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Abstract 

Despite the importance of valuing another person’s welfare for prosocial behavior, 

currently we have only a limited understanding of how these values are represented in the 

brain, and more importantly, how they give rise to individual variability in prosociality. 

In the present study, participants underwent functional magnetic resonance imaging while 

they performed a prosocial learning task in which they could choose to benefit 

themselves and/or another person. Choice behavior indicated that participants valued the 

welfare of another person, although less so than they valued their own welfare. Neural 

data revealed a spatial gradient in activity within the medial prefrontal cortex (MPFC), 

such that ventral parts predominantly represented self-regarding values whereas dorsal 

parts predominantly represented other-regarding values. Importantly, compared to selfish 

individuals, prosocial individuals showed a more gradual transition from self- to other-

regarding value signals in the MPFC and stronger MPFC-striatum coupling when they 

made choices for another person rather than for themselves. The present study provides 

evidence of neural markers reflecting individual differences in human prosociality. 
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Significance Statement 

How do selfish and prosocial brains function differently with regard to valuing the 

welfare of others? The present study addresses this question by combining neuroimaging, 

computational modeling, and an instrumental conditioning paradigm. Contrary to the 

conventional notion of the dorsal medial prefrontal cortex (MPFC) implicated in 

mentalization, we found that it was selfish individuals who showed greater spatial 

segregation between ventral and dorsal MPFC, which encoded self- and other-regarding 

values, respectively. Prosocial individuals, on the other hand, were characterized by 

overlapping representations of self-value and other-value in the ventral MPFC and also 

by stronger functional coupling between MPFC and striatum while representing and 

updating the value of other-regarding choices. These findings provide rigorous scientific 

evidence of neural markers reflecting individual differences in human prosociality. 
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\body 

Ranging from a small act of kindness in daily life to self-sacrificing altruism 

under life-threatening situations, we often observe large individual differences in valuing 

another person’s welfare. This differential valuation process seems to be the key to 

understanding various human prosocial behaviors, which are fundamental to the 

sustainability of human society (1). Yet, the underlying neural mechanisms and their 

relationship to individual differences in prosociality remain unclear. 

Perhaps the most powerful way of assessing how a future outcome is valued is to 

use an instrumental learning paradigm that examines whether the occurrence of a 

response increases when it is followed by that outcome (2). The mechanisms underlying 

this type of learning have been described more formally with a computational model, 

known as the temporal difference (TD) learning model (3-5), which has been used 

successfully to reveal the neuroanatomical substrates of subjective valuation (3,4,6). 

Previous research has further refined the neurobiological model of reinforcement learning 

by emphasizing the specific roles played by the medial frontal cortex and the striatum: 

the medial frontal cortex computes the value of the chosen action while the striatum 

processes reward prediction errors during reinforcement learning (4, 6-9). 

Unlike our current understanding of the valuation process for self-regarding 

choices (3, 6-12), it is much less clear whether learning can also be driven by other-

regarding values, and whether this other-regarding valuation relies on the same 

mechanisms of reinforcement learning as those used for self. Moreover, despite rapidly 
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accumulating research on reward processing in social domains (13-19), the question 

remains of how the neural representation of self- vs. other-regarding values is related to 

individual differences in altruistic behavior.  

In the present research, we designed a novel version of an instrumental learning 

task (i.e., a prosocial learning task), to assess behavioral and neural processes associated 

with self- and other-regarding valuation in a comparable, principled way. In the prosocial 

learning task, participants chose between two alternatives to achieve a higher probability 

of benefitting either themselves and/or another person in the form of reducing the 

duration of exposure to unpleasantly loud noise. Thirty pairs of healthy right-handed 

female college students participated in the study. The scanned participant of each pair 

performed the prosocial learning task (Figure 1). In each trial of the task, participants 

were presented with two options and had to choose one of them. In different conditions, 

the two options were represented by specific fractal images and associated with points 

only for the participant in the scanner (SELF condition), for both participants (BOTH 

condition), or only for the participant outside the scanner (OTHER condition). One of the 

two options always had a higher probability (70%) of yielding points than the other 

(30%). By trial and error the participants in the scanner would learn about these 

probabilities and subsequently choose the option they preferred. Participants were told 

that they would be exposed to unpleasant noise for five minutes after the task, and that 

the points earned in the task would be used to reduce the duration of the noise for 

themselves and/or the paired participant outside the scanner. 
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We predicted that if participants valued others’ welfare, the other-regarding 

outcome (i.e., points earned to reduce the duration of aversive noise for the other) would 

increase their performance above chance level, such that they would earn more points for 

the other participant than if they chose randomly. In line with the idea that avoidance of 

punishment is reinforcing and has been shown to activate similar brain regions as reward 

learning (3), the points earned in the task, which could be used later, just like money, 

were presumed to have appetitive motivational value. Regarding neural representation of 

the chosen value, therefore, we expected a spatial segregation within the MPFC in 

computing self- and other-regarding values, consistent with previous studies showing that 

the ventral and dorsal parts of the MPFC are involved in self- and other-regarding 

processes, respectively (19-25). More importantly, we hypothesized that the degree of 

spatial segregation would provide a neural index of the individual propensity to help 

others. Given that the positive subjective valuation of others’ welfare can lead to 

prosocial decisions (17, 26-29), we expected that decreased segregation would be 

associated with greater prosociality. In addition, we examined whether and how 

corticostriatal communications contribute to individual differences in representing and 

updating self- and other-regarding values. 

 

Behavioral results 

We tested whether participants valued another person’s welfare at all, and found 

that they did. In particular, the proportions of choosing the high-reward probability option 
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in the OTHER condition were significantly higher than chance level (0.5), t(25) = 2.68, p 

< 0.05 (Figure 2A; see SI Appendix, Figure S1 for trial-by-trial learning curves). While 

this finding clearly indicates that participants did learn to help others even when there 

was nothing to be gained for them, there were considerable individual differences in the 

propensity to help. Some individuals showed equal preference for the high probability 

option in the SELF and the OTHER conditions whereas other individuals showed such a 

preference only in the SELF condition. Due to this individual variability, preference for 

the high probability option was weaker, on average in the OTHER condition compared to 

the SELF (ps < 0.05) or the BOTH (ps < 0.05) conditions [Figure 2A; main effect of 

condition: F(2, 50) = 5.97, p < 0.01; pairwise comparisons for SELF vs. BOTH: ns].  

fMRI Results 

Spatial gradient within MPFC for self- vs. other-regarding value computation. We 

hypothesized that the ventral and dorsal subregions of the MPFC would be involved in 

computing self- and other-regarding values, respectively. A minimal requirement to 

support this hypothesis was that the MPFC as a whole would be associated with choice 

values in all conditions. We therefore conducted a parametric modulation analysis using 

subject-specific value parameters estimated by the advantage learning model (see 

Materials and Methods) and found that the MPFC (x = 4, y = 52, z = 8 mm, Z = 3.73) 

was engaged in computing the value of the chosen option at the time of stimulus 

presentation across all three conditions (SI Appendix, Table S1 and Figure S3A). Next, 

we ran the same parametric modulation analysis separately for each condition. These 



 

 

 

 

 

8 

analyses revealed that the chosen value-related MPFC activation clusters in the SELF and 

the OTHER conditions were respectively located somewhat more ventrally and more 

dorsally than the cluster in the BOTH condition (SI Appendix, Table S1 and Figure 

S3B), consistent with our prediction of spatial specificity.  

For a more quantitative examination of this spatial segregation within the MPFC, 

we defined five regions of interest (ROIs) along the ventral-dorsal midline axis. 

Specifically, we obtained a sagittal view of the statistical parametric map from the 

aforementioned parametric modulation analysis with a lenient threshold of p < 0.05 

uncorrected and then selected five equally spaced coordinates spanning the ventral to 

dorsal extent of the MPFC (Figure 3A), similarly to previous research  (30). The 

parameter estimates of the neural activation associated with chosen value at the time of 

stimulus presentation were extracted from the ROIs for each individual. A 2 (condition: 

SELF, OTHER) × 5 (ROI locations) repeated-measures ANOVA showed a clear spatial 

distinction between VMPC and DMPFC in computing values for self- vs. other-regarding 

choices [interaction of condition with ROI locations: F(4, 100) = 4.49, p < 0.005] 

(Figure 3B). The value signal for SELF was stronger in more ventral ROIs, whereas the 

value signal for OTHER was stronger in more dorsal ROIs within the MPFC. Value 

signals for the BOTH condition were dominant in intermediate ROIs, and the interaction 

effect remained significant when we included the BOTH condition in the analysis [F(8, 

200) = 2.28, p < 0.05]. In line with the gradient hypothesis, the linear effect of ROI 

location on condition was also significant [F(1, 25) = 10.13, p < 0.005]. More specifically, 
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the strength of the value signal for self-regarding choices linearly decreased from 

VMPFC to DMPFC [F(1, 25) = 4.81, p < 0.05] whereas the value signal for other-

regarding choices showed the opposite trend [F(1, 25) = 3.10, p = 0.09]. 

Self-other distinction within the MPFC reflects propensity to help others in the 

prosocial learning task. We expected that the spatial pattern of value representations 

within the MPFC would reliably track individual variability in (prosocial) propensity to 

help, as measured by choice behavior in the prosocial learning task. To capture individual 

differences in a categorical manner, we formed two groups (prosocial and selfish) based 

on the parameters estimated by the advantage learning model (see Materials and 

Methods). Figure 2B illustrates the behavioral characteristics of the prosocial and selfish 

individuals in terms of their propensity to choose high reward probability options across 

conditions (see SI Appendix, Figure S1 for the learning curves). Group membership 

(prosocial and selfish) interacted with condition (SELF, BOTH, and OTHER) with 

respect to the proportions of high probability choice [F(2, 46) = 11.78, p < 0.001]. 

Individuals in the prosocial group showed a smaller difference between the SELF and 

OTHER condition than individuals in the selfish group (see SI Appendix, Figures S2 

and S4 for the validation of the categorization).  

To better characterize the effects of prosociality on value representation, we 

conducted a mixed ANOVA with reward-type and ROI location as within-subject factors 

and group membership as a between-subjects factor. We found a significant three-way 

interaction [F(4, 92) = 3.10, p < 0.05], such that the spatial distinction of self- and other-
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regarding value representations was stronger in the selfish group than the prosocial group 

(Figures 3C and 3D). Analyses performed separately for the prosocial and selfish groups 

further supported this finding: The spatial separation of self- and other-regarding value 

signals was only prominent among selfish individuals, [F(4, 36) = 5.37, p < 0.005] but 

not among prosocial individuals [F(4, 56) < 1, ns]. We quantified the degree of spatial 

separation within the MPFC by fitting linear functions to the self- and other-regarding 

value signals along the ventral-dorsal axis for each individual. A between-groups 

comparison of the linear slopes fitted to the spatial gradient revealed that slopes were 

steeper in selfish vs. prosocial individuals [F(1, 23) = 6.72, p < 0.05] (Figure 3E), 

consistent with a greater separation of self- and other-regarding values in selfish 

compared to prosocial individuals. The spatial gradient revealed that the difference 

between selfish and prosocial groups mainly arose in the OTHER condition [F(1, 23) = 

4.015, p = 0.057], that is, the other-regarding value signal was stronger in the DMPFC 

than the VMPFC only in selfish individuals. Such a group difference was not observed in 

the SELF condition [F(1 ,23) < 1, n.s.], where the self-regarding value signal was 

stronger in the VMPFC than the DMPFC for both groups. Control analyses showed that 

the extent of the MPFC activation was not merely associated with performance level (see 

SI Appendix for additional analyses addressing alternative explanations). 

Furthermore, the spatial gradient tracked the choices in the prosocial learning 

task: the slopes of the spatial gradient for self- and other-regarding values correlated 

negatively with the average proportion of choosing high reward probability options in the 
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OTHER condition (r = - 0.55, p < 0.01), and the correlation remained significant after we 

excluded the most extreme value, which could be considered as an outlier (r = - 0.43, p < 

0.05, Figure 3F). That is, participants with greater other-regarding value signals in the 

VMPFC than in the DMPFC were more likely to choose to help their partners in the 

OTHER condition, whereas those with the opposite gradient were more likely to behave 

individualistically (selfishly). The spatial gradient for self-regarding values was not 

associated with the choices in the SELF condition (r = - 0.075).  

Functional connectivity of the MPFC during other- vs. self-regarding choices. It has 

been well established by previous studies that communication between the medial frontal 

regions computing the chosen values and the striatum processing the RPEs plays an 

essential role in updating and maintaining value-related information during reinforcement 

learning (7, 8). We confirmed that activity in the striatum, including the nucleus 

accumbens and part of the caudate and putamen, was correlated with the RPE at the time 

of the outcome presentation phase, irrespective of an individual’s propensity to behave 

prosocially (SI Appendix). We then performed psychophysiological interaction (PPI) 

analyses to test whether and how the individual differences observed in the present study 

are reflected in the pattern of functional connectivity between the MPFC subregions and 

the striatum during other vs. self-regarding choices. We selected the ventral (VMPFC; x 

= 0, y = 56, z = 2; peak voxel computing chosen value for SELF condition), middle 

(MMPFC; x = 4, y = 52, z = 8; peak voxel computing chosen value for both SELF and 

OTHER conditions), and dorsal (DMPFC; x = 2, y = 44, z = 12; peak voxel computing 
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chosen value for OTHER condition) parts of the MPFC as seed regions. Then we 

performed three separate PPI analyses to identify the regions showing differential 

functional coupling with the three seed regions in the OTHER vs. SELF condition at the 

option presentation phase. Finally, we performed two-sample t-tests of the difference 

between selfish and prosocial groups. As expected, we found a significant group 

difference in functional connectivity between the striatum and the VMPFC (x = 16, y = 

20, z = 0, Z = 3.54), MMPFC (x = 6, y = 14, z = 2, Z = 3.36), and DMPFC (x = 14, y = 18, 

z = 4, Z = 4.14) (Figures 4A and B). To better understand these group differences, we 

performed post-hoc ROI analyses and found that the difference between the OTHER vs. 

SELF condition was robust among prosocial individuals, such that the connectivity was 

stronger in the OTHER condition than in the SELF condition for all of the three MPFC 

seeds [all Fs(1, 23) > 9.98, all ps < 0.01] (Figures 4C-E). On the other hand, selfish 

individuals tended to show the opposite patterns, that is, stronger connectivity in the 

SELF than the OTHER condition, although the differences between the two conditions 

were not statistically significant. It is also worth noting that the part of the striatum 

communicating with the DMPFC covered a large area that extended from the nucleus 

accumbens to the dorsal caudate and putamen. By contrast, the regions communicating 

with the MMPFC and VMPFC were more restricted, and the peak voxels were located 

more ventrally than those connected with the DMPFC (SI Appendix, Figures 4A and B; 

Figure S5 and Table S3 for the regions other than the striatum; SI Appendix for 

additional analyses addressing alternative explanations).  
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Mode of decisions for self and other. The difference between prosocial and selfish 

individuals in representing and updating self- and other-regarding values lead us to the 

question of whether the two groups engage in different modes of decision in SELF and 

OTHER conditions. Our response time (RT) data suggested the possibility that additional 

cognitive processes might be required for selfish individuals to make other-regarding 

decisions, because selfish individuals were significantly slower in the OTHER than the 

SELF condition, F(2, 18) = 3.84, p < 0.05 (SI Appendix, Figure S8). Prosocial 

individuals did not show such a difference, F(2, 28) = 0.49, ns. In line with this 

behavioral finding, regions known to be involved in cognitive control, such as the right 

anterior insula extending to the inferior frontal gyrus showed greater activation when 

selfish participants made choices for the other participant than for themselves, whereas 

prosocial individuals showed no significant difference across conditions (AI/IFG; x = 36, 

y = 26, z = -4, Z = 3.65; two-sample t-test for the group difference in the contrast maps of 

OTHER vs. SELF condition at the time of option presentation; SI Appendix, Figure 

S9A; see Table S4 for whole-brain result). This result remained the same even when 

trial-to-trial RTs were included in the analysis (SI Appendix, Figure S10), ruling out the 

possibility that the increased AI/IFG activation during the OTHER condition among 

selfish participants may merely reflect differences in RT. Interestingly, the AI/IFG 

activation was correlated with the average RTs, such that participants with slower RTs in 

the OTHER vs. SELF condition showed greater AI/IFG activation in the OTHER vs. 

SELF condition (r = 0.50, p < 0.05), which remained significant even after controlling for 
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the effect of need for cognition (55). In sum, these findings suggest that the AI/IFG may 

be involved in decision mode switching, which is then indirectly related to additional 

information processing. The RTs and neural responses in the SELF condition were not 

related to performance.  

To further examine how AI/IFG activation influences the corticostriatal 

communication underlying the process of updating and representing other- vs. self-

regarding values, we correlated the AI/IFG activation (i.e., the beta estimates of the 

OTHER vs. SELF contrasts at the option presentation phase) with the MPFC-striatum 

connectivity (i.e., the beta estimates of the PPIs with the MPFC subregions as seeds 

during OTHER vs. SELF trials) across participants. Interestingly, the greater AI/IFG 

activation in the OTHER than the SELF condition, the weaker DMPFC-striatum (r = -

0.48, p = 0.01), MMPFC-striatum (r = -0.47, p = 0.01), and VMPFC-striatum (r = -0.37, 

p = 0.11) coupling in the OTHER vs. SELF condition (SI Appendix, Figure S9B). 

 

Discussion 

The present study investigated the neural mechanisms of valuing and representing 

another’s welfare and their relation to an individual’s propensity for prosocial behavior. 

Combined with a computational approach, our prosocial learning task provided a novel 

behavioral measure to quantify individual differences in prosociality and allowed us to 

explore the question that we raised in the beginning: What makes some people more 

prosocial than others and how does our brain enable us to value the welfare of others?  
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Our finding that the spatial specificity for self vs. other-regarding value 

representation within the MPFC was robust only among selfish individuals and was 

attenuated among prosocial individuals supports the idea that prosociality requires a 

shared value representation for self and other (1, 17, 26). Interestingly, closer 

examination of the spatial gradient revealed that the difference between prosocial and 

selfish groups was especially prominent in the VMPFC. This might seem puzzling, 

considering that the VMPFC has been strongly implicated in the processes of self-

relevant information (31-33) and the DMPFC in theory of mind and mentalizing (34-36). 

However, there is converging evidence for functional specialization within the MPFC. 

For example, the VMPFC has been suggested as a domain-general valuation system that 

processes significant and motivating information such as reward (37, 38), and the 

DMPFC as a part of the attentional system that is predominantly involved in cognitively 

demanding tasks such as strategic social inference (37-39). This idea does not necessarily 

contradict the idea that self-relevance is a major factor that distinguishes VMPFC and 

DMPFC (40) because self-relevant information is often most significant and motivating 

(19, 41). Our results suggest that the VMPFC is tightly associated with subjective 

valuation regardless of the choice’s beneficiary (30), whereas the DMPFC is involved in 

more general other-specific processing commonly required for other-regarding choices 

invariant across individuals (22-24, 39, 42, 43). 

Another interesting finding is that the pattern of functional coupling between the 

MPFC subregions computing the values of choices and the striatum encoding RPEs was 
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significantly correlated with individual propensity to help others. In support of this 

finding, many previous studies have reported strong anatomical and functional links 

between MPFC subregions and the striatum, which play a key role in reinforcement 

learning (7, 8, 44). More specifically, recent theoretical work proposed a hierarchical 

model, in which reinforcement learning in vertebrates occurs through multiple 

independent cortico-basal ganglia loops that interact with each other, allowing 

information to propagate mostly from ventral to dorsal levels of the striatum-MPFC loops 

(44). Although the spatial resolution of fMRI is far lower than that of animal 

neurophysiological studies (44), we found a similar spatial segregation between ventral 

and dorsal corticostriatal networks. Our PPI data suggest that prosocial individuals may 

be characterized by active propagation of subjective value signals between the ventral 

and dorsal loops, which could be crucial for maximizing their capacity to represent, 

update, and maintain the value of other-regarding choices. This, in turn, may enable the 

shared value representation for self and other within the MPFC. 

Despite the stronger functional coupling between the striatum and the MPFC 

among prosocial individuals, it appears that selfish individuals required greater cognitive 

effort and control during the OTHER vs. SELF condition, where they had slower RTs 

and showed increased activity in the AI/IFG. Although we cannot completely rule out the 

possibility that the AI/IFG activation may reflect an aversive response to other-regarding 

choices among selfish individuals, the correlation between the AI/IFG activation and the 

average RTs across individuals suggests that additional cognitive processes may be 
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engaged during the OTHER condition. It is also noteworthy that AI/IFG has been 

strongly implicated in cognitive control and self-regulation (45-48). Given that increase 

in AI/IFG activity weakened the MPFC-striatum coupling during choices for others, 

selfish individuals seem to employ additional cognitively demanding processes that 

interrupt the process of prosocial valuation, which may involve signal propagation 

through the MPFC-striatum loops. The exact nature of these additional cognitive 

processes employed by selfish individuals deserves future investigation. 

In summary, the present study revealed that spatial segregation within the MPFC 

in computing values for self- vs. other-regarding choice is critically involved in 

determining individual variability in prosociality. Further, weaker segregation of self- and 

other-regarding value signals in the MPFC and stronger MPFC-striatal coupling are 

associated with being prosocial rather than selfish. Despite having yet to be tested with 

more direct measures of altruism, our findings provide important insights into human 

prosociality/altruism. First, the shared neural representation for self- and other-regarding 

values found among prosocial individuals supports the view that altruism requires value 

extension from self to others, via a process in which another person’s welfare becomes 

valuable (1, 16, 17, 26). Second, the other-regarding valuation process subserved by the 

VMPFC as a part of the corticostriatal network in prosocial individuals emphasizes the 

automatic and intuitive nature of prosocial motivation. This finding is in line with recent 

perspectives that prosociality and morality are rooted in intuition acquired, formed, and 

maintained through socialization (49-52). Third, our findings provide neural evidence of 
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social norms internalized within an individual, which may have evolved to benefit groups 

by promoting prosocial behaviors (53). In conclusion, our present findings shed some 

light on the mystery of human altruism and support the notion that this mystery can be 

better understood by adopting rigorous scientific methods and theoretical frameworks in 

the ripening field of decision neuroscience. 

 

Materials and Methods 

Participants. Thirty pairs of healthy right-handed female college students participated in 

the experiment. The two participants in each pair were strangers to each other. Half of the 

participants (one participant/pair; mean age: 21.9 years, range 19-29 years) were 

randomly assigned to perform a prosocial learning task in the scanner. Four participants 

were excluded due to excessive head movement or random responses in all the conditions, 

leaving twenty-six participants included in the fMRI analysis. All participants were 

compensated with 30,000KRW (approximately 30 USD). The study protocol was 

approved by the Korea University Institutional Review Board and all participants gave 

written consent to participate before the experiment. 

Prosocial learning task. During the prosocial learning task, participants made choices 

between two fractal images, each of which was associated with different reward 

probabilities (30% vs. 70%) (see SI Appendix). Each trial began with one of three pairs 

of fractal images and each pair of images was associated with one of three different types 

of condition: SELF, BOTH, or OTHER (Figure 1). Participants could earn two points for 
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self and none for other in the SELF condition, one point for self and one point for other in 

the BOTH condition, and none for self and two points for other in the OTHER condition. 

The points earned from ten randomly selected trials across all three conditions were to be 

used to reduce the duration of exposure to stressful noise (i.e., 10 sec per point) for self 

and/or other. Each condition comprised 48 trials, resulting in a total of 144 trials in one 

functional run (about 25 min). The conditions were presented in a pseudo-random order, 

and the conditions and reward probabilities associated with different fractal images were 

counter-balanced across participants.  

Estimation of chosen value and reward prediction error. Chosen value and reward 

prediction error (RPE) for each trial for each individual were estimated by using the 

advantage learning model (3, 4) (see SI Appendix).  

Behavioral measures of individual prosociality. To measure individual differences in 

prosociality within the task, we estimated an experienced magnitude of reward outcomes 

separately for each of the three conditions (see SI Appendix). Applying the conceptual 

framework of social value orientation (54), we grouped participants into a prosocial 

group (N = 15), which valued other-regarding outcomes the same as or more than self-

regarding outcomes, and a selfish group (N = 10), which valued self-regarding outcomes 

more than other-regarding outcomes. One subject who did not value either of the 

outcomes was excluded from the analyses examining group differences. To validate the 

findings that were based on the task-based measure of prosociality with an independent 

measure, we also used participants’ self reports in the social value orientation 
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questionnaire to group them into prosocial (N = 14) and proself (N = 10) groups (53; see 

SI Appendix). This grouping confirmed that the behavioral and fMRI results remained 

the same (SI Appendix, Figures S2 and S4). 

fMRI data acquisition and analysis. Brain images were acquired on a 3T MRI scanner 

(MAGNETOM Tim Trio; Siemens Medical Solutions, Erlangen, Germany) at the Korea 

University Brain Imaging Center. T2*-weighted functional images were obtained through 

gradient echo planar image (EPI) with BOLD (Blood Oxygenation Level Dependent) 

contrast (TR = 2000 ms; TE = 30 ms; flip angle = 90°; FOV = 240mm; 80 × 80 matrix; 

36 axial slices; 3 × 3 × 3 mm in-plane resolution). High-resolution T1-weighted structural 

images were also collected (TR = 1900 ms; TE = 2.52 ms; flip angle = 9°; 256 × 256 

matrix; 1 × 1 × 1 mm in-plane resolution). The fMRI data were preprocessed and 

analyzed using SPM8 (Wellcome Department of Imaging Neuroscience, London). 

Images were realigned, normalized to the standard Montreal Neurological Institute (MNI) 

EPI template, and spatially smoothed using a Gaussian kernel with an 8-mm full width at 

half maximum (FWHM).  

We created a first-level general linear model (GLM) with parametric modulators 

(see SI Appendix). Trial-by-trial fluctuations of subject-specific chosen values and RPEs 

were estimated by using the advantage learning model and entered into the first-level 

GLM model as parameters that modulated the hemodynamic responses at the time of 

option presentation and outcome presentation, respectively. Linear contrasts of regression 

coefficients for the parametric modulators of value and for RPE were computed and 
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subjected to a random effects group-level analysis using one-way ANOVA with 

condition (i.e., SELF, BOTH, OTHER) as a repeated-measures factor. Spatial gradients 

in self- and other-regarding value representations within the MPFC were quantified by 

extracting parameter estimates from five anatomical ROIs (spheres with a 4-mm radius) 

along the midline axis from VMPFC to DMPFC within the activation cluster correlating 

with the value parameters (30). For each ROI, we extracted the value parameter estimates 

for each condition, which were then entered into a repeated-measures one-way ANOVA. 

In addition, we fitted a linear slope to the OTHER vs. SELF contrasts across the five 

ROIs along the ventral-to-dorsal axis for each individual to estimate the degree of spatial 

gradient within the MPFC in terms of other- vs. self-regarding valuation. 

Differential functional connectivity with the MPFC subregions during other- 

compared to self-regarding choices at option presentation was assessed with a PPI 

analysis. The MMPFC seed was the peak voxel from the region (x = 4, y = 52, z = 8) that 

was found to be correlated with the value parameters from all three conditions in the 

parametric modulation analysis; the VMPFC (x = 0, y = 56, z = 2) and DMPFC (x = 2, y 

= 44, z = 12) seeds were the peak voxels found to be correlated with the value parameters 

from SELF and OTHER conditions, respectively; the OTHER vs. SELF contrast at the 

time of option presentation was included as a psychological variable. Individual PPI 

maps were entered into a group-level two-sample t-test comparing prosocial and selfish 

groups.  
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 Additionally, to examine whether prosocial and selfish individuals utilize 

different modes of decision for self vs. other, we contrasted neural responses to the 

presentation of options between SELF and OTHER conditions. The contrast maps of 

SELF vs. OTHER and OTHER vs. SELF at option presentation were entered into 

random-effects group-level two-sample t-tests comparing prosocial and selfish groups. 

All statistical thresholds were set to p < 0.05 corrected for multiple comparisons, 

using a cluster threshold determined at an uncorrected p < 0.001 by Monte Carlo 

simulations implemented in AlphaSim within AFNI software (http://afni.nih.gov/afni; 55) 

for each search volume described below. To assess value signals in the MPFC, we 

formed an a priori anatomical search volume that included superior medial frontal cortex 

and anterior cingulate based on the AAL atlas (57) as implemented in the 

WFU_PickAtlas toolbox (www.ansir.wfubmc.edu; 58). In searching for RPE signals in 

the striatum and for the PPI analyses, we created an a priori search volume including 

bilateral caudate and putamen (extending to nucleus accumbens), based on the AAL atlas. 

For the group comparison analyses of SELF vs. OTHER and OTHER vs. SELF contrasts 

at option presentation, the correction was confined within the whole-brain because we 

had no specific hypothesis for this analysis.  
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Figure Legends 

 

Figure 1 Prosocial learning task and within-subject experimental conditions. Only 

rewarded outcomes are shown. 

 

Figure 2 Behavioral results. A: Proportions of choosing high reward probability (HRP) 

options in SELF, BOTH, and OTHER conditions. B: Comparison between prosocial and 

selfish. All error bars indicate 95% confidence interval. 

 

Figure 3 Regions representing the value of the chosen option. A: Definition of ROIs. B: 

Spatial gradient for self- and other- regarding value computation within the MPFC. 

Dotted lines indicate linear fits of the spatial gradient for SELF (red) and OTHER (blue) 

conditions. C-D: Spatial gradient for self- and other- regarding value computation within 

the MPFC, depicted separately for prosocial (N = 15) and selfish groups (N = 10) as 

defined by the advantage learning model (see SI Appendix). Dotted lines indicate linear 

fittings of the spatial gradient for SELF (red) and OTHER (blue) conditions. Negative 

slope indicates greater value signal in VMPFC than DMPFC, and vice versa. E: Linear 

slopes of the spatial gradient within the MPFC in SELF and OTHER conditions among 

prosocial and selfish participants. Negative slope indicates greater value signal in 
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VMPFC than DMPFC, and vice versa. F: Participants with greater gradient showed a less 

clear preference for the high probability option in the OTHER condition. The result 

remained significant after excluding the subject with the strongest gradient (open circle, 

correlation coefficient without this data point is reported in brackets). 

 

Figure 4 Comparison of prosocial vs. selfish individuals for functional connectivity (PPI) 

with the VMPFC, MMPFC, and DMPFC as seed regions during OTHER vs. SELF 

conditions. A: Result of two-sample t-tests for the PPIs with the VMPFC and DMPFC as 

seed regions masked with the striatum ROI. Different seed regions are color coded (Red: 

VMPFC, blue: DMPFC, magenta: VMPFC ∩ DMPFC; for illustration purposes, p < 

0.005, uncorrected). B: Result of two-sample t-tests for all three PPIs masked with the 

striatum ROI. Voxels connected with the VMPFC, MMPFC, and DMPFC as seed regions 

are color coded with red, green, and blue, respectively (note that the regions connected 

with VMPFC and MPFC largely overlap; for illustration purposes, p < 0.005, 

uncorrected). C-E: Average connectivity strength between the MPFC subregions and the 

striatum in SELF and OTHER condition closely matched the differential prosociality of 

the prosocial and the selfish group.  


