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Cooperation is a hallmark of human society. Humans often co-
operate with strangers even if they will not meet each other again.
This so-called indirect reciprocity enables large-scale cooperation
among nonkin and can occur based on a reputationmechanism or as
a succession of pay-it-forward behavior. Here, we provide the
functional and anatomical neural evidence for two distinct mecha-
nisms governing the two types of indirect reciprocity. Cooperation
occurring as reputation-based reciprocity specifically recruited the
precuneus, a region associated with self-centered cognition. During
such cooperative behavior, the precuneus was functionally con-
nected with the caudate, a region linking rewards to behavior.
Furthermore, the precuneus of a cooperative subject had a strong
resting-state functional connectivity (rsFC) with the caudate and
a large gray matter volume. In contrast, pay-it-forward reciprocity
recruited the anterior insula (AI), a brain region associated with
affective empathy. The AI was functionally connected with the
caudate during cooperation occurring as pay-it-forward reciprocity,
and its gray matter volume and rsFC with the caudate predicted the
tendency of such cooperation. The revealed difference is consistent
with the existing results of evolutionary game theory: although
reputation-based indirect reciprocity robustly evolves as a self-
interested behavior in theory, pay-it-forward indirect reciprocity
does not on its own. The present study provides neural mechanisms
underlying indirect reciprocity and suggests that pay-it-forward rec-
iprocity may not occur as myopic profit maximization but elicit
emotional rewards.
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Humans often help strangers even if helping is a costly be-
havior and repeated encounters among the same peers are

not expected in the future. When cooperation among unacquainted
individuals is established, the cost of the cooperation that an in-
dividual owes is reimbursed by somebody else’s cooperation toward
the individual. This so-called indirect reciprocity has been reported
in a wide range of behavioral experiments and human communities,
and it is thought to be a prime candidate mechanism for explaining
large-scale cooperation among nonkin (1–3). Empirically, humans
exhibit two types of indirect reciprocity: reputation-based rec-
iprocity, in which they help others with good reputations to gain
good reputations themselves (4–8); and pay-it-forward reci-
procity, in which, independently of reputations, they help oth-
ers after being helped by someone else (9–13).
Evolutionary game theory explains reputation-based reciprocity

as self-interested stable behavior under social learning (14–18). In
contrast, cooperation in pay-it-forward reciprocity is theoretically
unstable unless it is combined with an independent mechanism
that allows evolution of cooperation (14, 19–22), because helping
others is not apparently rational in the absence of a reputation
system or a different mechanism that independently enhances
cooperation (3). Therefore, mechanisms by which humans com-
monly show pay-it-forward reciprocity remain unclear.
The lack of theoretical underpinning of pay-it-forward reci-

procity leads us to postulate that pay-it-forward reciprocity may
involve neural mechanisms associated with emotional factors

such as compassion and affective empathy and may be interpreted
as behavior driven by positive emotions such as gratitude (11, 20).
In contrast to direct reciprocity, in which two individuals mutually
cooperate in repeated interactions (23–26), neural evidence for
indirect reciprocity is absent. It is presumably because neural
measurement of indirect reciprocity requires a relatively large
number of human participants simultaneously playing the game
and their brain activity has to be recorded during the game.
Here, we overcame the technical difficulty in imaging indirect
reciprocity by combining a purely behavioral group experiment
and a subsequent neuroimaging experiment whose stimuli were
determined by the results of the behavioral experiment (Fig. 1 A
and B). In the neuroimaging experiment, we examined brain
activity that was recorded by functional magnetic resonance
imaging (fMRI) while subjects connected as a chain sequentially
made decisions in two apparently similar economic games (i.e.,
pay-it-forward and reputation-based reciprocity games). To iden-
tify neural fingerprints encoding subjects’ behavioral tendency in
the games, resting-state functional connectivity (rsFC) and regional
gray matter volumes were also measured. With this experimental
design, we provided functional and anatomical neural bases of
indirect reciprocity. We particularly sought for neural under-
pinning of positive reciprocity, i.e., cooperation after observing
others’ cooperation. We found evidence supporting the hypothesis
that, compared with reputation-based reciprocity, pay-it-forward
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reciprocity is supported by a neural mechanism associated with
compassion rather than maximization of self-profits.

Results
To simulate in fMRI experiments the indirect reciprocity games
that involve a series of anonymous one-shot interactions among
unacquainted individuals, we first conducted behavioral group
experiments with 40 subjects. We recorded the sequences of be-
havioral patterns consisting of donation (i.e., cooperation) and
nondonation (i.e., defection; Fig. 1 A and B and SI Appendix,
Fig. S1). On the basis of the behavioral data, we prepared stimuli
for the subsequent fMRI experiments in which 48 new subjects
separately played two types of indirect reciprocity game: the pay-
it-forward and reputation-based reciprocity games (Fig. 1 C
and D). Before the fMRI experiments, each subject was informed
that, although there was no other subject simultaneously playing
the game, the subject was embedded in a group experiment in
exactly the same manner as were the other subjects and that the
subject’s actions would affect other players’ actions and rewards
(see SI Appendix, Supplementary Materials for instructions).

Comparison Between Group and fMRI Experiments. This experi-
mental design allowed us to observe indirect reciprocity in fMRI.

The distribution of donation strategies obtained from the 48
scanned subjects was similar to that obtained from the 40 sub-
jects in the group experiment (P > 0.7, Friedman test; SI Ap-
pendix, Table S1). Postscanning questionnaires also revealed that
the subjects had understood that their decisions would in-
fluence unacquainted others’ decisions and rewards (t47 = 3.0,
P = 0.005, one-sample t test; SI Appendix, Fig. S4). Therefore,
the scanned subjects were likely to feel as if they were em-
bedded in the chain of donation games together with other
subjects in the group experiment.
Among the 48 healthy subjects who were scanned, 21 subjects

tended to behave reciprocally in both the pay-it-forward and rep-
utation-based reciprocity games (SI Appendix, Fig. S2 and Table S1;
see also SI Appendix, Supplementary Experimental Procedures for
evaluation of reciprocity of each subject). We regarded co-
operation after observing cooperation (CC) and defection after
observing defection (DD) as reciprocal behaviors (Fig. 1F) (27).
In the following analysis, we mainly investigated the activity and
anatomy of the brain in the 21 reciprocal subjects, who showed
indirect reciprocity with sufficient frequency. As shown later, we
also analyzed the data obtained from subjects that did not fre-
quently show reciprocal behavior.

Fig. 1. Experimental design and behavioral results. (A and B) Overall experimental design. Various chains of donation or nondonation were collected in
group experiments with four groups of 10 subjects. We conducted the fMRI experiments by embedding the scanned subjects into the chains of the behavioral
patterns collected in the group experiments. In the pay-it-forward reciprocity (also known as upstream reciprocity, generalized reciprocity, and generalized
exchange) game (A), a subject undergoing fMRI made decisions (i.e., to donate or not to donate) after knowing whether the subject had received a donation
from another subject. In the reputation-based reciprocity (also known as downstream reciprocity) game (B), a subject undergoing fMRI made decisions after
knowing whether the prospective recipient had donated to a different peer. In both games, the decision of each subject in the group experiments was also
conditioned on that of the previous subject, who was either a different subject in the group experiments or the virtual subject in the fMRI experiments. The
displayed names of the subjects were randomly selected such that the subjects could not identify the other subjects. (C and D) Stimuli presented in fMRI.
Circles and crosses indicate donation (cooperation) and nondonation (defection), respectively. Note that the subject knows the decision of only the neigh-
boring peer who makes a decision immediately before himself/herself. (E) Payoff matrix showing the amount of reward in a single game. (F) Cooperation
after CC and defection after DD are defined as reciprocal behaviors. (G) Brain activations specific to reciprocal behavior. IFG, inferior frontal gyrus; Lt/Rt IPL,
left/right inferior parietal lobule; post dmPFC, dorsomedial prefrontal cortex. Left and Right show the activations in pay-it-forward and reputation-based
reciprocity, respectively. All activations in G and H survive P < 0.05 corrected by family-wise error (FWE). (H) Difference in brain activity defined as CC–(CD+DC)
between two types of reciprocity. AI, anterior insula.
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Behavioral Results. Behaviorally, neither a repeated-measures
two-way analysis of variance (ANOVA) of the fraction of the
responses [type of action (CC and DD) × type of game (pay-it-
forward and reputation-based)] nor an ANOVA of the response
time revealed any significant effects (P > 0.5; SI Appendix,
Fig. S5). This observation assures us that there was behavioral
comparability between the two types of indirect reciprocity. Next,
the fractions of CC and DD did not significantly change during
the course of the fMRI experiment (P > 0.4, Friedman test;
SI Appendix, Fig. S5). Therefore, we can exclude the effect of
learning on the activity of reward-related brain regions—an ef-
fect that has been reported for direct reciprocity (23–26).

Brain Regions Associated with Indirect Reciprocity. We then
searched for differences in brain regions associated with the
two types of indirect reciprocity. To this end, we first esti-
mated brain activity related to reciprocal behaviors (i.e., CC
and DD) in each type of indirect reciprocity. The baseline was
defined by the fMRI signals during nonreciprocal behaviors
(CD, i.e., defection after observing cooperation; and DC, i.e.,
cooperation after observing defection). We compared the
reciprocity-specific activity [i.e., (CC+DD)–(CD+DC)] between
the two types of reciprocity but could not detect a significant dif-
ference even with a moderate statistical threshold (P = 0.005,
uncorrected). Consistent with this result, the two types of indirect
reciprocity recruited approximately the same brain regions in-
cluding left frontal gyrus, posterior dorsomedial prefrontal cortex
(post dmPFC), and bilateral inferior parietal lobules (PFWE < 0.05;
Fig. 1G and SI Appendix, Table S2).

Brain Regions Associated with Reciprocal Cooperation. We then
hypothesized that positive reciprocity (CC) and negative reci-
procity (DD) were supported by different brain mechanisms in
different types of indirect reciprocity. Averaging the positive and
negative reciprocity by measuring the contrast (CC+DD)–(CD+
DC) (Fig. 1G and SI Appendix, Table S2) may have masked the
difference. Here, we separately analyzed fMRI signals during CC
and those during DD. To secure a sufficient amount of data for
nonreciprocal behavior, we measured CC–(CD+DC) instead of
CC–CD or CC–DC to examine neural correlates of positive reci-
procity. We found that CC in pay-it-forward reciprocity activated the

right anterior insula (AI) and post dmPFC more than CC in
reputation-based reciprocity did (PFWE < 0.05; Fig. 1H, Left). CC
in reputation-based reciprocity specifically recruited the dorsal
precuneus (PFWE < 0.05; Fig. 1H, Right). However, there was no
significant difference in brain activity during DD [i.e., DD–(CD+
DC)] between the two types of indirect reciprocity (P > 0.005,
uncorrected). These results suggest that pay-it-forward reciprocity
and reputation-based reciprocity are different in neural mech-
anisms underlying positive reciprocity.
We next looked at CC-specific brain activity defined as the

difference in fMRI signals between CC and DD (i.e., CC–DD).
In fact, an ANOVA of fMRI signals [type of action (CC and
DD) × type of game (pay-it-forward and reputation-based)]
detected a significant interaction between the type of action and
the type of game (F1,80 > 21.1, PFWE < 0.05; SI Appendix, Table
S3). CC-specific activity in the right AI and post dmPFC was
significantly larger during pay-it-forward than reputation-based
reciprocity (t20 > 4.6, PFWE < 0.05; Fig. 2A). CC-specific activity
in the dorsal and ventral precuneus showed the opposite pattern
(t20 > 4.9, PFWE < 0.05; Fig. 2B). By conducting a region-of-in-
terest (ROI) analysis (Fig. 2 D and E) and whole-brain analysis
within each type of reciprocity (SI Appendix, Table S4), we
confirmed that none of these activations represented the dif-
ference in DD-specific activity (DD–CC; SI Appendix, Supple-
mentary Results). A conjunction analysis revealed that CC-
specific activity in the right caudate and anterior dmPFC was
concomitantly large in both types of indirect reciprocity (P <
10−8; Fig. 2C; SI Appendix, Table S3); this result was also con-
firmed by ROI analysis (Fig. 2F). These results were stably ob-
served even when we excluded the subjects with random
strategy (SI Appendix, Table S5) and when we used the ten-
dency of reciprocal behavior as an additional covariate (SI
Appendix, Table S6).
Next, to clarify ROIs that were the most responsible for the

corresponding positive reciprocity, we compared the activity of
these six ROIs with the probability of cooperation across sub-
jects. Among the four ROIs specific to either type of indirect
reciprocity (Fig. 2 A and B), only the activity of the AI and dorsal
precuneus was positively correlated with the probability of CC
in pay-it-forward and reputation-based reciprocity, respectively
(Pearson’s correlation r19 > 0.57, PBonferroni < 0.05; Fig. 2 G and

Fig. 2. Brain activations related to positive indirect
reciprocity. (A–C) CC-specific brain activations. ant,
anterior. A and B are activation maps with P < 0.05
corrected by FWE. C shows the result of a conjunc-
tion analysis of the two types of indirect reciprocity:
red, orange, and yellow areas indicate binary-val-
ued maps derived from multiplication of the two
maps shown in A and B with P < 10−3, P < 5 × 10−4,
and P < 10−4, respectively. (D–F) Activity of six brain
regions in the two types of reciprocal behavior and
two types of indirect reciprocity game. Error bars:
SEM. ***P < 0.001 in a paired t test. ns, no signifi-
cant difference. (G–I) Across-subject comparison
between the activity of different brain regions and
the probability of cooperation after observing co-
operation [i.e., P(CjC)]. r represents Pearson’s corre-
lation coefficient between brain activity and P(CjC).
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H). Among the two ROIs activated by cooperation under both
types of indirect reciprocity (Fig. 2 C and F), only the activity of
the caudate was positively correlated with the overall probability
of CC (r19 > 0.53; PBonferroni < 0.05; Fig. 2I).
These results show that positive pay-it-forward reciprocity

mainly recruits the AI, a region known to be related to affective
empathy (28–34) and unreciprocated cooperation (35). In con-
trast, positive reputation-based reciprocity recruits the dorsal
precuneus, a region associated with self-centered cognition (36)
and logical inference of others’ intention (37, 38). The caudate,
a region linking reward to behavior (39, 40), is involved in co-
operation in both types of indirect reciprocity.

Task-Specific Functional Connectivity. We then examined task-
specific functional connectivity by using psycho–physiological
interactions (PPIs). The PPI from the AI to the caudate exclu-
sively increased during CC in pay-it-forward reciprocity (t20 >
3.7, PBonferroni < 0.05, paired t test; Fig. 3A). The PPI from the
dorsal precuneus to the caudate exclusively increased during CC
in reputation-based reciprocity (t20 > 2.9, PBonferroni < 0.05; Fig.
3B). We confirmed the spatial specificity of these results by ex-
ploratory whole-brain PPI analyses (PFWE < 0.05; Fig. 3 C and D
and SI Appendix, Table S7). Therefore, cooperative behavior in
pay-it-forward reciprocity, but not reputation-based reciprocity,
selectively recruits an empathy- and compassion-based neural
system centered around the AI.

Resting-State Functional Connectivity. These results imply that
individuals’ behavioral tendency in the indirect reciprocity games
may be encoded in some intrinsic neural circuits centered around
the AI and dorsal precuneus. To further examine this question,
we first calculated the task-irrelevant rsFC among the AI, dorsal
precuneus, and caudate. The rsFC between the AI and caudate
was positively correlated with the probability of CC in pay-it-
forward reciprocity across subjects (r19 = 0.66, P < 0.005; Fig.
3E), but not with that in reputation-based reciprocity (r19 = 0.22,
P > 0.34; Fig. 3E). The rsFC between the dorsal precuneus and

caudate was positively correlated with the probability of CC in
reputation-based reciprocity (r19 = 0.73, P < 0.001; Fig. 3F), but
not in pay-it-forward reciprocity (r19 = 0.33, P > 0.13; Fig. 3F). In
each rsFC, the r values for the two types of indirect reciprocity
were significantly different (z > 1.7, P < 0.05; Fig. 3 E and F).

Regional Gray Matter Volume. We then estimated anatomically
defined gray matter volumes by conducting voxel-based mor-
phometry (VBM) analysis. The regional gray matter volume of
the AI and dorsal precuneus was strongly correlated with the
probability of CC in pay-it-forward and reputation-based reci-
procity, respectively (r19 > 0.67, P < 0.002; Fig. 3 G and H). The
significant correlation was specific to the corresponding type of
reciprocity (z > 1.6, P < 0.05). Exploratory whole-brain VBM
analysis also confirmed the spatial specificity of these results
(PFWE < 0.05; Fig. 3 I and J and SI Appendix, Table S8). These
task-irrelevant results regarding the rsFC and regional gray
matter further support the notion that positive pay-it-forward
reciprocity depends on the AI-centered neural mechanism.

Comparison Between Reciprocal and Nonreciprocal Subjects. Finally,
we compared brain activity between the 21 reciprocal subjects
analyzed so far and 12 nonreciprocal subjects. The nonreciprocal
subjects were defined as those showing at least five CC and DD
responses in both types of indirect reciprocity games, with the
reciprocal subjects excluded. The threshold of the five responses
was necessary for conducting reliable statistical analysis.
During CC in the pay-it-forward reciprocity game, the bilateral

AIs were activated more strongly in the reciprocal than non-
reciprocal subjects (PFWE < 0.05; Fig. 3K, Left). During CC in
the reputation-based reciprocity game, the dorsal precuneus was
activated more strongly in the reciprocal than nonreciprocal
subjects (PFWE < 0.05; Fig. 3 K, Right). These activations in the
right AI and precuneus were located near those shown in Fig. 2
A and B. In addition, for the nonreciprocal subjects, neither CC–
DD activity in the right AI in pay-it-forward reciprocity nor that
in the precuneus in reputation-based reciprocity was significant

Fig. 3. Task-specific functional connectivity. (A and B) We compared task-specific functional connectivity by calculating the PPIs. Error bars: SEM. **P < 0.01,
***P < 0.001 in a paired t test. ns, no significant difference. (C and D) Results of explanatory PPI analysis at the whole-brain level with the AI and dorsal
precuneus as a seed, respectively. Blue circles indicate the location of the caudate as determined from the results shown in Fig. 2C. (E and F) Comparison
between rsFC and probability of cooperation after observing cooperation (i.e., CC) across subjects. The rsFC between the AI and caudate and that between the
dorsal precuneus and caudate are presented in E and F, respectively. In E–H, the red and blue lines indicate linear regressions in the case of pay-it-forward and
reputation-based reciprocity, respectively. *P < 0.05. (G and H) Regional gray matter volume of the AI (G) and dorsal precuneus (H) compared with the
probability of CC across subjects. (I and J) Results of exploratory VBM analysis at the whole-brain level. Circles in I and J indicate the locations of the AI and
dorsal precuneus as determined in Fig. 2 A and B, respectively. (K) Images show the difference in the CC–(CD+DC) activity between the reciprocal and
nonreciprocal subjects. (L) Schematic of neural mechanisms for indirect reciprocity implied by the present findings.
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(P > 0.005, uncorrected; SI Appendix, Supplementary Results and
Fig. S6). These results support the notion that the right AI and
precuneus are the core brain regions for positive reciprocity in
pay-it-forward and reputation-based reciprocity, respectively.
Furthermore, during DD, the reciprocal subjects more strongly
recruited the precuneus than the nonreciprocal subjects, but not
the AI in both types of indirect reciprocity (P > 0.005, un-
corrected; SI Appendix, Fig. S7). This result also supports the
important role of the AI in positive pay-it-forward reciprocity but
not in negative pay-it-forward or positive and negative reputation-
based reciprocity.

Discussion
The present findings provide functional and anatomical neural
correlates of cooperative behavior in two types of indirect reci-
procity. Cooperative behavior in the reputation-based indirect
reciprocity recruited the brain region for self-centered cognition
(i.e., the precuneus) and increased the task-related functional
connectivity (i.e., PPI) between the precuneus and a region as-
sociated with general reward systems (i.e., the caudate). The gray
matter volume of the precuneus and task-irrelevant functional
connectivity (i.e., rsFC) between the precuneus and caudate
were highly predictive of the subject’s tendency to cooperate in
the reputation-based reciprocity game. In contrast, cooperative
behavior in the pay-it-forward reciprocity game activated the
empathy-associated brain region (i.e., AI) and enhanced PPI
between the AI and the caudate. Furthermore, the subject’s
tendency of cooperation in the pay-it-forward reciprocity game
was positively correlated with the regional gray matter volume of
the AI and rsFC between the AI and caudate. Although we need
to be cautious about inferring recruited cognitive components on
the basis of the activation of specific brain regions, these results
imply that positive emotions such as gratitude and affective
empathy represented in the AI are evaluated as reward in the
caudate such that subjects show positive reciprocity in the pay-it-
forward reciprocity game (Fig. 3L). Emotional rewards may be
a key factor in reconciling the abundance of pay-it-forward rec-
iprocity in human society and its theoretical instability. Future
theoretical models of pay-it-forward reciprocity may benefit
from incorporating emotional factors.
Although the region is known to be activated during other

cognitive tasks including cognitive control (41) and awareness
(42), the AI is one of the main brain regions constituting a core
network of empathy (28–33). In particular, the AI is thought to
be associated with the affective type of empathy in which others’
experiences are perceived as if they were one’s own experiences.
In fMRI experiments, the AI is activated when subjects feel af-
fection and sympathy toward others in contrast to when they are
conducting logical inference of others’ intention; the latter cor-
responds to mentalizing or cognitive empathy (30, 31, 34). The
association between the AI and affective empathy is also
reported in terms of the regional gray matter volume of healthy
subjects (32) and patients with psychiatric disorders (28). These
results are consistent with our view that positive reciprocity in
pay-it-forward reciprocity may use affective empathy that is rep-
resented in the AI.
In contrast, the precuneus is activated when a subject evaluates

risk and benefits or infers others’ intentions without sympathizing
with them (31, 34, 36–38). Logical inference presumably used in
such a situation could be beneficial for maximizing material
rewards such as money and reputations. This idea is consistent
with the strong association between the precuneus and cooperative
behavior in the reputation-based reciprocity game revealed in the
present study. In reputation-based reciprocity, the precuneus may
be used for calculating the benefit of establishing good reputations
minus the cost of helping.
We found that the caudate was functionally connected with

both the AI and precuneus. A line of fMRI studies reporting
activation of the caudate suggests two major functions of the
caudate (39, 40): learning rewards and linking rewards to actual
behavior (35). Because we did not detect the effect of learning

(SI Appendix, Fig. S5), the activation of the caudate observed in
our experiments may be ascribed to the linkage between rewards
and subsequent behavior. The caudate might relay the in-
formation on emotional or material rewards represented in the
AI and precuneus, respectively, to actual behavior (Fig. 3L). The
connection from the AI to the caudate may hamper the payoff-
maximizing action (i.e., noncooperation after receiving co-
operation from someone) by suppressing the precuneus-caudate
pathway and allow the decision system to regard positive pay-it-
forward reciprocity as rewarding behavior. The present inter-
pretations on the functions of the AI, precuneus, and caudate
seem to be persuasive, although these brain regions may be also
involved in other cognitive processes.
A different interpretation of the present findings is social

conformity (43, 44). The posterior mPFC and insula are known
to be recruited when individuals obey opinions of others in the
same group (45–47). In the present study, we attempted to
minimize the effect of conformity by contrasting CC and DD;
both CC and DD are consistent with social conformity. However,
CC may recruit conformity-related neural mechanisms more
than DD does. If so, the observed activations in the AI could be
relevant to social conformity.
A yet different possible interpretation of our results on posi-

tive reciprocity in the pay-it-forward game is the so-called social
image (48). A behavioral study using the dictator game suggested
that typically developed individuals cooperate because they like
to be perceived as fair to maintain their private “social image,”
although other parties judging the fairness or reputation of the
subjects were absent (49), as in our pay-it-forward game. We
cannot rule out the possibility that such a social image operated
in our experiments. However, social images investigated with
optional donation to a charity are known to mainly activate re-
ward-related brain regions, such as the ventral striatum (50),
rather than those identified in the present study. Therefore,
the social image may have played a relatively minor role in our
experiments.
In evolutionary game theory, cooperation via pay-it-forward

reciprocity is difficult to explain as a payoff-maximizing behavior
(3). It evolves only when theoretical models are complemented
by an independent cooperation-enhancing mechanism, such as
small population size (14), mobility of players (19), repeated
interaction between the same partners (20), spatial or network
structure (21, 22), or assortative interaction (21). However, di-
rect reciprocity (51) and reputation-based indirect reciprocity
(14–18) evolve much more easily. In principle, evolutionary
game theory is silent about the proximate mechanisms used for
producing evolutionarily stable behavior. It is an intriguing co-
incidence that both direct reciprocity and reputation-based in-
direct reciprocity are governed by the reward system, whereas
pay-it-forward indirect reciprocity needs the involvement of
empathy-related neural circuitry. A possible evolutionary in-
terpretation is that empathy facilitating acquisition of group-
beneficial traits has evolved in the course of gene-culture co-
evolutionary processes and pay-it-forward reciprocity is ontogenet-
ically acquired on the basis of such a neural mechanism (52). Our
neuroscientific evidence may shed light on the ongoing controversy
on the origin of human cooperation.

Materials and Methods
Overall Design. The study consisted of two experiments: a group experiment
and an fMRI experiment (Fig. 1 A and B). Written informed consent was
obtained from all subjects in both of the group (n = 40) and the MRI
experiments (n = 50). All experiments complied with the requirements of the
Declaration of Helsinki. In the MRI experiment, behavioral responses of two
subjects were not recorded owing to a technical problem. Therefore, we
analyzed behavioral data obtained from the remaining 48 subjects. See
SI Appendix for the details about the group and MRI experiments using a 3T
magnetic resonance imaging scanner (Discovery MR750w; GE). High-reso-
lution T1-weighted images [repetition time (TR) = 6.8 ms; 1 × 1 × 1 mm] and
T2*-weighted functional images (TR = 3 s; echo time = 35 ms; 4 × 4 × 4 mm;
42 slices) were acquired.
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Behavioral Analysis. On the basis of behavior of each subject, we classified
the subjects into the reciprocal and nonreciprocal individuals (see SI Ap-
pendix, Supplementary Methods for details). In the group experiment,
there were 8 and 12 reciprocating subjects among 40 subjects in the pay-it-
forward and reputation-based reciprocity games, respectively. In the fMRI
experiment, there were 22 and 37 reciprocating subjects among 48 subjects
in the pay-it-forward and reputation-based reciprocity games, respectively.
All of the reciprocating subjects in the pay-it-forward reciprocity game were
also reciprocating subjects in the reputation-based reciprocity game in the
fMRI experiment. Because the MRI data recorded from one of the 22 re-
ciprocating subjects in the pay-it-forward reciprocity game were lost owing
to technical problems in transferring the data, we submitted the data
recorded from the remaining 21 reciprocating subjects identified in the pay-
it-forward reciprocity game to the main part of the imaging analysis. Among
the remaining nonreciprocal subjects, the data obtained from 12 subjects
who showed at least five CC responses in both types of games were used. We
analyzed the number of reciprocal behaviors and reaction time by using
a repeated-measures two-way ANOVA [type of action (CC and DD) × type of
game (pay-it-forward and reputation-based)].

Imaging Analysis.We first analyzed fMRI images by using a general linearmodel
in a standard event-related design in a single-subject level. At a group level,
we used the random effects model to analyze the fMRI images that were
subjected to analysis at the single-subject level (PFWE < 0.05). The post hoc t tests
adopted P < 0.05 that was Bonferroni corrected. In a conjunction analysis using
a conservative null hypothesis, we adopted three different statistical thresholds
(i.e., 10−6, 2.5 × 10−7, and 10−8, uncorrected). Using task-irrelevant resting-state
fMRI signals, we examined resting-state functional connectivity. Using high-
resolution anatomical images, we performed VBM analysis. See SI Appendix for
a full description of the overall methods.
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