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Abstract

■ When meeting other people, some are optimistic and expect
to be accepted by others, whereas others are pessimistic and
expect mostly rejections. How social feedback is evaluated in sit-
uations that meet or do not meet these biases and how people
differ in their response to rejection and acceptance depending
on the social situation are unknown. In this study, participants
experienced rejection and acceptance by peers in two different
social contexts, one with high (negative context) and the other
with low probability of rejection (positive context). We exam-
ined how the neural and behavioral responses to rejection are
altered by this context and whether it depends on the individ-
ual’s sensitivity to rejection. Behavioral results show that, on
average, people maintain an optimistic bias even when mostly
experiencing rejection. Importantly, personality differences in

rejection sensitivity affected both prior expectations to be
rejected in the paradigm and the extent to which expectations
changed during the paradigm. The context also strongly modu-
lated ERPs and theta responses to rejection and acceptance
feedback. Specifically, valence effects on neural responses were
enhanced in the negative context, suggesting a greater relevance
to monitor social feedback in such a situation. Moreover, mid-
frontal theta predicted how expectations were changed in
response to prediction errors, stressing a role for theta in learn-
ing from social feedback. Surprisingly, interindividual differ-
ences in rejection sensitivity did not affect neural responses to
feedback. Our results stress the importance of considering the
interaction between subjective expectations and the social con-
text for behavioral and neural responses to social rejection. ■

INTRODUCTION

When we interact with others, we constantly receive feed-
back about ourselves as persons and whether others like
us or not. This feedback can take implicit forms, like a
friendly smile, or more explicit forms, like a refused dating
proposal. Social feedback gives vital information about
the success of our social interactions and about our
value for others and is crucial for feelings of self-worth
(Gruenenfelder-Steiger, Harris, & Fend, 2016; Denissen,
Penke, Schmitt, & van Aken, 2008; Williams, 2007; Pickett,
Gardner, & Knowles, 2004). Acknowledging this rele-
vance, social neuroscientists have started to characterize
the neural processes involved when receiving social feed-
back (Kortink, Weeda, Crowley, Gunther Moor, & van der
Molen, 2018; van der Molen, Harrewijn, & Westenberg,
2018; Will, Rutledge, Moutoussis, & Dolan, 2017; Cao,
Gu, Bi, Zhu, & Wu, 2015; Jones et al., 2011). A character-
istic aspect of social feedback, so far neglected in the
neuroscientific literature, is that instances of rejection
or acceptance usually do not happen in isolation but
are embedded in a social context. Such context can be
overall positive, like a dinner party with friends, or overall
negative, like a debate with an opposing political group.
Importantly, positive or negative feedback might be very
differently evaluated depending on the social context. In

a mostly positive context, we might well disregard the
few instances of rejection. In a mostly negative context,
we might value the few instances of acceptance even
more. Moreover, people encounter social situations with
certain expectations about whether or not others will like
them (Downey & Feldman, 1996). Research has shown
that most people are overly optimistic and expect more
acceptance than rejection when encountering friends or
strangers (Loeb, Tan, Hessel, & Allen, 2018; van der
Molen et al., 2018; Loeb, Hessel, & Allen, 2016; Cao
et al., 2015; Hepper, Hart, Gregg, & Sedikides, 2011). A
predominantly positive social situation would thus fulfill
precisely these expectations. On the contrary, strong
rejection experiences in childhood and adolescence can
lead to high rejection sensitivity later in life (London,
Downey, Bonica, & Paltin, 2007; Feldman & Downey,
1994), that is, high expectations to be rejected during a
social encounter (Gutz, Roepke, & Renneberg, 2016). A
mostly negative social context would thus match the
expectations of a person high in rejection sensitivity. In
the current study, our main question was therefore
how the social context and a person’s trait rejection sen-
sitivity interact to shape the behavioral and neural
response to social feedback.

As feedback processing is particularly relevant for how
we learn from feedback in a given situation, that is, how
we change our behavior afterward, we were interested in
both the general response to feedback and the trial-by-trialUniversity of Lübeck, Lübeck, Germany
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changes related to behavioral adaptations. People do not
only differ in their expectations about the probability of
being rejected (London et al., 2007; Feldman & Downey,
1994), these expectations presumably relate to differences
in how people learn from social feedback and thus change
their expectations once they participate in a social situa-
tion (Kube & Rozenkrantz, 2021). Research on the pro-
cessing of self-related information suggests that healthy
people show an optimistic learning bias and tend to
change their opinions more in response to better-than-
expected compared with worse-than-expected informa-
tion (Koban et al., 2017; Korn, Prehn, Park, Walter, &
Heekeren, 2012; Sharot, Korn, & Dolan, 2011). In two of
the few studies that explicitly investigated learning from
feedback about one’s likeability as a person, Will et al.
(2017, 2020) presented participants with feedback of
ostensible peers. How expectations to be liked changed
after receiving feedback was explained using so-called
social prediction errors (PEs), that is, the difference
between received feedback and one’s expectation,
weighed by a learning rate (Rescorla & Wagner, 1972).
Generally, participants overestimated the probability to
be liked by others by about 5%, which was explained by
a positive response bias parameter in the learning model
(Will et al., 2017, 2020). In contrast, people with social
anxiety disorder (which is related to high rejection sensi-
tivity; Staebler, Helbing, Rosenbach, & Renneberg, 2011)
show a tendency to weigh negative feedback more when
updating their feelings of self-worth based on perfor-
mance feedback by others (Koban et al., 2017).

Based on these prior findings, we assume that the
extent to which people are biased in their learning about
the probability to be rejected or accepted in a given social
situation is influenced by their initial expectations. This
would also be in line with recent refinements to classical
reinforcement learning theory, stating that outcome
expectations with great certainty (e.g., after having learned
that acceptance is very likely) are not easily changed, even
when the PE is large (e.g., when unexpected rejection
occurs; Spicer, Mitchell, Wills, & Jones, 2020). Specifically,
as former research suggests, we assume that most people
have rather positive expectations before entering a social
situation and change these expectations with a positive
bias (Will et al., 2017; Korn et al., 2012; Hepper et al.,
2011). Importantly, this bias will presumably interact with
the social context. In mostly positive contexts, it will lead
to neglecting rejections; in mostly negative situations, an
optimistic bias will counteract the experience of predom-
inant rejections, which would result in using both rejec-
tion and acceptance signals for learning. Although such a
pattern can be expected for people with an optimistic bias,
it can be assumed to be less asymmetric or even inverted
for individuals high in rejection sensitivity.

Decades of research have scrutinized the neural signa-
tures of performance feedback and their sensitivity to expec-
tations and learning (Glazer, Kelley, Pornpattananangkul,
Mittal , & Nusslock, 2018; Luft , 2014; Gehring &

Willoughby, 2002). More recent studies have started to
investigate how these neural signatures of performance
feedback translate to processing of social feedback (e.g.,
van der Veen, Burdzina, & Langeslag, 2019; Kortink
et al., 2018; van der Molen et al., 2018; Cao et al., 2015;
Sun & Yu, 2014). In the current study, we therefore exam-
ined the effects of context and interindividual differences
not only on behavioral but also on neural signatures of
feedback processing. In this way, we aimed to clarify their
functional role for behavioral responses to social feedback.
Of particular relevance for this study are the P3 and the
midfrontal theta response. The P3, a positive going ERP
occurring at approximately 300msec after feedback onset,
has been shown to reflect the subjective probability and
emotional salience of feedback and the updating of con-
text information (Glazer et al., 2018; Hajcak, MacNamara,
& Olvet, 2010; Polich, 2007). Results on the sensitivity of
the P3 to subjective probability or valence of social feed-
back are mixed (Harrewijn, van der Molen, van Vliet,
Tissier, & Westenberg, 2018; Cao et al., 2015; Dekkers,
van der Molen, Gunther Moor, van der Veen, & van der
Molen, 2015; Leitner, Hehman, Jones, & Forbes, 2014;
Sun & Yu, 2014). In some studies, a stronger P3 for
expected acceptance has been found and interpreted as
neural marker of the rewarding value of the acceptance
(Kortink et al., 2018; van der Molen et al., 2018). In others,
only effects of expectancy (Dekkers et al., 2015; Gutz,
Renneberg, Roepke, & Niedeggen, 2015) or valence (van
der Veen et al., 2019; Harrewijn et al., 2018) but no inter-
actions have been found. Some studies also reported no
modulation of P3 by social feedback (Cao et al., 2015;
Leitner et al., 2014). Regarding interindividual differences
in rejection sensitivity, previous work found contradicting
results, namely, stronger responses to either rejection or
acceptance in people with high rejection sensitivity. The
former was interpreted as indicative of higher salience of
rejection, whereas the latter was interpreted as indicative
of greater unexpectedness of acceptance (Leng, Qian, &
Zhu, 2018; Gutz et al., 2015).
Another neural signature of feedback processing is

midfrontal theta power, which is considered to reflect
the processing of PEs in the ACC (Luu, Tucker, & Makeig,
2004) or dorsal ACC (dACC; Weiss et al., 2018). Changes in
theta power in response to feedback have also been
reported in the social domain. For instance, van der
Molen, Dekkers, Westenberg, van der Veen, and van der
Molen (2017) reported theta responses to unexpected
rejection feedback, which were localized to the dACC.
Other studies confirmed enhanced theta power for unex-
pected rejection, that is, for negative PEs (Harrewijn et al.,
2018; Kortink et al., 2018; van der Molen et al., 2018).
Increased dACC activity in response to negative feedback
might be related to another line of research, which linked
the dACC to the negative affect elicited by social rejection
and exclusion (Eisenberger, 2015a, 2015b). Together,
these previous studies suggest that midfrontal theta is sen-
sitive to the valence and expectedness of social feedback.
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However, in previous EEG studies on social feedback pro-
cessing, acceptance and rejection were presented with
equal probability (van der Veen et al., 2019; Kortink
et al., 2018; van der Molen et al., 2017, 2018; Cao et al.,
2015; Dekkers et al., 2015). Therefore, it is still unclear
whether P3 and midfrontal theta reflect the overall proba-
bility of social rejection, the momentary subjective expec-
tation expressed in a single trial, or simply the valence of
the feedback, as the first factor was always kept constant.
Studying if P3 and midfrontal theta are sensitive to either
of these factors could help clarify the neural bases of
expectation biases, namely, if these relate to a flawed (or
absent) representation of objective probabilities.
Moreover, as changes in P3 have been shown to track

learning from nonsocial feedback (Zioga, Hassan, & Luft,
2019; Bennett, Murawski, & Bode, 2015), we investigated
whether P3 effects change over time. Previous research
found that increases in theta responses to incorrect feed-
back predicted adequate performance adjustments in the
next trial (van de Vijver, Ridderinkhof, & Cohen, 2011),
and better learners showed stronger theta responses
than poor learners (Luft, Nolte, & Bhattacharya, 2013;
De Pascalis, Varriale, & Rotonda, 2012). Based on these
findings, we assumed greater theta power after PEs to pre-
dict greater adjustments of expectations in the following
trials (Luft, 2014), possibly dependent on interindividual
differences. So far, interindividual differences in learning
from social feedback could not be linked consistently to
interindividual differences in neural responses to that
feedback (Kortink et al., 2018). We aim to close this gap,
as this link could provide valuable insight into the pro-
cesses underlying dysfunctional expectations in people
with high rejection sensitivity.
To address our research questions, we presented partic-

ipants in the current study either predominantly with
rejection or predominantly with acceptance from ostensi-
ble peers to manipulate the social context. We assessed
participants’ expectations before and during the experi-
ment and analyzed the influence of social context and
prior expectations on two levels: first, on a “macroscopic”
level on average behavioral and neural responses to rejec-
tion and acceptance across the paradigm, and second, on a
“microscopic” level on trial-by-trial dynamics to track
changes in expectations and neural responses to rejection
and acceptance.

METHODS

Participants

We recruited young adults in the age range from 18 to 35
years from the student population of Lübeck. Exclusion
criteria were studying psychology (except students of the
first year), current psychiatric illnesses, current or former
neurological illnesses or injuries, and left-handedness. We
invited 106 individuals to the laboratory, of whom 14
had to be excluded, either because of disbelief of the

cover story (n = 3), misunderstanding of instructions
(n = 1), technical problems (n = 3), missing question-
naire data (n = 2), not enough artifact-free EEG trials
(n = 3), or because they fulfilled some exclusion criteria
(n = 2). This resulted in data of 92 participants for the
analyses (18 men and 74 women, mean age = 21.85
years, SD = 3.25 years). The power to detect correlations
between personality measures and neural measures in
each context group separately was .8 when assuming a
correlation of at least .39, which can be expected accord-
ing to former studies on social rejection (Cao et al.,
2015). All participants provided written informed consent
before participating in the study. The experiment was
carried out according to the Declaration of Helsinki
and approved by the ethics committee of the University
of Lübeck.

General Study Overview

Participants were invited to take part in a study introduced
to examine “how people get to know each other.” This was
meant to enhance the credibility of the social feedback
paradigm, which was the central experimental paradigm,
during which participants received the alleged feedback
of peers in the laboratory while their EEG was being
recorded. Before the actual measurement, participants
were first asked to create personal profiles and to rate
others’ profiles with regard to the question whether they
would want to meet each other in real life. They were also
told that they would be given the contact information of
those other participants with whom they had matching
positive ratings. This was done to enhance participants’
personal involvement. In the actual social feedback task
(see below), participants were presented with the alleged
feedback of their peers (whether they wanted to meet
them or not, in the following referred to as acceptance
or rejection). They were instructed that they would
receive feedback only from those whom they themselves
had given a positive rating to ensure their interest in the
feedback. As the main experimental manipulation, partic-
ipants were randomly assigned to one of two groups, of
which one group received mainly rejection and the other
group received mainly acceptance. In the following, the
personal profiles and the social feedback paradigm are
explained in detail.

Personal Profiles

Because of logistic reasons, participants did not rate the
profiles of real other participants but 200 fake profiles that
had been created by the experimenters. The profile con-
sisted of an avatar profile picture (chosen from 60 picture
options), a profile name, and the answers to two personal
questions (“In my next life, I will…” and “What do you
think is most overrated?”). The avatar profile picture
options were created with freely available online software
(https://j0e.org/tools/avatar-generator/). They were
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created to look androgynous to reduce possible gender
biases and had a wide variety of skin and hair colors. All had
a mildly smiling expression (see examples in Figure 1A).
Profile names were also created in a way that made a clear
gender attribution difficult. The answers in the ostensible
profiles were taken from real pilot participants, recom-
bined and completed by the authors. Pilot ratings con-
firmed that they made the impression to be authentic.

A few days before the laboratory experiment, participants
created a profile (analogous to the profile described above,
choosing their profile picture from the 60 picture options
created by the experimenters) at home that was then osten-
sibly shown to and rated by other participants with regard
to the question if they would like to meet them in real
life. There were two answer options, yes and no, to create
acceptance and rejection. At the same time, participants

themselves rated the profiles of 120 other ostensible partic-
ipants, which had been created by the experimenters
(80 additional profiles were rated later in the laboratory
because of time constraints). Later in the laboratory task,
participants were only shown the feedback of those other
participants who they themselves wanted tomeet according
to their ratings. To achieve a sufficient number of trials,
participants were therefore requested to rate at least half
of the other profiles with “yes”. The creation of the profile
and the rating of the others’ profiles were done using the
online survey platform SoSciSurvey (Leiner, 2019).

Social Feedback EEG Paradigm

Participants were presented with the ostensible feedback
of 100 other participating students. In each trial, the

Figure 1. (A) Trial structure of
the social feedback paradigm.
(B) Overview of analyses on the
average data. (C) Pathways to
be tested in the single-trial
analyses.
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profile of another ostensible participant was shown with
the question, “Do you think this person wants to meet
you?” and participants were instructed to press a button
on the keyboard to indicate their feedback expectations
(“yes” or “no”). There was no time restriction for providing
the answer. After the button press, there was a fixation
cross for 1000 msec, followed by the feedback that was
presented for 2500 msec, then followed by an intertrial
interval of 500 msec consisting of a gray screen. Accep-
tance and rejection was represented by orange and tur-
quoise circles, respectively (the meaning of the colors
was randomly assigned for each participant, resulting in
a distribution of the color conditions of 51% vs. 49% in
the negative context and 46.6% vs. 53.4% in the positive
context). The feedback was presented centrally with an
approximate visual angle of 5°. Participants were randomly
assigned to one of two groups, one that received mainly
rejections (negative context, 70% rejection, 30% accep-
tance) and one that received mainly acceptance (positive
context, 30% rejection, 70% acceptance). The experiment
was broken down into two blocks of 50 trials each.
Between the two blocks, there was a short break to give
participants the opportunity to relax their eyes. Trials
were presented in random order. The paradigm lasted
approximately 20 min.
Before the social feedback paradigm, participants stated

their expectations, how many of the other participants (in
percent) would want to meet them, on a visual analogue
scale (in the following referred to as “prior expectations”).
After the paradigm, participants were asked to estimate
how many of the other participants had wanted to meet
them (in percent) on the same visual analogue scale as
before (referred to as “feedback estimations”).
During the task, participants sat in a dimly lit, sound-

attenuated chamber, approximately 60 cm away from a
23-in. screen (Dell) on which feedback was presented.
The task was programmed in Psychtoolbox (Version
3.0.14, Kleiner, Brainard, & Pelli, 2007) in MATLAB
(Version 2015b, The MathWorks). For logistics reasons,
some of the experiments were conducted in a different
room, which was not sound-attenuated but otherwise very
similar using a 27-in. screen (Dell) and MATLAB Version
2017b. The trial structure is depicted in Figure 1A.

Personality Questionnaires

To assess the rejection sensitivity of the participants,
eight items from the German translation of the Rejection
Sensitivity Questionnaire (Downey & Feldman, 1996) by
Staebler et al. (2011) were used. These items consist of a
short description of a situation, in which people might be
rejected by others. Participants are asked how much they
would expect to be rejected in the situation (expectancy
scale) and how much they would worry about being
rejected in the situation (anxiety scale), both on a 6-point
Likert scale. We added a third question that asked how
angry they would be about being rejected in the situation

(anger scale). To obtain scores for anxious and angry rejec-
tion sensitivity, the scores from the expectancy scale are
multiplied with the scores of the anxiety and anger scales,
respectively, and averaged over all situations. Because of
time constraints, we did not use all items of the original
Rejection Sensitivity Questionnaire but chose only those
items that asked for situations with peer groups, unfamil-
iar peers, and friends (rather than romantic partners and
relatives) as our study dealt with feedback from unfamiliar
peers. Participants also filled in the German version of the
Brief Fear of Negative Evaluation Scale (Reichenberger
et al., 2016) and the Buss Perry Aggression Questionnaire
(Buss & Perry, 1992; German Version: Herzberg, 2003).
Moreover, before and after the social feedback paradigm,
they answered a state emotion questionnaire that was
developed for this study. These three questionnaires as
well as the angry rejection sensitivity scores are not fur-
ther evaluated here.

Experimental Procedure

As described above, participants rated 120 profiles at
home, filled in the personality questionnaires (see the Per-
sonality Questionnaires section) and were then invited to
the laboratory. To shorten the additional time needed to
complete the rating of the total 200 profiles, participants
rated another 80 profiles while the EEG recording was pre-
pared. When the EEG equipment was ready for measure-
ment, participants filled out an emotion questionnaire
(not further evaluated here) and then underwent the
social feedback paradigm. Afterward, participants filled
in the same emotion questionnaire again. After the social
feedback paradigm, participants performed a fight-or-
escape paradigm (Beyer, Buades-Rotger, Claes, & Krämer,
2017), the results of which will be presented elsewhere. In
the end, participants filled in a postexperimental question-
naire assessing their beliefs about the aim of the study
(Questions were as follows: “Did you notice anything spe-
cial about this part of the study?” and “What do you think
was examined in this part of the study?”). Finally, partici-
pants were fully debriefed about the deception and the
true aim of the study.

EEG Recordings

EEG data were recorded with 59 Ag/AgCl electrodes
placed on an elastic cap according to the international
10–20 system using BrainVisionRecorder ( Version
1.21.0102 or Version 1.20.081, BrainProducts GmbH). An
online reference electrode was placed on the left earlobe,
and an off-line reference electrode was placed on the right
earlobe. Additionally, horizontal and vertical EOG was
recorded with four electrodes placed next to the outer
corners of the eyes and above and below the left eye.
Sampling rate was 250 Hz, and data were recorded with
an online high-pass filter of 0.016 Hz and a notch filter
at 50 Hz. Impedances were kept below 5 kΩ.
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EEG Data Analysis

All preprocessing and averaging was done in EEGLAB
Version 14.1.2 and ERP-Lab Version 7.0.0 (Lopez-Calderon
& Luck, 2014; Delorme & Makeig, 2004). Data were rere-
ferenced to the right earlobe, and bipolar horizontal
and vertical EOG channels were computed. Afterward,
data were segmented into feedback-locked epochs of
3500-msec length (1000 msec before and 2500 msec after
the feedback onset). Consistently bad channels (based on
visual inspection) were interpolated (spherical interpola-
tion, on average 0.5 channels per participant), and data
segments with large artifacts were removed from the data.
Next, an independent component analysis (implemented
with the runica function in eeglab) was used for ocular
artifact correction. Independent component analysis
components that were clearly related to eye blinks or
horizontal eye movements based on topography and time
course were visually detected and removed (2.6 compo-
nents on average per participant). Afterward, data were
filtered with a 0.1-Hz high-pass filter and a 48-Hz low-pass
filter (finite impulse response filter, filter order = 8250,
hamming window). Next, data were baseline-corrected
to the 1000 msec before stimulus onset. Nonocular arti-
facts were rejected using a semiautomatic procedure. A
voltage threshold (between −60/60 μV and −85/85 μV)
was set for each participant in a way that all trials with arti-
facts were removed. If a large number of artifacts was
caused by a single channel, the channel was interpolated
(spherical interpolation, 0.14 channels per participant).
The number of rejected trials varied from 0 to 54% per
participant and valence and did not differ between condi-
tions (means: negative context/rejection 16%, negative
context/acceptance: 17%, positive context/rejection:
15%, positive context/acceptance: 18%).

Epochs time-locked to feedback presentation were
averaged for each participant for the four conditions vary-
ing on the two factors valence (rejection vs. acceptance)
and expectancy (expected vs. unexpected) separately.
The P3 was calculated as the mean amplitude at CPz
between 300 and 400 msec (Hajcak et al., 2010). Grand
averages of the potentials were calculated for each of the
context groups separately and additionally for the first
and the second half of the paradigm.

For the time–frequency analysis, single-trial data of all
electrodes were convolved with a complex Morlet wavelet
as implemented in MATLAB (function cwt with parameter
specification “cmor1–1.5”):

where fb = 1 is the bandwidth parameter and fc = 1.5 is
the wavelet center frequency. Specifically, for each sub-
ject, changes in time-varying energy were computed and
averaged (square of the convolution between wavelet
and signal) in the frequencies (1–40 Hz, linear increase)
for the 1500 msec after feedback onset with respect to a
baseline of 500–50 msec before feedback onset (van der

Molen et al., 2017; Teolis, 1998). Power values were con-
verted to decibel to make power values from different
frequency bands comparable (Cohen, 2014).

Statistical Analyses

Statistical analyses were carried out using R Versions 3.5
and 4.0 (R Core Team, 2020) and MATLAB Version 18b.
If assumptions for parametric tests were violated, non-
parametric alternatives were used. In cases of multiple
testing, Bonferroni correction was applied. All tests were
carried out two-tailed with an alpha level of .05. First,
analyses on the averaged behavioral and neural data are
described, followed by the single-trial analyses for single-
trial expectation changes and theta analyses (Figure 1B, C).
All raw data and the code for the preprocessing of EEG
data are available at https://osf.io/4jf6c/?view_only
=b56de4731a404a51a539f2e1966ec856.

Behavioral Data

As manipulation check, we tested if participants perceived
the acceptance rate differently in the two contexts. To that
end, the difference between prior expectations and the
estimated acceptance rate after the paradigm were com-
pared between the two contexts.
To assess possible biases in feedback expectations, a

bias score was calculated by subtracting the actual fre-
quency of acceptance (30% in the negative context, 70%
in the positive context) from the frequency with which
participants expected acceptance across trials. The bias
scores were tested against zero using one-sample t tests
for the two groups separately and compared between
groups using independent t tests. Moreover, absolute bias
scores were calculated for blocks of 10 trials. An ANOVA
with the factors Context and Block was calculated to assess
if possible differences in the bias scores were stable over
the whole paradigm.
To test whether rejection sensitivity predicted the

expectation bias during the feedback presentation, a linear
regressionmodel was used. To test whether this effect was
mediated via the expectations before receiving the feed-
back, these were entered as a mediator into the model.
As we assumed an interaction between prior expectations
and the actually received feedback, the context was
treated as a moderator of the relationship (Figure 1B).

ERP Data

To explore context group differences in P3 mean ampli-
tude to feedback, a 2 × 2 × 2 ANOVA with the within-
subject factor Feedback Valence (rejection vs. acceptance)
and Feedback Expectancy (unexpected vs. expected) and
the between-subject factor Context Group (negative vs.
positive) was conducted. To assess changes over time in
the two groups, a 2× 2×2ANOVAwith thewithin-subject
factor Valence and first versus second half of the paradigm
(to maintain enough trials per condition, the task was only
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separated in half ) and the between-subject factor Context
Group were computed. The factor Expectancy was
dropped here because we had no specific hypotheses
about the development of responses to unexpected ver-
sus expected feedback over time and to keep possible
interactions interpretable. To assess if biases in expecta-
tions were reflected in changes in ERPs, correlation analy-
ses were used: Residualized P3 amplitudes to rejection and
acceptance in the first and the second half were obtained
by calculating the residuals from regression models pre-
dicting each condition’s amplitude from the other three
conditions. These residualized P3 amplitudes were
correlated with the expectation bias during the task,
prior expectations, and rejection sensitivity. This was
done to control for effects of the other variables (similar
to a baseline correction) without the disadvantage of
inflating the measurement error by calculating difference
scores (Meyer, Lerner, Reyes, Laird, & Hajcak, 2017).

Time–Frequency Data

For the time–frequency data, we performed three analy-
ses. (i) Average analyses: We tested for feedback valence
and context differences in averaged power especially in
theta but also across the frequency range of 1–25 Hz. (ii)
Single-trial analyses: We assessed to what extent theta
power predicted changes in expectations of acceptance
or rejection. (iii) We did a control analysis to assess if theta
effects were attributable to objective feedback probability
only (single-trial analyses). We will explain each of these
analyses in the following.

(i) Condition Effects on Theta

To assess power differences between rejection and
acceptance and between the two contexts, a nonparamet-
ric permutation test was calculated for all time points
from 500 msec before feedback onset until 1500 msec
after feedback onset and for all frequencies between 1
and 25 Hz across all electrodes (Cohen, 2014). Nonpara-
metric permutation tests are well suited to account for
multiple comparison problems in testing EEG data (Maris &
Oostenveld, 2007). A null hypothesis distribution of double
difference values between the two contexts ((rejection −
acceptance)neg-context − (rejection − acceptance)pos-context)
was created by randomly shuffling the context value and
calculating difference values for this permutation and
repeating this process 1000 times. The empirical difference
value for a certain data point was considered significant if it
was greater than the 97.5th or smaller than the 2.5th per-
centile of the distribution. To control for the large number
of tests, a maximum value correction was used, which has
been described to be more conservative than a cluster
size correction (Cohen, 2014). In this way, we tested for
significant differences in theta power (4–8 Hz) in the first
500 msec after feedback onset at frontocentral electrodes,
where other studies found effects of valence (van der
Molen et al., 2017, 2018). Moreover, we explored if there

were significant differences between rejection and accep-
tance in other frequency bands and time windows. If
there were time–frequency clusters with significant dif-
ferences, post hoc t tests on the average activity in these
clusters (at the electrode with the largest effect) were
performed. Finally, the residualized average activity was
correlated with prior expectations, rejection sensitivity
and expectation bias.

(ii) Theta Activity and Changes in Expectations

As laid out in the Introduction, we expected that the
theta response to PEs relates to an adjustment of expec-
tations afterward. Specifically, we expected PEs to lead to
an expectation change mediated by theta power changes.
We thus set up a series of (generalized) linear mixed
models to test each path in the hypothesized model
(Figure 1C). In all of these models, the single trials were
treated as Level 1 units, which were nested in the partic-
ipants (Level 2 units). First, we tested whether PEs pre-
dicted a change in expectations from one trial to the next
and whether this was moderated by context, prior expec-
tations, or rejection sensitivity (Pathway 1; Figure 1C).
Second, we tested if theta was predicted by PE, possibly
moderated by context, prior expectations, and rejection
sensitivity (Pathway 2). Third, we tested whether theta
itself predicted changes in expectations (Pathway 3). If
all three pathways showed significant effects, this would
suggest that theta responses relate to the mechanism
that triggers changes in expectations.

An “expectation change” in trial t was coded as 1 if the
expectation in trial twas different from t− 1 and otherwise
coded as 0. The PE in trial t was coded as positive PE if
the participant had expected rejection but received
acceptance, as negative if the participant had expected
acceptance but received rejection, and as zero if the expec-
tations were fulfilled. (Note that this differs from classic
operationalizations of PE, as those usually do not include
subjective expectations directly but infer them from
choice behavior. We chose this operationalization as it
required no assumptions about how explicitly expressed
expectations relate to underlying gradual expectations.)
As this resulted in a factor with three levels, it was
dummy-coded, and zero PE was used as a reference cate-
gory. Note also that the PE combines the factors feedback
valence and expectation (similar to other EEG studies on
social feedback; e.g., van der Molen et al., 2017), and the
linear mixed models therefore assess effects of expecta-
tions on neural measures, which were ignored in the anal-
ysis of averaged data (analysis (i)). For the theta response,
we used the averaged theta power (4–8 Hz) in single trials
in the time window in which significant differences
between negative and positive contexts occurred in the
permutation test at the electrode where the effect was
largest. Single-trial power was calculated as explained
above but without baseline correction, as differences in
mean power between participants are controlled for by
the random intercepts in the model.
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To find the best model for each pathway, model averag-
ing of (generalized) linear mixed models was employed.
Model averaging helps to avoid difficult manual model
selection processes and thereby to select more robust
models in cases where a large number of models is plausi-
ble (Burnham & Anderson, 2004). Using the MuMIn
(Barton, 2020) and the lme4 (Bates et al., 2020) package
in R, the best averaged model for each of the three differ-
ent pathways was fitted as follows: (a) testing Pathway 1,
(b) predicting theta power from the variables contained
in the averaged model from Pathway 1, and (c) predicting
changes in expectations fromvariables contained in 1 and 2.

For each pathway, a full model containing all plausible
interactions and their subordinate effects was constructed.
Random effects were first optimized for a model contain-
ing all fixed effects (Zuur, Ieno, Walker, Saveliev, & Smith,
2009). Then, each plausible subordinate model (leaving
out one ormore predictors from the full model) was fitted.
Models were then compared using the Akaike information
criterion (AIC), and all models that had an AIC difference
of 2 or less from the best fitting model were averaged
(Burnham & Anderson, 2004). The averaged parameters
were then interpreted. For Pathway 1, a threefold interac-
tion between prior expectations, PE, and context, as well
as a threefold interaction between rejection sensitivity, PE,
and context were entered as plausible predictors in the full
model. The predictors for the other pathways resulted
from this first analysis as explained above.

Predictive model fit of the averaged models was calcu-
lated in three ways: First, the number of trials predicted
correctly was computed by binarizing predicted change
(probabilities to change > .5 ∼ change predicted, proba-
bilities < .5 ∼ no change predicted; Rana, Midi, & Sarkar,
2010). Second, the average absolute difference between
the predicted probability to change expectations and the
actual value of the trial (1 = change, 0 = no change) was
calculated as a more precise measure of model fit. For the
models predicting theta activity, the correlation between
measured and predicted theta activity was calculated as a
measure of prediction accuracy (note that this is similar to
R2; Kvålseth, 1985). To test if these predictive fit measures
were greater than chance, a null hypothesis distribution of
model fits was calculated by randomly shuffling the out-
come variable and calculating the same averaged models
and their predictive fit 500 times. If the percentage of cor-
rectly predicted trials in the real model was greater than
the 95th percentile of the null hypothesis distribution
and the average absolute difference was smaller than the
5th percentile of the null hypothesis distribution, predic-
tive model fit was considered greater than chance.

(iii) Control Analyses for Theta Activity

As the PE was confoundedwith the objective probability
of the feedback, a control analysis was run to test whether
theta activity could be better explained by this predictor
than by PE. To this end, linear mixed models containing
both PE and objective probability were calculated and

averaged as explained above. Again, trials (Level 1) were
nested in participants (Level 2). Objective probability
was calculated as the cumulative objective probability of
the feedback in a given trial. To get a stable estimate of
the first 10 trials, we added 10 artificial trials (50% accept-
ing) previous to the actual feedback trials, mimicking a
starting value of 0.5. To ensure the robustness of the find-
ings, the same analyses were repeated with slightly alter-
native approaches for calculating the objective probability:
cumulative probability without the artificial trials, objec-
tive probability smoothed over blocks of 10 trials, and
objective probability smoothed over blocks of 10 trials
with 10 artificial trials (50% accepting at the beginning).
The interaction between objective probability and context
was added in addition to the predictors revealed by the
main analyses explained above.

RESULTS

Randomization and Manipulation Checks

Prior expectations (Meanneg = 42, SD = 17.2; Meanpos =
41.7, SD= 16.6; see Figure 2A, box plots on the left side of
each context) and rejection sensitivity (Meanneg = 10.16,
SD = 3.95; Meanpos = 10.18, SD = 3.80) were both
normally distributed and showed a broad range in both
context groups. There were no differences between partic-
ipants in the context groups in expectations, t(89) = 0.09,
p= .93, r= .009 (Figure 2A) or rejection sensitivity before
the experiment, t(90) = 0.03, p= .98, r= .003. In the neg-
ative context, 31.9% of participants were currently in a
romantic relationship, 61.7% were single, and 6.4% stated
that they did not know their relationship status. In the pos-
itive context, 55.6% of participants were currently in a
romantic relationship, 40% were single, and 4.4% stated
that they did not know their relationship status. The
change from prior expectations to post feedback estima-
tions differed significantly between the two contexts. Par-
ticipants in the negative context stated that they had
received less acceptance than expected, and participants
in the positive context stated that they had received more
acceptance than expected (Mneg = −18.91, SD = 13.9;
Mpos = 20.96, SD = 17.6), t(83) = −12.00, p < .001, r =
.76 (see Figure 2A, right box plot in each context for mean
acceptance estimations after the paradigm).
Participants in the negative context expected signifi-

cantly less often acceptance than participants in the posi-
tive context already during the task, t(77.8) = −5.80, p <
.001, r = .55 (Figure 2A, box plots in the middle of each
context). However, the comparison of the bias scores
between the two groups showed that participants in the
negative context maintained a positive bias (M = 14.79,
SD = 14.34; one-sample t test: t(46) = 7.10, p < .001)
and participants in the positive context showed a negative
bias (M = −10.49, SD = 9.05; one-sample t test: t(44) =
−7.70, p < .001) and that these scores differed signifi-
cantly, t(78) = 10.20, p < .001, r = .75 (Figure 2B).
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Moreover, an ANOVA on the time course of the absolute
bias scores, averaging responses in 10 blocks of 10 trials
each, showed that the effect of Context was significant
throughout all blocks, F(1, 89) = 4.98, p = .028, η2g =
.021, and there was no interaction between Context and
Block, F(9, 801) = 0.77, p = .60, η2g = .005 (Figure 2B).
This result shows that participants in the negative context
overestimated the probability of acceptance more than
the participants in the positive context underestimated
it. Moreover, it ensures that participants’ bias in feedback
perception persisted across the experiment and did not
disappear with learning.

Prediction of Feedback Expectations by Rejection
Sensitivity and Prior Expectations

Themoderated mediation model (Figure 2C) showed that
rejection sensitivity negatively predicted the expectation
bias during the task (total effect = −0.92, SE = 0.32),
t(88) = −2.92, p = .004. Rejection sensitivity also pre-
dicted expectations before the task (a-path: b = −1.64,
SE = 0.43), t(88) = −3.82, p < .001, which in turn pre-
dicted the expectation bias during the task (b-path: b =
0.28, SE= 0.07), t(88) = 3.85, p< .001. Crucially, the indi-
rect effect of rejection sensitivity over prior expectations
on bias scores was also significant, indicating a mediated
effect of rejection sensitivity (beta = −0.46, SD = 0.17,
CI [−0.81, −0.15]). The direct effect of rejection sensitiv-
ity on the bias scores became nonsignificant when consid-
ering themediator, indicating a full mediation (b=−0.46,
SE = 0.32), t(87) = −1.46, p = .15. Participants with
higher rejection sensitivity thus expected less acceptance

in the beginning, which in turn led to a negative expecta-
tion bias during the experiment (Figure 2C).

The context also predicted the bias score (total effect =
−25.26, SE= 2.42), t(88) =−10.44, p< .001, but did not
moderate the mediated effect of rejection sensitivity
(direct effect = 0.36, SE= 0.59, t(87) = 0.61, p= .54; indi-
rect effect: beta = 0.06, SD=0.22, CI [−0.39, 0.53]). How-
ever, a separatemoderationmodel showed that the b-path
(predicting bias scores from expectations before the task)
was moderated by context (b = −0.52, SE = 0.12, t =
−4.16, p < .001). This indicated that prior expectations
influenced the expectation bias during the task stronger
in the negative than in the positive context (Figure 2C).

Condition Effects and Interindividual Differences
in the P3

The ANOVAon the P3 amplitude between 300 and 400msec
(Figure 3, top) showed a significant main effect of Valence,
F(1, 90) = 11.90, p < .001, η2g = .007, and a significant
interaction between Valence and Context, F(1, 90) =
101.80, p < .001, η2g = .054. All other main effects and
interactions were not significant (all p > .121, all η2g <
.020). Post hoc ANOVAs on the interaction between
Valence and Context showed that, in the negative context,
the P3 was lower after rejection than after acceptance, F(1,
46) = 108.00, p< .001, η2g = .109, whereas in the positive
context, the P3 was reduced after acceptance, F(1, 44) =
18.90, p< .001, η2g = .025. Moreover, the P3 amplitude for
rejection did not differ between contexts, F(1, 90) = 4.59,
p = .07, η2g = .049, whereas the P3 amplitude to accep-
tance was significantly higher in the negative than in the

Figure 2. (A) Expectations of acceptance prior, during, and estimations of received acceptance after the feedback presentation separately for the two
contexts. Gray lines depict scores of single participants. (B) Mean smoothed expectation bias (expected − received acceptance) over time in the two
contexts. (C) Results of the moderated mediation models predicting bias scores. Numbers are the unstandardized betas. *p ≤ .001.
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positive context, F(1, 90) = 7.06, p= .018, η2g = .073 (see
Figure 3B, bottom). In summary, P3 amplitudes were dif-
ferently sensitive to valence in the two contexts, which was
mainly due to different reactions to acceptance. Note also
that the effect size of the difference between rejection and
acceptance in the negative context was four times higher
than the effect size in the positive context. Measured in
microvolt, the mean difference in the negative context
was more than twice as high (−4.5 μV) as in the positive
context (2.2 μV), demonstrating stronger neural differen-
tiation between rejection and acceptance in the negative
context.

The ANOVA including the factor Time revealed an inter-
action between Time and Condition, F(1, 90) = 5.38, p=
.023, η2g = .004. The main effect of Time, F(1, 90) = 3.00,
p = .085, η2g = .002, and all other interactions with Time
(all p> .26, all η2g< .001) were not significant. The effect of
Time was present for the positive context, F(1, 44) = 6.48,

p= .028, η2g = .012, but not for the negative context, F(1,
46) = 0.22, p > 1, η2g = .0003. The effect in the positive
context was caused by smaller P3 amplitudes in the second
half of the task, indicating that in the positive context
amplitudes decreased over time, whereas they remained
stable in the negative context. None of the residualized
P3 amplitudes were significantly correlated with expecta-
tion bias, prior expectations, or rejection sensitivity (all r
< .25, all p > .1). Thus, the P3 did not reflect any of the
interindividual differences in behavior.

Time–Frequency Differences in Feedback
Processing between the Two Context Groups

When comparing the feedback valence differences
between the two context groups, we observed a significant
difference at 7–9 Hz from 100 to 348 msec at frontocentral
electrodes (largest effect at FCz; see Figure 4A, top left).

Figure 3. Grand averages of the P3 for rejection and acceptance in the two contexts. *p < .05, **p < .01, ***p < .001. The gray-shaded area depicts
the analyzed time window. Analyzed electrodes are marked in white.
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Figure 4. (A) Results of the permutation test for the time–frequency analyses for FCz and PO8. Time–frequency clusters surviving the maximum
value correction are outlined in white. Bottom: Topography of context differences (negative − positive) in the power difference (dB) between
rejection and acceptance for theta (left) and alpha (right) activity. Electrodes with significant differences in the whole time window are depicted in
white (lenient correction, significant differences in any of the frequencies) or in white and fat (strict correction, average over the frequencies is
significant in the whole time window). (B and C) Box plots of the average theta (B) and alpha (C) activity in the two contexts. Time course of theta
(B) and alpha (C) power for rejection and acceptance. Shaded areas depict standard errors.
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Theta power was higher for acceptance than rejection in
the negative context, with the opposite pattern in the pos-
itive context. Between 372 and 1044 msec, rejection
yielded higher power than acceptance in the 6–21 Hz
range in the negative context, with an opposite pattern
in the positive context. This effect was spread over all
electrodes with the largest effect at PO8 (see Figure 4A,
top right). We also observed a significant difference at
4 Hz from 136 to 480 msec that was maximal at C4, with
higher values for acceptance than rejection in the nega-
tive context, with the opposite pattern in the positive
context.

Based on these results, our hypotheses, and on canon-
ical definitions of frequency bands, two time–frequency
clusters were chosen for further post hoc and single-trial-
analyses (see Methods): a theta cluster (4–8 Hz, 100–
350 msec; see Figure 4A, bottom left) at FCz and an
alpha cluster (9–14 Hz, 450–800 msec; see Figure 4A,
bottom right) at PO8. t Tests on the average theta and
alpha activity in these clusters (Figure 4B) showed signifi-
cantly less theta power for rejection than for acceptance
in the negative context, t(46) =−5.10, p< .001, Cohen’s
d = −0.66 (Figure 4B, left) and significantly more for
rejection than for acceptance in the positive context,
t(44) = 5.58, p< .001, Cohen’s d= 0.5 (Figure 4B, right).
Comparing each valence between the contexts showed
that in response to rejection, participants in the negative
context showed significantly less theta power than partic-
ipants in positive context, t(68.9) = −2.80, p = .007,
Cohen’s d = −0.60, whereas in response to acceptance,
they showed significantly more, t(89.7) = 2.94, p = .004,
Cohen’s d = 0.62 (Figure 4B, top). In summary, in the
negative context, rejection trials elicited weaker early
frontal theta activity than acceptance trials, whereas par-
ticipants in the positive context showed the opposite
pattern.

The residualized average theta power assessed sepa-
rately for acceptance, and rejection was not correlated
with the expectation bias or rejection sensitivity (all r <
.28, all p > .069). Prior expectations were also uncorre-
lated with theta activity in acceptance trials in the negative
context (r = .09, p = .554), but in the positive context
there was a negative correlation of theta power to accep-
tance trials with prior expectations (r = −.46, p = .002),
meaning that participants who had expected more accep-
tance from the beginning showed weaker theta responses
to that feedback. A Fisher’s z test showed that these corre-
lations differed significantly from each other (z=2.72, p=
.003). The theta response to rejection did not correlate
with prior expectations in either context (negative con-
text: r = −.06, p = .67; positive context: r = .010, p =
.94). The correlation between prior expectations and theta
to acceptance in the positive context was also significantly
higher than the correlation between prior expectations
and theta to rejection (z=−2.04, p= .041). Summarizing,
theta power was largest for the infrequent, unexpected
feedback condition in both contexts, and interindividual

differences in prior expectations led to differential theta
responses to acceptance in the positive context.
Looking at alpha power (Figure 4C), rejection elicited

significantly stronger responses than acceptance in the
negative context, t(46) = 7.71, p < .001, Cohen’s d =
0.88 (Figure 4C, left), but the opposite was true in the
positive context, t(44) = −4.55, p < .001, Cohen’s d =
−0.55 (Figure 4C, right). Alpha power in response to
rejection was significantly higher in the negative than in
the positive context, t(89.3) = 4.60, p < .001, Cohen’s
d= 0.97, whereas in response to acceptance, it was signif-
icantly lower, t(89.4) = −2.39, p = .019, Cohen’s d =
−0.5 (Figure 4C, top). Looking at the alpha time course
(Figure 4C, bottom) revealed that both groups showed
first a power decrease and then an increase, which
differed between rejection and acceptance. In summary,
the negative context showed a stronger alpha increase and
less theta activity for rejection compared with acceptance,
whereas the positive context showed the opposite effect.

Models for the Relationship between PE, Theta
Power, and Changes in Expectations

We had hypothesized that theta would be increased for
PEs and would relate to changes in expectations elicited
by PEs. The first theta results were consistent with this,
as theta was differentially modulated by feedback in the
two contexts. We thus proceeded to formally test our
hypothesis using (generalized) linear mixed models.

Averaged Model for Pathway 1

We first tested on the behavioral level, if PEs triggered
changes in expectations, possibly moderated by context,
prior expectations, and rejection sensitivity. The optimi-
zation of random effects showed that a model with
random slopes for the PE was better than one without
(AIC difference = −90); therefore, random slopes for
PE were included in all models (note that these are not
calculated for the averaged model though). Two models
had an AIC difference smaller than 2 to the best model,
and these three models were averaged (see Table 1,
Rows 1–3).
The model average is summarized in Table 2 (Rows 1–

14). The averaged model contained a significant threefold
interaction between prior expectations, negative PE, and
context (Table 2, Row 13). To understand this interaction
better, themodel was calculated again for the two contexts
separately (expectation change depending on prior expec-
tations, PE, and context plotted in Figure 5A). In the neg-
ative context, positive (b = 0.33, SE= 0.14, z = 2.41, p=
.016) as well as negative (b = 0.76, SE = 0.15, z = 4.94,
p < .001) PEs predicted more changes in expectations
than zero PEs. However, participants with more negative
prior expectations changed their expectations more often
after negative PEs (b = −0.43, SE = 0.09, z = −4.83, p <
.001; Figure 5A, left). In addition, participants with more
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positive prior expectations changed their expectations
generally more often (b = 0.12, SE = 0.05, z = 2.64,
p = .008). In contrast, participants in the positive con-
text changed their expectations only more often after
positive than after zero PEs (b = 1.02, SE = 0.13, z =
8.11, p < .001), whereas all other factors did not predict
changes in expectations (see Figure 5A, right).
In summary, participants in the two contexts used PEs,

that is, subjectively unexpected feedback, differently to
change their expectations. Specifically, participants in
the negative context used negative as well as positive
PEs to guide their expectation changes, whereas in the
positive context, they used only positive PEs. Importantly,
although interindividual differences had less of an impact
in the positive context, the usage of PEs depended on
interindividual differences in expectations before the task
in the negative context (see Figure 5A). In the Pathway 2
model, we therefore explored possible neural underpin-
nings of these differences by testing whether theta
responses to PEs were modulated in a similar way as
changes in expectations by context and prior expectations.

Averaged Model Pathway 2

As detailed above, we hypothesized that the same predic-
tors that predicted expectation changes should also pre-
dict theta responses. Therefore, the predictors from the
averaged model from Pathway 1 were entered in the full
model to predict theta activity (Table 1, Rows 4–5). Again,
a full model containing random slopes for PE was better

than one without (AIC difference = −26); therefore, ran-
dom slopes for PEs were included. The averaged model is
summarized in Table 2 (Rows 15–23), which included a
positive effect of positive PEs on theta responses and an
interaction of context with both types of PE.

To test if this interaction between PE and condition (see
Figure 5B) was solely attributable to the different objective
probability of the feedback (as this influenced also the
probability of specific PEs) in the two contexts, we con-
ducted a single-trial control analysis with objective proba-
bility (see Methods), PE, and the interaction of both
variables with context as predictors for theta activity.
Objective probability was group mean centered.

Again, optimization of random effects showed that the
best random effects structure contained random slopes
for PE. The averaged model showed that negative PEs
and objectively less probable feedback predicted stronger
theta activity (see Table 3 for summary of models included
in the average and Table 4 for parameters of the averaged
model). As the effect of positive PEs and the interaction
between PE and context disappeared, the control analysis
suggests that these effects were only due to the different
objective probability of PEs in the two contexts. However,
the results also show that negative PEs predicted theta
responses in addition to objective probability (as the
effect became significant when including this predictor).

The influence of PEs on theta was different than their
influence on behavioral changes in expectations: In both
contexts, only negative PEs triggered a theta increase
(see Table 4, Rows 3–4). In contrast, positive PEs

Table 1. Overview over Averaged Models for the Three Pathways

Parameters Included in Model df AIC
Weight

(in Average)
Weight

(in Full Model Set)

Model Pathway 1

Context, PE, prior, context × PE, context × prior,
PE × prior, context × PE × prior

18 10080.85 0.49 0.39

Context, PE, RS, prior, context × PE, context × RS,
context × prior, PE × prior, context × PE × prior

20 10081.69 0.32 0.26

Context, PE, RS, prior, context × PE, context × prior,
PE × prior, context × PE × prior

19 10082.66 0.20 0.16

Model Pathway 2

Context, PE, RS, context × PE, context × RS 15 39609.16 0.72 0.42

Context, PE, prior, RS, context × PE, context × RS 16 39611.07 0.28 0.16

Model Pathway 3

Context, theta, context × theta 5 10436.85 0.70 0.42

Context, theta, context × theta, prior 6 10438.52 0.30 0.18

PE = PE in trial t − 1; prior = prior expectations; RS = rejection sensitivity.
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triggered changes in expectations in both contexts (see
Figure 5A). Negative PEs lead to expectation changes
only in the negative context. Hence, effects of PE on
theta and expectation changes were comparable only in

the negative context. Therefore, in the Pathway 3 model,
we tested the hypothesis that the theta response to neg-
ative PEs predicts changes in expectations only in the
negative context.

Table 2. Model Terms of the Averaged Models (Full Average)

Fixed Effects b SE z p

Model Pathway 1

Intercept −0.24 0.18 1.32 .19

Context 0.01 0.11 0.12 .90

PE-negativet−1 1.33 0.32 4.22 <.001

PE-positivet−1 −0.39 0.29 1.32 .18

Prior 0.24 0.11 2.20 .028

RS −0.15 0.30 0.49 .62

Context × PE-negativet−1 −0.59 0.20 2.90 .004

Context × PE-positivet−1 0.71 0.18 3.87 <.001

Context × prior −0.11 0.07 1.60 .11

Context × RS 0.12 0.21 0.56 .58

Prior × PE-negativet−1 −0.81 0.19 4.29 <.001

Prior × PE-positivet−1 0.17 0.18 0.94 .35

Context × prior × PE-negativet−1 0.38 0.12 3.10 .002

Context × prior × PE-positivet−1 −0.09 0.11 0.81 .42

Model Pathway 2

Intercept 0 0 – –

Context 0.08 0.07 1.23 .22

PE-negativet 0.00 0.04 0.013 .98

PE-positivet 0.18 0.04 4.16 <.001

Prior −0.03 0.06 0.47 .64

Context × PE-negativet 0.08 0.04 2.00 .046

Context × PE-positivet −0.15 0.05 3.29 <.001

RS −0.23 0.21 1.10 .27

Context × RS 0.30 0.20 1.49 .14

Model Pathway 3

Intercept −0.02 0.06 0.41 .68

Context 0.11 0.08 1.33 .18

Theta 0.03 0.01 3.22 .001

Context × theta −0.03 0.01 2.58 .01

Prior 0.04 0.15 0.29 .78

PE-negativet−1 = effect of negative versus zero PE in previous trial; PE-positivet−1 = effect of positive versus zero PE in trial t−1; prior = prior
expectations; RS = rejection sensitivity.
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Averaged Model Pathway 3

For Pathway 3, we thus used amodel with a threefold inter-
action between prior expectations, theta, and context as
the full model, as it was hypothesized that the extent to
which theta is relevant for changes in expectations
depends on context and prior expectations. No random

slopes for theta were included, as the full model with ran-
dom slopes had a worse model fit than the one without
(AIC difference = 1.7). The averaged model was calcu-
lated from two models (overview in Table 1, Rows 6–7
and results from averaged model in Table 2, Rows 24–
28). This averaged model showed that theta predicted
expectation changes in the negative context only (b =

Figure 5. (A) Pathway 1 results: Percentage of trials t in which expectations were changed, depending on prior expectations, PE in trial t − 1, and
context. (B) Pathway 2 results: Model predicted theta activity in trial t. (C) Pathway 3 results: Model predicted probability to update in trial t + 1 for
the two contexts. The lines depict the mean in the two contexts. (A–C) Dots display values of single participants and trials. (D) Summary of the results
of the three pathway models: Arrows from one variable to the other depict significant positive effects in the final model. Arrows pointing toward
another arrow depict a significant moderating effect of the variable at the arrow’s origin.

Table 3. Overview over Averaged Models for Theta Control Analyses

Parameters Included in Model df AIC
Weight

(in Average)
Weight

(in Full Model Set)

Context, objective probability, PE,
context × objective probability

13 39571.50 0.53 0.49

Objective probability, PE 11 39573.04 0.24 0.23

Context, objective probability, PE 12 39573.14 0.23 0.22
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0.029, SE=0.009, z= 3.31, p< .001; positive context: b=
−0.006, SE = 0.010, z = −0.57, p = .57) but that prior
expectations did not moderate this effect (Figure 5C). This
suggests that theta power indeed drives changes in expec-
tations, but only in a rejecting context and unrelated to
prior expectations. Lastly, we calculated the predictive
model fit for all the averagedmodels (seeMethods), which
was found to be better than chance for all models (see
Table 5).

Taken together, the models provide evidence that PEs
are relevant for changes in expectations, but differently so
in a rejecting versus an accepting context, and that the use
of PEs is modulated by interindividual differences only in a
rejecting context. Also, theta responses predicted changes
in expectations only in the negative context, but unrelated
to interindividual differences in prior expectations. The
theta results can thus not fully explain the behavioral
effects (Figure 5D).

DISCUSSION

People have different expectations about being rejected or
accepted by others and thus likely respond differently to
social situations that meet or do not meet these expecta-
tions. How the social situation and interindividual differ-
ences in rejection sensitivity interact in shaping the
response to social rejection has not been researched in
detail before. Therefore, in a between-subject design, we
presented 92 participants with either mostly rejection or
mostly acceptance from peers and measured changes in
their rejection expectations and neural response to feed-
back with EEG. Interindividual differences in trial-by-trial
expectation changes emerged only in the context with
high rejection rates. Neural responses to feedback (P3,
theta) showed an inverse pattern to acceptance and rejec-
tion in the two groups, indicating that they signal feedback
probabilities and deviation from expectations rather than

Table 4. Parameters of the Averaged Linear Mixed Model Predicting Theta Activity

Predictor b SE z p

Intercept 20.59 0.37 55.13 < .001

Objective probability −2.33 0.45 5.31 < .001

PE-negativet 0.63 0.14 4.66 < .001

PE-positivet 0.24 0.14 1.70 .090

Context 0.47 0.52 0.88 .38

Context × objective probability 0.56 0.72 0.79 .43

PE-negativet = effect of negative versus zero PE; PE-positivet = effect of positive versus zero PE.

Table 5. Predictive Model Fit for the Averaged Models

Pathway

1 3 2

% Responses (change vs. no change) predicted correctly 63.5% 56.7%

95th percentile of null hypothesis distribution 55% 54.2%

Maximum value of null hypothesis distribution 56.4% 55.3%

Average residuals of model predictions 0.455 0.488

5th percentile of null hypothesis distribution 0.496 0.498

Minimum value of null hypothesis distribution 0.495 0.496

Accuracy (r) 0.64

95th percentile of null hypothesis distribution 0.082

Maximum value of null hypothesis distribution 0.16

Average residual = average absolute difference between actual expectation change (“0” or “1”) and model predicted probability to change; r =
Pearson’s r for correlation between predicted and measured theta values.
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being merely a social threat detection signal. Interestingly,
neural feedback processing differentiated more between
rejection and acceptance when the probability to be
rejected was high. Moreover, theta power to feedback
predicted expectation changes in the next trial only in
the negative context. However, this finding was unrelated
to the interindividual differences in learning from social
feedback. We conclude that the behavioral and neural
responses to social rejection strongly depend on the con-
text and that people’s expectations to be rejected matter
mainly in threatening social situations. Our results clarify
how social rejection expectation biases are maintained
or discarded in different social situations. Moreover, we
show that these expectation biases are not linked to a
biased neural representation of rejection probability.
These findings add to comprehending difficulties of peo-
ple with high rejection sensitivity.

Effects of Social Context and Prior Expectations on
the Behavioral Response to Social Feedback

Manipulation checks showed that our paradigm created a
rejecting social situation, as participants in the negative
context clearly stated that they had been mostly rejected
after the paradigm. Interestingly, despite realizing the
rejection, participants stayed optimistic during the exper-
iment, as indicated by the positive expectation bias scores.
In contrast, participants in the positive context already
adapted their expectations during the experiment toward
the high rate of acceptance, although expectations here
remained slightly less positive than the actual acceptance
rate. However, this underestimation of acceptancewas sig-
nificantly smaller than the overestimation in the negative
context. This shows that, on average, people maintain an
optimistic bias even in an overall threatening context,
whereas in a friendly situation, they adjust their expecta-
tions toward the situation but stay a little pessimistic.
These results critically extend prior work, as former stud-
ies did not manipulate the overall probability of social
rejection (van der Veen et al., 2019; Kortink et al., 2018;
van der Molen et al., 2017, 2018; Koban et al., 2017; Cao
et al., 2015; Dekkers et al., 2015). It has to be noted though
that, as participants were told to rate at least 50% of the
profiles with “Yes, I want to meet this person,” when pre-
paring for the task, a pragmatic, unbiased expectation
before and during the task would have been to expect
acceptance in at least half of the trials. However, only
45% of participants followed this reasoning in their expec-
tations before the task.
Importantly, the higher people’s rejection sensitivity

was, the lower was their optimistic bias in the negative
context, which was mediated by prior expectations. Rejec-
tion sensitivity thus drives expectations before encounter-
ing a social situation, and if these negative expectations are
met, they are maintained throughout the situation. Con-
trary to prior findings (Olsson, Carmona, Downey, Bolger,
& Ochsner, 2013), even people with high rejection

expectations were able to change their negative expecta-
tions when they were clearly disconfirmed in our study.
This is reflected in their high acceptance expectations in
the positive context. This advances the understanding of
rejection sensitivity, as to our knowledge no study so far
has examined changes in rejection expectations in people
with high rejection sensitivity after experiencing accep-
tance as compared with rejection.

Effects of Social Feedback on P3

The P3 results confirmed our hypothesis of higher P3
amplitudes for objectively less probable feedback, which
is in line with former studies showing a higher P3 for unex-
pected or infrequent (also nonsocial) stimuli (Dekkers
et al., 2015; Gutz et al., 2015; Duncan-Johnson &Donchin,
1977). In contrast, the smaller difference in subjective
probability between rejection and acceptance in the neg-
ative context was not reflected in a weaker differentiation
between acceptance and rejection in the P3. On the con-
trary, the P3 difference was much stronger in the negative
than in the positive context, with the effect size of the P3
amplitude being nearly four times higher compared with
the positive context. Importantly, if the differences found
in EEG parameters were solely attributable to stimulus fre-
quency, they should be exactly reversed in the two con-
texts. The greater differentiation in the negative context
suggests that valence is processed more in a threatening
social context, where it is more relevant to accurately mon-
itor social feedback (Bennett, Sasmita, Maloney, Murawski,
& Bode, 2019; Syrjämäki & Hietanen, 2019; Sacco, Wirth,
Hugenberg, Chen, & Williams, 2011; Bernstein, Young,
Brown, Sacco, & Claypool, 2008; Pickett et al., 2004).

Some former studies that analyzed averaged EEG
responses to social feedback found no modulation of P3
in healthy samples with a broad range of rejection sensitiv-
ity (Kortink et al., 2018; van der Molen et al., 2018; Leitner
et al., 2014). In contrast to these former studies, our study
directly linked single-trial behavioral and EEG responses
to social feedback in a large sample. Thereby, it revealed
behavioral differences between people with high and low
initial social expectations that were not detected in former
studies. At the same time, our results confirmed that these
differences are decoupled from P3 responses to social
feedback. This is surprising, given the sensitivity of this
neural marker to subjective expectations in other contexts
(Polich, 2007; Duncan-Johnson&Donchin, 1977) and sug-
gests that neural processes other than those linked to the
representation of feedback probability might be changed
in people with strong expectation biases. These biases
might occur when expressing expectations, rather than
in the expectations themselves (Will et al., 2020). RT data
from one social feedback study suggest that people with
high fear of negative evaluation take longer to state their
expectations of being rejected or accepted, hinting to dif-
ferences in decision-making processes when explicitly
stating expectations (van der Molen et al., 2014).
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Alternatively, feedback probabilities might first be repre-
sented accurately, as indexed by the P3, but later reap-
praisal processes might change subjective feedback
probabilities toward the initial expectations, which then
determine the expectations in the next trial. Similar pro-
cesses have been observed in people with depression,
namely, the negatively biased reappraisal of performance
feedback that disconfirmed their negative self-view (Kube
& Rozenkrantz, 2021; Kube et al., 2019). Future studies
need to examine these possibilities, for example, by
manipulating or explicitly assessing decision-making or
reappraisal processes and their neuralmarkers like the late
positive potential (Hajcak et al., 2010).

Effects of Social Feedback on Theta and
Alpha Activity

Another prominent neural response to social feedback
was a theta power increase around 100–350 msec over
frontal areas. This replicates results from former studies
using social feedback paradigms (Harrewijn et al., 2018;
Kortink et al., 2018; van der Molen et al., 2017, 2018; van
Noordt, White, Wu, Mayes, & Crowley, 2015; Leitner et al.,
2014). Extending these former results, we show how the
social context modulates theta responses to rejection
and acceptance. In the positive context, rejection elicited
stronger theta responses than acceptance, which is similar
to former studies using equal probabilities for rejection
and acceptance (Harrewijn et al., 2018; Kortink et al.,
2018; van der Molen et al., 2017, 2018; Leitner et al.,
2014). However, this pattern was reversed in the negative
context, which implies that social rejection does not
always evoke stronger theta responses than acceptance,
as other social feedback studies have concluded, but that
theta responses depend on the social context (van der
Molen et al., 2017; van Noordt et al., 2015). Specifically,
theta responses in our study were stronger for the more
improbable feedback in each context. Moreover, theta
responses seem to be driven by the subjective experience
of the probability as we found correlations with interindi-
vidual differences in subjective probability of acceptance:
Participants with higher prior expectations of acceptance
showed weaker theta responses to that feedback. We can
thus conclude that theta to social feedback does not
primarily signal social threat but subjective expectation
violations. Therefore, it is unlikely that it directly relates
to the dACC activity found in response to social pain
(van der Molen et al., 2017; Eisenberger, 2015a).

Apart from the hypothesized theta effects, we found a
striking valence effect on alpha power in the two context
groups. Alpha increased after rejection feedback in the
negative context and after acceptance feedback in the
positive context. The first finding might reflect faster
disengagement of cortical areas from the processing of
rejection (Palva & Palva, 2011; Klimesch, Sauseng, &
Hanslmayr, 2007). Occipital alpha has also been linked
to visual attention and more generally to vigilance effects

(van Driel, Ridderinkhof, & Cohen, 2012; Macdonald,
Mathan, & Yeung, 2011; Sadaghiani et al., 2010). Stronger
alpha responses to rejection in the negative context
and vice versa might thus be due to less attention directed
to the more probable feedback. Future studies should
examine the specificity of these effects for social feed-
back processing.

Changes in Expectations and Single-trial Theta
Response to Social Feedback

We had hypothesized that rare rejections in the positive
context would be largely ignored in learning, whereas rare
acceptance in the negative context would be weighed
more to maintain positive expectations. Indeed, we found
that the overall probability of rejection in a social situation
modulated how people changed their expectations from
trial to trial. Specifically, participants used negative as well
as positive PEs to change their expectations in the negative
context, whereas only positive PEs were used for learning
in the positive context. As hypothesized, how people
changed their expectations from trial to trial was also influ-
enced by prior expectations. Interestingly, these interindi-
vidual differences were only relevant when probability of
rejection was high, analogue to the results from the mod-
erated mediation model on the averaged expectations dis-
cussed above. Only in the negative context, the more
rejection people expected from the beginning, the more
often they changed their expectations after negative PEs.
This extends previous work showing that people with

social anxiety disorder show greater learning rates for neg-
ative social feedback when changing their self-evaluation,
but their learning rates for positive feedback do not differ
from those of healthy controls (Koban et al., 2017). Main-
taining an optimistic bias even when being continuously
rejected might be a coping mechanism that people with
high rejection sensitivity lack (Tanaka & Ikegami, 2015;
Maner, DeWall, Baumeister, & Schaller, 2007). Our results
show that this is achieved by disregarding negative PEs in
learning, even if they are very frequent. This implies that to
change their negative expectations, people with high
rejection sensitivity might have to learn to ignore social
rejection signals, rather than to attend more to social
acceptance signals.
To examine what predicted these differential changes in

expectations on the neural level, we analyzed the theta
response to PEs. Stronger theta responses were found to
predict greater expectation updates in former studies and
were thus considered a neural substrate of using PEs for
learning (Luft, 2014; Cavanagh, Frank, Klein, & Allen,
2010). Although the second linear mixedmodel suggested
that PEs elicited theta responses differentially in the two
contexts, control analyses showed that the interaction
effects between PE and context on theta could be better
explained by a negative effect of the objective probability
of the feedback and an additional positive effect of nega-
tive PEs, which were unmodulated by context. This
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suggests that the theta response encodes unsigned PEs
(“surprise” or stimulus improbability) as well as specifically
negative PEs, which has been previously suggested for
social feedback (Kortink et al., 2018; van der Molen
et al., 2017). Former studies on nonsocial feedback have
either shown a similar effect (Cavanagh, Figueroa, Cohen,
& Frank, 2012) or found that midfrontal theta responds
only to negative PEs (Cohen, Elger, & Ranganath, 2007).
The reasons for these diverging results are not fully
understood yet. One reason might be a different operatio-
nalization of PEs. Often, PEs are inferred from objective
probabilities or the selection history of the participant. In
contrast, we defined PE as deviation from participants’
explicit subjective expectations in a specific trial. We can
therefore extend former results on the link between theta
and single-trial PEs by showing that, in addition to the
objective probability of the feedback, theta encodes
negative deviations from subjective expectations (Paul
& Pourtois, 2017; Janssen, Poljac, & Bekkering, 2016;
Mas-Herrero & Marco-Pallarés, 2014; Cavanagh et al.,
2010).
Finally, we showed that theta responses indeed pre-

dicted changes in expectations, but only in the negative
context. This implies that theta responses reflect the rele-
vance of PEs for learning also for social feedback, as has
been shown for nonsocial feedback before (Luft, 2014;
Cavanagh et al., 2010; Marco-Pallares et al., 2008). How-
ever, contrary to our hypothesis, theta responses and their
relevance for expectation changes were not modulated by
interindividual differences in prior expectations. Instead,
people with low rejection expectations show the same
theta response to PEs as people with strong rejection
expectations, but it does not lead to expectation changes
(see Unger, Heintz, & Kray, 2012, for similar results on
punishment sensitivity, error negativity, and learning
accuracy). Our findings critically advance our understand-
ing of the role of midfrontal theta in learning from social
feedback. Specifically, they challenge the view of theta as a
social threat detection marker. In contrast to the sensitiv-
ity for the subjective probability of acceptance found in
the positive context, theta shows no sensitivity for inter-
individual differences in responses to rejection, thereby
confirming other studies on social feedback and theta
(Kortink et al., 2018). Similar to the P3, theta responses
might reflect early, automatic feedback processing, which
contributes only partly to the putatively more complex
development of expectation biases.

Limitations

Our paradigm did not include a nonsocial control condi-
tion, as the task was embedded in a larger study and an
additional condition was not feasible. Therefore, we can-
not claim specificity of the above detailed differences
between people with high and low rejection sensitivity
to responses to social feedback. However, our behavioral
results align with other studies that did include nonsocial

control conditions and showed the specificity of interindi-
vidual differences for social stimuli (Will et al., 2020;
Koban et al., 2017). In addition, one nonsocial reward
learning study with a roughly comparable context manip-
ulation showed partly different ERP results, although it
focused on the feedback-related negativity (Holroyd,
Nieuwenhuis, Yeung, & Cohen, 2003). In conclusion,
although we show robust effects for social feedback, this
specificity has to be confirmed in future studies.

Furthermore, recently, methodological concerns have
been raised regarding the causal interpretation of tradi-
tional mediation analyses (Lange, Hansen, Sørensen, &
Galatius, 2017; Fritz, Kenny, & MacKinnon, 2016). We
therefore want to stress that we do not claim that the
mediation of the effect of rejection sensitivity over prior
expectations on the expectation bias is necessarily a (or
even the only) causal path. Self-reported general rejection
sensitivity and social expectations in a specific situation are
rather both manifestations of the underlying personality
than cause and effect.

Moreover, although we enhanced the personal rele-
vance of the feedback by informing participants that they
would receive contact details of their “matches,” it remains
unknown how comparable abstract social feedback cues
are to the complex social signals people receive in real life.
Especially, natural social signals are often more ambigu-
ous, which probably leads to greater differences in their
interpretation between people with different rejection
expectations (Zimmer-Gembeck & Nesdale, 2013).

Conclusion

Our findings showhow social context and personality influ-
ence responses to social rejection. Trial-by-trial dynamics
reveal how people with low rejection expectations tend
to ignore experienced rejection to uphold their optimistic
bias. Interestingly, P3 and theta responses to social feed-
back do not relate to these expectation biases. Instead,
the sensitivity of the P3 to valence is enhanced in a context
with high rejection probability, indicating a greater need to
monitor feedback in a threatening social situation (Pickett
et al., 2004). Similar to nonsocial learning, midfrontal theta
plays a role in learning from social PEs (Luft, 2014;
Cavanagh et al., 2010). Our study highlights how the con-
sideration of social context, personality, and development
of neural and behavioral responses to feedback over time
can help to understand and potentially counteract detri-
mental and persistent rejection expectations.
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