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Abstract 21 

Prosocial behavior is pivotal to our society. Guilt aversion, which describes the tendency 22 

to reduce the discrepancy between a partner’s expectation and his/her actual outcome, 23 

drives human prosocial behavior as does well-known inequity aversion. Although 24 

women are known to be more inequity averse than men, gender differences in guilt 25 

aversion remain unexplored. Here we conducted a functional magnetic resonance 26 

imaging (fMRI) study (n = 52) and a large-scale online behavioral study (n = 4723) of a 27 

trust game designed to investigate guilt and inequity aversions. The fMRI study 28 

demonstrated that men exhibited stronger guilt aversion and recruited right 29 

DLPFC-VMPFC connectivity more for guilt aversion than women, while 30 

VMPFC-DMPFC connectivity was commonly used in both genders. Furthermore, our 31 

regression analysis of the online behavioral data collected with Big Five and 32 

demographic factors replicated the gender differences and revealed that Big Five 33 

Conscientiousness (rule-based decision) correlated with guilt aversion only in men, but 34 

Agreeableness (empathetic consideration) correlated with guilt aversion in both genders. 35 

Thus, this study suggests that gender differences in prosocial behavior are heterogeneous 36 

depending on underlying motives in the brain and that the consideration of social norms 37 

plays a key role in the stronger guilt aversion in men.  38 

Significance Statement 39 

Although women are established to be more prosocial than men in terms of inequity 40 

aversion, gender differences in prosocial behavior based on motives prominent in guilt 41 

aversion are far less explored. Here we conducted a fMRI study and a large-scale online 42 

behavioral study to address gender differences in guilt aversion. We demonstrate that 43 

men are more sensitive to guilt aversion than women, and a prefrontal social-norm 44 

network is key to men’s predominance in guilt-based prosocial behavior. These findings 45 
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revealed the heterogeneity of gender differences in prosocial behavior depending on 46 

underlying motives and underlying neural mechanisms.   47 

Introduction 48 

Prosocial behaviors are fundamental to human society. The most perceived motivation 49 

behind prosocial behaviors is inequity aversion (Fehr and Schmidt, 1999), which is 50 

defined as the propensity to avoid an imbalance between outcomes for the self and the 51 

other person. A great deal of behavioral research (Andreoni and Vesterlund, 2001; 52 

Bolton and Katok, 1995; Croson and Gneezy, 2009; Dickinson and Tiefenthaler, 2002; 53 

Eckel and Grossman, 1998; Grosch and Rau, 2017; Kamas and Preston, 2015) has 54 

accumulated evidence that women are more prosocial than men, since women are more 55 

inequity-averse.  56 

 However, economic research has shown that human prosocial behavior depends 57 

on not only preferred behavioral outcomes (e.g., fairness), but also on the belief of others 58 

(for a review, see Fehr and Schmidt, 2006). People tend to live up to the expectations of 59 

others, since they suffer from guilt if they disappoint others (Baumeister et al., 1994). In 60 

behavioral game theory, this psychological process is named “guilt aversion” (Battigalli 61 

and Dufwenberg, 2007, 2009; Charness and Dufwenberg, 2006), in which an individual 62 

dislikes disappointing another person relative to what the other person believes they 63 

should receive (see Materials and Methods for a more detailed definition). However, 64 

gender differences in guilt aversion have been far less explored.  65 

Previous functional magnetic resonance imaging (fMRI) studies of guilt aversion 66 

have revealed involvement of the dorsolateral prefrontal cortex (DLPFC), dorsal medial 67 

prefrontal cortex (DMPFC), ventromedial prefrontal cortex (VMPFC), insula, 68 

supplementary motor area, and temporal parietal junction (Chang et al., 2011; 69 

Nihonsugi et al., 2015; van Baar et al., 2019). For instance, it was demonstrated that the 70 
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DLPFC is causally involved in the implementation of guilt aversion by integrating fMRI 71 

and transcranial direct current stimulation (tDCS) (Nihonsugi et al., 2015). Considering 72 

these contributions of prefrontal cortices in guilt aversion, we assumed that prefrontal 73 

network interactions among the DLPFC, DMPFC and VMPFC play a key role in 74 

producing the gender difference in guilt aversion, if any. In particular, the VMPFC may 75 

well be central to the gender difference in guilt aversion because several lesion studies 76 

(Sutterer et al., 2015; Tranel et al., 2005) demonstrated that the VMPFC is involved in the 77 

gender differences in social cognition.  78 

Additionally, it is also possible that the gender difference in guilt aversion may 79 

reflect different cognitive strategies used by men and women. Guilt aversion requires 80 

the ability to assess another individual’s expectations and directly relates to his or her 81 

disappointment (i.e., empathy or theory of mind; Hoffman, 1982). At the same time, 82 

guilt aversion is a normative behavior elicited by experience (i.e., rule-based decisions; 83 

Haidt, 2003). Therefore, we also hypothesized that if there is a gender difference in guilt 84 

aversion, these two potential cognitive strategies: empathetic consideration and 85 

rule-based decision-making may contribute to the difference. 86 

Regarding inequity aversion, previous fMRI studies (Crockett et al., 2013; 87 

Gospic et al., 2011; Haruno and Frith, 2010; Haruno et al., 2014; Tanaka et al. 2017; 88 

Tricomi et al., 2010) revealed involvement of the ventral striatum and amygdala. An 89 

integration of pharmacological intervention and fMRI also demonstrated that activity in 90 

the ventral striatum is critical for gender differences in this aversion (Soutschek et al., 91 

2017). Therefore, we hypothesized that women show stronger inequity aversion than 92 

men, with the striatum and amygdala playing a critical role. 93 

To test these hypotheses from a neuro-cognitive point of view, we conducted a 94 

model-based fMRI study and a large-scale online behavioral study of the trust game task, 95 

which was designed to measure guilt aversion and inequity aversion. The fMRI study 96 
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investigated the neural and network mechanisms for the guilt and inequity aversions, with 97 

particular focus on gender differences. For the online behavioral data, a regression 98 

analysis of guilt aversion was conducted based on Big Five and social factors, such as age 99 

and socioeconomic status, by which we expected cognitive and societal aspects of guilt 100 

aversion would be revealed.  101 

Materials and Methods 102 

Intersection of fMRI and online studies 103 

Trust game. Participants performed a trust game adapted from the task originally used 104 

by Charness and Dufwenberg (2006). In this task, two subjects are paired as players A 105 

and B (see Fig. 1A). First, player A must choose between In and Out options and 106 

simultaneously reveal their belief about 𝜏𝐴 (from 0% to 100%), the probability that 107 

player B will choose Cooperate. In other words, 𝜏𝐴 is player A’s level of trust in player 108 

B. If player A chooses Out, players A and B receive payments 𝑧𝐴 and 𝑧𝐵, respectively. 109 

If player A chooses In, then knowing player A’s belief probability, player B must 110 

choose Cooperate or Defect. If player B chooses Defect, player A receives 𝑦𝐴 and 111 

player B receives 𝑦𝐵; if player B chooses Cooperate, then the two players receive 112 

𝑥𝐴 and 𝑥𝐵, respectively. In the example shown in Fig. 1B, the belief probability of 113 

player A was 80%. If player B defected, player A and player B would receive 220 yen 114 

and 910 yen, respectively; if player B cooperated, they would receive 780 yen and 650 115 

yen, respectively.  116 

There are two important conditions regarding the payments in Fig. 1A (see also 117 

the definitions of guilt and inequity aversion below): if (1) 𝑦𝐴 < 𝑧𝐴 < 𝑥𝐴, then player A 118 

signals trust (cooperation) to player B when player A chooses In; if (2) 𝑧𝐵 < 𝑥𝐵 < 𝑦𝐵, 119 

then player B feels guilt upon disappointing player A relative to player A’s belief in 120 
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what player A will receive. This trust game was originally designed and used in 121 

Nihonsugi et al. (2015). 122 

Guilt aversion and inequity aversion. Guilt aversion (Battigalli and Dufwenberg, 2007, 123 

2009; Charness and Dufwenberg, 2006) assumes that an individual dislikes not meeting 124 

another’s belief. Note that guilt sensitivity elicited in the trust game by guilt aversion 125 

theory is fundamentally related to the Test of Self-Conscious Affect-3 (TOSCA-3) and 126 

the Guilt and Shame Proneness Scale (GASP), which is a common measure of guilt 127 

sensitivity in psychology, but is unrelated to shame (Bellemare et al., 2019; Bracht and 128 

Regner, 2013).   129 

This model includes social pressure on player B if the profile (In, Defect) is 130 

played (see Fig. 1A). Player B is assumed to believe that if player A chooses In, then 131 

player A believes that he will get a return of 𝜏𝐴 ∙ 𝑥𝐴 + (1 − 𝜏𝐴) ∙ 𝑦𝐴, because the setting 132 

of player A’s payoff is 𝑦𝐴 < 𝑧𝐴 < 𝑥𝐴. The difference, {𝜏𝐴 ∙ 𝑥𝐴 + (1 − 𝜏𝐴) ∙ 𝑦𝐴} − 𝑦𝐴 =133 

𝜏𝐴(𝑥𝐴 − 𝑦𝐴), which is non-negative in our settings, can measure how much player B 134 

believes that he/she has disappointed player A relative to player A’s belief had player B 135 

chosen Defect. In other words, the difference 𝜏𝐴(𝑥𝐴 − 𝑦𝐴) is the amount of guilt that 136 

player B experiences. Let us assume that 𝛾𝐵 is the parameter that measures player B’s 137 

sensitivity to guilt. A player is guilt-averse and will Cooperate if 𝑦𝐵 − 𝛾𝐵 ∙ 𝜏𝐴(𝑥𝐴 −138 

𝑦𝐴) < 𝑥𝐵 . In the example trial in Fig. 1B, if 910 − 𝛾𝐵 ∙ 0.8 ∙ (780 − 220) < 650, 139 

player B will choose Cooperate. Since γB does not directly measure guilt experiences or 140 

emotional traits, we can only infer that “γB expresses sensitivity of guilt”. As mentioned 141 

in the Results section, however, our interpretation that γB expresses a guilty experience 142 

is consistent with the results of the post-experiment questionnaire. 143 

By contrast, inequity aversion assumes a social preference for equitable payoffs 144 

(Fehr and Schmidt, 1999). An individual is inequity-averse if, in addition to their 145 

monetary self-interest, their utility decreases when the allocation of monetary payoffs is 146 
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different. If an inequity-averse player suffers from inequity, they will choose an option 147 

that results in a smaller difference between their own and the other’s monetary payoffs. 148 

Notably, the advantageous-inequity (receiving a larger reward than others) in Fehr and 149 

Schmidt’s inequity-aversion model is also referred to as “guilt”. However, it is 150 

important to note that this outcome-based “guilt” and the intension-based “guilt” we 151 

treat in guilt-aversion are completely different.  152 

As mentioned below, based on the results of the model selection using both the 153 

cross-validation analysis (predictive likelihood) and the Bayesian information criterion 154 

(BIC) (Fig. 2B and 2C; see also Model validation and comparison in Materials and 155 

Methods), the absolute difference for inequity was found superior than the standard 156 

inequity aversion model, which splits the inequity into positive and negative terms, in 157 

the present study. 158 

We integrated guilt aversion and inequity aversion into a utility function (𝑢𝐵) for 159 

player B as follows: 160 

𝑢𝐵 = {
𝑥𝐵−𝛼𝐵|𝑥𝐴 − 𝑥𝐵| 𝑖𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝐼𝑛, 𝐶𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑒)

𝑦𝐵 − 𝛾𝐵 ∙ 𝜏𝐴 ∙ (𝑥𝐴 − 𝑦𝐴) − 𝛼𝐵|𝑦𝐴 − 𝑦𝐵| 𝑖𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝐼𝑛, 𝐷𝑒𝑓𝑒𝑐𝑡),
 

where 𝛼𝐵 is a constant that measures player B’s sensitivity to inequity. A narrowly 161 

self-interested agent is given the special case 𝛾𝐵 = 𝛼𝐵 = 0. In our game, players 162 

choose between binary actions that yield two different monetary payoff allocations, 163 

𝑋 = (𝑥𝐴, 𝑥𝐵) and 𝑌 = (𝑦𝐴, 𝑦𝐵). The utilities of these allocations are given by the 164 

formula above, yielding 𝑢𝐵(𝑋) and 𝑢𝐵(𝑌). 165 

Statistical analysis of behavioral data. We estimated three separate 166 

components—monetary self-interest, guilt, and inequity—for each participant based on 167 

the logistic model of stochastic choice. The probability that player B chooses Cooperate 168 

can be expressed as 𝑃𝐵,𝐶𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑒 = 1 1 + 𝑒−{𝑢𝐵(𝑋)−𝑢𝐵(𝑌)}⁄ . Although our model does 169 

not include an inverse temperature parameter explicitly, this does not imply the model 170 
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does not consider decision noise. In fact, our model implicitly assumed the inverse 171 

temperature parameter to be 1. Such an implementation of the softmax function with the 172 

inverse temperature parameter = 1 is often seen in the behavioral analysis of the 173 

economic decision-making (e.g., Boorman et al., 2009; Cai, & Padoa-Schioppa, 2014; 174 

Suzuki et al., 2015) because the inverse temperature is relatively difficult to estimate. 175 

Based on this logistic model, we used a logistic regression as follows: 176 

𝑙𝑜𝑔𝑖𝑡(𝑃𝐵,𝐶𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑒) = 𝛽0 + 𝛽1𝑅𝑒𝑤𝑎𝑟𝑑𝑡 + 𝛽2𝐺𝑢𝑖𝑙𝑡𝑡 + 𝛽3𝐼𝑛𝑒𝑞𝑢𝑖𝑡𝑦𝑡, 177 

where 𝑅𝑒𝑤𝑎𝑟𝑑𝑡 is the size of the reward and calculated as 𝑥𝐵 − 𝑦𝐵 at time t, 𝐺𝑢𝑖𝑙𝑡𝑡 178 

is the size of guilt and calculated as −{0 − 𝜏𝐴 ∙ (𝑥𝐴 − 𝑦𝐴)}, and 𝐼𝑛𝑒𝑞𝑢𝑖𝑡𝑦𝑡 is the size 179 

of inequity and calculated as −(|𝑥𝐴 − 𝑥𝐵| − |𝑦𝐴 − 𝑦𝐵|). For convenience, 𝛽1, 𝛽2, and 180 

𝛽3 are denoted as 𝛽(𝑅𝑒𝑤𝑎𝑟𝑑), 𝛽(𝐺𝑢𝑖𝑙𝑡), and 𝛽(𝐼𝑛𝑒𝑞𝑢𝑖𝑡𝑦), respectively. In order to 181 

orthogonalize the three explanatory variables, the actual 𝜏𝐴 used in the experiments 182 

was also set by the experimenter. Player B was asked to make decisions assuming that 183 

player A chose the In option. We therefore set 𝜏𝐴 to 60% or higher (player A is 184 

expected to choose the Out option when τ is small). More specifically, 𝜏𝐴 was 60% 7 185 

times, 70% 5 times, 80% 13 times, 90% 11 times, and 100% 9 times. We display the 186 

actual values of 𝑥 , 𝑦 , 𝑧 , and 𝜏𝐴  in Extended Data Figure 1-1. The correlation 187 

coefficients among the three explanatory variables were less than 0.30 and insignificant 188 

(P > 0.05); the values of guilt and inequity were designed to be orthogonal (the 189 

correlation coefficient of these two variables was -0.138 and nonsignificant (P = 0.367)) 190 

to dissociate the computational processes for guilt aversion and inequity aversion. 191 

This logistic regression was computed using the R statistical package (R 192 

Development Core Team, 2008). We used the brglm package to conduct our maximum 193 

likelihood estimation with the bias-reduction method (Kosmidis, 2019). 194 

Model validation and comparison. Our utility model comprises three separate 195 
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components: Reward, Guilt, and Inequity, as defined above. With regard to Inequity, we 196 

adopted the absolute difference for Inequity. However, participants may alternatively 197 

use Fehr and Schmidt’s model, which splits the inequity into positive (called 198 

Inequity-positive hereafter) and negative (called Inequity-negative hereafter) terms. 199 

Therefore, we need to verify which model (component) better explains the data for the 200 

current experiments.  201 

To address this issue, we first compared 10 possible models (for details of the 202 

10 models, see Fig. 2B) based on the predictive negative log likelihoods using a 203 

cross-validation. This cross-validation approach for value-based decision-making allows 204 

us to avoid overfitting the data and to compare models with different numbers of 205 

parameters robustly. It has also been adopted in many recent studies (Daw, 2011; 206 

Linderman and Gershman, 2017; Park, et al., 2019; Smith, et al., 2014; Fig. 2B). We 207 

also compared more familiar BIC values for the models and exemplified the ones with 208 

the first and second minimum BIC to confirm the results (Fig. 2C). 209 

More specifically, to compute the minimum predictive negative log-likelihood, 210 

we repeated bootstrap (500 iterations) three-fold cross-validations for the model 211 

validation and comparison. For each model, we randomly divided 45 trials for each 212 

participant into three groups of equal size (i.e., 15). We fitted the model to 30 trials and 213 

predicted the behavior in the held-out 15 trials and repeated this process three times. We 214 

repeated this three-fold cross-validation procedure 500 times and selected the model 215 

with the minimum predictive negative log-likelihood for held-out trials.  216 

fMRI study 217 

Participants. 52 participants (mean age 21.2 years; SD = 1.4 years; 26 females) 218 

participated in the fMRI experiments. They were scanned on a Siemens 3T Trio scanner 219 

at the Center for Information and Neural Networks (CiNet) of the National Institute of 220 
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Information and Communications Technology (NICT). The ethical committees of the 221 

NICT approved this study, and all participants gave informed consent. Participants 222 

received money proportional to the number of payoffs earned during the experiment 223 

(equivalent to 45 to 60 US dollars). Although our task was the same as the one in 224 

Nihonsugi et al. (2015), we collected completely different participants in this study for 225 

two main reasons. First, we had access to a 64-channel MRI coil to analyze the DMPFC 226 

and VMPFC. The 64-channel brain coil provides a 1.3-fold higher signal-to-noise ratio 227 

in the brain cortex than the 32-channel array (Keil et al., 2013). Second, the number of 228 

participants (n = 42) in Nihonsugi et al. (2015) was not enough for re-analysis; Yarkoni 229 

(2009) suggested that a sample size of more than 50 is necessary for identifying a 230 

moderate correlation at relatively conservative thresholds. Additionally, we also wished 231 

to test whether we could replicate our previous results. 232 

Experimental design and procedure. We conducted two experiments in which 233 

participants played a trust game in different roles (see Fig. 1C; see also the instructions 234 

in Extended Data Figure 1-2). In the first (behavioral) experiment, more than ten 235 

participants per experiment were invited into a room and read instructions of the rules 236 

and procedure of the trust game. Every participant played the trust game as player A 237 

(i.e., choose In or Out and reveal belief probability 𝜏𝐴) and experienced one trial. The 238 

participants were informed that these choices would be used when player B made their 239 

choice in the second (fMRI) experiment. However, player A was not informed of player 240 

B’s identity. Participants were told that earnings for player A will be determined 241 

according to the actual outcome made by both players’ choices if A’s choice is used in 242 

the second experiment.  243 

 The second experiment was conducted on average six days (range = 1–10 days) 244 

after the first experiment. All participants played the game as player B (i.e., choose 245 

Cooperate or Defect with knowledge of player A’s belief probability) for 45 trials. 246 



 

 

11 

11 

Participants were instructed to assume that player A chose In in this experiment (the Out 247 

option is illustrated as a dashed line in Fig. 1B). The sequence of the trials was 248 

randomized across subjects. Participants were told that the other participant (player A) 249 

differed for each trial and that the pairings were anonymous. We did not provide any 250 

feedback to the participants during the experiment. Participants were also informed that 251 

earnings for player B will be the sum of the show-up fee and the actual outcome 252 

obtained from both players’ choices in the 45 trials.  253 

Because there was the risk that Player B felt that the other player was 254 

hypothetical rather than real, we invited more than 10 participants at a time into a room 255 

in the first experiment to make them realize the other’s presence and impress on them 256 

that they would have a real partner in the second experiment. In addition, when giving 257 

instructions for the second experiment, we repeatedly explained that we had conducted 258 

similar first experiments many times and that there were many player As and the partner 259 

in the second experiment was one of them. In other words, on the day of the second 260 

experiment, the participants were likely to think about other participants in the first 261 

experiment. Thus, although the experiment was hypothetical, we assume that the 262 

participants were engaged in the tasks as if they were in a real interaction. Indeed, no 263 

participant reported or even referred to the absence of their partner in a post-experiment 264 

interview.  265 

After reading the instructions for the task and procedure, the participants were 266 

briefed about the rules of the game by the experimenter and tested to confirm that they 267 

understood the rules. They were then individually invited into the scanning room and 268 

practiced the game using the response buttons in the scanner. 269 

Functional images were acquired as participants played the game. The timeline 270 

of a trial is shown in Fig. 1B. Each trial began with a 2-5 s preparation interval during 271 

which time a green fixation cross was presented for the first 1 s and then a yellow 272 
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fixation cross (cue phase) was presented for the remainder of the time. The participants 273 

were then presented with the trust game, including the allocation of monetary payoffs 274 

for each choice and player A’s belief, and selected Cooperate or Defect by pressing the 275 

corresponding button within 5 s (choice phase). In each trial, participants made their 276 

choice on the assumption that player A chose In. This was followed by the presentation 277 

of a fixation cross for a variable time period of 6-15 s (rest phase).  278 

After scanning, all participants answered the questionnaire. For guilt aversion 279 

behavior, participants were asked to answer the following three questions on a 5-point 280 

scale (1: I don’t think so,…, 5: I think so). 281 

a. Did you think that the reason why Player A chose In was because they expected 282 

(and aimed) to gain 𝑥𝐴 yen (i.e., the result of Player B choosing Cooperate)? 283 

b. Did you think that choosing Defect would reduce the payoff (𝑥𝐴 yen) expected by 284 

Player A? 285 

c. Did you feel guilt that your choice of Defect would reduce the payoff (𝑥𝐴 yen) 286 

expected by Player A? 287 

Question a examined whether the respondent understood the partner’s intention 288 

of choosing In (the meaning behind the expectation); Question b examined whether the 289 

respondent was aware that their choice of Defect reduces their partner’s expected 290 

payoff; and Question c asked whether the respondent felt guilty when he/she reduced 291 

their partner’s expected payoff.  292 

fMRI image acquisition. Scanning was performed on a Siemens 3T Trio scanner with a 293 

64-channel coil at CiNet using an echo planar imaging (EPI) sequence with the 294 

following parameters: repetition time (TR) = 3000 ms, echo time (TE) = 25 ms, flip 295 

angle = 90°, matrix = 64 × 64, field of view (FOV) = 192 mm, slice thickness = 3 mm, 296 
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gap = 0 mm, and ascending interleaved slice acquisition of 51 axial slices. 297 

High-resolution T1-weighted anatomical scans were acquired using an MPRAGE pulse 298 

sequence (TR = 2000 ms, TE = 1.98 ms, FOV = 256 mm, image matrix 256 × 256, slice 299 

thickness = 1 mm). We discarded the first two EPI images before data processing to 300 

compensate for T1 saturation effects. 301 

fMRI data preprocessing. SPM12 (http://www.fil.ion.ucl.ac.uk/spm) was used for the 302 

MRI data preprocessing and analysis. Preprocessing included motion correction, 303 

co-registration to the participant’s anatomical image, and spatial normalization to the 304 

standard Montreal Neurological Institute (MNI) T2 template with a resampled voxel 305 

size of 2 mm. Co-registered EPI data were normalized using an anatomical 306 

normalization parameter. Spatial smoothing was performed using an 8 mm Gaussian 307 

kernel. 308 

General analysis methods. To explore the neural basis of guilt, inequity and value 309 

difference, we performed a general linear model (GLM) analysis of the functional data. 310 

We constructed two GLM models. 311 

GLM 1. To model the blood-oxygen-level dependent (BOLD) signal driven by Guilt 312 

and Inequity, the two variables were convolved with a hemodynamic response function 313 

(HRF) (spm_hrf function with TR equal to 3.0 s). For first level GLM analysis, the 314 

onset and duration were the onset timing of "Choice phase" and 0 s, respectively. In 315 

addition to a response-period constant regressor, we introduced (1) an HRF for Guilt 316 

and (2) an HRF for Inequity. Additional regressors modeling head motion, as derived 317 

from the realignment procedure, were included in the model. Serial autocorrelation was 318 

modeled as a first-order regressor, and data were high-pass filtered at a cutoff of 128 s. 319 

We calculated second-level group contrasts using one-sample t-tests to reveal 320 

the main effect of each parametric regressor within participants using the individual 321 
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contrast images. To correct for multiple comparisons, we used for Guilt contrast the 322 

familywise error (FWE) correction across the whole brain at P < 0.05 based on 323 

Gaussian random field theory as implemented in SPM12 (minimum cluster extent (k) > 324 

20 voxels, see also Extended Data Figure 3-1 for the actual cluster size). Since the 325 

analysis of Inequity targets small regions, such as the striatum and amygdala, we set the 326 

minimum cluster extent to 20 voxels in order to keep the extent size the same 327 

throughout the analysis of Guilt and Inequity. When analyzing Inequity, we used for the 328 

whole brain analysis a threshold of P < 0.001 uncorrected. 329 

GLM 1.1. After calculating GLM1, a two-sample t-test was used to compare Guilt 330 

contrast between men and women. For the whole-brain analysis, a threshold of P < 331 

0.001 uncorrected at peak voxel level with an extent threshold of k = 20 was adopted.  332 

GLM 1.2. After calculating GLM1, a two-sample t-test was used to compare Inequity 333 

contrast between men and women. For the whole-brain analysis, a threshold of P < 334 

0.001 uncorrected at peak voxel level with an extent threshold of k = 20 was adopted.  335 

GLM 2. We modeled brain activity related to utility. For the first-level analysis, we 336 

entered the value difference between choice options (larger utility-smaller utility) as a 337 

parametric modulator of a regressor. The onset and duration were the onset timing of 338 

the "Choice phase" and 0 s, respectively. Additional regressors modeling head motion, 339 

as derived from the realignment procedure, were included in the model. Serial 340 

autocorrelation was modeled as a first-order regressor, and data were high-pass filtered 341 

at a cutoff of 128 s. 342 

We calculated second-level group contrasts using one-sample t-tests to reveal 343 

the main effect of each parametric regressor within participants using the individual 344 

contrast images. Additional regressor modeling of a gender-indicating variable was 345 

× 10−3 
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included in the model. We used for the whole brain analysis a threshold of P < 0.001 346 

uncorrected. 347 

Region of interest analysis. For the Guilt contrast in GLM1, due to the lack of adequate 348 

previous neuroimaging studies and consistent imaging results for guilt aversion, we had 349 

no specific priori hypothesis and performed no region of interest (ROI) analysis. 350 

However, for GLM1.1 (gender difference in guilt), we did have a priori hypothesis from 351 

previous lesion studies that showed the VMPFC is involved in gender differences in 352 

social cognition (Sutterer et al., 2015; Tranel et al., 2005). Therefore, we performed a 353 

ROI analysis on whether this region survived a small volume correction at P < 0.05 354 

with an FWE correction. For Inequity contrast in GLM1 and GLM1.2, because we had a 355 

priori hypothesis from previous research that found the amygdala and striatum are 356 

involved in inequity (Crockett et al., 2013; Gospic et al., 2011; Haruno and Frith, 2010; 357 

Haruno et al., 2014; Tanaka et al. 2017; Tricomi et al., 2010) and there exists a gender 358 

difference in inequity (Soutschek et al., 2017), we employed a ROI analysis with a 359 

small volume correction (P < 0.05; small volume FWE corrected). With regard to value 360 

difference in GLM2, we again had a priori hypothesis from previous research that found 361 

the VMPFC is involved in value difference (e.g., Hunt et al., 2012; Nicolle et al., 2012). 362 

Therefore, we employed a ROI analysis with a small volume correction (P < 0.05; small 363 

volume FWE corrected). 364 

The small volume of the VMPFC and DMPFC was based on a 15-mm sphere 365 

around the coordinates (x = 2, y = 41, z = −6) and (x = −3, y = 48, z = 30), because these 366 

coordinates were used in a neuroimaging study (Baumgartner et al., 2011) of social 367 

preferences similar to ours. In that study, the VMPFC coordinates were determined by 368 

averaging the peak coordinates across five neuroimaging studies (value and economic 369 

decision-making), and the DMPFC coordinates were based on a meta-analysis study on 370 

social cognition (van Overwalle, 2009). Furthermore, the VMPFC coordinates 371 
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(subjective value: x = 2, y = 46, z = −8; decision stage: x = 2, y = 40, z = −8) in a 372 

previous meta-analysis (Bartra et al., 2013) are very close to the coordinates we used. 373 

The small volumes for the amygdala and striatum were defined using the WFU 374 

PickAtlas toolbox (Maldjian et al, 2003).  375 

Psycho-physiological interaction (PPI) analysis. We performed two PPI analyses using 376 

the function of SPM12. 377 

PPI1. Having confirmed that the VMPFC was involved in value difference by the GLM2 378 

analysis, we next conducted a hypothesis-based PPI analysis to examine whether this 379 

VMPFC activity truly integrates the value components of Guilt and Inequity. More 380 

specifically, we used VMPFC (shown in Fig. 3C) as a seed region and examined whether 381 

brain areas associated with VMPFC × Guilt overlapped with the Guilt-correlated areas 382 

(i.e., DLPFC and DMPFC in Fig. 3A) and whether brain areas associated with VMPFC × 383 

Inequity overlapped with the Inequity-correlated area (i.e., striatum in Fig. 3B). For each 384 

subject, we extracted the time course of activity from a 5 mm-radius volume of interest 385 

(VOI) around the peak voxel in the VMPFC (shown in Fig. 3C). Based on the procedure 386 

by Gitelman et al. (2003), the time series of the VOI was extracted and then 387 

deconvolved, multiplied with the psychological variable (size of Guilt or Inequity), and 388 

reconvolved with the HRF set up as the PPI regressor. The three regressors (i.e., PPI 389 

regressor, VOI time series, and psychological variable) were then convolved with the 390 

canonical HRF and entered into the regression model along with six head motion 391 

parameters. The individual parameter estimate image for the PPI regressor was 392 

subsequently subjected to a one-sample t-test. Finally, we also included a 393 

gender-indicating variable and performed a group analysis to identify brain regions 394 

showing increased functional connectivity with the seed VOI during the Choice phase. 395 

For the whole-brain analysis, we used a threshold of P < 0.001 uncorrected.  396 
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PPI2. The goal of this analysis was to examine whether different brain networks are 397 

involved in the computation of guilt and inequity between men and women. More 398 

specifically, this analysis aimed to find differences between men and women in brain 399 

regions that correlate more strongly with VMPFC or striatum activity as guilt or 400 

inequity increases. For each subject, we extracted the time course of activity from VOIs 401 

with a 5 mm radius around the peak voxel in the VMPFC, as shown in Fig. 4A, and the 402 

ventral striatum, as shown in Fig. 5A. For this analysis, the PPI terms were defined as 403 

VMPFC × guilt and ventral striatum × inequity. We entered six variables (i.e. PPI 404 

regressor, VOI time series and psychological variable for guilt and inequity, 405 

respectively) and movement regressors into a GLM. The individual parameter estimate 406 

image for the PPI regressor was subsequently subjected to a one-sample t-test. Finally, 407 

group analysis was performed to identify brain regions showing increased functional 408 

connectivity with the seed VOIs. A two-sample t-test was performed to further assess 409 

different connectivity patterns between men and women. For the whole-brain analysis, a 410 

threshold of P < 0.001 uncorrected at the peak voxel level with an extent threshold of k 411 

= 20 was adopted.  412 

Mediation analysis. We performed a mediation analysis to test whether the interaction 413 

between gender and guilt-based prosocial behavior was mediated by a brain function 414 

using a mediation toolbox (https://github.com/canlab/MediationToolbox) (Wager et al., 415 

2008). Briefly, this analysis was based on a standard three-variable path model, as 416 

shown in Fig. 4D. This analysis quantifies the degree to which a relationship between 417 

two variables, X and Y, can be explained by another variable, M.  418 

For the guilt-aversion behavioral analysis, we defined X as the gender-indicating 419 

variable (1 = men), Y as the behavioral variable, 𝛽(𝐺𝑢𝑖𝑙𝑡), and M as the brain variable 420 

functional connectivity between the right DLPFC and VMPFC (Fig. 4A). Following 421 

convention, we required that three tests reach statistical significance in the mediation 422 
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analysis. First, path 𝑎 measured the association between the gender-indicating variable 423 

and the functional connectivity. Second, path 𝑏 measured the association between the 424 

functional connectivity and 𝛽(𝐺𝑢𝑖𝑙𝑡)  after controlling for the gender-indicating 425 

variable. Third, the mediation effect, defined as the product of the indirect paths (𝑎 ×426 

𝑏), must be significant. We refer to the overall predictor-outcome relationship as effect 427 

𝑐 and the direct effect controlling for the mediator 𝑐′. Thus, the 𝑎 × 𝑏 effect tests the 428 

significance of 𝑐 − 𝑐′. We conducted bootstrap tests (10,000 iterations) for statistical 429 

significance of the mediators.  430 

For inequity-aversion behavioral analysis, we defined X as the gender-indicating 431 

variable (1 = women), Y as the behavioral variable 𝛽(𝐼𝑛𝑒𝑞𝑢𝑖𝑡𝑦), and M as the brain 432 

variables (striatum shown in Fig. 5A).  433 

Online study 434 

Participants. We analyzed data from 4723 participants (mean age 37.9 years, SD = 15.4 435 

years, 2737 females; for more detailed descriptive statistics, see Table 1) who followed 436 

the task instructions correctly and spent longer than 1 hour to complete 7 different 437 

personality trait tests such as Big Five Inventory, anxiety (STAI) and depression (BDI) 438 

and the trust game task. These data were collected using our in-house online experiment 439 

system. The study protocol was approved by the ethical committees of the NICT, and all 440 

participants gave informed consent. For their participation, participants were paid in 441 

cashable points proportional to the number of payoffs earned during the experiment 442 

(equivalent to 3 to 5 US dollars). 443 

Experimental design and procedure. Participants performed a trust game on our 444 

in-house online experiment system in a similar way to the fMRI study (see Fig. 1C). We 445 

conducted two consecutive experiments in which participants played a trust game in a 446 

different role. Before the first experiment, online participants read the rules of the trust 447 
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game and the procedure. In the first experiment, every participant played the trust game 448 

as player A (i.e., choose In or Out and reveal belief probability 𝜏𝐴) and experienced one 449 

trial. Participants knew these choices would be used, and the pairings were anonymous 450 

when player B made their choice in the second behavioral experiment.  451 

In the second experiment, all participants played the game as player B (i.e., 452 

choose Cooperate or Defect with knowledge of player A’s belief probability). 453 

Participants (player B) were instructed to assume that player A chose In. Every 454 

participant experienced 45 trials. The sequence of the trials was randomized across 455 

subjects. Participants were told that the other participant (player A) differed for each trial 456 

and that the pairings were anonymous. We did not provide any feedback to the 457 

participants during the experiment. All participants answered seven different personality 458 

trait tests including the Big Five Inventory. The final earnings were calculated following 459 

the same pattern as the fMRI study. 460 

Evaluation of cognitive mechanisms using Big Five Inventory. We first examined the 461 

relationship between guilt-aversion (𝛽(𝐺𝑢𝑖𝑙𝑡)) and gender. Specifically, we estimated 462 

𝛽(𝐺𝑢𝑖𝑙𝑡)  for participants by the same logistic regression as the fMRI study and 463 

compared 𝛽(𝐺𝑢𝑖𝑙𝑡)𝑠 between men and women. To investigate two different cognitive 464 

processes (i.e. agreeableness and conscientiousness) potentially underlying gender 465 

difference in guilt aversion and to control for the confounding effects of the participant’s 466 

socioeconomic status, we conducted a multiple linear regression analysis based on the 467 

following equation: 468 
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𝛽(𝐺𝑢𝑖𝑙𝑡)𝑖 = 𝛽1𝑁𝑒𝑢𝑟𝑜𝑡𝑖𝑐𝑖𝑠𝑚𝑖 + 𝛽2𝐸𝑥𝑡𝑟𝑎𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑖 + 𝛽3𝑂𝑝𝑒𝑛𝑛𝑒𝑠𝑠𝑖

+ 𝛽4𝐴𝑔𝑟𝑒𝑒𝑎𝑏𝑙𝑒𝑛𝑒𝑠𝑠𝑖 + 𝛽5𝐶𝑜𝑛𝑠𝑐𝑖𝑒𝑛𝑡𝑖𝑜𝑢𝑠𝑛𝑒𝑠𝑠𝑖 + 𝛽6𝐴𝑔𝑒𝑖

+ 𝛽7𝑆𝑒𝑙𝑓𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖 + 𝛽8𝑃𝑎𝑟𝑒𝑛𝑡𝑠𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖 + 𝛽9𝐼𝑛𝑐𝑜𝑚𝑒

+ 𝛽10𝑂𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 + 𝛽11𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑆𝐸𝑆𝑖 + 𝛽12𝑆𝑒𝑥𝑖 × 𝑁𝑒𝑢𝑟𝑜𝑡𝑖𝑐𝑖𝑠𝑚𝑖

+ 𝛽13𝑆𝑒𝑥𝑖 × 𝐸𝑥𝑡𝑟𝑎𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑖 + 𝛽14𝑆𝑒𝑥𝑖 × 𝑂𝑝𝑒𝑛𝑛𝑒𝑠𝑠𝑖 + 𝛽15𝑆𝑒𝑥𝑖

× 𝐴𝑔𝑟𝑒𝑒𝑎𝑏𝑙𝑒𝑛𝑒𝑠𝑠𝑖 + 𝛽16𝑆𝑒𝑥𝑖 × 𝐶𝑜𝑛𝑠𝑐𝑖𝑒𝑛𝑡𝑖𝑜𝑢𝑠𝑛𝑒𝑠𝑠𝑖 + 𝛽17𝑆𝑒𝑥𝑖

× 𝐴𝑔𝑒𝑖 + 𝛽18𝑆𝑒𝑥𝑖 × 𝑆𝑒𝑙𝑓𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖 + 𝛽19𝑆𝑒𝑥𝑖

× 𝑃𝑎𝑟𝑒𝑛𝑡𝑠𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖 + 𝛽20𝑆𝑒𝑥𝑖 × 𝐼𝑛𝑐𝑜𝑚𝑒 + 𝛽21𝑆𝑒𝑥𝑖

× 𝑂𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛 + 𝛽22𝑆𝑒𝑥𝑖 × 𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑆𝐸𝑆𝑖 + 𝜀𝑖 , 

where 𝑁𝑒𝑢𝑟𝑜𝑡𝑖𝑐𝑖𝑠𝑚𝑖 , 𝐸𝑥𝑡𝑟𝑎𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑖 , 𝑂𝑝𝑒𝑛𝑛𝑒𝑠𝑠𝑖 , 𝐴𝑔𝑟𝑒𝑒𝑎𝑏𝑙𝑒𝑛𝑒𝑠𝑠𝑖  and 469 

𝐶𝑜𝑛𝑠𝑐𝑖𝑒𝑛𝑡𝑖𝑜𝑢𝑠𝑛𝑒𝑠𝑠𝑖 are the individual’s Big Five score (Murakami and Murakami, 470 

1999), 𝐴𝑔𝑒𝑖  is the individual’s age, 𝑆𝑒𝑙𝑓𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖  and 𝑃𝑎𝑟𝑒𝑛𝑡𝑠𝐸𝑑𝑢𝐻𝑖𝑠𝑡𝑜𝑟𝑦𝑖 471 

are the individual’s scores of educational history and his/her parents’ score of 472 

educational history, respectively (Okada et al., 2014), 𝐼𝑛𝑐𝑜𝑚𝑒𝑖 and 𝑂𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛𝑖 are 473 

the individual’s income and occupation, respectively (Ganzeboom et al., 1992), and 474 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑆𝐸𝑆𝑖 is the individual’s subjective socioeconomic status (Adler et al., 2000). 475 

𝑆𝑒𝑥𝑖 is the binary variable representing individual (i)’s sex (men = 1) and used to 476 

represent interactive effects with Big Five scores and socioeconomic status variables. 477 

The multiple linear regressions were conducted using the glm package based on the R 478 

statistical package (R Development Core Team, 2008). 479 

Results 480 

fMRI study 481 



 

 

21 

21 

Behavioral results of the fMRI study. We first performed a logistic regression analysis to 482 

determine whether reward, guilt, and inequity had an effect on participant behavior 483 

(Cooperate or Defect). Behavioral data from the fMRI experiment (n = 52) were analyzed 484 

using the utility function, which comprises a linearly weighted sum of reward, guilt, and 485 

(absolute) inequity (for details, see Materials and Methods). The 𝛽 values of the three 486 

predictors, Reward, Guilt and Inequity, were positive and significant (P < 0.001, Table 487 

2), indicating that they all played critical roles in the current task. 488 

Having confirmed that these three factors play crucial roles in the current task, we 489 

then compared 𝛽 values between men and women. This analysis showed that the 𝛽 490 

value of Guilt (called 𝛽(𝐺𝑢𝑖𝑙𝑡) hereafter) of men was significantly higher (t(41.6) = 491 

2.05, P = 0.046; Fig. 2A) than that of women, whereas the 𝛽 value of Inequity (called 492 

𝛽(𝐼𝑛𝑒𝑞𝑢𝑖𝑡𝑦) hereafter) of women was significantly higher (t(48.7) = 2.11, P = 0.039; 493 

Fig. 2A) than that of men. These findings show that gender differences in prosocial 494 

behavior are heterogeneous depending on the underlying motives.  495 

For the model validation and selection, 10 possible models were compared based 496 

on the predictive negative log likelihoods by a cross-validation. This cross-validation 497 

approach for value-based decision-making allows us to avoid overfitting the data and to 498 

compare models with different numbers of parameters robustly; it has also been adopted 499 

in many recent studies (Daw, 2011; Linderman and Gershman, 2017; Park, et al., 2019; 500 

Smith, et al., 2014; Fig. 2B; see also Model validation and comparison in Materials and 501 

Methods). More specifically, we introduced a bootstrap sampling (500 iterations) and 502 

compared the model predictions to the held-out data across all folds based on the 503 

negative log-likelihood of the estimated model for each participant. We then selected the 504 

model with the minimum negative log-likelihood and found that the best-fit model 505 

contained three predictors: Reward, Guilt and Inequity. In addition, we compared the 506 

BIC and found not only that the best model was the same with the smaller mean BIC than 507 
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the second best model of Fehr and Schmidt (1999) (39.44 vs 40.61), but also that for 40 of 508 

the 52 participants (76.9%), the smallest BIC model was the best individual model (see 509 

Fig. 2C). 510 

Finally, we examined whether the guilt aversion parameter 𝛽(𝐺𝑢𝑖𝑙𝑡) reflects 511 

the guilt experience of the participants in the current experiment. Note that 𝛽(𝐺𝑢𝑖𝑙𝑡) 512 

captures a decision strategy to avoid future guilt but does not directly measure guilt. To 513 

address this issue, we analyzed the relationship between 𝛽(𝐺𝑢𝑖𝑙𝑡) and the score of the 514 

post-experiment questionnaire (see Materials and Methods for the questionnaire). 515 

Question a asked whether participants understood the intentions behind player A’s 516 

action, question b asked whether participants understood that they reduced player A’s 517 

payoff if they chose Defect, and question c asked whether participants felt guilty when 518 

they reduced player A’s expected payoff. We found significant or marginal positive 519 

correlation between 𝛽(𝐺𝑢𝑖𝑙𝑡) and scores for the questions (Fig. 2D; question a, P = 520 

0.0557; question b, P = 0.0491; question c, P = 0.0451). These results indicates that the 521 

guilt aversion parameter reflects the guilt experience in the current study.  522 

Imaging results of guilt, inequity and utility. For the imaging, we first examined the 523 

brain regions activated commonly in both genders. Similar to the logistic regression, a 524 

general linear model analysis was conducted (SPM 12) to identify brain regions whose 525 

activity was correlated with the difference in guilt and inequity between the two choice 526 

options (hereafter, we call these differences guilt and inequity, respectively, for 527 

simplicity. See GLM1 in Materials and Methods). We included guilt and inequity as 528 

additional regressors attached to the task presentation event. We found a significant 529 

correlation between the amount of guilt and activity in the bilateral DLPFC and 530 

DMPFC (right DLPFC, P < 0.001; left DLPFC, P < 0.001; DMPFC, P < 0.001; 531 

family-wise error (FWE) corrected; Fig. 3A and Extended Data Figure 3-1). By 532 

contrast, the amount of inequity was correlated with activity in the bilateral ventral 533 
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striatum (right ventral striatum, P = 0.035; left ventral striatum, P = 0.042; small 534 

volume FWE corrected; Fig. 3B and Extended Data Figure 3-2). Additionally, we 535 

confirmed that the same results were obtained even when the two parameters (Guilt and 536 

Inequity) of GLM1 were analyzed as separate GLMs. 537 

To identify the neural substrates that integrate different types of values, such as 538 

guilt and inequity, we searched for the neural correlates of the value difference between 539 

the choice options (larger utility-smaller utility; see GLM2 in Materials and Methods). 540 

We found a significant correlation between the value difference and activity in the 541 

VMPFC (P = 0.040; small volume FWE corrected; Fig. 3C and Extended Data Figure 542 

3-3), which is consistent with previous neuroimaging studies of value-based 543 

decision-making (Hunt et al., 2012; Nicolle et al., 2012).  544 

We next performed a PPI analysis (Friston et al., 1997) to confirm the value 545 

signals in the VMPFC reflect the value components of both Guilt and Inequity. In our 546 

behavioral hypothesis, because participants make decisions depending on both the guilt 547 

and inequity components, the VMPFC should link with both the guilt-correlated area 548 

(DLPFC and DMPFC shown in Fig. 3A) and inequality-correlated area (striatum shown 549 

in Fig. 3B). To validate this hypothesis, we estimated a PPI in which signals in the 550 

VMPFC were modulated by the Guilt or Inequity values separately for each condition 551 

(see PPI1 in Materials and Methods). More specifically, we used the VMPFC (shown in 552 

Fig. 3C) as the seed region to determine which other brain regions correlated with 553 

VMPFC × Guilt and VMPFC × Inequity, respectively. For the PPI of VMPFC × Guilt, 554 

this analysis revealed positive coupling between the VMPFC and the DMPFC (P < 555 

0.001, uncorrected; Fig. 3C and Extended Data Figure 3-4). Notably, the VMPFC × 556 

Guilt contrast overlapped the guilt-correlated region in Fig. 3A (see Fig. 3C). On the 557 

other hand, for VMPFC × Inequity, we found positive coupling between the VMPFC 558 

and the striatum (P < 0.001, uncorrected; Fig. 3C and Extended Data Figure 3-5). The 559 
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VMPFC × Inequity contrast overlaps the inequity-correlated region in Fig. 3B at the 560 

relaxed threshold (see Fig. 3C; VMPFC × Inequity, uncorrected P < 0.05). These results 561 

suggest that the guilt difference and inequity difference between the two options 562 

computed in the DMPFC and striatum contribute to the value difference in the VMPFC 563 

for both men and women. 564 

Imaging results of gender differences for guilt. Next, we explored the different neural 565 

substrates for guilt aversion between men and women (see GLM1.1 in Materials and 566 

Methods). Men showed higher correlation with guilt in the VMPFC (P = 0.029; small 567 

volume FWE corrected; Fig. 4A and Extended Data Figure 4-1) compared with women, 568 

whereas there was no significant brain activity in the opposite contrast even at moderate 569 

threshold (uncorrected P < 0.005). Fig. 4A illustrates a box plot of the contrast estimate 570 

from the VMPFC, confirming that men showed increased VMPFC activity (t(49.9) = 571 

3.68, P < 0.001) when responding to guilt. Furthermore, this activation of the VMPFC 572 

overlapped with the activity correlated with guilt (see Fig. 4B), indicating that the 573 

VMPFC is sensitive to guilt aversion overall and more so in men than in women. 574 

Importantly, the VMPFC activity correlating with the value difference was spatially 575 

close but did not overlap with the VMPFC activity correlating with the gender 576 

difference (Fig. 4C). This observation suggests that the two VMPFC areas are involved 577 

in related but distinct computations.  578 

Having revealed gender differences in brain activity for guilt, we next performed 579 

a PPI analysis to examine whether different neural links work for guilt aversion in men 580 

and women. More specifically, we used the VMPFC (shown in Fig. 4A) as a seed 581 

region to search which other cortical regions correlated with the VMPFC × guilt and 582 

then conducted two-sample t-tests to compare this contrast between men and women 583 

(see PPI2 in Materials and Methods). In other words, the aim of this analysis was to find 584 

differences between men and women in brain regions whose activity correlate more 585 



 

 

25 

25 

strongly with VMPFC activity in accordance with the increase of guilt. This analysis 586 

revealed that connectivity between the VMPFC and the right DLPFC is significantly 587 

stronger in men than in women (P < 0.001, uncorrected; Fig. 4A and Extended Data 588 

Figure 4-2). The active right DLPFC area overlapped with the common activity 589 

correlated with guilt for men and women (see Fig. 4D), suggesting that men recruit 590 

DLPFC-VMPFC connectivity more for guilt aversion, although the DLPFC works with 591 

the DMPFC to compute guilt in both genders.  592 

The results so far suggest the possibility that the relationship of gender and guilt 593 

aversion is mediated by DLPFC-VMPFC connectivity. We therefore performed a 594 

mediation analysis to examine this hypothesis (Fig. 4E; see Materials and Methods). 595 

Fig. 4E shows the results of this analysis and suggests that DLPFC-VMPFC 596 

connectivity is a complete mediator of the interaction between gender and guilt-aversion 597 

behavior.  598 

In summary, according to our PPI and mediation analyses, the DMPFC works 599 

with the DLPFC to compute guilt for both genders, and the VMPFC encodes not only 600 

the value difference in collaboration with the DMPFC in both genders, but also the 601 

amount of guilt (difference) in collaboration with the DLPFC predominantly in men 602 

(Fig. 4F). 603 

Imaging results of gender difference for inequity. We also searched for gender-related 604 

neural substrates for inequity aversion (see GLM1.2 in Materials and Methods). We 605 

found that the ventral striatum was significantly more active in women than in men (P = 606 

0.008; small volume FWE corrected; Fig. 5A and Extended Data Figure 5-1), but there 607 

was no significant brain activity in the opposite contrast even at moderate threshold 608 

(uncorrected P < 0.005). The box plot of the contrast estimates in the ventral striatum 609 

(Fig. 5A) demonstrates that activity in this region was correlated with the increased 610 

inequity in women (t(50.0) = 4.26, P < 0.001). When we computed PPI for functional 611 
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connectivity between the ventral striatum (Fig. 5A as the seed region) and other brain 612 

areas in correlation with ventral striatum × inequity (see PPI2 in Materials and 613 

Methods), no differential link was identified between men and women (at uncorrected P 614 

< 0.001), indicating the important role of the ventral striatum in inequity aversion. 615 

Indeed, we performed a mediation analysis for our hypothesis that the relationship of 616 

gender and inequity-aversion behavior is mediated by the ventral striatum (Fig. 5B; see 617 

also mediation analysis in Materials and Methods) and found that the mediation effect 618 

of the striatum is significant (a*b, P < 0.001). 619 

Online study 620 

The behavioral data of our fMRI study (n = 52) showed that men display greater guilt 621 

aversion than women. However, this analysis provided only weak evidence because it 622 

was based on a relatively small dataset. In addition, our fMRI results did not specify the 623 

cognitive processes underlying the gender differences in guilt aversion, although the 624 

DLPFC-VMPFC connectivity result suggested a possibility that social norms play a key 625 

role, as discussed below. To clarify these issues and make the results more robust, we 626 

conducted a large-scale online behavioral study that also considered Big Five Inventory 627 

scores (Costa et al., 1992) and socioeconomic status. 628 

The differential use of prefrontal networks during guilt aversion may reflect 629 

different cognitive strategies used by men and women. Guilt aversion requires the 630 

ability to assess another individual’s expectations and directly relates to his or her 631 

disappointment (i.e., empathy or theory of mind; Hoffman, 1982). On the other hand, 632 

guilt aversion is also a normative behavior elicited by experience (Haidt, 2003) and 633 

therefore may be executed by self-discipline without requiring empathy or inference 634 

about another’s mind (i.e., rule-based decisions or systemizing). Thus, we can think of 635 

two potential cognitive underpinnings of guilt-based prosocial behavior: empathy with 636 

the disappointment of others and rule-based decisions by self-discipline. Related to this, 637 
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previous studies have reported that the link between the DMPFC and VMPFC and the 638 

one between the DLPFC and VMPFC are involved in the theory of mind (e.g., De 639 

Martino et al., 2013) and in social norms (e.g., Baumgartner et al., 2011; Hackel et al., 640 

2020; Pornpattananangkul et al., 2018) and self-control (e.g., Hare et al., 2009; Steinbeis 641 

et al., 2016), respectively. However, it is also important to be careful of reverse 642 

inference. 643 

Because evidence connecting these prefrontal networks and gender differences in 644 

guilt aversion remain elusive, we further investigated this issue using the Big Five 645 

Inventory (Costa et al., 1992), which defines five fundamental dimensions of 646 

personality (i.e., neuroticism, extraversion, openness, agreeableness, and 647 

conscientiousness). Because agreeableness is characterized by the understanding of 648 

others’ emotions, intentions and mental states, and conscientiousness is characterized by 649 

rule-based regulation and self-discipline (DeYoung et al., 2010), we hypothesized that 650 

guilt aversion correlates with agreeableness and conscientiousness and may also explain 651 

gender differences. 652 

Behavioral results of online study. We first conducted a model selection using the same 653 

cross-validation analysis as the fMRI study and found that as in our fMRI study the same 654 

model containing three predictors: Reward, Guilt and Inequity (Fig. 2B; see also 655 

Materials and Methods) was selected as the best model. The same result was also found 656 

by the BIC analysis (see Fig. 2C). We then performed the logistic regression comprised 657 

of reward, guilt, and inequity and found that the 𝛽 values of Reward, Guilt and Inequity 658 

were positive and significant (P < 0.001, Table 2), indicating that they all played a critical 659 

role in the online experiment.  660 

To identify the relationship between guilt aversion (𝛽(𝐺𝑢𝑖𝑙𝑡)) and gender, we 661 

first performed a general linear model analysis based on the explanatory variables 662 

including the gender term (Sex; men = 1), Big Five and socioeconomic status scores 663 
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(target variable: 𝛽(𝐺𝑢𝑖𝑙𝑡)) for all participants. The coefficients of Sex was positive and 664 

significant (P < 0.001; for other significant coefficients, Agreeableness and Income, P < 665 

0.001), demonstrating that men displayed greater guilt aversion than women, validating 666 

the behavioral result in the fMRI study with even larger data.  667 

Next, to identify the cognitive mechanisms specific to either gender, we 668 

performed the second general linear model analysis that included interaction terms 669 

between the gender variable sex and Big Five and socioeconomic status scores (for more 670 

details, see Materials and Methods). We found that the coefficients of Agreeableness and 671 

Sex × Conscientiousness were positive and significant (Agreeableness, P = 0.00802; 672 

Sex  × Conscientiousness, P = 0.00712; see Table 3). These findings support our 673 

hypothesis that for guilt aversion, both men and women utilize the empathic strategy, 674 

while men also recruit the rule-based strategy (i.e., social norms).  675 

Discussion 676 

In this study, in correspondence with stronger guilt aversion in men than women, we 677 

demonstrated that men recruit DLPFC-VMPFC connectivity more in the processing of 678 

guilt than women do. We also found that the DMPFC is involved in the processing of 679 

guilt and the value difference between the choice options for both men and women. The 680 

analysis of the online behavioral data of 4723 participants not only replicated the gender 681 

difference in guilt aversion, but also suggested that the stronger guilt aversion in men than 682 

women is attributable to the use of rule-based (social norm-based) strategies more, while 683 

both genders commonly utilize empathetic consideration. Previous behavioral economics 684 

studies have closely examined guilt aversion in social interactions (Bellemare et al., 685 

2017, 2018; Charness and Dufwenberg, 2006; Khalmetski, 2016), but to our knowledge, 686 

this is the first study reporting the evidence of gender differences in guilt aversion. 687 

Additionally, we also replicated a previously reported result (Soutschek et al., 2017) that 688 
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women show greater activity of the ventral striatum than men for stronger inequity 689 

aversion. 690 

For inequity-based prosocial behaviors, previous behavioral studies have 691 

reported that men choose efficient allocations, while women are more inequality-averse 692 

(Croson and Gneezy, 2009; Kamas and Preston, 2015). In the ultimatum game, women 693 

are significantly more likely to propose an equal split than men (Güth et al., 2007) and 694 

more likely to reject lower offers than men (Solnick et al., 2001). Furthermore, in the 695 

dictator game and social value orientation tasks, women are more inequality-averse in 696 

their dictator-giving (Andreoni and Vesterlund, 2001; Bolton and Katok, 1995; 697 

Dickinson and Tiefenthaler, 2002; Eckel and Grossman, 1998; Grosch and Rau, 2017). 698 

With regard to brain function, previous studies have reported a key role of the ventral 699 

striatum in resource allocation and inequity aversion. Not only is ventral striatum 700 

activity positively correlated with the ratio of the payoff (i.e., the self’s payoff vs. the 701 

other’s payoff) (Fliessbach et al, 2007), it is also activated when inequity between the 702 

self and the other is reduced (Tricomi et al., 2010) and when making a decision to 703 

punish someone for acting unfairly (Crockett et al., 2013). A recent study suggested that 704 

activation patterns of the ventral striatum are gender-specific, being more sensitive to 705 

sharing money with others in women (Soutschek et al., 2017). The present study is 706 

consistent with these previous studies in the sense that women show stronger inequity 707 

aversion than men, with the ventral striatum playing a critical role. 708 

At the neural level, previous studies have reported that DLPFC and DMPFC 709 

activity varies with guilt (Chang et al., 2011; Nihonsugi et al., 2015; van Baar et al., 710 

2019). With regard to gender differences, the current study showed that the VMPFC 711 

plays a critical role in computing guilt in men. The VMPFC has been implicated in social 712 

cognition (Blakemore, 2008). For instance, the VMPFC was implicated in affective 713 

regulation and depression (Ressler and Mayberg, 2007), the evaluation of moral 714 
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dilemmas (Crockett at al. 2017), and social value decision-making (Baumgartner et al, 715 

2011; Hare et al., 2010). In line with these studies, some studies showed that men with 716 

right VMPFC lesions have deficits in social emotion and decision-making compared to 717 

men with left VMPFC lesions, but no such difference was seen in women (Sutterer et al., 718 

2015; Tranel et al., 2005). In addition, men with right VMPFC lesions tended to show a 719 

significant elevation in paranoia and introversion according to the Minnesota Multiphasic 720 

Personality Inventory-2 Scale, a widely-used measure of personality and 721 

psychopathology (Tranel et al., 2005). These results suggest that the right VMPFC plays 722 

an important role in social decision-making in men, consistent with the present study 723 

reporting that men use the right VMPFC (coordinates 10, 42, -16) more than women to 724 

implement guilt aversion. 725 

A previous study showed that connectivity between the VMPFC and DLPFC in 726 

men is associated with normative decisions in the ultimatum game (Baumgartner et al., 727 

2011). The study recruited male subjects (n = 32) and demonstrated that repetitive 728 

transcranial magnetic stimulation applied to the right DLPFC of responders in the 729 

ultimatum game subsequently reduced their rejection rate (i.e., normative decision) and 730 

also diminished activity in the DLPFC and VMPFC. This result is consistent with our 731 

view that connectivity between the VMPFC and DLPFC plays a key role in guilt-based 732 

prosocial behavior in men.  733 

For the cognitive mechanisms underlying gender differences in guilt aversion, our 734 

online study showed that guilt aversion in men correlates with conscientiousness. The 735 

Empathizing-Systemizing theory is widely known as a measure of individual differences 736 

in cognition (Baron-Cohen, 2003). Empathizing is the drive to identify another’s mental 737 

state and to respond with an appropriate emotion, and has a positive correlation with 738 

agreeableness (Nettle, 2007; Wakabayashi and Kawashima 2015). On the other hand, 739 

systemizing is defined as the drive to analyze, understand, predict, control and construct 740 
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rule-based systems (e.g., map-reading, physics, and mathematics), and has a positive 741 

correlation with conscientiousness, which has a desire for order as one of its components 742 

(Nettle, 2007; Wakabayashi and Kawashima 2015). Interestingly, several previous 743 

studies showed that men are more interested in systemizing than women (Baron-Cohen, 744 

2004; Greenberg et al., 2018). These behavioral backgrounds are consistent with our 745 

functional connectivity result of the DLPFC-VMPFC, as this link has been associated 746 

with social norms (Baumgartner et al., 2011; Hackel et al., 2020; Pornpattananangkul et 747 

al., 2018). It may also be worth noting that our results suggest that guilt aversion contains 748 

both empathizing (empathy or theory of mind) and systemizing (social norms) 749 

components. By conducting a large-scale online behavioral study, we strengthened the 750 

neuroscientific hypothesis that the DLPFC-VMPFC connectivity predominantly seen in 751 

men contributes to their stronger guilt aversion by the influence of social norms. 752 

Because the recruitment of an equally large sample for fMRI experiments is very 753 

difficult, we believe that integrating fMRI and large-scale online experiments provides a 754 

powerful tool to obtain broader and more reliable insights into human cognitions.  755 

There is the possibility that a small τ may elicit an emotion other than guilt, such 756 

as distrust, because we did not directly measure emotions to belief (𝜏𝐴). Distrustful 757 

behavior can be perceived as hostile acts and reduce cooperation (Fehr, E., & 758 

Rockenbach, B., 2003). Related to this, a previous behavioral study (Balafoutas & 759 

Fornwagner, 2017) showed that there is an inverted-U shape relationship between belief 760 

and guilt aversion using a simple dictator game. This relationship suggests that there is a 761 

threshold beyond which guilt aversion no longer applies and higher perceived 762 

expectations lead to less kind behavior on the part of the decision makers. However, this 763 

phenomenon may only occur in the dictator game, because the dictator is less likely to 764 

feel guilt due to the lack of a rational reason to live up to the recipient’s expectationa. In 765 

any case, the fact that some previous research findings did not show a linear relationship 766 

between belief (τ) and cooperation is likely to reflect psychological differences in 767 
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response to the size of belief. The present study did not allow us to address these issues, 768 

because it only considered reasonably high belief (𝜏𝐴). Future research should assess 769 

emotions to beliefs more precisely.  770 

Finally, our findings do not preclude the possibility that social environments 771 

largely contribute to the gender differences in guilt aversion instead of biological reasons. 772 

At the same time, our behavioral data (n = 4723) suggested that gender differences in 773 

guilt aversion are independent of age (see Table 3), indicating that gender differences are 774 

only weakly dependent on contemporaneous social environmental factors and more 775 

affected by long-lasting determinants such as social systems and biological factors. 776 

Therefore, further investigation is necessary to address what causes the gender 777 

differences in guilt aversion. For instance, we need to examine the behavioral and neural 778 

gender differences in guilt aversion in different cultures (i.e., South-East Asian and 779 

European countries). Such studies would provide more biological and societal insights 780 

into our understanding in the diversity of human prosocial behaviors. 781 

Extended Data 782 

Extended Data Figure 1-1. The actual assignment of 𝒙, 𝒚, 𝒛 and  783 

𝜏𝐴 for the 45 trials.  784 

Extended Data Figure 1-2. Instructions for the first and second experiments in the 785 

fMRI study. 786 

Extended Data Figure 3-1. Activities related with Guilt in both genders. 787 

Extended Data Figure 3-2. Activities related with Inequity in both genders. 788 

Extended Data Figure 3-3. Activities related with value differences in both 789 

genders. 790 

× 10−3 

× 10−3 

× 10−3 
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Extended Data Figure 3-4. Results of the PPI analysis for VMPFC × Guilt in both 791 

genders. 792 

Extended Data Figure 3-5. Results of the PPI analysis for VMPFC × Inequity in 793 

both genders. 794 

Extended Data Figure 4-1. Differences of activities related to guilt between men 795 

and women. 796 

Extended Data Figure 4-2. Results of the PPI analysis for guilt when testing for 797 

gender differences. 798 

Extended Data Figure 5-1. Differences of activities related to inequity between men 799 

and women. 800 
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Figure legends 988 

Figure. 1. Task design. A, Design of the trust game. First, player A chooses In or Out, 989 

which reveals a belief probability of the likeliness that player B will choose Cooperate. If 990 

player A chooses Out (i.e., does not trust player B), player A and B receive 𝑧𝐴  and 𝑧𝐵, 991 
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respectively. If player A chooses In (i.e., trusts player B), then with the knowledge of 992 

player A’s belief probability, player B decides whether to Cooperate or Defect. If player 993 

B chooses Defect, players A and B receive 𝑦𝐴  and 𝑦𝐵, respectively; if Cooperate, players 994 

A and B receive 𝑥𝐴 and 𝑥𝐵, respectively. The actual assignment of 𝑥, 𝑦, 𝑧 and  995 

𝜏𝐴 for the 45 trials is shown in Extended Data Figure 1-1. B, An outline and example of 996 

experimental trials. After the green fixation period (2–5 s; cue phase), a task condition is 997 

presented for 5 s (choice phase), and participants are asked to press the Cooperate or 998 

Defect button (blue and red, respectively). Then, a yellow fixation cross is shown for 6-15 999 

s (rest phase). C, An illustration of the complete experimental paradigm. For both the 1000 

fMRI and online studies, in the first experiment, participants (as player A) chose In or Out 1001 

and reveal their belief probability that player B would choose Cooperate. In the second 1002 

experiment, participants (as player B) chose to Cooperate or Defect. Participants make 1003 

their decisions while being scanned in the fMRI experiment. Instructions for the first and 1004 

second experiments are shown in Extended Data Figure 1-2.  1005 

 1006 

Figure 2. Behavioral results. A, In the fMRI study (n = 26 men, 26 women), the beta 1007 

value for guilt was higher in men than in woman (P = 0.046, t-test), whereas the beta 1008 

value for inequity was higher in women than in men (P = 0.039, t-test). B, We validated 1009 

and compared the performance of 10 models using the repeated three-fold 1010 

cross-validations and found that the model containing three predictors (Reward, Guilt 1011 

and Inequity) was best for both fMRI and online studies. Rw: Reward; Gu: Guilt; Iq: 1012 

Inequity; Ip: Inequity-positive; In: Inequity-negative. C, BIC also selected the same 1013 

model (i.e., RwGuIq in B), with the second best being the Fehr and Schmidt type model 1014 

(i.e., RwGuIpIn in B). For the selected model, a majority of participants exhibited the 1015 

smallest BIC value for both the fMRI and online experiments. D, 𝛽(𝐺𝑢𝑖𝑙𝑡) had a 1016 

significantly or marginally positive correlation with questions a, b, and c. 1017 
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Figure 3. Activities correlated with Guilt, Inequity and Utility in both genders. A, 1018 

Activities in the right and left DLPFC and DMPFC were correlated with guilt (right 1019 

DLPFC, P < 0.001; left DLPFC, P < 0.001; DMPFC, P < 0.001). Activities related with 1020 

Guilt in both genders are listed in Extended Data Figure 3-1. B, The bilateral ventral 1021 

striatum activity was correlated with inequity (right ventral striatum, P = 0.035; left 1022 

ventral striatum, P = 0.042). Activities related with Inequity in both genders are listed in 1023 

Extended Data Figure 3-2. C, (left) Activity in the VMPFC was positively correlated 1024 

with the value difference (larger utility-smaller utility) (P = 0.040, see also Extended 1025 

Data Figure 3-3). (Top right) Overlay of the VMPFC × Guilt cluster (green) and the 1026 

Guilt-correlated region shown in Fig. 3A (red). These two areas overlap in the DMPFC 1027 

(brown). For display purposes, we used a threshold of P < 0.001 uncorrected for the 1028 

Guilt contrast, and a threshold of P < 0.005 uncorrected for VMPFC × Guilt. Results of 1029 

the PPI analysis for VMPFC × Guilt in both genders are summarized in Extended Data 1030 

Figure 3-4. (Bottom right) Overlay of the VMPFC× Inequity cluster (green) and the 1031 

Inequity-correlated region shown in Fig. 3B (red). These two areas overlap in the 1032 

striatum (brown) at the relaxed threshold. For display purposes, the threshold of the 1033 

VMPFC × Inequity contrast is uncorrected P < 0.05. Results of the PPI analysis for 1034 

VMPFC × Inequity in both genders are summarized in Extended Data Figure 3-5. 1035 

 1036 

Figure 4. Results of gender differences for guilt in neural activity. A, Men showed 1037 

greater VMPFC activity than women (P = 0.029). As displayed in the box plot, the 1038 

extracted contrast estimates in the VMPFC demonstrate that men showed increased 1039 

VMPFC activity in response to guilt (P < 0.001, t-test). Importantly, the VMPFC seed 1040 

exhibited positive correlation with activity in the right DLPFC as guilt increases for 1041 

men but not for women (P < 0.001, uncorrected). Differences of activities related to 1042 

guilt between men and women are listed in Extended Data Figure 4-1. B, Overlay of the 1043 

× 10−3 
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VMPFC, which is related to gender difference in Guilt (blue), and the Guilt-correlated 1044 

region (red). For display purposes, the threshold for the Guilt areas is P < 0.001 1045 

uncorrected and the VMPFC threshold is P < 0.005 uncorrected. The activation of the 1046 

VMPFC involved in gender difference in Guilt largely overlaps with the clusters of 1047 

activation correlated with guilt (overlap area; brown). C, Overlay of the VMPFC cluster 1048 

shown in Fig. 3C, which was positively correlated with the value difference (green), and 1049 

the VMPFC cluster shown in Fig. 4A, which showed differential activation in the guilt 1050 

contrast (men > women; blue). These two areas are close, but do not overlap. D, Using a 1051 

PPI analysis, a comparison of men and women showed enhanced functional 1052 

connectivity of the VMPFC with the right DLPFC during the processing of guilt only in 1053 

men (orange areas). This activation area (DLPFC) largely overlaps with the clusters of 1054 

activation correlated with guilt shown in Fig. 3A (shown in this figure as red areas). 1055 

Results of the PPI analysis for guilt when testing for gender differences are shown in 1056 

Extended Data Figure 4-2. E, Mediation analysis of the relationship of gender, 1057 

DLPFC-VMPFC connectivity and 𝛽(𝐺𝑢𝑖𝑙𝑡) shows that DLPFC-VMPFC connectivity 1058 

is a complete mediator of the interaction between gender and guilt-aversion behavior. 1059 

Path coefficients are shown next to arrows with standard errors in parentheses. *P < 1060 

0.05, ***P < 0.001. F, Diagram summarizing the results of our analyses. Activities in 1061 

the DLPFC and DMPFC were correlated with guilt in both genders. The blue line 1062 

represents a stronger connectivity between the VMPFC and right DLPFC in men than in 1063 

women depending on VMPFC × guilt, and the green line represents stronger positive 1064 

coupling between the VMPFC and DMPFC depending on VMPFC × value difference. 1065 

Figure 5. Results of gender differences in neural activity for inequity. A, Women 1066 

showed greater ventral striatum activity than men (P = 0.008). The box plot illustrates 1067 

the contrast estimates in the right ventral striatum and shows that only women showed 1068 

increased activity in response to inequity (P < 0.001, t-test). Differences of activities 1069 

related to inequity between men and women are summarized in Extended Data Figure 1070 

× 10−3 
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5-1. B, A mediation analysis shows that the mediation effect of the striatum is 1071 

significant (a*b, P < 0.001). Path coefficients are shown next to the arrows with 1072 

standard errors in parentheses. *P < 0.05, ***P < 0.001.  1073 

 1074 

Table 1. Descriptive statistics for online sample (between genders). 1075 

 Men Women 

 (n = 1986) (n = 2737) 

Variable Mean (SD) Mean (SD) 

Age 39.585 (15.318) 36.751 (15.273) 

Neuroticism 47.433 (9.7900) 46.731 (9.9606) 

Extraversion 45.426 (9.1431) 46.244 (9.2942) 

Openness 50.699 (9.4570) 47.640 (9.3566) 

Agreeableness 42.780 (10.636) 44.333 (10.448) 

Conscientiousness 49.068 (9.3706) 48.076 (9.3299) 

SelfEduHistory 5.3197 (1.1422) 5.0431 (1.0410) 

ParentsEduHistory 4.6511 (1.4190) 4.7947 (1.3323) 

Income 2.7296 (1.4772) 1.6153 (0.9299) 

Occupation 2.2477 (1.6859) 3.4439 (1.8253) 

Subjective SES 5.2513 (2.0408) 5.2700 (1.7901) 

Notes: SD: Standard deviation. All scores were raw values 

 1076 

Table 2. Logistic regression models predicting decision to Cooperate or Defect. 1077 

 Dependent variable: 𝑙𝑜𝑔𝑖𝑡(𝑃𝐵,𝐶𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑒) 

Explanatory 

variable 
fMRI Online 

Reward 0.0033317*** 0.0098942*** 

Guilt 0.0014490*** 0.0029833*** 

Inequity 0.0011182*** 0.0059259*** 

Constant −0.47831** 0.0973352*** 

McFadden’s R
2
 0.09147 0.01479 
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Observations 2340 212535 

Note: Significance: ∗∗∗P < 0.001.
 ∗∗P < 0.01. 1078 

 1079 

Table 3. GLM analyses of Guilt. 1080 

Explanatory variable Dependent variable: beta value for Guilt 

 Coefficient Standard errors 

Neuroticism 0.0002667 0.0006187 

Extraversion -0.0008909 0.0006630 

Openness 0.0004214 0.0007000 

Agreeableness 0.0016424** 0.0006193 

Conscientiousness 0.0009482 0.0006558 

Age 0.0006831 0.0006325 

SelfEduHistory -0.0007013* 0.0005958 

ParentsEduHistory 0.0006947 0.0006141 

Income -0.0001091 0.0008564 

Occupation 0.0008336 0.0007700 

SubjectiveSES -0.0014377* 0.0006257 

Sex × Neuroticism 0.0019212 0.0029112 

Sex × Extraversion -0.0020649 0.0032372 

Sex × Openness 0.0004377 0.0036139 

Sex × Agreeableness -0.0035545 0.0025872 

Sex × Conscientiousness 0.0089586** 0.0033272 

Sex × Age -0.0028621 0.0016136 

Sex × SelfEduHistory -0.0005493 0.0026958 

Sex × ParentsEduHistory 0.0008173 0.0020632 

Sex × Income -0.0013636 0.0015921 

Sex × Occupation 0.0002769 0.0013028 

Sex × SubjectiveSES -0.0005761 0.0018053 

Adjusted R
2
 -0.07467266  

Observations 4723  

Notes: Significance level: * 0.05, ** 0.01. 












