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Abstract

Individual success and failure in social cooperation matter not only to oneself but also to teammates. However, the common and distinct 
neural activities underlying salient success and failure in social cooperation are unclear. In this functional magnetic resonance imaging 
(fMRI) study, participants in the social group (Experiment one) cooperated with two human beings during a dice-gambling task, whereas 
those in the nonsocial group (Experiment two) cooperated with two computers. The social group reported more pride in success and 
more guilt in failure. The fMRI results in Experiment one demonstrate that left temporoparietal junction (LTPJ) activation increased 
exclusively with linearly changing unexpected success, whereas increasing anterior cingulate cortex (ACC) activation was only coupled 
with increasing unexpectedness of failure. Moreover, the dorsal medial prefrontal cortex (dMPFC) and left anterior insula were recruited 
in both success and failure feedback conditions. Dynamic causality model analysis suggested that the dMPFC first received information 
from the LTPJ and ACC separately and then returned information to these regions. The between-experiment comparison showed more 
dMPFC activity in social vs nonsocial contexts irrespective of success and failure feedback. Our findings shed light on the common and 
distinct neural substrates involved in processing success and failure feedback in social cooperation.
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Introduction
Michael Jordan, the famous basketball player, led his team to sev-
eral last-minute victories in the National Basketball Association 
(NBA) courtside. Not as lucky as Michael, football players may 
sometimes miss a penalty kick in the last minute and cause their 
team to lose an important competition. Both examples illustrate 
different situations in which group outcome is impacted by indi-
vidual success or failure when the social contexts predict reward 
in small or large probabilities, respectively. In such cases, it is 
truly important for individuals to evaluate the outcome of their 
actions with the aim of improving performance and contributing 
to the group when their performance affects the group’s interests. 
Investigation of outcome evaluation in a social context not only 
improves our current understanding of the neural mechanism 
of domain-general reinforcement learning but also advances our 
knowledge of social consequences and emotional responses in 
interpersonal interaction (Koban and Pourtois, 2014).

In social contexts, when an individual’s performance impacts 
the interests of others, neural responses to that individual’s suc-
cess or failure have been found to be more intense than in 
a nonsocial context (i.e. when individual performance matters 
only for self-interest) (Koben and Pourtois, 2014). In the rein-
forcement learning literature, the term ‘reward prediction error’ 
(RPE) (Schultz et al., 1997; Holroyd and Coles, 2002) describes the 
violation between expected and experienced outcomes. Studies 
on event-related potential (ERP) show that the feedback-related 
negativity (FRN) amplitude, which reflects RPE during outcome 
evaluation, is modulated by social contexts (Li et al., 2010; Koban 
et al., 2012; Beyer et al., 2017). For instance, Koban et al., (2012) 
found that feedback in social cooperation elicited a larger FRN 
amplitude than that in competition. Similarly, in our previous ERP 
study, we found that feedback elicited a larger FRN in a condition 
of concentrated responsibility than that in the diffusion of respon-
sibility condition in a three-person cooperative task (Li et al., 2010). 
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Enhanced FRNs were also observed when participants performed 
tasks in the presence of others vs those performed in private 
(Huang and Yu, 2018). Another line of evidence came from the 
functional magnetic resonance imaging (fMRI) literature. Radke 
et al., (2011) compared brain region responses between errors that 
mattered only to the participant and those that mattered to oth-
ers. They found that both types of errors activated the posterior 
medial frontal cortex and the anterior insula (AI), whereas the lat-
ter error only recruited the MPFC (Radke et al., 2011). Another fMRI 
study demonstrated that when decisions to hurt others (thermal 
stimulation) were self-generated, the empathic neural responses 
of the left AI and dorsolateral PFC were stronger than those gener-
ated by others (Koban et al., 2013). Together, these studies suggest 
that more regions or stronger activation in related regions are 
involved in outcome evaluation or performance monitoring in 
social contexts.

Consequences leading to harm or benefit to others could cause 
dramatically different outcomes and social emotions; thus, it is 
highly important to distinguish the neural basis of success or fail-
ure in the social context when outcomes affect others’ interests. 
Previous studies in social psychology have shown that feedback 
valence triggers different causal attribution patterns in achieve-
ment tasks (Weiner, 1985), particularly when the outcome is 
unexpected (Kanazawa, 1992). Accordingly, casual attribution of 
success or failure generally arouses different attribution-related 
emotions, such as pride vs guilt (Weiner, 1985; Tracy and Robins, 
2004). People felt guilt or shame when their behavior led to pain 
for others, and several important brain regions—such as the ante-
rior cingulate cortex (ACC) and AI—were associated with these 
attribution-related emotions (Yu et al., 2014; Zhu et al., 2019). Our 
previous study showed that the temporoparietal junction (TPJ) 
was associated with the processing of group success when par-
ticipants made more contributions to the group (Li et al., 2013). 
Despite these advances in the literature, to the best of our knowl-
edge, very few studies have been conducted to investigate the 
possible neural mechanisms of success and failure in social coop-
eration. In this study, we focus on both the distinct and common 
neural mechanisms of success and failure feedback modulated by 
varied reward expectations in social interaction.

We manipulated the expectancies of the two types of out-
comes in a cooperative task to investigate the psychological and 
neural activities associated with success and failure in social 
cooperation. On the one hand, reward expectancy modulates 
reward experience, and a mismatch between expected and actual 
outcomes causes RPE signals. Human fMRI studies have found 
that the ventral striatum could represent linear variations of RPE 
(Bayer and Glimcher, 2005; Abler et al., 2006; Preuschoff et al., 
2006); however, contradictory results have been observed in other 
studies (Tobler et al., 2008; Hsu et al., 2009). In contrast, the 
expectancy of events influences causal attribution (Hastie, 1984; 
Weiner, 1985). For example, a large RPE would be elicited when 
someone finishes a task with a lower chance of success, which 
in turn could yield stronger positive attribution-related emotions, 
such as pride (Weiner, 2010). In this fMRI study, we developed 
a novel three-person collaboration dice-gambling task, wherein 
the expectancies of success and failure outcomes were manip-
ulated by linearly changing the theoretical probability of team 
success (Experiment one). Importantly, a nonsocial control study 
was also conducted to test whether the neural responses to out-
comes in Experiment one were socially specific (Experiment two). 
With parametric analysis, the present paradigm also allowed us 
to test which brain regions serve to code the gradually varying 
negative and positive RPEs in a social context.

We predicted that success and failure feedback with vary-
ing expectancies would recruit some common and distinct brain 
regions. First, results of previous studies suggest that feedback 
with different valences would recruit different brain regions. 
Specifically, we predicted that the unexpectedness of failure feed-
back would be associated with the activation of ACC and AI—
associated with errors or negative feedback in a social context 
(Behrens et al., 2008; Eisenberger et al., 2003; Cooper, Dunne, Furey, 
and O’Doherty, 2014; Yu, Hu, Hu, and Zhou, 2014)—and suc-
cess feedback with more personal contribution would activate 
the TPJ, which is related to pride (Li et al., 2013). Second, given 
that one’s performance matters to others’ interests, we also pre-
dicted that both unexpected success and failure feedback would 
activate brain regions related to mentalizing and self-referential 
processing, such as the dorsal medial prefrontal cortex (dMPFC; 
Van Overwalle, 2009; Radke et al., 2011; Declerck et al., 2013; Koban 
et al., 2013).

Materials and methods
Experiment one
Participants
Twenty-four participants [11 females, mean age = 21.5, standard 
deviation (s.d.) = 1.9 years] were recruited as paid volunteers. No 
participants reported medical or psychiatric disorders or medica-
tion/drug/alcohol abuse. All were right-handed and had normal or 
corrected-to-normal vision. Informed consent was obtained prior 
to participation in the study, and the study was approved by the 
local ethics committee. Participants received CNY 60 (equal to 
US$8.5) as a basic reward for participating, and an equal share 
of the group reward was divided between partners after the gam-
bling task as a bonus (CNY 20). One participant’s reaction time 
(RT) data were missing, so his/her RT data were not included in 
the final analysis.

Stimuli and procedure
Participants were told to conduct a novel cooperative gambling 
task in a local area network with two partners (disguised study 
assistants, one female). The whole group would win the game 
when their score was higher than 10 (success from 11 to 18) and 
lose when it was lower than 11 (failure from 3 to 10). The two 
partners assigned to each participant were strangers to the real 
participant. At the beginning of this experiment, the real partici-
pant met the two partners, and all three drew lots to decide their 
dice-throwing order. By prearrangement, the real participant was 
always determined to be the third person to conduct the task in 
the fMRI scanner. Before the formal experiment, the three players 
practiced this game for 10 trials outside the scanner room. The 
two partners were then assigned to their personal computers in a 
room next to the scanner room, and this process was intention-
ally arranged to be observed by the real participant. Thereafter, 
the real participant went into the scanner to start the formal 
experiment.

At the beginning of the formal experiment in each trial, a 
black figure appeared against a gray background and lasted 1 s 
(Figure 1). Three boxes appeared with the agents’ labels on them; 
the labels ‘A’, ‘B’ and ‘You’ represented the first and second play-
ers and the real participant, respectively. The phrase ‘waiting for 
A’ was displayed on the top of the boxes to indicate that it was 
A’s turn. After a short delay of 1–3 s (randomly selected), player 
A’s dice number was presented in the corresponding box. The 
same procedure was repeated for the second player. Finally, the 
phrase ‘it’s your turn’ was displayed to alert the real participant 
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Fig. 1. An illustration of the experimental procedure in one trial.

Table 1. The experimental conditions and hypotheses based on the sum of the partners’ scores

 Positive feedback  Negative feedback

SUMpartners Condition Unexpectedness Condition Unexpectedness

>9 Certain Win 0 N/A N/A
9 Need 2 to win 1 Need 2 to win 5
8 Need 3 to win 2 Need 3 to win 4
7 Need 4 to win 3 Need 4 to win 3
6 Need 5 to win 4 Need 5 to win 2
5 Need 6 to win 5 Need 6 to win 1
<5 N/A N/A Certain Loss 0

that it was their turn to throw the dice. To avoid the mathemat-
ical calculation of the sum of the other teammates’ dice scores, 
the program automatically displayed how many points the par-
ticipant needed to help the group win the game. Subsequently, a 
black box containing a rapidly increasing yellow bar was displayed 
on the screen. A cover story was set here to make participants 
believe that they had some control over this gambling task. They 
were asked to estimate the length of the dynamically increasing 
yellow bar and press a button as soon as they believed the yellow 
bar was close to 3.5 cm. They were also told that the more accu-
rate their estimate, the higher the dice score they would obtain. 
Moreover, they had to respond within 2 s; otherwise, a negative 
group feedback was provided by the program. Notably, the differ-
ence between 2 s and their RT was automatically filled in with 
the aim of keeping each event aligned with the repetition time of 
fMRI scanning. After the response, a blank screen was displayed 
for 2, 4 or 6 s (randomly selected), followed by the final feed-
back. The feedback, presented for 2 s, displayed the three players’ 
dice numbers with a colored box. A green box indicated that the 
group had won the current trial, whereas a red box indicated 
loss. The meanings of the colors were counterbalanced among the 
participants.

The full experiment consisted of four runs with 45 trials in each 
run. Based on the sum of the two partners’ numbers (SUMpartners), 
12 conditions for positive or negative feedback were determined 
(Table 1). It should be noted that the ‘unexpectedness’ in Table 1 
indicates the level of unexpected success or failure feedback we 
manipulated in this study. Equal numbers of success and fail-
ure feedback were provided. To balance the ecological validity 
(objective probability of events in reality) and lasting duration in 
each run, the total numbers of trials for the 12 conditions were 

preset as follows: 31 trials for ‘Certain Win’, 30 trials for ‘Certain 
Loss’, 8 trials for ‘Need six to win’ (and won), 10 trials for ‘Need six 
to win’ (but lost), 12 trials for ‘Need five to win’ (and won), 10 trials 
for ‘Need five to win’ (but lost), 19 trials for ‘Need four to win’ (and 
won), 21 trials for ‘Need four to win’ (but lost), 10 trials for ‘Need 
three to win’ (and won), 12 trials for ‘Need three to win’ (but lost), 
9 trials for ‘Need two to win’ (and won) and 8 trials for ‘Need two 
to win’ (but lost).

The participants were informed that the group could win or 
lose CNY 15 (CNY 5 for each player) depending on success or 
failure in the task. They were also informed that the program 
would randomly select the outcome of four trials as the final 
bonus. The feedback during the formal experiment was pseudo-
randomly set to a 1:1 ratio of win (success) vs loss (failure). 
However, unbeknown to participants, only four win trials were 
finally selected to ensure that each participant obtained a certain 
amount of bonus (CNY 20 in total).

After scanning, participants were asked to complete a 7-point 
Likert scale to rate their subjective sense of pride and guilt when 
receiving success and failure feedback separately. They were also 
instructed to rate the extent to which their dice points would 
influence the final results when they observed their teammates’ 
performance. Specifically, they were instructed to choose ‘1’ for 
least pride and ‘7’ for extreme pride on a 7-point Likert scale for 
pride rating, choose ‘1’ for least guilt and ‘7’ for extreme guilt on 
a 7-point Likert scale for guilt rating, and rate the degree of influ-
ence on the same scale. For simplification, we only required them 
to rate their emotions (pride and guilt) and influence scores in 
‘Certain Win’, ‘Certain Loss’, ‘Need two to win’, ‘Need four to win’ 
and ‘Need six to win’ conditions. If they did not feel any emotion 
under each condition, they were to select ‘0’.



4  Social Cognitive and Affective Neuroscience, 2023, Vol. 18, No. 1

fMRI data acquisition
Brain images were acquired using a 3.0T Siemens Magnetom Trio 
scanner (Siemens, Munich, Germany) with a standard head coil. 
Functional images were acquired using T2-weighted, gradient-
echo, echo-planar imaging sequences sensitive to blood oxygena-
tion level dependent (BOLD) contrast (64 × 64 × 32 matrix with 
3.4 × 3.4 × 3 mm3 spatial resolution, repetition time = 2000 ms, 
echo time = 30 ms, flip angle = 90∘ and field of view = 22 × 22 cm). 
A high-resolution T1-weighted structural image (256 × 256 × 180 
matrix with a spatial resolution of 0.47 × 0.47 × 1.0 mm3, repeti-
tion time = 8.204 ms, echo time = 3.22 ms and flip angle = 9∘) was 
acquired before the functional scans. Data from the first five 
functional volumes were used to ensure steady state and were 
excluded from further analysis.

fMRI data preprocessing and GLM analysis
Functional images were preprocessed using SPM12 (Wellcome 
Trust Centre for Neuroimaging, London, UK). Head movements 
were corrected within each run, and six movement parame-
ters (translation: x, y and z and rotation: pitch, roll and yaw) 
were extracted for further analysis in the statistical model. The 
anatomical image was coregistered with the mean realigned 
functional image and normalized to the standard Montreal Neu-
rological Institute (MNI) template. The functional images were 
resampled to 3 × 3 × 3 mm3 voxels, normalized to the MNI space 
using the parameters of anatomical normalization and then 
spatially smoothed using an isotropic 8 mm full-width at half-
maximum Gaussian kernel.

Fixed effect analyses were conducted by applying a general 
linear model (GLM) to event-related fMRI data. Each trial com-
prised the following phases: Partners’ results (the presenting 
phase of partner B’s result); Anticipation (anticipation for self-
performance, i.e. the ‘Your turn!’ phase in Figure 1) and Feed-
back (feedback of group outcome). Our analyses focused on the 
Feedback phase of trials with responses that required the par-
ticipants’ input to decide the group outcome. Therefore, trials 
in which the other two partners’ cumulative scores (SUMpartners) 
were below 5 or above 9 were not included in the analyses. The 
Feedback phase was modeled for the presentation period (2 s) 
of the group outcomes. Thus, two conditions (success and fail-
ure) were included in the GLM model. To explore which brain 
regions showed increased activation with increasing unexpect-
edness (manipulated using the parametrically varied points that 
the participants needed), each condition also had an associated 
parametric modulator (regressor) coding for the linear unexpect-
edness (experiencing success or loss when 2, 3, 4, 5 or 6 points 
were needed). For the success and failure feedback conditions, 
unexpectedness and the number of points needed were posi-
tively and negatively correlated, respectively. The design matrix 
also included the Partners’ results and Anticipation phases for 
each trial. In addition, we included the Anticipation and Feed-
back events of the ‘no response’ trials as two regressors, as well 
as the Partners’ results and Anticipation and Feedback events 
of the trials in which the participants’ contributions were not 
required as three regressors of no interest in the model, as well 
as the realignment parameters. A delta function was used to con-
volve the canonical hemodynamic response in each condition. We 
defined regions encoding the unexpectedness of success and fail-
ure in the Feedback phase using the corresponding parametric 
maps. Whole-brain random effect analyses were conducted using 
one-sample t-tests with beta images for the two parametric mod-
ulators to define the brain regions encoding the unexpectedness 

of success and failure conditions. Moreover, paired-sample t-tests 
were conducted on the beta images of success and failure condi-
tions to examine the possible distinct neural correlates of success 
and failure (using the parametric map of success or failure as 
an inclusive mask). Conjunction analysis was also conducted 
to identify the shared brain regions. Brain activations in the 
whole-brain analyses were defined using a threshold of P < 0.001 
uncorrected at the single voxel level and P < 0.05 with false dis-
covery rate (FDR) correction at the cluster level. The beta values 
of the parametric regressors coding for the unexpectedness of 
success and failure in these regions were extracted using Mars-
BaR (http://marsbar.sourceforge.net) to conduct correlation anal-
yses with subjective ratings of pride and guilt. For visualization 
purposes, beta values for each level of unexpectedness were 
extracted using another GLM in which trials with different points 
served as different regressors.

Functional connectivity analysis
According to the results of the whole-brain analyses, the distinct 
[left TPJ (LTPJ) and ACC] and shared (dMPFC and left anterior 
insula (LAI)) brain regions coding for unexpectedness of suc-
cess and failure were used as the regions of interest (ROIs) in 
the following connectivity analyses. The generalized psychophys-
iological interaction (gPPI) analysis (Mclaren et al., 2012) was 
performed to test whether the functional connectivity between 
the distinct and shared brain regions also increased paramet-
rically with the unexpectedness of success and failure, respec-
tively. Because we only focused on the connectivity of LTPJ with 
dMPFC and LAI for success and ACC with dMPFC and LAI for 
failure, we used LTPJ and ACC as seed regions and dMPFC and 
LAI as target ROIs. The coordinates of the peak voxels in the 
LTPJ and ACC regions across all participants served as seed 
voxels, defined as a sphere with a 5 mm radius centered at 
the peak voxels. The time series of each seed region was then 
extracted. gPPI produces a connectivity map with seed regions 
separately for each condition (regressor), including parametric 
regressors. The beta values of the PPI regressor (the interaction 
of the parametric regressor of unexpectedness and time series 
of the seed region) were extracted and subjected to one-sample 
t-tests to test whether the functional connectivity between the 
shared (dMPFC and LAI) and the distinct (LTPJ for success and 
ACC for failure) brain regions varied with the unexpectedness of
the outcome.

DCM analysis
A dynamic causal model (DCM) analysis was performed to inves-
tigate information flow between the shared (dMPFC) and dis-
tinct (LTPJ or ACC) brain regions encoding the unexpectedness 
of success and failure. Since success and failure occurred in dif-
ferent trials and induced different feelings (pride or guilt), and 
the models needed to be simplified, the connections between 
the LTPJ and ACC were not modeled. The parametric regressors 
(unexpectedness) in the Feedback phase were used as the driving 
inputs and moderators for the connections between brain regions. 
We systematically varied the inputs on the shared (dMPFC) or 
distinct regions (LTPJ for the success and ACC for the failure condi-
tion), directions of connections between these regions (directions 
of dMPFC-LTPJ connections for the success condition and dMPFC-
ACC connections for the failure condition), and moderation of 
unexpectedness of success or failure on these connections, result-
ing in seven model families of 64 models in total for each partic-
ipant. To test information flow between the shared and distinct 
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brain regions encoding the unexpectedness of success and failure, 
the seven model families were defined according to the input 
and direction of information flow. Specifically, in families 1 and 
2, information flow was defined from the shared (dMPFC) to the 
distinct (LTPJ or ACC) regions, while the inputs of the two families 
were different. In families 3 and 4, information flow was defined 
from the distinct (LTPJ or ACC) to the shared (dMPFC) regions, 
while the inputs of the two families were different. In families 
5, 6 and 7, information flow was bilateral between the shared 
(dMPFC) and distinct (LTPJ or ACC) regions, while the inputs of the 
three families were different (Figure 4A). A random effect analy-
sis was used in Bayesian model selection to estimate and compare
these models.

Two experiments for comparison analysis
Finally, two further analyses were conducted in addition to the 
parametric analysis. First, we compared neural responses to suc-
cess and failure feedback in two separate experiments to replicate 
the classical finding that success feedback elicits stronger acti-
vation in reward-related regions compared with failure feedback. 
To do so, another GLM was constructed with success and failure 
feedback events as separate regressors regardless of the points 
needed to win. Second, in order to explore the evidence for distinct 
neural patterns between social and nonsocial contexts within 
the regions derived from the above-mentioned parametric anal-
ysis, we carried out multi-voxel pattern analysis (MVPA) to pro-
vide more information on activation patterns at the voxel level. 
Pattern analyses were performed using PRoNTo v2.0.1 (Schrouff 
et al., 2013). The detailed method and results are reported in the 
Supplementary Materials.

Results
Behavioral results
As shown in Figure 2A, a 2 (feelings: pride in success vs guilt in 
failure) × 3 (points needed: 2 vs 4 vs 6) repeated-measures anal-
ysis of variance (ANOVA) on the behavioral ratings of feelings 
of pride and guilt showed a significant interaction (F2,46 = 14.365, 

P < 0.001, 𝜂2 = 0.384), while no significant main effect was found 
(P-values > 0.61). The simple effect revealed that the guilt feel-
ing in the ‘points needed 6’ condition was significantly weaker 
than that in the ‘points needed 4’ and ‘points needed 2’ condi-
tions, whereas the latter two were not significantly different from 
each other (P = 0.15). Meanwhile, the feeling of success in the 
‘points needed 6’ condition was significantly stronger than that 
in the ‘points needed 4’ and ‘points needed 2’ conditions, whereas 
the latter two were not significantly different from each other 
(P = 0.13). This suggested a general pattern wherein in situations 
of group success, more points were needed to predict stronger 
feelings of pride, whereas in situations of group loss, more points 
were needed to predict weaker feelings of guilt. These results con-
firmed that we successfully induced feelings of pride and guilt 
using the number of points the participants needed to get when 
they experienced group success/failure.

RTs were subjected to ANOVA with points needed (0, 2, 3, 4, 
5, 6 and >6) as a within-participant variable, showing a signifi-
cant difference between different points (F6,132 = 20.754, P < 0.001, 
𝜂2 = 0.485), with faster responses for 0 and >6 points (certain out-
comes) than for 2, 3, 4, 5 and 6 points (uncertain outcomes) (all 
P < 0.001, Figure 2B). No significant difference between the ‘points 
needed 0’ and ‘>6’ conditions (P = 0.28) as well as between any 
two uncertain outcome conditions were noted (all P > 0.43). The 
RT results suggest that participants provided faster responses in 
certain conditions than in uncertain conditions when the team 
required their contribution.

fMRI results
Whole-brain analysis of functional fMRI data allows us to deter-
mine which regions show a linear increase in activity as a func-
tion of the unexpectedness of success or failure in the Feedback 
phase. Group win resulted in feelings of pride, and brain activity 
in the TPJ, dMPFC, bilateral insular/inferior frontal gyrus, mid-
dle temporal gyrus and middle frontal gyrus increased linearly 
with the unexpectedness of success, whereas in the group failure 

Fig. 2. Behavioral results. (A) Participants’ post-experiment rating of guilt in failure conditions (Need2, Need4, Need6 and Certain Loss) and pride in 
success conditions (Need2, Need4, Need6 and Certain Win); (B) RT in different conditions for the two groups based on the sum of their partners’ dice 
scores.
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Table 2. Activations of distinct and shared brain regions sensitive 
to increased unexpectedness of success and/or failure

 MNI Coordinates

Region x y z Cluster size Peak Z

Increased with unexpect-
edness of success

 Left temporal–parietal 
junction

−57 −58 31 675 5.87

 Left insular/inferior 
frontal gyrus

−48 26 −5 481 5.51

 Middle temporal gyrus 60 −37 −2 391 4.33
 dMPFC −3 47 19 984 4.33
 Right insular/inferior 

frontal gyrus
48 41 −5 378 4.59

 Middle frontal gyrus −39 17 46 84 3.80
Increased with unexpect-

edness of failure
 ACC/dMPFC 0 23 25 1237 4.85
 Right insular/inferior 

frontal gyrus
45 20 7 113 4.49

 Left insular/inferior 
frontal gyrus

−33 20 −11 238 4.29

Success > Failure
 Left temporal–parietal 

junction
−54 −61 37 219 4.32

Failure > Success
 ACC 9 26 34 185 4.21
Conjunction of success 

and failure
 dMPFC −3 47 28 318 4.71
 Left anterior insula −36 23 −11 115 4.76

condition, the brain activity of the ACC and bilateral insular/infe-
rior frontal gyrus increased linearly with the unexpectedness of 
failure (Table 2). To access the distinct neural correlates of suc-
cess and failure feedback, we conducted paired-sample t-tests 
to find the brain regions specifically coding for success/failure 
but not for the other (using a parametric map of success/fail-
ure as a mask). The results showed that LTPJ (x/y/z = −54/−61/37, 
z = 4.32, k = 219) activity increased with success unexpectedness 
(Table 2 and Figure 3A) but not with failure unexpectedness, and 
ACC (x/y/z = 9/26/34, z = 4.21, k = 185) activity exclusively varied 
with the unexpectedness of failure but not of success (Table 2 
and Figure 3B). Conjunction analysis showed that the activa-
tion of the dMPFC (x/y/z = −3/47/28, z = 4.23, k = 318) and LAI 
(x/y/z = −36/23/−11, z = 4.76, k = 115) increased with the unexpect-
edness of both success and failure (Table 2 and Figure 3C). In 
addition, we found that the average subjective susceptibility of 
pride and guilt was marginally correlated with the average dMPFC 
activation in the success and failure conditions (r24 = 0.393, 
P = 0.058); however, this was not the case for the LAI (r24 = −0.106,
P = 0.623). 

Once the brain regions distinctively coding for the unexpect-
edness of success (LTPJ) and failure (ACC) and the shared regions 
(dMPFC and LAI) for both success and failure feedback were 
identified, we examined how these four brain regions were func-
tionally connected to each other for success (LTPJ with dMPFC 
and LAI) and failure (ACC with dMPFC and LAI), respectively. 
Thus, gPPI analyses were conducted with the LTPJ and ACC as 
seed regions and the dMPFC and LAI as target ROIs to investigate 
whether the shared regions for success and failure (dMPFC and 
LAI) were functionally connected to the regions exclusively cod-
ing for success (LTPJ) or failure (ACC) in a parametric manner that 

was sensitive to changes in unexpectedness. The results showed 
that the functional connectivity between dMPFC and LTPJ in the 
success condition as well as between dMPFC and ACC in the fail-
ure condition increased linearly with unexpectedness (dMPFC–TPJ 
connectivity: t23 = 2.170, P = 0.041, d = 0.443; dMPFC–ACC connec-
tivity: t23 = 2.405, P = 0.025, d = 0.491), whereas that between 
the LAI and LTPJ (t23 = 1.956 and P = 0.063) as well as between 
the LAI and ACC (t23 = 1.697, P = 0.103) was not modulated by 
unexpectedness.

After confirming the functional connectivity between the 
LTPJ/ACC and dMPFC, we further investigated how the LTPJ and 
ACC were effectively connected with the dMPFC. Specifically, did 
the dMPFC serve as a manager and send the unexpectedness 
information of success or failure to the LTPJ or ACC, respectively, 
or did it integrate the unexpectedness information from the LTPJ 
and ACC? A DCM analysis was conducted to answer this question. 
With the unexpectedness information of success and failure as 
inputs and moderators, we constructed 64 models (seven model 
families) differing in input (to dMPFC or to LTPJ and ACC), modu-
latory effect and connectivity between the dMPFC and LTPJ/ACC 
(Figure 4A). As shown in Figure 4B and C, the winning model fam-
ily added the unexpectedness of success and failure inputs to the 
LTPJ and ACC, respectively, with bilateral connections between 
the LTPJ/ACC and dMPFC (exceedance probability = 0.817). In the 
winning model, the unexpectedness of success linearly modu-
lated information flow from the LTPJ to the dMPFC and feedback 
from the dMPFC to the LTPJ, whereas the unexpectedness of fail-
ure linearly modulated information flow from the ACC to the 
dMPFC and feedback from the dMPFC to the ACC (exceedance 
probability = 0.823). This result indicated that the unexpected-
ness information was entered into the LTPJ for success and into 
the ACC for failure, and the dMPFC subsequently received the 
unexpectedness information from these regions (LTPJ for success 
and ACC for failure) and also sent the information back to these 
regions. This whole process may be the neural mechanism of 
feedback processing in a social context.

In addition, the results showed that success feedback acti-
vated more reward regions than failure feedback, including the 
ventral striatum and medial prefrontal cortex (Figure 5, see 
Supplementary Material for more details).

Experiment two
Rarticipants
Twenty-five participants (12 females, mean age = 22.4, s.d. =
1.8 years) were recruited as paid volunteers. The inclusion and 
exclusion criteria for participation and reward rules were the 
same as those in Experiment one. Informed consent was obtained 
prior to participation in the study. The local ethics committee 
approved the study.

Stimuli and procedure
Experiment two adopted the same task as Experiment one, with 
the exception that participants played the game with two com-
puters instead of two human partners.

fMRI data acquisition and analysis
Although Experiment two was conducted 7 years later, the same 
scanner, scanning sequence and GLM model were used in Exper-
iment two to acquire and measure the BOLD signals as in 
Experiment one. Given that the parametric analysis results 
did not pass the multiple comparison thresholds, no further 
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Fig. 3. Distinct and shared brain regions coding the unexpectedness of success and failure (A), the unexpectedness of failure > success conditions (B) 
and the conjunction between the unexpectedness of success and failure (C). The left panels show brain activation results in the social group, whereas 
the right panels show the results in the nonsocial group. The line charts illustrate beta values as a function of the unexpectedness of success 
(solid line) and failure (dashed line).

analyses—such as gPPI and DCM analyses—were conducted in
Experiment two.

Results
Behavioral results
As in Experiment one, a 2 (feelings: pride in success vs guilt in 
failure) × 3 (points needed: 2 vs 4 vs 6) repeated-measures ANOVA 
was performed on the behavioral ratings of feelings of pride/guilt. 
The main effects of both feelings (F1.24 = 8.6, P < 0.01, 𝜂2 = 0.26) 
and points needed (F2.48 = 7.36, P < 0.005, 𝜂2 = 0.24) reached sig-
nificance, whereas a significant interaction between feelings and 
points needed was noted (F2.48 = 21.38, P < 0.001, 𝜂2 = 0.47). The 
simple effect analysis revealed no significant difference between 
any two ‘points needed’ conditions when the group lost the 
game (all P > 0.09); however, participants felt prouder in the 
‘points needed 6’ condition than in the ‘points needed 4’ con-
dition (P < 0.001) as well as in the ‘points needed 4’ condition 
than in the ‘points needed 2’ condition (P < 0.001) when the 
group won the game. These results demonstrated that in sit-
uations of a group win, more points were needed to predict 
stronger feelings of pride. However, no significant changes in 
feelings of guilt were reported, regardless of the points needed
(Figure 2A).

A one-way, repeated-measures ANOVA was conducted on 
the RT with the seven conditions (points needed: ‘0’, ‘2’, ‘3’, 
‘4’, ‘5’, ‘6’ and ‘>6’) as independent variables. The results 
revealed that the main effect of points needed was signifi-
cant (F2.72,65.33 = 10.97, P < 0.001, 𝜂2 = 0.31). Pairwise comparisons 
revealed faster responses for 0 and >6 points (certain outcomes) 
than for 2, 3, 4, 5 and 6 points (uncertain outcomes) (all P < 0.03; 
Figure 2B). No significant difference between the ‘points needed 

0’ and ‘>6’ conditions (P = 0.71) as well as between any two uncer-
tain outcome conditions were noted (all P > 0.06), except that 
participants provided faster responses in the ‘need 2’ condition 
than in the ‘need 4’, ‘need 5’ and ‘need 6’ conditions (all P < 0.02). 
These data suggest that participants responded faster when group 
results were determined by partners compared with when the 
participant made a contribution (Figure 2B).

fMRI results
With the same threshold (P < 0.05 with FDR, P < 0.001 uncorrected 
at the single voxel level) for correcting multiple comparisons as 
in Experiment one, parametric analysis did not yield any sig-
nificant regions in either the success or failure conditions in 
Experiment two. However, the data showed a similar pattern 
when the results were inspected by liberally uncorrected P-values. 
Specifically, the TPJ was activated in the success feedback condi-
tion (x/y/z = 57/−61/43, uncorrected P < 0.001 at voxel level), and 
the ACC was also activated in the success feedback condition 
(x/y/z = 3/47/13, uncorrected P < 0.005 at voxel level), as shown in 
the right panel of Figure 3.

As predicted, a direct T-contrast between success and 
failure regardless of points needed showed reward-related 
regions, including the ventral striatum and ventral medial pre-
frontal cortex (Figure 5, see Supplementary Materials for more
details).

Between-experiments comparison
To investigate whether psychological and neural activities asso-
ciated with success and failure at different levels of expectancy 
are socially specific, we ran a mixed-variables ANOVA with group 
(social vs nonsocial) as a between-participant variable on both 
behavioral data and BOLD signals. Since the main results of each 
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Fig. 4. DCM analysis of the network consisting of the LTPJ, ACC and dMPFC. (A) Sixty-four models grouped into seven model families differing in input 
and connectivity between the dMPFC and LTPJ/ACC. (B) Parameters (connectivity strength) of the winning model. The numbers without brackets 
indicate the strength of intrinsic connectivity, and the numbers with brackets indicate the strength of the modulatory effects of success (between the 
dMPFC and LTPJ) and failure (between the dMPFC and ACC). (C) The exceedance probabilities of model families (upper panel) and individual models 
(lower panel). Note that success/failure in the figure implies the unexpectedness of success/failure.

Fig. 5. Left and right panels illustrate the success > failure contrast 
activations in the social and nonsocial groups, respectively.

experiment have been reported, here we mainly report the group 
and interaction effects between the groups and other variables,
if any.

Behavioral data
A two-way ANOVA on RT showed that the main effect of points 
needed was significant (F3.3,151.73 = 29.53, P < 0.001, 𝜂2 = 0.39), 
suggesting that participants spent less time in certain conditions 
(points needed = 0 and >6) than in uncertain conditions (points 

needed = 2, 3, 4, 5 or 6). The pairwise comparisons revealed faster 

responses for 0 and >6 points (certain outcomes) than for 2, 3, 

4, 5 and 6 points (uncertain outcomes) (all P < 0.001, Figure 2B). 
No significant difference between the ‘points needed 0’ and ‘>6’ 

conditions (P = 0.79) and between any two uncertain outcome 

conditions was noted (all P > 0.05). However, neither the group 

effect nor the interaction between the groups and points reached 

significance (all P > 0.05). The RT data suggested that both groups 
spent comparable time on the task, which could rule out any 
movement-related activity in the difference in brain patterns 
between groups.

A three-way ANOVA on emotion rating showed that the main 
group effect was significant (F1,47 = 18.04, P < 0.001, 𝜂2 = 0.28), 
indicating that the social group reported a stronger emotion 



P. Li et al.  9

(4.46 ± 0.15) than the nonsocial group (3.57 ± 0.15). Importantly, 
the interaction effect between groups and valence was signif-
icant (F1,47 = 5.33, P < 0.03, 𝜂2 = 0.10). Post hoc analyses showed 
that the social group reported more pride (4.37 ± 0.16) than the 
nonsocial group (3.81 ± 0.16, P < 0.02) when they won the game 
and more guilt (4.55 ± 0.2) than the nonsocial group (3.32 ± 0.2, 
P < 0.001) when they lost. In addition, the main effect of level 
(F1.99,93.44 = 107.33, P < 0.001, 𝜂2 = 0.70) and interaction between 
level and valence (F2.46,115.79 = 3.35, P < 0.03, 𝜂2 = 0.07) was signif-
icant, showing the same pattern as in each experiment. No other 
significant differences were observed.

We conducted a 2 (social vs nonsocial group) × 5 (points needed: 
‘0’, ‘2’, ‘4’, ‘6’ and ‘>6’) mixed ANOVA to test the influence of the 
scores. The results revealed that the main effect of the group 
was significant (F1,47 = 13.93, P = 0.001, 𝜂2 = 0.23): participants in 
the social group reported higher influence scores than those in 
the nonsocial group, possibly suggesting that self-involvement 
in the social context was higher than that in the nonsocial con-
text. Importantly, the main effect of the ‘points needed’ condition 
was also significant (F2.9,138.4 = 114.84, P < 0.001, 𝜂2 = 0.71). Post hoc
analyses demonstrated that participants reported lower influence 
scores for 0 and >6 points (certain outcomes) than for 2, 4 and 
6 points (uncertain outcomes) (all P < 0.001). No significant differ-
ence between the ‘points needed 0’ and ‘>6’ conditions (P = 1.0), as 
well as between the ‘2’ and ‘4’ points needed conditions (P = 0.29) 
was noted. However, participants felt that their results would 
influence the group results more in the ‘6’ than in the ‘2’ and 
‘4’ points needed conditions (both P < 0.03). These results suggest 
that participants believed that their contributions would have 
more influence on the final results when the group needed more 
points to win the game.

fMRI data—mixed ANOVA
We conducted a two-way mixed ANOVA on the beta images of 
feedback parametrically modulated by feedback expectancy with 
group (social vs nonsocial) and valence (positive and negative) as 
between- and within-participant variables. No significant inter-
action effect was found between group and valence. The main 
effects of valence-activated regions, including the ventral stria-
tum, ACC and dMPFC, are shown in Table 3. Importantly, the main 
group effects showed that activation of the LAI and dMPFC was 
stronger in the social group than in the nonsocial group (P < 0.05, 
FDR corrected at cluster level; Table 3 and Figure 6). As shown in 
Figure 5, these regions overlapped with the conjunction regions 
between success and failure in Experiment one. These results 
demonstrated that both dMPFC and LAI were involved in inte-
grating feedback information of success and failure as well as 
distinguishing social and nonsocial contexts.

Table 3. Brain regions activated by the main effects of group and 
valence

 MNI Coordinates

 Region x y z Cluster size Peak Z

Main effect of group
 Left anterior insula −33 20 −11 89 4.68
 dMPFC −9 62 37 73 4.42
 Occipital cortex −9 −97 −2 72 3.78
Main effect of valence
 Ventral striatum (R) 24 2 −8 245 6.32
 Ventral striatum (L) −24 11 −2 189 5.56

Fig. 6. Blue and red represent the regions activated by group effects 
(social > nonsocial) and regions from conjunction analysis between 
success and failure conditions in Experiment one. Violet regions indicate 
overlaps between the regions from these two analyses.

As we have reported the T-contrast between success and fail-
ure feedback for each of the aforementioned experiments, we 
performed another mixed ANOVA with group and valence as inde-
pendent variables and mainly focused on the group and interac-
tion effects. The main effects of group recruited regions included 
the occipital cortex, superior parietal lobule and lateral prefrontal 
cortex. Importantly, the region was activated by the interaction 
between the group and valence. Detailed results are reported in 
the Supplementary Materials.

Discussion
This study used a novel paradigm to explore the neural basis 
of feedback processing with linearly increased reward expecta-
tions in a social cooperation context. In both experiments, the RT 
showed that participants took longer to make decisions in condi-
tions of uncertain outcome compared with those in conditions 
when group outcomes were predefined by their teammates or 
computers. Moreover, participants in the social group reported 
an increased pattern of pride and guilt intensity as a function 
of group outcome and teammates’ scores in uncertain condi-
tions (needing 2, 4 or 6 to win). In addition, the social group 
reported stronger attribution-related emotions and more influ-
ence on the final outcome than the nonsocial group. Therefore, 
these behavioral results suggest that the current design success-
fully manipulates linearly increasing reward expectations during 
cooperation. More importantly, the fMRI results revealed that 
the LTPJ and ACC coded the success and failure outcomes with 
linearly increasing prediction errors, respectively, and that the 
dMPFC and LAI coded unexpected success and failure outcomes 
collectively in the social context.

The fMRI results in Experiment one showed that success and 
failure outcomes in social cooperation activated two different 
brain regions. Specifically, the ACC was selectively activated by 
the level of negative prediction error caused by the participants’ 
performance. These results are consistent with previous findings 
wherein the ACC processed internal and external error signals and 
negative RPE (Holroyd et al., 2004; Matsumoto et al., 2007). The 
ACC has also been linked with social prediction errors (Behrens 
et al., 2008) and negative feelings of social exclusion and rejec-
tion (Eisenberger et al., 2003; Cooper, Dunne, Furey, and O’Doherty, 
2014). The ACC was also found to be involved when participants 
made error responses with great responsibility and felt guilt in 
an interpersonal context (Yu, Hu, Hu, and Zhou, 2014). Although 
the between-experiment comparisons in this study did not sug-
gest that ACC activation was stronger in the social group than 
in the nonsocial group, MVPA analysis (Supplementary Figure S1) 
showed that the activation pattern in this region was different, 
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which may serve to code for a stronger guilt feeling in the social 
vs nonsocial groups. The unique neural representation of guilt 
in the ACC was in line with previous studies that focused on 
interpersonal guilt (Li et al., 2020; Yu et al., 2020).

The LTPJ was found to be particularly sensitive to unex-
pected success feedback. Note that although only LTPJ activa-
tion was reported here, right TPJ activation was also observed in 
our data with a liberal threshold (uncorrected P < 0.005 at sin-
gle voxel level). The function of the TPJ was suggested to be 
either social domain-specific—such as predicting others’ men-
tal states or future actions in social tasks (Saxe and Kanwisher, 
2003; Carter et al., 2012) and social prediction error (Behrens 
et al., 2008)—or domain-general, that is, attention to unexpected 
stimuli (Krall et al., 2015). Neither univariate nor multivariate 
analyses found differences in LTPJ activation between the social 
and nonsocial groups, perhaps supporting the latter interpreta-
tion (that the LTPJ was related to unexpected outcomes when 
the group won the trial). Another possibility is that participants 
in the nonsocial group also felt a certain level of pride, even 
when they played with computers. Previous researchers have pro-
posed that internal attributions for success tend to produce pride 
in such achievement-related tasks (Weiner, 1985). The function 
of pride may promote social status in achievement situations 
(Tracy and Robins, 2004), increasing the individual’s visibility not 
only to partners in a social task but also to others, such as 
experimenters in a nonsocial task. However, the interpretation 
of the null effect of LTPJ activation between social and nonso-
cial contexts needs to be interpreted cautiously. Nevertheless, our 
study provided evidence that the TPJ was associated with suc-
cessful outcomes, which is consistent with our previous study
(Li et al., 2013).

Importantly, the unexpectedness of both success and failure 
feedback recruited the dMPFC, a region that has been widely 
found to represent mentalizing and theory of mind (Amodio and 
Frith, 2006; Frith and Frith, 2006; Blakemore, 2008; Van Overwalle, 
2009). Our results also showed that the LAI was activated by 
both unexpected success and failure; however, only the dMPFC 
was functionally connected with both the LTPJ and ACC. Cor-
respondingly, only the dMPFC was marginally correlated with 
post-experiment ratings of attribution-related emotions; further 
activation of the dMPFC was observed when participants felt 
stronger emotions (pride or guilt) regardless of their valence. 
Moreover, DCM analysis revealed that the dMPFC works to inte-
grate information from the two separated pathways: one from 
the ACC, activation of which was driven by manipulation of 
unexpected failure, and another from the LTPJ, in which acti-
vation was associated with unexpected success. To our knowl-
edge, this is the first study to reveal the hierarchical informa-
tion processing of RPE signals in social cooperation, that is, as 
a key node of the social brain network, the dMPFC not only 
integrates information received from the LTPJ and ACC but also 
sends information back to these regions. Furthermore, com-
pared with the nonsocial context, feedback in the social context 
induced stronger dMPFC activation. Thus, we demonstrated that 
the dMPFC serves a central role in dealing with salience predic-
tion error signals and is associated with success and failure out-
comes in a social context when one’s performance affects others’
interests.

Paralleling the activation pattern of the dMPFC, the LAI was 
also sensitive to the increasing unexpectedness of both success 
and failure feedback. Moreover, the LAI was also recruited to dif-
ferentiate social and nonsocial contexts. This region has been 
commonly associated with empathy, pain or interpersonal guilt 

(Singer et al., 2004; Koban et al., 2013; Li et al., 2020; Yu et al., 
2020). Notably, an electric shock was introduced as an enforcer 
in these studies, thus potentially amplifying negative outcomes 
against positive outcomes. Our study used monetary feedback 
and further showed that the AI might serve not only for unex-
pected negative events but also for positive events in the present 
social interaction. In other words, AI seems to work for the detec-
tion of salient events in the paradigm we adopted here (see also 
Seeley et al., 2007; Sridharan et al., 2008). Koban and Pourtois 
(2014) proposed an integrative framework to account for over-
laps in the activation of the dMPFC and LAI for coding social 
context and action monitoring. In line with this statement, our 
study also showed the important role of the dMPFC and LAI in 
processing the social cooperation context and unexpected out-
comes. However, Koban and Pourtois (2014) mainly focused on 
the error response monitoring aspect. We argue that an updated 
framework is needed to consider positive outcomes as well.

Surprisingly, the ventral striatum was not recruited by the lin-
early varying RPE, and this region only served to process feedback 
valence in this study. The robust activation of the ventral striatum 
in response to feedback valence was in line with previous findings 
(O’doherty et al., 2004; Pagnoni et al., 2002; McClure et al., 2003; for 
a review, see Garrison et al., 2013). However, this region was not 
sensitive to the varying RPE magnitude, contrary to the findings 
from previous monkey studies (Montague et al., 1996; Schultz et al., 
1997) and human fMRI studies (D’ardenne, McClure, Nystrom, 
and Cohen, 2008; McClure et al., 2003; Garrison et al., 2013, but 
see Hsu et al., 2009; Tobler et al., 2008). Note that all these studies 
only focused on reward processing in single-agent conditions. On 
the contrary, the feedback stimuli in the current paradigm con-
veyed performance information from the participants themselves 
as well as from their group partners. It is possible that the ventral 
striatum may not be flexible enough to represent varying RPE sig-
nals in a relatively complicated task that requires coordination 
with other agents in particular contexts. A control experiment 
with only individual economic tasks is needed to confirm our 
argument in future studies.

Our study also provides implications for understanding the 
common neural currency hypothesis. According to this hypoth-
esis, a shared neural underpinning codes reward valuation and 
anticipation in both social and nonsocial decision-making (Ruff 
and Fehr, 2014; Gu et al., 2019). In this framework, the specific acti-
vation related to the social aspect of the environment was inter-
preted as an input for the shared reward neural circle (Ruff and 
Fehr, 2014). However, the DCM model and between-experiment 
comparison in our study seem to support the possibility that the 
dMPFC serves as a top-down control system to monitor social 
context information and motivate individuals’ feedback learning 
in a social context. Further studies are necessary to discuss the 
interaction between common and distinct regions in social and 
nonsocial reward processing.

This study has several limitations. First, we asked partici-
pants to report their own ratings of specific emotions (guilt or 
pride) in each condition after scanning. This potentially led to 
a demand effect. Although we observed a marginally signifi-
cant correlation between emotion intensity and dMPFC activa-
tion, listing different types of emotions and asking participants 
to select their salient emotion in each condition to rule out the 
demand effect might have been preferable. Second, Experiment 
two was conducted 7 years after Experiment one, thus potentially 
causing contamination of the between-experiment difference in 
this study. However, these two experiments were conducted 
using the same scanner, and participants were recruited from 
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the same university. We believe participants’ behaviors and 
brain responses were less likely to be altered because RPE-based 
social emotions are fundamental mental processes in social
interaction.

Conclusion
The present paradigm identified two common regions—the 
dMPFC and LAI, rather than the ventral striatum—that coded 
the linear prediction error elicited by both success and failure 
during interpersonal cooperation. Moreover, both these regions 
also coded the social context; however, only the dMPFC played 
an important role in integrating learning information from dif-
ferent feedbacks. Furthermore, we found that the ACC and LTPJ 
were recruited to process negative and positive prediction errors, 
respectively, suggesting that these regions worked on the first 
level of learning information from feedback. This study demon-
strate that a hierarchical neural network serves to process salient 
success and failure in the context of social cooperation.
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