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Reciprocity is central to human relationships and is strongly inﬂuenced by multiple factors including the nature
of social exchanges and their attendant emotional reactions. Despite recent advances in the ﬁeld, the neural
processes involved in this modulation of reciprocal behavior by ongoing social interaction are poorly understood. We hypothesized that activity within a discrete set of neural networks including a putative moral cognitive neural network is associated with reciprocity behavior. Nineteen healthy adults underwent functional
magnetic resonance imaging scanning while playing the trustee role in the Trust Game. Personality traits and
moral development were assessed. Independent component analysis was used to identify task-related functional
brain networks and assess their relationship to behavior. The saliency network (insula and anterior cingulate)
was positively correlated with reciprocity behavior. A consistent array of brain regions supports the engagement
of emotional, self-referential and planning processes during social reciprocity behavior.
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1. Introduction

Table 1
Descriptive demographics and functional level of subjects included in imaging analysis.

Social reciprocity, deﬁned as behavioral response to a positive action with another positive action, is central to an individual’s development of healthy interpersonal relationships, learning of social norms
and normative ethics, and integration into society [1]. Reciprocity and
other prosocial behaviors, such as altruism, fairness, and cooperation,
are adaptive behaviors common to many cultures and religious traditions. Human subjects engage in prosocial behaviors even at their own
expense [2], and thus reciprocity can overlap with altruistic behavior.
However, reciprocity and other prosocial behaviors are multi-determined and dissociable products of complex and dynamic transactional processes [3]. For instance, reciprocity can be seen as self-serving, whether by promoting the beneﬁt of future reciprocity, increasing
one’s social status or reputation, resolving the conﬂict of seeing somebody else suﬀer, enabling redemption or release from guilt, or even by
increasing reproductive population ﬁtness [2,4–7].
The pervasive human distinction between “us” and “others” is traditionally based on kinships but tends to be determined by social
proximity and contact. Personal interaction with others makes decision
making less utilitarian and more emotionally driven [8]. For example,
when research subjects believe they are interacting with other humans
(rather than computers) neuroimaging has shown greater engagement
of the ventral striatum and ventromedial prefrontal cortex (VMPFC),
brain regions that are both associated with reward processing [9,10].
However, the neural processes underlying the modulating eﬀects of
social interaction, either positive or negative, on basic reciprocal behavior are largely unknown.
Monetary exchange paradigms have yielded valuable insight into
the neurobiology of cooperation [11], trust [12,13], and agency [14].
In the present study, we sought to further characterize the neural mechanisms underlying individual variation in reciprocity behavior during
a monetary decision making task, the Trust Game. Variations in task
conditions allowed to assess the behavioral and neural processing correlates of reciprocating a gift before and after a social exchange in
which a gift to another was or was not reciprocated. We hypothesized
that reciprocity correlates with the engagement of neural processing
networks including a putative moral cognitive neural network composed of the frontal pole, anterior cingulate cortex (ACC), superior
temporal cortex (STS), precuneus, and posterior cingulate cortex (PCC)
[15–17].

Demographic variables
Number of subjects
Age
Gender (F/ M)
Race (AA/CA/H)
Education (years)
Handedness (R/ L)
Occupation (student/work/unemployed)
a

19
24.7 ± 0.5
12/7
2/13/4
16.8 ± 0.8
19/0
15/3/1

a

a

Mean ± standard deviation.

development with the Deﬁning Issues Test-2 (DIT-2), trait impulsivity
with the Barratt Impulsiveness Scale-11 (BIS-11), and history of childhood maltreatment with the Childhood Trauma Questionnaire (CTQ).
Lastly, participants underwent functional magnetic resonance imagining (fMRI) scanning while playing the trustee role in the Trust Game
(described below).
2.2. Psychological assessment scales
The NEO-FFI is an abbreviated version of the NEO Personality
Inventory, which assesses ﬁve personality domains: neuroticism, extraversion, openness, agreeableness and conscientiousness [18].
The Deﬁning Issues Test (DIT-2) activates and assesses moral
schemas in terms of “importance judgments”. Based on Kohlberg’s
theory of moral development, the subject's task is to read a moral dilemma, then rate and rank corresponding statements in terms of their
moral importance. Measures for the following schemas are obtained: a)
Personal Interest, the least developmentally advanced, focuses on a selfcentered utilitarian approach; b) Maintaining Norms, emphasizes behavior driven by rules; and c) Postconventional, the most developmentally advanced moral stage, in which laws are not simply blindly
accepted, but are scrutinized in order to ensure society-wide beneﬁt
[19]. Completed DIT-2 assessments were sent to the Center for Ethical
Development [19] for automated scoring.
The BIS-11 measures three aspects of impulsivity: a) attentional/
cognitive impulsivity denotes a lack of cognitive persistence with an
inability to tolerate cognitive complexity; b) motor impulsivity signiﬁes
a tendency to act impulsively; and c) non-planning impulsivity indicates a lack of sense of the future [20].

2. Materials and methods
2.3. MRI acquisition
2.1. Participants
Participants underwent brain imaging using a Siemens 3T Trio MRI
scanner at the University of Miami, Applebaum MRI Center. The MRI
session included the following scans: a magnetization prepared rapid
acquisition gradient echo (MPRAGE) T1 anatomic scan (5 min), a
resting-state (rs) echo-planar imaging (EPI) fMRI scan (rs-fMRI, 5 min)
and an echo-planar imaging (EPI) fMRI scan during the Trust Game
(15 min, see below). The MPRAGE scan had the following parameters:
matrix = 248 × 256, 220 sagittal slices, TR/TE/FA = 2300 ms/
3.08 ms/9°, ﬁnal resolution = 0.86 × 0.86 × 1.20 mm3 resolution. The
Trust Game was conducted across three fMRI scans with the following
parameters: TR/TE/FA = 2000 ms/30 ms/90°, FOV = 220 × 220 mm,
matrix = 64 × 64, 25 axial slices (acquired parallel to the AC-PC line
with interleaved slice acquisition), slice thickness = 5 mm, ﬁnal resolution 3.44 × 3.44 × 5.00 mm3, 154 images for 5 min 8 s. DTI and rs-fMRI
scans were not analyzed for the current work and are described elsewhere [21].
The Trust Game was conducted across three fMRI runs within a
single session. Prior to scanning, participants received instructions for
playing a variation of the Trust Game (described below) and played a
practice game to ensure they understood the instructions. Next, participants underwent fMRI while playing the Trust Game. During

We recruited 30 participants aged 18–30 years, 12 men and 18
women. The racially and ethnically diverse sample consisted of 15
Caucasians, 13 Hispanics, and 2 African Americans. Twenty-four participants were college graduate or undergraduate students, ﬁve were
employed, and one participant was unemployed. Eleven participants
were excluded from the brain imaging analysis due to head motion
artifact (n = 1) or for not varying their behavioral response (always
reciprocating), which precluded modeling diﬀerent response types
(n = 10). There were no participants who always failed to reciprocate.
Demographics of the 19 subjects included in the imaging data analysis
are provided in Table 1.
Inclusion criterion was: a) age 18–30. Exclusion criteria were: a)
neurological or psychiatric history, including active substance use,
other than tobacco; b) inability to write and speak English; c) inability
to provide written informed consent; d) non-removable ferromagnetic
objects; and e) history of claustrophobia.
Subjects provided written informed consent to participate in accordance with the Institutional Review Board of the University of
Miami. Next, participants were assessed for personality trait composition using the NEO Five-Factor Inventory (NEO-FFI), moral reasoning
137
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reciprocating behavior in the EC condition. The factor included in the
model was reciprocating behavior of the Investor in the ﬁrst round (yes
or no). Reciprocity behavior in the Baseline condition was included as
covariate.

scanning, participants viewed task stimuli and instructions via backprojection and responded via MRI-compatible keypad. After scanning,
subjects were debriefed to determine: a) their decision making strategy,
b) whether they believed they were playing against other people, and c)
their emotional response when the other person did not reciprocate in
the emotionally challenging condition. Participants were then debriefed
about the game’s deception (i.e., that they had been playing against a
computer and not other players).
2.3. The Trust Game is a two-person reciprocal exchange game
widely used to model interpersonal trust and reciprocity [11], which
has traditionally been used to assess the trust of the ﬁrst player or
trustee. We used a modiﬁed version in which the participant decides
whether or not to reciprocate the other player’s trust [22]. We used two
conditions in the game, each consisting of 30 trials during which the
participant played the Trust Game once with 30 diﬀerent anonymous
individuals. In actuality these answers were pre-generated to span offers within the $6- $80 range. Participants were instructed that they
would play the Trust Game with other people who have already played
the game and that their responses (oﬀers) had been recorded and paired
with those of the participants themselves. They were also informed that
their and the other players’ monetary compensation would be determined by the outcome from a randomly chosen trial. This was to
convey to the participants that the investment sums had been drawn
from a distribution of amounts actually proposed by real players, so
participants believe they were exposed to realistic oﬀers. The ﬁrst
condition (Baseline) was presented during Run 1. The second condition,
Emotionally Challenging (EC), was presented during two runs (Runs 2
and 3) with 15 rounds per run. For Baseline trials, the participant (the
trustee) and the other anonymous individual (the investor) were endowed with an initial amount of money that ranged from $6- $80, mean
$37.8, of which the investor then gave a certain amount (25%-75%) of
the money ($X) to the participant. Next, the participant (trustee) received three times what the investor gave ($3X), and was asked to
choose how much money he/she wanted to give back to the investor,
according to a forced choice of either $1.5X or $0. The timing of the
stimuli in each condition is shown in Fig. 1.
In each round of the EC conditions, participants ﬁrst played the
Investor role and immediately afterwards they played the Trustee role
with the same player. The ﬁrst part of the EC trials had the same
structure as the Baseline condition, except that the participant played
the role of the Investor, with two ﬁxed options ($Y) to invest ranging
between $3 and $50 or half this value (e.g. $6 or $3, or $ $40 or $20).
By design, in 50% of the rounds participants received $1.5Y back from
the other player (trustee) and in the other 50% participants received $0.
The EC trials were designed to manipulate the tendency to reciprocate
based on experiences of trusting versus non-trusting social interactions
and their attendant pro-social and anti-social emotional reactions.
Finally, the Baseline condition was repeated as a Test condition to assess the impact of these diﬀerent trust experiences on reciprocity by the
participant. The timing of the stimuli in each round is shown in Fig. 1.
Upon completion of the experiments, patients were debriefed for the
credibility of the manipulation, the rationale to make the decisions they
made, and the deception regarding the computer-generated partners
was revealed. Lastly, all participants were compensated $20 for their
participation in the study. Additionally, participants received the dollar
amount of one of their answers which was chosen randomly ($6-$80).
We measured reciprocity, altruism and selﬁsh behavior as follows.
Reciprocity was operationally deﬁned by the number of trials in which
participants gave money back in the Baseline condition. In the Test
condition, altruism was operationally deﬁned as the number of times
participants gave money back despite not receiving any from the other
player in the EC condition. Selﬁsh behavior was operationally measured by the number of trials in which participants did not give money
back after having received money from the other player in the EC
condition.
We used binary logistic model to estimate variables aﬀecting

2.4. fMRI preprocessing
Image processing and analysis were conducted with AFNI (National
Institute of Mental Health) [23] and MATLAB (MathWorks). Anatomic
data underwent skull stripping, spatial normalization to the icbm452
brain atlas, and segmentation into white matter (WM), gray matter
(GM), and cerebrospinal ﬂuid (CSF) with FSL [24]. Functional data
underwent despiking; slice correction; deobliquing (to 3 × 3 × 3 mm3
voxels); motion correction (using the 10th timepoint); transformation
to the spatially normalized anatomic image; regression of nuisance
signals including motion parameters, mean timecourse of subject’s WM
mask, and mean timecourse of subject’s CSF; spatial smoothing with a
5-mm FWHM Gaussian kernel; and scaling to percent signal change.
2.5. fMRI data analysis
The fMRI data were analyzed using MATLAB and AFNI in a twostage, random eﬀects procedure. In the ﬁrst stage, task-related changes
in blood oxygen dependent (BOLD) activity were modeled for each
subject using generalized linear modeling (GLM) via AFNI’s
3dDeconvolve command with the standard canonical hemodynamic
response function. The Baseline condition GLM modeled the regressors
“Gave $X” and “Gave $0”. The Test condition GLM modeled the regressors “Gave $1.5X After Receiving”, “Gave $1.5X After Not
Receiving”, “Gave $0 After Receiving”, and “Gave $0 After Not
Receiving”. Both GLMs included participant head motion as six nuisance parameters (lateral head motion: x, y, z; rotational head motion:
roll, pitch, yaw). The second stage consisted of one-sample t-tests (if
contrasting a condition versus rest) or two-sample t-tests (if contrasting
two conditions) to test if task-related changes in BOLD were consistent
for the entire sample. Planned contrasts for the Trust Game results included 1) Participant Gave $1.5X, 2) Participant Gave $0, and 3) general linear test contrast of Gave $1.5X vs Gave $0 under the Baseline
condition; and 1) Participant Gave $1.5X After Not Receiving Money, 2)
Gave $1.5X After Receiving Money, 3) Gave $0 After Receiving Money,
4) Gave $0 After Not Receiving Money, 5) the contrast Gave $0 After
Receiving Money vs Gave $0 After Not Receiving Money, and 6) the
contrast Gave $1.5X After Not Receiving Money vs. Gave $1.5X After
Receiving in the Test or Emotionally Challenging condition. Four participants during the Baseline condition and seven participants during
the Test condition always reciprocated; the contrasts of Gave $X/$1.5X
versus Gave $0 could therefore not be modeled for these participants, so
they were excluded from data analyses. Minimum cluster sizes were
determined via a two-step process. Step 1 estimated the spatial
smoothness of the data using the AFNI program 3dFWHMx, which was
recently revised to model spatial smoothness as a non-Gaussian autocorrelation function (ACF) to adjust for inﬂated false-positive rates
(Eklund, Nichols and Knutsson, 2016). 3dFWHMx calculated spatial
smoothness as an ACF ﬁtting the equation ACF(r) = a * exp(-r2/2b2) +
(1-a)*exp(-r/c), where r is the radius and a, b, and c are ﬁtted parameters. The ACF was calculated using the residual error of the ﬁt of that
subject’s fMRI data to the task-based GLM and subject-speciﬁc masks of
the fMRI data. Median values for parameters a, b, c were calculated for
each task (run1 and combined runs 2 and 3). Run 1 gave the more
conservative values (median a = 0.6748, b = 6.9667, c = 14.9588 for
estimated FWHMx = 16.45); these clustering parameters were used for
both Run 1 and combined Runs 2 and 3. Using these parameters, AFNI’s
3dClustSim estimated that clusters of signiﬁcant task-related activity
(p < 0.05 with family-wise correction) could be achieved by bi-sided
thresholding (where positive and negative clusters are thresholded separately) at p < 0.001 (uncorrected) and minimum cluster size = 62
138
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Fig. 1. Timeline for Baseline and Emotionally
Challenging (EC) conditions in the Trust Game. A.
Baseline condition, the participant plays the role of
trustee (blue) who receives a variable amount of
money equal to three times the sum X sent by the
investor and needs to decide whether to give back
some (1.5X) or nothing; B. Emotionally challenging
(EC) condition, the participant (blue) plays the role
of investor and chooses the amount of money he or
she will give to the other player who either reciprocates ($1.5Y) or not ($0). (For interpretation of
the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

voxels (1674 mm3) with NN = 2 (voxels connected by contiguous faces
or edges).

reward processing: one component represented sensorimotor, three
representing the visual system, one representing the language system
and one representing the cerebellum. These components were also
omitted from subsequent analyses to reduce Type I error. All 20 components are depicted in the Supplementary Materials.
The six remaining components represented networks typically associated with hot and/or cold cognition belonging to the known brain
networks: a) default-mode network (DMN) associated with self-related
cognitive activity including autobiographical, self-monitoring and social cognitive functions, anchored in the mPFC, medial temporal lobe,
precuneus, PCC, and TPJ [27] (IC 17); b) central executive network
(CEN), linked to identiﬁcation of relevant stimuli and execution of goal
directed behaviors, anchored in the DLPFC and posterior parietal cortex
(IC 9 and 14); c) the mesolimbic system network, associated with
processing of emotional stimuli, anchored in the ventral tegmental area,
striatum, amygdala and ventromedial PFC (LIM) (IC 19); and the saliency network (SAL), associated with monitoring salience if external
inputs and internal events, anchored in the anterior cingulate and the
anterior cingulate (IC 2 and 8). In order to focus on specialized networks underlying social decision making we reviewed meta-analytic
data [28–31] that described active involvement of the salience network.
For the two components belonging to the SAL, timeseries were calculated for each subject and fMRI run by back-projecting the ICA voxelwise spatial β-map to each image timepoint, thus generating weighted
timeseries of network activity for each subject and component. GLM
identiﬁed task-related changes in these weighted timeseries for each
subject, and two-tailed one-sample t-tests determined if group-level
engagement of components during the contrasts signiﬁcantly diﬀered
from 0. The Baseline task GLM had 3 contrasts (Participant Gave $1.5X,
Participant Gave $0, and general linear test contrast of Gave $1.5X vs

2.5.1. Multivariate fMRI data
After preprocessing, group-level independent component analysis
(ICA) of functional imaging data sets was conducted using MATLAB and
the Group ICA of fMRI Toolbox (GIFT v1.3; http://mialab.mrn.org/
software/), an approach for blind-source separation of a complex
mixture of signals into spatially and temporally distinct sources (independent components [IC]) [25]. ICA was run using Infomax algorithm to solve for 20 components (i.e. 20 brain networks) using Run 1
fMRI data (Baseline task). For consistent comparisons across tasks, the
same components identiﬁed from the Baseline task were used to analyze the Emotionally Challenging task (Runs 2 and 3 data). The following options were used: back-reconstruction using GICA3, subjectspeciﬁc principal component analysis using expectation maximization
and stacked datasets, full storage of covariance matrix to double precision, usage of selective eigenvariate solvers, two-step data reduction
with 40 principal components in the ﬁrst step, and scaling to z-scores.
ICA was repeated 20 times using the ICASSO algorithm to identify the
most reliable and stable components across all iterations. The ICASSO
stability indices (all iQ > 0.95) indicated a reliable solution using 20
components.
2.5.2. Regression analysis
Based on visual inspection and in comparison with the literature
[26], we classiﬁed the independent components as follows. Nine components represented noise (such as ventricle ﬂuctuations or head motion) and were excluded to reduce Type I error. Six components represented networks not typically associated with decision making and
139
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altruistic explanations variants of these two themes: “they probably
really needed the money”, “if they were already upset I didn’t want to
be mean to them”.

Gave $0). The Emotionally Challenging task GLM used the −concat
option to combine the two fMRI runs and had 6 GLM contrasts (Participant Gave $1.5X After Not Receiving Money, Gave $1.5X After Receiving Money, Gave $0 After Receiving Money, Gave $0 After Not
Receiving Money, the contrast Gave $0 After Receiving Money vs Gave
$0 After Not Receiving Money, and the contrast Gave $1.5X After Not
Receiving Money vs. Gave $1.5X After Receiving Money). Each condition contrast underwent false discovery rate (FDR) correction for the
number of components being studied (n = 2) at q = 0.05 using the
Matlab FDR program [32].
Next, given the colinearity between some of our behavioral variables, we performed a multiple robust regression (using MATLAB’s robustﬁt command with the Huber weighting function and tuning parameter 1.345) to relate behavioral measures to task-related recruitment
of brain networks. We modeled behavioral meaures of personality dimensions, PI, PC, stage 4 and N2 subscores of DIT-2, and BIS-11 scores
as independent variables, which were regressed to the dependent
variable of task-related brain network activity (i.e. the GLM betas derived from deconvolution of ICA timeseries described above). Robust
regression was chosen over standard linear regression for its greater
resiliency to the eﬀects of outliers, which are common in neuroimaging
data [33].

3.2. Univariate neuroactivation
During the Baseline condition, the Gave $0 contrast was associated
with activation of the precentral gyrus, culmen and the superior temporal gyrus.
During the Test condition the contrast Gave $1.5X After Receiving
was associated with activation in the inferior temporal gyrus and
middle frontal gyrus. The contrast Gave $1.5X After Not Receiving was
associated with cuneus activation. Gave $1.5X After Not Receiving
versus Gave $0 After Not Receiving was associated with activation in
the lingual gyrus (Table 3) and Fig. 2.
3.3. Network neuroactivation
The seven ICA-derived components (IC) associated with hot and/or
cold cognition corresponded to four well-identiﬁed and spatially independent networks of brain activation: DMN (IC 17), CEN (ICs 9 and
14), LIM (IC 19), and SAL (ICs 2 and 8) (ESM Table 1 and Fig. 2). IC 8
encompassed two networks − a positively contributing saliency network and a negatively contributing sensorimotor network. ICs relating
to visual, sensorimotor, and cerebellar systems are provided in Supplementary Fig. 1.
ICA analyses use data from all voxels. These clusters were arbitrarily
thresholded at cluster > 20 and p < 0.005 the aid visualization of the
networks (Fig. 3).

3. Results
3.1. Behavioral outcomes
In the Baseline condition, the 19 participants included in the fMRI
analysis reciprocated (Gave $1.5X) 61.9% of the time. During the EC
condition, participants reciprocated after their giving was reciprocated
78.5% of the time, but only 53.5% when their giving was not reciprocated. The binary logistic model showed a signiﬁcant eﬀect of
Reciprocity behavior in the Baseline condition (p < 0.001). See
Table 2.
The Personal Interest score (DIT-2) correlated positively with reciprocity behavior in the Baseline condition. Within the Test condition,
altruistic behavior correlated positively with the Personal Interest score
(R2 = 0.225, p = 0.040) and negatively with the Postconventional
score of the DIT-2. However, these trends did not survive false discovery rate (FDR) correction for multiple comparisons [32].
Regarding credibility of the deception of using computer generated
investor behavior, all subjects reported believing that they have played
with an assortment of local university students. To illustrate the point,
the 10 individuals whose behavior was always to give back regardless
or the other players’ behavior explained their behavior by several

3.4. Task-related network activity
During the Baseline condition, the SAL (IC 18) [t(18) = 2.46,
p < 0.024] was activated during reciprocity choice (Gave $1.5X
versus Gave $0), which survived FDR correction (p < 0.05). During
the Test condition, greater engagement of the SAL network (IC 2) was
also correlated with reciprocity behavior (Gave $1.5X After Receiving)
[t(18) = 2.34, p < 0.039], however, it did not survive FDR correction.
3.5. Regression with individual behavior and traits
No signiﬁcant correlations between brain activity and individual
behavior or traits were observed.
4. Discussion
The tendency to reciprocate is diminished by the unfair act of others
not reciprocating in a prior exchange, though some individuals persist
in reciprocating following a perceived violation of reciprocity by others.
This study sought to identify the neural correlates of such behavior after
fair versus unfair exchanges. We have identiﬁed a set of neural processing networks (DMN, SAL, CEN, and LIM) functionally associated
with reciprocity behavior. Speciﬁcally, we report greater SAL network
activity during reciprocity behavior.

Table 2
Individual traits, and Trust Game performance of subjects included in imaging analysis.
Quantitative assessments
a

Neuroticism (NEO-FFI )
Extraversion (NEO-FFI)
Impulsivity (BIS−11b)
Childhood trauma (CTQc)
Deﬁning Issues Test-2
Personal Interest
Maintain Norms
Postconventional
Trust Game performance
Reciprocity
Altruistic behavior (giving back after not
receiving)
Selﬁsh behavior (not giving back after
receiving)
a
b
c

Mean ± standard deviation
19.2
31.3
59.9
37.8

±
±
±
±

9.1
6.2
11.8
13.4

4.1. Reciprocity

22.6 ± 12.9
29.6 ± 12.9
43.9 ± 17.2

Social preference research has proposed diﬀerent underlying motives for prosocial behavior including a tit-for-tat preference, inequality
aversion, intrinsic altruism (warm-glow altruism), and reputation
seeking [34]. Other distal causes for prosocial behavior include guilt or
masochism [5]. Our study design in which participants always played
the trustee role in the Baseline condition excludes a tit-for-tat strategy,
whereas the one–round design precludes a reputation-seeking approach
by participants. The exclusion of these motivations was further supported by the voiced understanding and subjective participant response

61.9 ± 22.1
58.5 ± 31.4
21.5 ± 23.2

Neuroticism-Extraversion-Openness-Five-Factor Inventory (NEO-FFI).
Barratt Impulsiveness Scale-11 (BIS-11).
Childhood Trauma Questionnaire (CTQ).
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Table 3
Brain region activity associated with univariate analysis in the Trust Game in healthy volunteers.
Contrast

Region
(Brodmann area)

Cluster size (no. of
voxels)

Peak voxel
t-score

Peak voxel MNI

a

coordinates

x

y

z

Baseline condition
Gave $0
Precentral gyrus (l 6)
Cerebellum culmen (l)
Cerebellum culmen (r)
Superior temporal gyrus (l 38)

114
56
47
47

−6.6
8.0
6.8
−10.6

−10
−38
31
−28

−34
−48
−48
18

63
−30
−61
−36

Inferior temporal gyrus (r 20)
Middle frontal gyrus (r 11)
Middle frontal gyrus (l 9)

94
52
49

13.21
9.44
−10.6

52
10
−48

−20
49
18

−26
−16
29

Cuneus (l 18)

48

8.1

−14

−96

19

Lingual gyrus (l 19)

69

8.1

−34

−47

1

Test condition
Gave $1.5 After Receiving

Gave $1.5X After Not Receiving
Altruistic choices (Gave $1.5X After Not Receiving − Gave $0 After Not
Receiving)

a

MNI Montreal Neurological Institute.

formally recognized as a moral neural network, an array of brain regions has been consistently activated in a variety of experimental
paradigms, including passive picture viewing [17], exposure to morally-laden scenarios [15,44], and active decision making [8], has been
associated with the mPFC, ACC, PCC, STS, insula, and amygdala. Secondly, a number of studies in social cognition report activation of brain
regions implicated in ToM, including the TPJ and the precuneus
[45,46]. The TPJ has been noted to participate in the modulation of
justice reasoning [15,44,47].
The CEN is equipped to operate on identiﬁed relevant stimuli for the
individual, directing attention to pertinent stimuli as behavioral choices
are weighed against shifting conditions, background homeostatic demands, and context [48]. To achieve this level of response ﬂexibility,
prefrontal and posterior parietal cortex must exert control over sensorimotor representations and maintain relevant data in mind until
actions are selected.
The neural processes underlying reciprocity seem to involve both
emotion and social cognition [35,49]. This involvement is usually reﬂected in limbic activity, namely striatum, amygdala, and insula. For
instance, amygdala activation is associated with intensity of emotion
during human reciprocal interaction [50]. Altruistic punishment has
been shown to involve the anterior insula [51] and amygdala [52,53] in
addition to striatal reward centers [54].
In contrast, our ICA ﬁndings associated the SAL with reciprocity
choices. Moreover, brain activity in insula and anterior cingulate behavior has been linked with other prosocial behaviors like trust and
fairness in meta-analytic studies [28,30,31]. On the other hand, selfcentered behavior is associated with insular activation. In an elegant
adaptation of the Trust Game [55], ACC and fronto-insular cortex (SAL
network) activity predicted future deception and non-reciprocity behavior. Interestingly, insular activation continued to be present until
the time when subjects did not actually reciprocate. Further, inequitable choices in the Dictator Game produced anterior insula activation [37]. Because humans weigh social rewards with economic selfinterest, the DLPFC and the VMPFC are likely to be crucially involved in
the balancing of competing rewards [2,56]. However, insular activation
when choosing the monetary reward may reﬂect distaste for abandoning a natural prosocial impulse. Interestingly, the SAL association
with both pro- (reciprocity) and anti-social (selﬁsh behavior) may be
explained by its intimate roles in the processing of subjective value
which has been hypothesized to follow a U-shape function [29].

to these elements of the game.
Reciprocity behavior is thought to reﬂect the interaction of anterior
medial prefrontal cortex (mPFC) and temporoparietal junction (TPJ).
Activation of the anterior mPFC is associated with failure to reciprocate, irrespective of perceptions of risk or beneﬁt, or individual
diﬀerences in social value orientation. In contrast, activity of the TPJ,
bilateral insula, and ACC (regions incorporated in our SAL network) is
modulated by individual social value orientation and is sensitive to
perceptions of risk and beneﬁt [35]. Additionally, reciprocity behavior
positively correlates with BOLD activity in the dorsal ACC, bilateral
anterior insula, right TPJ, and precuneus [35].
Cooperation during the Prisoner’s Dilemma is associated with activation of the striatum, VMPFC, and ACC [9]. In a task of strategic uncertainty, the payoﬀ dominant option or choice to “cooperate” is associated with posterior STS, ACC, and PCC [36]. Additionally, equitable
decisions in the Dictator Game are associated with orbitofrontal cortex
(OFC) activation, suggestive of an intrinsic subjective value [37]. Developmental data shows a temporal correlation between the emergence
of reciprocity and other prosocial correlates with a functional switch
from the anterior mPFC to the TPJ during adolescence [38]. Moreover,
anatomical and lesion studies highlight the role of the mPFC in prosocial behavior. For instance, regional grey volume in bilateral PFC correlates with the trait of cooperativeness in young women [39]. Also,
individuals with VMPFC lesions show lower reciprocity than healthy
controls in the Trust Game [40], although these ﬁndings might be explained by decreased ability to experience guilt in patients with VMPFC
lesions [41]. This decreased ability, in turn, may explain apparent
deﬁcits of these patients during moral judgment [42,43].
Even though the PFC and TPJ are clearly involved in reciprocity,
such a complex behavioral outcome like reciprocity behavior is likely
the product of the combined output of brain networks involved in
emotional, cognitive control, theory of mind (ToM; the uniquely human
ability to contemplate others' thoughts, desires, and intentions), and
salience processing [38].
4.2. Brain circuits
ICA allowed us to identify neural networks underlying cognitive
processing of reciprocity, including DMN, CEN, SAL and LIM. The DMN
encompasses an integrated system for self-related cognitive activity
including autobiographical, self-monitoring and social cognitive functions [27]. Brain regions associated with the DMN include mPFC,
medial temporal lobe, precuneus, PCC, and TPJ. The DMN has considerable overlap with two other neural networks. Although not
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Fig. 2. Brain regions activated during the Baseline condition (Gave $0) and during the Test condition (Gave $1.5X After Receiving, Gave $1.5X After Not Receiving, and Gave $1.5X After
Not Receiving versus Gave $0 After Not Receiving).

correction, it is worth discussing these behaviors in the context of moral
reasoning. Moral reasoning refers to the sorting of pros and cons,
conﬂicting values, and duties in order to determine a course of action
when confronted by an ethical dilemma [58]. Postconventional scores
are associated with prosocial behavior in real life such as community
involvement, whistle-blowing and not cheating [59]. The seemingly

4.3. Individual traits
The range of Postconventional scores in our sample is comparable to
those found in college students and the general population [57]. Even
though the correlations between reciprocity and altruistic behavior
with moral development measures did not survive multiple comparison
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Fig. 3. Brain networks engaged during the Trust Game, as identiﬁed by independent component analysis (ICA). The six ICA components corresponded to four brain networks: DMN
default-mode network, CEN central executive network, LIM mesolimbic system network, SAL salience network.
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