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Although economic theories suggest that punishment threatis crucial for maintaining social norms, counterexamples are noted i
punishment threat hinders norm compliance. Such discrepancy may arise from the intention behind the threat: unintentionally
duced punishmentthreatfacilitates, whereas intentionally introduced punishment threat hinders, norm compliance. Here, we co
a dictator game and fMRI to investigate how intention modulates the effect of punishment threat on norm compliance and the
substrates of this modulation. We also investigated whether this modulation can be influenced by brain stimulation. Human partic
divided an amount of money between themselves and a partner. The partner (intentionally) or a computer program (unintentic
decided to retain or waive the right to punish the participant upon selfish distribution. Compared with the unintentional condi
participants allocated more when the partner intentionally waived the power of punishment, but less when the partner retaine
power. The right lateral orbitofrontal cortex (rLOFC) showed higher activation when the partner waived compared with wh
computer waived or when the partner retained the power. The functional connectivity between the rLOFC and the brain n
associated with intention/mentalizing processing was predictive of the allocation difference induced by intention. Moreover, int
or activation of the rLOFC by brain stimulation decreased or increased, respectively, the participantsO reliance on the partner®:
during monetary allocation. These findings demonstrate that the perceived intention of punishment threat plays a crucial role ir
compliance and that the LOFC is casually involved in the implementation of intention-based cooperative decisions.

Key wordsntention; lateral orbitofrontal cortex; norm compliance; punishment threat; tDCS

(Significance Statement \

Does punishment threat facilitate or hinder norm enforcement? So far, cognitive neuroscience research offers equivocal evid
By directly manipulating the intention behind punishment threat, we demonstrate that intention modulates the effectiveness
punishment threat. Moreover, we show that inhibition or activation of the right lateral orbitofrontal cortex (rLOFC) decreased
increased the effect of punishment threat in the intentional context, but not in the unintentional context, suggesting the casl
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Introduction ishment is a ubiquitously adopted approach in human society to

Social norms are widely shared rules about what constitutes agfforce norm compliance beyond the recipients’ voluntary ac-

propriate behavior in social interactionBicchieri, 200§ Pun-  tion. Recent studies, however, provide divergent evidence con-
cerning the effect of punishment threat on norm compliance.

Studies reveal that participants achieve a higher level of norm
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evidence also shows that punishment threat under certain cir-
cumstances hinders norm compliance. For example, in the trust
game, the trustee returns less money to the investor when the
investor imposes a punishment threat on the trusteeh(r and
Rockenbach, 200&neezy and Rustichini, 200douser et al.,
2008 Li et al., 2009 The neural activity also shows contrasting
patterns Spitzer et al. (2007pund that activations in the lateral
orbitofrontal cortex (LOFC) and dIPFC were positively corre-
lated with individuals’ increase in norm compliance when
punishment threat was present. In contrasitet al. (2009)b-
served decreased activations in the LOFC and ventromedial PFC
(vmPFC) when punishment threat was present.

Closer examination of previous studies reveals that those re-
porting a detrimental effect typically adopted intentional punish-
ment threat imposed by the interacting partner on behalf of his/
her own interest fehr and Rockenbach, 2003 et al., 2009
whereas those reporting a facilitatory effect involved uninten-
tional punishment threat, which was introduced by an impartial
third-party (e.g., computer program) for the sake of fairness
(Spitzer et al., 200 Ruff et al., 2018 However, to our knowl-
edge, no studies have investigated directly the role of intention
behind punishment threat in norm enforcement. We hypothe-
sized that the seemingly contradicting findings concerning the
role of punishment threat could be reconciled if we take into
account the intention behind the threabg@rley, 2009Radke et
al., 2012Koster-Hale et al., 203

Of particular interest is the orbitofrontal cortex, a structure
consistently implicated in computing social value and guiding
social decision makingRushworth et al., 2031 Rudebeck and
Murray, 2014. We hypothesized that the LOFC may synthesize
information about the presence of punishment threat and the
intention by which it is imposed or forgone to form a unified
signal that guides compliance behaviGafmpbell-Meiklejohn et
al., 2012

To test our hypotheses, we manipulated the presence of pun-
ishment threat (Waive vs Retain) and the intention behind the
threat (Intentional vs Unintentional) in a modified dictator
game. By conducting an fMRI and two high-definition transcra-
nial direct current stimulation (HD-tDCS) experiments, we ex-
amined the modulation of the neural processes of punishment
threat by the intention behind such a threat. We were specifically
interested in the role of the LOFC in mediating the influence of
the perceived intention on norm compliance because this struc-
ture showed opposite effects when the threat was unintentional
(Spitzer et al., 20Q@r intentional (Li et al., 2008

Materials and Methods

Participants

fMRI experiment. Thirty-five graduate and undergraduate students par-
ticipated in the fMRI scanning. Ten were excluded (1 of them always
transferred O yuan to the partner; 7 of them did not believe that they had
interacted with different human partners, as indicated in the postexperi-
ment manipulation check; 2 of them had excessive head movem&its

in rotation or >3 mm in translation during the scanning), leaving 25
participants for data analysis (age range: 18—-27 years, mean age: 21.2
years; 14 female). Due to technical problems, postscan questionnaire
data were available for only 19 of these participants. We tested the ro-
bustness of online behavioral measures and postscan questionnaires
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cue of decisider (Computer or Partner), the
cue of decision outcome (Retain or Waive),
and distribution screen with a delta function
convolved with a canonical hemodynamic re-
sponse functionkriston et al., 1998 The de-
cision outcome screen was separately modeled
by four regressors, corresponding to the four
possible combinations of two experimental
factors (DecideK Threat). Further analyses of
brain activation and connectivity were based
on these regressors. Five regressors of no inter-
est were included corresponding to the re-
grouping, the total amount cue, Decider
(Computer vs Partner), and distribution. The
number of button press was modeled as a co-
variate to rule out the potential confound of
finger movement. The six rigid body parame-
ters were also included to correct for the head
motion artifact. We defined the contrasts cor-
responding to the interaction between decider
and punishment threat: (Partner_Retain
Partner_Waive) > (Computer_Retain >
Computer_Waive); the main effect of
punishment threat: (Partner_Retaih Com-
puter_Retain)> (Partner_Waivet Comput-
er_Waive); and the effect of punishment threat
under the intentional and unintentional con-
texts: Partner_Retaip> Partner_Waive and
Computer_Retain> Computer_Waive. The
group-level analysis was performed using one-
sample test module implemented in the SPM8

Figure 1. Procedure and task display. Atthe beginning of each trial, a picture of 20 yuan was presePRAPRAGIRIRIGHRRRIYSIS)- We focused
of money to be allocated. Then the phrases (in Chinese) OPartner decidesEO or OComputer d&¥1 RS EVPIBRIARSPBHATE RRFasse we hypoth-
indicating the decider of the trial. This information remained on the screen for 2D5 s, followed b§3HEHRRIIPE M CHPlaRSS, was modulated
informing the participantaboutthe actual decisionfor thattrial. Then, ajittered fixation was preseféed 81 BURHIRM RBREALEain Punishment

onwhich the participant made the allocation. The critical event for fMRI data analysis was the olfé§iak Y4isEh (a3 Fetiggigiyjn the interaction
between Decider and Threat. The simple ef-

fects of punishment threat were included to
quence of the first block. Different pseudorandom sequences were Crrrther illustrate the pattern of interaction. To calculate the spatial extent
ated for different participants. criterion for the corrected cluster-level significance, we used the Al-
Before the fMRI Scanning, we familiarized the participants with thq_)has”'n function imp|emented in REST’ a software package pub“ca”y
task using a practice block consisting of eight trials. After the scanningailable $ong et al., 2031 This function is based on the Monte Carlo
the participants were asked to rate their feelings of anger, disgust, hos8imulation (ttp:/afni.nimh.nih.gov/afni/doc/manual/AlphaSimn Us-
ity, trust, and gratitude under each condition on a 7-point Likert scaleing these tools, we determined that a corrected (familywise error, FEWE)
(1 = not at all, 7= very). The participants were also asked to answef, < 0.05 cluster-level threshold was achieved with a minimum of 47
guestions concerning the setup of the experiment (i.e., rating the interbontiguous voxels, each significanpat 0.005 (uncorrected).
sity of per_ceived interaction with theirpartners and answering howmany \we also performed independent region of interest (ROI) analyses
partners interacted with them during the game). based on the critical regions revealed in previous studies. Parameter
estimates corresponding to the four critical regressors (i.e., Computer_
\:;1_ive, Computer_Retain, Partner_Waive, Partner_Retain) were ex-
racted from a cube (length of a side of the cube was 3 voxels) containing
7 voxels around the following coordinates, including the rLOFC ([44,

Neuroimaging data acquisition and preprocessing

Images were acquired using a GE Healthcare 3.0 T Medical Systems Dis
ery MR 750 with a standard head coil at Tongji University (Shanghal
China). T2*-weighted echoplanar images (EPI) were obtained with bloo T 2
oxygenation level-dependent (BOLD) contrast. Forty transverse slices 0 3,—6]I,qsoplltzeret al}.}, 20(),7§nd the erPFC (4, ‘?]674]’ Lietal., 2002

mm thickness that covered the whole brain were acquired in an interleave ese s were chosen because they were the core structures for norm

order (repetition time= 2000 ms, echo time 30 ms, field of view= 192X compliance iF’e”Fiﬁe‘?' in the.previous st_udies.
192 mn?, flip angle= 90°). Psychophysiological interaction (PPI). Given that the vmPFC and the

[ QFCwere found to play animportant role in mediating the relationship

The fMRI data were preprocessed and analyzed using Statistical P% h - i ion behind ish h d
metric Mapping software SPM8 (Wellcome Trust Department of Cog2tWeen the processing ofintention behind punishmentthreatand norm

nitive Neurology, London). Images were slice-time corrected, motiorgompliance behavior (see Results), a further question that naturally fol-
corrected, resampled to 3 mx 3 mm X 3 mm isotropic voxels, nor- lows is: from which brain regions does the information concerning oth-

malized to MNI space, spatially smoothed with an 8 mm FWHM Gausse!'s intention come? If our hypothesisis correct (i.e., that the responses of
ian filter, and temporally filtered using a high-pass filter with a cutoffVMPFC and LOFC to punishment threatare modulated by the processing
frequency of 1/128 Hz. of intention), then we should observe functional interplay between the

vmPFC and LOFC, on the one hand, and the typical intention process-
Neuroimaging data analysis ing/mentalizing network (e.g., dorsomedial prefrontal cortex, dmPFC;
Analysis of BOLD activation. Whole-brain analysis based on the generaltemporoparietal junction, TPJ; precunedolenberghs et al., 2016
linear model was performed first at the participant level and then at then the other hand. To test this conjecture, we performed a PPl anal-
group level. At the participant level, we separately modeled the preseysis Eriston et al., 1997asing the vmPFC and the LOFC identified in
tation of the regrouping cue (i.e., the fixation), the total amount cue, theour whole-brain analysis as seed regions. We calculated PPl maps
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corresponding to the contrast Partner_Re-
tain Computer_Retain (i.e., intentional
punishment threat hinders norm compliance)
and Partner_Waive Computer_Waive (i.e.,
refraining from the threat of punishment facil-
itates norm compliance). To test the possibility
that the strength of such functional connectiv-
ity is modulated by individuals’ susceptibility
to the intention effect, we added the difference
in allocation corresponding to each of these
contrasts as a group-level covariate. We then
used the one-samptdest in SPM8 to perform
statistical analysis. The statistic threshold was
the same as indicated above.

Brain stimulation experiment

To test the causal role of the rLOFC in mediat-
ing the influence of intention on punishment
threat, we performed two brain stimulation ex-
periments using HD-tDCS. The first group of
participants @ 22) received cathodal stimu-
lation and sham stimulation in two experiment
sessions. Half of the participants received cath-
odal stimulation over the rLOFC in the first
experiment day and received sham stimulation
over the same area in the second experiment
day. The other half of the participants received
the reversed stimulation protocol. The second
group of participantsif  20) received anodal
stimulation and sham stimulation in two ex-
periment sessions. Similar to the cathodal ex-
periment, half of these participants received
anodal stimulation over the rLOFC in the first
experiment day and received sham stimulation
over the same area in the second experiment
day. The other half of the participants received
the reversed stimulation protocol. Therefore,

both of the two HD-tDCS experiments used arjq, re » Behavioral regyiitionetary alloc&iself-reported feeling of beir@BrRatterns of self-reported

within-participant design; moreover, to avoid positive (happiness, benevolence, gratitude) and negative affect (sadness, anger, fear, hostilty, aversi
carry-over effects of brain stimulation, session

were separated by at least 24 h for each partic-
ipant. The behavioral protocol was identical to the fMRI experiment.
HD stimulation was delivered using a multichannel stimulation

Compared with the classic conventional bipolar tDCS, HD-tDCS has
been shown to have better spatial focality, larger effect on cortical excit-
: : ability, and longer after effectBétta et al., 200 aparelli-Daquer et al.,
adapter (Soterix Medical, 4 1, Model C3) connected to the constant 2012 Kuo et al., 2018 Although HD-tDCS is associated with stronger

current stimulator (Soterix Medical, Model 1300-A). A 41 montage . . .
- i ; - scalp sensations than conventional tDCS, it has been shown to be safe and
consisting of five sintered Ag/AgCl ring electrodes was used and thes ) o .
4 : . . tolerable with applications of up to 2.0 mA for 20 miM{nhas et al.,
electrodes were arranged on the skull in a 4 ring configuration as

suggested by the previous literatukdiihas et al., 2010 The electrodes 2010 Borckardtetal., 201Xuo etal., 201p
were held in place in plastic electrode holders in a fitted cap (EASYCA esults
The electrode holders were filled with SignaGel, creating a gel contact 0 .

4 cm? per electrode. The position of the electrode was identified and€havioral results o ) o
adjusted using HD-Explore software (Soterix Medical), which uses 40 determine whether the participants’ allocation was jointly
finite-element-method modeling approach to quantify electric field in-modulated by the presence of threat and the intention behind it,
tensity throughout the brain@atta et al., 200Dmochowskietal., 2011 we performed a Decider (Computer vs Partner) by Threat (Waive
Kempe et al., 2034The locations of the electrodes were chosen by sess Retain) repeated-measures ANOVA for the allocation in the
lecting the 1020 EEG sites that would optimally target the rLOFC in ouiMRI experiment. The only significant effect was the interaction
fMRI study. Therefore, we selected central electrode as FP2 in the 10428tween Decider and Thredt( ,,) 27.15p 0.001Fig. ).

EEG coordinate system and surrounded it with three return electrodes @ajrwise comparison showed that, compared with the corre-
F2, F8, Fpl, and one return electrode at the lower eyelid (each at a d@ponding unintentional conditions (i.e., the Computer as the de-
ta_nce of_ 6cm f_ro_m the central electrode). For active anodal/cathodal:ider)’ the participants allocated more to the partner when the
stl_mula_tlon, p_artlupants recx_elved a constant current of Z.Q mA f@0 _ partner intentionally WaivedF((l b 13.43p 0.001) and less
min. Stimulation started 8 min before the task and was delivered durin h . . : . .

en the partner intentionally retained the punishment threat

the entire course of the task 0 min), with an additional 30 s ramp-up .
at the beginning of stimulation and 30 s ramp-down at the end. For thd .29y 8:07,p  0.005). Moreover, compared with the cond-

sham stimulation, the initial 30 s ramp-up was immediately followed byion in which the partner intentionally retained the punishment
the 30 s ramp-down and there was no stimulation for the rest of thdhreat (i.e., Partner_Retain), the participants allocated more to
session. For both the experimental and sham stimulation conditiondhe partner in the condition in which the partner voluntarily
participants felt a little uncomfortable initially, but were unaware ofwaived the punishment threat (Partner_Waivé),(,,, 4.39,
stimulation before the task started. p 0.05). The same pattern of interaction was observed in
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the behavioral validation experimerf{ ,3y= 10.83p <0.001). Retain> Waive revealed activations in the dmPFC, thalamus,
Pairwise comparison showed that, compared with thelorsal caudate, and TPBi{. 3A).
Computer_Waive condition, participants allocated significantly To test our hypothesis concerning the modulation of inten-
more to the partner in the Partner_Waive conditiof {3 = tion on the effect of punishment threat, we examined the
4.85, < 0.05); compared with the Computer_Retain condition,interaction contrast (Partner_Waive- Computer_Waive)>
participants allocated less to the partner in the Partner_RetaifPartner_Retain> Computer_Retain). This contrast revealed
condition (F; o3 = 3.33,p = 0.081). activations in the bilateral LOFC (left LOFC: MNI coordinates
For the emotional ratingKig. 8-D), we averaged the ratings [—42, 32, 1], cluster size 77,4, = 3.66; (LOFC: MNI coordi
of happiness, benevolence, and gratitude to form an indicator ofates= [42, 35, 5], cluster size= 72, t,4, = 3.85;Fig. 3B).
positive affect and the ratings of sadness, anger, fear, aversiGiyen that we did not observe an interaction in the vmPFC at the
and hostility to form an indicator of negative affect. We thencurrent threshold level, we performed an ROI-based analysis
performed a repeated-measures ANOVA with emotional valenaeithin a predefined vmPFC ROI (small volume correction within
(Positive vs Negative), Decider (Partner vs Computer), an@n 8-mm-radius sphere around [4, 56/4], the coordinates re-
Threat (Retain vs Waive) as within-participant factors. Note thaported inLi et al., 2009 This analysis did reveal a significantly
we only had the postscan questionnaire data for 19 of the 25 fMFactivated cluster (MNI coordinates [3, 56, —8]; cluster size=
participants. The three-way interaction was significdipf (s =  14:%24) = 3.32; peak-levglgye < 0.05;Fig. 3B). The reversed
20.58,p < 0.001). We then performed two two-way repeated-contrast did not reveal any significant clusters.
measure ANOVAs separately for the positive and negative affect To illustrate the interaction more clearly, we decomposed the
indicators. For the positive affect, the two-way interaction wa#teraction into two separate contrasts: Computer_Retain
significant €, 1) = 28.94,p < 0.001). Pairwise comparison Computer_WaNe, vyhlch corresponded to umnte_ntlonal
showed that the positive affect was higher in the Partner_Waiwnishment threat §pitzer et al., 20Q7and “Partner_Waive>
condition than in the Computer_Waive and the Partner_RetainPartner_Retain, which corresponded to intentionally withdraw-
conditions (F > 37,p < 0.001). For the negative affect, the two-ing the punishment right (i et al., 2009 The former contrast
way interaction was SignificanF&YlS) = 7-12117 < 005) The (Flg 3:') revealed activation clust_ers in the left LOFC (MN| Co-
negative affect was higher in the Partner_Retain condition tha@rdinates= [—39, 32, 1], cluster size 103,¢(,4) = 4.18) and the
inthe Computer_Retain and the Partner_Waive conditiofhs(  left caudate (MNI coordinate= [-9, 8, 1], cluster size= 106,
5,p < 0.05). Moreover, we performed a two-way ANOVA on thef(2a) = 3.70). The latter contrastg. ) revealed only one ac
ratings of perceived trust. The interaction was significaipt{s, ~tvation cluster in the rLOFC (MNI coordinate= [39, 35,-5],
= 33.52p < 0.001). Pairwise comparison showed that the percluster size= 48,14 = 3.88).
ceived trust was higher in the Partner_Waive condition than in . ) )
the Computer_Waive conditionR, ;g = 68.16,p < 0.00) and ROI-based analysis of the neuroimaging data _ _
the Partner_Retain conditiorf{, ;5= 32.03p < 0.001). To buttress the findings derived from the_whole-bram analysis,
Again, the postexperiment ratings of behavioral validation exe performed further analyses for predefined ROIs: the vmPFC
periment replicated the behavioral data of the fMRI experiment@nd the LOFC. We hypothesized that, if vmPFC activation re-
For positive emotions, the Decider-by-Threat interaction wadlected positive social value (eg, mutual trust) perceived in the
significant ¢, ,5) = 49.79,p < 0.001). Pairwise comparison dyadic interaction, then it ghould show higher activation wh_en
showed that pbsitive affect was higher in the Partner_Waive coihe partner mtentlonally_ waived the punishmentthreat, an action
dition than in the Computer_Waive and the Partner_Retain con{hat may convey trustRig. 28), than when the partner retained
ditions (F > 73,p < 0.001). For the negative affect, the two-wa;}he thrgat. TQ test this hypothesis, we performed a small volume
interaction was marginally significan s = 3.80p = 0.064). correction within Fhe vmPFC RO! (S mme-radius sp.here aroynd
The negative affect was higher in the Partner_Retain conditiold> 56, —4], coordinates reported ihi et al., 200 This analysis
than in the Computer_Retain and the Partner_Waive condition§€vealed asignificantly activated cluster in the vmPFC ROI (MNI
(F>11,p < 0.01). For perceived trust, the Decider-by-Threatc00rdinates= [3, 56, —8]; cluster size= 17;1,4) = 3.41; peak-
interaction was significantf(; ,3, = 22.70,p < 0.001). The levelpeye = 0.013Fig. ). Concerning the rLOFC, we hypoth
perceived trust was higher in the Partner_Waive conditioffSized that its responses to punishment threat should be
than in the Computer_Waive condition(, ) = 52.18,p < modulated by .thellntentlonallty b.ehmd.the threat. Specmcally,
0.001) and the Partner _Retain conditioﬁ({ 23> 27.14p < the rITQFC actlyatlon should be hlgh.er in the'(.?omputer_Retaln
0.001). Together, these results strongly indicate that interfondition than in the Computer_Waive condition, whereas the
tionally introducing punishment threat elicits strong negativeOppos'te pattern should be observed for the Partner conditions.

emotions, whereas intentionally waiving punishment threafl © this end, we performed a small volume correction withi_n the
elicits strong positive emotions such as gratitude and the feej-OFC ROI (8-_mm_-rad|us sphere arpund [,44' 426], coordi-
ing of being trusted. nates reported n$p|tzeret.al., 200Within th|§ rLOFCROI, thg
contrast Computer_Retair- Computer_Waive revealed a sig-
nificantly activated cluster centered around the MNI coordinates
Whole-brain analysis of the neuroimaging data [51, 38,—2] (cluster size= 2; 1,4 = 2.91; peak-levalg g <
When the decision was to retain the punishment threat, the par9.05), while the contrast “Partner_WaivePartner_Retain” re-
ticipants were facing certain danger and provocation regardlesgealed a significantly activated cluster centered around the MNI
of whether it was made by the partner or by the computer procoordinates [39, 38;-5] (cluster size= 15; 1,4, = 3.54; peak-
gram. Previous studies have shown that several brain areas levelpg,e < 0.01). Such dissociation confirmed our hypothesis
lated to mentalizing (e.g., dmMPFC, TPJ) and affective saliencencerning the rLOFC.
(e.g., thalamus, insula, caudate) are recruited in situations of re- Moreover, the parameter estimates extracted from the pre-
active aggression and hostilitgrgmer et al., 200,2011 Beyer et  defined rLOFC and vmPFC ROIs (27 voxels around the coordinates
al., 201%. Consistent with these findings, the main effect contrasteported inSpitzer et al., 200&nd Li et al., 2009or rLOFC and
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vmPFC, respe_ctively) _exhibite_d a pattern A Refain i Walv o B Interaction contrast
generally consistent with our findings de- s -
rived from the small volume correction S /V H\ F LR 722
s ) e Va tz=5 -'\
analysisFig. 3, F). We performed repeat N A "f%. : .’l,_ = LoFeC

ed-measures ANOVAs on the parameter es-
timates and report the statistical details in
Table 1 The Decider-by-Threat interaction
was significant for both the rLOFC and the
vmPFC. Specifically, for the vmPFC, the ac-
tivation was significantly higher in the
Partner_Waive condition than in the
Partner_Retain condition (i.e., the same as
reported in Li et al., 2009 and was
also significantly higher than in the
Computer_Waive condition, consistent
with the social value representation view of
vmPFC function Ruff and Fehr, 200)4For
the rLOFC, the parameter estimates ap-
peared to be higher in the Partner_Waive
conditionthaninthe Partner_Retain condi-
tion and the parameter estimates appeared
to be higher in the Computer_Retain
condition than in the Computer_Waive
condition, although these differences did
not reach statistical significance.

Functional connectivity (PPI) analysis

We performed PPI analyses to test whether
the functional connectivity between the
mentalizing network and the left vmPFC or
the rLOFC was modulated by experimental
manipulation and whether such connectiv-
ity was predictive of participants’ norm
compliance behavior. The functional con-
nectivity (for the contrast Partner_Waive
Computer_Waive) between the rLOFC and
several brain areas in the typical mentalizing
network (e.g., dmPFC, TPJ, and precuneus)
was positively correlated with the differ-
ence in allocation amount between the
Partner_Waive and Computer_Waive
conditions ig. 4 yellow areasTable 2.

Similarly, the functional connectivity Figure3. Analysis of brain actiwattewhole-brain main effect contrasteRega@vealed activationin the
(for the contrast Partner_Retain> gareas typically associated with intentional/mentalizing processing (e.g., dmPFC, TPJ) and affe
Computer_Retain) between the rLOFCthalamus, dorsal cadd#ite whole-brain interaction contrast (Part@empaare Wai@artner

and several brain areas inthe typical mentaRetain Computer_Retain) revealed activation in the bilateral LOFBecotttrastORR(uter> Retain
izing network (e.g., dmPFC, TPJ, and preComputer_Waive revealed activation in the bilateral LOFC @nd ileeciefitreestdRaetner Waive
cuneus) was positively correlated with thePartner_Retain revealed activation in the rLOFC ang, fn&@geinatyBE@n the activation in the rLOF
difference in allocation amount between the(Spitzer et al., pa0d the vmRF€et@l., 20@ased on the previous literature. No activation was found for |
Computer_Retain and Partner_Retain conRetair Waive at the current threshold. Detailed statistical resliiabéar &pronvides indicate SE.

ditions (Fig. 4 blue areasTable 2. No sig-

nificant result was revealed by the PPI analysis with vmPFC.

Brain stimulation (HD-tDCS) results
For each of the tDCS experiments, we performed a repeated2ple 1. ROl analysis of brain activations

measures ANOVA with Stimulation Type (Cathodal/Anodal vs rLOFC vmPFC

Sham), Decider (Computer vs Partner), and threat (Retain v€ontrast Faoa P Fazay P

Waive) as within-participant factors. For the cathodal experllmeractlon 4.99 0035 773 0.010
ment, the three-way interaction was significafif, (1) = 5.97, Partner_Waive vs Partner_Retain 2.41 0.134 451 C
p < 0.05fFig. %). We then performed a two-way ANOVAfocus-  Computer_Waivevs Computer_Retain ~ 2.11 0.159  0.037

ing on the data in which the partner determined the presence or Partner_Waive vs Computer_Waive 7.99 0.009 15.43
absence of the punishment threat. The interaction between Stim- Partner_Retain vs Computer_Retain 0.27 0.605  2.63

ulation Type and Threat was significanf{,;y = 11.10,p <  rLOFC,rightlateral orbitofrontal cortex; vymPFC, ventromedial prefrontal cortex.
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was to waive the punishment threat
(Fa,10) = 8.87,p < 0.01) and decreased
the allocation when the partner’s decision
was to retain the punishment threat
(F1,10) = 13.57,p < 0.005). The same

analysis applied to the Computer condi-
tions revealed neither a significant main
effect nor a significant interaction.

To better illustrate and examine the ef-
fects of brain stimulation (both inhibition
and activation) on intentional/uninten-
tional norm enforcement, we calculated
the effect of punishment threat (i.e., the
amount transferred in the Waive condi-
tion minus the amount transferred in the

. . o _ Retain condition) in the intentional
Figure 4. Results ofthe PPl analysis. The rLOFC identified inthe whole-brain contrastwas used Mﬁgad%%anm %ﬁmt(COmputer)
iate

Partner_Retai@omputer_Retain and PartnerCéfapater_Waive, with the allocation differences as cova
revealed a series of brain areas overlapping with the mentalizing network. The functional ¢ %ﬂ%"@ﬂ (ﬂ%) tl%% @(;deal and anodal
Partner_Reta@omputer_Retain) between the rLOFC and the revealed brain areas (blue areas) ESQH%I 9r Qt @/ﬁ %performed tWO
difference in allocation amount between the Computer_Retain and Partner_Retain conditions. EiRERIGAHBRARUERRADIAYAS with Stimu-
tivity (forthe contrast Partner Giisipeiter_Waive) between the rLOFC and the yellow areas positiJékj@BrriEyied (@tinedal/Anodal vs sham)
difference in allocation amount between the Partner Waive and Computer Waive conditions. and Decider (Computer vs Partner) as
within-participant factors. For the cath-

Table 2. Brain activations revealed by the PP| covarigtedhffast ( odal group, the interaction between Stim-
uncorrected at voxel level, clustgr<4e94l5, FWE corrected) ulation Type and Threat was significaii{ ;)= 5.96,p < 0.05).
N Cluster size MNIcoordinates Relative to the sham stir_nulation, the cath_odal_ stimL_JIation_ de-
Regions HemiToalue (nge’fg)s'ze . ; p creased the effect of punishment threat mainly in the intentional
context (F; 1y= 11.10p < 0.005), but not in the unintentional
Partner_Waiveomputer_Waive context (¢ »4y = 3.60,p = 0.072). For the anodal group, the
dmPFC L/R 5.83 1651 12 41 intéPaction between stimulation type and threat was significant
diPFC R L 4'%53 13%378 —36 57 1 14 43 19 = _5.99,p_ < _0.05). Relative to the sham stimulation, the
Insula L 4.79 149 —-30 14 —14 @anodalstimulationincreased the effect of punishmentthreat only
R 5.35 197 45 17-14 intheintentional context £, ;4y= 20.68p < 0.001), notin the
Precuneus  L/R 5.14 856 —87 40 unintentional context £(; 1y<<1,p > 0.1).
Angular L 4.42 246 —-51 58 31 Two features of this pattern are worth noting. First, inhibition
R 5.07 285 48 —64 40 and activation of the rLOFC had opposite effects on the partici-
Partner_Retaomputer_Retain paps’ norm compliance behavior (i.e., monetary allocation):
dmPFC L/R 6.26 1400 6 62 S . .
LOFC L 411 48 -51 17 1 Whereas activation of this area tended to increase the effect of
SEG L 5.04 383 —42 14 40 Waiving the punishment threat on norm compliance (cf. filled
Putamen L 4.26 163 —24 14 13 and empty red dots irfrig. &), inhibition of this area tended to
STS R 4.35 70 66-10 —2 decrease this effect (cf. filled and empty blue diamondBign
Precuneus  L/R 5.53 511 -85 31 5(). Second, the brain stimulation took effect mainly in the in-
Angular L 481 49 45 —49 28  tentional context (cf. difference between filled-empty pairs on
dIPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal cortex; LOFC, lat¢ral qeitefrrataksielte>ifi® its counterparts on the Computer side in
superior frontal gyrus; STS, superior temporal sulcus. Fig. ).
“Positive correlation with allocation differenceXRacmgutérai&ive).
bPositive correlation with allocation difference (CoReutier_Retaim). DiSCUSSiOﬂ

Our behavioral results demonstrated that the perceived intention

0.005). Pairwise comparison showed that, relative to the shamodulates the effect of punishment threat on norm compliance.
stimulation, the cathodal stimulation decreased the participantSSpecifically, we observed a detrimental effect of punishment
allocation when the partner’s decision was to waive the punishhreat in the intentional context (i.e., partner as decider), consis-
mentthreat €, ;)= 4.91p < 0.05) and increased the allocation tent with previous studiesHeghr and Rockenbach, 20@@neezy
when the partner’s decision was to retain the punishment threadnd Rustichini, 2004.i et al., 2009 In the unintentional context
(F(1,21y= 5.56,p < 0.05). The same analysis was also applied tf.e., computer as decider), although we did not observe a facili-
the Computer conditions, but neither the main effect nor thetatory effect of punishment threat, as previous studies Hieh{
interaction was significant. and Gahter, 2002 Spitzer et al., 20QRuff et al., 2018 the

For the anodal experiment, the three-way interaction was sigdisappearance of the detrimental effect suggests that intention
nificant (F; 19y = 6.00,p < 0.05;Fig. 3). We then performed a does play an important role in the effectiveness of punishment
two-way ANOVA focusing on the Partner conditions. The inter-threat.
action between Stimulation Type and Threat was significant The intention underlying punishment threat may influence a
(F1,10)= 20.68,p < 0.001). Pairwise comparison showed thatkey factorin norm compliance behavior: the perceived legitimacy
relative to the sham stimulation, the anodal stimulation in-of authority. When an impartial computer program or a third
creased the participants’ allocation when the partner’s decisiquarty decides to retain the power to punish the allocator, it is
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conceived that the retention of punish-
ment threat is on behalf of the social
norms themselves. This argument is sup-
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ported by both our study, which revealed
no detrimental effects on norm compli-
ance, and previous studies, which revealed
facilitatory effects on norm compliance
(Spitzer et al., 200 Ruff et al., 2018 In
contrast, when the partner (i.e., the sec-
ond party), whose interest is directly af-
fected by the allocation, decides to retain
the power to punish the allocator, the pur-
pose of the punishment threat is dubious.
It may be perceived, not as a way to main-
tain justice, but rather as a way to serve
selfish interest or to signal distrust, result-
ing in reduced norm complianceéjckin-
son and Villeval, 2008This argument is
supported by our behavioral results and
the emotion self-reports indicating that
intentional retention of punishment
threat elicits stronger negative feelings
and less amount of allocation than unin-
tentional retention or intentional waiving
of punishment threat. In addition, inten-
tion can function in, not only a negative
way, but also a positive way. We foundrigure 5. Results of the HD-tDCS experiments. The allocation as the function of Stimulation Type (;
that, compared with both unintentional Sham), Decider (Computer vs Partner), and Threat (Retain \& Ataivar) ddBjagkpeeiertts.
waiving and intentional retention of pun- Cathodal stimulation decreased, whereas anodal stimulation increased, the effect of punishment tt
ishment threat, participants reported transferred in the Waive condition minus the amount transferred in the Retain condition) in the in
stronger positive feelings (e.g., beingontext. Errorbars indigate®e5;p*< 0.01.
trusted, more grateful) and allocated
more to the partner when the latter intentionally waived thelarge enough, it will dominate people’s consideration about
power to punish the former. norm compliance behavior. The discrepancy between the studies,
Houser et al. (20083lso manipulated intention but did not however, does not eliminate the validity of the intention effect
find any effect of intention on norm compliance. The discrep-that we observed at small amounts of punishment threat. As
ancy between their findings and ours may come from twd>neezy and Rustichini (2004jpted, “we have no evidence to
sources. First, intention was a within-participant factor in oursupportthe hypothesis that the psychological and behavioral fac-
study, but a between-participant factor in their study. Thereforetors that drive the reaction to small fines or rewards disappear
participants who experienced both intentional and unintentionalcompletely when higher amounts are offered or charged, thus
contexts may exhibit a strengthened contrast between the twigducing the explanation of behavior to a choice of the most
contexts, which amplifies the difference between intentional angonvenient combination of effort and reward.”
unintentional punishment threat on the perceived legitimacy of ~Of particular interest to us is the LOFC, which has been con-
authority. Second, the partner’s demand of the allocation portiorsistently implicated in norm compliance, but has showed oppo-
was not revealed in our study, but was revealeHdauser et al. site activation patterns depending on whether punishment threat
(2008) Because the participants clearly knew their partner’s davas introduced intentionally or unintentionallySpitzer et al.,
mand inHouser et al. (2008}hey could easily calculate all of the 2007 Li et al., 2009 Some propose that the LOFC functions to
outcomes (i.e., outcome when keeping the entire investment arehcode the punishment threat based on the findings that higher
being punished vs outcome when returning what the partneOFC activation is associated with more norm compliance be-
demanded) and select the most profitable strategy. Such an éxaviors under (unintentional) punishment threaBpitzer et al.,
perimental setup may drive participants to utility-driven strate-2007. Our results indicated that this could not be the whole story
gies, crowding out the influence of intention. because the LOFC also showed higher activation when the part-
The average transfer in our study was between 30% and 409@r intentionally waived the punishment threat. An alternative
of the endowed amount, even in the punishment threat condiinterpretation, which fits better with both the previous and the
tions. This was relatively low compared with previous studiessurrent findings, is that the LOFC integrates information from
which usually reported 40% average trans&pi(zer etal., 2007 various sources (e.g., intention, emotion, material interest, etc.)
or 40-50% transferRuff et al., 201Bunder punishment threat. and outputs a decision as to whether to conform to the social
The discrepancy may be due to the intensity of punishmennorm (Rolls and Grabenhorst, 2008Vhen the presence or ab-
threat. In the current study, the intensity was relatively low (4sence of the punishmentthreatis determined by a nonintentional
yuan; the whole allocation endowment was 20 yuan) comparecbmputer program, it is possible that the decision to conform is
with the previous studies. The intensity of punishment threat calominated by the consideration of material interests; that is, the
modulate its effect on norm enforcemenGfieezy and Rus- rational calculation of gains and losses. This argument is sup-
tichini, 20094 and, intuitively, when the punishment threat is ported by findings in the current study arfspitzer et al. (2007)

ansfer (%)
ansfer (%)

N
A—

Average tr.
Average tre

Retain Waive Retain Waive



that the norm compliance behavior and LOFC activation werdReferences
higher in the presence of punishment threat. When the presendartra O, McGuire JT, Kable JW (2013) The valuation system: a coordinate-
or absence of punishment threat is determined by the partner, it based meta-analysis of BOLD fMRI experiments examining neural corre-
conveys important social information, such as trust or distrust. In__ates of subjective value. Neuroimage 76:412-@@¥ssRef Medline
such contexts, the LOFC and the participant’s norm compliancE¢Ye" F: Mate TF, Gatlich M, Kramer UM (2015) Orbitofrontal cortex
. - . . . reactivity to angry facial expression in a social interaction correlates with
arg sens!tlve to the social signal behind thg pun_'Shme,m threat. aggressive behavior. Cereb Cortex 25:3057—-8068sRef Medline
This conjecture was buttressed by our brain stimulation datagicchieri C (2006) The grammar of society: the nature and dynamics of
inhibition or activation of the rLOFC by tDCS decreased or in-  social norms. New York: Cambridge University.
creased the effect of partner’s intention on norm compliancé&orckardt JJ, Bikson M, Frohman H, Reeves ST, Datta A, Bansal V, Madan A,
behavior. Note that we do not claim the laterality of LOFC be- BarthK, George MS (2012) A pilot study of the tolerability and effects of
cause we do not have amypriori hypothesis. We focused our high-definitiqn transc_ranial direct current stimullation (HD-tDCS) on
analysis on the right rather than the left LOFC because the dis- P2" perception. J Pain 13:112-12hossRef Medline
crepancy betweeBpitzer et al. (200@ndLi et al. (2009was on
the rLOFC. As can be seen frdfigure 3 B—D, although both
the left and right LOFC were revealed in the interaction contrast,
only the rLOFC was activated in both simple effect contrasts:
Computer_Retain> Computer_Waive and Partner_Waive
Partner_Retain.
The brain stimulation took effect mainly in the intentional
context, not in the unintentional context, suggesting that the
inhibition or activation of the r(LOFC may not affect its function
in punishment threat processing, but may disrupt or facilitate its
function in interacting with other brain regions that could pro-
vide social information (e.g., intention, emotion). This argument
was supported by our results showing that the functional connec-
tivity between the rLOFC and the brain network typically associ-
ated with intention/mentalizing processing (including dmPFC,
TPJ, and precuneubjolenberghs et al., 201 @vas predictive of
the effect of intention on norm compliance. Moreover, the
functional connectivity (Partner_Waive- Computer_Waive)
between the bilateral insula and the rLOFC positively correlated
with the increase in norm compliance behavior. The bilateral
insula was found to be associated with the aversion of anticipated
guilt by not honoring others’ trustChang et al., 2031which
may drive individuals to conform to social norms and to show
mutual respect in social interactiol€harness and Dufwenberg,
200§. Therefore, it is conceivable that the insula encodes the
potential guilt that could arise if the participant fails to honor the
partner’s trust and benevolence (e.g., in the Partner_Waive con-
dition). Such emotional information may be projected to the
LOFC to bias the participants’ norm compliance behavior.
Finally, we also found higher activationin the vmPFC when
the partner waived the power to punish the participant com-
pared with when the partner retained or when the computer
waived such power. This is consistent witiet al. (2009)in
which the vmPFC showed higher activation when the partner
voluntarily waived the power to punish the participants. Am-
ple evidence has implicated the vmPFC in computing both
social and nonsocial reward valuétaper and Knutson, 2010
Bartra et al., 20LRuff et al., 201 For example, the act of
saving money is valued differently and elicits differential acti-
vation in the vmPFC according to whether the saving is for
charitable donation (higher social value) or for self-interest
(lower social value)ooper et al., 20L®are et al., 2010 We
argue that the partner’s voluntary waiving of the power to
punish (i.e., trust and benevolence) is perceived to be most
valuable to the individuals.
In conclusion, by combining an interactive game, fMRI, and
HD-tDCS, we demonstrate that intention plays an important
role in the effectiveness of punishment threat on norm compli-
ance and that the LOFC is casually involved in the implementa-
tion of intention-based cooperative decisions.
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