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A B S T R A C T

Fear acquisition and generalization play key roles in promoting the survival of mammals and contribute to anxiety
disorders. While previous research has provided much evidence for the repercussions of social exclusion on
mental health, how social exclusion affects fear acquisition and generalization has received scant attention. In our
study, participants were divided into two groups according to two Cyberball paradigm conditions (exclusion/
inclusion). Both groups underwent a Pavlovian conditioning paradigm, functional near-infrared spectroscopy
(fNIRS), and skin conductance response (SCR) assessments. We aimed to determine the effects of social exclusion
on fear acquisition and generalization and whether modulation of the medial prefrontal cortex (mPFC) mediates
this relationship. Our results showed that socially excluded participants featured significantly higher and lower
shock risk scores to safety stimuli (conditioned stimulus, CS-) and threatening stimuli (CSþ), respectively, than
did socially included subjects during fear acquisition. The exclusion group had increased skin conductance re-
sponses (SCRs) to CS and exhibited heightened shock risk and increased SCRs to generalized stimuli compared
with the inclusion group. The fNIRS results demonstrated that the CS þ evoked larger oxy-Hb changes in the
mPFC in the inclusion group than in the exclusion group during fear acquisition. Furthermore, the oxy-Hb of left
mPFC of CS þ mediated the effect on the association between social exclusion and perceived risk of CSþ in the
fear acquisition. Our results indicate that social exclusion impairs fear acquisition and generalization via the
mediation of the mPFC and that social exclusion increases susceptibility to anxiety disorders through bias pro-
cessing of fear discrimination in fear acquisition and generalization. By studying the role of social relationship in
fear acquisition and generalization, our research provides new insights into the pathological mechanisms of
anxiety disorder.
1. Introduction

Learning and discriminating threatening stimuli in complex natural
environments are crucial to an individuals’ survival (€Ohman andMineka,
2001; Onat and Büchel, 2015). Pavlov’s classic conditioning of fear
learning effectively models many disorders characterized by aberrant
fear learning and generalization. The conditioning connects an aversive
or threatening stimulus, referred to as the unconditioned stimulus (US),
and a neutral object, referred to as a conditioned stimulus (CS). After
conditioning, the CS, US, and even the generalization stimulus (GS),
which is similar to CS, elicit similar fear responses (Linnman et al., 2011;
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Pavlov, 2010; Redondo and Marcos, 2003). This process can be sum-
marized by the adage, “once bitten, twice shy.” If the CS is too closely
associated with the US due to excesses in the intensity of the US or fre-
quency of the connections, it will generalize to another safety object; this
aberrant fear generalization, called overgeneralization, is regarded as a
biomarker in some anxiety disorders (Dymond et al., 2015; Lissek et al.,
2010). Social relationships help human beings, who are social animals, to
defend against threatening events throughout their lives (Cohen, 2004).
However, the severance of such relationships (e.g., social exclusion) in-
duces suffering and threatens the following behavioral responses and
psychological state (Leary, 1990). More specifically, Baumeister and Tice
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(1990) proposed the “exclusion theory” of anxiety showing that the fear
of being excluded from social relationships was deeply rooted and had
innated based would arise social anxiety. Therefore, social exclusion may
disturb fear learning and generalization. Although previous research has
explored fear learning and generalization by studying features of fear
memory (Xu and Südhof, 2013) or individual psychological states (e.g.,
anxiety) (Dunsmoor and Paz, 2015), few studies have been conducted on
how the strength of an individual’s social relationships inform the effect
of social exclusion on fear acquisition and generalization.

Behavioral research has shown that social exclusion induces suffering
and impairs cognitive control among individuals who experience it
(Themanson et al., 2014); to prevent any consequent decline of their
mental health, it is vital to determine whether social exclusion affects the
fear acquisition and generalization. Prior research has provided some
insight into this question: A young adult’s risk of developing a social
anxiety disorder can be predicted from his or her reaction to social
exclusion (Gutz et al., 2015; Gutz et al., 2016; Heeren et al., 2017; Lev-
inson et al., 2013), and psychopathological disorders, such as depression,
post-traumatic stress disorder, and anxiety (Foa et al., 1992; Marsch
et al., 2007; McDevitt et al., 2011; Pollak et al., 2010), have been found to
compromise a patient’s conditioned fear acquisition and generalization.
Specifically, individuals with anxiety disorders cannot reliably discrim-
inate threatening stimuli from safe stimuli relative to healthy controls
(Cha et al., 2014; Klemenhagen et al., 2012; Lissek et al., 2005, 2009;
Lissek et al., 2013). Social exclusion may impair normal conditioned fear
acquisition and generalization, which may further induce the onset of an
anxiety disorder. Supporting this hypothesis, Olsson et al. (2013) found
that a high-rejection sensitivity group demonstrated an increased skin
conductance response (SCR) during fear learning and extinction relative
to a low-rejection sensitivity group. However, no direct evidence proves
this hypothesis. It remains unclear how social exclusion affects fear
acquisition and generalization and its cognitive neural mechanism.

Prior research has begun to elucidate the neural correlates for social
exclusion and fear acquisition. Interestingly, functional magnetic reso-
nance imaging studies have indicated that neural activity associated with
social exclusion and fear acquisition overlap in threat-processing areas,
such as the dorsal anterior cingulate cortex, and the insula (DeWall et al.,
2010; Eisenberger et al., 2003; Krabbe et al., 2018; Sotres-Bayon and
Quirk, 2012). For example, Onat and Büchel (2015) used a new
fear-tuning paradigm to explore the neural basis of human fear gener-
alization and thereby found activations in the posterior and anterior
cingulate cortices, subcallosal cortex, anterior insula, and hippocampus.
Similarly, Eisenberger et al. (2003) recorded fMRI data of individuals
undergoing the Cyberball paradigm: a participant plays a virtual
ball-tossing game with two other computer-controlled players, who
finally exclude the participant from the game. The researchers found that
participants exhibited a larger activation in the ACC during the social
exclusion condition than during the social inclusion condition. After the
game ended, participants were asked to report feelings of self-distress,
and reported self-distress was found to positively correlate with the ac-
tivity of the ACC. Results from other investigations have also provided
evidence that the anterior insula is related to neural responses to exclu-
sion (DeWall et al., 2010). Taken together, social exclusionmay influence
fear acquisition and generalization by modulating the activity of
threat-processing areas.

Aside from threat-processing areas, the prefrontal cortex (PFC) is
integral to both conditioned-fear and social-exclusion processing. On the
one hand, several investigations have linked the prefrontal cortex (PFC)
to social exclusion (Bolling et al., 2011; Moor et al., 2012; Gradin et al.,
2012; Vijayakumar et al., 2017). An earlier investigation demonstrated
that social exclusion activated the ventrolateral PFC (Eisenberger et al.,
2007), an area associated with emotion regulation; this result was sup-
ported by Chester and Dewall (2014) who found that social exclusion
impairs self-regulation through the recruitment of the ventrolateral PFC.
Adopting the Cyberball paradigm to explore the neural mechanisms
underlying responses to social exclusion among young adults, Sebastian
2

et al. (2011) demonstrated that the bilateral medial PFC (mPFC) was
involved in social exclusion processing. More recent research has
confirmed a connection between the medial PFC and social exclusion
(Bolling et al., 2011; Moor et al., 2012; Gradin et al., 2012; Vijayakumar
et al., 2017). The significance of the medial PFC is further highlighted by
the finding that patients with Schizophrenia exhibited significantly less
activity in this region than healthy controls (Gradin et al., 2012). Prior
research therefore indicates that social exclusion alters the normative
neural activity of the PFC. On the other hand, the PFC also plays a pivotal
role in conditioned fear learning and generalization (Perusini and Fan-
selow, 2015). Research on animals and humans have provided evidence
that the PFC modulates the processing of threatening stimuli during
acquisition and generalization (Likhtik and Paz, 2015). For example, the
theta synchrony between the mPFC and amygdala in mice was associated
with better discrimination between CSþ and CS- (Likhtik et al., 2014).
Furthermore, Motzkin et al. (2015) found that patients with dysfunction
of the mPFC exhibited significantly increased activation in the amygdala
when confronted with threatening stimuli compared with healthy con-
trols. In fear generalization, patients with general anxiety disorder
exhibited a deficient activation of the ventromedial PFC relative to
healthy controls when presented with generalized stimuli, causing a
larger rating of shock likelihood relative to controls (Greenberg et al.,
2013). Considered together, past investigations indicate that social
exclusion inhibits mPFC activity following fear acquisition and
generalization.

Enhancing psychological resilience may help to address the re-
percussions of social exclusion on fear acquisition and generalization and
prevent anxiety disorders; indeed, psychological resilience has an
important effect on human mental health (Davydov et al., 2010). For
example, after controlling for age and sex, Hjemdal et al. (2011) found
that higher resilience scores predicted lower scores for depression, anx-
iety, stress and obsessive-compulsive symptoms. Another study reported
that psychological resilience correlated with self-regulation among youth
at risk of social exclusion (Artuch-Garde et al., 2017); this finding may
indicate the individuals with higher psychological resilience are able to
self-regulate after social exclusion – i.e., psychological resilience may
protect against the negative effects of social exclusion.

In the current research, we employed the Cyberball paradigm—a
virtual ball-tossing game that is effective to consistently induce feelings
of social exclusion (Williams and Jarvis, 2006). In addition, we used a
classic fear generalization paradigm based on perceptual generalization
of shapes, sizes or colors (Dunsmoor and Murphy, 2015). Based on pre-
vious findings, we hypothesized that social exclusion induced by the
Cyberball paradigm would influence fear acquisition and generalization
by inhibiting the function of the mPFC (Olsson et al., 2013; Sebastian
et al., 2011; Likhtik and Paz, 2015). Specifically, we speculated that in
relation to control groups, individuals experiencing social exclusion may
demonstrate impaired fear acquisition and generalization and an
increased SCR to CS and GS and their mPFC activity may be prohibited.
Moreover, traits of psychological resilience may overcome the negative
effects of social exclusion on fear acquisition. Our research aims to
enhance the understanding of anxiety disorders, by clarifying the effect
of social relationship on fear acquisition and generalization and its
cognitive neural mechanisms.

2. Methods

2.1. Participants

A total of 44 healthy adults (18–25 years of age) were recruited from
Shenzhen university; 23 of the participants comprised the exclusion
group (12 women), while 21 were included in the inclusion group (nine
women). To ensure that the effect size of the experiment was appropriate,
we calculated power with a post hoc function in Gpower (Faul et al.,
2009). We found that the power of the interaction effect of fear acqui-
sition was 0.9674 (α ¼ 0.05, effect size f ¼ 0.5060) and the power of the
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group effect of fear generalization was 0.9673 (α ¼ 0.05, effect size f ¼
0.4184). All the participants were right-handed with normal or
corrected-to-normal vision and did not have any history of psychiatric or
neurological disease. Each participant provided written informed con-
sent, and the experimental procedure was approved by the ethical
council of Shenzhen University. The participants received 70 RMB
(approximately 12 USD) for their participation. To ensure that the two
groups did not differ in terms of anxiety, depression, or personalities of
the participants, the following questionnaires were administered to the
participants before the formal experiment: the State-Trait Anxiety In-
ventory (Laux et al., 1981), the Beck depression inventory-II(Beck et al.,
1996), the rejection sensitivity questionnaire (Downey and Feldman,
1996), and the Connor-Davidson resilience scale(CD-RISC)(Connor and
Davidson, 2003). As evaluated by an independent t-test, no significant
differences between the results of the two groups were found (Table 1).
Fig. 1. Cyberball paradigm. Player 1 and Player 2 were pseudo-players
controlled by the computer. They were provided with photos and names to
enhance the credibility of the game.
2.2. Design

Our experiment used acquisition and generalization stimuli as the
within-subject factor and social relationship as the between-subject fac-
tor. The former featured six conditions: CS- and CS þ as the acquisition
stimuli (circles of two different sizes); and GS1 GS2, GS3, and GS4 (cir-
cles whose size gradually varied between those of the CS- and CSþ) as the
generalization stimuli. We included two social-relationship conditions:
exclusion and inclusion. Outcome measures included the mean
perceived-risk of the stimuli as behavioral data, the SCRs as physiological
data, as well as changes in oxy-Hb and deoxy-Hb concentrations in the
PFC as indicated by fNIRS data. The experiment was performed in a quiet
room, with a distance of 60 cm between the participants and the screen.
The participants completed the questionnaires at the beginning of the
experiment. We then allocated participants so that each group featured a
balanced distribution of participant characteristics: sex, age, anxiety,
depression, rejection sensitivity and psychological resilience.
2.3. Procedure

2.3.1. Cyberball
The present study used the Cyberball 4.0 computer program devel-

oped by Williams et al. (2012). Cyberball is a classic, effective paradigm
for modelling social exclusion (Williams and Jarvis, 2006); it has been
proven to manipulate social exclusion and consistently elicit social pain
(DeWall et al., 2010; Eisenberger , 2012).

The participants were informed that they would play a virtual ball-
tossing game on the internet with other players (Fig. 1). Before the
experiment, we obtained one photo from each participant. For the image,
the participants were free to display any facial expression. The virtual
ball-tossing game included two other players controlled by the computer:
one woman and one man whose photos featured neutral facial expres-
sions. The names and photos of the three players were presented
throughout the game. The purpose of these manipulations was to
enhance the game’s verisimilitude (Fung and Alden, 2017); when the
Table 1
Evaluation of anxiety, depression, and personality using questionnaires.

Exclusion group Inclusion group

M � SD T p

STAI_Traita 43.22 � 7.34 �0.237 0.814
STAI_State 35.47 � 7.26 0.407 0.686
BDI-IIb 8.61 � 6.76 0.307 0.760
RSQc 63.43 � 10.00 0.402 0.690
CD-RISCd 58.48 � 10.19 1.411 0.166

a State-Trait Anxiety Inventory.
b Beck depression inventory-II.
c Rejection sensitivity questionnaire.
d The Connor-Davidson resilience scale.

3

participants did not receive the ball, they would attribute the rejection to
the names or appearances of the virtual players.

The ball-tossing game consisted of 30 ball tosses. Once the ball was
received, the virtual players passed the ball within a random delay of 0–4
s. In the inclusion group, the pseudo player would toss the ball to the
participant and the other virtual player with the same probability. In the
exclusion group, however, the participants only received the ball once, at
the beginning of the experiment. We randomly assigned the participants
into the exclusion and inclusion groups. The participants in both groups
were required to complete the Positive and Negative Affect Schedule
(PANAS) scale before and after the Cyberball paradigm. After completion
of the PANAS scale. The participants then underwent a fear acquisition
and generalization task.

2.3.2. Conditioned generalization paradigm
The conditioned generalization paradigm used in our research was

identical to that employed in a previous study (Lissek et al., 2008, 2014).
The conditioned stimuli included 10 circles of varying sizes (Fig. 2),
while the US was a mild electric shock (50 ms) delivered to the right
wrist. The latter was produced by a multichannel electrical stimulator
(type: SXC-4A, Sanxia Technique Inc., China) and was delivered through
a pair of Ag/AgCl surface electrodes. Before the experiment, the partic-
ipants received a series of electric stimuli and were asked to rate the
intensity of each on a verbal analog scale: 1 corresponded to not
unpleasant/painful/annoying, while 10 indicated very unpleas-
ant/painful/annoying. The shock was calibrated specifically for each
participant to determine the degree that the participants considered
highly uncomfortable but not painful: a score of 7 out of 10 (Haaker et al.,
2013; Lei et al., 2019). The paradigm consisted of three different phases:
pre-acquisition, acquisition, and generalization. The pre-acquisition
phase contained six CSþ (conditioned stimulus) and six CS-. None of
these circles were accompanied by the electric shock (US). The acquisi-
tion phase linked the conditioned fear response (shock) to the condi-
tioned stimuli. Either the largest or smallest circle was used as the
conditioned fear cue (CSþ), which was matched to the US. This phase
presented the CSþ 12 times, nine of which featured an electric shock
(reinforcement rate, 75%). The US was presented at CS þ offset. In the
case that the largest circle was used as the CSþ, we assigned smallest as
the conditioned safety stimulus (CS-), which was subsequently never
paired with an electric shock in any of its 12 presentations; if the smallest
circle was used as the CSþ, the largest was used as the CS-. The partici-
pants were tasked with rating the perceived likelihood of receiving an
electric shock once the CS þ or CS- was presented on a 3-point scale: 1



Fig. 2. Region of interest (ROI) in the PFC. Red and green balls indicate de-
tectors and sources, respectively, while the branches represent channels. The red
channels indicate the ROI (region of interest) of left mPFC.
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indicated no risk; 2, moderate risk; and 3, high risk. The assignments of
the large and small circles to the CSþ and CS- were counter-balanced
across subjects. Each stimulus was presented for 6 s, followed by a
50-ms electric shock in the case of a CSþ. Whether the instruction con-
tained the information of the CS-US association or not significantly
affected the participants’ reactions in the following fear learning task
(Duits et al., 2017). In this study, the instruction was not specified which
circle was associated with the US. Specifically, we gave the instruction to
the participants: “The shocks will only be administered following a circle,
and you need to learn which circle will be associated to the shock on your
own”. The inter-trial-interval (ITI) consisted of a fixation cross presented
for a random time frame of 5–8 s (Guhn et al., 2014). The generalization
phase featured six types of circles: CS-, GS1, GS2, GS3, GS4, and CSþ. The
GS consisted of two contiguous circles, while the CS featured one circle.
Conditioned and generalization stimuli were circles of different sizes (10
different sizes). The smallest circle was 2 in. Circles increased succes-
sively in size by 15% increments: 2.00 (CSþ), 2.30 (GS1), 2.60 (GS1),
2.90 (GS2), 3.20 (GS2), 3.50 (GS3), 3.80 (GS3), 4.10 (GS4), 4.40 (GS4),
4.70 (CS-)(in). Each type of circle was presented in 12 and six condi-
tioning and generalization trials, respectively (total, 72 trials). The
sequence of the stimuli was pseudo-random: at most, two circles of the
same size followed one another. To avoid fear extinction, the reinforce-
ment rate of CSþ was set to 50% in the generalization phase. The par-
ticipants’ task was the same as that in the acquisition phase. When the
participants had finished 20 trials, they were permitted a break. The
same assignments of the largest and smallest circles to the CSþ and CS- in
the acquisition phase were applied to the generalization phase; thus, half
of the participants received the largest circle as the CSþ, while the other
half received the smallest circle as the CSþ.

2.3.3. SCR recording
SCR was measured using a BIOPAC MP150 system with EDA Isotonic

Gel Electrodes. We recorded and analyzed the SCR data with AcqKnowl-
edge 5.0 software (http://www.biopac.com/product/acqknowledge-soft
ware, RRID: SCR_014279). The sample rate in our experiment was 1000
Hz. The Ag/AgCl electrodes with gel were placed on themiddle and index
fingers of the participants’ left hands. Before the experiment,we tested the
participants’ SCR sensitivity. To exclude the SCR non-responders, we
asked the participants to breathe deeply to induce an increase of SCR. The
participantswhose SCR increaseswere lower than0.02 μs at the beginning
of the experiment were excluded (Boucsein et al., 2012; Hornstein et al.,
4

2016). Finally, four participants could not pass the sensitivity test. To
remove artifacts during SCR recording, a 0.0159 Hz high-pass filter was
applied (Matthias et al., 2015). Trials with recording artifacts during fear
acquisition and generalization were removed from further analyses (n ¼
82, 2%). If any trial lacked an SCR peak (no rise in SCR during the 1- to 4-s
stimulus window), it was recorded as a zero-response trial; specifically, if
themax-minamplitude for any trialwas below0.02 μs, the trialwas scored
as a zero-response trial (Boucsein et al., 2012). We calculated the differ-
ence betweenmaximumandminimumvalueswith a timewindowof 1–4 s
after the stimulus onset. On account of recordingmistakes, the data of two
participants in the inclusion group were excluded; forty-two valid data
were thus analyzed in our experiment.

2.3.4. Functional near-infrared spectroscopy (fNIRS)
We adopted the NIRScout 1624 system (NIRx Medical Technologies,

LLC. LA, USA) to record NIRS data. We selected the PFC as the region of
interest (ROI), which consisted of eight sources and seven detectors with
760 nm and 830 nm wavelengths, respectively (Fig. 2). The locations of
the sources and detectors were placed based on the 10-20 system (Jasper,
1958). A total of 20 channels were recorded with an average distance of
3 cm from one another. The sample rate of the data was 7.81 Hz.

Regarding artifact rejection, we used the preprocessing method
included in the Nirs-lab software (http://nirx.net/nirslab-1/) (Burns
et al., 2018; van der Kant et al., 2018; Xu et al., 2014; Zhang et al.,
2018). There are two forms of movement artifacts in the NIRS data:
transient spikes and abrupt discontinuities. The former were identified
and removed and the contaminated data was then replaced by linear
interpolation. Discontinuities were automatically detected and cor-
rected by Nirs-LAB when the “jump” exceeded within SD of the variance
of the rest of the data. The fNIRS data were converted into oxygenated
hemoglobin (oxyHb) and deoxygenated hemoglobin (deoxyHb) con-
centrations using the Beer–Lambert law to calculate relative changes in
their concentrations during fear acquisition and generalization stages.
The raw data were digitally bandpass-filtered (0.01 Hz–0.2 Hz) to
remove longitudinal signal drifts (Gervain et al., 2011; Piper et al.,
2014) and noise from the Nirs system. We normalized signals as
Z-scores, because the absolute concentration values significantly
differed among participants (Yang et al., 2016). We obtained the
Z-scores (z) by calculating the differences between the mean of the
baseline (μ2) and the concentration value (μ1) divided by the SD during
the baseline period (σ): z¼(μ1-μ2)/σ. We extracted time series of con-
centration from 2 s before stimuli onset to 6 s after stimuli offset with a
baseline from �2 s to 0 s. The Z-scores were calculated as the difference
between the mean of the baseline (-2–0 s) and the concentration (-2–6 s)
values divided by the SD during the baseline period. Finally, we aver-
aged 0.5s–5 s for the final analysis.

2.4. Statistical analysis

In the acquisition stage, a 2 � 2 (social relationship [exclusion/inclu-
sion] x acquisition stimulus [CSþ, CS-]) analysis of variance (ANOVA)with
repeated measures of perceived risk and SCR was performed. In the
generalization stage, we adopted a 2 � 6 (social relationship [exclusion
group, inclusion group] x generalization stimulus [CSþ,
GS1,GS2,GS3,GS4,CS-]) ANOVA with repeated measures of perceived risk
and SCR. A linear-regression analysis was performed to test whether the
resilience scores could predict behavioral data obtained in the fear acqui-
sition stage. When Mauchly’s test indicated that the assumption of sphe-
ricityhadbeenviolated,Greenhouse–Geisser correctionwas used to correct
the degree of freedom. Bonferroni correction was further applied to adjust
the p-value for all pairwise comparisons. The alpha level was set to 0.05 in
our statistical analysis.

We selected the channels in which we detected significant increases in
oxyHb in response to CS þ or CS- during both the fear acquisition and
generalization stages (t(22)> 2.0 and p< 0.05 for all, FDR corrected). The
medial prefrontal cortex was selected as the region of interest; this region

http://www.biopac.com/product/acqknowledge-software
http://www.biopac.com/product/acqknowledge-software
http://nirx.net/nirslab-1/
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corresponds approximately to the FP1/FP2 channels in the 10-20 system
(Koessler et al., 2009). After screening the channels, channels 6 and 4
(adjacent to FP1: the left mPFC) were selected for further analysis (Fig. 2).
The results obtained from other activated channels are reported in the
supplementary materials(see Supplementary Fig. 1). We then performed a
2�2 (social relationship� acquisition stimulus)ANOVAanda2�6 (social
relationship� generalization stimulus) ANOVAwith repeated measures to
analyze the fNIRS data obtained during fear acquisition and generalization
stages in the mPFC, respectively. Besides, the mean values obtained from
the left mPFC region following the presentation of each of the six stimuli
were plotted as a six-point gradient in fear generalization. Finally, we
calculated the slope of the linearfit of these values for eachparticipant (Cha
et al., 2014). The independent-sample t-test was adopted to identify the
differences in slope between the inclusion and the exclusion groups.

At last, to test our expectation that the mPFCwould mediate the effect
of social exclusion on the fear acquisition and generalization, we utilized
the Bootstrap method proposed by Hayes (2017). Data analysis was done
using the PROCESS plug-in of SPSS statistics software (IBM, Hayes,
2017). The sample size of the Bootstrap analysis was 5000. According to
the previous research(Legate et al., 2013), we defined the social exclu-
sion in our study as a dummy variable(social exclusion condition coded 1
and the social inclusion condition coded 0).

3. Results

3.1. Behavioral results

With respect to the data from the fear acquisition phase, a 2 � 2
Fig. 3. A, shock-risk ranking during fear acquisition. The social exclusion group show
group. B, shock-risk ranking during fear generalization. The social exclusion group f
affects of the PANAS scale. After social exclusion, negative affect increased, and posi
regression of resilience and perceived risk (CS- in fear acquisition); the larger the res
fear acquisition. F, SCR during fear generalization. The social exclusion group evoked
0.01. mmho:milliohm
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(social relationship� acquisition stimulus) analysis of variance (ANOVA)
with repeated measures of perceived risk showed that the interaction
between the two factors was significant (F(1, 42) ¼ 11.233, p ¼ 0.002,
η2p ¼ 0.211). The main effect of stimulus was also significant; the
perceived risk of CSþ was significantly higher than that of CS- (F(1, 42)
¼ 296.512, p < 0.001, η2p ¼ 0.876). However, the main effect of group
was nonsignificant (F(1, 42) ¼ 1.353, p ¼ 0.251, η2p ¼ 0.031). The
simple effect analysis showed that participants in the exclusion group
perceived more risk than those in the inclusion group under the safe
condition (CS-) (F(1, 42) ¼ 10.474, p ¼ 0.002, η2p ¼ 0.200). Under the
threat condition (CSþ), the participants in the exclusion group perceived
less risk than those in the inclusion group (F(1, 42) ¼ 5.262, p ¼ 0.027,
η2p ¼ 0.111) (Fig. 3A).

A two-way repeated ANOVAwas applied to analyze the data obtained
during the fear generalization phase. We found that the main effects of
stimulus (F(5, 210) ¼ 118.831, p < 0.001, η2p ¼ 0.739) and group (F(1,
42) ¼ 7.367, p < 0.01, η2p ¼ 0.149) were significant. The interaction
between the stimulus and group was nonsignificant (F(5, 210)¼ 2.009, p
¼ 0.079, η2p ¼ 0.046) (Fig. 3B). Although the interaction was nonsig-
nificant, pairwise comparisons revealed that the participants in the
exclusion group perceived significantly more threat to GS2(F(1, 42) ¼
8.693, p ¼ 0.005, η2p ¼ 0.171), GS3(F(1, 42) ¼ 6.019, p ¼ 0.018, η2p ¼
0.125), GS4(F(1, 42) ¼ 9.395, p ¼ 0.004, η2p ¼ 0.183), and CS-(F(1, 42)
¼ 5.707, p ¼ 0.021, η2p ¼ 0.120) than did the participants in the in-
clusion group. There was no statistically significantly difference in the
perceived threat of CSþ and GS1 between the two groups(CSþ: F(1, 42)
¼ 0.121, p ¼ 0.730, η2p ¼ 0.003; GS1:F(1, 42) ¼ 2.439, p ¼ 0.126, η2p ¼
0.055).
ed a larger risk to CS- and a smaller risk to CS þ compared to the social inclusion
elt a greater risk compared with social inclusion group. C, negative and positive
tive affect decreased, indicating that the social exclusion was effective. D, linear
ilience, the lower the perceived risk when experiencing exclusion. E, SCR during
a larger SCR response relative to social inclusion group. ”*”, p < 0.05; “**”, p <
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We also implemented the PANAS scale to test the validity of the
Cyberball paradigm. In the negative affect, the interaction effect of time
and group was significant (F(1, 42) ¼ 25.51, p < 0.001, η2p ¼ 0.378).
Simple effect analysis showed that the exclusion group felt more
negative affect after the Cyberball paradigm (p < 0.001); in the inclu-
sion group, negative emotions of the participants reduced after
completion of the test relative to before the test (p ¼ 0.013). In the
positive affect, the interaction effect was also significant (F(1, 42) ¼
13.28, p < 0.001, η2p ¼ 0.24). Specifically, the simple effect analysis
showed that the exclusion group had less positive affect when they
experienced the Cyberball paradigm (p < 0.001). However, there was
no difference between the pre-test and post-test in the inclusion group
(p ¼ 0.952). These results indicate that the Cyberball paradigm was
effective (Fig. 3C).

Interestingly, we also found that resilience scores of the exclusion
group could predict the risk ranking of safety stimuli during fear acqui-
sition (Beta ¼ �0.435, T ¼ �2.214, p ¼ 0.038). This was not the case for
the inclusion group (Beta ¼ 0.029, T ¼ 0.125, p ¼ 0.902) (Fig. 3D).
Further, the resilience scores showed a significant negative correlation
with trait anxiety score (r ¼ �0.571, p < 0.001). The trait anxiety score
also had a positive correlation with the perceived risk of CS-(r¼ 0.344, p
¼ 0.022).

3.2. SCR results

A two-way repeated ANOVA was adopted to analyze data from the
fear acquisition phase. The interaction effect was nonsignificant (F(1,
40) ¼ 1.099, p ¼ 0.301, η2p ¼ 0.027), while the main effect of group was
significant (F(1, 40) ¼ 4.231, p ¼ 0.046, η2p ¼ 0.096). SCR of the
exclusion group was higher than that of the inclusion group. The main
effect of stimulus was significant (CSþ > CS-, F(1, 40) ¼ 4.924, p ¼
0.032, η2p ¼ 0.110) (Fig. 3E).

Concerning the data from the fear generalization phase, we adopted a
two-way repeated ANOVA for analysis and found the interaction effect to
be nonsignificant (F(5, 200) ¼ 0.681, p ¼ 0.638, η2p ¼ 0.017). However,
we found a significant main effect of group (F(1, 40) ¼ 4.142, p ¼ 0.043,
η2p ¼ 0.094) and stimulus (CSþ > CS-, F(5, 200) ¼ 9.033, p < 0.001, η2p
¼ 0.184) (Fig. 3F). The exclusion group elicited a larger SCR relative to
that elicited by the inclusion group.

3.3. fNIRS results

A two-way repeated ANOVA was adopted to analyze data from the
left mPFC region during the fear acquisition phase. The interaction effect
Fig. 4. fNIRS results obtained during fear acquisition. A, bar graph of oxy-Hb in th
showed the location activated by CSþ in the left mPFC in the inclusion group. B, time
The ribbons of the lines were the standard error. C, time sequence of oxy-Hb of exc
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was significant (F(1, 42) ¼ 5.364, p ¼ 0.026, η2p ¼ 0.113) (Fig. 4A). The
main effects of group and stimulus were nonsignificant (F(1, 42)¼ 1.030,
p ¼ 0.316, η2p ¼ 0.024; F(1, 42) ¼ 2.618, p ¼ 0.113, η2p ¼ 0.059;
respectively). We then conducted a simple analysis of the interaction
effect. In the inclusion group, CSþ elicited a heightened oxy-Hb reaction
relative to that elicited by CS- (F(1, 42) ¼ 7.402, p ¼ 0.009, η2p ¼
0.150)(Fig. 4B). In the exclusion group, no significant difference was
found between oxy-Hb activity in response to CSþ and CS- during fear
acquisition (Fig. 4C). Moreover, the CSþ in the inclusion group elicited
an increased oxy-Hb reaction relative to that prompted by the CSþ in the
exclusion group (F(1, 42) ¼ 5.364, p ¼ 0.026, η2p ¼ 0.113). The oxy-Hb
activation elicited by CS- were not significantly different between the
inclusion and the exclusion groups. The ANOVA results of the deoxy-Hb
from the left mPFC during fear acquisition were not significant(See
Supplementary Materials 1.3).

A two-way repeated ANOVA was adopted to analyze brain data ob-
tained during fear generalization. Neither the interaction nor main ef-
fects of group or stimulus were significant (F(1, 42) ¼ 1.609, p ¼ 0.159,
η2p ¼ 0.037; F(1, 42) ¼ 0.608, p ¼ 0.440, η2p ¼ 0.014; F(1, 42) ¼ 1.268,
p¼ 0.279, η2p ¼ 0.029; respectively). To provide more details, the paired
comparison of the interaction effect was also calculated(see Supple-
mentary Fig. 2). However, the time sequence graph showed that left
mPFC reflected a trend in the inclusion group (Fig. 5A and B): the more
similar a stimulus was to CSþ, the more activation in mPFC in inclusion
group. This trend was less evident in the exclusion group (Fig. 5C). More
intuitively, we calculated the slopes of the linear fit of the oxy-Hb values
corresponding to the left mPFC in the fear generalization of the exclusion
and inclusion groups. We found that the slope of the inclusion group(-
Beta ¼ �0.505, SD ¼ 0.82) was steeper than that of the exclusion
group(Beta ¼ 0.125, SD ¼ 0.625)(t ¼ �2.888, p ¼ 0.006)(Fig. 5D). Be-
sides, the ANOVA results of the deoxy-Hb from the left mPFC in the fear
generalization were also not significant(See Supplementary
Materials1.3).
3.4. Mediation analyses results

We found that the oxy-Hb of left mPFC in the threatening stim-
uli(CSþ) exerted significant indirect effects(the CI did not contain 0)
on the association between the social exclusion and the perceived risk
of CSþ in the fear acquisition (indirect effect ¼ 0.053; 95% boot-
strapped confidence interval, CI: [0.005, 0.153]), with results sug-
gesting a partial mediation(see Fig. 6). Other models were not
significant in the fear generalization. Besides, if the dependent vari-
able was changed to SCR, the model would either not significant.
e left mPFC during fear acquisition between 0.5 and 5 s. The topographic map
sequence of oxy-Hb of inclusion group during fear acquisition in the left mPFC.

lusion group during fear acquisition in the left mPFC.



Fig. 5. fNIRS results obtained during fear generalization. A, time sequence of oxy-Hb concentration of the left mPFC in inclusion group during fear generalization; B,
time sequence of oxy-Hb concentration of the left mPFC in exclusion group during fear generalization; C, a line graph of oxy-Hb in left mPFC during fear general-
ization. D, the slope graph of the z-score of the oxy-Hb concentration in the left mPFC on the social exclusion group and inclusion group in the fear generalization. The
ribbons of the lines were �1 se.
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4. Discussion

The present study used Cyberball, Pavlovian fear conditioning, and
fNIRS to examine whether social exclusion influences fear acquisition
and generalization and whether the mPFC could mediate this effect. Our
findings support our hypothesis by showing that social exclusion
impaired fear acquisition and enhanced fear of safety stimuli during
generalization, and this effect is mediated by the activation of the medial
PFC in fear acquisition. More specifically, our behavioral data showed
that the social exclusion group perceived a higher shock risk to safety
stimuli(CS-), but a lower shock risk to threat stimuli(CSþ) relative to the
social inclusion group; this result may reflect the fear discrimination
function has been impaired. In consistent with our study, the anxiety-
prone individuals showed a impaired fear discrimination via US expec-
tancy in the fear acquisition compared with the healthy individuals
(Dibbets et al., 2015). Moreover, Duits et al. (2015) reported a
meta-analysis of conditioned fear learning on anxiety disorders showed
the patients with an anxiety disorder showed increased fear responding
to conditioned safety cues. Our SCR data obtained during fear acquisition
showed that both the CSþ and CS- evoked a larger response than in the
exclusion group compared with the inclusion group. These results agree
with the findings of previous research. Recruiting participants with high-
and low-rejection sensitivities, Olsson et al. (2013) implemented a fear
acquisition paradigm with geometric figures and found that the
Fig. 6. Mediation analysis to explore the left mPFC influencing the relationship be
mediated the effect on the association between social exclusion and perceived risk o
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high-rejection group exhibited larger fear responses, as measured via
SCR, to safety stimuli relative to the low-rejection group. However, CS þ
induced larger SCR responses in the exclusion group, but a smaller
perceived risk compared with CSþ in the inclusion group. We surmised
that the inconsistency regarding the risk ranking and SCR responses to
threat stimuli (CSþ) may occur due to the different effects of social
exclusion: it may alter risk ranking by disrupting fear discrimination
ability and affect SCR by enhancing the activation of the sympathetic
nervous system.

Our fNIRS data indicate that social exclusion inhibits the function of
mPFC during fear acquisition where CSþ induced mPFC activation more
potently in the inclusion group than the exclusion group. Moreover, CSþ
evoked greater activation of the mPFC in the inclusion group than did the
CS-, an effect absent in the exclusion group. Guhn et al. (2012) also found
that CS þ induced an increase in oxy-Hb concentration in the mPFC
during fear acquisition; however, their observed time courses of fear
extinction differed from that found by the present study: 10 s after the CS
þ onset rather than 1–5 s after the CSþ. Their use of complex faces rather
than simple circles as stimuli as well and their observation of
right-hemisphere activation rather than left likely account for the vari-
ance in findings. Previous research has provided evidence supporting the
critical role of the mPFC in fear inhibition (Nili et al., 2010; Motzkin
et al., 2015) and fear discrimination (Pollak et al., 2010; Stevens et al.,
2013; Likhtik et al., 2014). Our data provide support for the hypothesis
tween social exclusion and fear acquisition. The oxy-Hb of left mPFC of CS þ
f CSþ in the fear acquisition. “*”, p < 0.05; “**”, p < 0.01.
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that the mPFC influences fear discrimination in the fear acquisition.
Moreover, the mediation analysis also showed that mPFC mediated the
relationship between the social exclusion and perceived risk of threat-
ening stimulus in the fear acquisition. And the effect is partial mediation
effect; therefore we inferred that social exclusion may also affect
threat-related regions directly, such as the dorsal anterior cingulate and
the anterior insula (Eisenberger et al., 2003; Masten et al., 2009); the
altered threat-related brain regions could then disturb conditioned fear
acquisition and generalization.

With respect to fear generalization, our results showed that the
exclusion group perceived more shock risk to generalization stimuli and
safety stimuli (CS-) relative to the inclusion group, suggesting that the
ability to inhibit conditioned fear was impaired after social rejection. In
agreement with the behavioral data, we found that larger SCR responses
were evoked in the exclusion group than in the inclusion group. The
consistency of our results provides evidence for the role of the sympa-
thetic nervous system in responses to social exclusion. The findings of
prior investigations agree with our results; patients with anxiety disor-
ders, such as generalized anxiety disorder(GAD) and social anxiety dis-
order showed a much higher shock risk to generalized stimuli relative to
healthy controls (Lissek et al., 2014; Ahrens et al., 2016). Zadro et al.
(2006) associated participants excluded from the Cyberball task with a
larger likelihood of interpreting ambiguous situations in a threatening.
The present study further found the fear generalization gradient in the
left mPFC of the inclusion group to be steeper than that of the exclusion
group. Specifically, we found a trend in the data obtained from the social
inclusion group during fear generalization: the higher the oxy-Hb con-
centration in the mPFC, the more similar the stimulus was to CSþ.
However, this trend was absent in the social exclusion group. The pa-
tients with GAD achieved consistent results; subjecting participants to a
fear generalization task and concurrent fMRI, Cha et al. (2014) associated
GAD patients with a decrease in the slope of the linear fit of the vmPFC
data relative to data obtained from healthy controls, indicating that pa-
tients showed less discriminating vmPFC activity. Another study found
that the discrimination of conditioned stimuli by the visual cortex was
impaired by social anxiety (Ahrens et al., 2014). Additionally, Levinson
et al. (2013) found that the extent to which a young adult’s reactions to
social exclusion could be used to predict their social anxiety symptoms.
More recent research has found further support for the correlation be-
tween social exclusion and social anxiety disorder (SAD) (Gutz et al.,
2016; Gutz et al., 2015; Heeren et al., 2017). We therefore inferred that
social exclusion impairs conditioned fear acquisition and generalization
via the mediation of the mPFC, andmay finally increase the susceptibility
of some anxiety disorder.

From a theoretical point of view, previous research emphasized has
provided support for an SAD model advanced by Clark and Wells
(1995): patients with social phobia experience a delayed recovery from
social-negative experience and consequent post-event rumination on the
negative event. Moreover, participants with high social anxiety would
have a longer time to recover from social exclusion than would those
with low social anxiety (Zadro et al., 2006), and rumination reportedly
suppresses recovery from social exclusion (Wesselmann et al., 2013).
Other investigations have found that individuals with SAD were more
likely to blame themselves after being socially excluded than were those
without SAD; i.e., social exclusion activated the negative self-belief
characteristic of SAD disorders (Gutz et al., 2016). In our study, rumi-
nation after social exclusion from the Cyberball task may include
appraisal processing of others because the participants provided their
name and photo and may thus ascribe the social exclusion to their de-
gree of perceived attractiveness. A recent fMRI study also suggested that
patients with SAD exhibit abnormal inferior temporal gyrus (IFG) ac-
tivity in response to the Cyberball paradigm (Heeren et al., 2017); the
IFG is a neural area related to self-related (Morin and Michaud, 2007)
and inner-language processing (Shergill et al., 2002). Although
post-event rumination data were not collected after the Cyberball task,
we found that the individuals in the exclusion group showed more
8

negative emotions and diminished positive emotions relative to those in
the inclusion group. These findings were consistent with previous
research; for example, more participants in the exclusion group reported
negative psychological states (more thwarted psychological-need states
and more negative moods) than participants in the inclusion group
(Zwolinski, 2012). Therefore, we consider negative psychological states,
such as rumination or other negative emotions (frustration, worry,
nervousness, anger), were evoked by social exclusion from the Cyberball
task. This finding also agrees with the previous findings: negative
emotions, such as worry, may also increase fear responses to CSþ and
CS- during fear acquisition (Gazendam and Kindt, 2012). Our findings
support and expand the Clark and Wells model. Bolstering evidence for
the model, we found post-exclusion abnormal behavioral reactions to
fear acquisition and generalization, as well as a delayed recovery of
mPFC activity where the social exclusion group showed less activation
in the mPFC compared to social inclusion group. Concerning our
expansion of the SAD model, as fear acquisition and generalization are
significant components of several anxiety disorders - perhaps more
impactful than social anxiety (Lissek et al., 2005, 2009, 2014) - social
exclusion may have a more generalized negative effect on the devel-
opment of anxiety disorders.

Interestingly, our data indicated that the psychological resilience
traits of the participants in the exclusion group helped them to overcome
the negative effect of social exclusion and fear inhibition. Further,
resilience traits were negatively correlated with anxiety traits. This
observation may be explained by the strong correlation between such
resilience and human health (Davydov et al., 2010), as well as by the
observation that high-resilience individuals with sufficient psychological
resources deal with negative events more rationally (Peng et al., 2012).
This finding indicates that improving resilience might be regarded as an
effective clinical intervention for preventing the development of anxiety
disorders.

Our research is subject to the limitations of a small-to-medium
sample size and circumscribed age range. The random assignment of
the ITI in the fear acquisition stage to around 5–8 s is another potential
limitation, as this duration may have been too short to allow SCRs to
return completely to baseline after a shock was delivered. The short ITI
may thus have diminished the accuracy of SCR during fear acquisition.
Moreover, participants may be more sensitive to social stimuli than to
simple perceptual stimuli after social exclusion. Future research should
consider changing our fear acquisition and generalization stimuli to
social stimuli (such as faces, see €Ohman and Mineka, 2001) and explore
the same question considered by the present study in patients with
anxiety disorders, such as SAD. There was another limitation in the
research that although the slope of mPFC in the fear generalization
between the exclusion group and the inclusion group was significant
different, we found no significant ANOVA results in the mPFC in the
fear generalization. That possibly because the social exclusion was not
directly affect fear generalization but though fear acquisition, which
may decrease the effect of social exclusion on the mPFC. The further
study could explore the direct effect from social exclusion to fear
generalization through testing the activity of mPFC when the social
exclusion task was between the fear acquisition and fear generalization.
Furthermore, fNIRS is an optical technology with a low spatial resolu-
tion of approximately 3 cm with the light emitters/detectors placed
according to the 10-20 system, which may have been inappropriate for
obtaining data from our selected region of interest. Thus, future
research should employ other high spatial resolution methods, such as
high-field fMRI or PET, to both validate and expand upon the findings of
the present study.

5. Conclusions

The present study found that social exclusion impairs fear acquisition
and generalization, and this effect is mediated by the activation of the
medial PFC. This research helps to elucidate the neural and the
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psychological mechanisms of the effect of social exclusion on anxiety
disorders.
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