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ForinstanceTesser etal. (196@joposed an influential model of
the determinants (or cognitive antecedents) of gratitude: benefit
to the beneficiary, cost to the benefactor, and intention of the
benefactor. Gratitude also has desirable consequences for a “good
life” (Watkins, 2014 such as increasing subjective well-being
(Emmons and McCullough, 200Blorgan et al., 201)7 cultivat-
ing social relationshipAlgoe et al., 20Q&Ilgoe and Haidt, 2009
Algoe, 201p and promoting reciprocal and cooperative behav-
iors (Bartlett and DeSteno, 200&sang, 2006Tangney et al.,
2007 DeSteno et al., 201Qu et al., 2017Tsang and Martin,
2018 Yost-Dubrow and Dunham, 20}8

The neural correlates of gratitude have been investigated in
recent neuroimaging studies (e.gahn et al., 2009ox et al.,



2 repeated pulses. All the participants reported that the four levels of pain Help-receiving task (fMRI)n the scanning phase, the participants

stimulation (2, 4, 8, 12 repeated pulses) were clearly distinguishable, apdrformed the help-receiving task while their BOLD responses were

were instructed that these four levels of pain stimulation would be used imeasured with MRIFig. 14). In each trial, the participants were paired

the later tasks. with a partner and then a pain-money pair was presented, indicating the
Pain-money exchange task (behavig#dr the pain calibration phase, level of pain the participant potentially had to receive and the monetary

the participants performed a pain-money exchange task, where thepstthe partner needed to spend to eliminate the pain for the participants

made a series of decisions as to whether to accept electric shocksfihe/she chose so. The pain stimulation had four levels (1-4, corre-

exchange for a certain amount of money. Each of the four pain levels, aponding to four pain levels in the titration and pain-money exchange

determined in the calibration, were paired with different amount oftask) and the monetary cost had 5 levels (0—4, corresponding to 0%,

monetary gains. If the participants chose “accept,” they would receive tt#5%, 50%, 75%, and 100% of the partner’s monetary bonus in the pain-

indicated money in that trial but would also receive the correspondingnoney exchange task). The participants first saw the pain-money pair

pain stimulation immediately. There were 15 blocks; each contained orend then saw the partner’'s decision (Help or NoHelp). If the partner

trial for each pain level. The order of pain levels in each block was rarelped, then the partner would lose the corresponding amount of bonus

domized. In the first block, the monetary gains paired with the 4 levels afvhile the participants would be exempted from the pain stimulation for

pain was 0.5, 1.0, 1.5, and 2.0 Yuan (1 Yua$0.16 U.S.), respectively. this trial. We told the participants that, at the end of the task, 20 trials

These were the baseline monetary bonuses. From the second block eould be randomly selected and actualized. For each selected trial, if the

ward, the monetary gain paired with a certain pain level would increase/

decrease if the participants had rejected/accepted the offer on the same

pain level in the preceding block. The length of the incremental step for

each pain level was the baseline monetary bonus multiplying a converg-

ing factor (round to the nearest tenths), starting from 1.5. For example,

the incremental steps after the first block were 0.8, 1.5, 2.3, and 3.0 Yuan

for the four levels respectively. Once the participants’ preference reversed

(i.e., “reject” to “accept” or “accept” to “reject”), the converging factor

reduced by 0.5, until it reached 0.5. After that, the incremental step

decreased by 0.1 when preference reverse occurred (coBipemest al.,

2016. The participant was told that all the other coplayers completed the

same task and earned their own payoffs during this phase. Unbeknownst

to the participant, the payoff for him/her in this task was predetermined

to be 18 Yuan ( $2.8 U.S.). Because the behaviors in this task was not

relevant to the aim of this study, we skipped this for brevity.



that the partner in each trial may or may not be the same partner as in the
last trial. The partner’s help decision was binary so that the partner either
accepted the cost as indicated in that trial and thus reduced the partici-
pant’s pain to 0, or rejected the cost and left the pain stimulation to the
participant as indicated.

The two independent variables we manipulated in the main task were
the intensity of the pain stimulation that the partnésok on (i.e.,
self-benefit) and the cost of the partner for doing so (i.e., benefactor-
cost). The partner’s decision to help or not was predetermined. There
were 20 possible combinations of self-benefit and benefactor-cost for the
Helptrials, thus formirg a 4 (Benefit: 1, 2, 3, 4) 5(Cost: 0, 1, 2, 3, 4)
within-subject design. The NoHelp trials were included as fillers. The
experiment thus consisted of 111 trials (3 trials for each of the above 20
Help conditions and 51 filler trials for NoHelp condition, the distribu-
tion of which can be found imable }. When determining the order of
conditions, we first created a randomized sequence for all the 111 trials
(both Help and NoHelp trials included). We then divided the sequence
into 3 parts with equal number of trials. These 3 parts were assigned to 3
runs of MRI scanning in a Latin-square manner across participants. Each
run consisted of 37 trials and lasted fod5 min.

After the experiment, the participants recalled and rated their grati-
tude feeling for all the Help conditions on a scale of 1 (notatall) to 7 (very
strong), one score for each cost-benefit combination. We therefore had
20 gratitude scores from each participant. The participants then com-
pleted the Gratitude Trait questionnaird¢Cullough et al., 2002 A
postscan interview was conducted to examine whether the participants
had any suspicion about our experimental manipulation. No participant
reported any suspicion of experiment manipulation or the existence of
partners.

Analysis of the behavioral datée analyzed the behavioral data using
R (www.r-project.orgy. To obtain the standard coefficients and to enable
comparison of parameters between participants, all the data were nor-
malized within participant before analysis. First, to test whether and how
self-benefitand benefactor-cost contributed to gratitude and reciprocity,
we fit four general linear mixed models for the monetary allocation in the
main task and the postscan gratitude ratif@bles 23) separately with
participant as a random effect. By-subject random slopes for each fixed
effect were also included in the modeBafr et al., 2013 Model 1 in-
cluded cost as single predictor. Model 2 included benefit as single predic-
tor. Model 3 included both cost and benefit as predictors. Model 4
included cost, benefit, and the interaction between these two predictors
as predictors. Model goodness of fit was assessed using the Bayesian
information criterion (BIC; Lewandowsky and Farrell, 201@vhich
takes into account both model fithess and complexity. Parameters were
estimated based on the best model (lowest BIC).

Second, to test the relationship between gratitude and allocation, we fit
a general linear mixed model with gratitude rating as the predictor, on-
line allocation as the dependent variable, and participant as random
effect. For each participant, we conducted linear regression with grati-
tude rating as predictor and online allocation as dependent variable to



defined as the positive effect of the parametric modulators, respectively.
Regressors of no interest were the same as GLM1.

To investigate how the neural processing of receiving help could pre-
dict subsequent reciprocal behavior, we defined a first-level contrast
Help NoHelpin GLM2 to capture the main effect of receiving help. At
the second (group) level, we defined a one-sartiglst based on the first
level contrasts maps and included the individual's “exchange rate” (i.e.,
regression coefficient between gratitude and reciprocity for each partic-



costwere significant (benefit: 0.30 0.07t 4.58;cost:

0.80 0.16t 5.02); the interaction term did not reach signif-
icance (  0.01 0.05t 0.26). For allocationTable 3, the
model with the two main effects was the best model. Parameters
estimated based on this model showed that both benefit and cost
were predictive of allocation (benefit: 0.64 0.10t 6.11;
cost: 0.78 0.11t 7.43). Both gratitude rating and allo-
cation increased monotonically with benefit and cdsg( 1B, C).

To examine whether the participants’ allocation was influ-
enced by trial history, namely, trial features (cost, benefit) and the
benefactor’'s decision from the previous trial, we performed a
separate regression model for allocation (Help trials alone) with
this information included the following:

Allocation, 0 ,Cost,



perience and express gratitude in their life) had stronger pgAC@nd rTPJ to the pgACC were significamgple §. Moreover, one
responses to constructed gratitude. of the high cost conditions, the HighCost_LowBenefit, signifi-
Itis aninteresting question concerning whether pgACC foundtantly enhanced the connectivity from rTPJ to pgAG@)( D).
to represent constructed gratitude is also responsible for the dlr contrast, the high benefit conditions did not significantly in-
location decisions. We extracted thestimate of the parametric crease the connectivity from rvS to pgACC. Overall, the DCM
contrast with trial-by-trial allocation (Contrast 4) from pgACC. results partially supported our hypothesis about the neural inte-
Interestingly, this area was not sensitive to the amount of allocaration of the cognitive antecedents of gratitude. The fact that the
tion (Fig. 48, green bar). Moreover, the trait gratitude score didmodulation of high benefit conditions was relatively weak is con-
not correlate with pgACC'’s responses to allocatiig(4C, green  sistent with the behavioral finding that the benefactor’s cost was
dots and line)jndicating that the neural computation in pgACC weighted more by the participants, at least in the context of our
(at least, in the current task) is specific to gratitude rather tharask (ig. D). A logical empirical question is what contextual
allocation decisions. factors may modulate the relative weights of benefactor’s costand
Neural integration of cost and benefit one’s own benefit in driving the neurocognitive processes under-

Once we identified the brain structures that represent benefitanlyind gratitude, and whether the connectivity between the
cost (e.g., VS for benefit and rTPJ for cost), we could then exanp_enefn-relateq area and the gratlltud_e.-related area plays a more
ine the information flow between the brain areas encoding gratl_mportant role in the context that individuals weigh self-benefit
itude and its cognitive antecedents. We predicted that the beneffROr€. _ _

and costinformation, which are represented by the neural activityin AS can be seen frofigure 3, Model Family 2 also has rela-
VS and rTPJ, respectively, should pass to pgACC to be integrafé¢ely high exceedance probability (0.28). Given that both Family
into an overall gratitude signal. We built and compared 33 model$ and Family 2 contain unidirectional connectivity fromrTPJ and
varying in their intrinsic connectivitymodulatory effect, and in- VS to pgACC, the fact that their exceedance probabilities are
put. They were further grouped into 7 model families. Modelsclose to each other does not seem to threaten our argument about
within the same family shared the same intrinsic connectivitghe neural integration of cognitive antecedences in generating
patterns Fig. %\). Bayesian model comparison on the familygratitude. The only difference between the two model families is
level showed that Model Family 1 had the highest exceedance

probability (0.33Fig. B). In this model family, rVS and rTPJ had

unidirectional intrinsic connectivity to pgACC. This connectivity

pattern is in line with our hypothesis that the brain representa-

tions of cost and benefit are fed to and integrated in the brain

structure that closely track gratitude (i.e., pgACC). The connec-

tivity strength estimated based on the Bayesian average of Model

Family 1 indicated that the intrinsic connectivities from both rvS



0.00p 0.97) (Table §, indicating that the connectivity between
these two areas does not play a critical role in generating grati-
tude. This finding is in line with a recent study about social-
affective default network, which does not observe a connectivity
between VS and TPJ in resting state BOLD sigraisfi( et al.,
2015.

From gratitude to reciprocity

Not surprisingly and consistent with previous finding&uet al.,
2017, gratitude ratings correlated with allocation, both
at dispositional and at situational levels. Specifically, at the dis-
positional or individual difference level, participants who gener-

ally gave higher ratings in the postscan
gratitude recall also allocated more to the
benefactor( 0.47,p 0.029Fig. A).
At the situational level, the more grate-
ful a participant felt in a given condi-
tion, as indicated by the postscan
gratitude rating, thenore money he/she
would allocate to the benefactor in that
situation ¢ 11.68Fig. 8). However, as
can be seen frorRigure &, the exchange
rate (regression weight) between grati-
tude and allocation/reciprocityaried
across participants, reflecting individual
differences in the prosocial behavioral
motivation of gratitude. To pinpoint the
neural basis of this prosocial behavioral
motivation, we correlated the individual
regression weights with the whole-brain
contrast of Help NoHelp based on
GLM 2 (Fig. @©). Two theoretical hypoth-
eses could be proposed concerning the
motivation underlying the reciprocal be-
havior after receiving help: it could be mo-
tivated by a self-focused concern, such as
guilt-aversion and reputation; or by an-
other regarding concern, such as goodwill
for the benefactor’s welfar8atson, 1987
Fehr and Schmidt, 20060On the one
hand, receiving costly help and not giving
back may generate feelings of guilt in the
beneficiary, and those who are more sus-
ceptible to guilt-aversion motivation may
convert gratitude to reciprocity to a larger
extent than those who are less susceptible
to such a motivation. Previous neural re-
search on guilt-aversion motivation has
identified anterior cingulate cortex as a
critical structure for representing guilt-
aversion Chang et al., 2031 We thus
performed a small-volume correction with
the above contrast around the ACC coor-
dinates reported by_hang et al. (2001
We found a significant cluster within this
area([ 5,23,28]t 3.03pswe 0.041,
voxel-level corrected), indicating that
guilt-aversion could be a motivation of
the subsequent reciprocal behavior in the
current study. On the other hand, the
beneficiary’s reciprocity could also be






correlates of benefactor’s cost and beneficiary’s benefitin a scenario-
based gratitude imagination task. Specifically, the participants read
stories depicting a helping situation, where cost (or effort) of the
benefactor and benefit to thibeneficiary varied. However, the
authors found that neither the self-reported effort nor benefit
significantly correlated with brain activity in any region.

This null effect may have resulted from some characteristics of
the paradigm and data analysis. First, in a scenario-based paradigm,
it is difficult to determine the onsets of the various cognitive pro-
cesses leading to gratitude while the narrative is unfolding. More-
over, the self-reported effort and benefit were obtained after
scanning when the participantsad the scenarios again with the
explicit task of evaluating effort and benefit. It is hard to know
whether and to what extent such reflection captures the cognitive
processes going on while the participants first read and imagined
those scenarios during MRI scanning. In contrast, in the help-
receiving task adopted here, cost and benefit were explicitly given
to the participants at the time when the helping was happening
and were independently manipulated. This allowed us to disso-
ciate the contributions of these cognitive antecedents.

We found that the representation of self-benefit was associ-
ated with increased activations in a pain-relief and reward related
network, including bilateral VS and ventromedial PREa(tra et
al., 2013

consistently implicated in representing gratitude, both by the
current data Fig. 4A) and a few previous neuroimaging studies
on gratitude Fox et al., 201XKini et al., 2016Yu et al., 201y
These findings provide a neurocognitive account of gratitude that
is in line with the appraisal approach to gratitudeeSser et al.,
1968 Weiner et al., 197Naito et al., 200p

Compared with previous neuroscience research on gratitude,
this study has a few novel contributions to our understanding of
the neural mechanisms that give rise to gratitude and reciprocity.
First, this study has adapted a theoretical model of gratities{
ser et al., 1968nto a computational model and, based on this
model, derived a trial-by-trial index of gratitude. This allows us to
pinpoint neural encoding of gratitude, as a first step to delineate
its neural representation. Second, we are among the firstto inves-
tigate how the neural representations of antecedents of gratitude
are integrated neurally to give rise to gratitude. Finally, this study
more precisely characterized the processes, at both behavioral
and neural levels, through which gratitude motivates reciprocal
behavioral toward the benefactor.

Appraisal theory has provided a framework to formalize our
understanding of how gratitude arises from cognitive processing
of relevant social information, such as benefactor’s cost and ben-
eficiary’s benefitTesser et al., 1958 hese processes may not be
gratitude-specific but are rather likely to be domain-general building
blocksupon which more specific and complex functions/repre-
sentations could be constructed (compd&@rguson and Bargh,
2003 Lindquist and Barrett, 2092 Neural research along this
line could contribute to the understanding of gratitude by first
mapping out how the “building blocks” are represented neu-
rally and then explicating how they are integrated according to
certain algorithmic account (e.g., gratitude benefactor-cost
self-benefit).

This approach has been adopted in a previous neuroimaging
study on gratitudeFox et al. (201paimed to identify the neural



line with the constructive nature of social emotiorfsefguson
and Bargh, 2003nd sheds light on where the antecedent signals
of gratitude come from and how they are integrated to give rise to
the overall value of gratitude. It thus bridges the gap between the
theoretical hypothesis concerning how gratitude is constructed
(Tesser et al., 195&n the one hand, and the neural evidence of
how the brain represents gratitudeEdx et al., 201,Xini et al.,
2016 Karns et al., 203X u et al., 201)] on the other hand.

The reciprocal motivation in gratitude has been emphasized
as a core feature of this emotion, both by ancient authors and
modern philosophers (e.gSeneca, 193Berger, 1975Card,
1988 McConnell, 1993Herman, 2012Gulliford et al., 2013
However, to our knowledge, the pathway throwghich such moti-
vation emerges from the processing of gratitude has not been
investigated in previous neuroscience research on gratitude. Our
findings provide a preliminary attempt to answer this question.
We found that those participants who were most willing to trans-
late their grateful feelings into actual reciprocation or recom-



measures, this approach not only helps us achieve a mechanistic
account of gratitude, but also serves as a role model for investi-
gation of the neurobiological basis of other complex emotions
and their significance in social-moral life.
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