@PLOS ‘ ONE

OPEN 8 ACCESS Freely available online

The Neural Circuitry of Reward Processing in Complex
Social Comparison: Evidence from an Event-Related fMRI
Study

Xue Du'2*, Meng Zhang'?3*, DongTao Wei'?, Wenfu Li'?, Qinglin Zhang'?, Jiang Qiu"#

1 Faculty of Psychology, Southwest University, Chongging, China, 2 School of Psychology, Southwest University, Chongging, China, 3 Department of
Psychology, Xinxiang Medical University, Xinxiang, Henan, China

Abstract

In this study, Functional magnetic resonance imaging (fMRI) was conducted to investigate the mechanisms by which
the brain activity in a complex social comparison context. One true subject and two pseudo-subjects were asked to
complete a simple number estimate task at the same time which including upward and downward comparisons. Two
categories of social comparison rewards (fair and unfair rewards distributions) were mainly presented by comparing
the true subject with other two pseudo-subjects. Particularly, there were five conditions of unfair distribution when all
the three subjects were correct but received different rewards. Behavioral data indicated that the ability to self-
regulate was important in satisfaction judgment when the subject perceived an unfair reward distribution. fMRI data
indicated that the interaction between the ventral striatum and the prefrontal cortex was important in self-regulation
under specific conditions in complex social comparison, especially under condition of reward processing when there
were two different reward values and the subject failed to exhibit upward comparison.
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Introduction

Social comparison is considered as an important link
between social context and self-evaluation [1]. Such
comparison is also described as a central and ubiquitous
phenomenon in human societies [2,3]. Studies have further
shown that social comparison affects reward processing and is
important for self-evaluation and maintenance, life satisfaction,
and subjective well-being [2,4-6]. Other studies have also
reported a close link between social comparison and individual
depression, indicating the importance of social comparison as
a component of stress treatment [1,7-9]. For instance, Vander
et al. [10] indicated that individuals tend to compare
themselves with others who may be superior in some ways to
improve self-image. However, negative emotions (such as
depression and low self-esteem) arise from upward
comparison, which occurs when such individuals feel
threatened by these superior people. Therefore, downward
comparison is also common [7] because this response
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represents a stress-coping mechanism that negatively events
affects the well-being of individuals [11,12].

Inevitable experiences, such as unfair events in life, are often
associated with negative emotions in our life. Thereby, to adapt
well in society, the brain processes these negative emotions,
probably diverting from upward comparison to downward
comparison. However, the mechanisms how this change
occurs are yet to be elucidated. Consequently, a complex
comparative paradigm including two confederates rather than
one will be more real.

Functional magnetic resonance imaging (fMRI) has shown
that the ventral striatum and the ventromedial prefrontal cortex
(PFC) are sensitive brain regions that can predict and register
reward [13-16]. Tricomi et al. [13] also found that the ventral
striatum and the ventromedial PFC functions in inequality-
averse models of social preferences.

The PFC located in the anterior part of the frontal lobes
influences emotional behavior, social behavior, and decision
making [17]. Moreover, PFC is a large area encompassing
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many sub-regions such as ventral and lateral PFC. Schultz [18]
suggested that the PFC is involved in reward processing and
classical conditioning. A single neuronal study has shown that
the PFC in macaque becomes activated when reacts to
different levels of expected rewards. For example, many
neurons in PFC respond more frequently when macaques
expect a larger reward [19]. Bault et al. [16] also found that the
striatum and the medial PFC are more sensitive to social gains,
and striatal activity associated with social gains predicts medial
PFC activity during social choices. Haber and Knutson [20]
pointed out that the superior frontal gyrus is important in reward
processing when the working memory is required to monitor
incentive-based behavioral responses.

This study was based on a simple number estimation task
similar to that used by Fliessbach et al. [21]. Fliessbach et al.
[21] showed that the effect of relative comparisons is
independent of the level of reward (high or low). In the present
study, reward distribution was manipulated (Table 1) to
investigate the mechanism of reward processing in the brain
during a complex social comparison. This study hypothesized
that the PFC modulates the reward circuitry when a subject
receives an unfair reward in relation to other participants,
although all of the participants performed the task equally well.
This procedure likely results in a change in the direction of
comparison especially during the conditions that there were
two different reward values between the true and the other two
pseudo-subjects. This change prevents further damage from
negative emotions, and allows the subject to be relatively
satisfied with reward distribution.

Methods

Ethics statement

This study has been approved by the IRB at Southwest
China University. We had obtained appropriate ethics
committee approval for the research reported, and all subjects
gave written informed consent in our experiment. The study
was approved by Southwest University Brain Imaging Center
Institutional Review Board in accordance with the Declaration
of Helsinki (1991).

Subjects

Nineteen right-handed, healthy males (mean age =21.2
years) participated in this study. Only male subjects were
included to avoid confusion related to potential gender specific
differences in social behavior and reward processing [21-23].
All of the subjects provided a written informed consent. The
subjects did not suffer from past neurological or psychiatric
illnesses, but have normal or corrected-to-normal vision.

Task and procedure

One true subject and two pseudo-subjects that were
unknown to one another were simultaneously informed about
the details of the experiment procedure. The subject and the
pseudo-subjects did not converse with one another prior to the
formal experiment, in which 232 trials were performed. The two

PLOS ONE | www.plosone.org

Brain Regions Involved Complex Social Comparsion

Table 1. Reward conditions.

Accuracy Payoffs in CNY Subject-Pseudo A-Pseudo B Condition
Subject correct 120-0-0 C1
180-0-0
240-0-0
Both Pseudo A and B
correct 0-60-60 Cc2
0-90-90
0-120-120
Other 0-0-0 C3

0-120-0/0-0-120
60-60—0/60—0-60

40 - 40 - 40 c4
60 — 60 — 60

80 - 80 — 80

20 - 50 — 50 c5
30-75-75

40 - 100 — 100

20 - 40 - 60 / 20 — 60 — 40 cé
30 - 60— 90 /30 — 90 — 60

40 - 80 — 120 / 40 — 120 — 80

All the three correct

80-20-20 Cc7
120-30-30
160 — 40 - 40
60 -40-20/60-20-40 C8

90 - 60 —30/90—-30-60
120-80-40/120-40-80
40-20-60/40-60-20 Cc9
60 —30-90/60-90 - 30
80-40-120/80—-120-40

doi: 10.1371/journal.pone.0082534.t001

pseudo-subjects performed the task on personal computers,
whereas the true subject was positioned in the MR scanner.
Prior to the experiment, all of the subjects were instructed to
perform a simple number estimation task simultaneously. The
performance and reward feedback of the two pseudo -subjects
was predetermined. The time-course of a single trial is
illustrated in Figure 1. The subjects were also instructed to view
10 to 40 white dots on a screen for 1.5 s. A numerical figure
was then presented. The subjects were subsequently
instructed to judge whether the number of white dots was lower
or higher than the numerical figure by pressing key ‘3’ or ‘4’,
respectively, on the fMRI keyboard by using the right hand.
After a response feedback (0.5 s) and a short delay (0.5 s to
45 s), the subjects viewed a reward feedback screen
containing information on their performance and their
respective monetary rewards (4 s). Finally, the subjects were
required to make a satisfaction judgment by pressing ‘3’ for
‘satisfied’” and ‘4’ for ‘not satisfied’. The next trial started after
0.5 s. The subjects were informed that the relative amounts of
feedback were based on their relative response time (to
enhance the subjects’ participation in this study by
emphasizing the real outcomes and money that would be given
according to their own performances, thereby reducing the
subjects' feeling of being treated differently for the same
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Probe (1.5s)

Response feedback (0.5s)

Delay (0.5 —4.55)

You:V 30 ¥

He:V 60 ¥

Reward feedback (4s)

She:V 0¥
Are you satisfied with it ?

Satisfied

Satisfaction judgment (1.5s)
No satisfied

Figure 1. Single trial time-course (see Fig. 1 in the study of Fliessbach et al., 2007).

doi: 10.1371/journal.pone.0082534.g001

performance). Thus, the subjects could potentially earn the
maximum amount of monetary reward by responding as quickly
and accurately as possible.

Similar conditions were used for the practice program and
the formal experiment to ensure that the number of trials under
each condition was sufficient for analysis and mimic real-life
situations. The response feedback was also predetermined.
The reward conditions are illustrated in Table 1. Prior to the
formal experiment, the subjects randomly specified an amount
(120 Yuan, 180 Yuan, or 240 Yuan) according to the response
in each trial. The conditions C1, C2, C3, and C4 were
considered fair distribution, and C5, C6, C7, C8, and C9 were
considered unfair distribution. To establish a more realistic
experiment, we set a control condition (C3), in which the three
subjects answered incorrectly or only one of the three subjects
answered correctly. We excluded this condition from the
statistical analysis because C3 did not contribute to the
objectives of this study.

After scanning, each subject was instructed to complete two
questionnaires, including the big five personality questionnaire
[24] and social adaptation scale [25].
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fMRI acquisition

A 3-T Trio scanner (Siemens) and an eight-channel phased
array coil were used to acquire high-resolution T1-weighted
structural images (1 mmx1 mmx1 mm) for anatomical
localization and T2*-weighted echo planar images (32 slices, 3
mmx3 mmx3 mm voxels, TR = 2000 ms, TE = 30 ms, flip angel
=90°, FOV = 192 mmx192 mm), slice gap = 0.6 mm).

fMRI data analysis

Data analysis was performed using SPM8 software from the
Wellcome Department of Cognitive Neurology, London (SPMS8,
www.fil.ion.ucl.ac.uk/spm/) which is implemented on MatLab
7.10.0 R2010a (MathWorks, Natick, MA). All the analysis was
started from the appearance of the reward feedback. Scans
were started from slice time corrected, then realigned,
normalized into standard Montreal Neurological Institute (MNI)
space via 12-parameter affine transformation, finally, all data
were smoothed with an 8mm full width at half maximum
(FWHM) Gaussian kernel, and finally filtered (high-pass filter
set at 128 s, low-pass filter achieved by convolution with the
hemodynamic response function). After preprocessing,
statistical analyses for each individual subject were based on
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Figure 2. (A) Mean of the satisfaction judgment of the fair distribution conditions; (B) Mean of the satisfaction judgment

of the unfair distribution conditions.
doi: 10.1371/journal.pone.0082534.9g002

the fixed-effects general linear models (GLM) and analyses on
the level of the group were based on random-effects models
[26]. The resulting images had cubic voxels of 3x3x3mm. The
BOLD responses were modeled as events convolved with the
canonical hemodynamic response function in SPM8. For each
condition (C1, C2, C3, C4, C5, C6, C7, C8, and C9), all trials
were averaged to estimate BOLD responses.

In the group random effects (second-level) analysis, subject-
specific linear contrasts of these parameter estimates were
entered in a series of one-sample t-tests, each constituting a
group-level statistical map. Our main contrasts of interest were
BOLD signal in response to assess the main effect of
conditions between C1 and C2. This contrast was used to
identify the reward-sensitive regions of the brain. To correct for
multiple comparisons within these analyses [27], we generated
a cluster-level significance threshold using the AlphaSim
program in the REST software (http://www.restfmri.net/forum/
REST V1.7). This Monte Carlo procedure (1000 simulations,
Gaussian filter width = 8 mm, cluster connection radius
5 mm) estimated that whole-brain cluster-level correction for
multiple comparisons at p < 0.05 was achieved for our data by
combining a voxel-level threshold of p < 0.05 with a minimum
cluster size of 389 contiguous voxels. We used this as the
significance threshold for all of our analyses involving fMRI
data.

Bold signal was then created for each subject according to
the reward-sensitive regions of the brain by using the MarsBaR
program (MRC Cognition and Brain Sciences Unit, Cambridge,
United Kingdom, MarsBaR 1.86, http://www.sourceforge.net/
projects/) to extract fMRI data from all voxels within the clusters
for the conditions C5, C6, C7, C8, and C9. A one-way ANOVA
(in SPSS; SPSS Inc., Chicago, lllinois) was performed on the
extracted data to determine significant fMRI signal changes
among the unfair conditions.

PLOS ONE | www.plosone.org

Results

Data were expressed as the mean + s.e. Group differences
were assessed by two-way ANOVA followed by Newman-Keuls
post-hoc test. P < 0.05 was considered as the significant level
of difference.

Behavioral Performance

The mean of behavior rating on satisfaction judgment (the
higher score means the more unsatisfied) for the fair conditions
(C1, C2, and C4) were 0.01 + 0.23, 0.506 + 0.41, and 0.116 +
0.24, respectively. Repeated measures ANOVA of the
satisfaction judgment rates showed that the fair condition type
exhibited a significant effect [F (2, 36) = 11.19, P < 0.001].
Pairwise comparisons showed that the subjects were more
satisfied with C1 and C4 than with C2 (P<0.005; Figure 2).

The mean of behavior rating on satisfaction judgment for the
unfair conditions (C5, C6, C7, C8, and C9) were 0.882 + 0.199,
0.819 + 0.205, 0.185 + 0.367, 0.131 + 0.267, and 0.403 + 0.399
(Figure 2). Repeated measures ANOVA of the satisfaction
judgment rates showed that the unfair condition elicited a
significant effect [F (4, 72) = 36.73, P < 0.001]. Post-hoc
comparison results showed a significant difference between C5
and C6 as well as C8 and C9 (C6 is more satisfied than C5, C8
is more satisfied than C9), whereas no significant difference
was observed between C7 and C8 as well as C7 and C9.

Functional Brain Activity

The condition in which the true subject was correct and
received a reward and the two pseudo-subjects were not
rewarded (C1) was compared with the condition in which the
true subject was incorrect and all of the subjects were
unrewarded (C2) to identify the reward-sensitive brain regions.
This comparison significantly activated the Olfactory tubercle
(ventral striatum: X, Y, Z =0, 17, -5), the Medial frontal gyrus
(VMPFC: X, Y, Z = -6, 47, -11), the Superior frontal gyrus
(DPFC: X, Y, Z = -15, 65, 10), the parahippocampal gyrus, and
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Figure 3. Effects observed in the brain in response to unfair distribution conditions: (A) Activation in the ventral
striatum and the mean percentage signal change for the unfair distribution conditions in the ventral striatum; (B)
Activation in the VMPFC and the mean percentage signal change for the unfair distribution conditions in the VMPFC; (C)
Activation in the DPFC and the mean percentage signal change for the unfair distribution conditions in the DPFC.

doi: 10.1371/journal.pone.0082534.g003

the left and right occipital cortexes, the left and right caudate,
and the precentral gyrus (Table 2).

Region of Interest (ROI) Analysis

ROI analysis was conducted in the ventral striatum, the
VMPFC, and the DPFC to assess the function of these brain
regions in unfair reward processing during social comparison.
A significant effect of the unfair condition was observed in the
ventral striatum, the VMPFC, and the DPFC (Figure 3).

One-way ANOVA of the responses to unfair conditions
showed a significant effect in the ventral striatum [F (4, 72) =
6.01, P < 0.005]. The Newman-Keuls post-hoc comparison
results showed that the ventral striatum was activated at a
greater extent in C7, C8 and C9 than in C5 and C6. One-way
ANOVA of the responses to unfair conditions showed a
significant effect in the VMPFC [F (4, 72) = 5.16, P < 0.005].
Post-hoc comparison results showed no significant differences
between C5 and C6, C5 and C9, C6 and C9, C7 and C8, C7
and C9, and C8 and C9. By contrast, a significant difference
was observed between C5 and C7, C5 and C8, C6 and C7,
and C6 and C8. One-way ANOVA of the response to unfair
conditions also showed a significant effect in the DPFC [F (4,
72) = 4.51, P<0.01]. Post-hoc comparison results showed no
significant differences between C5 and C6, C6 and C7, C6 and
C8, and C6 and C9. By contrast, significant differences were
found between C5 and C7, C5 and C8, and C5 and C9.
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Table 2. Brain regions showing a significant BOLD-
response for C1 vs. C2 (All regions are significant at p < .05
after whole brain cluster correction with voxel-level
threshold of p < .05 and cluster size (k) of 389voxels.).

Brain region MNI coordinates Peak
X y z t-value
Caudate tail 36 -43 -2 6.62
Parahippocampal Gyrus -21 -46 10 5.97
Middle occipital gyrus -36 -91 10 5.42
Caudate -3 20 -2 5.09
*Olfactory tubercle 0 17 -5 4.95
Caudate body 6 20 7 4.69
Cuneus -6 -94 34 4.79
Superior occipital gyrus -21 -88 31 3.39
*Medial frontal gyrus -6 47 -11 4.76
Lingual gyrus -24 -88 -17 4.06
*Superior frontal gyrus -15 65 10 3.79
Precentral gyrus 18 -25 55} 3.31

The regions marked ™' are being used as regions of interest for the further
analysis.
doi: 10.1371/journal.pone.0082534.t002
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Region-Region Relation

Different relationships are present between the ventral
striatum, the VMPFC and the DPFC under unfair conditions. A
significant correlation was also found between the percentage
of signal changes in the ventral striatum and the VMPFC in C6
and C9 (C6, r = 0.535, P < 0.05; C9, r = 0.629, P < 0.005). A
significant correlation was also observed between the
percentage of signal changes in the VMPFC and the DPFC
under these conditions (C6, r = 0.652, P < 0.005; C9, r = 0.456,
P < 0.05). A significant correlation in the percentage signal
changes in the VMPFC and the DPFC was observed only in C7
and C8 (C7, r = 0.556, P < 0.05; C8, r = 0.613, P < 0.01). By
contrast, no significant correlations were observed in the three
brain regions in C5. Under these conditions, r = -0.446 (P =
0.056) was obtained between the VMPFC and the DPFC. But
we found there was no significant correlation in the ventral
striatum and DPFC under all conditions.

Brain-Behavior relation

The relationship between the ability to adapt to social
pressure and the percentage of signal changes in the ventral
striatum, the VMPFC, and the DPFC was determined. This
assumption was investigated experimentally by using C9, in
which the true subject experienced an unfair reward
distribution. In C9, the true subject received less rewards than
pseudo-subject but received more rewards than the other
pseudo-subject. The scores of the social adaptation scale
correlated significantly with the DPFC (r = -0.512, P < 0.05). No
significant correlation was observed between the scores from
the questionnaires and the percentage of signal changes in the
brain regions.

Discussion

The behavioral data observed under fair conditions showed
that the true subject was more dissatisfied in C2 than in C1 and
C4. However, the mean score of satisfaction judgment in C2
was approximately 0.5, indicating that dissatisfaction resulted
from the interaction between the non-reward and the false
response.

The behavioral data observed under unfair conditions
showed that the true subject was more satisfied with in C7, C8,
and C9 than in C5 and C6. The difference in the reward value
among these five unfair conditions should be noted. For
example, C5 is an unfair condition that the two pseudo-subjects
were all the same amount and more than the true subject, so
that there were two same negative value rewards of this
condition. However, two different negative reward values were
observed in C6, even though all the two pseudo-subjects were
more than the true subject but there was a difference of the
amount between the two pseudo-subjects. In C9, one positive
value and one negative value were observed which means one
pseudo-subject was more than the true subject and the other is
less than the true one. In C7 and C8, the true subject received
the highest reward. Therefore, the success of upward
comparison showed that the differences in the reward values
between C7 and C8 were irrelevant. No significant difference
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was detected in the satisfaction judgments between these
individuals.

Under the conditions in which the true subject received less
rewards than one pseudo-subject and more rewards than the
other pseudo-subjects, the setback resulting from upward
comparison was limited by the satisfaction of the positive
reward value.

In C5 and C6, the true subject received the lowest reward.
The absence of downward comparison in these conditions
resulted in dissatisfaction. Therefore, the difference in the
negative reward value was relevant and the true subject was
more satisfied in C6 than in C5. However, the changes in the
negative reward value did not result in the same level of
satisfaction as in C9.

The behavioral data presented in this study indicated that
upward comparison is the primary response. However,
associated negative emotions led to downward comparison to
maintain self-evaluation in situations when this primary
response failed. This response represents a stress coping
mechanism similar to that reported in previous studies [10-12].

The results of fMRI and ROI analysis showed that the
activities of the ventral striatum, the VMPFC and the DPFC
were significantly different under the five unfair conditions.

Higher activity in the ventral striatum was observed in C7,
C8, and C9 than in C5 and C6. No significant differences were
observed between C7, C8, and C9 or between C5 and C6.

The percentage of signal change in the VMPFC in C7 and
C8 was higher than that in C5 and C6. Furthermore, higher
activation of the DPFC was observed in C8 than in C9, but C9
induced a higher activation of the same brain region than C5.
Significant positive correlations between these brain regions
were observed only in C6 and C9. C6 and C9 shared two
common points: (1): the true subject was frustrated in the
upward comparison and (2) the two reward values differed
between the two conditions.

Previous studies reported that the activity of the midbrain-
ventral striatum dopaminergic projections is influenced by
primary rewards such as sweet food and abstract forms of
reward such as money or tokens [28-30]. Receiving an inferior
reward was associated with a decrease in the percentage of
signal change in the ventral striatum [21,31]. McClutre et al.
[32] demonstrated that the activation of the ventral striatum is
associated with the expectation of monetary reward. The
activation of VMPFC is also observed from distributed fMRI
patterns when expected values are decoded [33]. Biichel et al.
[34] observed that VMPFC sends affective information about
possible options based on reward values. By contrast, many
studies have demonstrated that the DPFC is involved in
rational processing [35,36] and utilitarianism (aggregate cost-
benefit analysis) in social moral judgment [37-39]. This
information further indicates that future behavioral acts should
be induced based on appropriate reward valuation.

In this study, the three subjects responded appropriately and
the true subject anticipated receiving rewards that were not
inferior to the other participants (pseudo-subjects). In C9, the
negative reward value of upward comparison induced negative
emotions, and this response was associated with the activity in
the three brain regions. This activity resulted in the transfer of
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attention of the true subject from upward comparison to
downward comparison. Thus, the reward value was converted
from negative to positive to maintain self-value. This result also
indicated that the DPFC is possibly involved in rational and
utilitarian regulation of the reward circuitry. Furthermore, the
VMPFC is possibly involved in the representation and
conversion of such different reward values. The interaction
between the DPFC and the VMPFC allowed the true subject to
make a utilitarian choice in social comparison. The ventral
striatum then adjusted the expectation of the reward.
Therefore, these regions are responsible for the stress-coping
mechanism reported in previous studies [11,12]. C6 differed
from C9 in that blood oxygenation level-dependent (BOLD)
signals in the ventral striatum and judgment were not
satisfactory although activity was detected. This regulation may
fail as a result of the absence of a true downward comparison
target. However, the difference in the two negative reward
values remains unclear in this study. In particular, regulation
did not achieve values conversion and did not mitigate the
feelings of setback.

The ability to adapt well in society requires effective self-
regulation; C9 was similar to daily life experiences. A negative
correlation was observed between the scores of social
adaptation scale and DPFC activity. This result suggested that
the DPFC of the subjects with a superior ability to adapt to
social pressure does not require higher activity to modulate the
reward circuitry and accomplish value conversion.

Behavioral data and the fMRI data also suggested that social
context or social comparison is an important factor in the
complex process of reward processing which requires the
activation of multiple brain regions. The connection among the
DPFC, the VMPFC, and the ventral striatum is crucial in the
social comparison of reward processing, particularly in self-
regulation of the setback resulting from upward comparison.
Therefore, this study provided evidence of the interaction
between the DPFC and the VMPFC. However, several studies
have shown a dissociation between the DPFC and the VMPFC
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PFC might played a role of self-regulation in the condition when
there were two different reward values and the subject failed to
exhibit upward comparison. This might be a possible
supplement of the mechanism of stress-coping. However, there
were still some shortcomings in our study. First, even though
we want to make a more real situation of social comparison
including two pseudo-subjects like the experiment of
Fliessbach et al. (2007), there were two subjects really
simultaneously and repeatedly performed a simple work task in
two adjacent MRI scanners, while we just told subjects that
they would perform a simple number estimation task with the
other subject in the next laboratory simultaneously. The true
subject did never converse with each other prior to the formal
experiment. To some extent, this design would partly reduce
the credibility of the experiment to the subjects. Second, due to
the small sample size, so the current results only provided a
model and tendency, rather than empirical data. In addition, the
fMRI technology and this research had some inevitable
limitations. Therefore, further studies should be done using
both ERPs and fMRI to investigate spatiotemporal cortical
activation patterns underlying the brain mechanism of context-
dependent reward processing.

Author Contributions

Conceived and designed the experiments: XD MZ QZ JQ.
Performed the experiments: XD MZ. Analyzed the data: DW
WL. Contributed reagents/materials/analysis tools: DW WL.
Wrote the manuscript: XD MZ.

10. Van der Zee K, Oldersma F, Buunk BP, Bos D (1998) Social
comparison preferences among cancer patients as related to
neuroticism and social comparison orientation. J Pers Soc Psychol 75:
801-810. doi:10.1037/0022-3514.75.3.801. PubMed: 9781413.

11. Gibbons FX, Blanton H, Gerrard M, Buunk B, Eggleston T (2000) Does
social comparison make a difference? Optimism as a moderator of the
relation between comparison level and academic performance.
Personality and Social Psychology Bulletin 26: 637-648. doi:
10.1177/0146167200267011.

12. Buunk BP, Oldersma FL, de Dreu CK (2001) Enhancing satisfaction
through downward comparison: The role of relational discontent and
individual differences in social comparison orientation. Journal of
Experimental Social Psychology 37: 452-467. doi:10.1006/jesp.
2000.1465.

13. Tricomi E, Rangel A, Camerer CF, O’Doherty JP (2010) Neural
evidence for inequality-averse social preferences. Nature 463:
1089-1091. doi:10.1038/nature08785. PubMed: 20182511.

14. O’'Doherty JP (2004) Reward representations and reward-related
learning in the human brain: insights from neuroimaging. Curr Opin
Neurobiol 14: 769-776. doi:10.1016/j.conb.2004.10.016. PubMed:
15582382.

15. Zink CF, Stein JL, Kempf L, Hakimi S, Meyer-Lindenberg A (2010)
Vasopressin modulates medial prefrontal cortex—amygdala circuitry
during emotion processing in humans. J Neurosci 30: 7017-7022. doi:
10.1523/JNEUROSCI.4899-09.2010. PubMed: 20484643.

December 2013 | Volume 8 | Issue 12 | e82534


http://dx.doi.org/10.1016/0272-7358(88)90049-9
http://dx.doi.org/10.1177/001872675400700202
http://dx.doi.org/10.1097/WNR.0b013e32835f2069
http://dx.doi.org/10.1097/WNR.0b013e32835f2069
http://www.ncbi.nlm.nih.gov/pubmed/23407275
http://dx.doi.org/10.1037/0033-2909.90.2.245
http://dx.doi.org/10.1016/j.jesp.2004.01.004
http://dx.doi.org/10.1016/j.jesp.2004.01.004
http://dx.doi.org/10.1037/0022-3514.51.1.140
http://www.ncbi.nlm.nih.gov/pubmed/3735064
http://dx.doi.org/10.1037/0022-3514.45.3.688
http://www.ncbi.nlm.nih.gov/pubmed/6620128
http://dx.doi.org/10.1037/0022-3514.75.3.801
http://www.ncbi.nlm.nih.gov/pubmed/9781413
http://dx.doi.org/10.1177/0146167200267011
http://dx.doi.org/10.1006/jesp.2000.1465
http://dx.doi.org/10.1006/jesp.2000.1465
http://dx.doi.org/10.1038/nature08785
http://www.ncbi.nlm.nih.gov/pubmed/20182511
http://dx.doi.org/10.1016/j.conb.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15582382
http://dx.doi.org/10.1523/JNEUROSCI.4899-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484643

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

. Bault N, Joffily M, Rustichini A, Coricelli G (2011) Medial prefrontal

cortex and striatum mediate the influence of social comparison on the
decision process. Proc Natl Acad Sci U S A 108: 16044-16049. doi:
10.1073/pnas.1100892108. PubMed: 21896760.

. Uylings HB, Van Eden CG (1990) Qualitative and quantitative

comparison of the prefrontal cortex in rat and in primates, including
humans. Prog Brain Res 85: 31-62. PubMed: 2094901.

. Schultz W (2000) Multiple reward signals in the brain. Nat Rev

Neurosci 1: 199-207. doi:10.1038/35042066. PubMed: 11257908.

. Leon MI, Shadlen MN (1999) Effect of expected reward magnitude on

the response of neurons in the dorsolateral prefrontal cortex of the
macaque. Neuron 24: 415-425. doi:10.1016/S0896-6273(00)80854-5.
PubMed: 10571234.

Haber SN, Knutson B (2010) The reward circuit: linking primate
anatomy and human imaging. Neuropsychopharmacology 35: 4-26.
PubMed: 19812543.

Fliessbach K, Weber B, Trautner P, Dohmen T, Sunde U et al. (2007)
Social comparison affects reward-related brain activity in the human
ventral striatum. Science 318: 1305-1308. doi:10.1126/science.
1145876. PubMed: 18033886.

Singer T, Seymour B, O'Doherty JP, Stephan KE, Dolan RJ et al.
(2006) Empathic neural responses are modulated by the perceived
fairness of others. Nature 439: 466-469. doi:10.1038/nature04271.
PubMed: 16421576.

Andreoni J, Vesterlund L (2001) Which is the fair sex? Gender
differences in altruism. Quarterly Journal of Economics 116: 293-312.
doi:10.1162/003355301556419.

Costa PT, McCrae RR (1992) Neo PI-R professional manual. Odessa,
FL: Psychological Assessment Resources 396: 653-665.

Zheng R (1999) College students' psychological diagnosis. Shandong
Education Press.

Friston KJ, Zarahn E, Josephs O, Henson RN, Dale AM (1999)
Stochastic designs in event-related fMRI. Neurolmage 10: 607-619.
doi:10.1006/nimg.1999.0498. PubMed: 10547338.

Song XW, Dong ZY, Long XY, Li SF, Zuo XN et al. (2011) REST: a
toolkit for resting-state functional magnetic resonance imaging data
processing. PLOS ONE 6: €25031. doi:10.1371/journal.pone.0025031.
PubMed: 21949842.

O'Doherty JP, Deichmann R, Critchley HD, Dolan RJ (2002) Neural
responses during anticipation of a primary taste reward. Neuron 33:
815-826. doi:10.1016/S0896-6273(02)00603-7. PubMed: 11879657.
Breiter HC, Aharon |, Kahneman D, Dale A, Shizgal P (2001)
Functional imaging of neural responses to expectancy and experience

PLOS ONE | www.plosone.org

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Brain Regions Involved Complex Social Comparsion

of monetary gains and losses. Neuron 30: 619-639. doi:10.1016/
S0896-6273(01)00303-8. PubMed: 11395019.

Seymour B, Daw N, Dayan P, Singer T, Dolan R (2007) Differential
encoding of losses and gains in the human striatum. J Neurosci 27:

4826-4831. doi:10.1523/JNEUROSCI.0400-07.2007. PubMed:
17475790.
Cromwell HC, Hassani OK, Schultz W (2005) Relative reward

processing in primate striatum. Exp Brain Res 162: 520-525. doi:
10.1007/s00221-005-2223-z. PubMed: 15754177.

McClure SM, Laibson DI, Loewenstein G, Cohen JD (2004) Separate
neural systems value immediate and delayed monetary rewards.
Science 306: 503-507. doi:10.1126/science.1100907. PubMed:
15486304.

Kahnt T, Heinzle J, Park SQ, Haynes J-D (2010) The neural code of
reward anticipation in human orbitofrontal cortex. Proceedings of the
National Academy of Sciences of the USA 107: 6010-6015. doi:
10.1073/pnas.0912838107. PubMed: 20231475.

Reuter J, Raedler T, Rose M, Hand I, Glascher J et al. (2005)
Pathological gambling is linked to reduced activation of the mesolimbic
reward system. Nat Neurosci 8: 147-148. doi:10.1038/nn1378.
PubMed: 15643429.

Goel V, Grafman J, Tajik J, Gana S, Danto D (1997) A study of the
performance of patients with frontal lobe lesions in a financial planning
task. Brain 120: 1805-1822. doi:10.1093/brain/120.10.1805. PubMed:
9365372.

Goel V, Buchel C, Frith C, Dolan RJ (2000) Dissociation of
mechanisms underlying syllogistic reasoning. Neurolmage 12: 504-514.
doi:10.1006/nimg.2000.0636. PubMed: 11034858.

Koenigs M, Young L, Adolphs R, Tranel D, Cushman F et al. (2007)
Damage to the prefrontal cortex increases utilitarian moral judgements.
Nature 446: 908-911. doi:10.1038/nature05631. PubMed: 17377536.
Greene JD, Sommerville RB, Nystrom LE, Darley JM, Cohen JD (2001)
An fMRI investigation of emotional engagement in moral judgment.
Science 293: 2105-2108. doi:10.1126/science.1062872. PubMed:
11557895.

Greene JD, Nystrom LE, Engell AD, Darley JM, Cohen JD (2004) The
neural bases of cognitive conflict and control in moral judgment.
Neuron 44: 389-400. doi:10.1016/j.neuron.2004.09.027. PubMed:
15473975.

Goel V, Dolan RJ (2001) The functional anatomy of humor: segregating
cognitive and affective components. Nat Neurosci 4: 237-238. doi:
10.1038/85076. PubMed: 11224538.

Hariri AR, Bookheimer SY, Mazziotta JC (2000) Modulating emotional
responses: effects of a neocortical network on the limbic system.
Neuroreport 11: 43-48. doi:10.1097/00001756-200001170-00009.
PubMed: 10683827.

December 2013 | Volume 8 | Issue 12 | e82534


http://dx.doi.org/10.1073/pnas.1100892108
http://www.ncbi.nlm.nih.gov/pubmed/21896760
http://www.ncbi.nlm.nih.gov/pubmed/2094901
http://dx.doi.org/10.1038/35042066
http://www.ncbi.nlm.nih.gov/pubmed/11257908
http://dx.doi.org/10.1016/S0896-6273(00)80854-5
http://www.ncbi.nlm.nih.gov/pubmed/10571234
http://www.ncbi.nlm.nih.gov/pubmed/19812543
http://dx.doi.org/10.1126/science.1145876
http://dx.doi.org/10.1126/science.1145876
http://www.ncbi.nlm.nih.gov/pubmed/18033886
http://dx.doi.org/10.1038/nature04271
http://www.ncbi.nlm.nih.gov/pubmed/16421576
http://dx.doi.org/10.1162/003355301556419
http://dx.doi.org/10.1006/nimg.1999.0498
http://www.ncbi.nlm.nih.gov/pubmed/10547338
http://dx.doi.org/10.1371/journal.pone.0025031
http://www.ncbi.nlm.nih.gov/pubmed/21949842
http://dx.doi.org/10.1016/S0896-6273(02)00603-7
http://www.ncbi.nlm.nih.gov/pubmed/11879657
http://dx.doi.org/10.1016/S0896-6273(01)00303-8
http://dx.doi.org/10.1016/S0896-6273(01)00303-8
http://www.ncbi.nlm.nih.gov/pubmed/11395019
http://dx.doi.org/10.1523/JNEUROSCI.0400-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17475790
http://dx.doi.org/10.1007/s00221-005-2223-z
http://www.ncbi.nlm.nih.gov/pubmed/15754177
http://dx.doi.org/10.1126/science.1100907
http://www.ncbi.nlm.nih.gov/pubmed/15486304
http://dx.doi.org/10.1073/pnas.0912838107
http://www.ncbi.nlm.nih.gov/pubmed/20231475
http://dx.doi.org/10.1038/nn1378
http://www.ncbi.nlm.nih.gov/pubmed/15643429
http://dx.doi.org/10.1093/brain/120.10.1805
http://www.ncbi.nlm.nih.gov/pubmed/9365372
http://dx.doi.org/10.1006/nimg.2000.0636
http://www.ncbi.nlm.nih.gov/pubmed/11034858
http://dx.doi.org/10.1038/nature05631
http://www.ncbi.nlm.nih.gov/pubmed/17377536
http://dx.doi.org/10.1126/science.1062872
http://www.ncbi.nlm.nih.gov/pubmed/11557895
http://dx.doi.org/10.1016/j.neuron.2004.09.027
http://www.ncbi.nlm.nih.gov/pubmed/15473975
http://dx.doi.org/10.1038/85076
http://www.ncbi.nlm.nih.gov/pubmed/11224538
http://dx.doi.org/10.1097/00001756-200001170-00009
http://www.ncbi.nlm.nih.gov/pubmed/10683827

	The Neural Circuitry of Reward Processing in Complex Social Comparison: Evidence from an Event-Related fMRI Study
	Introduction
	Methods
	Ethics statement
	Subjects
	Task and procedure
	fMRI acquisition
	fMRI data analysis

	Results
	Behavioral Performance
	Functional Brain Activity
	Region of Interest (ROI) Analysis
	Region-Region Relation
	Brain-Behavior relation

	Discussion
	Author Contributions
	References


