of BOLD signal changes
with the feedback ratings for self should be greater than those
for other. Contrasting the parametric modulators for the feed-
back ratings for self versus other revealed activity in bilateral
ventral striatum (left: —15, 2, 11, right: 12, 5, —8) and in a
region encompassing ACC and MPFC (3, 32, 25; p < 0.05
corrected for multiple comparisons at a cluster-defining
threshold of p < 0.0001; Fig. 3A; see Table 3 for a comprehen-
sive list of activations).

To better illustrate the correlations between feedback ratings and
neural activity we performed a follow-up analysis. We extracted pa-
rameter estimates of the parametric modulators for self and other
within the functional ROIs identified in the above contrast (Fig. 3B).
Parametric modulators indicate the correlation (i.e., the slope) be-
tween BOLD signals and feedback ratings but give no information
about mean onset activity (i.e., the intercept). To additionally illus-
trate mean onset activity, we estimated a follow-up GLM. In this
follow-up model, trials were separated into four categories accord-
ing to feedback target (self/other) and feedback desirability (desir-
able/undesirable) in the same way as in the main behavioral analysis.

We extracted parameter estimates of the onset regressors for the four
categories within three of the functional ROIs defined by the main
model (MPFC and left and right striatum). Plotting these onset re-
gressors illustrates the interaction of feedback target and desirability
as defined by the contrast in the main model (Fig. 3C). Additionally,
mean onset activity showed a significant main effect for self versus
otherin the MPFC (F(, 54 = 29.9, p < 0.0001; since we performed an
ANOVA within each of the three ROIs, p values were adjusted
using a Bonferroni correction for the number of ROIs). In the
right striatum the same pattern was observed at trend level
(Fi126) = 6.1, p = 0.06).

Additionally, we performed the reverse contrast to the one
performed above, i.e., we searched for regions that correlated
with other-related feedback ratings more than with self-
related feedback ratings. This contrast revealed no significant
voxels at a threshold of p < 0.05 cluster-corrected at a cluster-
defining threshold of p < 0.0001.

Together, the rewarding component of social feedback corre-
lated with activity in ventral striatum and ACC/MPFC, regions
previously implicated in processing social and nonsocial rewards
(Tzuma et al., 2008; Beckmann et al., 2009).

BOLD signals related to the comparison component of

social feedback

Having identified activity correlating with the rewarding aspect
of feedback, we next tested for BOLD signal changes correlating
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Figure4.

BOLD signals related to the comparison component of social feedback. A, BOLD signal changes in the following regions correlated with the comparison-related component of feedback

on atrial-by-trial basis at the time point of feedback: MPFC, pre-SMA/SMA, bilateral IFG (orbital part) extending into anterior insula, right STS, right TPJ, and left TP (all clusters are significant atp <
0.05 corrected for multiple comparisons at a cluster-defining threshold of p << 0.0001). Comparison-related activity correlated positively with the feedback discrepancies for both self and other, i.e.,
with the absolute difference between participants’ own views and the feedback they received. B, Forillustration purposes, we plotted parameter estimates of the parametric modulators for feedback
discrepancies for self and other within functional ROIs. C, To explore differences in onset activity, we plotted parameter estimates of the onset regressors within the functional ROIs in a second model
that included separate regressors for feedback target and feedback desirability. Error bars indicate SEM.

with the comparison-related aspect on a trial-by-trial basis at the
time point of feedback—both for self-related and other-related
feedback. Comparison-related activity was operationalized as ac-
tivity that showed a positive correlation with feedback discrepan-
cies, i.e., with the absolute differences between participants’ own
ratings and the feedback ratings they received. That is, a larger
feedback discrepancy (e.g., a difference between own rating and
feedback rating of 2) indicated more “need” for a comparison
process than a smaller feedback discrepancy (e.g., 1) regardless of
the direction of the difference.

Feedback discrepancies for both self and other correlated pos-
itively with activity in MPFC (6, 56, 28), pre-supplementary mo-
tor area/supplementary motor area (preSMA/SMA (9, 17, 64),
right STS (51, —25, —8), bilateral IFG (orbital part) extending
into anterior insula (left: —36, 20, —23, right: 33, 20, —17), right
TPJ (57, —58, 25), left TP (—48, 11, —35), and left cerebellum
(—24, —82, —35; p < 0.05 corrected for multiple comparisons at
a cluster-defining threshold of p < 0.0001; Fig. 4A; Table 4).

As described above for BOLD signal changes related to
social reward, we plotted parameter estimates of the paramet-
ric modulators for the feedback discrepancies for self and
other within the functional ROIs to better illustrate the corre-
lations of feedback discrepancies and BOLD signals (Fig. 4 B).
These parametric modulators indicate the positive correlation
(i.e., the slope) between BOLD signals and feedback discrep-
ancies but give no information about the mean onset activity
(i.e., the intercept). To extract mean onset activity within
seven of the functional ROIs defined by the first model
(MPFC, pre-SMA/SMA, right STS, left and right IFG, right
TPJ, and left TP), we conducted a follow-up analysis using a
follow-up GLM, in which trials were separated into four cate-

gories according to feedback target and feedback desirability.
Mean onset activity showed a significant main effect for self
versus other in MPFC (F, ¢, = 116.7, p < 0.0001), right STS
(Fi126) = 98, p < 0.05), left IFG (F(, 55, = 53.6, p < 0.0001),

right IFG (F(, ,5) = 77.8,p < 0.0001), and left TP (F(, ,¢, = 8.7,

p < 0.05; since we performed an ANOVA within each of the
seven ROIs, p values were adjusted using a Bonferroni correc-
tion for the number of ROIs; Fig. 4C). Thus, while the relation
of feedback discrepancies to BOLD signal changes was the
same for self-related and other-related feedback (as deter-
mined in the first model with the parametric modulators),
mean activity was higher for self-related versus other-related
feedback within these regions (as determined in the second
model in which trials were split up into categories for desirable
and undesirable feedback).

We also searched for regions in which BOLD signals corre-
lated negatively with the feedback discrepancies for self and other
(Table 4). BOLD signal changes in no region correlated differen-
tially for self-related versus other-related feedback discrepancies,
i.e.,, self > other or other > self, at a threshold of p < 0.05 cluster-
corrected at a cluster-defining threshold of p < 0.0001.

In sum, both in the self-condition and in the other-condition
the difference between participants’ own views and the feedback
they received, i.e., the comparison-related component, corre-
lated with activity in regions previously implicated in mentalizing
(Mar, 2011).

Updating bias for self and activity integrating reward-
components and comparison-components

Having identified activity that correlated with the rewarding
aspect of feedback and activity that correlated with the
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Table 4. BOLD signals related to the comparison component of social feedback: parametric analyses—feedback discrepancies and conjunction

Peak voxel MNI
coordinates (mm)

Cluster size Peakz
Side Brodmannarea  x y z (voxelsatp < 0.0001)  p (cluster FWE corrected) score
Feedback discrepancies (positive trial-by-trial correlation):
self and other
MPFC L/R 10/9/8/6 6 56 28 383 <<0.001 5.47
Pre-SMA/SMA L/R 8/6 9 17 64 104 <0.001 4.98
Superior/middle temporal gyrus (STS) R 21 51 —25 -8 26 <0.001 493
IFG (orbital part)/ anterior insula L 47145113 —36 20 —-23 181 <0.001 4.88
IFG (orbital part)/anterior insula R 47/13/1 33 20 —=17 17 <<0.001 4.69
Angular gyrus, TPJ R 39/40 57 —58 25 19 0.045 4.56
P L 21/38 —48 n —35 22 0.032 425
Cerebellum L — —24 —82 =35 20 0.040 419
Feedback discrepancies (negative trial-by-trial
correlation): self and other
Inferior parietal lobule L 40 —54 =37 46 154 <0.001 5.07
Middle temporal gyrus R 21/37 60 —49 —8 53 0.002 454
Superior parietal gyrus L 7 =21 —49 64 30 0.013 4.50
Superior temporal gyrus L 22/6 —54 =10 1 37 0.007 4.40
Inferior parietal lobule R 40 51 =37 46 48 0.002 434
Precentral gyrus/superior temporal gyrus R 6/22 54 5 13 30 0.013 419
Conjunction of feedback rating (trial-by-trial correlation):
self > other with feedback discrepancies (positive
trial-by-trial correlation): self and other
MPFC/ACC L/R 10 3 56 19 25 0.023 5.01

All reported clusters are familywise error (FWE) corrected for multiple comparisons at p << 0.05; cluster-defining threshold of p << 0.0001. IFG, inferior frontal gyrus; MPFC, medial prefrontal cortex; SMA, supplementary motor area; STS,

superior temporal sulcus; TP, temporal pole; TPJ, temporoparietal junction.

comparison-related aspect of feedback, we next examined how A B f=042,p<0.05

neural activity was linked to the behavioral update bias for self. 3 é A Y

We postulated that neural activity mediating the update bias for ] 2 .

self should fulfill two requirements. First, candidate regions ks g 0.5 .. Coe e
should integrate activity related to both reward and comparison. % i Ll
Second, activity within this region should correlate with the be- £ 0L —

havioral update bias for self across participants, i.e., the difference e g o5

between updates for desirable and undesirable feedback. To ad-
dress the first requirement, we performed a conjunction analysis
testing the conjunction null hypothesis to search for regions that
were activated by both reward-related and comparison-related
components. The conjunction revealed a region at the border of
the MPFC and the ACC (3, 56, 19; p < 0.05 corrected for multiple
comparisons at a cluster-defining threshold of p < 0.0001; Fig.
5A; Table 4). To address the second requirement, we extracted
parameter estimates of self-related absolute feedback discrepan-
cies within this region and tested for a correlation with the behav-
ioral update bias for self. Parameter estimates of self-related
absolute feedback discrepancies within the functional ROI de-
fined by the conjunction analysis predicted the behavioral update
bias for self (Pearson’s r = 0.42, p < 0.05, 95% confidence inter-
val [0.05-0.69]; Fig. 5B). Additionally, we extracted parameter
estimates of other-related feedback discrepancies errors within
the same functional ROI and found no correlation with the be-
havioral update bias for other (Pearson’s r = 0.07, p > 0.7).
However, we note that the two Pearson’s correlation coefficients
did not differ significantly (z = 1.3, p > 0.1, using the z,* statistic
described by Steiger, 1980).

Thus, BOLD signals within the MPFC that integrated reward-
related and comparison-related components of social feedback pre-
dicted individual differences in self-related positive updating.

Discussion

After interacting with peers in a real-life setting and then receiving
social feedback from them, participants showed positively biased
updating of their self-evaluations and other-evaluations. Specifi-

Parameter estimates (a.u.)
parametric modulation
feedback discrepancies for self

Figure 5. Updating bias for self and activity integrating reward-components and
comparison-components. A, Conjunction analysis of activity correlating with the rewarding
aspect of feedback, i.e., feedback ratings (Fig. 3) and of activity correlating with the
comparison-related aspect of feedback, i.e., feedback discrepancies (Fig. 4; p << 0.05 corrected
for multiple comparisons at a cluster-defining threshold of p << 0.0001). B, Across participants,
parameter estimates of the parametric modulators for self-related absolute feedback discrep-
ancies within this region predicted the behavioral update bias, i.e., the relative mean update for
self-related desirable minus undesirable feedback. Each dot represents one participant and the
line is the regression slope.

cally, participants updated their evaluation of themselves and of an-
other peer more toward desirable feedback than toward undesirable
feedback. Our fMRI data suggest that neural activity reflects two
different components of social feedback. First, activity in the bilateral
ventral striatum and in a region encompassing parts of the ACC/
MPEFC tracked the rewarding component. Second, parts of the men-
talizing network tracked the comparison-related component.
Changes in activity within the MPFC that integrated reward-related
and comparison-related aspects of feedback predicted the self-
related positive updating bias across participants. Our results suggest
that a combination of neural signals related to social reward and to
the comparison between own views and feedback mediate positively
biased feedback processing.

So far only a few studies in social neuroscience have inves-
tigated social feedback processing (Somerville et al., 2006,
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2010; Izuma et al., 2008; Davey et al., 2010; Eisenberger et al.,
2011; Jones et al., 2011). Three crucial aspects of our design
allowed us to considerably add to these studies. First, partici-
pants in our task engaged in a real-life interaction of more
than an hour whereas in previous studies participants received
feedback that was based on photographs and/or question-
naires. Second, we parametrically modulated the desirability
of the feedback and even more importantly we assessed the
difference between participants’ self-views and the feedback
they received. In previous studies feedback was mostly binary
and participants did not indicate their own view, e.g., partic-
ipants just got to know whether they were liked or not or
whether a certain trait word applied to them. Third, by assess-
ing how feedback changed self-views we demonstrate a posi-
tivity bias in feedback processing.

Positivity biases have been documented across many
domains in social cognition (Leary, 2007) and it has been
proposed that they arise because cognitive processing mecha-
nisms distort incoming information in a positive direction
(Taylor and Brown, 1988). Here, we provide evidence for this
idea by showing a striking asymmetry in how humans process
self-relevant information about their character traits. A simi-
lar approach has been used in the domain of optimism (Sharot
etal., 2011). Participants estimated their likelihood of experi-
encing various negative events in the future. They updated
their beliefs more toward the actual statistical likelihood when
it was desirable than when it was undesirable. Thus, our results
suggest that positivity biases in general may arise due to asym-
metric information processing.

Some recent studies investigating social conformity have
used designs similar to the present study (Klucharev et al.,
2009; Campbell-Meiklejohn et al., 2010; Zaki et al., 2011). In
these studies participants make a first evaluation of an object
(e.g., an unknown face or song) and then receive feedback
from others about this object. Conformity can then be mea-
sured as the degree to which participants change their evalua-
tion toward the others’ opinion similar to the update measure
in our study. However, in these conformity studies partici-
pants are unbiased (e.g., they are influenced to the same degree
when they see that others judge an unknown song to be better
or worse than they do). In contrast, participants in our study
processed social information in a positively biased way since
the “object of conformity” consisted of participants’ own
character traits and the character traits of peers.

Behavioral studies have commonly discussed positively bi-
ased self-views with relation to theories about the self but not
with relation to theories about reward. Here, we specify neural
activity related to the rewarding component of positively bi-
ased feedback processing. Using a parametric design we show
that the ventral striatum and the ACC/MPFC process the self-
related reward associated with social feedback. Our results
thus replicate the findings by Izuma et al. (2008) and extend
them to negative character traits. The striatum and the ACC/
MPEC, especially its middle and more ventral parts, are con-
nected and both structures have been linked to reward in
social and nonsocial contexts (Beckmann et al., 2009). Inter-
estingly, activity in the ventral part of the MPFC plays a role in
the representation of the value of objects (Rangel et al., 2008;
Rushworth et al., 2011) and this activity can be modulated by
social influences (Plassmann et al., 2008; Zaki et al., 2011). In
sum, our results corroborate that social reward processing can be
linked to structures involved in nonsocial reward processing.
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Critically, in addition to the rewarding aspect of social
feedback our task also modulated the distance between partic-
ipants’ own views and the feedback they received. This com-
parison between own views and feedback correlated among
others with activity in the MPFC, right STS, bilateral IFG, right
TPJ, and left TP. All of these regions are part of the mentalizing
network (Amodio and Frith, 2006; Bahnemann et al., 2010).
Especially, the MPFC and the TP] have been most consistently
linked to various mentalizing tasks (Van Overwalle, 2009;
Mar, 2011). In our study, MPFC activity showed stronger ac-
tivation than TPJ activity, which is consistent with a recent
meta-analysis (Mar, 2011) showing that the MPFC is particu-
larly involved in tasks that are not based on explicit false belief
stories as was the case in our task. Furthermore, such
nonstory-based tasks often implicate the orbital IFG (Mar,
2011) and we therefore interpret orbital IFG activity in rela-
tion to its plausible role in mentalizing associated processes.

It is important to note that changes in neural activity in the
mentalizing network have a very parsimonious interpretation
in our task. Activity in the mentalizing network tracked the
numerical difference between participants’ own evaluations
and the feedback they received both for their own character
and for the character of another person. Recently, some stud-
ies have begun to investigate neural activity related to social
cognition by using computational parameters derived from
modified versions of reinforcement models or other types of
computational models (Behrens et al., 2008; Hampton et al.,
2008; Coricelli and Nagel, 2009; Yoshida et al., 2010; Biele et
al., 2011). These studies provide first steps toward conceptu-
alizing the precise computations underlying activity in the
mentalizing network or parts of it (Behrens et al., 2009). In
line with the results of these studies, our results provide a
mechanistic account of activity in the mentalizing network for
the processing of social feedback.

Our results show that the behavioral updating bias for self
is associated with both reward-related and comparison-
related components of social feedback. Activity within a re-
gion in the MPFC that integrated the two components
predicted the amount of positively biased updating for self-
related feedback across participants. This was not the case for
other-related feedback. Behavioral accounts (Taylor and
Brown, 1988) have argued for a filtering mechanism that dis-
torts incoming social information toward the positive. Our
results suggest that MPFC activity reflects this filtering mech-
anism in our task.

The implication of the MPFC in social cognition in general
and in self-related processing in particular has been reliably
shown by many studies (Mitchell, 2009; Denny et al., 2012;
Wagner et al.,, 2012). Importantly, Moran et al. (2006) have
shown that MPFC activity was higher when participants made
trait ratings that were self-descriptive compared with when
they made self-ratings that were not self-descriptive—inde-
pendent of trait valence. The MPFC region that integrated
reward-related and comparison-related components in our
task was within the region described by Moran et al. (2006).
This suggests that neural processes related to thinking about
trait self-descriptiveness and neural processes related to re-
ceiving feedback on trait self-descriptiveness might be instan-
tiated in a common MPFC region. The relation of the MPFC to
self-related positively biased updating is also concordant with
a previous study in which participants received information
that they were either liked or not liked by other persons
(Somerville et al., 2010). In this study, trait self-esteem corre-
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lated with the differential activity toward positive versus neg-
ative feedback in a similar region of the MPFC as identified in
our task. Importantly, our results are also in line with litera-
ture linking different subregions of the MPFC to reward
processing, self-referential thinking, and mentalizing. Specif-
ically, reward and value processing have been consistently
linked to a ventral MPFC region at the border of pregenual
ACC and medial OFC (Rangel et al., 2008; Beckmann et al.,
2009; Rushworth et al., 2011). Self-referential thinking most
consistently involves a ventral part of the MPFC whereas men-
talizing involves a more dorsal part (Northoff et al., 2006; Mar,
2011; Denny et al., 2012). The MPFC regions that integrated
reward-related and comparison-related components of social
feedback in our task lay at a border position in which there
might be some overlap between reward-, self-, and mentalizing-
related activity. Our results suggest that this MPFC region seems to
be ideally suited for positively biased integration of social informa-
tion into one’s self-concept and that it might be interesting to inves-
tigate this region’s involvement in reward-, self-, and mentalizing-
related processes more closely.

Conclusions

Many studies have tried to weigh the benefits (e.g., reduced
anxiety) and costs (e.g., overly risky decision making) of pos-
itivity biases against each other (Taylor and Brown, 1988;
Leary, 2007). Positivity biases seem to be generally adaptive
but can be detrimental if they are too extreme. To further
specify their costs and benefits, it is fundamental to under-
stand the underlying mechanisms. Our results show that pos-
itively biased social feedback processing is related to an
integration of activity linked to reward and mentalizing. This
underscores the importance of integrating theories on reward
and mentalizing. By directing the focus toward the interplay
between reward processing and mentalizing, we provide an
essential step toward a better understanding of how social
information is integrated into the human self-concept.
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