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In the history of humanity, most conflicts within and between societies have origi-
nated from perceived inequality in resource distribution. How humans achieve and
maintain distributive justice has therefore been an intensely studied issue. However,
most research on the corresponding psychological processes has focused on inequality
aversion and has been largely agnostic of other motives that may either align or oppose
this behavioral tendency. Here we provide behavioral, computational, and neuro-
imaging evidence that distribution decisions are guided by three distinct motives—
inequality aversion, harm aversion, and rank reversal aversion—that interact with
each other and can also deter individuals from pursuing equality. At the neural level,
we show that these three motives are encoded by separate neural systems, compete
for representation in various brain areas processing equality and harm signals, and are
integrated in the striatum, which functions as a crucial hub for translating the motives
to behavior. Our findings provide a comprehensive framework for understanding the
cognitive and biological processes by which multiple prosocial motives are coordi-
nated in the brain to guide redistribution behaviors. This framework enhances our
understanding of the brain mechanisms underlying equality-related behavior, suggests
possible neural origins of individual differences in social preferences, and provides a
new pathway to understand the cognitive and neural basis of clinical disorders with
impaired social functions.

striatum | frontostriatal circuitry | decision-making | distributive justice | prosocial motives

Most proposals for structuring human societies—from Aristotle’s Nicomachean Ethics to
Marxism and the Declaration of Independence—highlight that the pursuit of fairness and
equality is a cornerstone of social justice and is essential for productive coexistence and
collaboration (1). Fairness principles not only affect everyone’s individual situation (e.g.,
work income) but also shape collective political ideology and social welfare (e.g., taxation
and health-resource distribution policies) (2, 3). In line with this universal importance,
people usually approach issues of distributive justice from the perspective of fairness norms
(4), which are considered to be the most fundamental principle by which humans dis-
tribute resources (5, 6). This view is increasingly supported by evidence that people not
only help disadvantaged parties to gain more equally distributed outcomes (7, 8) but also
punish fairness norm violators (9—12).

However, fairness norms and inequality aversion alone cannot fully account for choices
in situations requiring resource redistribution, which often reflect different motives (5).
Imagine that two colleagues have made similar contributions to a project, but their
employer gave one of them 1,000 dollars as bonus and the other only 100 dollars (A:
$1000 / B: $100). Most people would feel frustrated by such an unequal distribution (9,
13) and would be willing to help the disadvantaged colleague (6, 14), albeit within certain
limits. For example, most people would be happy to transfer 200 dollars from the advan-
taged to the disadvantaged (A: $800 / B: $300) but would be reluctant to transfer 700
dollars since this would reverse the initial rankings of each party (A: $300 / B: $800). This
gives an example of the core motive conflicts in distributive justice, which in real life often
lead to intense debates, e.g., on how to increase taxation on wealthy people while at the
same time protecting everyone’s interests and maintaining social order (15). This real-life
example emphasizes the necessity to explore the boundaries of inequality aversion and to
understand the natural limits of what people would do in the name of “fairness” (16, 17).

In situations like the above dilemma, and taxation debates in general, a primary aim is
to reduce social inequality. However, this always involves trade-offs between inequality
aversion and at least two other motives that support the status quo—harm aversion (2, 18)
and rank reversal aversion (8). Specifically, moral decision studies suggest that people
generally take into account the “do-no-harm” principle and tend to avoid helping one
group at the expense of harming another group, even when the benefits outweigh the harm
(2, 18). This entails that people are reluctant to redistribute wealth by transferring money
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from the advantaged to the disadvantaged party (19, 20).
Supporting this tendency, people are averse to overturn stable hier-
archies in a society even though such preexisting hierarchies may
conflict with their inequality aversion (21, 22). During wealth
redistribution, it is widely observed that people are anchored to
the initially unequal distribution and support such inequality to
avoid reversal of preexisting income rankings (8). Thus, while harm
aversion and rank reversal aversion can be seen as prosocial motives
(in that they promote social welfare), they can work against ine-
quality aversion and deter people from pursuing equality.

To establish the boundaries of these different motives, we have
to uncouple them and examine how each of them contributes to
redistribution behaviors in situations where they are in conflict.
However, previous studies often employed paradigms specialized to
study each motive in isolation, potentially biasing participants to
act in line with just one of them. For instance, since in most of the
previous paradigms, participants either played as victims of unfair
distributions (6, 14, 23) or played as irrelevant third-party to punish
intentional norm violations (7, 24), motives to maximize one’s own
interests or to punish norm violators may have amplified observed
inequality aversion in these situations. Moreover, due to the limita-
tions of previous paradigms and econometric models (25, 26), it is
difficult to differentiate harm aversion and rank reversal aversion
from inequality aversion and to clarify how humans weigh between
these motives to make redistribution decisions. The trade-off
between these motives may challenge the basic assumption of many
econometric social preference models that distribution behaviors
depend on ultimate outcomes rather than the changes between the
ultimate and initial outcomes (25, 26).

In the current study, we aim to develop an integrated approach
to examine how inequality aversion, harm aversion, and rank rever-
sal aversion interact with each other to guide wealth redistribution
choices. Specifically, we present a paradigm and a modeling
approach that allows us to establish the boundaries and relative
strengths of each motive and to elucidate the neural mechanisms
underlying their effects on redistribution. We employ functional
magnetic resonance imaging (fMRI) to clarify how information
relevant for the different motives is represented and integrated in
the human brain when people make redistribution decisions. One
hypothesis is that equality-related information may be represented
in the reward system [e.g., striatum and VMPEC, (6, 27, 28)] and
that individuals’ preferences related to equality seeking can be pre-
dicted by this activity, as well as the connectivity strengths between
these regions and other systems (e.g., prefrontal regions) (7, 14,
29). With respect to harm aversion and rank reversal aversion, the
literature suggests that social cognition (e.g., temporal parietal junc-
tion (TPJ)) and executive control systems (e.g., prefrontal regions)
may underlie expression of these motives, since these structures
have been found to be associated with greater preferences to min-
imize others’ loss or pain (30-32). Thus, TP]J and prefrontal cortex
may be sensitive to information concerning harm to others, which
may be expressed as harm aversion and rank reversal aversion.

After identifying the systems involved in representing the infor-
mation relevant for each motive, we examined how these motives
are weighed and coordinated in the brain to guide redistribution
decisions. To this end, we focus on how neural systems representing
the different signals interact with each other to affect decisions in
line with the latent motives. This allows us to differentiate between
two potential scenarios regarding the motive-weighing process. On
the one hand, while similar neural responses to equality signals
have been observed in the striatum across different contexts, the
connectivity of striatum with other brain regions has varied (6, 14).
Therefore, one possible scenario is that equality signals are repre-
sented invariantly in the human brain, but conveyed differentially
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to other systems during conflicts with other motives (Scenario 1:
Conflict gating of equality signals). On the other hand, previous
studies have suggested that neural sensitivity to equality signals can
depend on how strongly individuals weigh equality and that equal-
ity signals may in fact only be expressed when individuals’ decisions
are actually guided by equality (33). Therefore, neural equality
representations may vary in their strength when other motives con-
flict with inequality aversion (Scenario 2: Conflict modulation of
equality signals).

To address these questions, we developed a redistribution game
that allowed us to measure individuals’ inequality aversion, harm
aversion, and rank reversal aversion during wealth redistribution. In
the redistribution game, the participant played as a third-party to
redistribute wealth between two anonymous strangers. They were
first presented with a monetary distribution offer between two
strangers (e.g., initial offer: Person A: ¥15, Person B: ¥3) and were
told that these initial endowments were allocated randomly by a
computer. They could choose between two alternative offers to reach
a more equal distribution. Critically, we included two conditions:
In the No Rank-reversal condition, the two alternative offers were
both more equal than the initial offer but maintained the payoff
ranking across the initially advantaged and disadvantaged person
(e.g., Offer 1: Person A: ¥14, Person B: ¥4; Offer 2: Person A: ¥10,
Person B: ¥8). In the Rank-reversal condition, by contrast, partici-
pants were presented with the same initial offer and the same more
unequal alternative offer (e.g., Offer 1: Person A: ¥14, Person B:
¥4), but with a different alternative offer (e.g., Offer 2: Person A:
¥8, Person B: ¥10) that had the same inequality level as the alterna-
tive in the No Rank-reversal condition but that reversed the initially
relative rankings (Fig. 1 A and B). If redistribution decisions are only
driven by inequality aversion, people will choose the more equal
offer more often regardless of whether or not the more equal offer
will reverse the initially relative rankings. But if harm aversion and
rank reversal aversion are at play, people will choose the more equal
offer less often in the Rank-reversal condition than No Rank-reversal
condition. This allows us to capture harm aversion (via participants
decision weights on how much money is taken away from the advan-
taged party) and rank reversal aversion (by a binary weight on choices
that would reverse the initial rankings). We set up the offer matrix
carefully so that the different motives were uncorrelated across trials,
and our paradigm and model could capture the effects of each motive
(for details, see ST Appendix, SI Materials and Methods). Combining
this paradigm with computational modeling and fMRI approaches,
we could thus distinguish the effects of the different motives on
redistribution behaviors and the underlying neural mechanisms.

Results

Model-Free Results. To examine whether individuals' choices
reflected only inequality aversion or also the other motives, we first
performed a generalized mixed-effect regression of redistribution
choices on inequality differences between the two offers (relevant
for inequality aversion), amount taken from the initially more
advantaged player in the alternative offer (relevant for harm aversion),
and a binary variable indicating whether the alternative offer would
reverse the rank between players (relevant for rank reversal aversion)
(see ST Appendix, SI Materials and Methods for model details). We
estimated the effect of each predictor on choices of the more equal
offer with the odds ratio estimate (ORE); ORE values between 0 and
1 (larger than 1) indicate a decrease (increase) in choice likelihood
for a unit change in the predictor. This showed that participants’
redistribution decisions indeed depended on these three factors (57
Appendix, Table S1): Indicative of inequality aversion, participants
chose the more equal offer more frequently when it more strongly
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Fig. 1. Experimental design and behavioral results. (A) Experimental task. In each trial, participants were first presented with an unequal monetary distribution
between two anonymous strangers. Then, they could redistribute money by choosing between two alternative offers. (B) Experimental design. In all the trials,
both alternative offers were more equally distributed than the initial offer. In the No Rank-reversal condition (Leftmost panel), the initially advantaged party
will still gain more than the initially disadvantaged party from both alternative offers. In the Rank-reversal condition (Middle left panel), the initially advantaged
party will still gain more from the relatively more unequal alternative offer, but will gain less from the relatively more equal alternative offer than the initially
disadvantaged party. The inequality levels for both alternative offers were matched across the No Rank-reversal and Rank-reversal condition. We also included
two types of filler trials in which the more equal alternative offers were always equally divided between the two parties, but the more unequal alternative offers
would keep the initially relative rankings in one type of filler trials (middle Right panel) and reverse it in the other type of filler trials (Rightmost panel). (C) Main
effects of inequality difference (Left) and condition (Right) on probability of more equal choice. P (Equal choice) increased when the more equal offer reduced
the inequality level more strongly (Left), and P (Equal choice) decreased in the Rank-reversal versus No Rank-reversal condition (Right). Each dot represents
one participant, and error bars represent SEMs. ¢+, P < 0.001; **, P < 0.01; «, P < 0.05. (D) To differentiate the effect of inequality and the amount of transferred
money (i.e., harm to the advantaged party), we orthogonalized the differences in inequality and the transferred money between the two alternative offers in
the Rank-reversal condition. Left, x-axis represents the difference in inequality level (A Inequality), and y-axis represents the difference in transferred money
(A Transfer) between the two offers. The size of the circle is proportional to the number of trials in each type of A Inequality-A Transfer combination. Right,
behavioral results in the Rank-reversal condition, probability of more equal choice [P (Equal choice)] is depicted as a function of A Inequality and A Transfer. For
this post-hoc analysis, trials were divided for each level of A Inequality into low (i.e., 3-5), middle (i.e., 6-8), and high levels (i.e., 9-11) of A Transfer.

reduced the inequality level (effect of A Inequality with ORE = 1.58, Alnequality and ATransfer, and inspected how individuals’ choices
95% CI [1.37-1.83], P< 0.001, Fig. 1C, Left and SI Appendix, Table ~ varied as functions of these variables. Since we had orthogonalized
S2) and when the initial inequality was greater (effect of A Inidal ~ the differences in initial endowment and in transfer/inequality
endowment with ORE = 1.12, 95% CI [1.01-1.24], P = 0.04, S/ between the two alternative offers, the effects reported here are
Appendix, Fig. S2A and Table §3). However, individuals’ probability =~ not confounded by the effect of initial endowment (please see Fig.
to choose the more equal offer was lower in the Rank-reversal 1D, Leftand SI Appendix, Fig. S1). These post-hoc tests confirmed
condition than in the No Rank-reversal condition (ORE = 0.37, that harm aversion had a stronger effect on redistribution
95% CI [0.33 — 0.42], Py, rankoreversal (Equal) = 0.78 £ 0.03 (MEAN  for higher levels of inequality difference (i.e., Alnequality = 8,
* SE)’ PRank»reversal (Equal) =038+ 004’ t(56) = 8.88, P< 0.001, A Transfer: low vs middle, Alnequality = 8 (56) = 2.71, PATransfer: low vs middle,
Fig. 1, Right), demonstrating that rank reversal aversion influences  4jnequalicy = 8 = -0095 £ Transfer: low vs high, Alnequaticy =8 (0) = 230, Patransfer:
choices independently from inequality considerations (which were |, s high, Atnequality = s = -022, Fig. 1D, Right, SI Appendix, Table S5).
matched across the two conditions). Importantly, participants also In addition, we observed a significant Alnitial endowment
chose the more equal offer less frequently when it entailed larger * ATransfer interaction (ORE = 1.19, 95% CI [1.10-1.28],
transfers of money from the advantaged to the disadvantaged party P < 0.001), suggesting that when the inequality level of the initial
(effect of A Transfer with ORE = 0.46, 95% CI [0.43-0.50], P < payoff is low, harm aversion leads people to choose the more equal
0.001, ST Appendix, Fig. S2B and Table S4), showing that harm  offer less often when this requires greater monetary transfers and
aversion also affected choices on top of rank reversal aversion. This ~ thus more strongly harms the initially advantaged person
was also evident in a two-way A Inequality * A Transfer interaction (87 Appendix, Fig. S2C and Table S6).

(ORE = 0.69, 95% CI [0.50-0.96], = 0.03), and a three-way A

Inequality * A Transfer * condition interaction (ORE = 1.44, 95% Model-Based Results. To better understand the effects of different

CI[1.16-1.79], P < 0.001). motives on redistribution behaviors, we developed, fitted, and
To visualize and examine the patterns of the effects in the big ~ compared four families of computational models identifying how
regression model, we divided all trials based on condition, people weigh different motives to make redistributive decisions. We
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Table 1. Quality of model fits for computational models of redistribution decision-making

Cross-validated prediction

Model Equation Parameters LL BIC BF accuracy (Mean + SE)
M1 AU = aAF a, A -2,567 5,151 6.33 x 10%° 0.478 + 0.025
M2 AU = aAF -6 a,6, 4 -2,505 5,035 4.09 x 103> 0.536 + 0.021
M3a AU = aAF — BAT =6 a, B, é, A -2,433 4,899 1.20x%x 10° 0.744 + 0.025
M3b AU = aAF — BAT a, p, A -2,458 4,940 9.62 x 10" 0.726 + 0.025
M3c AU = aAF — B(AT +6) a, B, 6, A -2,454 4,942 2.61x10" 0.738 £ 0.024
M4a AU =aAF - pH -6 a, B, b, A -2,419 4,871 1 0.749 + 0.025
M4b AU = aAF — pH a, B, A -2,457 4,938 3.54%x 10" 0.726 + 0.025
M4c AU = aAF — B(H + 6) a, p,6, A -2,434 4,900 1.98 x 10° 0.734 £ 0.024

I4(Ig), payoff of the more unequal alternative offer for initially advantaged (disadvantaged) party; E4(Eg), payoff of the more equal alternative offer for initially advantaged (disadvantaged)
party; AF = |l — Ig| — |E4 — Eg|, difference in inequality between the two alternative offers; AT = I, — E,, difference in transfer amount between the two alternative offers; H=Eg — Es, harm
for the initially advantaged party; all models have inverse temperature parameter 4; «, inequality aversion parameter;$, harm aversion parameter; , rank reversal aversion parameter; LL,
sum of log-likelihood over all participants; BIC, Bayesian information criterion over all participants; BF, Bayes factor. Models were estimated across all participants for model comparison.
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focused these analyses on the Rank-reversal condition, which in
contrast to the No Rank-reversal condition allowed us to differentiate
inequality aversion from harm aversion and rank reversal aversion.
We describe the principles and rationales of the four model families
(M1-M4) in the following section and then report the results of the
corresponding analyses. For detailed expositions of all the models
and technical details of model selection and estimation, please see

SI Appendix, SI Materials and Methods and Table 1.

Model Construction. The control model M1 only considered
inequality aversion, whereas M2-M4 considered combinations
of inequality aversion and the other motives.

The simplest model M1 followed the classical inequality aver-
sion model proposed by Fehr and Schmidt (1999) in which people
assign values to the outcomes of all parties but devalue the ine-
quality they experience for any kinds of distribution. Model M2
quantified the additional effect of rank reversal aversion for the
more equal offer, on top of inequality concerns.

Capturing the effects of harm aversion, on top of inequality con-
cerns and rank reversal aversion, requires more complex model
assumptions, which we embedded in different models that assumed
different strategies of devaluing harms. In model family M3 (M3a—
M3c), we assumed that people would devalue the utility of the
alternative offer by the amount of money transferred from the ini-
tially advantaged party to the disadvantaged party. Therefore, in
M3, in addition to the difference in inequality level and rank rever-
sal, participants also weighted the difference in the amount of
money transferred across the two parties between the two offers.

In model family M4 (M4a—M4c), we considered that people are
not averse to transfer money away from the advantaged party as
long as this transfer decreases the initial inequality level; but that
they are averse to transferring more money than necessary to achieve
a more equal payoff, which is the case in the Rank-reversal condition
compared to the matched No Rank-reversal alternative. As shown
in Fig. 1B, Offer 2 in the No Rank-reversal condition (A: ¥10, B:
¥8) transferred ¥5, and Offer 2 in the Rank-reversal condition (A:
¥8, B: ¥10) transferred ¥7 away from Person A’s initial endowment.
Therefore, the two types of Offer 2 achieved the same equality level
(i.e., absolute payoff difference between parties), but the one in the
Rank-reversal condition transferred “extra” money relative to the
one in the No Rank-reversal condition (i.e., ¥7 - ¥5 = ¥2 in the
above example). We thus considered this “extra” transferred money
as unnecessary loss or harm for the initially advantaged party. Note
that, with this assumption, it is not necessary for participants to
memorize and compare the two counterpart equal offers between

https://doi.org/10.1073/pnas.2209078119

the two conditions. Instead, they only needed to compare the more
equal offer with a counterfactual offer in which the payoffs are
flipped between the two parties. Therefore, this “extra” transferred
money equals the payoff difference in the more equal offer. We
referred to this amount of “extra” money as harm signal in following
analyses. In M4, in addition to inequality and rank reversal, partic-
ipants also weighted the harm signal for their choice.

For the model families M3 and M4, models within the same
family calculated harm in the same way but assumed different
types of devaluations of harm and rank reversal. Critically, M3a
and M4a considered all the three components of inequality, harm,
and rank reversal, M3b and M4b did not consider rank reversal,
and M3c and M4c assumed that the harm aversion parameter
captured effects of both the magnitudes of harm and rank reversal.
For detailed expositions of the above models, see ST Appendix, SI
Materials and Methods and Table 1.

Model Comparison and Recovery. Model comparison analyses first
revealed that model M4a, which included the three components of
inequality, harm, and rank reversal, outperformed all other models:
It had the lowest BIC value (4,871 vs. 4,899 for the next model)
and Bayes factors (BFs) relative to all alternative models that were
higher than 100 (indicating very strong evidence favoring this
model, SI Appendix, SI Materials and Methods, Table 1) (34).
Detailed model comparison results, including model equations,
free parameters, correspondence between parameters and cognitive
components, log-likelihood, Bayesian information criterion
(BIC), Bayes factor, and cross-validation prediction accuracy, are
summarized in Table 1.

To ensure that the winning model could identify inequality
aversion (a), harm aversion (f), and rank reversal aversion (§) in
the Rank-reversal condition, we performed parameter recovery
analysis. This showed that the three parameters in M4a could be
recovered reliably and independently of each other (Fig. 24), indi-
cating that our paradigm and model could uncouple the effect of
each motive on redistribution behaviors. Simulation analysis
showed that the probability of more equal choice varied with all
the three parameters (i.c., @, §, and 6, S Appendix, Fig. S3), further
confirming that different motives substantially affect individuals’
decisions. Since the BIC scores for M3a and M4a were the closest,
we performed model recovery to test how well data generated by
model M3a and M4a could be recovered by each model. This
revealed that choice data generated by M4a were more accurately
recovered by M4a (prediction accuracy: 0.92 + 0.01, MEAN =
SE) than by M3a (0.90 + 0.02, #53) = 3.00, P = 0.004), whereas
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Fig. 2. Computational modeling results. (A) Parameter recovery results. Box
plots show that the three parameters of the model M4a can be recovered
reliably and independently of each other, indicating that our paradigm and
model can clearly uncouple the effects of different motives on individuals’
redistribution behaviors. We generated 27 datasets using all combinations of
three plausible values for each parameter (¢:0.1, 0.3, 0.6; : 0.1, 0.3, 0.6; and 5:
0.8, 1.1, 1.4). The boxes represent the distributions of the recovered parameters
from 150 simulation sets of each combination of parameters. Each column
corresponds to one type combination. Purple dots show the true values of
the parameters. The recovered parameter distributions only vary with the true
value of the parameter itself and not with the other parameters. (B) Violin plots
show the distributions of the parameters of the winning model corresponding
to different motives: inequality aversion (a), harm aversion (f), and rank
reversal aversion (§). Black lines indicate the means, and red lines indicate
the medians of the parameters. Each gray dot represents one participant. (C)
Model simulation results. The scatter plot shows a strong correlation between
observed probability of more equal choice and model simulated probability
of more equal choice based on model M4a in the Rank-reversal condition.

Simulated P(Equal)

there was no reliable difference in the accuracy with which choice
data generated by M3a were recovered by M4a (0.84 + 0.02) and
M3a (0.82 + 0.02, #(53) = 1.66, P = 0.104). Thus, the winning
model M4a was indeed able to predict and capture unique aspects
of the data compared to the closest alternative model.

Model Parameters. In line with the model-free analyses, model-
based analyses confirmed that participants’ redistribution behaviors
in the Rank-reversal condition were driven by inequality aversion,
harm aversion, and rank reversal aversion: Participants weighed the
inequality difference between the two alternative offers (@ = 0.51
+ 0.06, #56) = 8.90, P < 0.001, Cohen’s d = 1.18), devalued the
more equal offer by the extra harm for the initially advantaged party
(B =0.45 £ 0.06, #56) = 7.83, P < 0.001, Cohens d = 1.04), and
valued rank reversal negatively (6 = 0.96 + 0.07, #(56) = 13.23, P <
0.001, Cohen’s d = 1.75, Fig. 2B). In line with expectations, greater
inequality aversion (@) was associated with higher probability of more
equal choice (tau = 0.74, P < 0.001, SI Appendix, Fig. S4, Lefi). By
contrast, greater harm aversion (f, fau = -0.27, P=0.004) and greater
rank reversal aversion (8, tau = -0.63, P < 0.001) were associated
with higher probability of more unequal choice (S Appendix, Fig.
S4, Middle and Right panels). Moreover, model simulation analyses
showed that the choice probabilities predicted by the winning model
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indeed captured the observed choice probabilities well (zz = 0.89,
P < .001, Fig. 2C). Interestingly, inequality aversion (@) and rank
reversal aversion (6) were negatively correlated with each other (s
=-0.62, P < .001, SI Appendix, Fig. S5, Right). Given the posterior
predictive checks and parameter recovery results, this correlation is
very unlikely due to poor model performance and much more likely
to indicate that more (less) inequality-averse participants indeed care
less (more) about rank reversal.

Together, the model-based results suggest that people consider
all three motives (inequality aversion, harm aversion, and rank
reversal aversion) during wealth redistribution. Moreover, the
specific form of the winning model M4a entails that people mainly
consider offers harmful if these entail taking more money than
would be necessary to reach a given equality level.

Neuroimaging Results. As our behavioral and modeling analyses
suggested that participants jointly consider inequality aversion, harm
aversion, and rank reversal aversion to make redistribution decisions,
we investigated how these motives may be coordinated at the level
of brain mechanisms. First, we clarified how each of these motives
(e.g., equality and harm signals) is represented in the brain. To do so,
we defined equality and harm signals based on the winning model
(M4a) and inspected how these signals correlate with brain activity,
cither separately (general linear model 1, GLM1) or integrated into
a common choice utility signals (GLM2). For these analyses, we
focused on striatum and ventromedial prefrontal cortex (VMPFC),
since these regions have been repeatedly suggested to be involved in
equality and choice utility processing (6, 35). We also conducted
exploratory analyses across the whole brain to identify other areas
correlating with these signals. Second, we examined how these
motives may interact to guide behavior, by investigating how the
corresponding brain activity is functionally coupled, and how this
relates to how strongly the motive is evident in the behavioral effects
(psychophysiological interaction analyses PPIs, GLMs 3 and 4).
That is, we tested whether neural responses to equality signals
interacted with other regions related to harm processing or rank
reversal, in a manner that correlates with the observed behavioral
effects. These analyses were conducted at the whole-brain level,
to identify any area that may show such functional interactions.
Inference for all whole-brain analyses employed SnPM and used a
cluster-level threshold of 2 < 0.05 family-wise error (FWE) corrected
for the whole brain, whereas region of interest (ROI) analyses were
performed at a voxel-level P < 0.05 FWE corrected for the ROI
volume (see ST Appendix, SI Materials and Methods for details).

Striatum Represents Equality and Drives More Equal Choice.
W first examined how signals associated with inequality aversion
and harm aversion were represented in the brain, by constructing
a GLM 1 containing parametric regressors corresponding to
equality in both conditions and harm (#) in the Rank-reversal
condition (see SI Appendix, SI Materials and Methods for details).
We defined equality signals as — AF = |E, — Eg| — |1 — Ig] so
that higher equality values corresponded to smaller differences in
inequality between the two alternative offers. The rationale for
this definition was that people may perceive equality as something
that is positively motivating and therefore assign increasingly
larger values to more equal distributions. By contrast, when
other motives conflict with equity-pursuing motives, responses
to equality signals may be modulated, and motives to avoid harm
may take over to guide decisions.

Our ROI analyses confirmed that activity in the striatum was
related to equality. Specifically, activity in bilateral caudate/
putamen (left peak MNI coordinates: [-18, 11, 1], voxel-wise
p(FWE) = 0.048, t-value = 3.64, k = 111; right peak MNI
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coordinates: [15, 20, -5], voxel-wise p(FWE) = 0.064, t-value =
3.55, k = 76) varied parametrically with equality (—AF) in the
No Rank-reversal condition (Fig. 34), but not in the Rank-reversal
condition. A comparison between conditions confirmed a more
positive striatal parametric effect of equality in the No Rank-
reversal than Rank-reversal condition (peak MNI coordinates: [6,
14, -5], voxel-wise p(FWE) = 0.032, t-value = 4.01, k = 45, Fig.
3B and SI Appendix, Fig. S7 for a visualization of this effect). Note
that this effect was also confirmed in the subsequent whole-brain
analysis (S/ Appendix, Table S7). The absence of striatum responses
to equality in the Rank-reversal condition may be due to interac-
tions between inequality aversion and the other motives that are
stronger in this condition, a possibility that we tested explicitly in
analyses described later.

Our second ROI analysis showed that VMPFC was not involved
in equality processing. However, consistent with prior studies (35,
36), this area (MNI peak coordinates: [3, 56, -14], t-value = 2.76,
voxel-wise p (FWE-SVC) = 0.049, k = 30, within VMPFC ROI
with 8 mm radius centered on the peak MNI coordinates
[0, 52, -8] involved in monetary incentive processing in ref. 35)
was involved in representing the model-predicted value of the
chosen option. This finding provides neural validation of our com-
putational behavioral model.

Given that striatum was involved in signaling equality in the
No Rank-reversal condition, we examined whether activity in this
area can bias behavior in line with inequality aversion. A post-hoc
correlation analysis showed that greater sensitivity to equality sig-
nals (i.e., more positive parametric estimates of —AF) in putamen
(MNI peak coordinates: [ -18, 11, -2], max t-value =2.65, vox-
el-wise p (FWE-SVC) = 0.043, k = 6, ROI center MNI coordinates
[-12, 10, -6]) was indeed associated with a significantly higher
probability of more equal choice in the No Rank-reversal condi-
tion (Kendall’s zzx = 0.27, P = 0.003, robust regression: b = 7.66,
P =0.002, Fig. 3C) but not in the Rank-reversal condition (S/
Appendix, Fig. S8). Whole-brain analyses revealed that no other
region correlated with individuals’ choices in either condition.

Taken together, these findings show that, in situations where
inequality aversion is the main motive guiding behavior, the stri-
atum plays a critical role in processing equality and biasing redis-
tribution behaviors in line with these concerns.

Cortical Regions Involved in Signaling Harm. In the Rank-reversal
condition, whole-brain analyses showed that activity in several brain
areas correlated with the harm signals related to the more equal
offer. These areas comprised dorsomedial prefrontal cortex/anterior
cingulate cortex (DMPFC/ACC), inferior frontal gyrus (IFG),
middle frontal gyrus (MFG), TPJ, and inferior temporal gyrus ITG)
(Fig. 3D and SI Appendix, Table S7). Thus, these areas could either
represent the strength of the harm aversion motive, or they could
be involved in processing/resolving the conflict between concerns
about inequality and harm. The latter interpretation may be in line
with previous findings that DMPFC/ACC, IFG, and MFG are often
activated during cognitive control, conflict resolution, or behavioral
adaptation (37, 38); and that TPJ is involved in mentalizing and
perspective taking (39, 40). However, none of the neural effects in
these areas were associated with the strength of behavioral harm
aversion or inequality aversion, or the probability of more equal
choice in the Rank-reversal condition. This motivated us to further
examine whether and how the strength of the different motives was
represented by interactions between the different neural systems
representing harm and equality.

DMPFC, as a Region Signaling Harm, Dampens Neural Sensitivity
to Equality in Striatum. We had observed weaker inequality
aversion and dampened striatal sensitivity to equality in the
Rank-reversal condition. These findings suggest that behaviorally
relevant neural equality signals may not be represented invariably
across different contexts, but may be modulated in situations
where they conflict with harm signals. If this “conflict modulation”
scenario held true, we should be able to observe that the reduction
in striatal equality in the Rank-reversal condition relates to the
strength of neural representations in harm-processing regions.
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Fig. 3. Neural representations of equality and harm. (A) Activity in the striatum was associated with equality signals (-AF) in the No Rank-reversal condition. (B)
More positive parametric strength of equality signal in the striatum in the No Rank-reversal than Rank-reversal condition (Left panel). For visualization, neural
estimates of the significant cluster were extracted from both conditions (Right panel). Each dot represents one participant, and error bars indicate the SEMs. P <
0.05. (C) Scatter plot shows a correlation between the parametric strength of equality signal in the striatum (peak MNI coordinates [-18, 11, -2]) and individuals’
probability of more equal choice in No Rank-reversal condition, suggesting that people whose striatum is more sensitive to equality have stronger preferences
for more equal distribution. (D) Parametric effects of harm to the advantaged party in the Rank-reversal condition. Activity in DMPFC, TPJ, MFG, and ITG increased
with the extent of harm to the advantaged party, suggesting processing of harm signals in these brain regions. Significant clusters are thresholded at voxel-
wise P <0.001 uncorrected and cluster-wise FWE corrected P < 0.05. Correlation result in (C) is thresholded at voxel-wise P < 0.05 FWE, small volume correction.
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To test this hypothesis, we performed PPI analyses examining
how interregional functional connectivity varies with inequality
levels (GLM:s 3 and 4; for ease of visualization ~AF was split into
two bins (high —~AF vs. low —~AF), but note that all effects are also
present for a parametric regressor of ~AF; for details, see ST Appendix,
SI Materials and Methods). As the seed region for these analyses, we
used an unbiased striatum region that was fully independent of the
equality results described above (i.c., based on the peak coordinates
in the Neurosynth “Striatum” activation map, Fig. 44 and S7
Appendix, SI Materials and Methods). The PPI analyses were set up
to identify brain regions that change their functional coupling with
the striatum in line with how strongly equality concerns are relevant
for the current choice. Evidence for this was assessed via the inter-
action term in the model, which quantifies for each voxel how much
the correlation of the BOLD signal with that in the striatum
changes as a function of the equality context (i.e., the equality
concern triggered by the payoffs on the present trial), while simul-
taneously controlling for any main effects of (i.e., simple correla-
tions with) the striatum time course and the equality context (41).
These analyses revealed that dorsomedial prefrontal cortex
(DMPFC, MNI peak coordinates: [0, 47, 40], k = 634, t-value =
4.89, cluster-wise p (FWE) = 0.002) was functionally connected
with striatum more strongly for high equality contexts (high -AF)
in the Rank-reversal condition (Fig. 4C, Lef; note that this effect
was also present in control PPI analysis containing parametric ine-
quality regressors; see SI Results). Importantly, the DMPFC region
identified here largely overlapped with the DMPFC region involved
in signaling harm to others (Fig. 4C, Leff). A post-hoc comparison
confirmed that this equality effect on DMPFC-Striatum connec-
tivity was stronger in the Rank-reversal than No Rank-reversal con-
dition (peak MNI coordinates: [3, 50, 34], t-value = 3.59, voxel-wise
p (FWE-SVC) = 0.004, k = 63, ROI center MNI coordinates [0,
47, 40], Fig. 4C right, Rank reversal absence vs. presence).

To assess whether the pattern of DMPFC-Striatum connectivity
may reflect functional influences on the striatum that change behav-
ioral sensitivity to equality concerns, we tested for the Rank-reversal
condition whether across individuals, a stronger effect of equality
signals on DMPFC-Striatum connectivity may relate to a weaker
striatum response to equality and a dampened tendency for equal
choice. To this end, we extracted an index of neural equality sensi-
tivity (Beta (high ~AF) — Beta (low ~AF)) from the independent
striatum seed region shown in Fig. 4A4. As already shown in the
initial ROT analyses described above, this index confirmed that the
striatum was sensitive to equality in the No Rank-reversal condition,
but not in the Rank-reversal condition (Fig. 4B). In line with the
conjecture that DMPFC may act to dampen these striatal equality
representations, the index of DPMFC-Striatum connectivity
(Fig. 4C) exhibited the opposite pattern: It was stronger during
Rank-reversal and weaker during the No Rank-reversal condition.
Importantly, this effect was not just present on average but also at
an individual level, since the differences between the Rank-reversal
and No Rank-reversal condition in equality-related DMPEC-
Striatum connectivity correlated negatively with the corresponding
differences in neural equality sensitivity in the striatum (zz = -0.18,
P =0.050; robust regression: b = -0.16, P = 0.051, Fig. 4D). Thus,
during rank reversal, the stronger the equality-related DMPFC-
Striatum connectivity, the weaker the neural equality sensitivity in
the striatum. Similar relations were also observed for behavior, since
greater equality-related DMPFC-Striatum connectivity was also
associated with a lower probability of more equal choice in the
Rank-reversal relative to the No Rank-reversal condition (tzu =
-0.16, P = 0.082, robust regression: b = -0.32, P = 0.043, Fig. 4F,
1op), and with stronger harm aversion (f, rau = 0.18, P = 0.044,
robust regression: b = 0.48, P = 0.028, Fig. 4F, Bottom).
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In sum, these findings suggest that harm aversion and equality
concerns are balanced against each other in the brain by DMPFC-
Striatum connectivity, since stronger connectivity relates to greater
harm aversion, lower neural sensitivity to equality in the striatum,
and less equal choices in situations where equity-secking motives
(i.e., inequality aversion) are in conflict with harm avoidance
motives (i.e., harm aversion and rank reversal aversion). However,
connectivity results alone do not allow unambiguous inferences
about the directionality (from DMPFC to striatum or vice versa),
modulatory type (inhibitory vs. modulatory), or causality of the
functional interactions discovered here. Precise characterization
of how the connectivity balances these motives thus requires fur-
ther studies with other methods that offer more information and
timing of such interactions.

Activity in Cognitive Control and Harm-Related Areas during
Unequal Choices. We also examined how specific choice
outcomes related to the trial-by-trial strength of neural motive
representation, in terms of both regional activity and connectivity.
This appears relevant for understanding what neural processes
may lead individuals who are generally averse to inequality to
nevertheless choose the more unequal offer on a specific trial. One
possibility is that neural representations related to harm aversion
or rank reversal aversion may be stronger for such choices. To
address this issue, we modeled neural responses with respect to
specific choices in each condition (i.e., four onset regressors: equal
choice or unequal choice in the No Rank-reversal condition and
Rank-reversal condition) and performed PPI analyses (GLM 4).

This revealed that in the No Rank-reversal condition, activity in
MEG, IFG/Insula, ACC, MCC, TPJ, and IPL was increased when
participants chose the more unequal offer (contrast: unequal choice >
equal choice, Fig. 54 and ST Appendix, Table S9). No region was acti-
vated for the reverse contrast (contrast: equal choice > unequal choice)
in the No Rank-reversal condition, or in any of the two contrasts in
the Rank-reversal condition (87 Appendix, Table S9). Post-hoc inter-
action analyses between condition and choice (i.c., contrast: No Rank-
reversal (unequal choice — equal choice) > Rank-reversal (unequal choice — equal choice))
confirmed that activity in these regions was enhanced during unequal
choices specifically in the No Rank-reversal condition, but not in the
Rank-reversal condition (S/ Appendix, Table S10 and Fig. S9). This
suggests that overcoming equity concerns during unequal choices may
involve high-level control and/or mentalizing processes implemented
by frontal and parietal cortex.

An involvement of prefrontal and temporoparietal control pro-
cesses in unequal choices was also suggested by correlation analyses
of participants’ inequality and harm aversion parameters with
brain activity related to unequal versus equal choice. This showed
that the strength of activity in DMPFC (zax = 0.29, P = 0.003,
robust regression: b = 0.09, = 0.002, Fig. 5B, Left) and TP] (tau
=0.36, P<0.001, robust regression: b = 0.12, 7 < 0.001, Fig. 5B,
Middle) during unequal choices was positively associated with
inequality aversion (i.e., a); and that the strength of activity in
putamen was positively associated with harm aversion (i.c., f, tau
=0.29, P=0.003, robust regression: b = 0.37, = 0.004, Fig. 5B,
Right and SI Appendix, Table S9). Note that these results were
robust to the exclusion of outliers (tau(DMPFC-a) = 0.24, P =
0.018; tau(TP/-a) = 0.31, P = 0.002; tau(Putamen—pf) = 0.26, P
= 0.008) and to statistical control for the effect of the other two
parameters (see S Appendix, SI Results for details). Activity in these
three regions did not differ between unequal and equal choice in
the Rank-reversal condition at group level (S Appendix, Fig. S10).

Taken together, our analyses until now suggest that both DMPFC
and TPJ are involved in harm signaling and that the same DMPFC
region interacts with striatum to balance harm and equality motives
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showed stronger equality sensitivity during absence of rank reversal (No Rank-reversal condition) than presence of rank reversal (Rank-reversal condition). (C)
PPI analyses were performed to examine how connectivity with the striatum region in A changes with the contrast of “high —AF > low —AF.” These suggested a
stronger DMPFC-Striatum connectivity effect of equality specifically in the Rank-reversal condition (Left panel, DMPFC in green), and this DMPFC region largely
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Striatum PPI strength of striatum*equality is associated with a lower striatum neural sensitivity to equality in the Rank-reversal than No Rank-reversal condition.
(E) Scatter plots show that stronger equality-related DMPFC-Striatum PPI connectivity is associated with a lower probability of more equal choice (Top panel) and
with greater harm aversion (8) (Bottom panel), in the Rank-reversal relative to No Rank-reversal condition. Each gray dot in (B) and (C) represents one participant,
and error bars represent SEMs. +++, P < 0.001; *+, P < 0.01; », P < 0.05. Significant clusters are thresholded at voxel-wise P < 0.001 uncorrected and cluster-wise

FWE corrected P < 0.05.

in the Rank-reversal condition. Congruent with these observations,
we found that activity in DMPFC and TP] was enhanced more
strongly when more inequality-averse individuals chose the more
unequal offer, again implying that harm-related activity in DMPFC
and TPJ may deter more equal distributions, in particular for people
who are averse to inequality.

Different Motives Affect Choice via Differential Patterns of
Network Interactions. The patterns of results until now suggest
that inequality and harm aversion are implemented by different
neural systems, which functionally interact with one another
during redistribution choice. To test more directly for the relation
between choice outcome and such network interactions, we
performed PPI analyses focusing on the contrast between unequal
choice and equal choice in the Rank-reversal condition and
considered striatum (involved in equality processing) as the seed
region. In particular, we examined how such network interactions
may be expressed in individuals with strong behavioral expression
of the different motives.

We examined two possibilities in this respect. First, for individ-
uals with stronger inequality aversion to take unequal choices,
harm- or rank-reversal-related neural activity may need to be
recruited to interact with the striatum in a way that guides action
selection according to context or individual preferences. Thus, in
inequality-averse individuals, we should see stronger activity in
harm- or rank-reversal-related neural systems and stronger connec-
tivity with striatum during more unequal choices (see also refs. 31
and 42 for similar suggestions). Alternatively, individuals with
strong harm and rank reversal aversion may exhibit more intense
processing of the corresponding information and thus enhanced
communication between the regions involved in these motives,
reflecting more neural evidence about potential harm and rank
reversal during more unequal choices.

In previous analyses, we have shown that the striatum (peak
MNI coordinates [-18, 11, -2]) was involved in equality
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processing and equal choice in the No Rank-reversal condition,
but we found no such effects in the Rank-reversal condition. In
the current analysis, we thus explored whether this striatum region
still interacted with other systems during unequal/equal choices
in the Rank-reversal condition with motive conflicts, where striatal
activity was not related to either equality processing or equal
choice. We thus defined as ROI the striatum region involved in
equality processing and equal choice in the No Rank-reversal con-
dition (a sphere with 6-mm radius centered on peak MNI coor-
dinates of [-18, 11, -2]) and now examined with PPI analyses
which areas show context-dependent connectivity with this area
in the fully independent Rank-reversal condition, where equality
was not neurally represented. This revealed that the connectivity
strength between striatum and right IFG (peak MNI coordinates:
[57, 23, 13], t-value = 5.08, cluster-wise p (FWE) = 0.046, k =
120, SI Appendix, Table S12) increased in people with greater
inequality aversion when they chose the more unequal offer (i.e.,
normalized a, zau = 0.38, P < 0.001, Fig. 6 A and B, Lef?). This
suggests that the striatum interacts with IFG more strongly when
more inequality-averse individuals choose the more unequal offer
in contexts where the more equal offer reverses ranks. Moreover,
the connectivity strength between striatum and superior frontal
gyrus (SFG, peak MNI coordinates: [-24, -1, 49], t-value = 5.35,
cluster-wise p (FWE) = 0.041, k = 145, SI Appendix, Table S12)
increased more strongly in people with greater rank reversal aver-
sion when they chose the more unequal offer (i.e., 8, tau = 0.36,
P<0.001, Fig. 6 A and B, Right), suggesting that conflicts between
rank reversal aversion and equality-related motives during choice
may be coordinated in the brain via neural connectivity between
this SFG area and striatum. However, we note again that our
connectivity analyses cannot provide conclusive evidence about
directionality and modulatory nature of such interactions, pre-
venting us from further speculation about the specific functional
mechanisms underlying these effects. Note that although inequal-
ity aversion (i.e., @) and rank reversal aversion (i.e., 6) are
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Fig. 5. Neural responses associated with more unequal choice link latent
motives to behaviors. (A) In the No Rank-reversal condition, activity in MFG, IFG/
Insula, ACC, and TPJ was enhanced when individuals chose the more unequal
offer vs. more equal offer. (B) In the Rank-reversal condition, activity in DMPFC
(Left panel) and TP (Middle panel) was enhanced when more inequality-averse
individuals (i.e., higher «) chose the more unequal offer, whereas activity in
putamen was enhanced when more harm-averse (i.e., higher ) individuals
chose the more unequal offer (Right panel). For visualization, neural estimates
of the significant clusters were extracted, and scatter plots show the correlation
patterns (Bottom panel). Significant clusters were thresholded at voxel-wise
P <0.001 uncorrected and cluster-wise FWE corrected P < 0.05.

negatively correlated with each other, the findings that these two
motives are related to differential connectivity patterns with stri-
atum provide evidence that they function as two different motives
that independently modulate neural circuitry underlying redistri-
bution behaviors. The correlation patterns of the above networks
also held after controlling for the effect of the other two model
parameters (see SI Appendix, SI Results for details).

We did not observe striatal connectivity specifically associated
with harm aversion in this analysis, but together with the obser-
vations of brain activity and connectivity associated with harm
aversion shown in previous analyses, our findings emphasize that
distinct neural pathways link different motives (inequality aver-
sion, harm aversion, and rank reversal aversion) to redistribution
behaviors, with striatum interacting with prefrontal areas in people
with stronger aversion to inequality, harm, and rank reversal.

Together, our PPI results thus provide neural evidence that
striatum connectivity is crucially involved in motive trade-offs
from at least two perspectives. First, the strength of functional
connectivity between the striatum (involved in equality process-
ing) and DMPFC (involved in harm signaling) is associated with
individuals' harm aversion, suggesting that this behavioral ten-
dency relates to the functional communication between these two
regions. Second, the striatum was related to equality responses
and choices in the No Rank-reversal condition; and its connec-
tivity with different frontal regions for more unequal choice was
related to individuals’ inequality aversion and rank reversal aver-
sion in the Rank-reversal condition. This also implies that rank
reversal aversion may interact with equality-related motives via
striatal-prefrontal interactions during choices of (un)equal offers.

Discussion

It is widely acknowledged that increased social inequality is asso-
ciated with more risk-seeking behaviors, higher crime rate, and

greater health problems (43, 44). Therefore, the question of how

PNAS 2022 Vol.119 No.49 e2209078119

to achieve distributive justice has become an intensively studied
issue among researchers in many fields, including economics, pol-
itics, philosophy, and psychology. Although influential theories
claim that fairness norms take precedence over other concerns
(e.g., efficiency) underlying distributive justice (4), empirical evi-
dence challenges this view and suggests that other motives can
undermine fairness norms and deter equal distribution (5, 19).
However, previous studies mainly focused on how self-interest
motives may run counter to inequality concerns to affect wealth
distribution, and most prevailing econometric models cannot
explain why individuals can prefer greater inequality when differ-
ent motives are in conflict (6, 25, 33). Although previous studies
have demonstrated that harm aversion and rank reversal aversion
are indeed involved in modulating moral decisions and redistri-
bution decisions (8, 18, 31), it is still unclear how these motives
interact with inequality aversion to bias individuals’ choices.

Bridging these gaps, the current study establishes a redistribu-
tion paradigm and an integrated computational modeling
approach to examine how conflicts between different prosocial
motives bias individuals’ preferences in wealth distribution. We
demonstrate that harm aversion and rank reversal aversion can
substantially interact with equality processing to prevent more
equal distribution. Our neural results further suggest that the
striatum serves as a hub for signaling equality and guiding deci-
sions in line with equality concerns; and that striatal representa-
tions of equality may interact with other systems (e.g., frontal
cortex) to drive choices when these are in conflict with harm
avoidance and rank preserving motives.

Our study extends economic theories of social preferences by
highlighting the trade-off between multiple prosocial motives in
third-party wealth distribution and by exploring the boundaries
within which inequality aversion determines wealth redistribution
behavior. In the literature of third-party norms, theories often argue
that people tend to punish norm violators in order to facilitate social
norms (7, 45, 46). The current paradigm excludes the possibility
of intentional violation of fairness norms, since the initially unequal
distributions were generated from random draws. Given that par-
ticipants still exhibit strong preferences for equal distribution in
such situations, we suggest that inequality aversion, rather than
motives to punish norm violation, drives redistribution behaviors
as a core principle in wealth redistribution. However, we observed
that people weighed equality less when it conflicted with preferences
for harming others (i.e., harm aversion) or preserving initial rank-
ings (i.e., rank reversal aversion), suggesting that equality-seeking
motives (i.e., inequality aversion) are coordinated with other proso-
cial motives in wealth redistribution. Our results were gathered in
the context of third-party preferences, so the question arises whether
they would similarly apply to first-person contexts requiring people
to allocate wealth between themselves and others. Previous studies
suggest that similar mechanisms are at play in such contexts, but
such studies have not yet clearly dissociated the different motives.
For example, higher (lower) initial endowments will drive people
to allocate more (less) wealth to themselves relative to others (19),
and lower social ranking can also decrease individuals” inequality
aversion strength and make them more willing to accept unfair
offers (47). Thus, while people may also be averse to harm others
or to reverse initial social ranking when making distributions for
their own interests, these motives were often intertwined with
self-interest and equality-seeking motives. Explicit evidence that
our results would also apply to first-party preferences thus requires
further empirical study. In general, our findings extend influential
theories of fairness norms (25, 26) which mainly focused on effects
of inequality aversion on distribution behaviors and emphasize the
importance of considering other motives (i.e., harm aversion and
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Fig.6. Neural networks linking different motives to redistribution decisions.
(A) In the Rank-reversal condition, Striatum-IFG connectivity strength was
enhanced when more inequality-averse (higher a) individuals chose more
unequal offers vs. more equal offers (Left panel), and Striatum-SFG connectivity
strength was enhanced when more rank reversal-averse (i.e., higher &)
individuals chose more unequal offers vs. more equal offers (Right panel).
Neural estimates of the significant clusters were extracted, and scatter plots
show the correlation patterns (B). Significant clusters were thresholded at
voxel-wise P < 0.001 uncorrected and cluster-wise FWE corrected P < 0.05.

rank reversal aversion) in econometric models, especially since con-
flicts between these different motives are prevalent in real-life dis-
tribution decisions (e.g., taxation policy).

Harm aversion, as a critical type of moral virtue, drives people
to achieve a more equal distribution by transferring as little money
as possible between two parties. When making moral decisions,
people typically conform to the “do-no-harm” principle and prefer
not to benefit one party by harming another party (2, 18). Studies
of morality suggest that people are not willing to take responsibility
for others’ bad outcomes when making moral decisions (18, 48),
as such moral responsibility will induce individuals’ anticipatory
guilt emotion which proscribes people from harming others (30,
49). Therefore, taking more money away from others brings not
only greater cost for the initially advantaged party but also greater
cost of moral responsibility (i.e., harm aversion) for participants
which will in turn dampen their motives to seek equality.

Moreover, we suggest that rank reversal aversion is another
prosocial motive that discounts the utility of equality during
wealth redistribution. A stable hierarchy can provide fitness advan-
tage by satisfying individuals’ psychological need for order (50)
and enhancing intragroup cooperation and productivity (51).
Therefore, it is not surprising that people prefer to preserve rather
than reverse preexisting hierarchy (8, 21). In line with these find-
ings, our results suggest that the reversal of initial rankings also
contributes to the disutility of equality when rank preserving and
equality seeking are in conflict. Together, we demonstrate that in
contrast to inequality aversion, harm aversion and rank reversal
aversion function as two different third-party prosocial preferences
to deter more equal wealth redistribution.

Our neural results first clarified how equality-related infor-
mation is represented. GLM results support the hypothesis that
individuals are sensitive to equality signals in the absence of any
conflict but will be less sensitive to equality and base their deci-
sions more heavily on other motives when they conflict with
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inequality aversion. Although previous studies have proposed
that the striatum signals rewarding aspects of equality-related
distributions (5-7), it is still unclear which specific aspects of
the distributions behavior engage the striatum and trigger the
corresponding behavior—does it signal equality or other poten-
tially rewarding aspects, such as efficiency or the other’s out-
comes? While stronger activity in putamen was related to higher
efficiency (i.e., greater overall profits) (5), efficiency cannot
account for the pattern of results in the current study since
neither of the two alternative offers changed the overall profits
of the distributions. An alternative explanation is that striatum
activity reflects dopaminergic responses in reward computation
of social welfare, as it has been widely observed that stronger
striatum activity is associated with charitable giving (52, 53),
altruistic punishment to norm violation (23), and more equal
wealth distributions (6, 7).

Moreover, striatum has been involved in arousal representations
(54). For example, stronger striatal activation was related to greater
motivation for norm compliance (55). In the current study,
smaller equality difference between the two alternative offers may
require participants to base their decisions more heavily on the
evidence of equality signals and result in stronger motivation to
comply with fairness norms for them, which is manifested by
enhanced striatal activity. Together with the finding that greater
sensitivity to equality in putamen was related to higher probability
of more equal choice, our results suggest that striatum not only
reflects processing of equality signals but also promotes fairness
norm compliance.

Importantly, representations of equality in striatum were only
observed in the No Rank-reversal condition, and this striatal sig-
naling of equality was dampened in the context with conflicts
between motives (i.e., Rank-reversal condition). Moreover,
stronger DMPFC-Striatum connectivity was associated with lower
equality sensitivity in striatum, less equal choice, and higher
strength of harm aversion in the Rank-reversal condition. These
findings help to clarify the neurocognitive mechanisms of the
weighing processes of different motives, by providing a potential
neural explanation for the weaker impact of equality on redistri-
bution decisions in the Rank-reversal condition: DMPFC may
process harm-related information, convey the harm aversion
motive to striatum, interact with striatum, and dampen the ten-
dency for more equal choice. Evidence from two lines of research
supports such a modulating role of DMPEC. First, DMPFC, with
adjacent regions ACC, is engaged in conflict monitoring, conflict
resolution, and action selection in a variety of cognitive tasks (37,
38), which may support the resolution of conflict between differ-
ent motives in the current paradigm. Second, DMPFC is also
thought to be part of the mentalizing system that supports vicar-
ious experiences of others’ pain or beliefs (39, 56), which may
support harm signals in the current paradigm. In line with our
findings, connectivity between prefrontal cortex and striatal value
representations was also found to modulate individuals’ behaviors
in other kinds of social and non-social decision-making (31, 57).
However, despite the logical consistency of this interpretation, it
is difficult to unambiguously infer the directionality and precise
functional contributions of neural interactions from the results of
PPI analyses. Future studies with brain stimulation may be needed
to establish whether DMPFC influences on striacum are indeed
causally involved in guiding redistribution behaviors under cir-
cumstances with conflicts between multiple motives.

Our results also provide crucial evidence for frontostriatal cir-
cuitry in redistribution decisions. The critical role of frontostriatal
circuitry in decision-making has been highlighted in both social
and non-social behaviors (31, 55, 57). In general, striatum is
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suggested to receive inputs of goal-related representations from
lateral prefrontal cortex and output value signals to guide response
selection to maximize reward (58). In line with these suggestions,
lateral prefrontal cortices are implicated in either modulating intu-
itive motivations or value representations that integrate informa-
tion from different sources for moral and prosocial decision-making
(31, 59). Our findings further refine previous accounts of fronto-
striatal circuitry in moral decision-making by clarifying that dif-
ferent prosocial motives modulate redistribution decisions
through differential frontostriatal circuitries. Nevertheless, the
specific functional contributions (i.e., inhibitory or modulatory)
of these interactions between the striatal and frontal regions still
need to be clarified in future studies.

Another critical contribution of our study is to clarify what neural
processes underlie the modulations of different prosocial motives on
redistribution decisions. Apart from processes involved in arbitrating
between motives (i.e., DMPFC-Striatum connectivity), it is also
important to identify processes that bias behavior on a trial-by-trial
level in line with different motives and which may differ between
people with different motive strengths. Activity in both DMPFC
and TPJ was stronger when more inequality-averse individuals chose
the more unequal offer, and activity in putamen was stronger when
more harm-averse individuals chose the more unequal offer. One
possibility suggested by the literature is that DMPFC and TPJ may
support social cognitive processes such as mentalizing, perspective
taking, inference, and learning about others’ preferences (39, 56, 60).
Recent studies further differentiated the roles of these two regions,
by suggesting that while DMPFC is implicated in value-based action
selection in a domain general manner (61-63), TPJ may be more
specifically involved in processing of context-dependent social infor-
mation (64, 65). Although our findings cannot provide a clear dis-
sociation between DMPFC and TP], among all the regions involved
in harm signaling, these two regions may be well-suited to link latent
social motives to specific decisions. These findings also parallel the
observation of stronger activity in TPJ for unequal choice vs equal
choice in the No Rank-reversal condition, which may implicate the
role of TP] in social cognitive processing irrespective of whether there
are conflicts between different motives.

In general, our findings may have economic, political, and social
implications (66). The endowment effect has been introduced for
decades to explain individuals’ tendency to increase the subjective
value of objects they own already (versus those they want to pur-
chase) (67). Forgoing one’s own good is seen as a kind of loss, and
loss aversion will make it harder to give up the good (68, 69). In
analogy to the endowment effect (70), our study highlights that
people are inclined to maintain initial relative rankings and to take
less money away from others in wealth redistribution, considering
the reversal of initial rankings and others’ monetary loss as a kind of
third-party loss which proscribes actions to achieve higher equality
(8). More generally, our findings may also explain resistance to
reform policies that aim to promote social welfare or reduce income
inequality (21, 71). For instance, rich people in regions with more
equal income distribution, whose advantaged ranks can be more
easily reversed, are less supportive of redistribution than those in
regions with more unequal income distribution (16). Given that the
effects of different motives are scientifically validated in the current
study, this may help to develop better taxation policies by taking
these motives into account when designing measures to reduce social
inequality on the one hand and satisfy people in different income
groups who pursue different motives on the other hand.

To conclude, the current study provides a neurocomputational
account of the trade-off between multiple prosocial motives under-
lying resource distribution. Our findings suggest that in addition
to inequality aversion, harm aversion and rank reversal aversion
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work as two separate prosocial motives to modulate individuals’
behaviors during wealth redistribution. Moreover, our study offers
neural explanations for how different prosocial motives modulate
redistribution behaviors, by highlighting a crucial role of striatum
in equality processing and modulation of motives on ultimate
decisions. Our approach improves our understanding of cognitive
and neurobiological mechanisms underlying social preferences and
distributive justice and may have implications for development
of reform policies to promote fairness norms and social justice.

Materials and Methods

Participants. Sixty-three right-handed healthy adults were recruited in the
experiment. Six participants were excluded because of either making the same
decision all the time or excessive head movement (> = 3 mmin translation and/
or > = 3%in rotation). The remaining 57 participants were aged between 19 and
28y(mean = 21.83SD = 1.91; 31 female). No participant reported any history
of psychiatric, neurological, or cognitive disorders. Informed written consent was
obtained from each participant before the experiment. The study was carried out
in accordance with the Declaration of Helsinski and was approved by the Ethics
Committee of the Department of Psychology, Peking University.

Experimental Procedure. In the present study, we developed a redistribution
task to assess individuals' preferences to redistribute unequal wealth allocations.
In this task, participants were first presented with a monetary distribution scheme
between two anonymous strangers. The initial endowment of each party was
allocated unequally and randomly by computer, and participants had to choose
between two redistribution options (i.e., alternative offers) which transferred a
certain amount of money from the one with higher initial endowment (advan-
taged party) to the one with lower initial endowment (disadvantaged party,
Fig. 14). In the No Rank-reversal condition, both alternative offers were more
equal than the initial offer and kept the same total payoffs and the same relative
rankings between the two parties as the initial offer. While in the Rank-reversal
condition, participants were presented with the same initial offer and the same
more unequal alternative offer as the No Rank-reversal condition, but with a
different more equal alternative offer that had the same inequality level as the
more equal alternative offer in the No Rank-reversal condition but would reverse
the initially relative advantageous/disadvantageous rankings of the two parties
(Fig. 1B). There were 66 trials in each of the No Rank-reversal and Rank-reversal
conditions and 15 trials in each of two filler conditions. The 162 trials were divided
into three scanning sessions lasting ~15 min each. After the experiment, each
participant received CNY 120 (~ USD 20) for compensation. For further details of
the experimental paradigm, see S/ Appendix, S| Materials and Methods.

Computational Modeling Analyses. To formalize different motives underlying
redistribution behaviors, we performed model-based analyses by establishing
fourfamilies of computational models to examine how inequality aversion, harm
aversion, and rank reversal aversion affect individuals' redistribution behav-
iors in the Rank-reversal condition. For detailed modeling analyses, including
model construction, estimation, comparison, and simulation, see S/ Appendix,
SI Materials and Methods.

Neuroimaging Analyses. We collected T2*-weighted echo-planar images
using a GE-MR750 3.0 Tscanner with a standard head coil at Tongji University,
China. The images were acquired in 40 axial slices parallel to the AC-PC line
in an interleaved order, with an in-plane resolution of 3 mm x 3 mm, a slice
thickness of 4 mm, an inter-slice gap of 4 mm, a repetition time of 2000 ms,
an echo time of 30 ms, a flip angle of 90°, and a field of view of 200 mm x
200 mm. We used Statistical Parametric Mapping software SPM12 (Wellcome
Trust Department of Cognitive Neurology, London, UK) which was run-through
MATLAB (MathWorks) to preprocess the fMRI images, perform GLM analyses
and PPI analyses. For detailed neuroimaging analyses, see S/ Appendix,
SI Materials and Methods.

Data, Materials, and Software Availability. Data (behavioral and fMRI) and
customized MATLAB and R codes are available online (https://osf.io/zd2tg/).
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