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Humans can integrate social contextual information into decision-
making processes to adjust their responses toward inequity. This
context dependency emerges when individuals receive more (i.e.,
advantageous inequity) or less (i.e., disadvantageous inequity) than
others. However, it is not clear whether context-dependent process-
ing of advantageous and disadvantageous inequity involves differ-
ential neurocognitive mechanisms. Here, we used fMRI to address
this question by combining an interactive game that modulates so-
cial contexts (e.g., interpersonal guilt) with computational models
that enable us to characterize individual weights on inequity aver-
sion. In each round, the participant played a dot estimation task with
an anonymous coplayer. The coplayer would receive pain stimulation
with 50% probability when either of them responded incorrectly. At
the end of each round, the participant completed a variant of dicta-
tor game, which determined payoffs for him/herself and the
coplayer. Computational modeling demonstrated the context depen-
dency of inequity aversion: when causing pain to the coplayer (i.e.,
guilt context), participants cared more about the advantageous in-
equity and became more tolerant of the disadvantageous inequity,
compared with other conditions. Consistently, neuroimaging results
suggested the two types of inequity were associated with differen-
tial neurocognitive substrates. While the context-dependent process-
ing of advantageous inequity was associated with social- and
mentalizing-related processes, involving left anterior insula, right
dorsolateral prefrontal cortex, and dorsomedial prefrontal cortex,
the context-dependent processing of disadvantageous inequity
was primarily associated with emotion- and conflict-related pro-
cesses, involving left posterior insula, right amygdala, and dorsal
anterior cingulate cortex. These results extend our understanding
of decision-making processes related to inequity aversion.
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Inequity aversion, or the preference for fairness, is an other-
regarding preference observed widely in human society (1, 2).

Individuals can be averse to inequity both when they receive more
(i.e., advantageous inequity) and when they receive less (i.e., dis-
advantageous inequity) than others (2). The distinction between
these two types of inequity aversion has been demonstrated in
different disciplines. Behavioral studies showed that, although
individuals dislike both types of inequity, their responses to ad-
vantageous inequity are usually not as strong as to disadvanta-
geous inequity (2–4). Both evolutionary and developmental
evidence demonstrated variations in the onset of the two types of
inequity aversion. Disadvantageous-inequity aversion emerges at
early stages of evolution and of human development, whereas
advantageous-inequity aversion has only been seen in chimpan-
zees (5) and humans above 8 y old, who have relatively mature
social and cognitive control abilities (6). These findings provide a

theoretical motivation for investigating potentially differential
psychological and neural mechanisms underpinning the two types
of inequity aversion. Increased knowledge of the psychological and
neural bases underlying individuals’ attitudes toward inequity can
provide valuable clues for understanding various social and eco-
nomic phenomena, such as the asymmetrical responses to inequity
when individuals are in advantageous vs. disadvantageous status in
financial crises (3, 7). However, despite extensive research on
disadvantageous inequity, little is known about advantageous in-
equity and whether these two types of inequity involve differential
psychological and neural mechanisms.
Previous evidence has linked disadvantageous-inequity aver-

sion with negative emotions (e.g., envy) elicited by receiving less
than others (2, 6). Specifically, a number of studies have investigated
the psychological and neural mechanisms of disadvantageous-
inequity aversion using ultimatum game (UG), in which partici-
pants decide whether to accept a fair or unfair (i.e., disadvanta-
geous) division of money suggested by a proposer (8). Participants’
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self-reported negative feelings increased as the divisions became
increasingly unfair (9); they had stronger skin conductance re-
sponses, indicating higher emotional arousal, when they rejected, as
opposed to accepted, disadvantageous divisions (9, 10). In line with
these findings, neuroimaging studies have demonstrated that the
brain structures associated with processing negative and aversive
emotions, such as the amygdala and anterior insula (aINS), are
involved in disadvantageous-inequity processing (8, 11–13).
Compared with disadvantageous inequity, responses to ad-

vantageous inequity may involve more complex processes.
Although receiving more than others may benefit oneself eco-
nomically in the short term, the resulting fairness norm violation
could frustrate partners and damage one’s reputation, which is a
threat to cooperation and benefits in the long run (5). Thus, the
decision to accept getting more than others may require not only
value representation of the relative economic gain but also ad-
vanced social cognitions, such as anticipating others’ reactions to
being treated unfairly (i.e., mentalizing), recognizing this norm
violation of themselves (i.e., norm violation detection), and
adjusting this violation to bring in long-term cooperation and
benefits (i.e., cognitive control) (5, 6). In line with this notion,
previous studies suggested a codevelopment of advantageous-
inequity aversion with the ability of cognitive control (6) and
mentalizing (14) in human development. In contrast to the ex-
istence of disadvantageous-inequity aversion across species,
advantageous-inequity aversion has thus far only been observed
in human and nonhuman species with extensive cooperation
outside of kinship relationships (5). Therefore, it is conceivable
that the processing of advantageous inequity may require brain
structures involved in mentalizing [e.g., dorsomedial prefrontal
cortex (DMPFC)] (15), norm violation detection (e.g., aINS)
(16–20), and cognitive control [e.g., dorsolateral prefrontal cor-
tex (DLPFC)] (21), in addition to regions representing values of
relative gain (e.g., ventral striatum) (22).
Based on the observed behavioral differences and the pro-

posed differences in psychological mechanisms, we propose two
hypotheses regarding the neural mechanisms of inequity pro-
cessing (Fig. 1). Hypothesis 1 (Fig. 1A) postulates a shared sys-
tem for processing both advantageous and disadvantageous
inequity (e.g., the value representation system for processing
general inequity). This hypothesis is analogous to the neural
common currency hypothesis in neuroeconomics, which posits
that reward value from various modalities is encoded by the
same neural computational process (23, 24). The shared system
for processing general inequity could be modulated by separate
systems involved in advantageous-inequity–specific processing
(e.g., mentalizing, norm compliance, and cognitive control) and
disadvantageous-inequity–specific processing (e.g., emotional
processing), resulting in different attitudes toward inequity when
one is in advantageous status vs. disadvantageous status. Hy-
pothesis 2 (Fig. 1B) assumes that advantageous inequity and
disadvantageous inequity rely on distinct psychological and
neural mechanisms. Comparing the neural activations associated
with advantageous and disadvantageous inequity can help tease
apart these two hypotheses: if nonoverlapping brain networks are
observed, it indicates differential neurocognitive substrates un-
derlying these two types of inequity (hypothesis 2); if overlapping
brain networks are identified, this hints at, but not necessarily
demonstrates, shared neurocognitive processes underlying these
two form of inequity, as different neural activation patterns (or
representations) could be encoded in overlapping univariate
activation networks (25). In this case, further multivariate anal-
yses, such as multivariate pattern analysis (MVPA) (26) and
representational similarity analysis (RSA) (27), are needed to
formally examine whether the overlapping brain networks exhibit
shared or distinct neural representations.
A few studies have investigated whether the processing of

advantageous and disadvantageous inequity involve shared or
distinct neural mechanisms (28–30). Given the inherent corre-
lation between self-payoff and advantageous inequity and the
correlation between other-payoff and disadvantageous inequity

in experimental designs, the results of these studies are mixed.
For example, one neuroimaging study (29) focused on partici-
pants’ sharing decisions in advantageous and disadvantageous
frames, in which participants were asked to choose between an
equal split of money (1 coin for self and 1 coin for other) and an
advantageous split (e.g., 2 coins for self and 0 coin for other) or a
disadvantageous split (e.g., 1 coin for self and 2 coins for other).
The brain activity for choosing the advantageous options in
contrast to the brain activity for choosing the equal option was
regarded as the neural correlates of advantageous inequity;
similar analysis was conducted for disadvantageous inequity.
However, it is hard to discern whether the brain activations
revealed in these comparisons are driven by the “inequity,” by
the actual payoff, or by both.
While it is difficult to quantitatively dissociate the amount of

self/other payoff and the degree of inequity, one way to disso-
ciate the psychological and neural processes of payoff and in-
equity is to manipulate the social context in which the resource
allocation occurs. If a certain social context modulates the sa-
lience of inequity but not the salience of absolute payoff, then
manipulating such a context would allow us to observe changes
in the processing of inequity but not the payoff (31). This logic is
in line with the “separately modifiable” principle, which has been
used to dissociate neurocognitive constructs that resemble each
other psychologically and neurally (25, 32). Indeed, previous
findings have provided the basis for us to apply this separately
modifiable principle to the understanding of neurocognitive
mechanisms underlying advantageous and disadvantageous in-
equity. On the one hand, the brain structures involved in non-
social reward encoding (e.g., orbitofrontal cortex) are suggested
to represent the relative/subjective value, which strongly depends
on the context, rather than the absolute/objective value of an
object (33). The existence of such contextual coding in nonsocial
value and decision circuits provides a clue for the existence of
similar value representation principles in social decision making

Fig. 1. Two potential hypotheses regarding the psychological and neural
mechanisms underlying inequity processing. (A) Hypothesis 1 postulates a
shared system for processing both advantageous and disadvantageous in-
equity (e.g., the value representation system for processing general in-
equity). This hypothesis is analogous to the neural common-currency
hypothesis in neuroeconomics, which posits that reward value from various
modalities is encoded by the same neural computational process (23, 24).
The shared system for processing general inequity could be modulated by
separate systems involved in advantageous-inequity–specific processing (e.g.,
mentalizing, norm compliance, and cognitive control) and disadvantageous-
inequity–specific processing (e.g., emotional processing), resulting in different
attitudes toward inequity when one is in advantageous status vs. disadvan-
tageous status. (B) Hypothesis 2 assumes that advantageous inequity and
disadvantageous inequity rely on distinct psychological and neural
mechanisms.
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(34). On the other hand, similar to nonsocial valuation, indi-
viduals are capable of integrating social context-related in-
formation into decision-making processes to adjust their
responses to inequity (4, 35–37). These flexible adjustments take
place regularly in various contexts in everyday life (38), which
enable us to maintain cooperative relationships, maximize per-
sonal welfare, and adapt to dynamic social situations (39, 40).
Moreover, individuals’ attitudes (or subjective values) toward
advantageous and disadvantageous inequity may vary differently
according to contexts. For example, when distributing resources
as a dictator, individuals tend to avoid advantageous inequity
when interacting with cooperative others (e.g., friends or
neighbors) but are more tolerant of advantageous inequity when
interacting with competitive others (e.g., competitors or sales-
men). In contrast, the context change has no effect on disadvantageous-
inequity aversion (4).
Investigating the neural correlates of advantageous and dis-

advantageous inequity from the perspective of context de-
pendency requires a social context that modulates the salience of
these two types of inequity simultaneously. One such context is
the interpersonal guilt, an emotional state associated with the
awareness of causing harm to a victim or violating perceived
norms (41). Guilt is closely related to inequity aversion because
it both signals and constitutes the obligation of wrongdoers to
balance the inequity created by their wrongdoing or trans-
gression (41–43). On the one hand, obtaining more or suffering
less than the others is an important source of guilt (41, 44). In
dictator game (DG), the extent to which a dictator is averse to
advantageous inequity is regarded in some decision theories as
reflecting anticipatory guilt (2, 45, 46). On the other hand, the
experience of guilt motivates conciliatory gestures toward vic-
tims, which aim at reducing inequity and restoring the relation-
ship back to an even footing (41, 47). Previous studies have
shown that individuals show increased generosity to the victims

when feeling guilty (47–49). This increased generosity may result
from increased advantageous and/or decreased disadvantageous-
inequity aversion when individuals are making decisions in a
state of guilt (50).
We first tested this proposal in two behavioral studies. In each

round, the participant played a dot estimation task with an
anonymous coplayer (i.e., a confederate) who would receive pain
stimulation with 50% probability when either the coplayer or the
participant him/herself responded incorrectly (Fig. 2A). At the
end of each round, the participant acted as the dictator and
completed a continuous version (50) (experiment 1; Fig. 2B) or a
binary choice version of DG (experiment 2; Fig. 2C), which de-
termined the payoffs for him/herself and the coplayer (Materials
and Methods). The DG gave the participant a chance to com-
pensate for the coplayer in this trial. The participant was told
that the coplayer did not know the existence of DG and could
not see the DG choices during the experiment. Incorrect trials in
the dot estimation task formed a 2 (Agent who performed dot
estimation task: Self vs. Other) by 2 (Outcome for the coplayer:
Pain vs. Nopain) within-participant design. The Self_Pain con-
dition was the critical condition to induce guilt. The other three
conditions controlled for confounding factors, such as empathy
for the coplayer and regret for estimating incorrectly. Thus, the
interaction between Agent and Outcome was the guilt effect that
we focused on. We used the Fehr–Schmidt inequity aversion
model (2, 50) to estimate the weights on advantageous (param-
eter α) and disadvantageous (parameter β) inequity aversion
during DG for each of the four conditions. This model posits that
when making resource allocation individuals trade self-interest
against the two forms of inequity aversion. While the continuous
version of DG in experiment 1 enabled us to conduct model
fitting at the group level, the binary choice version of DG in
experiment 2 enabled us to conduct model fitting at the indi-
vidual level. We further investigated whether there are differential

Fig. 2. Task display. (A) Each trial began by informing the participants that they were (randomly and anonymously) paired with one of three coplayers (i.e.,
confederates). In one-half of the trials, the participant performed a dot estimation task (Self trials), and in the other half of the trials he/she waited for his/her
coplayer to make the estimation (Other trials). If the answer was correct, no one would receive pain stimulation, and the current trial terminated. If either of
them responded incorrectly, the coplayer in the current trial had a 50% probability of receiving the pain stimulation (Pain trials and Nopain trials). At the end
of each incorrect trial, the participant would act as a dictator in the dictator game (DG) to determine the payoffs for him/herself and the coplayer. This DG
gave the participant a chance to compensate for the coplayer in this trial. This formed a 2 (Agent who performed dot estimation task: Self vs. Other) by 2
(Outcome for the coplayer: Pain vs. Nopain) within-participant design. The two independent variables were highlighted in red. The Self_Pain condition was
the critical condition to induce guilt. The other three conditions controlled for the confounding factors, such as empathy for the coplayer and regret for
wrong estimation. Thus, the interaction between Agent and Outcome [i.e., (Self_Pain − Other_Pain) > (Self_Nopain − Other_Nopain)] was the guilt effect
that we focused on. Two versions of the DG were used. (B) In experiment 1, for each choice, the participant received an endowment and could unilaterally
choose to give any integer amount of tokens (from 0 to the amount of endowment) to the coplayer. The relative cost and benefit of giving were manipulated
by independently varying how much each token was worth to the participant and the coplayer (i.e., the exchange ratio) (50). There was no time limitation for
each choice. (C) A binary choice version of DG was developed for experiments 2 and 3 to dissociate advantageous and disadvantageous frames. Each binary
choice consisted of two options representing the payoffs that the participant and the coplayer would earn. One option was always “10 points for me, and
10 points for the coplayer,” and the other option was an unequal option with different values, varied systematically across trials. The participants needed to
make each choice within 4 s. Two types of unequal options were implemented corresponding to advantageous and disadvantageous inequity. In both
versions of DG, one trial was selected randomly and actualized after the experiment, determining the final payoffs for the participant and the coplayer.
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neural mechanisms underlying context-dependent advantageous-
and disadvantageous-inequity aversion in experiment 3, in which
participants performed the same task as experiment 2 in the
fMRI scanner.

Results
Dissociable Contextual Effects on Advantageous- and Disadvantageous-
Inequity Aversion at the Behavioral Level. For all of the three experi-
ments, 2 (Agent: Self vs. Other) × 2 (Outcome: Pain vs. Nopain)
repeated-measures ANOVAs on the self-reported guilt ratings in
the postscan questionnaire yielded significant interactions between
Agent and Outcome (Fig. 3A and SI Appendix, Table S3). Partici-
pants felt guiltier when they themselves inflicted the pain upon
the coplayers (Self_Pain) than when the coplayers themselves
inflicted the pain (Other_Pain); this Agent effect was decreased
in Nopain conditions (i.e., Self_Nopain vs. Other_Nopain),
demonstrating the robustness and validity of our paradigm to
induce guilt.
To test whether our context manipulation modulated indi-

viduals’ advantageous- and disadvantageous-inequity aversion,
we used the Fehr–Schmidt inequity aversion model (2, 50) to
capture individuals’ weights on advantageous (α) and disadvan-
tageous (β) inequity aversion for each of the four conditions, at
both the group level (experiments 1–3) and the individual level
(experiments 2 and 3) (Materials and Methods). The Fehr–
Schmidt inequity aversion model explained participants’ choices
significantly better than six other plausible models (SI Appendix,
SI Methods and Table S11). These results indicate that partici-
pants’ behavioral changes in the guilt context were derived, to a
large extent, from increased advantageous-inequity aversion and
decreased disadvantageous-inequity aversion, but not from in-
creased subjective values of other-payoff, changes in partici-
pants’ attitudes toward inequity aversion in general, or changes
in their perceived fairness norms.
Both group-level model fitting in the three experiments (Fig. 3

B–D) and individual-level model fitting (SI Appendix, Fig. S1) in
experiments 2 and 3 demonstrated that, compared with the
Other_Pain condition, participants’ α increased and β decreased in
the Self_Pain condition, while these effects were absent or de-
creased in the Nopain conditions (i.e., Self_Nopain vs. Other_Nopain)
(SI Appendix, Tables S3 and S4). Patterns of model-free results in all
of the three experiments were consistent with the model-based results
(SI Appendix, SI Results and Fig. S2).
To test whether the contextual effects on advantageous and

disadvantageous inequity are dissociable at the behavioral level,
we examined the correlation between the contextual effects (i.e.,
the interactions between Agent and Outcome) on α and β in both
experiments 2 and 3. To this end, we estimated α and β for each
participant in each condition, and estimated the contextual effect
[i.e., (Self_Pain − Other_Pain) − (Self_Nopain − Other_Nopain)]
on α and β for each participant. Results showed that the contextual
effects on the two types of inequity aversion were uncorrelated
(experiment 2: r = −0.023, P = 0.911; experiment 3: r = −0.152, P =
0.479), indicating that the individuals with higher contextual effects
on α did not necessarily exhibit higher or lower contextual effects on
β (Fig. 3 E and F).

Neural Responses to Inequity in Advantageous and Disadvantageous
Frames. To identify brain regions involved in advantageous- and
disadvantageous-inequity processing, we classified binary choices
shown to the participants into the advantageous frame and the
disadvantageous frame according to the relative status of self-
payoff compared with other-payoff implemented in the unequal
option of each binary choice. Then in each frame, all of the bi-
nary choices were further median split into the high-inequity
condition (HI) and the low-inequity condition (LI) according to
the amount of self/other-payoff differences implemented in the
unequal option of each binary choice (SI Appendix, Table S2).
This procedure of choice classification was independent of par-
ticipants’ actual choices, resulting in a balanced design for fMRI
analysis. In close correspondence to the behavioral analysis, we

established hypotheses for fMRI analysis showing the potential re-
sponse patterns for brain regions that were involved in advanta-
geous- and disadvantageous-inequity aversion processing (Fig. 4).
Specifically, given the increased advantageous-inequity aversion
observed in the Self_Pain condition, we hypothesized that brain
regions involved in context-dependent processing of advantageous
inequity would show greater sensitivity to advantageous inequity

Fig. 3. Behavioral results. (A) Significant 2 (Agent: Self vs. Other) × 2
(Outcome: Pain vs. Nopain) interaction effects were observed for postscan
guilt ratings in all of the three experiments. Participants felt guiltier when
they themselves inflicted the pain upon the coplayers (Self_Pain) than when
the coplayers themselves inflicted the pain (Other_Pain); this Agent effect
was decreased in Nopain conditions (Self_Nopain vs. Other_Nopain), dem-
onstrating the robustness and validity of our paradigm to induce guilt. (B–D)
Group-level model-based results for participants’ choices during DG in ex-
periments 1, 2, and 3, respectively. The x axis and y axis represent the weight
on advantageous inequity (α) and the weight on disadvantageous inequity
(β), respectively. The red dots represent the difference between bootstrap
pseudosample estimates (Materials and Methods) for the Self_Pain condition
and the Other_Pain condition, while the blue dots represent the difference
between bootstrap pseudosample estimates for the Self_Nopain condition
and the Other_Nopain condition. Thus, the location of red dots relative to
blue dots captures the interaction effect between Agent and Outcome [i.e.,
the guilt effect: (Self_Pain − Other_Pain) > (Self_Nopain − Other_Nopain)]
on α and β. In all three experiments, red dots move down–right relative to
the blue dots (i.e., increased α and decreased β), indicating that when par-
ticipants felt guilty, their advantageous-inequity aversion increased and
their disadvantageous-inequity aversion decreased, compared with other
conditions. (E and F) Individual-level model-based results for participants’
choices during DG in experiments 2 and 3, respectively. The x axis represents
the contextual effect [i.e., (Self_Pain − Other_Pain) − (Self_Nopain −
Other_Nopain)] on individual weight on disadvantageous inequity (β). The y
axis represents the contextual effect on individual weight on advantageous
inequity (α). Results showed that the contextual effects on α and β were
uncorrelated with each other in both experiments, suggesting that individ-
uals with a higher contextual effect on α did not necessarily have the same
trend for β. Error bars represent SEM. ***P < 0.001.
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in this condition than in the other three conditions, which would
in turn result in boosted activity differences between HI and LI
conditions in these regions (Fig. 4A). Thus, the activity of these
brain regions would show significant Agent ×Outcome × Inequity
level three-way interactions [(Self_Pain_HI > Self_Pain_LI) −
(Self_Nopain_HI > Self_Nopain_LI) − (Other_Pain_HI >
Other_Pain_LI) + (Other_Nopain_HI > Other_Nopain_LI)] in the
advantageous frame. Similarly, brain regions in context-dependent
processing of disadvantageous inequity would show less sensitivity to
disadvantageous inequity in the Self_Pain condition than in the
other three conditions, which would in turn result in decreased
activity difference between HI and LI conditions in these regions
(Fig. 4B). Thus, the activity of these regions would also show sig-
nificant Agent × Outcome × Inequity level three-way interactions,
but the direction of this effect would be opposite to that in the
advantageous frame [(Self_Pain_LI> Self_Pain_HI) − (Self_Nopain_
LI > Self_Nopain_ HI) − (Other_Pain_ LI > Other_Pain_ HI) +
(Other_Nopain_ LI > Other_Nopain_ HI)]. Based on these hypoth-
eses, we focused on the neural responses during the decision phase at
which participants decided self- and other-payoffs and established
general linear model 1 (GLM1) to reveal brain regions that were
separately involved in context-dependent processing of advantageous-
and disadvantageous-inequity aversion (SI Appendix, SI Methods).
For the advantageous frame, significant activations were found

in the left aINS [−30, 21, −20], rDLPFC [39, 20, 37], and
DMPFC [−12, 47, 40] (Fig. 5A, I and VI, and SI Appendix, Table
S7). Compared with other conditions, when the participant
inflicted pain upon the coplayer, the activity difference between
HI and LI choices on left aINS, rDLPFC, and DMPFC increased
in the advantageous frame (Fig. 5A, II, IV, and VII, and SI Ap-
pendix, Fig. S3 A–C), indicating the increased sensitivity of these
regions to advantageous inequity. This pattern on left aINS,
rDLPFC, and DMPFC was absent for the disadvantageous frame
(Fig. 5A, III, V, and VIII).
For the disadvantageous frame, we observed only activation in

the left pINS [−42, −4, 7] (Fig. 5B, I, and SI Appendix, Table S7),
which showed reduced sensitivity to disadvantageous inequity in
the Self_Pain condition, relative to other conditions (Fig. 5B, III,

and SI Appendix, Fig. S3D). The effect of left pINS was absent
for the advantageous frame (Fig. 5B, II). Moreover, no cluster
survived statistical correction in either the conjunction analysis
for the two frames or if we combined the data from the two
frames to conduct contrast analysis. Thus, different brain regions
were involved in processing advantageous and disadvantageous
frames: while left aINS, rDLPFC, and DMPFC were involved in
the context-dependent processing of advantageous inequity, left
pINS was involved in the context-dependent processing of
disadvantageous inequity.

Spatial Gradient Within Insula for Context-Dependent Advantageous-
Inequity vs. Disadvantageous-Inequity Aversion Processing. To for-
mally test whether the contextual effects on neural responses to
advantageous and disadvantageous inequity were modulated by
rostrocaudal position, we defined five regions of interest (ROIs)
along the left anterior to posterior insula (Fig. 6A, Left) (51, 52).
Specifically, in addition to the ROIs of the aINS and the pINS
identified in the whole-brain analysis, we drew a straight line
between these two ROIs and selected another three coordinates
equally distributed along this line. The specific locations of each
ROI on the coronal axis were slightly adjusted to ensure that

Fig. 4. Hypotheses for fMRI analysis. In close correspondence to the be-
havioral analysis, we established the hypotheses for fMRI analysis. (A) Given
the increased advantageous-inequity aversion (α) observed in the Self_Pain
condition, we hypothesized that brain regions involved in advantageous-
inequity processing would show greater sensitivity to advantageous in-
equity in the Self_Pain condition than in other three conditions, which
would in turn result in boosted activity difference between the high-
inequity conditions (HI) and low-inequity conditions (LI) in these regions.
Thus, the activity of these brain regions would show significant Agent by
Outcome by Inequity level three-way interactions in the advantageous
frame. (B) Similarly, given the decreased disadvantageous-inequity aversion
(β) observed in the Self_Pain condition, brain regions in the processing of
disadvantageous inequity would show less sensitivity to disadvantageous
inequity in the Self_Pain condition than in the other three conditions, which
would in turn result in decreased activity difference between high-inequity
conditions (HI) and low-inequity conditions (LI) in these regions. Thus, the
activity of these brain regions would also show significant Agent by Out-
come by Inequity level three-way interactions, but the direction of these
effects would be opposite to that in the advantageous frame.

Fig. 5. Neural correlates of context-dependent advantageous- and
disadvantageous-inequity processing. (A) Compared with other conditions,
when the participant inflicted pain upon the coplayer (i.e., Self_Pain con-
dition), the activity difference between high-inequity and low-inequity
choices in left aINS, rDLPFC, and DMPFC (I and VI) increased in the advan-
tageous frame, indicating increased sensitivity of these regions to advanta-
geous inequity (II, IV, and VII). This pattern of effects was absent on left aINS,
rDLPFC, and DMPFC for the disadvantageous frame (III, V, and VIII). (B)
Compared with other conditions, when the participant inflicted pain upon
the coplayer (i.e., Self_Pain condition), the activity difference between high-
inequity and low-inequity choices in left pINS (I) decreased in the disad-
vantageous frame, indicating decreased sensitivity of these regions to dis-
advantageous inequity (III). The effect was absent for the advantageous
frame (II). Error bars represent SEM.

E7684 | www.pnas.org/cgi/doi/10.1073/pnas.1802523115 Gao et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1802523115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1802523115


these ROIs were located on the insula template of automated
anatomical labeling (53) due to the curvy shape of the insular
cortex (final MNI coordinates of the five ROIs: [−30, 20, −17],
[−33, 14, −11], [−39, 8, −5], [−40, 2, 1], [−42, −4, 7]). For each
ROI, we extracted the β estimates for each condition in the
advantageous frame and the disadvantageous frame, re-
spectively, using fMRI data without smoothing in data pre-
processing. In each frame and for each ROI, we computed the
contextual effect on neural responses to inequity, taking it as the
absolute value of the Agent × Outcome × Inequity level three-way
interaction effect [(Self_Pain_HI> Self_Pain_LI)− (Self_Nopain_HI>
Self_Nopain_LI) − (Other_Pain_HI > Other_Pain_LI) +
(Other_Nopain_HI >Other_Nopain_LI)]. We then put the values into
a 2 (frame: Advantageous vs. Disadvantageous) × 5 (ROI locations)
repeated-measures ANOVA. Results showed a clear spatial distinction
in the context-dependent processing of advantageous- vs.
disadvantageous-inequity aversion, with a significant interaction be-
tween frame and ROI location [F(4, 100) = 4.319, P = 0.003] (Fig. 6A,

Right). The contextual effect on neural responses to inequity in the
disadvantageous frame became stronger in more posterior ROIs, with a
linear increase from left aINS to left pINS [F(1, 25) = 5.084, P = 0.033];
the contextual effect on neural responses to inequity in the advanta-
geous frame became stronger in more anterior ROIs, but the linearity
did not reach significance [F(1, 25) = 1.946, P = 0.175]. The results
remained the same using smoothed data (SI Appendix, Fig. S4).

Differential Psychological Components Associated with Advantageous-
and Disadvantageous-Inequity Processing. To investigate whether the
context-dependent processing of advantageous and disadvanta-
geous inequity were associated with differential psychological
components, we metaanalytically decoded these two processes
using the Neurosynth Image Decoder (neurosynth.org; ref. 54);
this allowed us to quantitatively evaluate the representational
similarity (27) between any Nifti-format brain image and selected
metaanalytical images generated by the Neurosynth database.
Using this online platform, we compared the unthresholded con-
trast maps in advantageous and disadvantageous frames against
the reverse inference metaanalytical maps for 13 terms related to
the processing of inequity (11, 12) and the function of insula (55)
generated from this database. Results demonstrated that the
processing of advantageous inequity was associated with terms
related to “social” and “mentalizing,” while the processing of
disadvantageous inequity was associated primarily with “somato-
sensory,” “pain,” and “sensorimotor” terms (Fig. 6B).

Functional Connectivity of the pINS in the Disadvantageous Frame.
To test the probability that the processing of context-dependent
advantageous- and disadvantageous-inequity aversion relies not
only on neural activities but also functional connectivities be-
tween brain regions, we performed a psychophysiological in-
teraction analysis (PPI) (56) focusing on left aINS, rDLPFC, and
DMPFC identified for the advantageous frame and left pINS
identified for the disadvantageous frame. When left pINS was
used as the seed, results revealed significant Agent by Outcome
by Inequity level three-way interactions on the functional con-
nectivity between left pINS and dACC (peak coordinate
extracted from Neurosynth metaanalysis for “conflict” term: [−6,
20, 34]; max T value = 3.59; cluster size = 79 voxels; Fig. 7A, I,
and SI Appendix, Table S8), and between left pINS and right
amygdala (peak coordinate extracted from Neurosynth meta-
analysis for “emotion” term: [27, 2, −20]; max T value = 3.09;
cluster size = 18 voxels; Fig. 7A, II, and SI Appendix, Table S8)
[small volume correction (SVC), PFWE < 0.05, following an ini-
tial threshold of P < 0.005, uncorrected]. Specifically, compared
with Self_Nopain condition, the contrast between the high-
inequity (HI) and the low-inequity (LI) conditions in left
pINS–dACC connectivity and left pINS–right amygdala con-
nectivity decreased in the Self_Pain condition [dACC: F(1, 25) =
5.068, P = 0.033, right amygdala: F(1, 25) = 5.767, P = 0.024],
while no difference was observed between the Other_Pain and
Other_Nopain conditions [dACC: F(1, 25) < 0.001, P = 0.983,
right amygdala: F(1, 25) = 0.275, P = 0.604]. These results were
consistent with the decreased disadvantageous-inequity aversion
in Self_Pain condition suggested by behavioral results. PPI
analyses with seeds identified in the advantageous frame failed to
survive the whole-brain cluster-level threshold and SVC.

Neural Correlates of Individual Differences in Contextual Effects on
Advantageous- and Disadvantageous-Inequity Aversion. We further
investigated the neural correlates of individual differences in the
contextual effects on advantageous- and disadvantageous-
inequity aversion. Here, the strength of neural adjustment was
defined as the value of the Agent by Outcome by Inequity level
three-way interaction [(Self_Pain_HI > Self_Pain_LI) −
(Self_Nopain_HI > Self_Nopain_LI) − (Other_Pain_HI >
Other_Pain_LI) + (Other_Nopain_HI > Other_Nopain_LI)].
Given the opposite behavioral and neural interaction effects
observed in the advantageous and disadvantageous frames,
here, for the advantageous frame, the larger this value of

Fig. 6. (A) Spatial gradient for context-dependent inequity processing. Five
regions of interest (ROIs) were defined along the axis from the left aINS to
the left pINS (Left), which were identified in the whole-brain analysis for the
advantageous and disadvantageous frames. For each ROI, we extracted the β
estimates for each condition in the advantageous frame and the disadvan-
tageous frame, respectively, using fMRI data without smoothing in data
preprocessing (Right). In each frame and for each ROI, we computed the
contextual effect on neural responses to inequity, taking it as the absolute
value of the Agent by Outcome by Inequity level three-way interaction ef-
fect [(Self_Pain_HI > Self_Pain_LI) − (Self_Nopain_HI > Self_Nopain_LI) −
(Other_Pain_HI > Other_Pain_LI) + (Other_Nopain_HI > Other_Nopain_LI)]
(HI represents high-inequity condition, and LI represents low-inequity con-
dition). We then put the values into a 2 (frame: Advantageous vs.
Disadvantageous) × 5 (ROI locations) repeated-measures ANOVA. Results
showed that the contextual effect on neural responses to inequity in the
disadvantageous frame became stronger in more posterior ROIs, whereas
the contextual effect on neural responses to inequity in the advantageous
frame became stronger in more anterior ROIs. Dotted lines indicate linear
fits of the spatial gradient for advantageous (red) and disadvantageous
(blue) frames. (B) Metaanalytical decoding of neural processing of inequity.
Results of metaanalytical decoding using Neurosynth Image Decoder (54)
demonstrated that the processing of advantageous inequity is associated
with terms related to “social” and “mentalizing,” while the processing of
disadvantageous inequity is associated primarily with “somatosensory,”
“pain,” and “sensorimotor” terms.
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interaction, the stronger the neural adjustment; for the disad-
vantageous frame, the smaller this value of interaction, the
stronger the neural adjustment. The individual difference in
sensitivity to guilt context [i.e., guilt proneness assessed by the
Guilt and Shame Proneness scale (GASP) (Materials and
Methods)] was related to the strength of neural adjustment in
brain regions involved in advantageous-inequity aversion pro-
cessing (i.e., left aINS, rDLPFC, and DMPFC) and brain re-
gions involved in disadvantageous-inequity aversion processing
(i.e., left pINS, dACC, and right amygdala) (SI Appendix, SI
Methods). Results demonstrated that the individual’s sensitivity
to context predicted the strength of neural adjustment in
rDLPFC in the advantageous frame (r = 0.437, P = 0.026), and
the regression remained significant after one extreme value,
which could be considered an outlier, was excluded (r = 0.402,
P = 0.047) (Fig. 7B, I). This effect was not observed for the
disadvantageous frame (r = 0.018, P = 0.929). Moreover, the
individual’s guilt proneness could predict the strength of neural
adjustment in dACC in the disadvantageous frame (r = −0.404,
P = 0.041) (Fig. 7B, II). This effect was not observed for the
advantageous frame (r = 0.129, P = 0.529).
We established two more GLMs to rule out the possibility that

the observed activations of brain regions were driven by the value
representation of self-payoff (GLM2) and other-payoff (GLM3)
(SI Appendix). For the fMRI analyses on the contextual effects

on self-payoff and other-payoff representation, no cluster sur-
vived the whole-brain cluster level threshold. Moreover, no
three-way interaction was found for neural responses to self-
payoff or other-payoff in left aINS, rDLPFC, DMPFC, and left
pINS (SI Appendix, Fig. S5), indicating that the observed effects
of these regions in inequity processing were not driven by the
value representations of self-payoff or other-payoff per se.

Discussion
Combining an interpersonal interactive game (49) that modu-
lates individuals’ advantageous- and disadvantageous-inequity
aversion simultaneously and a variant of DG (50) that enables
us to characterize individuals’ changes in inequity aversion, we
provide evidence showing that the context-dependent processing
of advantageous inequity and disadvantageous inequity are
associated with activities of different brain structures, demon-
strating the existence of differential neurocognitive sub-
strates underlying these two types of inequity aversion. While
advantageous-inequity aversion is associated with the social-
and mentalizing-related processes, which involve left aINS,
rDLPFC, and DMPFC, disadvantageous-inequity aversion is
associated primarily with somatosensory, emotional, and
conflict processing, which involves left pINS, amygdala, and
dACC. These results are consistent with previous evidence
from behavioral economics (2, 4) and from the developmental
(6) and evolutionary (5) perspectives.

Distinct Roles of Insular Subregions in Inequity-Aversion Processing.
The insula is involved in a circuit responsible for the detection of
salience (for a review, see ref. 57). Previous studies employing a
range of approaches, such as cytoarchitectonic mapping, trac-
tography, and functional connectivity analysis, reveal an ante-
roposterior organization of the insula: the posterior region is
involved in primary interoceptive representation, whereas the
anterior region is involved in motivational, social, and cognitive
processing (55, 58). Extending this functional segregation, our
results demonstrate that the context-dependent processing of
inequity exhibits a spatial gradient within the insula, such that
anterior parts are predominantly involved in advantageous-
inequity aversion and posterior parts are predominantly in-
volved in disadvantageous-inequity aversion.
The involvement of pINS in disadvantageous-inequity aversion

processing in the current study might seem puzzling, considering
the primary role of pINS in interoceptive representations (58)
and the role of aINS in UG responders’ responses to unfair (i.e.,
disadvantageous) offers (for reviews and metaanalyses, see refs.
11–13). However, by mapping peak coordinates of insula regions
identified in studies focused on UG responders (SI Appendix,
Fig. S6), we found that unfair offers were always associated with
increased activity in the dorsal anterior insula, but the context-
related processing of unfair offers also involved the midposterior
parts of insula, consistent with the pINS identified here. The
involvement of pINS in inequity processing is further supported
by Hsu et al. (59), who demonstrated that pINS represents
aversion to inequity in a third-party resource distribution task.
These results are also in line with the involvement of pINS in
other high-level computations related to intertemporal choice
(60, 61) and language perception (62).
Here, we did not observe aINS activity for the disadvanta-

geous frame as suggested by previous UG studies. In those
studies, detecting the fairness norm violation by others is as-
sumed to be the main role of aINS in UG (16–20). In the current
study, however, the participants made monetary allocations
voluntarily as a dictator, rather than as a passive receiver in the
game. Voluntarily giving others more than oneself was not
treated as a form of norm violation, and hence aINS was not
involved. Instead, we observed pINS activity in this situation. We
believe that this pINS activity reflects the involvement of emo-
tional processing in disadvantageous monetary allocation. It has
been shown that there are both structural (63) and functional
(64) connections between pINS and amygdala, a brain region

Fig. 7. (A) Functional connectivity of pINS in the disadvantageous frame.
When left pINS was used as the seed, results revealed significant Agent by
Outcome by Inequity level three-way interactions on the functional con-
nectivity between left pINS and dACC (A, I) and between left pINS and right
amygdala (A, II). For illustrative purposes, each bar represents the connec-
tivity difference between high-inequity and low-inequity conditions in the
disadvantageous frame, which indicates the neural responses to disadvan-
tageous inequity. Compared with the Self_Nopain condition, the neural
responses to disadvantageous inequity in left pINS–dACC connectivity and in
left pINS–right amygdala connectivity decreased in the Self_Pain condition,
while no difference was observed between the Other_Pain and Oth-
er_Nopain conditions. Error bars represent SEM. (B) Neural correlates of in-
dividual differences in contextual effects on advantageous- and
disadvantageous-inequity aversion. Here, the strength of neural adjust-
ment across contexts was defined as the value of the Agent by Outcome
by Inequity level three-way interaction [(Self_Pain_HI > Self_Pain_LI) −
(Self_Nopain_HI > Self_Nopain_LI) − (Other_Pain_HI > Other_Pain_LI) +
(Other_Nopain_HI > Other_Nopain_LI)] (HI represents high-inequity
condition, and LI represents low-inequity condition). (B, I) Results dem-
onstrated that individual differences in sensitivity to context (i.e., guilt
proneness measured by the GASP) predicted the strength of neural adjustment
in rDLPFC identified in the advantageous frame, and the regression remained
significant after one extreme value, which could be considered as an outlier,
was removed. This effect was not observed for the disadvantageous frame. (B,
II) Moreover, individuals’ guilt proneness predicted the strength of neural
adjustment in dACC identified in the disadvantageous frame. This effect was
not observed for the advantageous frame.
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that plays an important role in emotional processing (65). Pa-
tients with the post-traumatic stress disorder symptom of hy-
perarousal have hyperconnectivity between pINS and amygdala,
indicating the involvement of pINS–amygdala connectivity in
emotional responses (66). Interoceptive awareness, which is
mainly represented in pINS (58, 67), modulates the emotional
responses to unfair proposals in UG (68). Here, we found that
not only pINS activity but also its functional connectivity with
amygdala showed significant interactions between context and
disadvantageous-inequity level.
In contrast to the absence of aINS activity in the disadvanta-

geous frame, we observed context-dependent responses in aINS
for the advantageous frame. In DG, the advantageous-inequity
aversion is usually interpreted as resulting from the anticipated
“guilt” feeling, that is, the negative feeling induced by norm vi-
olation (e.g., earning more than others) (2, 45, 46). Chang et al.
(69) suggested the role of aINS in minimizing anticipated guilt
and motivating adherence to the perceived social norm in trust
game. Consistently, previous work on social conformity has
revealed the involvement of aINS (70, 71), indicating that one
function of aINS is to track deviations from the perceived social
norm and bias actions to maintain adherence to this norm. This
proposal can also be applied to a series of studies demonstrating
the involvement of aINS in deciding to reject unfair offers in UG
(11–13). Our results extend the role of aINS and demonstrate its
involvement in adjusting advantageous-inequity aversion (or the
anticipated guilt) according to social contexts. Taking into ac-
count the functions of aINS suggested by the aforementioned
studies, we suggest that the increased aINS responses to ad-
vantageous inequity when individuals inflict pain upon others
reflect their increased sensitivity to anticipated norm violation
for choosing advantageous options; this anticipation might pre-
vent them from actually choosing these options.

Neural Correlates of Context-Dependent Advantageous-Inequity
Aversion. In addition to aINS, two regions that play critical
roles in social decision making, DMPFC and rDLPFC, were
identified for the advantageous frame. DMPFC is primarily re-
lated to the understanding of other’s mental states (i.e., men-
talizing) (for a review, see ref. 15). Given that the ability of
mentalizing (i.e., understanding the other’s feeling of being hurt
in the interpersonal transgression context) is a foundation of
guilt experience (41, 72), it seems natural to extend the men-
talizing process to the processing of the anticipated feeling of
“guilt,” that is, the advantageous-inequity aversion (2, 45, 46).
The recruitment of DMPFC in the context-dependent processing
of advantageous inequity here may help individuals to accurately
anticipate the coplayer’s feelings of disappointment in getting
less across different contexts and adjust their behaviors accord-
ing to contexts.
Disadvantageous-inequity aversion emerges in early child-

hood, whereas advantageous-inequity aversion emerges in late
childhood, as the latter may require the development of behavioral-
control–related brain regions to support norm compliance (for a
review, see ref. 6). Consistently, a behavioral study demonstrated
that rejecting advantageous inequity requires more cognitive re-
sources than rejecting disadvantageous inequity (73). Here, we
provide neural evidence that DLPFC, a region implicated in cog-
nitive control (21) and social norm compliance (74–76), contributes
to the adjustment of advantageous-inequity aversion to social con-
texts. Moreover, individuals with greater neural adjustments in
DLPFC activity were associated with higher sensitivity to guilt
context in daily life. These findings are congruent with the sugges-
tion that robust cognitive control allows for responding to the dy-
namically changing environments with increased flexibility (77).
Taken together, our findings demonstrate the “social” nature un-
derpinning the context-dependent processing of advantageous in-
equity, which recruits the processes of norm violation detection,
cognitive control, and mentalizing, reflected by the neural adjust-
ments in aINS, DLPFC, and DMPFC.

Neural Correlates of Context-Dependent Disadvantageous-Inequity
Aversion. In addition to the pINS–amygdala functional connectiv-
ity discussed above, context-dependent disadvantageous-inequity
aversion processing was also associated with the functional con-
nectivity between pINS and dACC, a region implicated in conflict
monitoring (78). Previous studies have shown increased activity of
dACC in response to unfair offers in UG, which may reflect the
conflict between the unfairness-evoked aversive responses and the
self-interest to gain monetary reward (8, 11–13). We suggest that,
during the experience of guilt, the decreased sensitivity of pINS–
dACC functional connectivity in response to disadvantageous in-
equity might indicate reduced conflict between aversive responses
and self-interest. The role of dACC in the context-dependent
disadvantageous-inequity aversion was further confirmed by the
correlation between individuals’ sensitivity to contexts and the
strength of neural adjustment in dACC. In sum, the context-
dependent processing of disadvantageous-inequity aversion re-
cruits the interoceptive system, emotional system, and conflict
monitoring system, reflected by the involvements of pINS, amyg-
dala, and dACC.

Implications and Future Directions. First, in the current study, we
have leveraged the benefit of combining an interactive game in
social psychology and computational models in neuroeconomics.
While interactive games enable us to observe participants’ be-
haviors and neural responses in real-life–like contexts, the ap-
plication of sophisticated economic models enable us to quantify
psychological constructs mathematically and examine these
psychological constructs at the neural level (79, 80). Although we
manipulated only a single context (i.e., interpersonal guilt) in the
current study, our interdisciplinary paradigm may promote fu-
ture studies to investigate related issues in various contexts.
Second, our findings of nonoverlapping brain regions for ad-

vantageous- and disadvantageous-inequity aversion provide
valuable evidence for distinguishing between the two potential
hypotheses regarding the neural mechanisms of inequity pro-
cessing and support hypothesis 2 (Fig. 1B). It is worth noting,
however, that the observed difference in regions involved in
processing advantageous vs. disadvantageous inequity is not
sufficient for us to draw the conclusion that advantageous in-
equity and disadvantageous inequity are separate, nonoverlapping
psychological constructs. In the current study, we investigated the
neural correlates of two types of inequity aversion under the
framework of univariate analysis. However, it is possible that these
two types of inequity aversion are also encoded by spatially dis-
tributed activation patterns in the brain (26), which may not be
detected in the univariate analysis. Future studies using multi-
variate analyses [e.g., MVPA (26) or RSA (27)] may provide more
evidence for these questions. Moreover, it is also possible that
there are overlapping brain regions, which process both types of
inequity, but fail to survive thresholding in our study. Therefore,
future independent replications, as well as further studies using
other context manipulations or other paradigms, are needed to
address this issue.
Third, we did not observe the involvement of the reward sys-

tem [e.g., ventral striatum (VS) or ventromedial prefrontal cortex
(VMPFC)] in either the advantageous frame or the disadvantageous
frame, which seems inconsistent with the activation of VS and
VMPFC for both frames suggested by previous studies (30, 81).
Nevertheless, in the later paradigms, participants either were pre-
sented with the redistributions that reduced the initial inequity in the
original distributions (81) or had the right to change the unequal
distributions after seeing these distributions (30). Therefore, we
suggest these activations of reward-related areas actually reflected the
experienced or expected pleasure of the changes in the unequal
distributions, not the reactions to inequity itself. Despite this, the
absence of reward-related regions in the advantageous frame seems
puzzling, given that a number of studies on social comparison showed
the activation of VS and VMPFCwhen participants performed better
or attained better outcomes than others in competitive environments
(22). One possible explanation is that, in those studies, individuals
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were satisfied with the advantageous outcomes due to the context of
competition. In contrast, in the current study, the setting that the
coplayer may pay for the participant’s mistakes created a cooperative
relationship, and the participant put negative values on advantageous
inequity (positive parameter α) in all of the four conditions, which
may explain the absence of reward-related regions. Thus, an empir-
ical question for future research is which psychological and neural
mechanisms support the transition from advantageous status enjoy-
ment to advantageous status aversion.
Finally, the ability to flexibly integrate contextual information

and adjust decisions and behaviors accordingly is a crucial skill
underlying successful social interactions (39, 40, 77). Un-
derstanding how individuals make behavioral and neural ad-
justments to the social context provides valuable insights
regarding certain social dysfunctions, such as autism (82) or
psychopathy (83), which are associated with reduced sensitivity
to social signals. Our results suggest that the strength of neural
adjustments in rDLPFC in the advantageous frame and dACC in
the disadvantageous frame are correlated with individuals’ sen-
sitivity to the guilt context in daily life. Future research is needed
to test whether these individual differences in neural adjustment
can be applied to other social contexts that influence inequity
aversion or social dysfunction.
In summary, our findings shed light on how social and eco-

nomic contexts are taken into account in social decision making
and suggest that the resistance to unequal situations when indi-
viduals are in disadvantageous or low status may stem from their
emotional responses, whereas the resistance to unequal situa-
tions when individuals are in advantageous or high status may
require the involvement of advanced cognitive functions, such as
mentalizing and cognitive control.

Materials and Methods
Participants. In total, 37 (25 females), 28 (17 females), and 34 (21 females)
healthy graduate and undergraduate students were recruited for experi-
ments 1, 2, and 3, respectively. All of the experiments were carried out in
accordance with the Declaration of Helsinki and were approved by the Ethics
Committee of the School of Psychological and Cognitive Sciences, Peking
University. Informed written consent was obtained from each participant
before each experiment.

DGs. Two versions of DG were used. In experiment 1, for each choice, the
participant received an endowment and could unilaterally choose to give any
integer amount of tokens (from 0 to the amount of endowment) to the
coplayer (50). The relative cost and benefit of giving were manipulated by
independently varying how much each token was worth to the participant
and the coplayer (SI Appendix, Table S1). This DG enabled us to conduct model
fitting at the group level. To further conduct model fitting at the individual
level and to dissociate advantageous and disadvantageous frames, we de-
veloped a binary choice version of DG in experiments 2 and 3. Each binary
choice consisted of two options representing the payoffs that the participant
and the coplayer would earn. One option was always “10 points for me, and
10 points for the coplayer,” and the other option was an unequal option with

different values in each trial. Two types of unequal options were implemented
corresponding to the two types of inequity (SI Appendix, Table S2). In both
versions of the DG, one trial was selected randomly and actualized after the
experiment, determining the final payoffs for the participant and the coplayer.

Computational Modeling. In the Fehr–Schmidt inequity aversion model (2, 50),
we defined the subjective value function as follows:

U=Ms−p · α · ðMs−MoÞ−q · β · ðMo−MsÞ,

where Ms and Mo refer to self- and other-payoff, respectively, and p and q
are indicator functions: p = 1 if Ms ≥ Mo (advantageous inequity), and
0 otherwise; and q = 1 if Ms < Mo (disadvantageous inequity), and 0 oth-
erwise. Thus, α and β quantify subjective aversion to inequity under ad-
vantageous and disadvantageous frames, respectively.

Additional Measures. Each participant was asked to complete the GASP (84)
after the fMRI experiment. This scale measures individual differences in the
proneness to experiencing guilt and shame across a range of personal trans-
gressions in daily life. Individuals with higher scores in the guilt–negative-
behavior evaluation (NBE) subscale of GASP feel guiltier after harming oth-
ers and are more empathic and altruistic than those with lower guilt–NBE
scores. In the current study, participants’ guilt proneness, reflected by scores on
guilt–NBE in GASP, was used as an index for individual’s sensitivity to in-
terpersonal guilt in daily life; these guilt proneness scores were used to in-
vestigate the neural correlates of individual differences in the contextual
effects on advantageous- and disadvantageous-inequity aversion.

fMRI Data Acquisition and Analysis. Images were acquired using a GE
Healthcare 3.0-TMedical Systems DiscoveryMR 750with a standard head coil.
We used standard preprocessing in SPM8 (Wellcome Trust Centre for Neu-
roimaging) and estimated three GLMs for each participant that focused on
the neural responses during DG. For whole-brain analyses, all results were
corrected for multiple comparisons using the threshold of voxel-level P < 0.001
(uncorrected) combined with cluster-level threshold P < 0.05 [familywise error
(FWE) corrected]. This threshold provides an acceptable family error control
(85, 86). SVC was conducted using a cluster-level threshold P < 0.05 (FWE
corrected), following an initial threshold of P < 0.005 (uncorrected). The small
volumes of dACC and amygdala were defined as spheres with 10-mm radius,
centered on the peak MNI coordinates extracted from the metaanalyses on
the “emotion” and “conflict” terms in the Neurosynth database. A detailed
description of methods including participants, procedures, computational
modeling, and fMRI data analyses are given in SI Appendix.

Note. The behavioral part of this study was presented in a poster at the annual
meeting of the Social and Affective Neuroscience Society 2016 (New York, April
28 to May 2, 2016). The whole study was presented as a talk at the Society for
Neuroeconomics Annual Conference 2017 (Toronto, October 6–8, 2017).
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