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003 ; Gassin and Elizabeth, 1998 ). Several studies suggested that for-

iveness reduces guilt ( McNulty, 2010 , 2011 ) and blame increases it

 Kubany and Watson, 2003 ; Parkinson and Illingworth, 2009 ), whereas

thers observed the opposite effects, namely forgiveness enhances guilt

 Wallace et al., 2008 ), and blame reduces guilt and even induces

nger in the transgressor ( Jennings et al., 2016 ; Lemay Jr et al., 2012 ;

echmeister and Romero, 2002 ). One potential explanation for these

nconsistencies is that these studies overlooked the expectation viola-

ion derived from the interaction between the victim’s attitude and the

everity of harm. Specifically, individuals can form expectations about

thers’ attitudes and behaviors according to social norms and experi-

nces ( Ci, 2006 ; Olsson et al., 2018 ; Olsson et al., 2020 ). Others’ actual

ttitudes or behaviors may deviate from these expectations, forming ex-

ectation violations (also referred to as prediction errors in the literature

f reward learning and decision-making) that could be crucial sources

f social emotions ( Chang and Jolly, 2017 ; Chang and Smith, 2015 ;

iceli and Castelfranchi, 2014 ). For example, theories on equity and

ustice have suggested that while unexpected over-benefit contributes to

uilt, unexpected under-benefit or over-punishment contributes to anger

 Adams, 1965 ; Baumeister et al., 1994 ; Blair, 2012 ; Donnerstein and

atfield, 1982 ; Homans, 1974 ; Walster et al., 1978 ). Extending these

esults to the transgression context, transgressors commonly expect to

e blamed for high harm ( Young and Saxe, 2009 ) and to be forgiven

or low harm ( Malle, 2021 ). Therefore, we hypothesize that when the

ictim’s attitude is more favorable than what the transgressor expects

e.g., forgiving a high harm), this positive expectation violation (over-

enefit) may exacerbate guilt. In contrast, when the victim’s attitude

s more hostile than expected (e.g., blaming a low harm), this negative

xpectation violation (over-punishment) may induce anger and reduce

uilt. 

Neurally, studies applying functional magnetic resonance imaging

fMRI) have investigated the neurocognitive bases of guilt in the context

f interpersonal transgression without social feedbacks (i.e., non-reactive

uilt ). Results of univariate analysis ( Basile et al., 2011 ; Chang et al.,

011 ; Koban et al., 2013 ; Wagner et al., 2011 ; Yu et al., 2014 ) and mul-

ivariate pattern analysis (MVPA) ( Yu et al., 2020a ; Yu et al., 2020b ) of

MRI data consistently showed that the process of non-reactive guilt in-

olves activities in anterior/middle cingulate cortex (dACC/aMCC) and

ilateral anterior insula (aINS), regions that are implicated in distress

nd anxiety processing. However, after receiving the victim’s reactive

ttitude, the transgressor may exhibit a reappraisal process that con-

ributes to the reactive experience of guilt in response to the victim’s

ttitude (i.e., reactive guilt). Although non-reactive and reactive guilt

re indistinguishable in self-report, question remains as to whether the

eural bases of these two types of guilt are similar or dissociable. Anal-

gously, previous studies investigated the neural bases of the victim’s

nger in response to transgressions, revealing the involvements of ACC

nd aINS ( Blair, 2012 ; Chang and Smith, 2015 ; Denson et al., 2009 ;

limecki et al., 2018 ), as well as amygdala, a region implicated in nega-

ive emotion processing ( Denson et al., 2009 ; Klimecki et al., 2018 ). Yet,

he neural bases underlying the transgressor’s reactive anger inthe 
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Fig. 1. Procedures of the interactive game. In each 

round, after being paired with a same sex anonymous 

co-player, the participant would see a picture of dots 

for 1.5 s and estimate the number of dots quickly by 

choosing one of the four numbers presented on the 

screen within 3 s (i.e., Dot estimation). After that the 

correctness of the estimation was revealed. If the es- 

timation was correct, the current trial was terminated 

and the game entered the next round; otherwise, the 

co-player (the victim) in the current round would re- 

ceive a pain stimulation, with either high or low inten- 

sity, randomly determined by the computer program 

(i.e., Harm to the co-player : High harm vs. Low harm; 

Outcome phase, 3 s). Then the participant would be 

presented with the co-player’s attitude on the scale 

from -4 to 4 (i.e., Attitude phase, 3 s). Positive value 

stands for forgiveness (Forgive condition), negative 

value for blame (Blame condition), and zero for neu- 

tral attitude, i.e., neither blame nor forgiveness (Neu- 

tral condition). In one-third of the trials, at the end 

of each trial, the participant was asked to divide 10 

points (1 point = 2 Yuan; 20 Yuan ≈ 3.1 USD) between 

him/herself and the co-player paired in this trial (i.e., 

Allocation phase, < 10 s), with the knowledge that the 

co-player was not aware of this procedure. In the re- 

maining trials, the current trial terminated after the 

presentation of the co-player’s attitude. After the ex- 

periment, five rounds paired with each co-player (15 rounds in total) would be randomly selected and realized to determine the participant’s and each co-player’s 

monetary bonus and the final amount of pain stimulation each co-player would receive. Note, before and after Outcome phase and Attitude phase, a fixation cross 

was presented for a variable interval ranging from 1 to 6 s for the purpose of fMRI signal deconvolution. 
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.3. The interactive game 

The interactive game was developed based on previous studies on

on-reactive guilt ( Gao et al., 2018 ; Koban et al., 2013 ; Yu et al., 2014 ).

fter the pain titration, the participant was instructed on the general

ules of the interactive dot-estimation task. In each round of the task

 Fig. 1 ), the participant was paired with one of the three co-players and

erformed a dot-estimation task. The participant was explicitly informed

hat the co-player in each round was selected randomly from the three

o-players by a computer program; the co-player in the current round

ould or could not be the same co-player in the previous trial. To avoid

he possibility that the participant learned from the co-player’s attitudes,

he participant was instructed that the interactive task was anonymous

nd he/she would not know the identity of the co-player in each round

hroughout the task. If the estimation was correct, the current trial termi-

ated and the next round began. Otherwise, the co-player in the current

ound would receive a high or low intensity pain stimulation, randomly

etermined by the computer program (i.e., Harm to the co-player : High

arm vs. Low harm ), with the level of the pain stimulation for the co-

layer being presented on the screen (i.e., Outcome phase, 3 s). The par-

icipant was informed that both the co-player and him/herself would see

he outcome of dot-estimation (correct vs. incorrect) and the intensity of

arm to the co-player; but the co-player would not see the picture of the

ots and response options. The co-player would then indicate his/her at-

itude toward the harm in estimated-incorrect trials on a scale from -4

o 4 (i.e., Attitude of the co-player ). Three types of attitudes could be

xpressed through this scale: (1) positive value for forgiveness, with a

igher positive value indicating the co-player’s higher willingness to for-

ive the co-player ( Forgive condition ), (2) negative value for blame,

ith c

c
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arm and Low harm conditions respectively. The other 8 trials with at-

itude ratings of "-2," "-1," "1," and "2" were filler trials. See Table S1 in

upplementary Materials for the distribution of estimation-incorrect tri-

ls in different Harm-Attitude conditions. The task was divided into 3

uns with equal number of trials for each condition in each run. Each

un consisted of 38 trials in total and lasted for about 14.5 minutes. Tri-

ls within a run were pseudo-randomly mixed to ensure that no more

han two consecutive trials were from the same condition. During the

canning, before and after Outcome phase and Attitude phase, a fixation

ross was presented for a variable interval ranging from 1 to 6 s for the

urpose of fMRI signal deconvolution. 

.4. Subjective ratings for the interactive task 

Before the interactive task, the participant was asked to predict the

o-player’s attitudes on the scale from -4 (‘higher willingness to blame’)

o 4 (‘higher willingness to forgive’) under High harm and Low harm

onditions respectively (i.e., the participant’s predicted attitude of the

o-player). After the interactive task and before the payment for partic-

pation, the participant recalled and rated his/her emotional responses

o the co-player after the co-player’s attitude was revealed (i.e., Attitude

hase) on a scale from 1 (‘not at all’) to 7 (‘very strong’) under each of

he six conditions respectively, including guilt, anger, gratitude, sadness,

nd embarrassment (i.e., the participant’s reactive social emotions). This

ay of post-experiment ratings has been proven effective in previous

tudies on social emotions, such as guilt ( Chang et al., 2011 ; Gao et al.,

018 ; Li et al., 2020 ; Yu et al., 2014 ; Zhu et al., 2018 ) and gratitude

 Liu et al., 2020 ; Yu et al., 2017 ; Yu et al., 2018 ; Zhu et al., 2018 ). We

id not ask participants to report their emotions during Outcome phase

ecause knowing that they would need to rate their emotions during

ttitude phase could influence how they evaluate their emotions for

utcome phase. No participant doubted the believability of the exper-

mental setup when he/she was asked to comment on the procedures

fter the experiment. 

.5. Behavioral replication 

To validate the robustness of our behavioral results of the fMRI ex-

eriment, additional 30 graduate and undergraduate students from uni-

ersities in Beijing, China were recruited for another behavioral experi-

ent (20 females, 22.23 ± 2.43 years). The procedure of this behavioral

xperiment was the same as the fMRI experiment, except that there was

o time jittering before or after Outcome phase or Attitude phase. 

.6. Behavioral analyses 

First, we fed participants’ ratings of guilt and anger and the amounts

f monetary allocation into 2 (Harm to the co-player: High vs. Low

arm) × 3 (Attitude of the co-player: Blame vs. Forgive vs. Neutral)

epeated-measures ANOVAs to examine whether Harm to the co-player

nd Attitude of the co-player had modulated participants’ guilt, anger

nd subsequent behaviors. 

Second, to test the hypothesis regarding the relationships between

xpectation violation and ratings of guilt and anger, we calculated ex-

ectation violation about the co-player’s attitude in each condition ac-

ording to the participant’s predicted attitude of the co-player before the

ask. Specifically, for the High harm situation, expectation violations in

lame, Forgive and Neutral conditions were computed respectively as

he difference between the average value of the co-player’s actual atti-

ude feedback in each corresponding condition during the task and the

articipant’s predicted attitude of the co-player in High harm situation

efore the task. Given that the co-players’ attitude feedbacks were pre-

etermined, with 12 trials for each attitude, namely, Blame (ratings of

-3" and "-4"), Forgiveness (ratings of "3" and "4"), and Neutral (rating

f "0"), in High harm and Low harm conditions respectively, the av-

rage values of the co-player’s actual attitude feedbacks were -3.5 for

lame, 0 for Neutral, and 3.5 for Forgive. Similarly, for the Low harm
4 
ituation, expectation violations in Blame, Forgive and Neutral condi-

ions were computed respectively as the difference between the average

alue of the co-player’s actual attitude feedback in each corresponding

ondition during the task (i.e., -3.5 for Blame, 0 for Neutral, and 3.5

or Forgive) minus the participant’s predicted attitude of the co-player

n Low harm situation before the task. The values of expectation viola-

ion in the six conditions were then fed into three separate linear mixed

odels (LMMs) as the predictor (fixed effect) for ratings of guilt, ratings

f anger and amounts of allocation respectively. By-participant random

lopes for each fixed effect were included in each LMM. LMM estima-

ions were conducted using “lme4 ” package in R ( Bates et al., 2014 ).

ll the variables were centered and normalized in each LMM to obtain

tandardized coefficients. 

Third, to investigate whether guilt and anger served as the two main

otivations underlying monetary allocation, LMMs were conducted

ith the amount of allocation as the dependent variable. By-participant

andom slope for each fixed effect was included in each LMM. Seven

odels were included and compared (Table S3 in Supplementary Mate-

ials ). Model 1 included both guilt and anger ratings as fixed effects.

o test the necessity of guilt and anger in allocation, Model 2 with

uilt rating as the single predictor and Model 3 with anger rating as

he single predictor were included. To test whether adding ratings of

ther emotions could explain more variance in the allocation, in Models

, 5 and 6, in addition to guilt and anger ratings, ratings of gratitude,

adness and embarrassment were included as additional fixed effects in

ach of the three models respectively. To exclude the possibility that the

mount of allocation could be better explained by other emotions rather

han guilt and anger, Model 7 included only ratings of gratitude, sad-

ess and embarrassment as fixed effects. Model goodness of fit was as-

essed using the Bayesian information criterion (BIC; Lewandowsky and

arrell, 2010 ), which takes into account both model fitness and com-

lexity. Parameters were estimated based on the best model (lowest

IC). 

To test whether guilt and anger mediated the effect of expectation

iolation on monetary allocation, we conducted a multiple mediation

odel analyses using structural equation modeling through the ’lavaan’

ackage in R software ( Rosseel, 2012 ). In this model, ratings of guilt

nd anger were included as two mediators simultaneously. Mediating

ffects of guilt and anger were compared in this model. All the vari-

bles of the multivariate mediation model were centered and normal-

zed within participant before the analyses. Standardized coefficient for

ach path of the model was labeled on corresponding figures. For each

ath of the model, the values of c indicated the effect of the correspond-

ng independent variable on dependent variable before controlling for

he effect of mediator; the values of c’ indicated the effect of the corre-

ponding independent variable on dependent variable after controlling

or the effect of mediator. A significant c’ indicated a partial mediation

hile a non-significant c’ indicated a complete mediation ( Preacher and

ayes, 2008 ). 

In the interactive task, we deliberately attempted to minimize the

articipant’s learning on the victim’s attitudes or characters by making

he co-players anonymous throughout the task. Using LMM, we further

ested whether the participant’s response pattern changed over trials,

ith the amount of monetary allocation as the dependent variable, and

arm to the co-player, Attitude of the co-player, trial ID and their inter-

ctions as predictors. By-participant random slope for each fixed effect

as included in this LMM. Results showed that neither the main effect of

rial ID nor its interactions with other experimental factors significantly

ontributed to the participant’s amounts of monetary allocation (Table

8). 

.7. Neuroimaging data acquisition and preprocessing 

Images were acquired on a 3.0 T MR scanner (GE MR750) with an

ight-channel head coil at Tongji University, Shanghai. T2-weighted

unctional images were acquired in 40 axial slices parallel to the an-
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erior commissural–posterior commissural line with no inter-slice gap,

ffording full-brain coverage. Images were acquired using an EPI pulse

equence (TR = 2000 ms; TE = 30 ms; flip angle = 90°; FOV = 192

m × 192 mm; slice thickness = 3 mm; voxel size x = 3 mm, voxel size

 = 3 mm). An ascending, interleaved slice acquisition order was used

tarting from the odd slices. A high-resolution, whole-brain structural

can (1 mm 

3 isotropic voxel MPRAGE) was acquired after functional

maging. Imaging processing was conducted following the standard pre-

rocessing procedures in the Statistical Parametric Mapping software

PM12 (Wellcome Trust Department of Cognitive Neurology, London,

K), including 1) discarding the first 5 volumes of the functional im-

ges to allow for stabilization of magnetization; 2) correcting for within-

can acquisition time difference between slices, with the middle (i.e., the

9th) slice as the reference, i.e., slice-time correction; 3) realigning the

emaining volumes to the sixth volume to correct for head-motion, and

enerate the six rigid-body motion parameters; 4) spatially normalizing

unctional images to the Montreal Neurological Institute (MNI) space

sing the EPInorm approach ( Calhoun et al., 2017 ) in which functional

mages are aligned to an EPI template, nonlinearly warped to stereotac-

ic space, and resampled to 3 mm × 3 mm × 3 mm isotropic voxels; 5)

patially smoothing functional images with an 8 mm FWHM Gaussian

lter; and 6) temporally filtering using a high-pass filter with a cutoff

requency of 1/128 Hz. Prior work has shown that spatial smoothing

oes not decrease the sensitivity of MVPA ( Hendriks et al., 2017 ; Op de

eeck, 2010 ). 

.8. Univariate general linear model analyses 

Univariate general linear model (GLM) analyses were conducted at

ndividual level (i.e., first-level analysis) in SPM12. In the GLM, we built

 design matrix with separable run-specific partitions. For each run, we

odeled twelve separate regressors in estimation-incorrect trials cor-

esponding to the six key conditions in Outcome phase and Attitude

hase respectively, spanning from the presentation of the correspond-

ng screen to the end of this event (3 s): 

High_harm_Blame_Outcome, High_harm_Forgive_Outcome, 

High_harm_Neutral_Outcome, Low_harm_Blame_Outcome, 

Low_harm_Forgive_Outcome, Low_harm_Neutral_Outcome, 

High_harm_Blame_Attitude, High_harm_Forgive_Attitude, 

High_harm_Neutral_Attitude, Low_harm_Blame_Attitude, 

Low_harm_Forgive_Attitude, Low_harm_Neutral_Attitude 

(R1 to R12). 

Regressors of no interest included: Attitude fillers (onsets of Attitude

hases in which the ratings were "-2," "-1," "1," and "2", R13, 3 s), Correct

utcome (onsets of Outcome phase in which the estimation was correct,

14, 3 s), Dot estimation (start from the presentation of dots to the end

f dot estimation phase, R15, 4.5 s) and Allocation phase (the phase for

llocation, R16, response time as duration). Six rigid-body motion pa-

ameters were also included as regressors of no interest (R17-R22) to re-

uce the impact of head motion on the patterns of functional activation

n the current event-related design ( Johnstone et al., 2006 ; Wilke, 2012 ).

ee descriptive statistics for head motion parameters in Table S4. Three

aseline regressors modeling the average activity in each run were in-

luded at the end of the design matrix. All regressors were convolved

ith a canonical hemodynamics response function (HRF). The statisti-

al maps estimation was conducted using restricted maximum likelihood

ReML), where temporal autocorrelation was estimated globally given

he residuals from an initial OLS model estimation. An autoregressive

R(1) model was used during ReML parameter estimation to account for

erial correlations ( Friston et al., 2002 ; Penny et al., 2003 ). The ReML

rocedure then pre-whitened both the data and the design matrix, and

stimated the model. The contrast images corresponding to the main ef-

ects of the twelve regressors of interest (R1 - R12) were extracted and

sed for training and test in the multivariate pattern analysis. 
.9. Multivariate pattern analysis (MVPA) 

Multivariate pattern analysis was carried out in Python 3.6.8 us-

ng the NLTools package version 0.3.14 ( https://nltools.org/ ). For each

inary classification, we used the contrast images for all participants

n the corresponding phase and linear Support Vector Machine (SVM)

 Friedman et al., 2001 ; Wager et al., 2013 ) to train a whole-brain

etween-participant multivariate pattern classifier discriminating the

orresponding binary conditions (e.g., "High harm" vs. "Low harm" in

utcome phase). SVM was

h t o

W a g e r

W a g 7 0 1 397.785C h a f 
 6 . 3 7 6 1 0 0 6.3761 357.1803 646.44 Tm984(66 3 T m 
 6 1 ( t o ) 1 1 Tf
7.970 1 0 0 7.9701 320.2505 698.448. 8 9 7 . 0 6 6 3 T m 
 6 1 ( t o ) ) T j 
 / F 2 1 Tf
6.376 1 0 0 6.3761 354.2814 667.455T 5 1 2 7 0 6 6 3 T m 
 6 1 ( t o ) 1 1 Tf
7.970 1 0 0 7.9701 320.2505 698.4571 4 1 1 5 F 6 6 3 T m 
 6 1 ( t o ) 0 1 3
/F2 1 Tf
6.376 1 0 0 6.3761 369.3119 667.466 30220663 T m 
 6 1 ( t o ) 1 1 Tf
7.970 1 0 0 7.9701 320.2505 698.470. 2 0 1 0 6 6 3 T m 
 6 1 ( t o ) T j 
 / 
 / F 2 1 Tf56.376 1 0 0 6.3761 424.7112 656.486 16620663 T m 
 6 1 ( t o ) 1 1 Tf
7.970 1 0 0 

https://nltools.org/


X. Gao, H. Yu, L. Peng et al. NeuroImage 244 (2021) 118631 

r  

fl  

r  

s  

a  

2  

p  

g  

t  

a  

r  

L  

s  

v  

c

 

p  

t  

i  

g  

o  

a  

u  

t  

g  

g

2

g

 

t  

R  

t  

d  

a  

t  

n  

r  

Y  

o  

d  

I  

u  

t  

p  

t  

c  

r  

v  

(

 

i  

W  

n  

r  

r  

v  

n  

m  

(  

f  

d  

c  

b  

r  

s

 

s  

d  

Y  

p  

t  

i  

t  

u  

p  

w  

p  

Y

2

n

 

c  

t  

t  

t  

i  

O  

s  

t  

p  

n  

w  

H  

Y  

fi  

c

 

c  

p  

b  

w  

t  

A  

u  

p  

f  

e  

c  

c  

w  

t  

t

 

r  

a  

2  

H  

(

2

 

g  

i  

b  

m  

(  

l  

e  

p  
eactive guilt pattern and the individual contrast images. This value re-

ects the distance between a given activation map and the classifier

epresented by a hyperplane in the feature space. The pattern expres-

ion values of all conditions and all the participants were then fed into

 repeated-measures ANOVA to test whether there existed a significant

 (Harm to the co-player: High vs. Low harm) × 3 (Attitude of the co-

layer: Blame vs. Forgive vs. Neutral) interaction effect as observed in

uilt rating. Additionally, the pattern expression values for the six condi-

ions in Attitude phase were regressed against guilt ratings to assess their

bility in predicting the feelings of guilt by using LMM. By-participant

andom slope for each fixed effect was included in this LMM and all the

MMs on pattern expression values in the following analyses. The same

et of analyses were conducted to test whether the whole-brain multi-

ariate pattern for reactive anger generated from binary classification

ould predict condition-wise post-experiment anger ratings. 

To test whether the processing of reactive guilt and anger in Attitude

hase exhibited shared or differential neural bases at whole-brain pat-

ern level, first, we conducted cross-emotion classification by calculat-

ng the forced-choice classification accuracy for how well High and Low

uilt groups were correctly classified based on pattern expression values

btained from the reactive anger pattern, and how well High and Low

nger groups were correctly classified based on pattern expression val-

es obtained from the reactive guilt pattern. Second, we tested whether

he pattern expression values for the six conditions in Attitude phase

enerated based on reactive guilt pattern were correlated with those

enerated based on reactive anger pattern using LMM. 

.9.2. Whole ‐brain multivariate classifications: comparing non ‐reactive 

uilt processing across studies 

Previous studies have suggested that a transgressor’s guilt is posi-

ively correlated with the extent of harm ( Berndsen and McGarty, 2010 ;

enetzky, 2015 ). This was supported by our behavioral results that par-

icipants felt guiltier in High harm condition than in Low harm con-

ition. Therefore, we predicted that neural differences between High

nd Low harm conditions in Outcome phase, where the co-player’s at-

itude was not yet available, should reflect the neural processing of

on-reactive guilt and should be similar to the neural signature of non-

eactive guilt established in previous studies (e.g., Yu et al. 2020a ).

u et al. (2020a) used the data of one previous univariate fMRI study

n non-reactive guilt ( Yu et al., 2014 ), in which the participant played a

ot estimation task together with an anonymous co-player on each trial.

f anyone responded incorrectly, the co-player would receive pain stim-

lation. Therefore, there were three conditions in Yu et al. (2014) where

he co-player would have to receive pain stimulation, namely “Co-

layer_Responsisble ”, “Both_Responsible ”, and “Self_Responsible ”. Par-

icipants’ self-reported guilt ratings were obtained for these three

onditions. Using this dataset, Yu et al. (2020a) trained a the non-

eactive guilt pattern (GRBS) discriminating High (Self_Responsible)

s. Low (Both_Responsible) guilt conditions by applying linear SVM

 Friedman et al., 2001 ; Wager et al., 2013 ). 

To identify neurocognitive processing related to non-reactive guilt

n Outcome phase, we used linear SVM ( Friedman et al., 2001 ;

ager et al., 2013 ) to develop a whole-brain classifier to discrimi-

ate High harm vs. Low harm conditions in Outcome phase in the cur-

ent study. To validate that the classifier was indeed related to non-

eactive guilt, we applied it to discriminate High (Self_Responsible)

s. Low (Both_Responsible) guilt conditions in a previous study on

on-reactive guilt ( Yu et al., 2014 ; Yu et al., 2020a ). In a comple-

entary manner, the non-reactive guilt pattern discriminating High

Self_Responsible) vs. Low (Both_Responsible) guilt conditions obtained

rom Yu et al. (2020a) was used to discriminate High vs. Low harm con-

itions in Outcome phase in the current study (i.e., cross-study classifi-

ation). The rationale is that, if the whole-brain classifier we developed

ased on the current dataset (Outcome phase) indeed captured the neu-

ocognitive processing of non-reactive guilt, then the accuracy of cross-

tudy classification should be higher than chance in both directions. 
6 
We also tested this hypothesis using values of pattern expres-

ion. We computed the pattern expression values for the three con-

itions (Self_Responsible, Both_Responsible, Co-player_Responsible) in

u et al. (2020a) based on the pattern classifier for harm in Outcome

hase, and tested whether these pattern expression values could predict

he guilt ratings in the corresponding conditions in Yu et al. (2020a) us-

ng LMM. Because knowing that they would need to rate their emo-

ions during Attitude phase could influence how participants eval-

ate their emotions for Outcome phase, we did not collect partici-

ants’ self-reported guilt ratings regarding Outcome phase. Therefore,

e could not conduct analyses concerning whether the pattern ex-

ression values in Outcome phase generated from the guilt pattern in

u et al. (2020a) could predict the guilt ratings in Outcome phase. 

.9.3. Whole ‐brain multivariate classifications: comparing reactive and 

on ‐reactive guilt processing 

To compare the neurocognitive processing of guilt before (i.e., Out-

ome phase) and after (i.e., Attitude phase) receiving the victim’s at-

itude feedback, we first developed a whole-brain classifier of reac-

ive guilt to discriminate the High vs. Low guilt conditions in Atti-

ude phase. Then we examined how well this reactive guilt classifier

n Attitude phase discriminated the High vs. Low guilt conditions in

utcome phase, and conversely, how well the non-reactive guilt clas-

ifier in Outcome phase discriminated the High vs. Low guilt condi-

ions in Attitude phase (i.e., cross-phase classification). We also com-

ared the neural processing of reactive guilt in this study and that of

on-reactive guilt reported in Yu et al. (2020a) . We examined how

ell the reactive guilt classifier in Attitude phase discriminated the

igh (Self_Responsible) vs. Low (Both_Responsible) guilt conditions in

u et al. (2020a) , and conversely, how well the non-reactive guilt classi-

er developed in Yu et al. (2020a) discriminated the High vs. Low guilt

onditions in Attitude phase (i.e., cross-study classification). 

We also tested this hypothesis using values of pattern expression. We

omputed the pattern expression values for the six conditions in Attitude

hase based on the non-reactive guilt pattern in Yu et al. (2020a) and

ased on the pattern classifier for harm in Outcome phase, and tested

hether the pattern expression values generated from these two pat-

erns could predict the guilt ratings in the corresponding conditions in

ttitude phase. Conversely, we computed the pattern expression val-

es for the three conditions (Self_Responsible, Both_Responsible, Co-

layer_Responsible) in Yu et al. (2020a) based on the pattern classifier

or reactive guilt in Attitude phase, and tested whether these pattern

xpression values could predict the guilt ratings in the corresponding

onditions in Yu et al. (2020a) . Given the lack of guilt ratings in Out-

ome phase as stated above, we could not conduct analyses regarding

hether the pattern expression values in Outcome phase generated from

he pattern classifier for reactive guilt in Attitude phase could predict

he guilt ratings in Outcome phase. 

As a supplementary analysis, we examined whether the responses of

eactive anger in Attitude phase could be distinguished by the multivari-

te pattern of anger developed in a previous meta-analysis ( Wager et al.,

015 ). This meta-analytical pattern of anger was used to discriminate

igh vs. Low anger conditions in Attitude phase in the current study

i.e., cross-study classification). 

.9.4. Functional parcellation ‐based MVPA 

We searched for specific brain regions that were involved in reactive

uilt and reactive anger processing in Attitude phase and harm process-

ng in Outcome phase respectively. To reduce the search space in the

rain, we used an a priori 200-parcel whole-brain parcellation based on

eta-analytically functional co-activation of the Neurosynth database

 Chang et al., 2021 ; de la Vega et al., 2016 ; van Baar et al., 2019 ) (parcel-

ation available at http://neurovault.org/images/39711/ ) and divided

ach contrast image for each condition and each participant into 200

arcels. The use of a parcellation scheme has several advantages over

http://neurovault.org/images/39711/
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he more conventional searchlight approach, such as less computation-

lly demanding and higher homogeneity with functional neuroanatomy

 Chang et al., 2021 ; Craddock et al., 2012 ; van Baar et al., 2019 ), and has

een proven efficient in multivariate based analysis ( Chang et al., 2021 ;

an Baar et al., 2019 ). Next, to identify parcels contributing to reactive

uilt processing, for each parcel, we applied SVM ( Friedman et al., 2001 ;

ager et al., 2013 ) to train a multivariate pattern classifier discriminat-

ng High guilt vs. Low guilt groups in Attitude phase ( Chang et al., 2015 ;

ager et al., 2013 ; Woo et al., 2014 ). The same set of analyses was con-

ucted to identify parcels contributing to reactive anger processing in

ttitude phase and non-reactive guilt processing in Outcome phase. Re-

ults were thresholded at q < 0.05, FDR (false discovery rate) corrected,

wo-tailed. 

Post hoc permutation tests were performed for each identified par-

el to illustrate how likely parcel-wise classification accuracies were

chieved by chance, compared with data-driven permutation-based null

istributions. For each parcel, by resampling the order of contrast im-

ges with 2500 permutations (2500-fold), we computed the classifica-

ion accuracies for reactive guilt and anger in each shuffled sample and

he probability of the estimated classification accuracies in permutations

eing greater than the observed classification accuracies (i.e., permuta-

ion p ). To further identify regions that were more sensitive to reactive

uilt processing than for reactive anger processing, for each permuta-

ion, we computed the difference between classification accuracies for

eactive guilt and reactive anger for each parcel. Permutation ps for ac-

uracy differences were computed for the probability of the estimated

ccuracy differences in permutations being greater than the observed

ccuracy differences. The same set of analyses was conducted to further

dentify regions that were more sensitive to reactive anger processing

han for reactive guilt processing in Attitude phase, and regions that

howed different sensitivities to non-reactive guilt processing in Out-

ome phase and reactive guilt processing in Attitude phase. Results were

hresholded at q < 0.05, FDR corrected, two-tailed. 

.9.5. Shared and differential neural processing in overlapped regions for 

eactive guilt and anger 

Although we observed that the involvements of dACC, pre-SMA,

mPFC and ventral striatum in the processing of reactive guilt and anger

n Attitude phase, it is possible that the patterns for reactive guilt and

nger in these overlapped regions may be different from each other. To

est this possibility, we computed pattern expression values for the six

onditions in Attitude phase based on guilt pattern and anger pattern

espectively for each of the four regions. If there existed a shared neu-

al representation of guilt and anger in a given brain region, then 1) the

ondition-wise pattern expression values obtained from the guilt pattern

nd from the anger pattern should be positively correlated, and 2) the

uilt classifier should be able to discriminate High and Low anger con-

itions, and the anger classifier should be able to discriminate High and

ow guilt conditions. Therefore, for each of the four regions, we tested

hether the pattern expression values for the six conditions in Attitude

hase generated from guilt pattern and those generated from anger pat-

ern were correlated with each other using LMMs. In each LMM, pattern

xpression values for reactive guilt and anger were regarded as depen-

ent variable and fixed effect respectively, with by-participant random

lopes for the fixed effect included. Moreover, for each of the four re-

ions, we calculated the forced-choice classification accuracies for how

ell High and Low guilt groups were correctly classified by the anger

attern and how well High and Low anger groups were correctly classi-

ed by the guilt pattern. 

.9.6. False ‐positive control 

For behavioral analyses, we used an independent replication to mini-

ize potential false positives of results. For fMRI analyses, in addition to

he FDR corrections applied for functional parcellation-based MVPA, we

onducted FDR corrections ( q < 0.05, two-tailed) on other fMRI analyses

o minimize false positives (i.e., Type II error). We explicitly defined six
7 
amilies of analyses with separate and independent statistical hypothe-

es and conducted multiple comparison corrections within each family:

1) Whether the reactive guilt pattern classifier identified in the current study

could distinguish between High vs. Low guilt conditions and predict guilt

ratings in Attitude phase (N Test = 3) ? This family included the bi-

nary classification between High vs. Low guilt conditions in Attitude

phase, the AVOVA and the LMM analyses on the pattern expression

values generated from the reactive guilt pattern classifier. 

2) Whether the reactive anger pattern classifier identified in the current

study could distinguish between High vs. Low anger conditions and pre-

dict anger ratings in Attitude phase (N Test = 3) ? This family included

the binary classification between High vs. Low anger conditions in

Attitude phase, the AVOVA and the LMM analyses on the pattern ex-

pression values generated from the reactive anger pattern classifier.

3) Whether there existed shared or differential representations for reactive

guilt and reactive anger in Attitude phase (N Test = 21)? This family

included cross-emotion binary classifications between reactive guilt

and anger, and the LMMs testing the relationships between pattern

expression values for reactive guilt and anger, both at whole-brain

level and local level (i.e., VS, dACC, pre-SMA, and dmPFC). 

4) Whether the non-reactive guilt in Outcome phase could be generalized

to and be distinguished by the previous study on non-reactive guilt

( Yu et al., 2020a ) (N Test = 4)? This family included the binary clas-

sification between High vs. Low harm conditions in Outcome phase,

the cross-study binary classifications and the LMM analysis testing

the relationships between pattern expression values for non-reactive

guilt (harm pattern) in Outcome phase and non-reactive guilt in

Yu et al. (2020a) . 

5) Whether there existed shared or differential representations for reac-

tive guilt and non-reactive guilt (N Test = 9)? This family included

cross-phase binary classifications between non-reactive guilt (harm

pattern) in Outcome phase and reactive guilt in Attitude phase,

cross-study binary classifications between non-reactive guilt in

Yu et al. (2020a) and reactive guilt in Attitude phase, and corre-

sponding LMM analyses on pattern expression values, both at whole-

brain level and local level (i.e., VS). 

6) Whether patterns for other related psychological processes could discrim-

inate conditions in the current study. This series of analyses included

the whole-brain patterns for physical pain ( Woo et al., 2014 ), social

rejection ( Woo et al., 2014 ), vicarious pain ( Krishnan et al., 2016 ),

empathic distress and empathic care ( Ashar et al., 2017 ), and skin

conductance and heart rate ( Eisenbarth et al., 2016 ) established in

previous studies. We tested whether these patterns could discrimi-

nate responses of non-reactive guilt (High vs. Low harm conditions)

in Outcome phase (sub-family 1; N Test = 7), reactive guilt (High vs.

Low guilt conditions) in Attitude phase (sub-family 2; N Test = 7),

and reactive anger (High vs. Low anger conditions) in Attitude phase

(sub-family 3; N Test = 7), respectively. Given that separate and inde-

pendent hypotheses were tested in these three sub-families, multiple

comparison corrections were conducted within each sub-family. 

.9.7. Statistical power analysis 

We conducted statistical power simulations to formally test 1)

hether the current sample size of fMRI study was adequate to draw

ur main conclusions regarding the neural processes, and 2) whether

he insignificant correlations between pattern expression values for re-

ctive guilt and anger arose from the differential neural representations

r just resulted from a limited power of analyses. To our knowledge,

here is no standard way of calculating effect size and statistical power

or the multivariate classification analysis directly from the fMRI data.

herefore, we focused on pattern expression values generated from the

ultivariate analyses instead. For each of the LMM analyses on pattern

xpression values, we computed the observed statistical power, as well

s the simulations of statistical power assuming the number of partic-
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Fig. 2. Behavioral results. (A - D) Participants’ pre-experiment prediction of the co-player’s attitudes in High and Low harm conditions (A), amount of monetary 

allocation (B), post-experiment rating of guilt (C), and post-experiment rating of anger (D) in the six conditions. The scale of monetary allocation ranged from 0 to 10 

points (1 point = 2 Yuan). The scales of guilt and anger ratings ranged from 1 (‘not at all’) to 7 (‘very strong’). (E) The regression betas indicating the contributions 

of expectation violation to the amount of monetary allocation, and post-experiment ratings of guilt and anger. (F) The regression betas indicating the contributions post-experiment ratings  guilt and anger to the amount  monetary post-experim e n t G49 420.039 Tm
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Table 1 

Descriptive statistics for behavioral results. 

Experiment Variable 

High harm Low harm 

Blame Forgive Neutral Blame Forgive Neutral 

fMRI Monetary 

allocation 

5.08 ± 0.42 5.77 ± 0.29 5.30 ± 0.30 3.78 ± 0.34 5.50 ± 0.32 4.84 ± 0.31 

Guilt rating 4.41 ± 0.29 4.93 ± 0.37 3.74 ± 0.28 2.15 ± 0.25 3.48 ± 0.30 2.93 ± 0.28 

Anger rating 2.33 ± 0.27 1.04 ± 0.04 1.44 ± 0.16 4.11 ± 0.28 1.15 ± 0.09 1.22 ± 0.10 

Behavioral 

Replication 

Monetary 

allocation 

2.43 ± 0.29 3.71 ± 0.38 2.86 ± 0.32 1.64 ± 0.27 3.24 ± 0.37 2.56 ± 0.29 

Guilt rating 4.47 ± 0.27 4.87 ± 0.29 3.17 ± 0.23 2.29 ± 0.22 3.97 ± 0.26 2.93 ± 0.21 

Anger rating 2.86 ± 0.31 1.30 ± 0.15 1.47 ± 0.16 3.43 ± 0.34 1.13 ± 0.10 1.43 ± 0.16 

Note: Each value in a cell represents Mean ± SE. During the task, participants made monetary allocation on a scale from 0 to 10 points in one-third of 

the trials. After the task, they rated their feelings of guilt and anger to co-players after the co-player’s attitude was revealed on a scale of 1 (‘not at all’) 

to 7 (‘very strong’) under each of the six conditions respectively. 
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ess induced increased feeling of guilt in the transgressor, the victim’s

lame fueled feeling of anger. 

Importantly, significant 2 (Harm: High vs. Low harm) ∗ 3 (Atti-

ude: Blame vs. Forgive vs. Neutral) interaction effects were observed

n ratings of both guilt ( F 2, 52 = 10.77, p < 0.001, 𝜂2 
partial = 0.29,

ower = 0.97; Fig. 2 C) and anger ( F 2, 52 = 30.23, p < 0.001,
2 

partial = 0.54, power = 1.00; Fig. 2 D). On one hand, in Low harm

onditions, the feeling of guilt was lower and the feeling of anger was

igher in Blame condition than in Forgive condition (guilt: t 26 = -5.21,

 < 0.001, Cohen’s d = 0.91; anger: t 26 = 10.79, p < 0.001, Cohen’s

 = 2.75) and Neutral condition (guilt: t 26 = -2.95, p = 0.020, Cohen’s

 = 0.56; anger: t 26 = 10.35, p < 0.001, Cohen’s d = 2.66); such differ-

nces were significantly reduced in High harm conditions (guilt Blame

s. Forgive: t 26 = -1.25, p = 0.667, Cohen’s d = 0.29; guilt Blame vs.

eutral: t 26 = 1.84, p = 0.231, Cohen’s d = 0.41; anger Blame vs. For-

ive: t 26 = 4.78, p < 0.001, Cohen’s d = 1.30; anger Blame vs. Neutral:

 26 = 3.25, p = 0.010, Cohen’s d = 0.77). Since a large proportion of par-

icipants predicted that the co-player would forgive them in Low harm

onditions, these results indicated that an unexpected negative attitude

eedback (i.e., blame) in Low harm condition might induce reduced feel-

ng of guilt and enhanced feeling of anger. On the other hand, in High

arm conditions, compared with Neutral condition, the feeling of guilt

as higher ( t 26 = 4.12, p = 0.001, Cohen’s d = 0.69) and the feeling of

nger was lower ( t 26 = -2.51, p = 0.056, Cohen’s d = 0.67) in Forgive

ondition; such differences were significantly reduced in Low harm con-

itions (guilt: t 26 = 2.20, p = 0.110, Cohen’s d = 0.36; anger: t 26 = -0.57,

 = 1.000, Cohen’s d = 0.15). Since a large proportion of participants pre-

icted that the co-player would blame them in High harm conditions,

hese results indicated that an unexpected positive attitude feedback

i.e., forgiveness) in High harm condition might induce increased feeling

f guilt and decreased feeling of anger. These results demonstrated po-

ential relationships between expectation violation and feelings of guilt

nd anger. 

To directly examine the relationships between expectation violation

nd feelings of guilt and anger, we calculated expectation violation of

o-player’s attitude in each condition according to participants’ pre-

icted attitudes of co-player before the task. Consistent with our hy-

othesis, results of linear mixed modeling ( Fig. 2 E) revealed that while

elf-reported guilt was positively correlated with the level of expecta-

ion violation ( 𝛽 = 0.37 ± 0.07 (SE), t = 5.84, p < 0.001, power = 1.00),

elf-reported anger was negatively correlated with the level of expecta-

ion violation ( 𝛽 = -0.59 ± 0.07, t = -8.44, p < 0.001, power = 1.00).

oreover, the amount of allocation was positively with the level of ex-

ectation violation ( 𝛽 = 0.32 ± 0.05, t = 6.00, p < 0.001, power = 1.00).

Next, we conducted linear mixed modeling and model comparison to

xamine whether guilt and anger, rather than other possible emotions

uch as gratitude, sadness and embarrassment, served as the main mo-

ivations for monetary allocation. Results demonstrated that the model

ith both ratings of guilt and anger as predictors for the amount of allo-

ation outperformed other models that had: (1) only one predictor of ei-
9 
her guilt or anger, (2) guilt, anger and gratitude as predictors, (3) guilt,

nger and sadness as predictors, (4) guilt, anger and embarrassment as

redictors, (5) gratitude, sadness and embarrassment as predictors (Ta-

le S3 in Supplementary Materials ). Parameters estimated based on this

inning model showed that while ratings of guilt contributed positively

o allocation ( 𝛽 = 0.28 ± 0.06, t = 4.86, p < 0.001, power = 1.00; Fig. 2 F),

atings of anger contributed negatively to allocation ( 𝛽 = -0.23 ± 0.07,

 = -3.44, p = 0.002, power = 0.99; Fig. 2 F). 

Finally, we examined whether feelings of guilt and anger mediated

he effect of expectation violation on the amount of allocation using mul-

ivariate mediation model analysis. A multiple mediation model with

he ratings of guilt and anger as mediators simultaneously ( Fig. 2 G)

howed that the total indirect effect of this model was significant, with

ormalized coefficient of overall mediating effect = 0.238, p < 0.001,

 = 0.208, p = 0.006, c’ = -0.030, p = 0.724, a complete mediation.

he normalized coefficients of the mediating effect of guilt and anger

ere 0.162, p < 0.001 and 0.076, p = 0.115, respectively. No signifi-

ant difference was observed between the mediating effect of guilt and

nger, 0.087, p = 0.180. The Kaiser-Meyer-Olkin (KMO) Measure of

ampling Adequacy ( Hair et al., 2006 ) and Bartlett’s test of spheric-

ty ( Tobias and Carlson, 1969 ) showed that the current dataset was

dequately sampled and met the criteria for structural equation mod-

ling (KMO value = 0.61 > 0.60, Bartlett’s test 𝜒2 = 139.42, df = 6, p

 0.001). This model performed well with comparative fit indices ex-

eeding the > 0.90 acceptable threshold (CFI = 1.00, TLI = 1.00), and

he root mean square error of approximation and the standardized root

ean squared residual were within the reasonable fit range of < 0.08

RMSEA < 0.001, SRMR = 0.013) ( Browne and Cudeck, 1992 ; Hu, 1995 ;

est et al., 2012 ). These results were in line with the hypothesis that

ocial expectation violation may serve as an important factor that influ-

nces the transgressor’s feelings of guilt and anger after receiving the

ictim’s attitude feedback, which in turn influences subsequent alloca-

ion behaviors. Note, the above behavioral results of fMRI experiment

ere independently replicated in an additional behavioral experiment

 Table 1 , Table S2, and Fig. S1). 

.2. Whole ‐brain pattern classifications for reactive guilt and anger in 

ttitude phase 

At neural level, we first investigated the neural bases underlying par-

icipants’ reactive guilt and anger after receiving victim’s attitude (i.e.,

ttitude phase) using multivariate pattern analysis (MVPA). For each

articipant, we categorized the conditions in Attitude phase into "High

uilt" and "Low guilt" groups based on post-experiment guilt ratings of

his participant. Using the images of all participants, we applied lin-

ar support vector machine (SVM) ( Friedman et al., 2001 ; Wager et al.,

013 ) to train a whole-brain multivariate pattern classifier for reactive

uilt discriminating these two groups of maps. With a 5-folds cross-

alidation method in which the images from the same participant were

eld out together, we calculated the accuracy and significance of the
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Fig. 3. Whole-brain multivariate pattern analyses for reactive guilt and anger in Attitude phase. (A) Whole-brain multivariate patterns discriminating High vs. 

Low guilt conditions and High vs. Low anger conditions in Attitude phase. (B) Receiver operating characteristic curves (ROCs) for within-emotion and cross-emotion 

classifications. Orange solid, cross-validations for High vs. Low guilt conditions in Attitude phase; orange dash, using High vs. Low guilt pattern to predict High vs. 

Low anger conditions; red solid, cross-validations for High vs. Low anger conditions in Attitude phase; red dash, using High vs. Low anger pattern to predict High vs. 

Low guilt conditions. (C and D) Pattern expression values of reactive guilt and reactive anger in the six conditions respectively. The modes of the pattern expressions 

of guilt and anger were consistent with the patterns of post-experiment ratings of guilt and anger. (E and F) Regression analyses showed that the condition-wise 

pattern expression values of guilt and anger were predictive of corresponding guilt and anger ratings. Error bars represent SEs . 
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VM classifiers using the forced-choice discrimination test (see details in

aterials and Methods , Chang et al., 2015 ; Wager et al., 2013 ; Woo et al.,

014 ). The same set of analyses was conducted to train a whole-brain

ultivariate pattern classifier for reactive anger by categorizing the con-

itions in Attitude phase into "High anger" and "Low anger" groups based

n post-experiment anger ratings. To be noted, in the current study, the

ategorization of guilt groups were not correlated with that of anger

roups ( 𝛽 = 0.27 ± 0.45, z = 0.61, p = 0.545), which ensured that

he multivariate pattern classification procedures for guilt and anger

ere independent from each other. Results showed that the whole-brain

lassifier for reactive guilt yielded an average classification accuracy of

0.4% ( ± 9.0%), p = 0.031, p FDR = 0.031, and the whole-brain classifier

or reactive anger yielded an average classification accuracy of 81.5%

 ± 7.6%), p < 0.001, p FDR = 0.002 ( Fig. 3 , A and B). 

To test whether the classifiers for reactive guilt could predict

ondition-wise post-experiment ratings of guilt, we obtained condition-

ise pattern expression values of guilt for each participant by computing

he dot product of the guilt classifier and each of the six contrast images

n Attitude phase. This value reflects the distance between a given ac-

ivation map and the classifier represented by a hyperplane in the fea-

ure space. The same analysis was conducted to obtain condition-wise

attern expression values of anger for each condition and each partici-

ant. Results showed that the modes of the pattern expressions of guilt

nd anger were consistent with the patterns of post-experiment ratings

f guilt and anger respectively, with significant 2 (Harm: High vs. Low

arm) ∗ 3 (Attitude: Blame vs. Forgive vs. Neutral) interactions in pattern

xpressions of guilt and anger (guilt: Fig. 3 C, F 2, 52 = 6.12, p = 0.004,

 FDR = 0.006, 𝜂2 
partial = 0.19, power = 0.87; anger: Fig. 3 D, F 2, 52 = 5.44,

 = 0.007, p FDR = 0.007, 𝜂2 
partial = 0.17, power = 0.83). Regression anal-

sis showed that these condition-wise pattern expression values of guilt

ere predictive of the corresponding guilt ratings ( 𝛽 = 0.54 ± 0.05,

 = 10.20, p < 0.001, p FDR = 0.003, power = 1.00; Fig. 3 E and Fig.

3A); so did the pattern expression values of anger ( 𝛽 = 0.62 ± 0.08,
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hese results indicated that the classifiers (i.e., multivariate brain acti-

ation patterns) of reactive guilt and anger accurately reflected neural

rocessing of each emotion in Attitude phase. Moreover, cross-emotion

lassification revealed that the pattern for guilt was not able to distin-

uish between High and Low anger 
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Fig. 4. Shared and differential neural local classifiers for reactive guilt and reactive anger after receiving the co-player’s attitude feedbacks. (A) Local 

classifiers that significantly discriminating High vs. Low guilt conditions (blue) and High vs. Low anger conditions (red) in Attitude phase, with yellow parts indicating 

the overlapping regions for these two emotions. (B) Classifications accuracies for High vs. Low guilt conditions (blue triangle) and High vs. Low anger conditions 

(red triangle) in overlapping regions. Each violin plot indicates the accuracy distribution of permutation tests for each classification. (C) Regions more sensitive to 

guilt than to anger (blue) and more sensitive to anger than to guilt (red). (D) Classification accuracies for High vs. Low guilt conditions (blue triangle) and High 

vs. Low anger conditions (red triangle) in regions that showed differential sensitivities to reactive guilt and anger. Each triangle represents the accuracy for each 

classification. Each violin plot indicates the accuracy distribution of permutation tests for each classification. Results were thresholded at q < 0.05, FDR corrected, 

two-tailed. 
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edial prefrontal cortex (dmPFC), dACC/aMCC, and pre-supplementary

otor area (pre-SMA), were sensitive to the processing of both reactive

uilt and anger ( Fig. 4 , A and B; Table S5). On the other hand, we con-

ucted 2500-fold permutation tests for brain regions that showed differ-

ntial classification abilities for reactive guilt and anger, and observed

rain regions that showed differential sensitivity to reactive guilt and

nger. Results showed that while left lateral orbitofrontal cortex (lOFC)

esponded more sensitively to guilt than to anger, superior frontal gyrus

SFG), dorsal pre-supplementary motor area (dpre-SMA) and middle in-

ula (mINS) responded more sensitively to anger than to guilt ( Fig. 4 , C

nd D; Table S5). 

Although we observed the involvements of dACC, pre-SMA, dmPFC

nd VS in processing both reactive guilt and anger in Attitude phase, it

s possible that the neural representations for guilt and anger in these

verlapping regions differed from one another (see patterns for guilt

nd anger in these regions in Fig. 5 A). To test this possibility, we com-

uted pattern expression values for the six conditions in Attitude phase

ased on the guilt pattern and the anger pattern respectively for each of

he four regions. If there existed shared neural representations of guilt

nd anger in a given brain region, then 1) the condition-wise pattern

xpression values obtained from the guilt pattern and the anger pat-

ern should be positively correlated, and 2) the guilt classifier should

e able to discriminate High vs. Low anger conditions, and the anger

lassifier should be able to discriminate High vs. Low guilt conditions.

ifferent results were obtained for the four brain regions. First, regres-

ion analyses showed that the pattern expression values obtained from

he guilt pattern and the anger pattern in VS were positively corre-
ated with each other ( Fig. 5 B; 𝛽 = 0.29 ± 0.09, t = 3.21, p = 0.004,

 FDR = 0.012, power = 0.88). In contrast, the pattern expression val-

es obtained from the guilt pattern and the anger pattern were un-

orrelated or negatively correlated with each other in dACC, pre-SMA

nd dmPFC ( Fig. 5 B; dACC: 𝛽 = -0.08 ± 0.08, t = -1.01, p = 0.315,

 FDR = 0.441, power = 0.04; pre-SMA: 𝛽 = -0.28 ± 0.10, t = -2.71,

 = 0.013, p FDR = 0.020, p FDR = 0.034, power = 0.68; dmPFC: 𝛽 = -

.18 ± 0.09, t = -1.98, p = 0.061, p FDR = 0.116, power = 0.47). Simula-

ions of sample size and statistical power confirmed that our conclusions

ould not change if the sample size increased (see Supplementary Mate-

ials and Fig. S3, D-G). Second, for VS, the pattern expression values in

igh anger conditions were significantly higher than those in Low anger

onditions based on the guilt pattern, with forced-choice classification

ccuracy of 59.3 ± 4.7%, p = 0.022, p FDR = 0.046; the pattern expres-

ion values in High guilt conditions was significantly higher than those

n Low guilt conditions based on the anger pattern, with forced-choice

lassification accuracy of 59.3 ± 4.7%, p = 0.022, p FDR = 0.046 ( Fig. 5 C).

n contrast, for dACC, pre-SMA and dmPFC, neither the pattern expres-

ion values based on the anger pattern could discriminate High vs. Low

uilt conditions, nor the pattern expression values based on the guilt

attern could discriminate High vs. Low anger conditions ( Fig. 5 , D-F;

ACC: guilt to anger accuracy = 53.1 ± 4.2%, p = 0.480, p 
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Fig. 5. Shared and differential neural representations for overlapping regions identified for reactive guilt and anger. (A) Local patterns for overlapping 

regions (i.e., dACC, pre-SMA, dmPFC and VS) for processing reactive guilt and anger. (B) Pattern expression values of reactive guilt and anger in the six conditions 

were obtained from the whole brain classifier and classifiers in dACC, SMA, dmPFC and VS, respectively. The first row refers to the regression betas capturing the 

relationships between pattern expression values of guilt and post-experiment guilt ratings in each region. The second row refers to the regression betas capturing the 

relationships between pattern expression values of anger and post-experiments anger ratings in each region. The third row refers to the regression betas capturing 

the relationships between pattern expression values of guilt and pattern expression values of anger ratings in each region. (C - F) Pattern expression values for High 

guilt, Low guilt, High anger and Low anger conditions obtained from guilt patterns and anger patterns in VS (C), dACC (D), pre-SMA (E) and dmPFC (F), respectively. 

The numbers above each paired bars indicate the forced-choice classification accuracy generated from pattern expression values of the corresponding two conditions. 

n.s. p > 0.05, ∗ p < .05, ∗ ∗ p < .01, ∗ ∗ ∗ p < .001, FDR corrected. Error bars represent SEs . 
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Fig. 6. Shared and differential neural representations for reactive guilt in Attitude phase and non-reactive guilt in Outcome phase. (A) ROCs for the two- 

choice forced-alternative accuracies for within-study and cross-study classifications using the data of Outcome phase in the current study and of Yu et al. (2020a) . 

Red solid, cross-validations for High vs. Low Harm in Outcome phase; red dash, using Outcome High vs. Low Harm pattern to predict High vs. Low guilt conditions in 

Yu et al. (2020a) ; orange solid, cross-validations for High vs . Low guilt in Yu et al. (2020a) ; orange dash, using Yu et al. (2020a) High vs. Low guilt pattern to predict 

High vs. Low harm conditions in Outcome phase. (B) ROCs for cross-phase and cross-study classifications. Red solid, using Attitude High vs. Low guilt pattern to 

predict High vs. Low harm conditions in Outcome phase; red dash, using Outcome High vs. Low harm pattern to predict High vs. Low guilt conditions in phase Attitude; 

orange solid, using Attitude High vs. Low guilt pattern to predict High vs. Low guilt conditions in Yu et al. (2020a) ; orange dash, using Yu et al. (2020a) High vs. Low 

guilt pattern to predict High vs. Low guilt conditions in Attitude phase. (C) Local classifiers that significantly discriminating High vs. Low guilt conditions in Attitude 

phase (i.e., reactive guilt; blue) and High vs. Low harm conditions in Outcome phase (i.e., non-reactive guilt; orange), with red parts indicating the overlapping 

regions. Results were thresholded at q < 0.05, FDR corrected, two-tailed. (D) Pattern expression values for High guilt and Low guilt conditions in Attitude phase 

and High harm and Low harm conditions in Outcome phase generated from patterns of Attitude (reactive guilt) and Outcome (non-reactive guilt) phases in VS. The 

numbers above each paired bars indicate the forced-choice classification accuracy generated form pattern expression values of the corresponded two conditions. 

(E) Regions responded more sensitively to Attitude than Outcome phases (blue) and regions responded more sensitively to Outcome than Attitude phases (orange). 

Results were thresholded at q < 0.05, FDR corrected, two-tailed. (F) Classifications accuracies for High vs. Low guilt conditions in Attitude phase (blue triangle) 

and High vs. Low harm conditions in Outcome phase (orange triangle) in regions that showed differential sensitivities in two phases. Each triangle represents the 

accuracy for each classification. Each violin plot indicates the accuracy distribution of permutation tests for each classification. n.s. p > 0.05, ∗ p < .05, ∗ ∗ p < .01, 
∗ ∗ ∗ p < .001, FDR corrected. Error bars represent SEs . 
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ions of sample size and statistical power confirmed that our conclusions

ould not change if the sample size increased (see Supplementary Mate-

ials and Fig. S3, I-K). These results suggested that after the co-player’s

ttitude feedback, the neural representation of guilt (i.e., reactive guilt)

ight differ from the representation of guilt at whole-brain level when

he co-player’s attitude is not involved (i.e., non-reactive guilt). 

As a supplementary analysis, we examined whether the represen-

ation of reactive anger in Attitude phase could be distinguished by

he multivariate pattern of anger identified in a previous meta-analysis

 Wager et al., 2015 ). It turns out that the meta-analytical anger pat-

ern discriminated High vs. Low reactive anger conditions in the current

tudy with an accuracy of 59.0 ± 5.3%, p = 0.034. Given that previ-

us studies on anger mainly focused on the neural bases of the victim’s

nger in response to transgressions ( Blair, 2012 ; Chang and Smith, 2015 ;

enson et al., 2009 ; Klimecki et al., 2018 ), this result indicate that there

ight exist shared neural representations underlying the processing of

he victim’s anger and the transgressor’s reactive anger. Unfortunately,

ince we did not have access to the behavioral and neuroimaging data

f any study on the victim’s anger, we could not use reactive anger pat-

ern built in the current study to predict the victim’s anger in the other

tudy. This deficiency calls for further studies to specifically address the

ssue. 

It is worth noting that the whole-brain patterns for physical pain

 Woo et al., 2014 ), social rejection ( Woo et al., 2014 ), vicarious

ain ( Krishnan et al., 2016 ), empathic distress and empathic care

 Ashar et al., 2017 ) or skin conductance and heart rate ( Eisenbarth et al.,

016 ) established in previous studies performed at chance or lower

han chance in discriminating High vs. Low harm conditions in Out-

ome phase, neither were these patterns able to discriminate High vs.

ow guilt conditions or High vs. Low anger conditions in Attitude phase.

hese null effects indicated that the results reported above, to a large

xtent, were not driven by other processes possibly related to guilt or

nger, such as pain or empathy (Table S6). 

.5. Shared and differential neural local classifiers for reactive guilt and 

on ‐reactive guilt 

Finally, we identified specific brain regions that were involved in

on-reactive guilt processing (e.g., High vs. Low harm) during Outcome

hase and compared this processing with that of reactive guilt during

ttitude phase using the 200-parcel whole-brain parcellation template

 de la Vega et al., 2016 ; van Baar et al., 2019 ). Results demonstrated the

nvolvements of VS in the processing of guilt during both Outcome phase

nd Attitude phase ( Fig. 6 C; outcome accuracy = 81.9 ±f
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uilt after receiving the victim’s attitudes. Our behavioral results were

eplicated in an independent sample, indicating that our results were

ot confounded by individual differences in the inability in emotion in-

rospection (Larsen and Fredrickson, 1999; Nisbett and Wilson, 1977).

e suggest that the current study opens venues for future investigations

nd technical developments. 

Specifically, by manipulating the victim’s reactive attitudes and the

xtent of harm, we examined the relationship between condition-wise

xpectation violation and guilt and anger obtained from subjective rat-

ngs. However, although we obtained novel evidence to demonstrate

he importance of expectation violation, this condition-wise measure-

ent is not sensitive enough to capture how expectation violation, so-

ial emotions and the corresponding brain responses vary in dynamic

ocial interactions. Relatedly, due to the need for balancing ecological

alidity and experimental controllability, the current task is interactive

nly from the perspective of the participants (i.e., or “reactive ” as some

esearchers define it; Hari et al., 2015 ), but not from the perspective

f the co-players, whose attitude feedbacks were pre-determined by the

omputer program. We acknowledge that paradigms involving real so-

ial interactions between participants are vital for deeper understanding

f social emotions and behaviors. 

First, the establishments of effective and predictive physical (e.g.,

acial expressions) and physiological (e.g., skin conductance responses,

upil dilation) measures are needed to monitor the variations of com-

lex social emotional responses ( Antony et al., 2021 ; Chang et al., 2021 ).

econd, recent theoretical work suggest that formalizing social emo-

ions using computational models is critical for characterizing their im-

act on behaviors and identifying neural and physiological substrates

uring dynamic social interactions ( Chang and Jolly, 2017 ; Chang and

mith, 2015 ; Jolly and Chang, 2019 ). In the current study, we deliber-

tely attempted to minimize the participant’s learning on the victim’s

ttitudes or characters by making the co-players anonymous through-

ut the task. Yet, how expectation violation influences social emotions

hen the transgressor repeatedly receives and learns about the victim’s

eactive attitudes is an interesting and theoretically important question

 Olsson et al., 2020 ; Siegel et al., 2018 ). Further studies combining so-

ial learning tasks with quantitative computational modeling are needed

o address this question. 

Although the view of expectation violation and equity maintaining

rovides a general framework for understanding inconsistent findings

n the literature regarding how the victim’s reactive attitudes modu-

ate the transgressor’s guilt and anger, there might be other factors that

ontribute to the reappraisal process but were not measured in the cur-

ent study. For example, from the interpersonal perspective, the victim’s

orgiveness or blame may shorten or increase the social distance be-

ween the victim and the transgressor, which could in turn modulate

he transgressor’s social emotions and subsequent behavioral tenden-

ies ( Baumeister et al., 1994 ; Wallace et al., 2008 ). This social distance

erceived from the victim’s attitude may serve as another, but possibly

orrelated, mediator or modulator of the relationship between expecta-

ion violation and the transgressor’s social emotions. Moreover, expecta-

ion violation and the perceived inequity derived from the victim’s atti-

udes may modulate the transgressor’s perception of self-responsibility

or the harm and hence their emotional responses ( Baumeister et al.,

990 ; Lemay Jr et al., 2012 ; León et al., 2009 ). Future studies are needed

o distinguish these psychological components. 

To conclude, by manipulating the victim’s attitudes towards the

ransgressor’s wrongdoings, the current study uncovered the psycholog-

cal and neural bases underlying the transgressor’s reactive guilt and

nger, as well as the differential neural representations underlying re-

ctive guilt and non-reactive guilt. These findings demonstrate the mu-

uality of social emotions and highlight the importance of understand-

ng social emotions from the perspective of interpersonal interaction.

ur approach of combining interactive game with multivariate pattern

nalysis opens a venue for investigating the neurocognitive bases of how
ther human social emotions (e.g., gratitude, shame and indebtedness)

nd behaviors arise and evolve during social interactions. 
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