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Abstract

Humans not only value extrinsic monetary rewards but also their own morality and their

image in the eyes of others. Yet violating moral norms is frequent, especially when people

know that they are not under scrutiny. When moral values and monetary payoffs are at

odds, how does the brain weigh the benefits and costs of moral and monetary payoffs?

Here, using a neurocomputational model of decision value (DV) and functional (f)MRI, we

investigated whether different brain systems are engaged when deciding whether to earn

money by contributing to a “bad cause” and when deciding whether to sacrifice money to

contribute to a “good cause,” both when such choices were made privately or in public.

Although similar principles of DV computations were used to solve these dilemmas, they

engaged 2 distinct valuation systems. When weighing monetary benefits and moral costs,

people were willing to trade their moral values in exchange for money, an effect accompa-

nied by DV computation engaging the anterior insula and the lateral prefrontal cortex (PFC).

In contrast, weighing monetary costs against compliance with one’s moral values engaged

the ventral putamen. Moreover, regardless of the type of dilemma, a brain network including

the anterior cingulate cortex (ACC), anterior insula, and the right temporoparietal junction

(TJP) was more engaged in public than in private settings. Together, these findings identify

how the brain processes three sources of motivation: extrinsic rewards, moral values, and

concerns for image.

Introduction

The brain has evolved to serve the organism’s self-survival, therefore selfishness is common in

the animal kingdom. Social life, however, requires some curtailing of self-interest for the sake

of effective group functioning, a behavior seen as a moral obligation in virtually every culture.
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Citation: Qu C, Météreau E, Butera L, Villeval MC,

Dreher J-C (2019) Neurocomputational

mechanisms at play when weighing concerns for

extrinsic rewards, moral values, and social image.

PLoS Biol 17(6): e3000283. https://doi.org/

10.1371/journal.pbio.3000283

Academic Editor: Matthew F. S. Rushworth,

Oxford University, UNITED KINGDOM

Received: February 12, 2019

Accepted: May 8, 2019

Published: June 6, 2019

Copyright: © 2019 Qu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: S1 Data describes

numerical values that underlie the summary data

displayed in the following figure panels: Figs 2A–

2C, 2B, 3B, 4A and 4B, 5, S1, and S2. fMRI data

from Figs 3–5 are available from the Neurovault

repository access (http://neurovault.org/). The

URL/accession number is https://neurovault.org/

collections/5028/.

Funding: This research has benefited from the

financial support of IDEXLYON from Université de
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Such moral actions typically come in two forms: first, a person can conform to moral values by

foregoing a personal gain to avoid harming others, such as by refraining from being dishonest;

second, a person may be willing to incur a personal cost to increase other people’s well-being,

e.g., by donating to charities or volunteering. When moral values and monetary payoffs are at

odds, such decisions involve weighing the benefits and costs of moral and monetary payoffs.

How do people choose whether or not to follow a moral course of action? Neoclassical eco-

nomics suggests that people evaluate the opportunity of acting according to morals by compar-

ing the expected material benefits and costs of a moral versus immoral action [1, 2] and then

choose the action that maximizes their interests [3, 4]. Such a cost-benefit view of decision-

making is at the core of the economic theory of crime, which forms the basis for most policy

interventions aimed at curbing dishonesty. Along with such monetary incentives, nonmone-

tary motivation, such as the desire to maintain a positive social standing, has important effects

on decision-making involving both monetary and moral payoffs. Furthermore, individuals

may care about maintaining a positive self-image, which may require them to either fully

forego the material gains that could be achieved by behaving immorally [5, 6], or to behave

immorally “just enough” to maintain a positive self-image while increasing one’s payoff [7–

10]. Thus, the moral payoffs associated with these decisions are often not just a function of the

internal value system of the decision maker but depend also on the public visibility of these

actions [11, 12]. Across many social animals, behavior is strongly influenced by whether or not

actions are visible to others. Humans tend to behave more selfishly under guaranteed anonym-

ity [13, 14] and more prosocially when observed by others [13, 15]. Recent economic theories

of prosocial behavior combine heterogeneity in individual sensitivity to greed and altruism

with social image concerns, i.e., the extent to which we value how others think of us [16]. In

these models, motivation is three-fold: extrinsic (the material rewards associated with the

action), intrinsic (the moral benefits associated with the action), and attached to image (the

concerns for what others think of us). According to these models, humans exhibit preferences

for dishonest or prosocial behavior not because they are intrinsically bad or good but because

they weigh a mixture of these different sources of motivation.

Little attention has been paid to the neurocomputational mechanisms underlying brain

responses in decisions weighing moral values and money. According to decision neuroscience,

when choosing whether to accept or reject an offer weighing two types of attributes (e.g.,

moral values and money), the brain assigns a value to each option and compares them by cal-

culating their difference. Such a scheme has been successively applied in the field of value-

based decision regarding various types of benefits (e.g., money) and costs (waiting for long

delay) [17–19]. Yet we know little about how the brain integrates benefits and costs into deci-

sion value (DV) when moral values and monetary gains and losses are involved. Here, we pro-

pose a neuro-computational model to shed light on how the human brain computes a DV

integrating both moral values and monetary payoffs when they are at odds. We conducted a

model-based functional MRI (fMRI) experiment in which participants made two types of deci-

sions while being in the scanner: earning money by contributing to a cause they do not support

and foregoing monetary gains to contribute to a cause they do support. The costs and payoffs

for the participants and the two types of causes were orthogonally manipulated in order to

vary the costs and benefits of behaving morally (Fig 1). The cause individuals did not support

(hereafter, the “negatively valued organization”) was an existing organization negatively rated

by all participants before the experiment (symbol “GAR” in Fig 1). The cause individuals sup-

ported (hereafter the “positively evaluated organization”) was a charity positively rated by all

of them (symbol of a heart in Fig 1). This design allowed us to test whether separate or similar

brain valuation systems are involved when facing these two organizations and their associated

dilemmas, differently weighing moral values with money.
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The main objective of this study was therefore to investigate whether separate brain valua-

tion systems weigh moral costs and monetary payoffs on the one hand, and moral benefits and

monetary costs on the other. Neuroimaging studies have identified a core brain network,

including the ventral striatum (nucleus accumbens, putamen, or both), the ventromedial pre-

frontal cortex (vmPFC), and the temporoparietal junction (TPJ), engaged both when anticipat-

ing or receiving rewards and when making donations to charities [20–26]. The brain may have

developed the capacity to incorporate moral considerations into its standard valuation cir-

cuitry. If this hypothesis is correct, we would expect a single valuation system to weigh both

moral benefits with monetary costs on the one hand, and monetary benefits with moral costs

on the other hand. Alternatively, there may be separate valuation systems for these two types

Fig 1. Experimental design and time course of one trial. (A) We used a 2 × 2 within-subject design, in which

individuals had to accept or reject a monetarily costly action benefiting a POS ORG or a profitable action entailing a

moral cost (allowing the transfer of money to a NEG ORG), either in presence or absence of observers (“public” versus

“private”). (B) The amounts of the potential transfers to the organizations and of the potential costs or benefits to the

subjects were varied independently across trials. In each trial, the organization potential gains ranged from 4 to 32

Euros, by increments of 4 Euros. The subjects’ potential benefits (in the NEG ORG) or costs (in the POS ORG) varied

from 1 to 8 Euros, by increments of 1 Euro. This manipulation resulted in 64 different dilemmas. (C) For both the

private and public conditions, each trial began with the presentation of an offer that the participant could either accept

or reject by pressing a left or right button response, respectively. Then, a “feedback” screen was shown, consisting of an

unchanged screen in the private condition (lasting 500 ms after choice) to keep the chosen option private (no one in

the scanner room could see the choice), or in highlighting the chosen option by increasing its font for 1.5 s (while the

other option disappeared) in the public condition to further emphasize the presence of observers during this

condition. ITI, inter-trial interval; NEG ORG, negatively evaluated organization; POS ORG, positively evaluated

organization.

https://doi.org/10.1371/journal.pbio.3000283.g001
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of dilemmas [27]. A different system may be engaged when computing the trade-off between

monetary benefits and moral costs implied by giving away one’s own moral values. Two strong

candidates for computing such DVs are the anterior insula, which may treat violations of

moral rules as aversive outcomes [28], and the lateral prefrontal cortex (PFC), which has often

been reported to be engaged when making decisions involving dishonesty [29–31] and norm

enforcement or compliance [32–35]. Manipulating systematically the cost-benefit relation-

ships associated with monetary rewards and moral values allowed us to develop a computa-

tional account of DV trading off moral values with money, contrary to fMRI studies using

classical moral dilemmas (e.g., the trolley problem) or assessing honesty based on the reluc-

tance to lie [29, 30, 36].

Another goal of this study was to investigate the effect of an audience, i.e., the observability

of choices, on the brain regions engaged in two types of decisions: allowing a monetary trans-

fer to a charity at a monetary cost for oneself and accepting a monetary payoff at a moral cost.

In our experiment, we thus varied systematically whether decisions in the fMRI scanner were

made in private or could be scrutinized by an observer. Although an audience effect on proso-

cial behavior and on the brain circuitry engaged for a good cause has already been identified

[15], it remains unknown how choices made publicly influence the brain regions engaged

when deciding whether to transfer money to a charity at a personal cost and when deciding

whether to earn money at a moral cost.

Using model-based fMRI, our findings revealed the existence of two distinct valuation sys-

tems operating when the decision maker faces two types of trade-off computations involving

conflicting moral and monetary costs and benefits. One system centered over the bilateral

anterior insula and the dorsolateral PFC (DLPFC) is engaged during valuation of a monetary

transfer from a third party to the bad cause in exchange for a personal monetary gain. In con-

trast, a classical value-based system centered over the ventral putamen is engaged when indi-

viduals evaluate whether accepting or not a monetary transfer to a charity at a monetary cost

to themselves. Moreover, consistent with a desire for social approval, we found that a brain

network was more responsive when individuals acted in public than in private settings, regard-

less of the type of dilemma and choices.

Results

Behavioral results

We tested a number of models to determine how the decision process is influenced by the sub-

jects’ monetary benefits and costs, the organization’s gains, the presence of an audience effect,

the interactions between the latter factors, and time. We estimated a number of logistic regres-

sion models to identify the determinants of the participants’ choices and compared their fit to

the data using the Akaike and Bayesian information criteria (S1 Table). The results of these

random-effects logistic regressions are reported in S2 Table. The econometric specification

that better fits the data and that—in our setting—provides the most complete account of the

effect of social image on prosocial behavior is the following:

PrðAcceptÞi ¼ b0 þ b1ðOrganization GainÞi þ b2ðSubject’s PayoffÞi
þ b3ðPublic ConditionÞi þ b4ðOrganization Gain� Public ConditionÞi
þ b5ðSubject’s Payoff � Public ConditionÞi þ b6ðTimeÞi
þ b7ðResponse Time½RT�Þi þ εi

When considering the negatively valued organization, an increase in the amount trans-

ferred to this organization reduced the probability of accepting the transfer, whereas the poten-

tial monetary benefit to the subjects increased this probability (Fig 2A left, S2 Table). When

Neurocomputational mechanisms of public and private decision-making when moral values and payoffs collide
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considering the interaction between the potential payoffs for the negatively valued organiza-

tion and the public condition, we found that the presence of an audience further reduced the

probability of accepting the transfer as the payoffs for this organization increased. On the

other hand, the interaction between the public condition and the potential gain for the individ-

ual was not statistically significant, meaning that, all else being equal, the presence of an audi-

ence did not affect the probability of accepting or rejecting offers based on the potential gain

for the subject. Note that we set up separate models for choices concerning the positively

evaluated organization versus the negatively evaluated organization, because these choices

were paired in our design with diametrically opposite material consequences (subject’s

payoff = monetary losses versus gains, respectively). This required separate models with differ-

ent regressors (resulting in parameter estimates of opposite valence).

When considering the positively evaluated organization, an increase in this organization’s

gain significantly increased the likelihood of acceptance of the transfer, while an increase in

the subject’s monetary cost reduced this likelihood (Fig 2A right, S2 Table). When we looked

at the interaction between the public condition and the potential payoffs for the charity, the

Fig 2. Behavioral results. (A) For the NEG ORG trials, an increase in moral costs (amount potentially transferred to

NEG ORG) reduced the likelihood of a transfer being accepted, while potential monetary benefits increased this

likelihood. For the POS ORG, an increase in the subject’s monetary cost decreased the likelihood of accepting the offer,

while an increase in the moral benefits (POS ORG potential gain) significantly increased the acceptance rate. (B) Effect

of audience on accepting offers for both organizations. For the NEG ORG, participants were more likely to accept the

offers (i.e., earn money at a moral cost) in private than in public. In the charity condition, individuals were more likely

to accept offers (i.e., make prosocial decisions) in public than in private. ��p< 0.01. (C) RTs showing interactions

between organization types and accept or reject decisions (���p< 0.001), regardless of audience/privacy effect.

Participants were faster to accept transfers in the POS ORG condition and to reject them in the NEG ORG condition,

suggesting opposite default strategies for the two organizations. See S1 Data. NEG ORG, negatively evaluated

organization; POS ORG, positively evaluated organization; RT, response time.

https://doi.org/10.1371/journal.pbio.3000283.g002
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results were opposite to what we found for the negatively evaluated organization. That is, the

presence of an audience further increased the likelihood of accepting a transfer to the charity

as the payoffs for this organization increased. In contrast, the interaction between the public

condition and the payoffs for the subject was not statistically significant. To better illustrate the

acceptance rate according to each trade-off, we calculated the average acceptance rate over

subjects for each proposed transfer and displayed color-coded heatmaps for each organization

(S1 Fig).

We then assessed the effect of the audience for each organization. For the negatively evalu-

ated organization, subjects were significantly more likely to reject the transfers in the public

(69% of the trials, on average) than in the private condition (62% of the trials, on average, Wil-

coxon signed-rank test |Z| = 2.84, n = 17, p< 0.005, Fig 2B, blue graphs). In contrast, for the

positively evaluated organization, the rate of acceptance increased when decisions were made

in the public condition (66% of the trials, on average) compared to the private condition (60%

of the trials, on average, Wilcoxon signed-rank test |Z| = 3.08, n = 17, p< 0.002, Fig 2B, red

graphs). This indicates that, regardless of the cause, subjects were more likely to choose the

prosocial action in public (i.e., accept the transfer to the charity and reject it for the negatively

evaluated organization). The same analysis conducted with robust standard errors and cluster-

ing at the individual level revealed the same results than the random-effect models, except that

the effect of the time variable was no longer significant on the decisions regarding the nega-

tively evaluated organization. These effects are consistent with the fact that a violation of moral

norms is more likely under guaranteed anonymity, while prosocial behavior is more likely

when being observed, as predicted by economic theories regarding the effect of audience on

moral or prosocial decisions [13, 16].

We also performed a repeated-measures ANOVA with three factors on response times

(RTs). The results of the 2 organizations (positively versus negatively valued) × 2 observability

conditions (private versus public) × 2 options (accept versus reject) ANOVA revealed an inter-

action effect between organizations and the type of choices (F[1,16] = 16.65, p< 0.001) (Fig

2C and S2 Fig). Subjects were faster to respond for the prosocial option, i.e., rejecting rather

than accepting the transfers to the negatively valued organization, and accepting rather than

rejecting the transfers to the charity. When inspecting RTs according to the transfer range, this

was particularly true for offers combining low monetary gains and high moral costs in the neg-

atively evaluated organization and for offers combining low monetary losses and high moral

benefits for the positively evaluated organization (blue cells, S2 Fig).

fMRI results

Brain activity modulated by DV. We investigated the brain regions showing a correla-

tion (either positive or negative) with DV presiding choice. When DV increases (i.e., the likeli-

hood of accepting the transfer is higher), a positive correlation with DV indicates that brain

regions show higher activity, while a negative correlation indicates a decreasing activity.

First, we focused on the negatively evaluated organization and identified the brain regions

showing a positive correlation between the blood-oxygenation-level–dependent (BOLD)

response and DV, computed as the weighted difference between the monetary benefits minus

the moral cost. This regression revealed activity in a brain network including the bilateral ante-

rior insula (x, y, z = −36, 14, 1 and x, y, z = 36, 26, −5) and the left DLPFC (x, y, z = −48, 44, 16)

(Fig 3A, S3A Table). To illustrate how the responses of the bilateral anterior insula and DLPFC

contribute to the trade-off between monetary benefits and moral costs, we extracted the per-

cent signal change (PSC) for each cell in the monetary gain versus moral cost matrix. The

BOLD pattern illustrated in the corresponding heatmaps (Fig 3B) paralleled the behavioral

Neurocomputational mechanisms of public and private decision-making when moral values and payoffs collide
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results showing higher acceptance rate for transfers with high monetary benefits and low

moral costs (see matrix of the negatively valued organization, S1 Fig). No brain region showed

a negative correlation with DV in the negatively evaluated organization condition.

Second, we focused on the positively evaluated organization and searched for brain regions

engaged in DV computation. No brain region showed a positive correlation with DV (defined

as the weighted difference between moral benefits and monetary costs at the time of offer) in

this charity condition. Instead, mirroring the opposite behavioral pattern observed for the two

organizations, a negative correlation was observed between the BOLD response and DV in the

ventral putamen (x, y, z = −21, 14, −5) (Fig 4A; S3B Table). This correlation reflects that the

ventral putamen showed decreasing activity as the DV increased (presiding to a higher likeli-

hood of accepting the offer). To better understand how the activity of the ventral putamen

contributes to solve the monetary benefits versus moral costs dilemma, we extracted the PSC

in this functional region for each cell in the monetary gain versus moral cost matrix. The

reduced BOLD signal illustrated in the corresponding heatmaps (blue cells observed for high

moral benefits and low monetary cost, Fig 4A) mirrored the behavioral results of a higher

acceptance rate for offers with high moral benefits and low monetary costs (red cells of the

heatmaps, S1 Fig).

To ensure that the identified regions from the two valuation systems are clearly distinct, we

directly compared the slope of the negative correlation with DV for the charity and the slope

of the positive correlation with DV for the negatively evaluated organization. These compari-

sons were made in the functional clusters obtained from the DV analyses (S3 Table). Paired t
tests were performed to compare the DV beta slope in the negatively evaluated organization

condition with the DV beta slope of the charity condition, in the bilateral insula clusters posi-

tively modulated by DV in the negatively evaluated organization condition (S3A Table) and in

Fig 3. In the NEG ORG context, bilateral insula and lateral PFC activity correlated with DV at the time of

decision-making. A. BOLD response in the bilateral insula and lateral PFC was positively correlated with the DV in

the NEG ORG. B. Heatmaps were created by averaging parameter estimates versus baseline within anterior insula and

lateral PFC clusters for each cell of a 4 × 4 monetary benefit versus moral cost matrix (resulting from collapsing the

original 8 × 8 matrix, see Methods). Color coding reflects the strength of the neural response, with dark red

representing the strongest activation and dark blue representing the lowest activation. See S1 Data. fMRI data

corresponding to this figure can be found at the following URL: https://neurovault.org/collections/5028/. BOLD,

blood-oxygenation-level–dependent; DV, decision value; fMRI, functional MRI; lPFC, lateral PFC; NEG ORG,

negatively valued organization; PFC, prefrontal cortex.

https://doi.org/10.1371/journal.pbio.3000283.g003

Neurocomputational mechanisms of public and private decision-making when moral values and payoffs collide

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000283 June 6, 2019 7 / 27

https://neurovault.org/collections/5028/
https://doi.org/10.1371/journal.pbio.3000283.g003
https://doi.org/10.1371/journal.pbio.3000283


the ventral putamen cluster negatively modulated by DV in the charity condition (S3B Table).

A greater difference between slopes was found in the left ventral putamen in the charity condi-

tion compared to the negatively evaluated organization condition (t[16] = −3.57, p = 0.0025).

Similarly, a greater slopes difference was observed in the bilateral anterior insula for the nega-

tively evaluated organization compared to the charity (left: t[16] = −4.42, p = 0.0004; right: t

[16] = −2.55, p = 0.0212). Similar significant differences in the slopes of the correlations were

obtained when extracting beta from spheres around previously published coordinates (see

Methods section “Activations localization and reported statistics”).

Brain correlates of prosocial decisions in the positively and negatively evaluated organi-

zation conditions. When investigating which brain regions correlate with prosocial deci-

sions for the positively evaluated organization, we found that the vmPFC (x, y, z = 9, 50, −11)

was more engaged when people made the prosocial decision (accepting a monetary loss to let

the charity earn money) compared with choosing the selfish option (avoiding a monetary loss

and foregoing the moral benefit associated to the transfer) (Fig 4B, left, S4A Table). This fMRI

analysis was repeated using a new general linear model (GLM) controlling for DV, and again,

we found that the vmPFC was more engaged when accepting than rejecting the offer in the

charity condition. For illustrative purposes, we extracted the PSCs in this functional region,

separately for the accepted and rejected trials (Fig 4B, middle). Moreover, PSCs were also

extracted for each cell in the monetary cost versus moral benefit matrix, and this BOLD

Fig 4. In the positively valued organization condition, ventral putamen activity correlated with DV, and

ventromedial PFC was engaged with prosocial choices. (A) Activity in ventral putamen correlating with the DV in

the POS ORG context. Heatmaps were created by averaging parameter estimates versus baseline within the ventral

putamen clusters revealed by the DV correlation for the POS ORG for each cell of a 4 × 4 monetary cost versus moral

benefit matrix (resulting from the collapsing of the original 8 × 8 matrix, see Methods). Color coding reflects strength

of neural response for each condition, such that dark red represents the strongest activation and dark blue represents

the lowest activation. (B) The vmPFC showed stronger activation when subjects chose the prosocial option (i.e.,

accept) than when they chose the selfish one (i.e., reject) in the POS ORG context. Plots of mean PSCs are shown for

illustrative purpose. The color-coded heatmap was created by averaging parameter estimates versus baseline within the

vmPFC cluster for each cell of the 4 × 4 monetary cost versus moral benefit matrix. See S1 Data. fMRI data

corresponding to this figure can be found at the following URL: https://neurovault.org/collections/5028/. DV, decision

value; fMRI, functional MRI; PCS, percent signal change; PFC, prefrontal cortex; POS ORG, positively valued

organization; vmPFC, ventromedial prefrontal cortex.

https://doi.org/10.1371/journal.pbio.3000283.g004
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pattern is illustrated in the corresponding heatmaps (Fig 4B, right). In addition, in those trials

when people opted for the prosocial option, an activation in the vmPFC was positively corre-

lated with the amount transferred to the charity (S4B Table). No vmPFC activity was observed

when comparing accept and reject decisions in the negatively valued organization (even at a

lenient threshold of p< 0.005 uncorrected).

Effect of audience on brain activity. We also investigated which brain regions are engaged

by the presence of an audience, regardless of the actual decisions made by the subjects. We found

that the bilateral anterior insula (x, y, z = −45, −4, 13; 45, 5, 7), the anterior cingulate cortex (ACC;

x, y, z = 6, 8, 37), and the posterior superior temporal gyrus/TPJ (x, y, z = 48, −40, 13) were

more engaged in public than in private (Fig 5, S5A Table). For illustrative purposes, PSCs were

extracted in each of these functional clusters for the public and private trials, for each organiza-

tion. These PSCs are plotted in Fig 5. In contrast, the bilateral inferior parietal cortex (x, y, z =

−54, −49, 52 and 51, −64, 46) was more engaged when the subjects knew that they were making

their decisions in private compared with when they knew they were being observed (S5B Table).

Correlations with single attributes. We also identified the brain regions showing a corre-

lation with the size of the potential monetary benefit/cost and potential moral benefit/cost,

using parametric regressors (S3 Fig and S4 Fig, S6 Table). In the negatively evaluated organiza-

tion condition (S3 Fig), a similar set of brain regions was responsive for increasing the potential

monetary gains (a positive correlation) and for decreasing the moral costs (a negative correla-

tion with the organization’s gain). These regions included the anterior insula, the ACC, the

DLPFC and the intraparietal region (S6 Table). For the charity condition (S4 Fig), a positive

correlation was observed in the vmPFC with increasing moral benefits (S6 Table). No voxel sur-

vived correction for multiple comparison in the negative correlation with monetary costs.

Functional connectivity analyses. We performed functional connectivity analyses with

DV-related brain regions (S5 Fig and S6 Fig) taking the bilateral anterior insula for the nega-

tively valued organization and the bilateral ventral putamen for the charity as seed regions.

Fig 5. Brain responses in public relative to private. Being observed increased activity in the bilateral INS, ACC, and right TPJ.

Activations are overlaid on an average anatomical scan of all subjects (cluster-wise FWE-corrected p< 0.05 and voxel-wise

uncorrected p< 0.001). Plots of mean PSCs are shown for illustrative purpose. For the POS ORG and the NEG ORG, respectively,

light pink and light blue represent the private trials, while dark pink and dark blue are used for the public trials. Error bars indicate

SEM. See S1 Data. fMRI data corresponding to this figure can be found at the following URL: https://neurovault.org/collections/

5028/. ACC, anterior cingulate cortex; fMRI, functional MRI; FWE, family-wise error; INS, insula; NEG ORG, negatively valued

organization; POS ORG, positively valued organization; PSC, percent signal change; TPJ, temporoparietal junction.

https://doi.org/10.1371/journal.pbio.3000283.g005
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The results revealed that the strengths of the ventral putamen-dorsal ACC (dACC) and ante-

rior insula-dACC connectivity were positively correlated with both ventral putamen and ante-

rior insula DV-related activity (S7 Table, S8 Table). That is, the ventral putamen-dACC

connectivity strength was positively correlated with the ventral putamen DV-related activity.

Similarly, the anterior insula-dACC connectivity strength was positively correlated with the

anterior insula DV-related activity.

Discussion

When faced with the opportunity of rejecting transfers to a charity to avoid a monetary loss or

of making a monetary profit from a decision betraying one’s moral values, what determines

people’s willingness to transgress their moral values or to comply with them? Such a dilemma

may involve choosing between making money by serving a bad cause, such as evading taxes or

lying, and foregoing this opportunity of increased payoffs to comply with one’s moral values.

In other situations, the trade-off may be the exact opposite: individuals may have to choose

between suffering a monetary loss for serving a good cause or acting selfishly. In the first case,

there is a tension between pecuniary self-interest and moral costs in case of non-compliance

with one’s moral values, whereas in the second, there is a tension between the monetary loss

and the moral benefit in case of compliance with one’s moral values. Here, we demonstrate

that such trade-offs engage two separate valuation systems but that both systems perform simi-

lar computations. The anterior insula together with the lateral PFC compute the DV (i.e., the

difference between the subject’s monetary benefit and the associated moral cost weighted by

the absolute value of the individual regression coefficients from the selected logistic model),

implementing the trade-off between monetary benefits and moral costs (Fig 3). In contrast,

the ventral putamen computes the DV (the difference between the subject’s moral benefit and

the monetary cost weighted by the absolute value of the individual regression coefficients)

related to the trade-off between moral benefits and monetary costs (Fig 4A). These findings

indicate that similar computational rules are applied by distinct brain systems, depending on

the direction of the benefits or costs for the subject and the direction of the moral values. In

addition, consistent with the view that moral benefits have intrinsic value [26, 37], the vmPFC

was sensitive to higher moral benefits (Fig 4B). The medial PFC has also been reported to be

active during social referencing and mentalizing about others [38, 39].

Our study demonstrates the existence of two separate valuation systems when computing

DVs for different types of cost/benefit trade-off between moral values and money. Such find-

ings are consistent with an early theoretical proposal suggesting that there may be separate val-

uation systems for two types of considerations: one treating violations of moral norms as

aversive outcomes, and another treating compliance with moral rules as a rewarding outcome

[27]. One possible mechanism explaining why distinct valuation systems were observed in the

computation of DV for the two organizations is that they required anticipation of outcomes as

rewards (doing good) or penalties (doing bad)—known to recruit, respectively, the ventral

putamen/vmPFC and the bilateral anterior insula/lateral PFC [40–43]. The engagement of the

anterior insula is observed when being socially excluded [44], when being treated unfairly [45],

during anticipation of risky losses, and when making inequitable decisions [26]. The DLPFC is

engaged during trade-offs between behaving honestly and the pursuit of self-interest [29–31]

and by monetary gains made from harming others, but not self [46]. In contrast, fMRI studies

on social rewards report engagement of the ventral striatum with good reputation, being

treated fairly, and being cooperative [15, 26, 47].

The current study adds to this body of work by demonstrating that the anterior insula/lat-

eral PFC and the ventral putamen are not only engaged by negative and rewarding social
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events per se, respectively. They perform neural computation of different types of DVs: differ-

ence between monetary benefits and moral costs on the one hand, and between moral benefits

and monetary costs on the other hand. That is, in our design, these brain regions computed a

value difference preceding choice behavior, extending results from value-based decision-mak-

ing [17, 18]. However, in some of these previous fMRI studies, one choice option was kept con-

stant [18], precluding these studies from distinguishing between valuation and value

comparison processes because the value of the changing option correlated with the value dif-

ference between options. In contrast, in the current study, on each trial a different trade-off

between benefit and cost was at stake, allowing us to compute a DV reflecting a true value dif-

ference. Therefore, our results show that the anterior insula/DLPFC and the ventral putamen

are able to weigh on the same scale different costs and benefits of different nature in the moral

and the monetary domains.

Recent behavioral economics experiments have provided evidence that when people face

the opportunity to act unethically, they often do so but only to a certain extent in order to

maintain a positive self-image [7, 9, 10]. Our behavioral results are consistent with these find-

ings in a different environment by showing that subjects are willing to trade their moral values

for monetary benefits (i.e., they accept transfers entailing a moral cost in exchange for a mone-

tary benefit) but only when the moral cost is not too high (Fig 2A, left). Our behavioral find-

ings are consistent with nonstandard economic models proposing that immoral actions

originate not in rational self-interest per se but in affective responses to social behavior [16,

48]. According to this view, social principles—such as image motivation—have an intrinsic

value. Although individuals undoubtedly value a personal monetary gain, they also display an

aversion to betraying their moral values. Thus, people have to strike a balance between two

motivating forces, such that they derive some financial benefits from behaving dishonestly or

violating a norm but still maintain their positive self-image.

Our behavioral results also show that subjects were more likely to accept giving to the char-

ity at low monetary costs to themselves, and were faster to do so, but they were more likely to

reject transfers to the negatively valued organization for low gains to themselves, and again,

were faster to do so (Fig 2A and 2C and S1 Fig, S2 Fig). Thus, the choice and RT behavior

clearly indicates opposite default strategies for the two organizations, suggesting that partici-

pants internalized different a priori default preferences for the two organizations. That is, the

default strategy was to accept the transfer to the charity, perhaps engaging approach behavior

and appetitive processes, whereas for the negatively valued organization, the default strategy

was to reject the transfer, likely to engage avoidance behavior and aversive processes. This

interpretation parallels recent debates about the framing of DV signals, which may reflect

computation of a relative value difference between the a priori default option and the alterna-

tive option [49]. This pattern of behavioral results (choice and RTs) reflecting opposite appeti-

tive or aversive processes may explain why we observed brain regions showing decreasing

activity with higher DV in the charity condition and increasing activity with increasing DV for

the negatively valued organization. In particular, in the charity condition, when the correlation

between the BOLD signal and DV decrease (blue cells of Fig 4A), there is a rapid accept judg-

ment for cells corresponding to low subject losses and high amounts to charity (see S1 Fig and

S2 Fig). Conversely, for offers combining high personal monetary losses with low moral bene-

fits, higher ventral putamen activity may reflect that successful avoidance of the offer may be,

in itself, rewarding and engage similar neural mechanisms than reward processing. Such

involvement of the putamen in active avoidance mechanisms has been previously observed in

both nonhuman [50–54] and human studies [55–59]. This may explain why our ventral stria-

tum findings engaged the ventral part of the putamen rather than the nucleus accumbens.

Also, it should be noted that the negative correlation between ventral putamen activity with
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DV observed in the charity condition (Fig 4A) does not mean that the response of this brain

region increases with higher personal costs and with decreasing benefits to the charity, as dem-

onstrated by the single attributes analyses (S4 Fig).

Our findings extend the distinction between two brain valuation systems identified in

recent years to monetary and moral costs/benefits. For example, separate valuation systems for

delay (anterior insula and dACC) versus effort (ventral striatum/vmPFC) cost/benefit deci-

sions have been reported in both rodents and humans [60]. Similar evidence coming from a

combined Electroencephalography (EEG)-fMRI study points to the existence of distinct deci-

sion-outcome value systems that can be dissociated temporally [41]. The dichotomy between

appetitive and aversive processes differently engaged by the 2 valuation systems may also

explain why distinct networks have been observed in empathic care and distress [61, 62].

Empathic care, which leads to helping behavior, has been associated with appetitive processes

engaging the ventral putamen, whereas empathic distress, which leads to avoidance behavior,

has been associated with aversive processes engaging the anterior insula [40, 61].

It remains unclear whether different attributes (moral benefits and monetary costs on the

one hand, and monetary benefits versus moral costs on the other hand) are represented in the

same valuation systems that perform the weighted difference between them, or whether these

attributes are represented in neural structures distinct from those in which the comparison is

performed. When investigating the neural implementation of these attributes for the nega-

tively valued organization, we found that a similar brain network, including the bilateral ante-

rior insula, dACC, and DLPFC, was engaged both for increasing monetary benefits and for

decreasing moral cost (S3 Fig, S6 Table). Consistent with this effect, the anterior insula has

been associated with both positive and negative correlations with subjective value in a con-

junction meta-analysis [40], reflecting a quantity such as salience [63, 64]. For the charity, the

correlation between moral benefit attributes and the BOLD signal showed engagement of the

vmPFC (S4 Fig). Prior research strongly implicates the medial PFC when making altruistic

choices [22, 23, 26, 65], although its precise computational role remains debated [66]. Thus,

for the negatively valued organization, the anterior insula represented both single attributes

and their weighted differences, while for the charity, the ventral putamen integrated single

attributes in the DV signal. In addition, to investigate whether the DV signals computed in

separate neural systems for the 2 types of trade-offs are passed to common brain regions, we

performed seed-to-voxel functional connectivity analyses taking DV-related activity from the

anterior insula for the negatively valued organization and the bilateral putamen for the charity

as seed regions (S5 Fig and S6 Fig). This analysis provided direct evidence that both identified

valuation systems functionally interact with the ACC, possibly reflecting an integration of

decision parameters [67, 68]. Although the connectivity analysis did not reveal direct relation-

ships between the ventral putamen and the vmPFC for the charity condition, the strength of

the coupling obtained from resting-state functional connectivity between the vmPFC—

observed in cost-benefit valuation—and the putamen/caudate nucleus has been shown to be

strong, both in primates and nonhuman primates [69].

The presence of an audience reduced the likelihood of accepting the transfer as the payoff

for the negatively evaluated organization increased, while it increased the chance of accepting

a transfer to the charity as the payoffs for this organization increased. At the brain system level,

for both organizations, the presence of an audience (public versus private choices) engaged a

brain network including the anterior insula, the ACC, and the right TPJ (Fig 5). The engage-

ment of this brain network with concerns for social image may reflect meta-representations

required for representing what other people think of us [36], such as the desire to conform to

moral norms while giving to charities or when refusing to give to a bad cause [70–73]. Yet a

recent Transcranial Magnetic Stimulation (TMS) study indicates that the right TPJ may not be
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necessary to react to social reputation cues but may instead reduce the behavioral impact of

moral-material conflicts [74], illustrating the need for noninvasive brain stimulation to estab-

lish the causal role of a specific brain region in a given function [75].

Previous neuroimaging studies on moral reasoning have relied on paradigms that involved

judging actions from a third-party perspective [76] and judging highly hypothetical and often

extreme moral dilemmas (e.g., killing one person to save the lives of many, see [77]). In real

life, however, individuals are repeatedly faced with more ecologic dilemmas in which moral

and monetary stakes vary; as such, it is critical to understand how the brain computes the DV

presiding choice when weighing moral costs and monetary benefits. Other studies related to

moral choices have investigated decisions involving dishonesty and lying [29–31], decisions

whether to comply to social norms [32, 34, 35, 78], decisions involving a trade-off between

money and physical pain [46, 71, 79], and decisions about moral and religious statements [80,

81]. Yet, our study is the first to combine, in the same design, the investigation of the neural

correlates of the trade-off between accepting money for moral violations and those engaged in

weighing whether to accept losing money for the benefit of a charity.

One potential limitation of our findings is that it only concerns men. Future studies should

investigate whether the current findings extend to women too. We chose to scan only men

because gender has been shown to affect prosocial behavior [82, 83] and unethical behavior [84,

85]. Moreover, young women experience hormonal modulations of the reward system [86],

which may affect the neural substrates of the two brain systems investigated in the current

study. In addition, there are known interactions between the effects of audience and the observ-

er’s gender (kept constant in the current experiment). For example, in women the mere pres-

ence of men can induce transient decrements in cognitive efficiency and academic performance

when confronted with math tests despite similar performances when tested separately [87, 88].

Conclusion

Our study provides evidence that, consistent with models integrating monetary motivation,

image concerns, and compliance with moral values [7, 10, 16, 89], people are willing to bend

their moral values to earn more money, but only to a certain extent, an effect engaging the ante-

rior insula and the lateral PFC. The ventral putamen computes a weighted difference between

moral benefits and monetary costs, rather than reflecting these attributes in isolation, while the

vmPFC is more engaged with moral attributes alone and with prosocial choices for the charity.

Moreover, consistently with models of social behavior influenced by a desire for social approval,

we found activity in a social brain network that was more responsive in public than in private

settings, regardless of whether the individual supports the cause or not. A deeper understanding

of how the brain weighs moral values, monetary payoffs, and social image when people are

asked to refrain from immoral acts or are encouraged to undertake moral actions may help in

the design of new types of policy interventions. Indeed, in the last two decades, governments

and social scientists have become increasingly interested in using social nudges, such as moral

suasion [90, 91] and social recognition to deter antisocial behaviors and promote prosocial

activities. A better understanding of the neural mechanisms at stake may participate in identify-

ing in which conditions these interventions are more likely to be effective.

Methods

Ethics statement

The study was approved by the local ethics committee (Comité de Protection des Personnes

SUD-EST IV, autorisation n˚ 22036S, DGS2008-0179). This experiment adhered to the Decla-

ration of Helsinki.
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Subjects

Twenty-four healthy subjects (all men, age = 22.47 ± 2.62 years) with no history of neurological

or psychiatric illness participated in the fMRI experiment. Two subjects were excluded from

the analysis for technical imaging problems. All subjects were right-handed, as assessed by the

Edinburgh Handedness Inventory, and presented no symptoms of depression, as assessed by

the 13-item version of the Beck Depression Inventory. All subjects gave written informed con-

sent to be part of the experiment, which was approved by the local ethics committee (CPP Cen-

tre Léon Bérard, Lyon, France).

Pretesting

Before the fMRI experiment, a behavioral pilot study involving 48 healthy volunteers was car-

ried out at GATE-Lab, Lyon, to help in designing stimuli and task procedures. To guide the

selection of the organizations, we asked these participants to complete a questionnaire after

the presentation of brief descriptions and logo images of 14 organizations. Organizations with

positive or negative valence were presented. For each one, participants had to rate their feelings

towards them on a scale from −10 to 10. The order of the organizations in the questionnaire

was randomized across subjects. Based on this pilot study, we chose for the fMRI experiment

the two organizations that received the worst (mean = −5.73, SD = 3.68) and the best (mean =

8.40, SD = 2.04) ratings. Because PLOS Biology policy does not allow us to publish trademarked

names, we have changed the real names of these two organizations. GAR represents the nega-

tively evaluated organization, and a symbol of a heart represents the positively evaluated orga-

nization (a charity providing food to homeless and poor people).

Experimental task

We used a 2 × 2 within-subject design, in which individuals decided whether to accept or reject

monetary transfers to the two organizations. In some blocks of decisions, the subjects had to

accept or reject offers of transfers to the positively evaluated organization. In other blocks of

decisions, offers concerned the negatively evaluated organization. Decisions were made either

in presence or absence of observers (“public” versus “private” conditions) (Fig 1A). At the

beginning of the experiment, subjects received an initial endowment of 14 Euros. During the

experiment, they were faced with successive offers involving a variable monetary payoff for

themselves and a variable payoff for the organization. When making decisions regarding the

positively evaluated organization, subjects had to decide whether to accept or reject monetary

transfers by the experimenter to the organization at a variable monetary cost to themselves,

deducted from their initial endowment. When making decisions regarding the negatively eval-

uated organization, they had to decide whether to accept or reject monetary transfers by the

experimenter to the organization in exchange for a personal monetary payoff added to their

initial endowment. In the latter case, the only way for a subject to earn money was to allow the

experimenter to transfer money to the negatively evaluated organization, whereas in the for-

mer treatment, any transfer to the positively evaluated organization involved a monetary loss

for the subject. One important aspect of our experimental design is that in both treatments,

each organization would receive a monetary gain; in one case, however, such a gain reflected a

moral cost to the individual (sending money to a negatively evaluated organization to earn

money for oneself, i.e., non-compliance with one’s moral values for money), while in the other

case, the gain to the organization reflected a moral benefit for the individual (altruistically fore-

going a personal gain to benefit a positively evaluated organization, i.e., complying with one’s

moral values). Because we systematically varied the monetary cost of a moral decision, we

were able to identify the price elasticity of demand for moral actions. Intuitively, if participants
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did not perceive such actions as immoral, they would display no elasticity to the moral cost of

choosing the self-serving action.

The monetary stakes for the organizations and for the subjects varied independently across

trials. In each trial, the organization’s potential gains ranged from 4 to 32 Euros, in increments

of 4 Euros. Subjects’ potential payoffs (in the case of the negatively evaluated organization) or

costs (in the case of the positively evaluated organization) varied from 1 to 8 Euros, in incre-

ments of 1 Euro. Each subject was therefore exposed to 64 different dilemmas (Fig 1B).

To guarantee the independence of each decision, only one public decision and one private

decision among all the trials were randomly selected for payment at the end of the experiment.

If the subject accepted the offer in the randomly selected trial, the amount of the accepted trans-

fer was sent to the organization (the mean of the two amounts was used if the two trials con-

cerned the same organization), and the subject’s endowment was increased or decreased based

on his decision. If the same organization happened to be randomly selected twice, then the orga-

nization received the average transfer and the subject’s endowment was adjusted based on the

average of the two decisions. If the subject rejected the offer in the randomly selected trials,

nothing was sent to the organization, and the subject’s initial endowment was not modified.

The presence or absence of an observer (public versus private conditions) was displayed on

the screen in the following way. In private trials, a yellow frame surrounded the offer, and a

picture of a padlock was displayed at the top of the screen reminding subjects about the privacy

of their decision. In the public condition, a cyan frame surrounded the offer, and a picture of

the eyes of an observer was displayed above, reminding participants that an independent

observer would see their decisions. Indeed, cues of being watched exert an influence on sub-

jects’ behavior [15]. To further stress the visibility of their choices in the public trials, partici-

pants knew that an observer in the control room, to whom they were introduced prior to the

experiment, would see the subject’s screen and therefore observe their public trials decisions;

in the public trials, the chosen alternative was highlighted for 1.5 s on the screen by expanding

the font, while the other option disappeared. In the private condition, no changes were made

on the screen after the response, assuring subjects that nobody would be able to see their

choices from the scanner control room. Finally, at the end of the experiment, subjects had to

declare in front of a video camera which decision they made in the randomly selected trial for

the public condition. Subjects were told that decisions in the private condition were recorded

anonymously, guaranteeing that none of the experimenters could link a subject’s identity with

his decisions. A person not affiliated with the experiment and unaware of its content paid all

subjects. All the subjects reported believing in the manipulation.

For each possible combination of individual and organization payoffs, and for both organi-

zations, participants made two decisions, one in private and one in public. Participants there-

fore made a total of 256 decisions, 128 related to the negatively evaluated organization and 128

related to the positively evaluated one. Each trial began with the presentation of an offer,

which could either be accepted or rejected by pressing the left or right button on a response

pad (Fig 1C). A fixation cross was displayed during a random time interval (jitters), drawn

from a uniform distribution between 2.5 and 6.5 s. Subjects were encouraged to make their

decision within 3 s. After this delay, a message was displayed on the screen to remind them to

respond.

The scanning session was divided into 4 runs of 64 trials. The first 2 runs concerned one

organization and the last 2 concerned the other organization. Within the first run of each orga-

nization, the first half of the trials was either public or private, with the opposite for the subse-

quent run. The order of the private/public conditions in the second run mirrored the order of

these conditions in the first run. The order of presentation of the organizations and of public/

private conditions was balanced across subjects. Thirty-two dilemmas from the 64 possible
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combinations were presented in each run and each private/public condition. To guarantee

that the 2 pairs of runs of each organization were balanced with respect to the payoffs for the

individual and the organization, we assigned to one run the set of dilemmas composed by the

subject’s odd potential payoffs and the 4, 12, 20, and 28 potential amounts for the organization,

while the other run was assigned the 32 remaining dilemmas of the matrix. Within this crite-

rion, the order of the 32 dilemmas was randomized.

Visual stimuli were back-projected on a screen located at the head of the scanner’s bed and

presented to the participants through an adjustable mirror located above their head. The pre-

sentation of the stimuli was controlled by Presentation software (Neurobehavioral Systems),

which also recorded trigger pulses from the scanner signaling the beginning of each volume

acquisition.

Procedures

During a first interview, participants were asked to rate their feelings toward each of 14 organi-

zations on a scale ranging from −5 to 5. For the fMRI experiment, we selected only participants

who rated the positive organizations with a score greater than 0 and the negatively evaluated

organizations with a negative score (only 1 subject was excluded based on the initial rating).

The day of the experiment, subjects first received instructions about the experiment. To guar-

antee the independence of each choice during the experiment, subjects were instructed that

only one public decision and one private decision among all the trials would be randomly

selected for payment at the end of the experiment.

After receiving the instructions, subjects did a few free practice trials of all conditions in the

control room of the fMRI and were allowed to ask questions. After the practice session, sub-

jects were asked to read a description of the two organizations. Before entering the fMRI

room, they met with the independent observer. After scanning, the subjects were debriefed.

Participants filled a post-experimental questionnaire asking whether they truly perceived the

different trials as independent, whether they believed in the difference between private and

public conditions, and whether they thought that the presence of the observer had influenced

their decisions. Participants were then placed in front of a computer that randomly drew two

trials, one public and one private. To honor the privacy condition, only the decision made in

the public trial was displayed on the subject’s computer screen, while the private decision was

directly sent to a person unaffiliated with the experiment and unaware of its content. Finally,

for the selected public trial, subjects had to declare the payoffs for them and the organization

while being filmed by an experimenter with a video camera.

fMRI data acquisition

fMRI data were acquired on a 1.5 T Siemens MRI scanner. Scanning was divided into 4 ses-

sions. BOLD signal was measured with gradient echo T2� weighted echo-planar images (EPIs).

Twenty-six interleaved slices parallel to the AC-PC line were acquired per volume (matrix

64 × 64; voxel size = 3.4 × 3.4 × 4 mm; TR = 2,500 ms; TE = 60 ms). We used a manual shim-

ming within a rectangular region including the orbitofrontal cortex and the basal ganglia to

improve the local field homogeneity. A high-resolution T1-weighted structural scan was

acquired for each subject (matrix 256 × 256 × 176; voxel size = 1 × 1 × 1 mm; TR = 1,970 ms;

TE = 3.93 ms; flip angle = 15).

fMRI preprocessing

Data were preprocessed and analyzed using the SPM8 software package (Wellcome Depart-

ment of Imaging Neuroscience, London) implemented in Matlab 7.7 (Mathworks, Natick,
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MA). We removed the first 4 functional volumes of each session to allow the BOLD signal to

reach a steady state. The remaining images were spatially realigned and unwarped in order to

correct for motion artifacts. Unwarping was performed based on phase maps calculated using

the Fieldmap SPM toolbox. Then, to suppress the residual fluctuations due to interpolation

errors from large motions, the motion adjustment algorithm provided in the ArtRepair

toolbox was used after smoothing with a 4 mm full width at half maximum (FWHM) Gaussian

kernel (https://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html). This

method is an alternative to add motion regressors to the design matrix. The scan artifacts were

then detected and repaired using both global intensity and scan-to-scan movement with the

Artifact Repair algorithm from the ArtRepair SPM toolbox [92].

For each participant, the structural image was coregistered to the mean functional image,

segmented into white and grey matter, and the grey matter was normalized to a standard grey

matter template. The transformation parameters estimated in this step were applied to all func-

tional images. Functional images were spatially smoothed with a 7 mm FWHM Gaussian ker-

nel, and finally, the structural images were averaged across subjects to create a mean image for

display purposes.

Behavioral analysis

To examine the relationships between the parameters of the tasks and subjects’ decisions, we

have estimated several random-effects logistic models at the group level, one for each organiza-

tion (see S2 Table). We used random-effects specification because the same subjects made 256

decisions each (conducted with software Stata version 14.2). Based on the goodness of fit of

these behavioral models to the data, we selected the best model reporting the probability of

accepting a transfer to an organization as a function of the payoff for the subject (which, by

design, was positive for the negatively evaluated organization and negative for the positively

evaluated organization), the potential gain for the organization, the private/public condition,

and the interaction between the public/private condition and the payoffs for the participant

and for the organizations. We also included a time trend (trial number) as an independent pre-

dictor to control for a potential influence of previous decisions, as well as RT. The following

model was estimated:

PrðAcceptÞi ¼ b0 þ b1ðOrganization GainÞi þ b2ðSubject’s PayoffÞi
þ b3ðPublic ConditionÞi þ b4ðOrganization Gain� Public ConditionÞi
þ b5ðSubject’s Payoff � Public ConditionÞi þ b6ðTimeÞi þ b7ðRTÞi þ εi

where i denotes the current trial.

This model was also estimated with a simple logit model with robust standard errors and

clustering at the individual level to control for serial correlation within each individual.

Because the results of the estimation with random effects are not qualitatively altered, we only

report the results of the initial estimations.

Next, individual logistic regressions were conducted separately for each participant (col-

lapsing over scanning runs) using the same model as above, using MatLab 7.7 (MathWorks,

Natick, MA). The individual regression coefficients obtained from these regressions for each

organization’s gain β1(subject) and the subject’s payoff β2(subject) were then used to compute

the DV corresponding to each offer (see next paragraph on DV computation).

DV computation

There is a consensus in decision neuroscience that individuals make decisions by assigning

values to different options, taking into account the benefits and the costs associated with each
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option and weighing them on a common scale. The DV refers to the net value of a specific

decision option that is under consideration by the agent, usually computed by weighted differ-

ence between the benefits minus the costs [37, 93]. During our experiment, subjects made

multiple decisions by weighing the amount proposed for the organization and the amount

they could gain or lose. For the negatively valued organization, the subject’s payoff is a mone-

tary benefit, while the organization’s gain can be considered a moral cost to the subject. In con-

trast, for the positively valued organization, the organization’s gain can be considered a moral

benefit, while the subject’s payoff represents a monetary cost. Therefore, for each offer, DV

depends upon the organization gain and the subject’s payoff and on how each participant sub-

jectively weights these two variables according to his subjective preferences. The individual

regression coefficients β1 and β2 obtained from the individual logistic regressions described

above reflected how subjects weighted the organization gain and the subject’s payoff in the DV

calculation. DV was therefore determined by calculating the difference between the subject’s

payoff and the organization’s gain weighted by the absolute value of the individual regression

coefficients: β2(subject) and β1(subject), respectively.

For the negatively valued organization, DV was computed as the difference between the

subject’s monetary benefit and the moral cost weighted by the absolute value of the individual

regression coefficients: β2(subject) and β1(subject), respectively:

DVðs; iÞ ¼ b2ðo; sÞ �monetary benefitðiÞ � jb1ðo; sÞj �moral costðiÞ

where i is the current trial and s is an index for a given subject.

Concerning the positively evaluated organization, DV was computed as the difference

between the subject’s monetary cost and the moral benefit weighted by the absolute value of

the individual regression coefficients: β2(subject) and β1(subject), respectively:

DVðs; iÞ ¼ b1ðo; sÞ �moral benefitðiÞ � jb2ðo; sÞj �monetary costðiÞ

where i is the current trial and s is indexing a given subject.

This definition of DV is consistent with the value-based decision-making literature in

which DV is defined as a weighted difference of benefits and costs. With these two DVs, for

both organizations, subjects were more likely to accept the offer when DV was positive and

more likely to reject it when DV was negative. Thus, the higher the DV, the higher the likeli-

hood the subject accepted the offer. DV values were entered in the fMRI model at the time of

the offer to identify the brain regions showing a modulation of the BOLD response. Five sub-

jects were excluded from the DV analyses because they always chose the same option for at

least one organization.

fMRI data analysis

At the single-subject level, statistical analyses were performed using a GLM in which all regres-

sors were modeled as delta functions and convolved with a canonical hemodynamic response

function (HRF). We applied a high-pass filter with a cut-off of 128 s to the time series to

remove low-frequency noise and baseline drifts, and we used an AR(1) model plus white noise

to correct for temporal autocorrelation. Estimations were done in an explicit grey matter mask

based on the tissue probability map provided by SPM. Because this study was designed to

answer several questions, different analyses were performed to address them.

Brain activity modulated by DV

The first GLM (GLM1) was designed to distinguish brain regions modulated by the DV. In

this model, the “offer onsets” and the “subjects’ response onsets” were modeled as separate
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events, each divided into 4 regressors according to the condition: 2 (private versus public) × 2

(positively versus negatively evaluated organization). The 4 regressors of the “offer onsets”

were modulated by two additional orthogonal parametric regressors: (a) the DV and (b) the

RT. The 4 “response onset” regressors were modulated by the subject’s choice (1 for accept, −1

for reject). Then, subject-specific parameter estimates of the DV regressors were entered in a

second-order within-subject factorial analysis with 2 organizations (positively versus nega-

tively evaluated) × 2 audience (private versus public) conditions. (Note that because there was

only 1 organization per run, this resulted in only 2 “offer onset” regressors per run.) We used

this factorial analysis to perform 2 main comparisons in order to identify the brain regions

engaged in the trade-off between (a) moral cost and self-interest benefit for the negatively eval-

uated organization (i.e., showing a positive correlation with the DV, computed as the mone-

tary benefits minus the moral costs) (Fig 3A) and (b) moral benefit and monetary cost for the

positively evaluated organization (i.e., showing a negative correlation with DV computed as

the moral benefits minus the monetary costs) (Fig 4A). The DV results from Figs 3 and 4 show

the public and private conditions combined together. Note that we chose to have separate pub-

lic/private regressors rather than running another GLM modeling the private and public trials

in a same regressor itself modulated by a new DV integrating the audience effect. Indeed, this

would not be a parsimonious hypothesis because this would make the following assumptions:

(i) that the decision process is exactly identical in the private and the public conditions (which

may not be the case) and (ii) that some brain regions compute a DV integrating, all together,

moral value, monetary incentive, and audience. Keeping the classical definition of DV as a

weighted difference between benefit and cost also allowed us to compare our results to the

large value-based decision-making literature using this definition.

Additionally, PSCs were extracted in the functional ROIs using the MarsBaR

toolbox (http://marsbar.sourceforge.net/), from a new GLM in which the “offer onsets” were

split into 16 separate regressors corresponding to the 8 × 8 dilemma matrix (Fig 1B) collapsed

into a 4 × 4 matrix, for each organization and each audience condition. These PSCs were aver-

aged over subjects to create colored-coded heatmaps for each dilemma (Figs 3B and 4).

Prosocial decisions and audience and/or privacy effects

A second model (GLM2) was used to identify a number of brain regions, such as those associ-

ated with making prosocial choices in the charity condition and those engaged with an audi-

ence effect regardless of organization types or choice. This model included 8 regressors of

interest at the time of “offer onset” in separate conditions 2 (accepted trials versus rejected tri-

als) × 2 (private versus public) × 2 (positively versus negatively evaluated organization). We

included the size of the potential gain for the organization and the size of the potential gain or

loss for the subject with 2 orthogonal parametric regressors. The subject’s response was mod-

eled as in GLM1. Several analyses were conducted with the parameters estimated from GLM2.

First, we searched for brain regions responding to prosocial decisions regardless of the

audience effect in the positively valued organization. Two one-sample t tests were performed:

(a) the trials in which the prosocial option (i.e., accept) was chosen were compared to those in

which the selfish option (i.e., reject) was chosen (Fig 4B left, S4A Table); (b) then, we searched

for brain regions in which brain activity for the accepted trials was modulated by the organiza-

tion gain (S4B Table).

Second, because little is known about the brain networks engaged when being observed (i.e.,

public condition) or when making decisions in private regardless of the choice made, we per-

formed 2 contrasts to test for the main effects of audience and privacy: public> private, and

private> public, regardless of the organization types or of subjects’ choices (Fig 5, S7 Table).
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To illustrate cerebral activity in the main regions revealed by these analyses, PSCs were

extracted and averaged over subjects to create illustrative bar graphs of the contribution of

each condition to the BOLD signal.

Single-features analysis

A third model (GLM3) was used to investigate the brain regions representing single features, i.e.,

the moral cost and monetary benefit of the bad organization and the monetary cost and moral

benefit of the charity. This model was similar to GLM1 except for the DV regressor, which was

replaced by 2 orthogonal parametric regressors: (1) the amount of the moral cost/benefit (i.e., the

size of the potential gain for the organization) and (2) the amount of the monetary cost versus ben-

efit (i.e., the size of the potential gain or loss for the subject). For each of these regressors, the sub-

ject-specific parameter estimates were then entered in a within-subject factorial with 2 organization

(positively versus negatively evaluated) × 2 observability (private versus public) conditions, allow-

ing us to test for the following effects: (1) brain activity negatively modulated by the moral cost (i.e.,

organization gain in the negatively evaluated organization condition), (2) brain activity positively

modulated by the monetary benefit (i.e., subject potential gain in the negatively evaluated organiza-

tion), (3) brain activity positively modulated by moral benefit (i.e., organization gain in the posi-

tively evaluated organization), and (4) brain activity negatively modulated by monetary cost (i.e.,

subject potential loss in the positively evaluated organization) (S3 Fig and S4 Fig, S6 Table).

Functional connectivity with DV-related brain regions

We used the CONN toolbox [94] (http://www.nitrc.org/projects/conn) to investigate whether

the DV signals computed in the bilateral anterior insula for the bad organization—and in the

ventral putamen for the charity condition—are passed to other brain regions. These functional

connectivity analyses were performed taking the bilateral ventral putamen for the charity and

bilateral anterior insula for the bad organization as seed regions, using 4 mm radius spheres

centered on the peak voxels from the two DV signals (see S7 Table, S8 Table and S5 Fig, S6 Fig).

Activations localization and reported statistics

Anatomic labeling of activated regions was performed using the SPM Anatomy toolbox

(http://www.fz-juelich.de/inb/inb-3//spm_anatomy_toolbox) and the probabilistic atlas of

Hammers. Reported coordinates conform to the Montreal Neurological Institute (MNI) space.

Regions are listed in the tables that survived voxel-based thresholding of p< 0.001 uncor-

rected, and whole-brain cluster-level of p< 0.05 family-wise error (FWE) rate correction,

except for a priori brain regions based on the literature in which small volume correction

(SVC) was used with p< 0.05 FWE voxel-wise (indicated by “�”). A priori ROIs were the ven-

tral putamen, the vmPFC, and the bilateral insula because these regions have been typically

identified in neuroimaging studies on valuation [40], as well as charitable donation and social

influence [15, 21, 22, 24, 35]. The anterior insula is also implicated in aversive processes [43]

and in coding the negative valence of subjective value [61], and the DLPFC is known for its

engagement in moral rules as aversive outcomes [28] and in making decisions concerning dis-

honesty [29–31, 33]. The SVC was performed in 9-mm spheres centered on the coordinates of

the peak activity revealed by a previous meta-analysis on the neural correlates of subjective

value: in left and right ventral putamen (x, y, z = −12, 4, 2 and 12, 10, −2), in the vmPFC (x, y,

z = 2, 46, −8), and in the left and right anterior insula (x, y, z = −30, 22, −6 and 32, 20, −6) [40].

The coordinates of the DLPFC ROI (x, y, z = −39, 37, 22) were based on a classical paper sug-

gesting that different types of economic norm enforcement following immoral actions may be

supported by common DLPFC regions [78].

Neurocomputational mechanisms of public and private decision-making when moral values and payoffs collide

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000283 June 6, 2019 20 / 27

http://www.nitrc.org/projects/conn
http://www.fz-juelich.de/inb/inb-3//spm_anatomy_toolbox
https://doi.org/10.1371/journal.pbio.3000283


Supporting information

S1 Data.

(XLSX)

S1 Fig. Color-coded heatmaps of probability of acceptance for each dilemma of the 8 × 8

monetary versus moral gain versus loss matrix. Red indicates high willingness to accept, and

blue indicates low willingness to accept. One heatmap is drawn for each organization and each

observation condition. See S1 Data.

(TIF)

S2 Fig. Color-coded heatmaps of RTs for each dilemma in a 4 × 4 monetary versus moral

gain versus loss matrix. Red indicates slower RTs, and blue indicates faster RTs. One heatmap

is drawn for each organization and each observation condition. See S1 Data. RT, response time.

(TIF)

S3 Fig. In the negatively evaluated organization, whole-brain analysis of parametric

responses to size of potential moral cost (left) or monetary gain to the subject (right). Sta-

tistical maps were projected onto the ch2bet template of MRICroN software; coronal slices

(y = 23) are included to show anterior insula activations. For display purposes, all maps are

thresholded with a p-value of p< 0.005 uncorrected. See also S5 Table.

(TIF)

S4 Fig. In the positively evaluated organization (charity), whole-brain analysis of parametric

responses to size of potential monetary cost (left) or moral benefit (right). Statistical maps

were projected onto the ch2bet template of MRICroN software; coronal slices (y = 25 and y = 50)

show midbrain and vmPFC activation, respectively. For display purposes, maps are thresholded

with a p-value of p< 0.005 uncorrected. See S5 Table. vmPFC, ventromedial prefrontal cortex.

(TIF)

S5 Fig. Connectivity with the DV-related anterior insula in the negatively evaluated orga-

nization. Seed-to-voxel functional connectivity maps showing the strength of the correlation

between seeds in the left (a) and right (b) anterior insula identified in the correlation with DV

in the bad cause condition (x, y, z = : −36, 14, 1; x, y, z = 36, 14, 1), using the CONN tool-

box [94]. Cluster FDR-corrected p< 0.001. Positive correlations are shown in red and negative

correlations in blue. DV, decision value; FDR, false discovery rate.

(TIF)

S6 Fig. Connectivity with the DV-related ventral striatum in the positively evaluated orga-

nization. Seed-to-voxel functional connectivity maps showing the strength of the correlation

between seeds in the left (a) and right (b) ventral striatum identified in the correlation with

DV in the charity condition (x, y, z = : -21, 14, −2; x, y, z = 15, 17, −2), using the CONN tool-

box [94]. Cluster FDR-corrected p< 0.001. Positive correlations are shown in red and negative

in blue. DV, decision value; FDR, false discovery rate.

(PPTX)

S1 Table. Comparisons of the model fit (AIC and BIC) of probit and logistic models of

model 1 (first 4 lines) and model 4 (lines 5 to 8). AIC,; BIC,.

(DOCX)

S2 Table. Related to behavioral results and Figs 2, 3 and 4. Results of the random effect logis-

tic regression analyses for the behavioral models 1 to 4.

(DOCX)
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S3 Table. Related to Fig 3A and Fig 4A. Brain areas whose activity significantly correlated

with DV for the negatively and the positively evaluated organizations (MNI coordinates

and statistic t). DV, decision value; MNI, Montreal Neurological Institute.

(DOCX)

S4 Table. Related to Fig 4B. In the positively evaluated organization, brain regions engaged

with selection of the prosocial option, and brain regions showing increasing activity with

higher moral benefit. (a) Brain region whose activity was engaged with selection of the proso-

cial option (accept > reject) for the charity. (b) Brain region whose activity increased with

higher moral benefit for accepted trials only in the charity condition (MNI coordinates and

statistic t). MNI, Montreal Neurological Institute.

(DOCX)

S5 Table. Related to Fig 5. MNI coordinates and statistic t for the main effect of audience

(public > private) and the main effect of privacy (private > public), regardless of choices.

(DOCX)

S6 Table. Related to S3 Fig and S4 Fig. Brain regions showing correlations with single attri-

butes, i.e., monetary cost, monetary benefit, moral cost, and moral benefit (MNI coordi-

nates and statistic t). MNI, Montreal Neurological Institute.

(DOCX)

S7 Table. Related to S5 Fig. Functionally interconnected brain regions (seed to voxel) with

DV-related anterior insula in the negatively evaluated organization. Seed anterior insula

Left ROI (a) is a 4 mm radius sphere with coordinates x, y, z = −36, 14, −1, and seed anterior

insula Right ROI is a 4 mm sphere with coordinates x, y, z = 36, 20, 1. MNI coordinates of

peak. DV, decision value; MNI, Montreal Neurological Institute; ROI, region of interest.

(DOCX)

S8 Table. Related to S6 Fig. Functionally interconnected brain regions (seed to voxel) with

the DV-related ventral putamen in the positively evaluated organization. Seed ventral puta-

men Left ROI (a) is a 4 mm radius sphere with coordinates x, y, z = −21, 14, −2, and seed ven-

tral putamen Right ROI is a 4 mm sphere with coordinates x, y, z = 15, 17, −2. MNI

coordinates of peak. DV, decision value; MNI, Montreal Neurological Institute; ROI, region of

interest.

(DOCX)
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