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Abstract

Social exclusion refers to the experience of being disregarded or rejected by others and has wide-
ranging negative consequences for well-being and cognition. Cyberball, a game where a ball is
virtually tossed between players, then leads to the exclusion of the research participant, is a
common method used to examine the experience of social exclusion. The neural correlates of
social exclusion remain a topic of debate, particularly with regards to the role of the dorsal anterior
cingulate cortex (dACC) and the concept of social pain. Here we conducted a quantitative meta-
analysis using activation likelihood estimation (ALE) to identify brain activity reliably engaged by
social exclusion during Cyberball task performance (Studies = 53; total /= 1,817 participants).
Results revealed consistent recruitment in ventral anterior cingulate and posterior cingulate cortex,
inferior and superior frontal gyri, posterior insula, and occipital pole. No reliable activity was
observed in dACC. Using a probabilistic atlas to define dACC, fewer than 15% of studies reported
peak coordinates in dACC. Meta-analytic connectivity mapping suggests patterns of co-activation
are consistent with the topography of the default network. Reverse inference for cognition
associated with reliable Cyberball activity computed in Neurosynth revealed social exclusion to be
associated with cognitive terms Social, Autobiographical, Mental States, and Theory of Mind.
Taken together, these findings highlight the role of the default network in social exclusion and
warns against interpretations of the dACC as a key region involved in the experience of social
exclusion in humans.
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1. Introduction

Exclusion from social participation is an all too common, yet psychologically painful, facet
of the human experience. Being bullied by peers at school, discrimination at the workplace,
and rejection from a romantic partner are all experiences that can lead a person to feel the
sting of social exclusion. This sensitivity to social exclusion is deeply rooted in a need for
social connectedness (Baumeister and Leary, 1995; Williams, 2009). Consequently, the brain
has developed systems to efficiently recognize and respond to signs of social exclusion
across a range of situations (Cacioppo and Hawkley, 2009; Eisenberger et al., 2003; Fisher et
al., 2010; Masten et al., 2011b). Due to its pervasiveness and importance for human
functioning, social neuroscientists have sought to understand the underlying neural
processes involved in reactions to social exclusion.

Previous neuroimaging studies have examined the neural correlates of social exclusion.
These studies vary in their approach, but one of the most commonly employed paradigms
used to evoke feelings of social exclusions in an experimental setting is the Cyberball task.
Cyberball is a computerized virtual ball-tossing game played between the participant and
other virtual players (Williams et al., 2000). The traditional Cyberball paradigm involves
two rounds: an “inclusion” round during which the ball is received and tossed equally
among all players, subsequently followed by an “exclusion” round during which the other
players no longer pass the ball to the participant, thereby eliciting feelings of social
exclusion. In their seminal study, Eisenberger et al. (2003) used a Cyberball task to
investigate the neural response to social exclusion. Results from this study showed increased
activity in the dorsal anterior cingulate (dACC), anterior insula, and right ventral prefrontal
cortex during the exclusion round relative to the inclusion round (Eisenberger et al., 2003).
Critically, increased activity in the dACC and anterior insula were shown to correlate with
self-reports of social distress after exclusion. Based on prior work demonstrating activity of
the dACC during the experience of physical pain (Rainville et al., 1997; Singer et al., 2004),
this finding was interpreted to suggest that social exclusion is experienced as “painful” and
led to the hypothesis of overlap in the neural circuitry underlying social pain and physical
pain (Eisenberger et al., 2003; Eisenberger, 2012a—b; Lieberman and Eisenberger, 2015).

Subsequent studies have since substantiated this claim. Activation of the dACC has been
reported during Cyberball (Beeney et al., 2011; Dewall et al., 2010; Lieberman and
Eisenberger, 2015; Onoda et al., 2010) and other social exclusion paradigms (O’Connor et
al., 2008; Sebastian et al., 2010). Similar findings have also been observed during third
person (Beeney et al., 2011; Meyer et al., 2013) or recollected experiences of social
exclusion (Kross et al., 2011). However, findings from several studies suggest that the dACC
is not specific to the experience of social or physical pain, but instead responds to various
cognitive and emotional events (Somerville et al., 2006; Wager et al., 2016; Kragel et al.,
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2018; Perini et al., 2018). Other studies have shown that the emotional responses to social
exclusion involves the subgenual subdivision of the anterior cingulate cortex rather than the
dACC (Masten et al., 2009; Bolling et al., 2011b), hinting at dissociable neural
representations for physical and social pain (Woo et al., 2014). Thus, while the dACC has
been highlighted as key region within the literature, the lack of consistent correspondence
between the neural correlates of social and physical pain have led to questions regarding the
association between social exclusion and dACC.

Earlier meta-analyses of functional imaging studies aimed at identifying reliable neural
correlates of social exclusion have also provided inconclusive results. When restricting the
analysis to the anterior cingulate, one meta-analysis showed involvement of the dACC
during social exclusion (Rotge et al., 2015). Yet, when examining across studies of social
exclusion, irrespective of dACC reported activity, other meta-analytic studies have failed to
find reliable dACC activity (Cacioppo et al., 2013; Vijayakumar et al., 2017). Moreover,
when focusing specifically on neuroimaging studies of social exclusion using the Cyberball
task, the dACC did not emerge as a region that was reliably engaged across 29 studies
(Vijayakumar et al., 2017). In contrast, more ventral anterior cingulate cortex (vVACC) as
well as ventral prefrontal cortex and orbitofrontal cortex were more reliably recruited across
past meta-analyses (Cacioppo et al., 2013; Vijayakumar et al., 2017). Further, regions of the
default network have also been implicated in mentalizing about the intentions of other
people, both during (Bolling et al., 2011a; Onoda et al., 2009; Wagels et al., 2017) and after
(Powers et al., 2013) social exclusion. Therefore, engagement of this network may constitute
an important component of the intrapersonal and interpersonal processes of social exclusion
(Kawamoto et al., 2015). However, the extent to which the default network is engaged in
social exclusion requires further investigation.

The present study aims to identify areas of convergence in functional activity and co-
activation patterns of brain regions engaged during social exclusion measured during
Cyberball. Using coordinate-based activation likelihood estimation (ALE) meta-analysis
(Eickhoff et al., 2009, 2012), we identify reliable whole-brain activation patterns of social
exclusion across neuroimaging studies using traditional and alternating (interspersed
sequences of inclusion and exclusion) Cyberball designs. This study extends prior meta-
analyses on social exclusion (Cacioppo et al., 2013; Vijayakumar et al., 2017) in several
ways: First, we use meta-analytic connectivity modeling (MACM) (Eickhoff et al., 2011;
Laird et al., 2009) to characterize the functional connectivity profile of regions identified in
the ALE analysis. Second, we use Neurosynth (Yarkoni et al., 2011) to meta-analytically
decode the cognitive processes associated with the identified neural patterns from the ALE
analysis. Finally, we directly investigate whether dACC, a core node in the hypothesized
common substrate of physical and social pain, is reliably engaged by Cyberball. Taking this
approach allows us to not only delineate brain regions that have consistently been associated
with social exclusion, but it can provide new insights into putative neural networks
associated with social exclusion, and decode the psychological processes of these brain
regions using valid reverse inference, in the largest sample of studies currently available.
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2. Methods

2.1 Literature search and study selection

We performed a systematic review of functional magnetic resonance imaging studies
investigating the neural correlates of social exclusion using Cyberball. All articles in the
literature published from October 10t, 2003 to August 19", 2020 were considered for this
meta-analysis. We used PubMed/MEDLINE, and PsychINFO online databases to search for
articles with abstracts, titles, and keywords using the following search string: (social
rejection OR social exclusion OR ostracism) AND (MRI OR fMRI OR functional magnetic
resonance imaging OR brain imaging). The search yielded 341 articles. Reference lists of
relevant articles were manually searched for additional publications not captured in the
online database searches yielding 257 non-duplicate articles.

Studies were included if they met the following criteria: 1) used Cyberball behavioral
paradigm as an experimental manipulation for social exclusion; 2) were empirical
investigations (i.e. not review articles); 3) they employed fMRI; 4) reported group main
effects of an exclusion/rejection condition relative to an inclusion/acceptance condition; 5)
studied healthy subjects; and 6) used whole-brain analyses with reported Montreal
Neurologic Institute (MNI) or Talairach coordinates. A flow chart illustration of the
literature review and study selection process can be viewed in Fig. 1. Following the criteria
defined above, 53 studies were included in the present study. It should be noted that 7
studies included in our final list involved participants watching others being excluded
(referred to hereafter as others-exclusion; Beeney et al., 2011; Masten et al., 2011b; Meyer
et al., 2013; Novembre et al., 2015; van der Meulen et al., 2017; Tousignant et al., 2018;
Lelieveeld et al., 2020), and two studies included in combined the whole-brain results for
their clinical and healthy controls (Domsalla et al., 2014, van Harmelen et al., 2014).
Analyses excluding these 9 studies are also provided.

2.2. Coordinate based meta-analysis

2.2.1. Activation likelihood estimation (ALE) analysis—A coordinate-base meta-
analysis of fMRI studies using Cyberball was conducted with the revised version of the ALE
algorithm (Eickhoff et al., 2009, 2012). The software package GingerALE (3.0.2;
www.brainmap.org/ale) was used to perform two analyses on coordinates from the studies
identified by the literature search (Eickhoff et al., 2012; Laird et al., 2009). Coordinates from
studies reporting in Talairach space were converted to MNI space using the FSL
transformation applied in GingerALE (Eickhoff et al., 2012). ALE computes the statistical
spatial convergence of activation coordinates (foci) across studies. The algorithm models
this convergence by creating a 3-dimensional Gaussian distribution representing the spatial
uncertainty around each coordinate. The width of the distribution is weighted by the number
of participants for each study, such that studies with large sample sizes have smaller
Gaussian distributions thereby reflecting a more reliable approximation of the true
activation. Once a model of the brain activation map is computed for each study, the maps
are aggregated to identify areas of spatial convergence between activation foci that are
greater than would be expected by chance.
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To better control for the false-positive rates, the ALE image was thresholded using two
different thresholds. The first employed a conservative threshold (o <0.05 FWE; 5000
permutations, p <0.001 cluster forming threshold). A second, more liberal threshold used a
cluster forming threshold of p <0.01, a cluster-based family-wise error (FWE) corrected
threshold of p <0.05, and 5,000 permutations (Eickhoff et al., 2012). Significant clusters
using the more conservative threshold were then used as seeds to perform a region-to-whole-
brain co-activation meta-analysis (MACM; Eickhoff et al., 2011; Laird et al., 2009).

2.2.2. Analysis—Five meta-analyses were performed using GingerALE: (1) full sample
(53 studies, 1,817 participants); (2) traditional Cyberball design (29 studies, 1,021
participants); (3) adult samples (33 studies, 1,094 participants); (4) alternating Cyberball
design (17 studies; 565 participants); and (5) studies reporting statistically significant
increased self-reported distress after exclusion (20 studies; 632 participants). Other than the
meta-analysis on the full sample, all sub-analyse (2-5) did not include others-exclusion
studies. For the full sample, we also provide results omitting 9 studies (7 studies of others-
exclusion; 2 studies with combined whole brain results for healthy and clinical samples).
The current recommendations for ALE meta-analyses is to include a minimum of 17-20
studies to obtain sufficient power to detect valid results from ALE analysis and to prevent
results from being driven by a single experiment (Eickhoff et al., 2016; Miller et al.,2018).
All meta-analyses satisfy this recommendation. To examine the effects of study design, we
also performed a contrast analysis between the traditional and alternating Cyberball design.
Although we were interested in examining the effects of age, due to the limited number of
studies for the developmental sample (7= 13), a contrast analysis between age groups was
not included due to insufficient power.

2.2.3. Meta-analytic connectivity modeling (MACM)—To provide a more
comprehensive view of the co-activation pattern of brain regions associated with Cyberball
task, we conducted MACM analyses for each ALE clusters. MACM allows for generating
whole brain co-activation patterns for a given predefined region of interest across a range of
experimental neuroimaging tasks and paradigms. Analogous to seed-based connectivity
analysis of resting sate fMRI data, MACM assumes that regions that consistently coactivate
across experiments can be pooled to create a map of functionally connected networks.
Importantly, this approach is able to capture brain regions which are functionally connected,
but that may also be part of an indirect network (Robinson et al., 2010). MACM leverages
the BrianMap database (www.brainmap.org), a large online repository of human
neuroimaging studies, to reveal brain regions that consistently activate together above
chance with a given predefined region of interests across a large set of neuroimaging
experiments (Eickhoff et al., 2011; Laird et al., 2009). We created six different brain masks
reflecting the six significant clusters obtained from the ALE meta-analysis cluster image
from the full sample. Binarized brain masks for each cluster were generated using Nilearn
(https://nilearn.github.io/index.html; Abraham et al., 2014) on the basis of the voxel
assignment corresponding to the ALE cluster they belong to. Sleuth (version 3.0.4,
www.brainmap.org/sleuth) was used to search the BrainMap database for foci within each
ALE cluster mask. Searches were conducted to include studies that reported increased
activation. The search criteria were limited to statistical contrasts that reported activations
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(i.e. task > baseline) in non-clinical populations. Studies that reported peak activation
coordinates within each significant ALE cluster were assessed to establish each cluster’s
whole-brain co-activation pattern (cluster-level FWE <0.05; p-value <0.001; 5000
permutations).

2.3. Neurosynth cognitive decoder

After determining reliable activation patterns, we meta-analytically decoded the cognitive
terms associated with this resulting ALE map from the full sample of 53 studies. Neurosynth
is a meta-analytic tool that contains a database for over 14,000 functional neuroimage
studies. The brain activation patterns and peak signal coordinates in the database are paired
with associated cognitive terms (Yarkoni et al., 2011; https://neurosynth.org). Taking a
reverse inference approach, the Neurosynth decoder function was used to compare the
activation pattern in our ALE map with those of all neuroimaging studies in the database. To
do this, we first uploaded an unthresholded z-statistics map to NeuroVault which is a
repository for neuroimaging studies. The Neurosynth decoder function is an integrated
feature within NeuroVault, and was used it to compute a voxel-wise Pearson correlation
coefficient between our ALE map each of the term-based z-statistics maps extracted from
Neurosynth. The cognitive profile corresponding to the activation pattern from the meta-
analysis was determined by identifying the most likely cognitive terms given activation in
the ALE map. This produced a list of 1,335 terms, each with a correlation score to indicates
the relative strength of association with our ALE map. The top 20 terms (excluding all
anatomical, redundant, and methodologic terms) were ranked by the correlation strength
between the brain regions reliably engaged during social exclusion and Neurosynth maps,
and visualized as a word cloud. The ALE map archived in NeuroVault (https://
neurovault.org/collections/6199/) and can be used to generate the complete list of terms.

2.4. dACC study count

To compare the frequency with which published studies report dACC peak coordinates, we
defined the boundaries of a dACC ROI using the Harvard Oxford probabilistic template
(cingulate [anterior division] and paracingulate gyri posterior to the genu of the corpus
callosum, p> 0). Foci were clustered into four categories based on the Harvard Oxford atlas:
1) studies reporting non-dACC peaks localized outside the dACC ROI, 2) studies reporting
foci with the anatomical label dACC, but the coordinate fell outside of the ROI, 3) studies
reporting dACC peaks that fell within the ROI, and 4) studies reporting foci that fell within
the dACC ROI but were not given the dACC anatomical label.

3. Results

3.1. Meta-analysis on the full sample of Cyberball studies

Reliable patterns of brain activity were examined in 53 studies of Cyberball, revealing six
clusters of activity (Table 2; Fig. 2). On the medial aspect of the frontal lobe, we found
bilateral activation of vVACC, extending anteriorly towards the ventral and medial prefrontal
cortices. Cyberball exclusion reliably activated the right posterior insula, right superior
frontal gyrus, left IFG, left posterior cingulate cortex (PCC), and left occipital pole. All ALE
results images are archived in NeuroVault (https://neurovault.org/collections/6199/).
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Similar results were also observed when using a more liberal threshold (see Supplementary
Figure 1). When omitting the others-exclusion studies and the 2 studies that combined the
whole-brain results of their healthy and clinical samples, all clusters except for the superior
frontal gyrus remained (Supplementary Table 1).

3.2. Meta-analysis of Cyberball design

The next meta-analyses focused on Cyberball design to examine whether restricting the
analysis to studies using the traditional Cyberball design (one round of inclusion followed
by one round of exclusion) or the alternating design (repeated alternating blocks of inclusion
and exclusion) to induce social exclusion might highlight a different activation pattern than
that identified using the full Cyberball sample. Across all studies using the traditional design
(n=29; subjects = 1,021; foci = 300), ALE analysis identified a similar pattern of
convergence as observed for the full sample. Social exclusion using the traditional Cyberball
design was associated with activity in three clusters identified in the full sample: left inferior
frontal gyrus extending to the anterior insula, left occipital pole, and right superior frontal
gyrus (see Supplementary Figure 1, Supplementary Figure 2 and Supplemental Table 2). The
alternating design (n7= 17, subjects = 565; foci = 170) was associated with the remaining
two clusters identified in the full sample: the left vACC and right posterior insula. We did
additionally find a cluster in the right central opercular cortex (see Supplementary Figure 1,
Supplemental Figure 2 and Supplemental Table 2).

Contrast analyses between the traditional and alternating designs revealed reliably reported
activity in left anterior insula for the traditional compared to the alternating design. The right
central and parietal opercular cortex showed more reliable activation in the alternating
relative to the traditional design (Supplementary Table 2).

3.3. Meta-analysis across studies of adults

To examine potential developmental effects in social exclusion, we conducted a meta-
analysis of Cyberball studies using an adult population (n7= 33; subjects = 1,094; foci =
350). The adult sample showed reliable activity in PCC, posterior insula, and subgenual and
VACC (see Supplementary Figure 1, Supplementary Figure 3 and Supplementary Table 3).
A preliminary analysis of children (Age less than 18 years old; 7= 13; subjects = 480; foci =
121) is provided in supplemental material (Supplementary Figure 3 and Supplementary
Table 3).

3.4. Meta-analysis of self-reported distress

Further sub-analyses focused only on those studies where participants reported greater
subjective experience of distress following exclusion (7= 20; subjects = 632; foci = 184)
revealed similar clusters as for the full sample. Social exclusion in this sub-sample was
associated with engagement of the VACC, and bilateral IFG (see Supplementary Figure 1,
Supplementary Figure 4 and Supplementary Table 4).

3.5. Functional connectivity of the derived ALE-clusters—MACM analysis

To characterize the reliable activation associated with social exclusion, we examined the
functional co-activation of the ALE map for the full sample with other brain regions. We
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performed MACM analyses to obtain cluster-specific connectivity maps that represent brain
regions that coactivate with the largest and most reliable ALE cluster for the full sample
(clusterl-bilateral vACC). The co-activation based meta-analytic map for cluster 1 is shown
in Fig. 3 and corresponding peak maxima are reported in Table 3. ALE analysis examining
the whole-brain co-activation pattern associated with the vACC showed co-activation with
anterior and posterior cortical midline structures. Specifically, bilateral ventromedial
prefrontal cortex extending towards the subgenual portion of the pregenual ACC, left
superior frontal gyrus, and bilaterally in the PCC. The ACC cluster also coactivated with the
left inferior parietal lobule, bilateral parahippocampal gyrus, and middle temporal gyrus.
Furthermore, when depicted in conjunction with Yeo 7-Network atlas (Yeo et al., 2011), we
show in Fig. 3 that the co-activation pattern for the ACC cluster aligns with the default
network in medial prefrontal, as well as medial and lateral parietal cortex and temporal
cortex. Supplementary Figures 5-9 and Supplementary Tables 5-9 show MACM results for
clusters 5-6. MACM results images are archived in NeuroVault (https://neurovault.org/
collections/6199/)

3.6. Cognitive terms associated activation

To provide valid reverse inference into the cognitive processes associated with the meta-
analytic map for Cyberball, we performed functional decoding of the ALE results from the
full sample. The Neurosynth decoder function was used assess the similarity of the
activation of the unthresholded ALE map with statistical maps generated for the entire set of
terms included in the Neurosynth database. The top 20 Neurosynth cognitive terms with the
highest correlation values are listed in Supplementary Table 10 and visualized as a word
cloud in Fig. 4. The emerging pattern of ALE activation for the full sample was more
associated with social- and self- cognition, as well as reward-related terms, such as: soc/al,
autobiographical, referential, mental states, reward, theory mind, value. The highest
correlation was observed for the term social (r=0.18).

3.7. dACC study count

Contrary to previous reports (Eisenberger, 2012a; Lieberman & Eisenberger, 2015), ALE
results for the full sample and traditional sub-sample of Cyberball studies did not show
reliable activation of the dACC. To further examine this inconsistency, we used a
probabilistic atlas of the dACC to quantify the number of studies with reported peak voxels
in the dACC. Less than one quarter of neuroimaging studies included in this meta-analysis
reported anatomical labels for peak coordinates as the dACC (Fig. 5a). Of the 14 studies
reporting dACC activity, the locations for nearly half of these studies (7= 6; Fig. 5a) did not
have peak voxels located within the boundaries of the dACC (Fig. 5b). Four studies report
coordinates within the dACC but provide a different anatomical label (e.g. medial prefrontal
cortex).

4. Discussion

The present study conducted a coordinate based meta-analysis of social exclusion
neuroimaging studies using the Cyberball paradigm. Using ALE, we found that social
exclusion reliably engages bilateral vACC, right posterior insula, right superior frontal
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gyrus, left inferior frontal gyrus, left PCC, and left occipital pole. Similar patterns of
activation were observed when restricting the analysis to studies to account for variable
experimental manipulations and participant cohorts. Using a MACM approach to
functionally characterize the pattern of co-activation from our ALE results, we demonstrate
functional covariance of brain activity consistent with the topography of the default network.
Implementing valid reverse inference with Neurosynth, Cyberball activity was associated
with social- and self-related cognitive terms, consistent with the functional role of the
default network in cognition (Andrews—Hanna, Smallwood and Spreng, 2014). While the
neural response to social exclusion has been conceptualized within a social pain framework,
strongly implicating the dACC, we found no converging evidence supporting dACC
activation during social exclusion.

The meta-analysis results for the full sample indicate that several brain regions distributed
broadly along the medial and lateral prefrontal cortices are consistently activated during
Cyberball. In the prefrontal cortices, we found a large bilateral ventromedial prefrontal
cluster including the pregenual and subgenual portions of the ACC (e.g. VACC). The ventral
sub-region of the ACC has often been implicated in studies on emotion (Somerville et al.,
2006). Increased activity in the VACC is associated with greater rejection sensitivity
(Burklund et al., 2007), self-reported distress during social exclusion (Rotge et al., 2015),
and engagement of this region may reflect emotional processing of negative emotions
induced by social exclusion (Bolling et al., 2011b; Sebastian et al., 2011). We also identified
three additional clusters—one in the right posterior insula, a second in the right superior
frontal gyrus, and a third in bilateral inferior frontal gyrus. The posterior insula is implicated
in mediating sensorimotor processes of exteroceptive and interoceptive information (Chang
etal., 2013; Craig, 2002; Wager et al., 2004; Uddin, 2015), the inferior frontal gyrus plays a
role in top-down cognitive control (Badre and Wagner, 2007), and the superior frontal gyrus
which is encompassed within the dorsal medial prefrontal cortex commonly implicated in
social-reflective tasks such as making judgements about others (Andrews-Hanna et la.,
2014). The activation of these regions during social exclusion are linked to affective
response and cognitive regulation of feelings of social exclusion (Bolling et al., 2011b;
Sebastian et al., 2011; Rotge et al., 2015). We also identified clusters in left PCC and left
occipital pole. The PCC has strong anatomical connections with ventromedial prefrontal
areas, and is a core hub of the default network (Andrews-Hanna et al., 2010). Together with
the ventromedial areas, inferior and superior frontal gyri, these regions are part of the default
network and are functionally integrated regions that support a wide range of self-generated
cognitive processes, such as mentalizing and autobiographical recollection (Spreng et al.,
2009; Andrews-Hanna et al., 2014). These default network regions are also responsive to
visual social information during goal-oriented tasks (Spreng et al., 2014).

Neural correlates of social exclusion may be impacted by differences in methodological
approaches, such as task design and participant populations of social rejection. Factors
related to task design (Somerville et al., 2006; Rotge et al., 2015) and age-related differences
in rejection sensitivity (Somerville et al., 2006), and self-reported distress (Rotge et al.,
2015) can differentially impact neural activity during exclusion. When restricting our
analyses to Cyberball studies using the traditional and alternating designs, adult sample, and
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studies that reported significant increases in subjective distress after exclusion, we found
similar clusters of activation as seen in the full sample.

Extending previous meta-analyses of neuroimaging studies using Cyberball, we conducting
a MACM analysis with the observed bilateral vACC cluster as a seed region. The resulting
meta-analytic functional connectivity map largely overlapped with regions of the default
network (encompassing the medial prefrontal cortex, superior frontal gyrus, PCC, inferior
parietal lobule, and hippocampus) and the orbitofrontal cortex, an extended region of the
default network (Uddin, Yeo, Spreng, 2019). These results suggest that the functional co-
activation pattern observed for this social exclusion cluster is spatially coherent with the
default network.

Our results extend prior work by demonstrating that the functional characterization of
regions reliably engaged during Cyberball coactivate with the default network which is
known to be critical for reflective cognitive processes (Andrews—Hanna et al., 2014). They
also add to a body of work linking social exclusion to a network of brain regions that are
distinct from that previously identified in the extant literature on social pain. Using
multivoxel pattern analysis, Woo et al. (2014) demonstrated that while the experience of
social rejection and physical pain may engage similar brain areas, these experiences evoke
dissociable functional connectivity patterns. When examining whole-brain network
dynamics during Cyberball, social exclusion is associated with increased within-network
connectivity of the default network (Schmaélzle et al., 2017). The functional connectivity
map derived for the vVACC cluster results is largely consistent with this finding. Furthermore,
our findings parallel results from seed-based connectivity showing increased connectivity
between the vVACC and default network brain regions during social exclusion (Bolling et al.,
2011a).

Using cognitive decoding to characterize the emerging pattern of ALE activation, we show
that the cognitive processes primarily associated with the identified neural patterns relate to
both social and self-referential cognitive terms, mentalizing and mental inference, and
valence terms. The decoding results showed a small association between social exclusion
task activity and ‘pain’ and ‘painful’. Overall, these terms may capture spontaneous
situational thoughts such as, “Why are they leaving me out?”, which include mental state
attribution and self-reference, along with the emotional experience of pain. Given that social
exclusion is a complex phenomenon, this result underscores that the interplay between social
cognitive and affective processing is an important component used to navigate a potentially
challenging interpersonal situation. This may be particularly relevant in light of work
pointing to increased emation regulation processes following social exclusion (DeWall et al.,
2011) and differential neural responsivity to positive and negative social feedback in regions
implicated in social-affective processing (i.e. VACC) (Jankowski et al., 2018; Morese et al.,
2019; Powers et al., 2013; Wagels et al., 2017). Collectively, our results highlight the
importance of the default network in the experience of social exclusion by virtue of this
network’s involvement in self, social and emotional processes (Andrews—Hanna et al.,
2014). Extending from this, a population neuroscience study has implicated the default
network as central to the experience of loneliness (Spreng et al., 2020).
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The neuroimaging literature on social exclusion has emphasized the role of the dACC in
social pain, particularly given the association between activation in this region and
subjective ratings of distress. The present ALE results show that social exclusion does not
reliably engage the dACC, even when we lowered the statistical threshold for significance.
One possibility for the lack of dACC engagement might be due to the task. Our results are
limited to the Cyberball paradigm, yet other types of social exclusions paradigms have
reported dACC activation (Gundel et al., 2003; O’Connor et al., 2008; Fisher et al., 2010;
Kross et al., 2011; see Eisenberger et al., 2012b for review). Different paradigms might not
evoke the same level of distress. Indeed, a prior meta-analysis on social exclusion did find
that the Cyberball task showing less dACC activity compared to other social exclusion tasks
(Rotge et al., 2015). Taking this into consideration, when we restricted our analysis to
studies where there was a significant increase in participants’ self-reported distress, we still
found no reliable dACC activity.

The dACC is often used by various studies as a region of interest, occasionally without
providing any supplementary whole-brain analysis (Chester et al., 2014; Chester and
DeWall, 2016; Dewall et al., 2010; Kashdan et al., 2014). It is possible that early observed
effects (e.g. Eisenberger et al., 2003), with small samples by current standards, may have
introduced a confirmation bias towards dACC, thereby obscuring findings of other brain
regions that are more reliably recruited during social exclusion. Our findings underscore
potential bias with the misattribution of observed peaks to the dACC, alongside the
relatively sparse number of peaks within dACC.

The studies that report no dACC activity attribute the lack of replication to various factors
such as differences in methodological approach (modified Cyberball, event-related design)
or study population (adolescents versus adults) (Masten et al., 2011a; Masten et al., 2009;
Moor et al., 2012; Sebastian et al., 2011). Others discuss their findings in terms of support
for the ventral portion of the ACC’s involvement in indexing negative affect and the dorsal
portion being involved in cognitive control (Onoda et al., 2009; Shackman et al., 2011;
Wagels et al., 2017). An alternate predominant view of dACC activation for social exclusion
may have motivated bias in subsequent reports to fit their results in the social pain
framework. Indeed, some studies without whole brain dACC effects conduct additional
region of interest analysis on the dACC (Asscheman et al., 2019) or lowered the statistical
threshold for significance (Bollings et al., 2011b). Analyses investigating neural correlations
with self-reported distress can more directly speak to the participant’s neural response to the
experience of social exclusion. However, correlations between distress and the dACC have
been inconsistent (Masten et al., 2009; Onoda et al., 2009; Masten et al., 2011a; DeWall et
al., 2012; Kawamoto et al., 2012; Moor et al., 2012; Eisenberger, 2012a; Will et al., 2015).
As the field moves forward in characterizing the neural correlates of social exclusion, it is
critically important that reliable observations of brain activity be considered above
confirmation bias.

The main advantage of taking a coordinate-based meta-analytic approach is that it is data-
driven and is considered a robust method for unbiased integration of previously published
functional neuroimaging literature. However, some important limitations should be
acknowledged. First, we pooled across neuroimaging studies using the Cyberball task (both
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traditional and alternating design). We did not include studies utilizing other social exclusion
paradigms. While our findings are largely consistent with previous meta-analyses which did
include analyses using other social exclusion paradigms (Cacioppo et al., 2013; Vijayakumar
etal., 2017), inferences regarding the meaning of the findings may not be generalizable to
other social exclusion paradigms (i.e. romantic rejection, viewing visual stimuli of
rejection). In pooling peak coordinates reported in published activation tables, the shape and
extent of the primary result clusters in a volume may not be well-characterized. This will
likely result in imperfect alignment of activity across studies. However, in the absence of
consistently archived results images, coordinate based meta-analysis remains the most
effective approach to amalgamating neuroimaging finds across studies. Another important
limitation is that while we did provide a sub-analysis focused on studies where there was
statistical evidence of greater subjective distress following exclusion, this analysis does not
directly speak to how social distress correlates with brain activity. We recommend that future
studies perform whole-brain regression analyses with self-reported distress to more directly
identify which brain regions are involved in the affective response to social exclusion.
Finally, the Neurosynth decoder is constrained by the term-based maps in the database
(YYarkoni et al., 2011). Neurosynth automatically extract high frequency terms from the
abstract of each study in the database, which can impact the specificity of cognitive terms.
While the terms from the cognitive decoding complement our interpretation of an
association between social exclusion and default network recruitment, we do not claim that
there is a unique role for activity in any of the brain regions identified in this meta-analysis
and cognitive terms obtained from our analysis. The correlation values represent how well
the spatial distribution of activation associated with each term in the database matches the
reliable activation patterns of our ALE result map. Despite these limitations, Neurosynth
represents a powerful tool for decoding cognitive terms and has been shown to have high
sensitivity and specificity for identify distinct neural networks (see Rubin et al., 2017;
Yarkoni et al.,2011). The functional characterization results are useful for developing
hypotheses that provide a better fit to the data, and allow the field to move forward towards a
better understanding of the neural and cognitive-affective basis of social exclusion.

In summary, the current meta-analysis of Cyberball reveals a reliable pattern of brain
activation distributed across medial prefrontal cortex, inferior and superior frontal gyri,
posterior cingulate cortex and posterior insula. This pattern largely overlaps with the default
network, and is associated with self-referential processes, mentalizing and valence related
terms. Together, these results provide evidence for a primary role of the default network in
the experience of social exclusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Flowchart of article selection, following PRISMA guidelines. Adapted from (Moher, 2009).
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Fig. 2.
Results of cyberball social exclusion ALE meta-analysis. Brain areas showing consistent

activation during social exclusion across (a) the full sample of Cyberball studies included in
the meta-analysis (n = 53).
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MACM map of co-activation of the vVACC cluster (cluster 1) derived from the full sample
ALE meta-analysis. Results represent the brain areas that significantly coactivate with brain
regions that are most reliably recruited during social exclusion (p <0.001, FWE cluster-level
corrected at p <0.05). The functional connectivity map for the vVACC cluster is juxtaposed
with outlines of the Yeo 7-Network atlas (Yeo et al., 2011). MACM co-activation pattern
(yellow/red) overlap with the default network and portions the limbic network. See Table 3
for coordinates.
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Fig. 4.
Decoding of the ALE map for the full sample using Neurosynth decoder. The decoder was

used to compare the unthresholded ALE map (full sample) with statistical maps generated
by Neurosynth across a wide range of terms (1,335 terms). Depicted above is the word cloud
showing the top 20 relevant cognitive terms that correlated with the pattern of activation for
social exclusion. Font size represents relative correlation strength of that term to the full
sample Cyberball meta-analytic results.
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Fig. 5.
Study count of reported dACC activity across all studies listed in Table 1. (a) A qualitative

assessment comparing the number of studies that reported no peak activation in the dACC
relative to studies that reported peak activation in the dACC during Cyberball social
exclusion. Using a dACC-ROI map (created from the Harvard-Oxford probabilistic atlas) to
cross-reference foci locations, studies with foci located outside of the dACC-ROI are
portrayed in dark blue; those with foci located within the dACC-ROI in light blue. (b)
Activation foci reported by studies included in the full sample ALE analysis are plotted on
the brain surface. The red shaded area represents boundaries of a dACC ROI map. Non-
dACC reported foci are color-coded base on whether they were located outside (black) or
inside (yellow) of the ROI. Similarly, reported foci that were anatomical labeled as dACC
located outside (pink) and inside (blue) the ROI are shown.
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