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Social Network Modulation of Reward-Related Signals
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Everyday goals and experiences are often shared with others who may hold different places within our social networks. We investigated
whether the experience of sharing a reward differs with respect to social network. Twenty human participants played a card guessing
game for shared monetary outcomes with three partners: a computer, a confederate (out of network), and a friend (in network). Partic-
ipants subjectively rated the experience of sharing a reward more positively with their friends than the other partners. Neuroimaging
results support participants’ subjective reports, as ventral striatal BOLD responses were more robust when sharing monetary gains with
a friend as compared to the confederate or computer, suggesting a higher value for sharing with an in-network partner. Interestingly,
ratings of social closeness covaried with this activity, resulting in a significant partner X closeness interaction; exploratory analysis
showed that only participants reporting higher levels of closeness demonstrated partner-related differences in striatal BOLD response.
These results suggest that reward valuation in social contexts is sensitive to distinctions of social network, such that sharing positive

experiences with in-network others may carry higher value.

Introduction

Social networks have seen increased public attention in recent
years with the advent of social networking sites. Within one’s
social network, there may exist varying degrees of closeness be-
tween members (e.g., best friend, new acquaintance, business
colleague), and, as such, we may place more value on experiences
with close others as compared to those who are more distant or
out of our social network. Often times we may pursue goals that
will be shared with another (e.g., teaming up with a best friend to
win a competition) and in doing so may take turns contributing
toward these goals. An interesting question thus arises as to
whether such shared experiences with a close, in-network other
are experienced as more valuable than when working with some-
one out of network. Further, is the neural representation of
shared rewards reflected in putative reward circuitry and also
modulated by social network?

A rich literature highlighting the neural underpinnings of
goal-directed behaviors and reward processing focuses on func-
tional corticobasal ganglia loops (Middleton and Strick, 2000),
with the striatum being a critical component (Robbins and
Everitt, 1996; Delgado, 2007; Haber and Knutson, 2010). Blood
oxygen level-dependent (BOLD) responses in the human stria-
tum represent reward value during reward expectation or predic-
tion (Knutson et al., 2001; O’Doherty et al., 2003a) as well as
upon receiving positively and negatively valenced outcomes
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(Delgado et al., 2000; Seymour et al., 2007) of differing magni-
tudes and incentives (Knutson et al., 2001; Galvan et al., 2005;
Knutson et al., 2005). Recent efforts have investigated whether
social reward valuation is similarly processed in the brain (Leotti
and Delgado, 2011). Receiving another person’s positive opinion
of us, for example, elicits striatal activity similar to that seen when
receiving monetary rewards (Izuma et al., 2010). Other types of
social rewards, such as observing another person’s success
(Mobbs et al., 2009), and charitable giving (Harbaugh et al.,
2007) also recruit the striatum, suggesting that social reward pro-
cessing recruits neural circuitry similar to processing primary
and secondary rewards. However, it remains unclear how reward
valuation may be modulated as a function of social network.

To investigate this question, we administered a card guessing
task for monetary outcomes (Delgado et al., 2000) in which we
manipulated two experimental factors: participants’ partners and
roles (Fig. 1). Participants performed the task with three different
partners with whom they shared monetary outcomes achieved
during the task—a computer, a confederate, and, importantly,
one of their close friends. Participants alternated roles with their
partners during the task between being the player (e.g., making
responses) and the observer (e.g., watching the other agents make
responses). Using functional magnetic resonance imaging
(fMRI), this design allowed us to probe whether the value of
shared outcomes is modulated by both degree of social net-
work and one’s role (active/passive) in attaining them. We
hypothesized that social network would modulate reward-
related striatal signals; we expected greater BOLD responses
when sharing positive outcomes with a close friend (in net-
work) as compared to when sharing with a confederate (out of
network) or a computer (nonsocial entity).

Materials and Methods

Participants. Twenty-three gender-matched participant pairs (12 female)
took part in this experiment. Only one participant from each pair under-
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went fMRI (MRI participant); the other partic-
ipant took part in the experiment from the
control room in the University Heights Ad-
vanced Imaging Center at the University of
Medicine and Dentistry of New Jersey (New-
ark, NJ). All MRI participants were screened
for head trauma and history of psychiatric ill-
ness. Three participant pairs were excluded
from further analysis, two due to excessive
head motion by the MRI participant and one
due to both reported discomfort with the scan-
ner environment and reported lack of focus on
task requirements. Data from 20 participants
were included in the final analysis (10 females;
mean age, 20.5 years; SD, 2.2 years). Analysis of
subjective reports of closeness was also con-
ducted in the cohort of participants who did
not undergo fMRI (10 females; mean age, 20.6
years; SD, 2.2 years). All participants gave in-
formed consent before participating in the ex-
periment. The internal review boards of
Rutgers University and the University of Med-
icine and Dentistry of New Jersey approved this
study.

Experimental paradigm. The experiment took part over 2 d. Day 1
involved completion of questionnaires probing social closeness, while
the experimental session took place on day 2. The focus of this study was
to probe valuation of shared outcomes as a function of social network.
Thus, our critical manipulation involves sharing outcomes with an in-
network (friend) versus an out-of-network (confederate) partner. Par-
ticipants recruited from Rutgers University-Newark and the
surrounding area were told to bring a close friend of the same gender (not
aromantic partner or a family member) whom they felt they could count
on. After giving informed consent on day 1, each member of the pair
separately completed the Inclusion of Other in Self scale (IOS) (Aron et
al., 1992), which consists of pairs of circles (one labeled self and one
labeled other) varying in their degree of overlap. Greater overlap indi-
cates greater relationship closeness. Participants were independently in-
structed to choose the pair of circles on the IOS that best characterized
their relationship. We administered this measure motivated by the idea
that there could be varying degrees of closeness with different members
of one’s social network. Thus, we deemed it important to measure how
close MRI participants were with the friend they chose to bring with
them. Both participants also completed a supporting measure, a modi-
fied version of the Personal Acquaintance Measure (PAM) (Starzyk et al.,
2006), to assess relationship characteristics such as duration of acquain-
tance. A facial photograph was taken of the close friend to be pro-
grammed into the task as a stimulus as described below. Both
participants were paid $10 for their participation on day 1 and then
instructed to return on the day of the scheduled fMRI experimental
session (typical delay between sessions was 1 or 2 d).

On day 2, the MRI participant was told that he or she would be playing
a gambling game (Delgado et al., 2000) for monetary compensation (Fig.
1). We manipulated two factors here: MRI participants’ (1) partners and
(2) role during the task. MRI participants played the game with three
different partners: a computer, a gender-matched confederate from the
laboratory (whose photograph was already programmed into the task),
and their close friend. Each confederate was portrayed as another partic-
ipant, and his or her identity was not revealed until debriefing at the end
of the fMRI session so participants would not suspect an unfair advan-
tage in the task. The computer partner served as a nonsocial control,
depicted by a photograph of a computer. MRI participants’ roles also
alternated between making choices in the game (player) and watching
their partners choose (observer).

Participants guessed whether a card’s value was higher (6, 7, 8, 9) or
lower (1, 2, 3, 4) than the number 5. The task consisted of 96 total trials,
separated into 4 runs of 24 trials each. All runs consisted of 8 trials per
partner condition, randomly presented. MRI participants’ role (player/
observer) alternated between runs (2 player runs, 2 observer runs), the
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Task structure. MRI participants played a card guessing task (Delgado et al., 2000) with one of three partners on a
given trial—a computer, a confederate, or a close friend—as indicated by a picture at the top of the screen. MRI participants’ roles
alternated across runs between making the guesses (player run) and watching their partners make the guesses (observer run). A
green check markindicated a correct guess and a monetary gain of $4.00; a red “X" indicated an incorrect guess and a monetary loss
of $2.00. Importantly, all outcomes were to be shared equally between MRI participants and their partners.

order of which was counterbalanced across participants. During player
runs, MRI participants responded by pressing buttons designated “high”
or “low” on a fiber optic response box (Current Designs), and the friend
pressed a designated button on a keyboard to “release” the MRI partici-
pant’s responses (i.e., allow them to be counted). During the observer
runs, MRI participants made a similar button press to release their part-
ners’ responses. This served as a motor control and to ensure attentive-
ness in both MRI participants and their friends. Unbeknownst to MRI
participants, confederate and computer responses were preprogrammed
into the game for both role conditions. A correct guess (e.g., correctly
guessing the card value was low) resulted in a monetary gain of $4 (pos-
itive outcome), whereas an incorrect guess resulted in a monetary loss of
$2 (negative outcome). Failure to make or release responses (during
player or observer runs, respectively) resulted in a missed trial and a
monetary loss of $1 to encourage responding. MRI participants were
informed that all earned monetary outcomes would be shared equally
between the participant and partner. Outcomes were predetermined
(50% reward, 50% punishment) to ensure an equivalent experience
across participants and were presented randomly.

Each trial began with a response phase (2 s) in which a question mark
appeared within a card on a computer screen. Above the card was a
picture of the MRI participant’s partner (computer, confederate, or
friend) for that particular trial, and below the card was a reminder of their
role in that functional run (e.g., player/observer). Participants made the
appropriate responses depending on their roles. This was followed by a
jittered interstimulus interval (4-10 s) and the outcome phase (2 s).
During the outcome phase, participants saw the same visual presentation
as during the response phase, except that the question mark was replaced
by the card’s numerical value and either a green check mark (correct
guess/monetary gain) or a red X (incorrect guess/monetary loss). Trials
were separated by a jittered intertrial interval (12-14 s).

Following the experimental session, MRI participants subjectively
rated how excited they were to win and how disappointed they were to
lose with each partner using seven-point Likert scales (1 = notatall,7 =
alot). Additionally, they rated their partners on Likert scales of trustwor-
thiness and liking.

The paradigm was programmed using E-Prime version 2.0 (PST).
Participants viewed the stimuli in the fMRI scanner through a back-
projection system. The close friend participated in the experiment using
a standard keyboard and computer in the control room. MRI partici-
pants were guaranteed a base rate of $25 per hour and were paid addi-
tionally based on the outcomes of the game. The friends were paid at a
base rate of $10 per hour and also received equal outcome-dependent
payment for trials in which they were partnered with their friends, as
earned outcomes between the partners were shared. Participants were
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fully debriefed as to the predetermined reinforcement schedule and the
identity of the confederate at the end of the session. The use of deception
in this task was necessary to maximize equivalence in the experience
across participants with regard to the outcomes earned and the out-of-
network other (e.g., confederate’s appearance, mannerisms). During de-
briefing, participants were informed of the reasons behind these two
critical design aspects. One risk of the use of deception is that participants
may not be as susceptible to the manipulation, particularly if they are
suspicious of deception in experimental studies. However, this was not
evident in post-experimental debriefing sessions.

Behavioral analysis. We examined whether MRI participants and
friends viewed their relationships similarly with separate Pearson’s
correlations on IOS and PAM responses. Differences between MRI
participants’ [OS ratings of their friends and of the confederates were
compared using paired samples t tests; this was also done for friends’
ratings of the MRI participants and of the confederates. Due to exper-
imenter error, one MRI participant and two friends did not complete
IOS ratings for the confederate. Post-session subjective ratings were
analyzed with separate one-way repeated-measures ANOVAs in SPSS
with partner as the factor. A Greenhouse-Geiser correction is re-
ported when conditions for sphericity were violated. Reaction time
data from the response phase was entered into a 2 (role) X 3 (partner)
repeated-measures ANOVA. All significant behavioral effects were
further examined with post hoc t tests. Wherever a family of post hoc
tests consisted of two or more comparisons, we corrected for multiple
comparisons by applying the sequential Bonferroni method (Holm,
1979; Rice, 1989). Missed trials were excluded from all analyses. No
participants were excluded from analysis due to amount of missed
trials, as none fell outside exclusionary criterion of 3 SD from the
group mean of missed trials (mean, 1.22; SD, 2.56).

Physiological assessment and analysis. Skin conductance responses
(SCRs) were collected from the MRI participants using a BIOPAC Sys-
tems skin conductance module and analyzed using AcqKnowledge
BIOPAC Systems software. Disposable electrodes were placed on the
second and third fingers of each participant’s left hand and connected to
MRI-compatible electrode leads grounded through the BIOPAC Systems
MRI filter system for biopotential amplifiers. SCRs were measured on
every trial to the onset of the stimuli during the response phase and
separately to the onset of stimuli during the outcome phase. The largest
response that met the criterion of a minimum base-to-peak difference in
SCRs of 0.02 microsiemens (uS) between 0.5 s and 4.5 s after the onset of
each stimulus was considered a valid response. Responses not meeting
these criteria were scored as zero. Waveforms were preprocessed with a
low pass filter (cutoft frequency of 25 Hz, 32 coefficients) and mean value
smoothing (3 samples). Analysis excluded missed trials, and SCRs were
square root transformed before analysis (LaBar et al., 1995). Mean SCRs
were entered into a 2 (role) X 3 (partner) repeated-measures ANOVA
during the response phase. To parallel analysis of neuroimaging data, we
conducted 2 (role) X 3 (partner) ANOVAs on wins and losses separately.
Post hoc t tests further examining resulting effects were corrected for
multiple comparisons using the sequential Bonferroni method (Holm,
1979; Rice, 1989).

fMRI acquisition and analysis. Images were acquired using a 3T Sie-
mens Allegra head-only scanner. Structural images were collected using a
T1-weighted MPRAGE sequence (256 X 256 matrix; FOV = 256 mm;
176 1 mm sagittal slices). Functional images were acquired using a single-
shot gradient echo EPI sequence (TR = 2000 ms, TE = 25 ms, FOV =
192, flip angle = 80°, bandwidth = 2604 Hz/Px, echo spacing = 44) and
comprised thirty-five contiguous oblique-axial slices (3 X 3 X 3 mm
voxels) parallel to the anterior commissure-posterior commissure line.
BrainVoyager QX software (version 2.2; Brain Innovation) was used to
preprocess and analyze the imaging data. Preprocessing consisted of 3D
motion correction (six parameters), slice scan time correction (trilinear/
sinc interpolation), spatial smoothing, using a 3D Gaussian filter (4 mm
FWHM), voxelwise linear detrending, and high-pass filtering of frequen-
cies (3 cycles per time course). Structural and functional data of each
participant were then transformed to standard Talairach stereotaxic
space (Talairach and Tournoux, 1988). We created individual whole-
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brain (including gray and white matter) masks and combined them in an
additive manner to create a group mask excluding the skull.

A random effects GLM was conducted using role (player/observer),
partner (computer/confederate/friend), and outcome (positive/nega-
tive) as regressors. We modeled the response phase and the outcome
phase separately such that the response phase included 6 regressors (2
levels of role, 3 levels of partner), and the outcome phase included 12
regressors (2 levels of role, 3 levels of partner, 2 levels of outcome). We
also included 7 regressors of no interest (6 motion parameters, and
missed trials). Regressors were convolved with a 2-gamma hemodynamic
response function and z-transformed at the single participant level. Sta-
tistical parametric maps (SPMs) were generated using the false discovery
rate (FDR) method (Genovese et al., 2002). The outcome phase was
thresholded at g < 0.01 to ensure that observed robust BOLD activity was
originating in the striatum. SPMs generated during the response phase
were thresholded at g < 0.05. Mean parameter estimates were extracted
from clusters surviving FDR correction in both phases using 3D cluster
spreads.

To investigate reward-related BOLD activity, we conducted a con-
trast of positive-negative outcomes based on previous research (Del-
gado et al., 2000; O’Doherty et al., 2003a) using a two-tailed ¢ test in
BrainVoyager. This allowed us to additionally examine whether any
regions demonstrated greater responses to losses compared to gains.
Mean parameter estimates were extracted based on an average across
all voxels in each ROI (centered around the peak) identified in this
contrast and entered into two separate 2 (role) X 3 (partner)
repeated-measures ANOVAs: one for shared positive outcomes, and
one for shared negative outcomes. We additionally entered MRI par-
ticipants’ responses on the IOS indicating closeness with their friends
as a covariate into separate 2 (role) X 3 (partner) repeated-measures
ANCOVAs for shared positive and negative outcomes to probe the
effects of social closeness. To visualize and explore an interaction
between BOLD activation and participants’ ratings of closeness with
their friends, we split participants into high and low IOS groups based
on their ratings of closeness with their friends: high IOS participants
were those rating their friendship as above the midpoint on the scale;
low IOS participants were those whose friendships were rated at or
below the midpoint. This was a strictly arbitrary distinction made
solely to visualize and understand the interaction.

The response phase, with three levels of partner, did not lend itself to
analysis using a linear contrast. We thus conducted a 2 (role) X 3 (part-
ner) repeated-measures ANOVA in BrainVoyager. Mean parameter es-
timates were extracted from resulting ROIs exhibiting significant effects
to characterize BOLD activity during the response phase. All significant
effects in the outcome and response phases were examined with post hoc
t tests, and were corrected for multiple comparisons using the sequential
Bonferroni method (Holm, 1979; Rice, 1989).

Results

Behavioral results

Relationship closeness was an important part of this study, as we
were interested in investigating whether outcomes shared with an
in-network compared to an out-of-network partner were experi-
enced differently. To ensure that both participants in a pair had a
similar view of their relationship closeness, we began by correlat-
ing MRI participant and friend responses on the IOS (Aron et al.,
1992), which is a simple scale measuring social closeness. This
revealed a strong positive correlation (r = 0.867, p < 0.001).
Correlating MRI participant and friend responses on a secondary
measure, the Personal Acquaintance Measure (PAM) (Starzyk et
al., 2006), which quantifies various dimensions of relationship
strength (see Materials and Methods), supported the IOS results
(r=10.681, p < 0.001), suggesting that both parties generally held
a similar perception of their relationship. As a manipulation
check, we additionally investigated how close both sets of partic-
ipants felt to the confederate based on IOS responses. Not sur-
prisingly, both MRI participants (¢, = 7.73, p < 0.001) and
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Post-Session Ratings
"How excited were you to win money with this partner?"
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Figure2. Post-session ratings. MRI participants completed subjective ratings of their expe-

riences during the task. Ratings of excitement for winning with each partner demonstrated a
main effect of partner: participants were significantly more excited to earn shared positive
outcomes with their friend as compared to the confederate or computer (== SEM; **p < 0.016,
*p < 0.025).

their friends (#,, = 7.40, p < 0.001) reported feeling signifi-
cantly closer to each other than to the confederate.

One-way repeated-measures ANOVAs probed MRI partici-
pants’ subjective experiences with each partner post-session. A
significant main effect was observed for ratings of excitement for
shared positive outcomes (F; s, 27.,9) = 6.36, p < 0.01; Fig. 2),
where MRI participants were more excited to win with their
friends as compared to the computer (t,9) = 2.81, p = 0.01) or
the confederate (f,4) = 2.56, p = 0.02). No differences were
observed in participants’ excitement ratings for sharing positive
outcomes with the confederate compared to the computer
(t(19y = 1.16, p = 0.26), nor did we observe an effect for ratings of
disappointment to shared negative outcomes across partners
(F2,38) = 2.30, p = 0.114). These post-session subjective ratings
demonstrate that positive experiences with a close friend (in net-
work) were generally viewed as more favorable than those with an
out-of-network human (confederate) with whom there was no
established relationship or a nonsocial entity (computer).

Potential reaction time differences during the response phase
as a function of MRI participants’ role and partner were probed.
A 2 X 3 repeated-measures ANOVA revealed a significant main
effect of role (F(, ;o) = 8.514, p < 0.01), such that MRI partici-
pants exhibited longer reaction times as the players than as the
observers (o) = 2.92, p < 0.01). This analysis did not reveal a
significant main effect of partner (F, 5y = 1.057,p > 0.3) or a
significant role X partner interaction (F, 35) = 0.599, p > 0.5).

Physiological results

SCRs were acquired to examine whether MRI participants’ phys-
iological arousal differed as a function of role and partner during
the response phase. Results from a 2 X 3 repeated-measures
ANOVA revealed a significant main effect of partner (F, 55, =
4.65, p < 0.05). Post hoc t tests demonstrated that this main effect
was driven by trials on which MRI participants were partnered
with their friends; average SCRs during the response phase of
friend trials were significantly higher than during computer
(t(19y = 3.20, p = 0.005) trials and marginally significantly greater
(after correcting for multiple comparisons using the sequential
Bonferroni method) than on confederate trials (¢,4) = 2.33,p =
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Table 1. Regions activated in a contrast of all positive > all negative outcomes

Talairach

coordinates
Region of activation ~ BA  Laterality x y z Voxels (mm?)  F statistic
Caudate nucleus Right 17 0 18 4 6.95
Medial frontal gyrus 10 Right 2 5 12 195 6.48
Putamen Right 26 -5 6 169 738
Medial temporal lobe 30  Right 20 —38 0 49 6.94
Ventral striatum Left -13 7 0 2740 9.79
Ventral striatum Right n 1 —6 2713 8.77

Win > loss, FDR corrected; ¢ << 0.01.

0.03). Two separate 2 X 3 repeated-measures ANOVAs at the
time of outcome were also conducted on SCRs to shared wins and
losses, respectively. No significant effects were observed for either
wins or losses.

Neuroimaging results

Outcome phase: win trials

Our question of interest was whether BOLD responses associated
with shared monetary outcomes were modulated by degree of
social network, particularly in the striatum. We conducted a con-
trast of all positive (wins)-all negative (losses) outcomes to iden-
tify regions sensitive to positive outcomes, correcting for
multiple comparisons at a FDR g < 0.01. Mean parameter esti-
mates from regions identified by this contrast were then entered
into two separate 2 X 3 repeated-measures ANOVAs, one for
positive and one for negative outcomes.

Contrasting positive versus negative shared outcomes yielded
activation in several regions (Table 1) but was particularly robust
bilaterally in the ventral striatum (Fig. 3A) as in previous studies
(Delgado et al., 2000). A 2 X 3 repeated-measures ANOVA in-
vestigating effects of role and partner during trials resulting in
positive outcomes (wins) in the right ventral striatum (x, y, z =
11, 1, —6) revealed a significant main effect of partner (F, 55, =
5.244, p < 0.02). Positive outcomes shared with one’s friend
elicited significantly greater BOLD responses in the right ventral
striatum as compared to those shared with the computer (4 =
2.71, p = 0.014) or the confederate (f,4) = 2.49, p = 0.022; Fig.
3B). A significant main effect of role was also observed (F, ;o) =
5.897, p < 0.03) such that BOLD responses to shared positive
outcomes in the right ventral striatum were significantly greater
during the player condition as compared to the observer condi-
tion (t,9) = 2.43, p < 0.03). Conducting this same ANOVA on
extracted mean parameter estimates in the left ventral striatum
(x, y, z = —13, 7, 0) also revealed a main effect of partner
(F1.s5, 29400 = 5.73, p < 0.02), such that BOLD activity to
winning with one’s friend was significantly higher than when
winning with the computer (4, = 2.59, p = 0.018) or the con-
federate (t,9) = 2.67, p = 0.015). A significant main effect of role
was additionally observed in this region (F; ;4 = 5.18, p < 0.04)
showing greater responses during the player compared to the
observer condition (4, = 2.26, p < 0.04). No interaction effects
were observed in either the left (F, 55 = 1.06, p > 0.3) or the
right (F(, 55y = 0.59, p > 0.5) ventral striatum.

Because a motivating factor for this study was investigating
the effect of sharing a positive outcome with a close friend com-
pared to an unknown other, we conducted a role X partner
ANCOVA entering MRI participants’ ratings of their friends on
the IOS as a covariate. Interestingly, this analysis revealed a sig-
nificant partner X IOS interaction in the right ventral striatum
(F2,36) = 3.42, p < 0.05). To visualize and explore this interac-
tion, we split MRI participants based on their ratings of their
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this pattern. To probe losses further, we
conducted a 2 X 3 repeated-measures
ANOVA on mean parameter estimates

Mean Parameter Estimates (B)
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Win trials: Partner x 10S

| : .
extracted from the right ventral striatum

ROI on trials resulting in a negative out-
come (losses) only. This analysis revealed
only a main effect of role in the right ven-
tral striatum (F; ;o) = 4.529, p < 0.05).
This was characterized by greater activity
when participants were in the observer
role compared to the player role (¢, =
2.13, p < 0.05). This effect was not ob-
served in the left ventral striatum, nor was
there a main effect of partner or an inter-

—+—Player
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q(FDR) < 0.01

Mean Parameter Estimates (B)
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Figure 3.

friends on the I0S. We classified participants who rated their
relationship at the midpoint or lower on the IOS scale as low I0S
(7 participants) and those rating their relationship above the
midpoint as high I0S (13 participants). This exploratory analysis
suggested that in high IOS participants, striatal BOLD responses
to sharing positive outcomes with a friend were greater than re-
sponses to sharing with the computer (t,,) = 2.51, p = 0.028;
trend when correcting for multiple comparisons) or confederate
(t(12) = 3.89, p = 0.002). No differences were observed between
responses to outcomes shared with the computer and confeder-
ate (t5) = 1.28, p = 0.22). Low IOS participants demonstrated
no significant partner-related differences in striatal BOLD re-
sponses (Fig. 3C).

A significant cluster of activity in medial prefrontal cortex,
specifically in Brodmann area (BA) 10 (x, y, z = 2, 52, 12) also
emerged when contrasting positive-negative outcomes. A 2 X 3
repeated-measures ANOVA on mean parameter estimates dem-
onstrated a significant main effect of partner during shared pos-
itive outcomes (F, 35 = 4.03, p < 0.03) driven by BOLD
responses with the computer being significantly lower than those
with the confederate (¢(,5, = 3.14, p = 0.005) and friend (4, =
2.54,p = 0.02). Unlike the striatum, no differences were observed
in the BOLD response to shared positive outcomes here between
friend and confederate. A main effect of role or interaction effect
was not observed in this region. Additionally, including IOS rat-
ings of closeness with one’s friend as a covariate did not reveal any
significant effects in this region.

Outcome phase: loss trials

As the contrast of all positive-all negative outcomes was a two-
tailed ¢ test, it would also have identified any regions more sensi-
tive to losses; however, no significant clusters emerged showing

01 1

Confederate

Neuroimaging results: outcome phase. a, A contrast of positive > negative outcomes revealed bilateral ventral
striatal activity (q(FDR) << 0.01). b, A2 (role) X 3 (partner) repeated-measures ANOVA on extracted mean parameter estimates
from right ventral striatum in response to positive outcomes demonstrated a significant main effect of partner, showing strongest
BOLD activation when sharing positive outcomes with a friend (== SEM; **p << 0.016, *p << 0.025). (c). Including MRI participants’
10S ratings of their friends as a covariate with right ventral striatal BOLD activation to positive outcomes revealed a significant
partner X 10S interaction: only high closeness (n = 13; orange bars) participants show significant differences in right ventral
striatal BOLD activation as a function of partner (== SEM; **p << 0.016, *p << 0.05). Low closeness participants (n = 7; gray bars)
do not exhibit these differences, though they tend to show increased BOLD responses regardless of partner.

! action effect in either the left or the right
ventral striatum during shared losses.

® High 10S
¥lowlOS

Response phase: main effect of partner

The response phase was investigated with
a 2 X 3 whole-brain repeated-measures
ANOVA using role and partner as within-
subjects factors, respectively, correcting
for multiple comparisons using a FDR of
q < 0.05. Regions identified by this anal-
ysis showing a significant main effect of
partner are noted in Table 2. Within this
set of regions, a cluster in the right ventral
caudate nucleus (x, y, z = 8, 7, 3) demon-
strated increased BOLD activation during
the response phase of friend trials com-
pared to computer (t,q) = 4.55, p =
0.0002) or confederate (f,) = 2.71, p =
0.0142) trials. Activity during confederate trials was also greater
than during computer trials (¢4, = 2.36, p = 0.03). A large
cluster in the medial prefrontal cortex encompassing portions of
BA9, BA10, and BA32 also emerged in this analysis (Fig. 4A).
Based on reported functional heterogeneity of these subregions
of mPFC (Amodio and Frith, 2006) and on the presence of mul-
tiple peak voxels in this cluster, mean parameter estimates were
initially extracted using 10° voxel spreads around the different
peaks (Table 2). However, as all of these subregions demon-
strated the same pattern of results, we report results from the
peak of the entire mPFC cluster (x, y, z = —10, 40, 12). Consistent
with the pattern of activity in the right ventral caudate nucleus,
this cluster demonstrated increased BOLD activity during the
response phase of friend trials as compared to computer (¢, =
6.43, p = 0.000004) or confederate (t,9) = 2.75, p = 0.013) trials
(Fig. 4B). BOLD activity in this mPFC cluster was also greater
during the response phase of confederate as compared to com-
puter trials (t,4) = 4.76, p = 0.0001).

We also investigated whether any regions demonstrated a sig-
nificant main effect of role or an interaction between role and
partner during the response phase. No voxels survived correction
for multiple comparisons at a FDR g < 0.05 when considering
either the main effect or interaction.

Friend

Discussion

The current experiment investigated whether the experience and
valuation of rewards, characterized primarily by striatal BOLD
responses, are modulated by the social context in which they are
attained. Our results suggest that sharing a positive outcome with
an in-network other elicits greater subjective feelings of excite-
ment and enhanced striatal reward value signals than sharing
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Table 2. Regions showing a main effect of partnerina 2 (role) x 3 (partner) whole-brain ANOVA

Talairach coordinates

Region of activation BA Laterality X y z Voxels (mm?) F statistic
Medial frontal gyrus 9 Left —10 37 33 661 17.37
Precuneus 31718 Left —4 —62 27 685 13.36
Middle temporal gyrus 39 Right 38 —59 24 28 nn
Superior temporal gyrus 22 Right 53 —44 21 34 13.01
Middle temporal gyrus 39 Right 41 —65 18 180 15.37
Middle temporal gyrus 39 Left —46 —62 18 1094 28.02
Middle/inferior temporal gyrus 21 Right 50 =5 =15 27 12.40
Medial prefrontal cortex 32 Left =10 40 12 4001 20.84
Middle temporal gyrus 39 Right 35 —53 12 160 14.22
Putamen Left —16 10 6 9% 15.93
Ventral caudate nucleus Right 8 7 3 28 14.03
Middle temporal gyrus 21 Right 47 -2 =3 102 18.34
Basal forebrain Left —1 1 -3 578 19.23
Medial frontal gyrus 10 Right 2 58 =3 44 16.74
Inferior frontal gyrus 47 Left —40 19 -3 64 12.60
Insula Left —34 10 —6 440 222
Subcallosal gyrus 25 Right 23 10 -12 67 15.81
Middle temporal gyrus 21 Left —61 —14 —12 133 13.75
Middle temporal gyrus 21 Left —58 =5 -12 147 12.88
Fusiform gyrus 37 Right 35 —53 —18 561 22.73
Inferior frontal gyrus 47 Right 29 22 =21 19 13.92
Fusiform gyrus 37 Left —43 —44 —24 56 12.30

Response-phase ANOVA: main effect of partner, FDR corrected; g < 0.05.

Medial Prefrontal Cortex (-10, 40, 12)

Main Effect of Partner
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Figure4. Neuroimaging results: response phase. a, A 2 (role) X 3 (partner) ANOVA during

the response phase revealed a main effect of partner (g(FDR) << 0.05) in medial prefrontal
cortex. A, Anterior; P, posterior. b, Extracted mean parameter estimates reveal that this effect
was driven by significantly increased activity during the response phase of friend trials, as
compared to confederate or computer trials (== SEM; **p << 0.016, *p < 0.025).

with an out of network other or a nonsocial entity. This pattern of
activity significantly covaried with a subjective measure of social
closeness with a friend, suggesting that closeness may be a poten-
tial mechanism underlying the in-network versus out-of-
network difference observed in the striatum. Exploratory analysis
of this interaction suggested that MRI participants reporting high
levels of closeness with their friend demonstrated greater striatal
BOLD responses to shared outcomes with their friend compared
to other partners, whereas MRI participants reporting low close-
ness did not show this pattern. Interestingly, the modulatory in-
fluence of social network during receipt of shared positive
outcomes did not extend to activity in more putatively known
social regions such as the medial prefrontal cortex (Amodio and
Frith, 2006), nor did we observe significant effects of partner
during shared losses. Thus, the results suggest that sharing posi-
tive outcomes with a close, in-network other may carry higher
value than sharing the same outcome with an unknown other in
this experimental paradigm.

Emerging evidence supports an overlap in neural mechanisms
processing motivated behaviors during social and nonsocial con-
texts (Rilling and Sanfey, 2011). Voluntary charitable giving, for
example, elicits increases in ventral striatal BOLD activity (Har-
baugh et al., 2007) in a manner akin to personal monetary gain
(Izuma et al., 2010), and learning from social rewards (Jones et
al., 2011; Lin et al., 2011) engages the striatum similarly to when
learning in nonsocial contexts. Our study extends these findings,
suggesting that the representation of reward value as reflected in
striatal BOLD activation is sensitive to distinctions of social net-
work. This interpretation is consistent with reports of nonsocial
contextual modulation of experienced reward value signals in the
ventral striatum (De Martino et al., 2009). In the current exper-
iment, value signals differed with respect to social context within
which rewarding outcomes were experienced (with an in-
network vs out-of-network partner).

One mechanism potentially underlying the social network
modulation of value computation in the striatum is the degree of
closeness with the in-network other. We observed an interaction
between ratings of closeness with an in-network other and striatal
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BOLD responses during shared positive outcomes. Exploratory
analysis suggested that the in-/out-network distinction in the
striatum may be more prevalent in participants reporting higher
levels of closeness. Social closeness involves merging representa-
tions of self and other (Aron et al., 1992). Perhaps with higher
levels of closeness, achieving a shared reward may additionally
serve to reaffirm the relationship. Though this is speculative,
closeness in this cohort of participants may be a potential mech-
anism contributing to the computing value of shared rewards.
Future studies targeting closeness may probe it by including dif-
ferent members of the same social network with varying degrees
of closeness.

Importantly, our design allowed participants to experience
shared outcomes regardless of whether they were directly respon-
sible for them. We believe this is akin to experiences encountered
in everyday life (e.g., taking turns contributing to a joint project).
Increases in striatal BOLD responses are commonly associated
with processing of primary (O’Doherty et al., 2003b) and mone-
tary (Delgado et al., 2000) rewards for the self. Because a “self”
condition was not included in our design, we cannot compare
how rewards are valued when shared or not shared. Given previ-
ous reports of striatum activation when earning money for one-
self as when playing for a charity (Harbaugh et al., 2007) or
receiving social approval (Izuma et al., 2010), we can speculate
that working toward a shared reward, particularly with someone
within one’s social network, recruits similar striatal regions as
when playing for oneself—perhaps even more robustly.

The current study is unique in that all positive outcomes were
shared between the MRI participants and their partners, and an
enhancement in striatal reward value signals is observed when the
partner is in-network. However, mechanisms other than close-
ness may be contributing to our results. Increased social abilities
in high closeness participants might have facilitated better differ-
entiation of partners (social/nonsocial and in network/out of net-
work). Our exploratory analysis of high and low IOS participants
provides some evidence against this, as high 10S participants
demonstrated no difference in striatal BOLD response to out-
comes shared with the computer and those shared with the con-
federate. If high IOS participants were more social in general, we
might have observed a significant difference between these two
conditions (i.e., confederate > computer).

It is also possible that some component of the increased sub-
jective and neural responses to sharing positive outcomes with an
in-network partner was driven by MRI participants’ empathic
abilities. Empathy facilitates the development of close relation-
ships (van Winden et al., 2008) by allowing emotional responses
toward another person and perspective taking (Lamm et al.,
2007). Studies of empathy have typically focused on the negative
domain (e.g., pain), reporting circuitry (e.g., insula, dorsal ACC)
(Singer et al., 2004) not observed in our study during positive
outcomes. It is certainly plausible that differences in empathic
ability may be an alternative or additional contributor to in-
creased BOLD responses when sharing outcomes with an in-
network other.

Another consideration is that ventral striatal BOLD activity
often correlates with reward prediction error signals during af-
fective learning paradigms (O’Doherty et al., 2003b; O’Doherty et
al., 2004; Schonberg et al., 2007; Glascher et al., 2010). The signal
observed in this task may encompass some properties of a predic-
tion error learning signal: participants might have had different
expectations based on the partner with whom they were interact-
ing. Due to the task structure and the predetermined nature of
outcome presentation, participants did not have a true opportu-
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nity to learn a “correct” behavioral strategy in pursuit of more
positive outcomes. Nevertheless, positive prediction errors might
have been experienced during positive outcomes and further en-
hanced when sharing with a close, in-network other.

Social network did not exert an influence during shared neg-
ative outcomes, potentially due to the shared, cooperative con-
text of the task and its focus on positive outcomes. While
evidence supports striatal involvement when deciding to cooper-
ate for positive outcomes (Rilling et al., 2002; King-Casas et al.,
2005), the striatum may be sensitive to negative outcomes in
more competitive contexts, such as losing a blind auction to an
opponent (Delgado et al., 2008) or learning from a competitor’s
loss (Howard-Jones et al., 2010). The shared nature of negative
outcomes in the present study might have decreased their sa-
lience, partially explaining the lack of partner-related differences
in the loss domain. Future studies may probe whether loss-
related BOLD activity during a competition might also vary with
respect to social network.

A main effect of partner was also observed in mPFC (BA10,
bordering the anterior cingulate), during receipt of shared posi-
tive outcomes, driven by a social (friend/confederate) versus a
nonsocial (computer) difference. This is consistent with findings
implicating mPFC when cooperating with another person for a
reward compared to playing alone (Elliott et al., 2006). Ventral
mPFC regions differentiate monetary outcomes of varying mag-
nitude (Knutson et al., 2003), and portions of the anterior cingu-
late track action outcome history, facilitating learning of optimal
behavior in both nonsocial (Behrens et al., 2007) and social (Beh-
rens et al., 2008) situations. The mPFC activity observed during
the outcome phase in the present study may also represent track-
ing of the experienced outcome’s social value, as functional dis-
sociations have been observed in anterior cingulate when
processing social outcomes and expectation violations (Somer-
ville et al., 2006; Behrens et al., 2008). Our results provide further
evidence implicating mPFC in processing socially relevant infor-
mation and tracking social value.

A main effect of partner in BA9, BA10, and BA32 of mPFC
during the response phase was characterized by a social network
effect. Evidence implicates mPFC in various social processes
(Kelley et al., 2002; Ochsner et al., 2004; Amodio and Frith, 2006)
relating to selfand close or similar others (Heatherton et al., 2006;
Mitchell et al., 2006; Krienen et al., 2010). Electrophysiological
recordings in the cingulate gyrus of nonhuman primates corrob-
orate these results, showing its importance in detecting socially
valued others (e.g., dominant members) (Rudebeck et al., 2006).
The response phase mPFC activation in our task may similarly
reflect the detection of socially valued others. This is supported by
SCR results, which, although not necessarily sensitive enough to
track outcome value as a function of partner, suggest highest
arousal during the response phase of friend trials.

We often seek out positive experiences in our lives, and many
times we will work with others to achieve them. In this study, we
investigated whether the level of social network of a partner would
affect the valuation of an achieved shared outcome. Our results sug-
gest that, particularly when sharing positive experiences with an-
other, the relationship with one’s partner modulates its subjective
experience and neural representation, supporting the interpretation
that processing of shared positive outcomes is susceptible to social
influence.
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