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The salience of self, not social 
pain, is encoded by dorsal anterior 
cingulate and insula
Irene Perini, Per A. Gustafsson, J. Paul Hamilton, Robin Kämpe, Maria Zetterqvist &  
Markus Heilig

The human neural correlates of social rejection have attracted significant research interest, but 
remain subject to vigorous debate. Specifically, it has been proposed that a matrix of brain regions 
overlapping with the classical pain matrix, and including the dorsal anterior cingulate cortex (dACC) and 
the anterior insular cortex (AI) is critical for processing of social rejection. The present study expands 
on this conceptualization, by showing that these areas are involved in processing of self-relevant 
social evaluation, irrespective of valence. Forty healthy adolescents (N = 20 females) were tested in 
a magnetic resonance imaging (MRI) scanner. We used a novel paradigm that balanced participants’ 
experience of rejection and acceptance. In addition, the paradigm also controlled for whether the social 
judgment was towards the participants or towards other fictitious players. By creating a “self” and 
“other” distinction, we show that right AI and dACC are involved in processing the salience of being 
judged by others, irrespective of the quality of this judgment. This finding supports the idea that these 
regions are not specific to social rejection or even to pain or metaphorically painful experiences, but 
activate to self-relevant, highly salient information.

Social interactions are critical for health and well-being in humans and other group-living primates. Adolescence 
is a particularly sensitive period in this regard, with peer-relations becoming increasingly important during 
this developmental stage1,2. The desire for peer approval plays an important role in identity development and 
self-esteem during adolescence1,3. The transition from childhood to adolescence is also accompanied by unique 
cerebral changes. Regions involved in executive control processes such as response inhibition and working 
memory, mature late in adolescence. Neurodevelopmental changes are not limited to prefrontal regions but are 
widespread in the brain. Recent evidence highlights the relationship between networks, suggesting that during 
adolescence cross-network interaction becomes more specialized4. These networks, which are well characterized 
in adults, support executive control, internalization, and sustained attention. Without fully-developed strategies 
for regulating affective experiences or evaluating risk, adolescents can be considered especially vulnerable to 
social adversities, such as negative social evaluation and peer rejection5.

The ability to evaluate information that signals social acceptance or rejection is critical for successful socializa-
tion. Social rejection is associated with detrimental emotional6,7 and cognitive8 effects. Understanding its impact 
on the brain is therefore an important research goal for social neuroscience, and has broader implications for 
mental health research9.

Simulating social interactions in a functional neuroimaging environment requires a trade-off between 
real-world validity and experimental control, posing a challenge to research aimed at identifying neural mecha-
nisms of social rejection and its consequences. One of the most widely used approaches to address this challenge 
is the Cyberball task. In this paradigm, participants engage in a ball-tossing game with two simulated online 
players. During the game, participants are initially included in the ball-tossing, but then become increasingly 
excluded10. This task has shown strong construct validity, as it consistently induces negative emotional states fol-
lowing rejection11–13. The Cyberball task has been widely used in functional magnetic resonance imaging (fMRI) 
investigations of social rejection14–17.

A pioneering study that used the Cyberball task reported activation of the dorsal anterior cingulate cortex 
(dACC) and anterior insula (AI) during epochs of rejection. Moreover, this dACC activation was found to be 
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correlated with self-reported levels of distress in response to rejection17. As AI and dACC activity is classically 
observed in response to physical pain, it was therefore suggested that physical and psychological pain share brain 
structures18. This conceptualization has a strong intuitive appeal, in part because many languages use metaphors 
of physical pain to express the subjective experience of interpersonal loss and rejection19. Physical and social pain 
also engage some of the same endocrine mediators; for instance, endogenous opioids and oxytocin have analgesic 
effects20–22 but also mediate attachment behaviors23–25.

Subsequent research has, however, led to a vigorous debate regarding the relation between the neural sub-
strates of physical and social pain. While it is clear that social processes can result in activation of structures that 
overlap with “the physical pain matrix”—i.e. the AI and dACC—more recent data have called into question both 
the extent of this overlap14–16, and also whether it is specific for the experience of rejection26–30.

AI and dACC are involved in multiple, complex cognitive functions. In particular, since the pioneering stud-
ies of Eiseberger et al.17, it has become clear that AI and dACC are key nodes of the salience network31,32, a set 
of interconnected brain structures involved in switching between internal and externally directed psychological 
processes33,34. Balancing the salience of experimental conditions has therefore become crucial for understanding 
the specificity of brain responses to social interactions. A recent study capitalized on a design in which negative 
and positive social feedback was made equally salient. Prior to the scan, the participants made a short video in 
which they talked about themselves, and this was then evaluated by a panel of judges while the subject was in the 
scanner. Using a conjunction analysis, the authors found that the AI and dACC were activated by both positive 
and negative feedback35. This finding illustrates the importance of balanced conditions in fMRI paradigms aimed 
at identifying neural substrates of social evaluation. However, the specific role of these structures in social inter-
actions remains unknown and discerning this role requires more explicit experimental questions.

Here, we addressed the hypothesis that the salience of social evaluation may be critically determined by a 
“self ” versus “other” dimension; and that AI and dACC responses to social feedback may be involved in encoding 
this dimension. To test this hypothesis, we applied a novel paradigm that allowed us to examine the interaction 
of social evaluation, balanced across the spectrum of rejection and acceptance, with whether the social judgment 
was directed towards the participant or other players. Forty healthy teenagers engaged in a simulated online game 
during fMRI scanning. Participants viewed briefly-presented pictures of other players’ faces, one at the time, and 
were asked to indicate whether they liked the other player or not. Following this, a cue signaling the collective 
outcome was superimposed on the picture of the other player. Similarly, participants viewed pictures of their 
own faces and were judged by other players during a given trial (see Fig. 1). Using this approach, we were able to 
isolate the brain correlates of positive or negative social feedback from those of self-referential processing. Finally, 

Figure 1. Design description. (a) Chronological sequence of the “other” trials. (b) Chronological sequence 
of the “self ” trials. Neutral frontal face images were used in the experimental procedure for both self and 
other conditions. The ITI lasted 2000, 3000 or 4000 milliseconds. ©Yvwv/Wikimedia Commons/https://
creativecommons.org/licenses/by-sa/3.0/ ©Debivort/Wikimedia Commons/https://creativecommons.org/
licenses/by-sa/3.0/.
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because of an increasing realization of a potential for sex differences in brain function36, we ensured that males 
and females were equally represented in our study, allowing us to carry out a secondary analysis that explored 
potential sex differences in brain responses to social evaluation.

Results
Behavioral findings. On average our participants correctly estimated that they were disliked in about half 
of the trials, showing no attentional bias towards negative or positive feedback [51.4 ± 15.5, mean% ± SD; no 
sex differences; t(36) = −0.89, p = 0.38]. On average, they also accorded an equal proportion of likes and dis-
likes towards other players [44.3 ± 17.9, mean% ± SD, range 0–78%; no sex differences were observed for this 
behavioral outcome; t(38) = 0.27, p = 0.78)]. When receiving “likes” participants indicated that they felt good 
[mean ± SD = 5.63 ± 2.85 on a 10-point “feel good scale,” where neutral = 0; t(37) = 12.17, p < 0.001]. When 
receiving a “dislike” the participant rated that they were feeling bad [mean ± SD = 3.56 ± 2.81 on the 10-point 
“feel bad scale,” where neutral = 0; t(37) = 7.82, p < 0.001]. No sex differences were observed for these two meas-
ures; [t(36) = −0.91, p = 0.37; t(36) = −0.37, p = 0.71, respectively].

Brain correlates of anticipating social evaluation. For the anticipation interval, we compared neural 
response for “self ” versus “other” conditions. A whole brain within-subjects analysis showed an activation of 
the right AI and bilateral dACC for the “self ” versus “other” conditions contrast. In addition, the supplemen-
tary motor area (SMA) and postcentral gyrus bilaterally (PCG) were also significantly activated in this contrast 
(p < 0.01). No significant sex differences were found (see Table 1 for coordinates).

Brain correlates of receiving social evaluation: self vs. other dimension. On brain response 
data taken during the outcome interval, we first performed a whole brain 2 × 2 factorial ANOVA with factors 
Perspective (two levels: self and other) and Outcome (two levels: rejection, acceptance). For the main effect of 
Perspective, the right mid-anterior insula and dACC, substantia nigra (SN), superior frontal gyrus (SFG) and 
posterior occipital cortex (POC) were significantly activated (p < 0.02).

We then extracted the ß values from the rAI and dACC clusters detected above, and performed a repeated 
measures 3-way ANOVA with Perspective and Outcome as within-subjects factors and Sex as a between-subjects 
factor. Within the right AI, this analysis showed a significant effect of Perspective with “self ” condition values 
being higher than “other” condition values [F(1, 38) = 21.2, p < 0.001, η2

p = 0.36]. Although less robust, we also 
found a Perspective-by-Sex interaction in which females had significantly lower values than males for the other 
condition [F(1, 38) = 5.07, p = 0.03, η2

p = 0.12)]. Analysis of ß values extracted from the dACC showed results 
similar to those of the right AI. Specifically, there was a main effect of Perspective with “self ” condition values 
higher than “other” condition values [F(1, 38) = 18.4, p < 0.001, η2

p = 0.33] (Fig. 2). To test the possibility that 
this finding might be due to recognition of one’s own face we extracted and compared ß values from AI and 
dACC during the “question phase” (Fig. 1) at the beginning of each trial when participants processed their faces 
compared to other players faces. We observed no significant effect of Perspective (p > 0.05) during this phase of 
each trial.

We detected no Perspective-by-Outcome interaction in the dACC or AI; we did, however, observe such an 
interaction in right fusiform gyrus, left middle occipital gyrus, and precuneus. The rejection versus acceptance 
comparisons within both the “self ” and ‘‘other’’ conditions did not exceed statistical threshold. Coordinates and 
spatial extents of all regional neural effects are listed in Table 2.

Discussion
Our study sheds new light on investigations of social rejection by balancing the salience of positive and negative 
social evaluations, and by including as an additional dimension whether social evaluation was directed toward 
the participant or others. To achieve this objective in a manner that is relevant for real-world conditions while 

Analysis Region

Talairach coordinates

voxelsx y z

Anticipation Interval

Self > Other

SMA 2 −7 59 348

−4 8 42

dACC 9 14 32

PCG −37 −46 56 263

38 −49 56 136

SPL −19 −70 44 63

26 −70 44 63

AI 35 17 11 87

Table 1. Activations associated with the whole-brain analyses during the anticipation interval, expressed by 
peak scores in Talairach-space coordinates (x, y, z). Z scores survived significance threshold (alpha < 0.05, 
cluster corrected). AI = anterior insula; dACC = dorsal anterior cingulate cortex; PCG = precentral gyrus; 
SPL = superior parietal lobule SMA = supplementary motor area.
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maintaining experimental control, we designed a task that mimicked the social media environment in which 
Swedish adolescents and young adults spend extensive amounts of time37.

At a behavioral level, we found that being negatively judged by others led to reports of modest negative emo-
tions, less pronounced than prior studies showing strong negative emotional effects17,38,39. We believe the lower 
magnitude of self-reported negative emotions is our study is due to the fact that our design is fundamentally 
different from previous studies that investigated social rejection. Our fast-paced, event-related design was aimed 
to trigger opposite emotions at short intervals at a trial-by-trial level. It is therefore not well suited to studying 
self-reported global emotional responses, since its goal is not to induce a general negative (or positive) feeling. 
Nevertheless, although less pronounced, our behavioral findings show that the task induced emotional responses 
consistent with the conditions.

The fMRI results show an informative set of determinants of dACC and right AI responses to social evalua-
tion. These areas were activated during the “self ” compared to the “other” condition, irrespective of the valence 
of social feedback. Interestingly, our results show that dACC and AI were significantly activated also during the 
anticipation phase, before the participant knew the nature of the social feedback to come. It is possible that the 
anticipation interval might reflect two different psychological states, since in the “self ” condition the partici-
pant anticipates without the possibility to decide, whereas in the other condition the participant anticipates after 
having expressed a choice. The comparison of the “self ” and “other” conditions during the anticipation phase is 
complicated by this asymmetry, and must be interpreted with caution. We therefore decided to focus primarily 
on brain responses during the outcome phase, which has a better design symmetry.

Figure 2. A 2 × 2 factorial ANOVA with factors perspective (2 levels: self and other) and outcome (2 levels: 
rejection and acceptance) was performed at the whole brain level. (a) Significant rAI and dACC activations 
for the factor perspective. (b) Bar graphs show significantly higher average β-values for “self ” versus “other” 
conditions in dACC and AI. In rAI average β-values a perspective x gender interaction was observed. Error bars 
represent SEM.

Analysis Region

Talairach coordinates

voxelsx y z

Outcome Interval

ME Perspective POC 20 −76 −1 521

−7 −70 8

SN −4 −22 −10

SFG 31 36 47 102

dACC* −1 8 26 65

mid/AI* 44 5 −1 64

Table 2. Activations associated with the whole-brain analyses during the outcome interval, expressed in 
Talairach-space coordinates (x, y, z). Z scores survived significance threshold (alpha > 0.05, cluster corrected). 
POC = posterior occipital cortex; SN = substantia nigra; SFG = superior frontal gyrus; dACC = dorsal anterior 
cingulate cortex; mid/AI = anterior insula; ME = main effect. *Significantly higher activation for the self versus 
other conditions comparison.
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Previous studies in adolescents suggested that there might be developmental differences in cingulate activity 
following rejection. Several studies have reported that the subgenual part of ACC (sgACC) is preferentially acti-
vated during social rejection in adolescence39–42, while other studies have found also found activation of the dor-
sal ACC under these conditions35,43. Our finding in dACC is consistent with the latter observations. The studies 
that found sgACC activity used the Cyberball task, mostly in early adolescent samples. A possible reasons for the 
discrepancy across findings is therefore that is due to design differences. Unlike the Cyberball game, our online 
game includes viewing pictures of oneself and explicit social judgments from and toward other players. These and 
other factors specific to our paradigm may account for differences in the location of cingulate activation observed. 
In addition, the period of adolescence studied could also contribute to this difference. Most of the studies that 
found sgACC activation included early adolescent samples. Additional investigations will be required to clarify 
whether the somewhat inconsistent cingulate response findings relate to developmental effects, design features 
or both.

The default-mode network (DMN), which includes the dorsomedial prefrontal and the posterior cingulate 
cortices, is thought to support self-reflection and encoding of stimuli from an egocentric perspective44. It could 
therefore have been expected that self-relevant stimuli, such as the information on social evaluation received in 
our task, would be associated with activation of these structures. In fact, we did not find greater DMN activity for 
the self-versus-other distinction. This could be because our online game is relatively fast-paced and interactive, 
which makes it difficult for subjects to disengage from the game. We propose that the lack of DMN-related find-
ings in the present study is the result of the game prompting a “reactive” versus elaborative mode of self-relevant 
information processing.

Since the seminal report that demonstrated an overlap between neural substrates of social and physical 
pain17,45, this overlap has been the subject of numerous studies. Some of these have used both social rejection 
and acute painful stimulation in the same individual to directly assess the overlap in neural activation. Using 
this approach, activation common to physical and psychological pain was found in the AI and dACC, but also 
in discriminative brain areas, such as posterior insula (PI) and secondary somatosensory cortex (SII)46. Another 
study used a romantic rejection paradigm in which the participants re-lived an unwanted rejection by a romantic 
partner, and found similar results38.

However, a more fine-grained multi-voxel pattern analysis has suggested distinct affective responses to phys-
ically and psychologically painful experiences26. Also, challenging the formulation that dACC is simply a “pain 
region”, another study showed that dACC activity was related to expectancy violation more than to the quality 
of social feedback27. Additional questions are raised by meta-analyses14–16. One of these found that the AI was 
indeed activated bilaterally in social pain paradigms, but did not provide support for a reliable dACC activation 
in this context14. Another recent meta-analysis that included data from 40 whole-brain investigations of social 
pain failed to identify reliable responses in either AI or dACC16. Finally, when detected, rejection-related neural 
responses tend to be distributed broadly along the medial cortical wall, ranging from subgenual to posterior 
portions of cingulate cortex, and extending into pre-motor regions15,17. Collectively, these data prompt a need to 
qualify the view that physical and social pain are subserved by common neural substrates in AI and dACC.

In prior studies, social exclusion has been the most if not the only salient condition included. For instance, in 
the Cyberball task, receiving the ball is the expected outcome, while being excluded is the salient event that vio-
lates expectations, making it difficult to ascribe reported neural-functional effects to exclusion versus expectancy 
violation. Likewise, re-experiencing a recent breakup has a high salience, and is difficult to contrast against an 
equally salient positive condition. Similar to Dalgleish et al.35, we achieved balanced salience across acceptance 
and rejection conditions by ensuring that each trial was independent of the previous as well as of the following tri-
als. In addition, our study included a previously uninvestigated dimension which we believe allowed us to arrive 
at novel insights with respect to the neural correlates of social interaction. The inclusion of the “self ” and “other” 
distinction showed that AI and dACC activated when the participants received the feedback, irrespective of its 
quality. This property of dACC and AI only became apparent through the comparison of “self ” versus “other” 
epochs made possible by our design. These findings sheds new light on the involvement of the AI and dACC in 
social cognition, and strongly argues against a selective role of these two structures as social-pain-specific areas.

Although activated during social or physical pain, the AI and the dACC have been implicated in a variety of 
other functions, including the processing of homeostatically relevant information and resulting actions. It has 
been suggested that these structures are part of a “salience network” that monitors the relevance of internal and 
external inputs, switches brain activity from introspective to externally oriented, and influences action selec-
tion31–33,47,48. Adequately attributing salience—i.e. paying attention to and taking into account positive as well 
negative social feedback—is essential for adaptive social behavior. Consistent with this point, gray matter loss in 
the AI has been found in psychiatric conditions characterized by maladaptive social behaviors, such as alcohol 
addiction and frontal dementia49,50.

We hypothesized that a key property of social evaluation is whether it applies to oneself or others, and that 
the former is what makes social information salient. In agreement with our hypothesis, rather than reflect-
ing responses to negative social evaluation, the activation of dACC and AI was related to the monitoring of 
self-relevant information, irrespective of the valence of the social feedback. This observation is in agreement with, 
and expands on recent findings35, by showing that activation of dACC and AI are not specific to social rejection 
or acceptance. Our findings do not address the question whether dACC and AI are selectively involved in pro-
cessing social information, since we did not compare responses to social vs non-social stimuli. However, we do 
propose that in the context of social interactions, these regions are encoding the salience of the self. It is important 
to note, however, that we intentionally decided not to manipulate the quality of the feedback across self and other 
conditions in order to provide the same contextual frame. By keeping the salience level of the feedback equal 
across conditions we were able to show that self-relational processing coincided with higher salience processing. 
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This might not be the case in designs in which the balance of the quality of the social feedback is not guaranteed. 
Manipulation of the salience of the social feedback was, however, beyond the scope of our study.

In summary, our data suggest that a pattern of brain responses to social acceptance and rejection critically 
depends on their context as self-relevant or not. The structures involved in these responses, AI and dACC, can 
therefore be conceptualized in monitoring the social salience of the self, such that their activation encodes the 
high relevance of being judged by others. This supports an emerging reinterpretation of AI and dACC as compo-
nents of a “social pain matrix.”

Materials and Methods
Participants. Forty adolescents (20 females) were recruited via advertisement in schools and on Facebook. 
The age of the participants ranged from 15 to 19 (17.2 ± 1.39; mean ± SD). Participants had no history of mental 
illness or any history of seeking psychological or psychiatric support, as determined by an e-mail interview prior 
to the experiment. Informed consent was provided by the participants, and for participants under 18 years of age, 
also by the parents. The study was approved by the Linköping Regional Ethics Board (Dnr 2015-273-31), and was 
carried out according to the declaration of Helsinki.

The online game. Participants engaged in a simulated online game in which they decided and indicated 
whether they liked or disliked pictures of other adolescents. Similarly, other putative players also judged the 
participants’ pictures. The pictures consisted of neutral frontal face photos. Each trial of this rapid event-related 
design consisted of three epochs: the question phase, the anticipation phase and the outcome phase. During 
the question phase of “other” trials, a picture of an adolescent was shown on the screen for 3 seconds with the 
question “Do you like him?” or “Do you like her?”. The participant was instructed to choose whether he/she 
liked this person by pressing a button with their index or middle finger for “yes” and “no” answers respectively. 
After providing a choice, a thumbs-up or a thumbs-down feedback image appeared to the left of the picture. The 
thumbs-up picture indicated that the participant chose “yes”, whereas the thumbs-down picture indicated that 
the participant chose “no” (see Fig. 1a). Afterwards the word “calculating” was displayed over the picture for 
2000–4000 milliseconds. This interval represented the anticipation phase of the trial and signaled that the average 
rating of the participant and of a few other putative players was being calculated. In order to optimize the estima-
tion of the impulse response functions (IRF), the anticipation phase was jittered in 2000, 3000, or 4000 millisec-
onds. By using integer values we could guarantee that the end of our stimuli coincided with either a full or a half 
TR. Finally, during the outcome phase of the trial, the collective outcome was superimposed over the picture and 
shown for 3 seconds. In order to minimize unmodeled neural effects induced by potential conflict monitoring, 
the final outcome matched the subject’s choice. The pictures of the putative players were different across runs and 
were taken from the website www.shutterstock.com. In order to eliminate expectation effects the pictures were 
not shown to the subjects beforehand and depicted strangers.

During “self ” trials the participant’s picture was shown and rated by a few participants and these participants 
changed from trial to trial. The subject did not know who was doing the rating. The participant saw his/her own 
picture with the question “Do they like you?” and waited until the positive or negative feedback cue appeared over 
their picture. The participant took a picture of himself/herself for use in the online game at the end of the training 
session described below. Each of two runs of the online game consisted of 16 “self ” and 16 “other” trials, for a 
total of 32 total trials per condition. Within the “self ” condition the number of positive- and negative-feedback 
trials was balanced (8 likes and 8 dislikes per run, 16 per condition in total) and randomly presented. The jittered 
inter-trial interval varied between 2000, 3000 or 4000 milliseconds. The sequence was counterbalanced so that 
“self ” and “other” conditions were not presented more than twice consecutively. In addition, we counterbalanced 
the order in which females and males players were displayed. See Fig. 1 for a schematic of the study structure.

After the scan the participants were asked to answer the following on a visual analogue scale (VAS): (1) How 
often were you disliked? (0% “never”−100% “always”); (2) How much did you like to see your own face? (0 “not at 
all”−10 “very much”); (3) How bad did it feel to be disliked? (0 “not at all” – 10 “very much”); and (4) How good 
did it feel to be liked? (0 “not at all” – 10 “very much”).

Questionnaires. To ensure group homogeneity and that the participants had no severe psychiatric symp-
toms or extreme personality traits, participants were asked to complete two questionnaires: the Strengths and 
Difficulties Questionnaire [SDQ51;] and the Health-Relevant Personality Inventory [HP5i52;]. The SDQ is an 
established psychiatric screening form and has 25-items divided in five subscales: emotional symptoms, conduct 
problems, hyperactivity/inattention, peer relations and pro-social behaviours. The HP5i is a 20-items question-
naire based on the Big Five model, which assesses the following personality traits: Openness, Conscientiousness, 
Extraversion, Agreeableness and Neuroticism. The items consist of short phrases such as “choosing rapidly with 
little thought” and “acting on the spur of the moment” for the factor of conscientiousness. Questionnaire results 
are described in the Supplementary information.

Training session. Before the magnetic resonance imaging (MRI) session, participants underwent a training 
session in an MR simulator system (PST MR Simulator System, BlindSight GmbH, Schlitz, Germany). During the 
training session, participants habituated to the MRI environment and were trained to lie still via feedback from 
a motion tracking system positioned around their head (MoTrak Head Motion Tracking System, Psychology 
Software Tools, Sharpsburg, PA, USA). In addition, the participants received instructions and did a trial run of 
the task. In the trial version of the task, pictures depicting head silhouettes were used instead of pictures of real 
people. Finally, the participants took a picture of themselves using a smartphone. They were instructed to keep 
a neutral facial expression and were left alone during that time. In total, the training session took approximately 
45 minutes.

http://www.shutterstock.com
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MRI Data Acquisition. Imaging was performed using a Philips Ingenia 3 Tesla MR scanner (Philips Healthcare, 
Best, The Netherlands) equipped with a 32-channel Philips dS Head head-coil. Six dummy volumes were acquired 
before each scan to allow the spin system to reach steady-state longitudinal magnetization and reduce possible effects 
of partial saturation. Blood oxygen-level-dependent (BOLD) data were acquired with an echo-planar imaging (EPI) 
sequence: TR = 2000 ms; TE = 30 ms; flip angle = 77°; field-of-view = 220 × 220; in-plane resolution = 3.4 × 3.4 mm; 
slice thickness = 4 mm, no slice gap; number of axial slices (angled with the AC-PC line) = 32; number of vol-
umes = 195. Two functional runs were collected and each run lasted for 6 minutes and 45 seconds. A high-resolution 
3D T1-weighted Turbo Field Echo scan was acquired before the EPI data acquisitions: TR = 7.0 ms; TE = 3.2 ms; 
flip angle = 8°; field-of-view = 256 × 240 × 170 mm; voxel resolution = 1 × 1 × 1 mm; no slice gap; plane: sagittal; 
number of sagittal slices = 170. Heart rate and respiration were monitored using a peripheral pulse unit (PPU) and a 
pneumatic respiration transducer belt respectively (SpO2 MRI sensor, Invivo, Orlando, FL, USA).

fMRI Data Preprocessing. Preprocessing was performed with the Analysis of Functional Neuro Images 
(AFNI) software v16.2.1253. BOLD images were de-spiked and slice-time corrected. For motion correction and 
co-registration purposes each EPI volume was registered to the volume with the minimum outlier fraction (using 
the AFNI outlier definition). Functional images were then warped to Talairach template space using a combina-
tion of affine and non-linear transformations54. Nuisance effects due to head motion (estimated from the motion 
correction procedure) were accounted for by adding the motion parameters (and their derivatives) as regres-
sors of no interest in the main regression. A motion censoring threshold of 0.3 mm per TR was implemented 
in combination with an outlier fraction threshold of 0.1. Volumes violating either of these thresholds were sub-
sequently ignored in the time-series regression. Nuisance effects from physiological processes (heart beat and 
respiration) were also addressed in the regression using both AFNIs RICOR function and regressors generated 
by the RVHRCOR method55,56.

fMRI Data Analysis. A general linear model (GLM) analysis was performed to capture differences across 
conditions. A unique input stimulus function was defined for each task period. Input stimulus functions were 
convolved with the AFNI gamma hemodynamic response function to yield regressors for the GLM. Whole-brain, 
voxel-wise GLM statistical analysis was carried out on the BOLD time-series data using 3dDeconvolve. We con-
ducted GLM-based analysis of the anticipation phase and the outcome phase for “self ” and “other” conditions 
(Fig. 1). For the outcome phase, we included additional regressors modeling positive (like) or negative (dislike) 
feedback conditions. We included an additional regressor of no interest modelling effects of motor response 
(every instance the subject pressed any of the buttons) on BOLD time-series data. To determine significance 
of effects at the group level, we conducted a within-subject t-test on response estimates for the “anticipation” 
interval for “self ” versus “other” conditions. Moreover, we conducted a 2 × 2 factorial analysis of variance with 
factors “Perspective” (2 levels: self and other) and “Outcome” (levels: rejection, acceptance) during the outcome 
interval. We used the AFNI program 3dClustSim to determine cluster-size thresholds necessary for identifying 
effects significant at alpha = 0.05 family-wise-error corrected. Average spatial smoothness estimates, across all 
participants, used by 3dClustSim were obtained using the 3dFWHMx function with the ACF flag, as per current 
recommendations from the maintainers of AFNI57–59.

Data availability. The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.
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