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Abstract: As a fundamental concern of human beings, mortality salience impacts various human
social behaviors including intergroup interactions; however, the underlying neural signature
remains obscure. Here, we examined the neural signatures underlying the impact of mortality
reminders on in-group bias in costly punishment combining a second-party punishment task with
multivariate pattern analysis of fMRI data. After mortality salience (MS) priming or general nega-
tive affect priming, participants received offers from racial in-group and out-group proposers and
decided how to punish proposers by reducing their payoffs. We revealed that MS priming attenu-
ated in-group bias and dampened the discriminated activation patterns pertaining to group identi-
ties in regions previously implicated in costly punishment, including dorsomedial prefrontal
cortex, temporo-parietal junction, anterior cingulate cortex, and dorsolateral prefrontal cortex. The
group identity represented in multivariate patterns of activity of these regions predicted in-group
bias for the control condition, i.e., the stronger discriminative representations of group identities in
these regions; the larger was the in-group bias. Furthermore, the in-group bias was reliably
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decoded by distributed activation patterns in the punishment-related networks but only in the control
condition and not in the MS condition. These findings elucidate the neural underpinnings of the
effects of mortality reminders on intergroup interaction. Hum Brain Mapp 38:1281–1298, 2017. VC 2016

Wiley Periodicals, Inc.
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INTRODUCTION

Awareness of the inevitability of death represents one of
principal existential concerns for humans [Koole et al.,
2006]. The need to defend against the consciousness of
mortality plays a critical role in various aspects of human
behaviors [Becker, 1973; Burke et al., 2010; Pyszczynski
et al., 1997]. For instance, people reported increased ten-
sion in response to the inappropriate use of cherished cul-
tural symbols when reminded of mortality [Greenberg
et al., 1995a). When confronted with existential threat, peo-
ple were motivated to live up to social norms that are pre-
scribed by cultural worldviews; showing increased
compassionate and generous behaviors towards others
[Hirschberger et al., 2005; Jonas et al., 2002]. Moreover,
reminders of mortality could result in harsher reactions to
out-group members, attitudinally dissimilar others, and
social-norm violators [Greenberg et al., 1990; Rosenblatt
et al., 1989]. Those effects of mortality salience (MS) were
especially robust when death concerns were out of con-
sciousness, but were attenuated or even eliminated when
death concerns remained in the active memory [Greenberg
et al., 1994]. Accordingly, it is unlikely that these effects
could be attributed to the conscious experience of negative

affect (e.g., stress) that might be induced by the mortality
reminders. Indeed, the modulations of death-related
thoughts on social behaviors remained robust when gener-
ally aversive thoughts or specific stressful events (e.g., an
upcoming important exam) were employed as control
conditions [Greenberg et al., 1994; Greenberg et al., 1995b;
Greenberg et al., 1992].

Terror Management Theory attempts to explain these
effects of existential threat on human motivational behav-
iors, positing that maintaining one’s cultural worldviews
offers ways to attain at least symbolic immortality; and,
thereby helps to manage the potential for paralyzing terror
aroused by mortality reminders [Greenberg et al., 1986;
Greenberg et al., 1997]. In other words, when reminded of
death, social norms (e.g., fairness) and group membership
that constitute one’s worldviews become more salient and
people defend these values either in an aggressive or a
benevolent manner [Burke et al., 2010; Gailliot et al., 2008;
Jonas et al., 2008]. The impact of mortality reminders on
people’s responses to social norms and group membership
has been extensively documented in the social psychology
literature [Burke et al., 2010]; however, the underlying
neural signature remains underspecified.

The current work aims to reveal how reminders of
mortality modulated behavioral and neural signatures of
fairness-related decision-making during racial intergroup
interactions. Fairness and justice are key social norms that
constitute fundamental aspects of cultural worldviews
across human societies [Buckholtz and Marois, 2012; Hen-
rich et al., 2006]. People respond to unfair treatments with
negative emotions [Xiao and Houser, 2005; Yamagishi
et al., 2009] and are willing to punish transgressors at a
personal loss (i.e., costly punishment) [Fehr and Fisch-
bacher, 2003; Fehr and G€achter, 2002]. Furthermore, the
in-group bias of costly punishment has been identified,
such that people punish in-group members less severely
than out-group members for the same norm violations
[Baumgartner et al., 2012; Bernhard et al., 2006; Kubota
et al., 2013].

Previous neuroimaging studies have revealed several
large-scale brain networks associated with costly punish-
ment. First, the salience network, anchored in the anterior
insula (AI) and anterior cingulate cortex (ACC) with exten-
sive connectivity to subcortical structures (e.g., caudate), is
generally involved in generating an aversive feeling to induce
punishment [Corradi-Dell’Acqua et al., 2016; Harl�e et al.,
2012]. The salience network modulates the engagement of a
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second network, the default-mode network, which is
anchored in the medial prefrontal cortex (mPFC) [Bressler
and Menon, 2010]. This network is involved in integrating
emotional processes related to outcome of the norm violation
and social cognitive processes related to the goal behind the
norm violation [Buckholtz and Marois, 2012; Krueger and
Hoffman, 2016]. The outcome-integrating portion of the net-
work presumably works through the ventromedial PFC
(vmPFC), with its inter-network connections to regions with-
in the salience network [Krueger et al., 2009; Uddin, 2015].
The goal-integration portion of the network works through
the dorsomedial PFC (dmPFC), with its intra-network
connections to regions associated with mentalizing (e.g.,
temporo-parietal junction, TPJ), including inferring intentions
or desires of others [Frith and Frith, 2003; Krueger et al.,
2009]. The in-group bias in social decision-making is thought
to be mediated by the default-mode network [Baumgartner
et al., 2012; Baumgartner et al., 2013b; Rilling et al., 2008].
Finally, deciding a specific punishment, involves yet a third
network, the central-executive network (e.g., lateral PFC),
which is associated with converting the blame signal emanat-
ing from the default network into an actual punishment deci-
sion [Buckholtz and Marois, 2012].

Taken together, costly punishment engages a reflexive
system in the form of the salience network (e.g., AI) which
represents a motivation to punish the violators and a
deliberate system including the default-mode (e.g., mPFC)
and central-executive (e.g., lateral PFC) networks that inte-
grate different sources of information (e.g., membership)
to optimize decision-making. Notably, recent neuroimag-
ing studies on MS have suggested the modulations of
death reminders on those punishment-related networks
[Han et al., 2010; Quirin et al., 2012; Yanagisawa et al.,
2016; Yanagisawa et al., 2013]. For instance, compared to
other aversive stimuli, death-related stimuli evoked
decreased neural responses in bilateral AI [Han et al.,
2010] and increased neural responses in amygdala, cau-
date, ACC and lateral PFC [Quirin et al., 2012; Yanagisawa
et al., 2013]. Moreover, a recent study has identified the
involvement of amygdala and ventrolateral PFC (vlPFC)
and their connectivity in the processing of death-related
stimuli, which were further modulated by self-esteem
[Yanagisawa et al., 2016]. However, previous neuroimag-
ing findings only indicate that punishment-related net-
works are involved in the processing of death-related
stimuli, and it remains unclear whether the effects of mor-
tality reminders on costly punishment to racial in-group
and out-group members are modulated by similar neural
circuits.

Here we combined functional MRI and a multivariate
pattern analysis (MVPA) approach with a second-party
punishment task (i.e., ultimatum game, UG) [G€uth et al.,
1982] to examine the neural signatures underlying the
influence of mortality reminders on discriminated reac-
tions to in-group and out-group members (i.e., in-group
bias). First, forty Chinese female participants were

randomly assigned to undergo one of the two different
priming conditions: mortality-salience (MS) priming (MS
condition) and the priming of generally aversive thoughts
that are not associated with death (control condition) [see
also Li et al., 2015; Luo et al., 2014]. Then, participants
completed two delay tasks which presumably allowed
thoughts of death to recede from consciousness but yet
remain highly accessible in the following punishment task
[Greenberg et al., 1994]. Afterwards, participants acted as
second-party decision-makers (i.e., responders) receiving
offers from both racial in-group and out-group members
(i.e., proposers), and decided how much money they were
willing to spend to punish the proposers for their offers
[Strobel et al., 2011]. After the fMRI experiment, to exam-
ine the influence of MS on in-group bias in altruistic giv-
ing, participants completed a dictator game (DG) in which
they decided to distribute money between themselves (i.e.,
dictators) and passive in-group or out-group recipients
[Kahneman et al., 1986].

In light of previous findings, there were two competing
hypotheses concerning the influence of MS priming on in-
group bias of costly punishment [Jonas and Fritsche, 2013].
On the one hand, people might exhibit more distinct reac-
tions to in-group and out-group members when con-
fronted with potential death anxiety [Rosenblatt et al.,
1989], thus manifested higher in-group bias of costly pun-
ishment in the MS than the control condition. Alternative-
ly, death reminders could foster benevolent and affiliating
responses to others (i.e., peaceful effects) [Greenberg et al.,
1992; Hirschberger et al., 2005], especially among Eastern
cultural groups who exhibited more positive attitudes to
dissimilar others in MS condition than control condition
[Ma-Kellams and Blascovich, 2011] and among females
who were prone to showing concern and care for others in
the context of existential threat [Hirschberger et al., 2005].
Therefore, it was possible that reminding Chinese female
participants of their mortality would attenuate discrimina-
tions against out-group members. Furthermore, group
identity encoded in multivariate activation patterns were
examined using MVPA, a sensitive and increasingly popu-
lar technique for discriminating fine-grained activation
patterns pertaining to cognitive states (e.g., membership)
[Haxby et al., 2014; Kriegeskorte et al., 2006]. In particular,
we predicted that higher in-group bias in behavioral
responses would be associated with more reliable and dis-
tinct representations of group identity in the multi-voxel
patterns of activation among punishment-related networks
(e.g., AI, ACC, lateral PFC, mPFC, TPJ).

MATERIALS AND METHODS

Subjects

Chinese female students (n 5 40) participated for mone-
tary compensation in the current study. Participants were
right-handed, had normal or corrected-to-normal vision,
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and had no neurological or psychiatric history. There were
20 participants (mean age 6 s.d.: 21.2 6 2.7 years) in the
MS condition, and another 20 participants (mean age 6

s.d.: 22.1 6 2.6 years) in the control condition. The study
was approved by the Institutional Review Board at Beijing
Normal University (BNU) and written informed consent
was collected from all participants before the experiment.

Experimental Procedure and Task

Participants underwent three sessions for this study.
First, they were invited to the lab for a screening session a
week prior to the fMRI scanning and completed psycho-
logical surveys/questionnaires that were later used to
assign them to one of the two matched groups undergoing
different priming conditions. Psychological surveys/ques-
tionnaires included: Machiavelli (Mach IV test of Machia-
vellian) [Christie and Geis, 1970], attitudes toward
punishment (Attitudes-toward-Punishment Scale, ATPS)
[Viney et al., 1982], empathy (interpersonal reactivity
index, IRI) [Davis and Association, 1980], impulsiveness
(Barratt impulsiveness scale, BIS) [Patton and Stanford,
1995], personality style (NEO five-factor inventory, NEO-
FFI) [Costa and MacCrae, 1992], attachment style (Rela-
tionship Scale Questionnaire, RSQ) [Griffin and Bartholo-
mew, 1994], alexithymia (Toronto Alexithymia Scale-20
Items, TAS-20) [Bagby et al., 1994], self-esteem (Rosenberg
Self-Esteem Scale, RSES) [Rosenberg, 1965], and narcissism
(Narcissistic Personality Inventory, NPI) [Raskin and Hall,
1979].

Participants then had the chance to jointly earn mone-
tary rewards with other players by estimating the duration
of one second in a time-estimation task [Miltner et al.,
1997]. They were instructed that their performance for
each task trial would be paired with the performance of
another player from either a racial in-group (Chinese play-
ers) or out-group (Korean players). On each trial both
players could earn a joint reward (i.e., 12 monetary units
[MUs]), only when they both responded correctly.
Reponses were considered correct when they were within
a certain critical time interval, which was adapted accord-
ing to participants’ performance to maintain an average
accuracy of about 50% [Boksem et al., 2011]. Finally, par-
ticipants were informed the money that they had earned
with different partners would be used in the follow-up
fMRI experiment which implemented a variant of UG.

Second, participants returned the next week for the
fMRI scanning session to complete the UG. As responders,
per round of the game Chinese participants received an
offer (i.e., a split of 12 MUs) from other putative players
(i.e., proposers) with whom they had previously earned
the money during the time-estimation task in the screening
session. Previous research has demonstrated an in-group
bias among Chinese participants when Korean participants
were employed as out-group members [Ma et al., 2014;
Stoddard and Leibbrandt, 2014]. Thus participants were

instructed that some putative proposers were Chinese (i.e.,
racial in-group members) and others Korean (i.e., racial
out-group members) participants studying at the BNU
campus. Participants were told that responders and pro-
posers were given another 6 MUs per round of the game
[Strobel et al., 2011]. In response to each proposer’s alloca-
tion, they had to decide how many MUs they were willing
to spend to punish proposers by reducing their payoffs:
each MU spent by the responder reduced the payoff of the
proposer by 3 MUs [Bernhard et al., 2006; Fehr and
Fischbacher, 2004]. For instance, if the proposer split the
12 MUs into 6 MUs for herself and 6 MUs for the respond-
er and the responder decided not to punish the proposer
for this offer, then both players ended up with 12 MUs for
that round. Likewise, if the proposer split the 12 MUs into
12 MUs for herself and 0 MUs for the responder and the
responder decided to use all her 6 MUs to punish the pro-
poser, then both players ended up with 0 MUs for that
round. Importantly, participants were told that proposers
might end up with a loss in the case of serve sanctions,
which would be compensated by their show-up fee [Fehr
and Fischbacher, 2004]. Importantly, terms such as
“fairness,” “punish,” or “sanction” were not used in the
instructions. Instead, participants were told that they had
the chance to assign “deduction points” to the proposers
[Fehr and Fischbacher, 2004].

Prior to the fMRI scanning (while already in the scanner),
participants were asked to decide whether they agree or not
with statements (within 7 s) that were used to prime them
either for MS or general aversive thoughts (for similar pro-
cedures, see also Luo et al., 2014]. The MS priming state-
ments were related to death (e.g., “I feel suffering that I
cannot escape from death.”), whereas statements in the con-
trol condition were related to negative emotions such as
sadness, but not death (e.g., “I am often unhappy about
trivial matters in life.”). Since an aversive baseline condition
controls for the effects of generally negative affect unspecific
to MS [Greenberg et al., 1994], it has been often employed
in the MS literature [Goldenberg et al., 2006; Li et al., 2015;
Luo et al., 2014; Van den Bos and Miedema, 2000].

Following previous studies on MS [Greenberg et al.,
1995b; Van den Bos and Miedema, 2000], participants rat-
ed their state feelings using the positive and negative
affective schedule (PANAS) [Watson et al., 1988] after the
priming procedure. Afterwards, participants were asked to
perform 20 calculations in which they needed to judge
whether calculations (e.g., “4573–2649”) would result in an
odd or even number by pressing corresponding buttons
[Li et al., 2015; Luo et al., 2014]. Both procedures (PANAS
and calculation task) were employed to create a delay
between MS induction and decisions as well as neural
responses in the UG as the core dependent measures.
After the delay, thoughts of death were likely receded
from consciousness but yet remained highly accessible
when participants completed the UG [cf. Greenberg et al.,
1994]. Note that producing one or more delays between
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MS induction and dependent measures is a key experi-
mental procedure, since it has been consistently demon-
strated that the effects of MS on social behaviors are
eliminated if death-related thoughts remain in the current
focal attention [Burke et al., 2010; Greenberg et al., 1994].
Participants were randomly assigned either to the MS or
control condition based on a predefined sequence unknown
to the experimenter who implemented the economic games
(UG, DG). The priming procedures and delay tasks were
implemented by another experimenter.

Participants received instructions about the UG and
played four rounds of the game to get familiar with the
task. In each round of UG, a fixation cross was presented
(0.5 s) and followed by an offer from either in-group or
out-group members (6 s) (Fig. 1). Two images at the top of
the screen, easily identified by the color (red or yellow) of
the frame, represented group membership: one image
(right) representing the participant herself and the other
one (left) representing the proposer of the current round.
To distinguish membership, Chinese participants were
randomly assigned to either a red or a yellow group and
told that Korean participants were in the other group.
Using a response box, participants decided how many
MUs (0, 2, 4, or 6 MUs) they were willing to spend to
reduce the proposer’s payoff. The associations between
buttons and decisions were counterbalanced across partici-
pants. Finally, an optimized jitter (range of 1 to 7 s, aver-
age of 4 s) generated by an fMRI simulator software
(http://www.cabi.gatech.edu/CABI/archives/resources/
guide/fmrisim/) was presented, resulting in an average
duration of 10.5 s for each round. Stimulus presentation
and behavioral data collection were implemented using

Psychtoolbox (http://psychtoolbox.org/) [Brainard, 1997;
Pelli, 1997].

Participants completed two runs, each lasting 12 minutes
and 36 seconds (378 scans, 2 s/scan). Furthermore, three addi-
tional scans (6 s) were automatically added to the beginning of
each run to allow the MR signal to reach equilibrium but were
discarded later from the data analysis. Each run consisted of 72
rounds (with an average of 10.5 s per round) from both in-
group (36 rounds) and out-group members (36 rounds): nine
rounds of 12:0 offers, nine rounds of 9:3 offers, nine rounds of
7:5 offers, and nine rounds of 6:6 offers. Offers of 6:6 and 7:5
were clustered as fair offers and offers of 9:3 and 12:0 as unfair
offers. Clustering was based on a recent meta-analysis, which
indicated that dictators, on average, generously give about
30% of their endowment to the recipients [Engel, 2011]. The
within-subjects factors (2 [Offer: fair, unfair] 3 2 [Membership:
in-group, out-group]) consisted of 36 rounds per condition,
including fair offers from in-group members, unfair offers
from in-group members, fair offers from out-group members,
and unfair offers from out-group members.

Finally, in the post-scan session participants were reminded
of statements from the priming procedure and asked to report
their subjective feelings of closeness to death (i.e., “How close
did you feel to death after reading all the statements and
making your judgments?”) and fear of death (i.e., “How fear-
ful do you feel about death after reading all the statements
and making your judgments?”) on a Likert scale (0 5 “not at
all,” 10 5 “very much”). In addition, participants rated their
state feelings using the PANAS. Afterwards, participants
played ten rounds of the DG [Kahneman et al., 1986]. They
acted as dictators and decided how to allocate 10 MUs
between themselves and passive recipients from either the in-

Figure 1.

Time line of a single round of the second-party punishment experiment. MUs, monetary units.

[Color figure can be viewed at wileyonlinelibrary.com]
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group or out-group (five rounds per group membership).
Note that only data from 39 participants were collected for
this part of the experiment, since one participant undergoing
the control condition failed to complete the game.

To encourage real decisions from participants, it was
emphasized that they would be paid according to their
choices in the games in addition to fixed show-up compensa-
tion. However, each participant was paid privately with the
same amount of money (¥150 RMB, about $25) at the end of
the experiment [Civai et al., 2014; Corradi-Dell’Acqua et al.,
2013; Grecucci et al., 2013]. Before leaving the laboratory,
participants were debriefed and completed questionnaires
designed to examine their beliefs about the experimental
setup. No participants expressed doubts as to whether the
received offers were really proposed by other players and the
payoffs were dependent on their decisions in the game.

Data Acquisition

Imaging was performed on a 3 T Siemens Trio scanner
equipped with a 12-channel transmit/receive gradient head
coil at BNU’s Imaging Center for Brain Research. A T2-
weighted gradient-echo-planar imaging (EPI) sequence was
used to acquire functional images: TR/TE 5 2000 ms/30 ms,
flip angle 5 908, number of axial slices 5 33, slices thickness 5

3.5 mm, gap between slices 5 0.7 mm, matrix size 5 64 3 64,
and FOV 5 224 mm 3 224 mm. High-resolution anatomical
images covering the entire brain were obtained by applying a
magnetization prepared rapid acquisition with gradient-echo
(MPRAGE) sequence: TR/TE 5 2530 ms/3.39 ms, flip angle 5

78, number of slices 5 144, slices thickness 5 1.33 mm, matrix
size 5 256 3 256, FOV 5 256 mm 3 256 mm.

Statistical Analysis

Behavioral data

Behavioral data analyses were carried out using SPSS 21.0
(IBM, Somers, USA) with a threshold of P< 0.05 (two-tailed).
Mixed 2 3 2 3 2 analyses of variances (ANOVA) on perform-
ances in UG (i.e., rates of punishment, response times) were
applied with Offer (fair, unfair) and Membership (in-group,
out-group) as within-subjects factors and Priming (MS, con-
trol) as a between-subjects factor. Furthermore, a mixed 2 3 2
ANOVA on allocations in the DG was applied with Member-
ship (in-group, out-group) as a within-subjects factor and
Priming (MS, control) as a between-subjects factor. Finally,
two-sample t tests were performed to investigate differences
in age, psychological surveys/questionnaires (e.g., empathy
traits), and state feelings (e.g., subjective feelings of closeness
to death, fear of death, and state positive and negative emo-
tions) between MS and control conditions.

fMRI data: preprocessing

Neuroimaging data analyses were performed with
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/

). Preprocessing of functional data included slice-timing
correction, realignment through rigid-body registration to
correct for head motion, normalization to MNI space,
interpolation of voxel sizes to 2 3 2 3 2 mm3, smoothing
(8-mm full-width/half-maximum kernel) and temporal high-
pass filtering (removal of low frequency drift of T> 80 s).

fMRI data: univariate activation analysis

At the first level, we estimated a GLM for each subject
with separate experimental regressors for the factors Offer
(fair, unfair) and Membership (in-group, out-group). Onsets
of the experimental regressors were set to the beginning of
the offer phase, and they were modeled as stick functions
and convolved with canonical hemodynamic response func-
tion [B€uchel et al., 1998]. To control for the differences in
response times across conditions, response times were
added as an additional parametric regressor for each regres-
sor as suggested by previous works [Mumford and Pol-
drack, 2014; Poldrack et al., 2011]. The six movement
parameters of the realignment (three translations, three rota-
tions) were also included as nuisance regressors. The result-
ing GLM was corrected for temporal autocorrelations using
a first-order autoregressive model. We defined the contrast
of ‘in-group vs. out-group’ for further analyses at the second
level. Our interest in this contrast was based on behavioral
findings, in which the priming effects were identified only
with the Membership 3 Priming interaction (see Results
section). At the group level, the ‘in-group vs. out-group’
contrast images were fed into a two-sample t-tests (MS con-
dition vs. control condition) to examine the Membership 3

Priming interaction.
Statistical interferences were conducted with a region-of-

interest (ROI) analysis approach, focusing on those brain
regions consistently implicated in costly punishment based
on recent meta-analyses and reviews [Feng et al., 2015;
Gabay et al., 2014; Rilling and Sanfey, 2011], including
salience network (insula, ACC, caudate, putamen), default-
mode network (mPFC, PCC, TPJ), and central-executive
network (dlPFC). A small volume of interest was created
to include these brain regions in both hemispheres accord-
ing to the automated anatomic labeling (aal) atlas
[Tzourio-Mazoyer et al., 2002]: aal Insula and adjacent
Frontal_Inf_Orb ROIs were used for insula; aal ROIs Cin-
gulum_Ant, Cingulum_Mid, and Cingulum_Post were
used for cingulate cortex; mPFC was constructed as combi-
nation of the separate aal ROIs Frontal_Sup_Medial and
Frontal_Med_Orb; TPJ was constructed as aal ROIs Parieta-
l_Inf and SupraMarginal; dlPFC was generated with the
separate aal ROIs Frontal_Mid and Frontal_Sup; aal Cau-
date ROIs were employed for caudate; and aal Putamen
ROIs were used for putamen [for similar ROI construc-
tions, see also Corradi-Dell’Acqua et al., 2013; Strobel
et al., 2011]. Clusters as defined with a threshold of
t(38) 5 3.32 (corresponding to P< 0.001, uncorrected), were
significant if larger than the 95th percentile of the distribu-
tion of the largest clusters across the small volume
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obtained through 5,000 replications of the same analysis
on permuted datasets. The permutation test was imple-
mented with the SnPM toolbox of SPM (http://www2.
warwick.ac.uk/fac/sci/statistics/staff/academic-research/
Nichols/software/snpm/) [see also Corradi-Dell’Acqua
et al., 2011; Corradi-Dell’Acqua et al., 2014].

fMRI data: univariate correlation analysis

At the group level, we employed the contrast of interest
(i.e., “in-group vs. out-group”) to conduct voxel-wise cor-
relation analyses with the purpose of identifying brain
regions that correlated with the in-group bias of punish-
ment (i.e., rates of punishment to in-groups vs. rates of
punishment to out-groups) separately for the MS condition
and control condition. Multiple comparisons were
corrected with the same non-parametrical permutation
routines used in the univariate activation analysis.

fMRI data: multi-voxel pattern analysis

To identify the effects of priming on distributed patterns
of brain activation discriminating membership, we used
MVPA to detect distributed neural signatures of experimen-
tal conditions (i.e., in-group vs. out-group), even if the pat-
tern changes occurred in the absence of regional-average
activation changes [Haxby et al., 2014; Haxby et al., 2001].
Compared to conventional univariate analyses, the
increased sensitivity of MVPA is due to the following rea-
sons: (i) MVPA employs information distributed across mul-
tiple voxels and (ii) MVPA is blind to the direction of
activation changes across individuals [Woolgar et al., 2014].

MVPA was implemented using unnormalized and
unsmoothed functional images. For each subject, we estimat-
ed a GLM that was identical to that for the univariate analy-
sis, with the exception that each trial was separately modeled.
The estimated beta images of the GLM was then fed to a
support vector machine (SVM) classifier, implemented in The
Decoding Toolbox [Hebart et al., 2014]. Using a fixed cost
parameter (c 5 1), we performed a searchlight decoding anal-
ysis as described in previous studies [Corradi-Dell’Acqua
et al., 2011; Kriegeskorte et al., 2006; Wisniewski et al., 2016].
For each voxel in the individual native brain image, a sphere
with a radius of four voxels was defined. For both types of
membership (in-group, out-group) in each run, the parameter
estimates for each of the N voxels in a given sphere was then
extracted to represent an N-dimensional pattern vector. Pat-
tern vectors in one run (i.e., training set) were employed to
train the SVM to discriminate between the two types of mem-
bership, and the performance of the classifier was assessed on
the other independent run (i.e., test set). We computed d’
[Green and Swets, 1966] as a measure of the sensitivity of the
classifier to discriminate experimental conditions in the test
set [Corradi-Dell’Acqua et al., 2011, 2016]. This procedure
was repeated twice, with each run being the test set once. The
average d’ across two folds was calculated and assigned to
the central voxel of the sphere. The classification was con-
ducted for each voxel, resulting in a 3-D d’ map for each

subject. These d’ maps were then normalized and smoothed
using the same parameters as those for the univariate analy-
sis. At the group level, the effects of priming on the discrimi-
nations between memberships were examined with the same
non-parametrical permutation routines used in the univariate
activation analysis.

fMRI data: pattern regression analysis

The analysis aimed to test whether participants’ in-
group bias of punishment (i.e., rates of punishment to in-
groups vs. rates of punishment to out-groups) could be
decoded from patterns of differences in brain responses
between memberships (Fernandes et al., 2017]. This com-
plemented the univariate correlation analysis by providing
two primary advantages: (i) the multivariate nature of the
analysis enabled the detection of subtle and spatially dis-
tributed effects and (ii) the analysis allowed for predicting
unseen participants, offering information at the individual
rather than at the group level.

The pattern regression analysis was implemented in
PRoNTo (http://www.mlnl.cs.ucl.ac.uk/pronto/) and
included the following steps [Fernandes et al., 2017;
Schrouff et al., 2013]: (1) The “in-group vs. out-group”
contrast image for each participant was derived from the
first-level univariate activation analysis. (2) The ROIs
defined according to the aal atlas (see “fMRI data: univari-
ate activation analysis”) were used to reduce the number of
anatomical regions in the brain, resulting in 26 regions in
total. (3) For each ROI, a linear kernel or “similarity
matrix” was computed according to the activation patterns
of all voxels within the region. Therefore, a 20 3 20 (i.e.,
20 participants in each condition) kernel matrix was gener-
ated for each region in the MS and control conditions. (4)
Each kernel was normalized and mean centered to address
the difference in number of voxels among brain regions.
(5) The kernels from all the selected ROIs were hierarchi-
cally combined using Multiple Kernel Learning (MKL)
[Schrouff et al., 2014], which aims at simultaneously learn-
ing the kernel weights in supervised learning settings. In
particular, MKL determines the relative contribution of
each region (kernel weights) for the final decision function,
as well as the relative contribution of each voxel (voxel
weights) within each region. In other words, MKL can be
considered a hierarchical model, in which the models cor-
responding to individual brain regions are assembled to
form the final brain model. Given the sparse nature of the
MKL implemented in PRoNTo, only a subset of the
regions would be selected in the regression analysis.
(6) A nested cross-validation procedure was employed to
train the model and optimize the hyperparameters of the
model, with the external loop for examining the perfor-
mance of the model and the internal loop for optimizing
the hyperparameters. The leave-one-subject-out cross-vali-
dation (LOSOCV) was adopted for both external and inter-
nal loops [Cui et al., 2016; Fernandes et al., 2017]. (7) The
performance was assessed by measuring the consistency
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between the predicted and actual values, using Pearson’s
correlation coefficient (r). (8) The permutation test was
applied to determine the significance of the model’s perfor-
mance. That is, the differences in rates of punishment to in-
group members compared to out-group members (i.e., in-
group bias) was permutated across the sample (n 5 20 in
each condition) 1,000 times without replacement within the
MS or control condition, and the entire regression proce-
dure was reapplied each time. The P value for the r was
calculated by dividing the number of permutations that
showed a higher value than the actual value for the real
sample by the total number of permutation (i.e., 1,000).

RESULTS

Behavioral Results

Priming manipulation check

Participants felt closer to death (t38 5 2.33, P< 0.05,
Cohen’s d 5 0.74) and reported heightened fear of death
(t38 5 2.29, P< 0.05, Cohen’s d 5 0.72) in the MS condition
than in the control condition (Supporting Information
Table S1). In line with previous studies [Greenberg et al.,
1994; Van den Bos and Miedema, 2000], death reminders
did not modulate participants’ general affective feelings
after priming (negative affect [MS vs. control]: t38 5 0.49,
P> 0.05, Cohen’s d 5 0.16; positive affect [MS vs. control]:
t38 5 21.00, P> 0.05, Cohen’s d 5 20.32) and after fMRI
scanning (negative affect [MS vs. control]: t38 5 21.41,
P> 0.05, Cohen’s d 5 0.32; positive affect [MS vs. control]:
t38 5 21.44, P> 0.05, Cohen’s d 5 20.46) (Supporting
Information Table S1).

Decisions

The ANOVA on rates of punishment in UG showed
significant main effects of Offer (F1, 38 5 68.38, P< 0.0005)
and Membership (F1, 38 5 17.05, P< 0.0005), revealing that
participants punished more frequently in response to
unfair offers than to fair offers and to offers from out-
group members than from in-group members (Supporting
Information Fig. S1). In addition, a significant interaction
effect of Membership 3 Priming was observed (F1,

38 5 5.41, P< 0.05) (Fig. 2a), such that out-group members
were punished more frequently than in-group members
independently for type of offer but only after negative-
affect priming (P< 0.0005) and not after mortality-salience
priming (P> 0.05), indicating that MS priming reduced in-
group bias in punishment. Further, out-group members
were more frequently punished after negative-affect com-
pared to mortality-salience (P< 0.05) priming. Other
effects were not significant: Priming (F1, 38 5 2.14, P> 0.05),
Offer 3 Priming (F1, 38 5 0.001, P> 0.05), Offer 3 Member-
ship (F1, 38 5 1.00, P> 0.05), and Offer 3 Membership 3

Priming (F1, 38 5 3.30, P> 0.05). Note that the statistical
analysis for response time in UG is described in the
supplementary material (Supporting Information Fig. S2).

Finally, to further examine differences in the in-group
bias between conditions, we assessed the correlations
between punishment rates of in-group and out-group
members separately for the MS condition and control
condition (Fig. 2b). A significant positive correlation was
identified for the MS condition (n 5 20, r 5 0.94, P< 0.0005)
but not for the control condition (n 5 20, r 5 20.15, P> 0.05),
echoing the notion that participants treated in-group and
out-group members similarly in the MS condition but not in
the controls condition.

The ANOVA on amounts of DG allocation after the
fMRI scanning demonstrated a main effect of Membership
(F1, 37 5 7.90, P< 0.01, g2

p 5 0.18), indicating that partici-
pants showed greater generosity for in-group than for out-
group members. Moreover, the main effect of Priming was
significant (F1, 37 5 12.25, P< 0.005, g2

p 5 0.25), revealing
that people were more generous in the MS condition than
the control condition (Fig. 2c). The interaction effect of
Membership 3 Priming was not significant (F1, 37 5 0.46,
P> 0.05, g2

p 5 0.01). In addition, a significant positive cor-
relation between amounts of giving to in-group and out-
group members was only identified for the MS condition
(n 5 20, r 5 0.73, P< 0.0005) but not for the control condition
(n 5 19, r 5 20.08, P> 0.05), indicating that participants
treated in-group and out-group members similarly in the
MS condition but not in the controls condition (Fig. 2d).

Control measures

No significant differences were observed in age and psy-
chological surveys/questionnaires between priming groups
(all P> 0.05) (Supporting Information Table S2).

Neuroimaging Results

Univariate activation analysis

The interaction between Priming and Membership (i.e., MS
[out-group – in-group] vs. control [out-group – in-group])
did not reveal any significant changes in brain activations.

Univariate correlation analysis

Only for the control condition but not the MS condition,
differences in rates of punishment showed significant posi-
tive correlations with the neural responses to the contrast
of interest (in-group vs. out-group) in the following brain
regions: bilateral TPJ, AI, rostral ACC, and middle frontal
gyrus (Table I and Fig. 3). That is, the stronger the activa-
tions in these regions in response to out-group compared
to in-group members, the more frequently participants
punished out-group than in-group members.

Multi-voxel pattern analysis

The analysis aimed to identify regions in which spatial
patterns of brain activity differentiating memberships (i.e.,
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in-group vs. out-group) were more robust and distinct in
the control condition than the MS condition based on the
patterns observed at the behavioral level. The MVPA
revealed the following brain regions (q(FDR)< 0.01, cor-
rected at the voxel level in conjunction with cluster

size> 20 voxels): bilateral TPJ, dmPFC, caudal ACC, right
dlPFC, and left lateral orbitofrontal cortex (lOFC) (Table II
and Fig. 4). Among these regions, discriminated activation
patterns pertaining to membership were more robust and
distinct in the control condition than in the MS condition.

Figure 2.

Behavioral data. (a) Average rates of punishment as a function

of membership and priming. (b) Correlations between rates of

punishment to in-group and out-group members as a function of

priming. (c) Average amounts of allocations in the Dictator

Game as a function of membership and priming. (d)

Correlations between amounts of altruistic giving to in-group

and out-group members as a function of priming. *P< 0.05,

**P< 0.005, ***P< 0.0005. Error bars indicate standard error.

MS, mortality salience; n.s., not significant. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE I. Brain regions showing positive correlations between in-group bias of costly punishment and neural

response to in-groups compared to out-groups in the control condition

Brain regions

MNI coordination of
local maxima (mm)

Local maxima
Cluster size (voxel)x y z T

LTemporo-parietal junction 230 254 50 7.26 1059
RTemporo-parietal junction 30 252 46 7.59 406
Anterior cingulate cortex 212 8 52 5.98 205
RMiddle frontal gyrus 24 4 54 4.34 197
LMiddle frontal gyrus 224 6 56 4.44 189
LAnterior insula 228 30 6 5.91 173
RAnterior insula 30 26 6 5.44 128

P< 0.05 permutation-based correction for multiple comparisons at the cluster level with a cluster-defining threshold of uncorrected
P< 0.001, voxel size 5 2 3 2 3 2 mm. R, right; L, left.
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To explore whether the group identity represented in
these regions predicted behavioral discriminations against
out-group members (i.e., in-group bias), we performed
exploratory correlation analyses between d’ values extracted
from these regions and participants’ in-group bias of costly
punishment. For the control condition, significant positive
correlations were found between behavioral in-group bias
and membership-discrimination information in all of these
regions, whereas no significant correlations were identified
for the MS condition: dmPFC (control: n 5 20, r 5 0.61,
P< 0.01; MS: n 5 20, r 5 20.10, P> 0.05) (Fig. 5a), caudal
ACC (control: n 5 20, r 5 0.59, P< 0.01; MS: n 5 20, r 5 0.24,
P> 0.05) (Fig. 5b), left lOFC (control: n 5 20, r 5 0.56,
P< 0.05; MS: n 5 20, r 5 0.27, P> 0.05) (Fig. 5c), right dlPFC
(control: n 5 20, r 5 0.64, P< 0.005; MS: n 5 20, r 5 20.12,
P> 0.05) (Fig. 5d), left TPJ (control: n 5 20, r 5 0.77,
P< 0.0005; MS: n 5 20, r 5 0.32, P> 0.05) (Fig. 5e), and right
TPJ (control: n 5 20, r 5 0.70, P< 0.005; MS: n 5 20, r 5 0.33,
P> 0.05) (Fig. 5f).

Pattern regression analysis

The analysis aimed to complement the univariate correla-
tion analysis by examining whether patterns of differences

in activity between out-groups and in-groups in the
punishment-related networks could be used to decode indi-
vidual in-group bias of costly punishment. Based on patterns
of differences in neural response between memberships, the
correlation coefficient (r) between actual and predicted in-
group bias of costly punishment was significant for the model
in the control condition (r 5 0.78, P 5 0.001) (Figs. 6a and 7a).
In the MS condition, however, no significant results were
identified (r 5 20.03, P> 0.05) (Fig. 6b). In other words, the
MKL model could decode behavioral in-group bias of costly
punishment from activation patterns of differences in neural
response between memberships in the control condition but
not in the MS condition.

In the control condition, a total of 13 regions had a non-
null contribution to the final decision model in the MKL,
including bilateral TPJ, insula, vmPFC, PCC, and dlPFC
among others (Table III). Voxel weights in the whole small
volume and the six top regions ranked by the region
weights for the MKL model are illustrated in Figure 7b,c,
respectively.

Figure 3.

Brain regions showing positive correlations between in-group bias of costly punishment and neural

response to in-groups compared to out-groups in the control condition. Images were thresholded

at P< 0.05 corrected for multiple comparisons at the cluster level. L, left; R, right; MFG, middle

frontal gyrus; AI, anterior insula; ACC, anterior cingulate cortex; TPJ, temporo-parietal junction.

[Color figure can be viewed at wileyonlinelibrary.com]
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DISCUSSION

Our study employed multi-voxel decoding of functional
MRI to examine the neural signatures underlying the effects
of mortality reminders on the in-group bias in costly punish-
ment. We showed that participants punished out-group
members more frequently than in-group members in the

control condition, which were consistent with previous obser-
vations on the in-group bias in costly punishment [Baumgart-
ner et al., 2011; Baumgartner et al., 2013a). Those exaggerated
aggressive reactions to out-group members might reflect the
motivations of revenge or the attempts to establish domi-
nance by expressing aggression, given that participants in the
control condition punished out-group members regardless of

Figure 4.

Brain regions exhibiting higher discriminations of membership

information in the control condition than in the mortality-

salience condition. Images were thresholded at P< 0.01

FDR-corrected for multiple comparisons at the voxel level. L,

left; R, right; dlPFC, dorsolateral prefrontal cortex; TPJ,

temporo-parietal junction; lOFC, lateral orbital frontal cortex;

dmPFC, dorsomedial prefrontal cortex; ACC, anterior cingulate

cortex. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Brain regions exhibiting higher discriminations of membership information in the control condition than

in the mortality-salience condition

Brain regions

MNI coordination of
local maxima (mm)

Local maxima Cluster size
(voxel)x y z T

Dorsomedial prefrontal cortex 4 46 32 4.66 638
Caudal anterior cingulate cortex 2 210 30 4.16 517
LLateral orbitofrontal cortex 250 34 24 4.23 64
RTemporo-parietal junction 34 246 46 4.00 61
RDorsolateral prefrontal cortex 18 22 56 4.13 48
LTemporo-parietal junction 254 228 46 3.82 22

Voxel-wise q(FDR)< 0.01 in conjunction with cluster size >5 20 voxels (voxel size 5 2 3 2 3 2 mm), permutation-based correction for
multiple comparisons. R, right; L, left.
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fairness [see also G€achter and Herrmann, 2009; Sylwester
et al., 2013]. Importantly, the in-group bias of costly punish-
ment was diminished by MS priming and the awareness of
death instigated higher generosity towards both in-group
and out-group members. Furthermore, participants’ behav-
ioral reactions to out-group and in-group members were
barely correlated with each other in the control condition, fur-
ther implicating the decimations against to out-group mem-
bers. In contrast, MS priming resulted in highly coordinated
reactions between memberships, such that participants’ reac-
tions to in-group members were positively correlated with
those to out-group members. Taken together, our behavioral

findings provided converging evidence on the MS-induced
decreases in discriminations against out-group members.

Underlying the behavioral effects were more robust and
distinct neural representations of membership in the bilat-
eral TPJ, dmPFC, ACC, right dlPFC, and left lOFC for the
control condition compared to the MS condition. Further-
more, the membership-discrimination information in these
regions predicted in-group bias of costly punishment in
the control condition, whereas mortality reminders damp-
ened these brain-behavior associations. In addition, activa-
tions of AI, ACC, dlPFC, and TPJ to in-groups compared
to out-groups served as neural predictors of the in-group
bias in the control condition, i.e., the stronger the

Figure 5.

Correlations between in-group bias of costly punishment and

membership-discrimination information represented in punishment-

related regions. In the control condition but not in the MS condition,

in-group bias of punishment (out-group vs. in-group) showed positive

correlations with discriminated representations of membership in

dmPFC (a), caudal ACC (b), left lOFC (c), right dlPFC (d), left TPJ

(e), and right TPJ (f). L, left; R, right; dmPFC, dorsomedial prefrontal

cortex; ACC, anterior cingulate cortex; lOFC, lateral orbital frontal

cortex; dlPFC, dorsolateral prefrontal cortex; TPJ, temporo-parietal

junction; n.s., not significant. *P< 0.05, **P< 0.005. [Color figure can

be viewed at wileyonlinelibrary.com]
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activation of these regions in response to out-group mem-
bers, the higher in-group bias. Further, it was revealed
that patterns of differences in neural responses between
memberships were sufficient to decode the behavioral in-
group bias at the individual level in the control condition.
Again, those brain-behavior associations regarding in-
group bias were diminished by MS priming. We interpret
these findings as that reminding people of their mortality
attenuates discriminations between in-group and out-
group members.

Importantly, it is unlikely that those behavioral and neu-
ral effects are attributed to the participants’ aversive feel-
ings such as stress responses, which also instigate pro-
social behaviors [von Dawans et al., 2012]. First, MS effects
are stronger when death-related thoughts are out of con-
sciousness compared to when these thoughts remain in
current active memory [Burke et al., 2010; Greenberg et al.,
1994], underscoring the unconscious nature of death con-
cerns on social behaviors. Second, the MS manipulations
have consistently failed to evoke enhanced general nega-
tive affect or physiological arousal compared to the control
condition [Rosenblatt et al., 1989; Van den Bos and Mie-
dema, 2000], whereas these measures are often employed

as indicators of stress responses [van Marle et al., 2009;
von Dawans et al., 2012]. Notably, one study did identify
the increased negative affect induced by MS, but only after
delay tasks and not immediately after MS priming [Rout-
ledge et al., 2010]. However, the current findings cannot
be attributed to the negative affect raised after the delay
tasks, since there were no significant differences in nega-
tive affect collected in the post-scan session between MS
and control conditions. Third, MS effects remain robust
when stressful life events are employed as control topics
[Greenberg et al., 1994, 1995b; Rosenblatt et al., 1989].
Together, it is more likely the accessibility to death con-
cerns than potential affective impact that induces the MS
effects on social behaviors. In line with this idea, our
manipulation check indicated that MS priming compared
to the control condition induced stronger fear of death and
feelings of closeness to death, implicating an increased
accessibility to death-related thoughts in the MS condition.

From the perspective of Terror Management Theory,
social values such as fairness and membership protect
people from existential threat [Greenberg et al., 1990,
1997]. Therefore, reminding people of their own mortality
increases adherence and defense of these social values.
On the one hand, this could be manifested as harsh and
hostile reactions to moral transgressors [Florian et al.,
2001; Greenberg et al., 1990; Schindler et al., 2012] and
out-group members [Harmon-Jones et al., 1996; Rosenblatt
et al., 1989]. On the other hand, existential threat induced
by death reminders can also be buffered by benevolent
and tolerant responses to others (i.e., peaceful effects),
including out-group members or norm violators in certain
contexts [Greenberg et al., 1992; Hirschberger et al., 2005;
Jonas and Fritsche, 2013; Lieberman et al., 2001; Niesta
et al., 2008; Schimel et al., 2006; Wisman and Koole, 2003].
Indeed, mortality reminders does not necessarily lead to
intergroup conflict and intolerance, but also fosters for-
giveness toward an antagonistic out-group member [Schi-
mel et al., 2006]. Similarly, an awareness of death reduces
prejudice toward out-group members when people are
reminded of the importance of pro-social norms [Gailliot
et al., 2008].

This idea is further reinforced by our findings that mor-
tality reminders attenuated the in-group bias during inter-
group decision-makings by (i) reducing exaggerated harsh
reactions to out-group members, (ii) increasing coordinat-
ed behavioral reactions between memberships, and (iii)
augmenting altruistic giving to both in-group and out-
group members. Taken together, our findings in line with
the Terror Management Theory complement previous
observations on the benevolent behaviors induced by mor-
tality reminders. There are two possible accounts for cur-
rent observations that MS priming evoked peaceful rather
than aggressive responses to out-group members. First, an
Eastern cultural sample was recruited in the current study.
It has been previously demonstrated that MS priming
induced benevolent rather than harsh responses to

Figure 6.

Histograms of the permutation distribution of the correlation

coefficient observed in pattern regression analysis. (a) Permuta-

tion distribution of the correlation coefficient in the control

condition. (b) Permutation distribution of the correlation coeffi-

cient in the MS condition. The values obtained using the real

data are indicated by the arrows. MS, mortality salience. [Color

figure can be viewed at wileyonlinelibrary.com]
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dissimilar others among participants from Eastern cultures
[Ma-Kellams and Blascovich, 2011]. This is presumably
due to the reason that high values were put to social ties
(i.e., interdependent self) in Eastern cultures; therefore, it
is likely that Eastern cultural groups defend themselves
from existential threat by affirming rather than derogating
others [see also Ma-Kellams and Blascovich, 2011]. Second,
only female participants were recruited. Males and females
defend themselves against death differently, such that
males are motived to display strength and independence,
whereas females focus on showing concern and care for
others [Hirschberger et al., 2005], which might be another
explanation for why we found decreased discriminations
between in-group and out-group members under MS
priming. In either case, our findings indicate that socially
constructive behaviors, such as showing tolerance and care

towards others, might be an important way to defend
against existential threat [Jonas and Fritsche, 2013; Niesta
et al., 2008].

Our neuroimaging findings provided additional evidence
for the assumption that people show less distinct reactions to
in-group and out-group members under MS priming. Specifi-
cally, the strength of representations in the dmPFC, bilateral
TPJ, caudal ACC, and right dlPFC differentiating between
memberships were significantly attenuated in the MS condi-
tion compared to the control condition. The dmPFC and TPJ
as core regions of implementing theory-of-mind reasoning
have been consistently associated with in-group favoritism
and out-group derogation during the intergroup interactions
[Baumgartner et al., 2012, 2013b; Rilling et al., 2008]. For
instance, Baumgartner et al. (2013b) has demonstrated a caus-
al role of TPJ in in-group bias of costly punishment by

Figure 7.

MKL findings revealed in the pattern regression analysis in the control condition. (a) Line plot showing

consistency between actual and predicted in-group bias of punishment. (b) Weight maps in the whole

small volume. (c) Top six regions ranked by the MKL model used for predicting in-group bias of costly

punishment. [Color figure can be viewed at wileyonlinelibrary.com]
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showing that disruption of the TPJ led to decreased in-group
bias. The ACC as a region of the salience network has been
implicated in encoding aversive feelings and/or norm viola-
tions during social interactions and are predictive of harsh
reactions to norm violations [Chang and Sanfey, 2013; Xiang
et al., 2013]. For instance, a recent neuroimaging study
employing MVPA identified domain-general affective proc-
essing in the ACC, pointing to a common coding of affective
unpleasantness, arousal, or the salience of the experience
[Corradi-Dell’Acqua et al., 2016]. Finally, the dlPFC as a
region of the central-executive network is associated with
integrating context-dependent information (e.g., member-
ship) from the default and salience networks and converting
them into an actual punishment decision [Feng et al., 2015;
Krueger and Hoffman, 2016]. Taken together, these regions
provide a potential neural substrate for the human tendency
to discriminate against out-group members during social
interactions, a notion supported by our observations on posi-
tive correlations between membership-discrimination infor-
mation represented in these regions and behavioral in-group
bias of costly punishment in the control condition.

Finally, our correlation and pattern regression findings
revealed neural predictors of in-group bias of costly pun-
ishment. We first demonstrated that augmented neural
responses of AI, ACC, dlPFC, and TPJ to out-groups com-
pared to in-groups were associated with a higher in-group
bias in the control condition. Furthermore, these regions
showed discriminative spatial patterns of neural responses
that were sufficient to decode individual in-group bias.
Notably, both of those brain-behavior associations regard-
ing in-group bias were diminished by MS priming. Con-
sidering the critical roles of these regions in the costly
punishment [Feng et al., 2015; Gabay et al., 2014], these
findings provided additional evidence for the robust dis-
criminations against out-group members at both neural

and behavioral levels in the control condition, both of
which were diminished by death reminders.

Several limitations should be noted as they relate to this
study. First, only female participants were recruited, given
that death-related thoughts are more accessible to females
than males [Lester, 1972], suggesting that female partici-
pants would be more sensitive to the manipulation of MS.
However, future studies are needed to replicate our find-
ings and contrast those with findings for male participants
to clarify potential gender differences. Second, our design
did not allow the direct assessment of potential modula-
tors that could have determined either hash or peaceful
reactions after MS priming [see also Jonas and Fritsche,
2013], including social contexts and cultures [Hirschberger
et al., 2005; Jonas et al., 2013; Schimel et al., 2006]. Third,
our study did not identify the reliable associations
between self-esteem and MS-induced effects, which would
have been predicted by Terror Management Theory [see
also Yanagisawa et al., 2016]. However, it is noteworthy
that the associations between self-esteem and MS-induced
effects remain inconclusive in the literature, partly due to
the possibility that self-reported self-esteem may only pro-
vide coarse estimates of the construct [Burke et al., 2010].

In summary, our results shed light on the behavioral
and neural signatures underlying the effects of death
reminders on in-group bias of costly punishment. We
demonstrated that behavioral discriminations against out-
group members were attenuated by the reminders of mor-
tality. Underlying these behavioral effects were less dis-
tinct neural representations of membership in brain
regions implicated in mentalizing (dmPFC, TPJ), encoding
aversive feelings (ACC), and decision selection (dlPFC)
under MS priming. Furthermore, distributed activation
patterns in the punishment-related networks were found
to reliably encode behavioral in-group bias of costly pun-
ishment in the control condition but not in the MS condi-
tion. Our results complement previous behavioral
observations that socially constructive behaviors, such as
affiliating with others, can help defend against the possi-
bility of feeling annihilation anxiety associated with
increased existential threat [Hirschberger et al., 2008; Jonas
et al., 2002]. These findings might have significant implica-
tions for understanding real-life intergroup interactions
(e.g., peace negotiation) in the context of existential threat
and provide a neurocognitive mechanism for socially con-
structive behaviors that can be instigated by death
reminders.

ACKNOWLEDGMENTS

The authors thank Zhichao Xia and Jing Jiang for provid-
ing advice on data analyses and two anonymous
reviewers for their helpful comments on an earlier draft of
this manuscript.

TABLE III. Brain regions ranked according to their

importance to the decision function for the model

trained to predict in-group bias of costly punishment

from patterns of differences in neural response to out-

groups compared to in-groups

Rank Region label
Region

weight (%)
Region

size (voxel)

1 Parietal_Inf_L 66.18 1075
2 SupraMarginal_L 8.05 1614
3 Frontal_Sup_R 6.98 3046
4 Frontal_Med_Orb_R 5.79 436
5 Cingulum_Post_L 5.62 335
6 Insula_L 4.14 1769
7 Frontal_Inf_Orb_L 2.02 1072
8 Parietal_Inf_R 0.88 1254
9 Caudate_R 0.14 943
10 Cingulum_Post_R 0.10 463
11 Putamen_R 0.04 1009
12 Insula_R 0.03 1856
13 Frontal_Inf_Orb_R 0.03 1296
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