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Abstract

In human life, social context requires the engagement in complex interactions among individuals as
the dynamics of social networks. The evolution of the brain as the neurological basis of the mind
must be crucial in supporting social networking. Although the relationship between social network-
ing and the amygdala, a small but core region for emotion processing, has been reported, other
structures supporting sophisticated social interactions must be involved and need to be identified.
In this study, we examined the relationship between morphology of the anterior insular cortex
(AIC), a structure involved in basic and high-level cognition, and social networking. Two independ-
ent cohorts of individuals (New York group n =50, Beijing group n=100) were recruited.
Structural magnetic resonance images were acquired and the social network index (SNI), a compos-
ite measure summarizing an individual's network diversity, size, and complexity, was measured.
The association between morphological features of the AIC, in addition to amygdala, and the SNI
was examined. Positive correlations between the measures of the volume as well as sulcal depth
of the AIC and the SNI were found in both groups, while a significant positive correlation between
the volume of the amygdala and the SNI was only found in the New York group. The converging
results from the two groups suggest that the AIC supports network-level social interactions.
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1 | INTRODUCTION

A social network, that varies in size, complexity, and diversity, is a
structure comprised of heterogeneous and nonrandom social
interactions among multiple organisms (Croft, James, & Krause, 2008).
Compared to other species, social networks of primates are remarkable
in their structure and in temporal stability (Shultz & Dunbar, 2007).
Living in a large and complex social network has been proposed to be
evolutionarily adaptive and the social brain hypothesis states that pri-
mates evolved large brains to support complex social systems (Dunbar,
1998). This overall expansion in brain size (Bauernfeind et al., 2013)
may reflect increased specialization of specific regions of the brain
supporting the rapid and complex processing required by a large social
group (Barrett, 2012). A relationship between social network size and
complexity and gray matter volume (GMV) in the amygdala, a core
region for basic emotion processing (Lewis & Barton, 2006), social-
emotional functions (Adolphs, 2010) also related to face processing
and associated social significance (Gothard et al., 2018), and its connec-
tivity with prefrontal cortex has been demonstrated (Lewis & Barton,
2006; Bickart, Wright, Dautoff, Dickerson, & Barrett, 2011; Bickart,
Hollenbeck, Barrett, & Dickerson, 2012a). However, the cross-species
correlations in neocortex volume related to social networking cannot
be satisfactorily accounted for only by the volumetrically diminutive
amygdala (Dunbar, 2012). That is because successful social networking
depends not only on emotional response but also on social cognition,
which involves other brain regions and networks (Fan et al., 2011; Von
Der Heide, Vyas, & Olson, 2014; Falk & Bassett, 2017). The GMV of a
multitude of other frontal and temporal structures has also been
associated with social cognition (Kanai, Bahrami, Roylance, & Rees,
2012; Lewis, Rezaie, Brown, Roberts, & Dunbar, 2011; Sallet et al.,
2011), even though the specific contribution of these frontal and
parietal areas in social networking has yet to be clarified.

As the social behavior of an organism involves substantial and
sophisticated information processing, regions coordinating inputs from
multiple modalities or domains (including basic emotion processing) and
the selection of outputs appear to be required to support the complex
social networks. It is likely that in addition to the amygdala one or
more regions within the cognitive control network (Fan et al., 2011,
2014; Wu et al., 2017) supporting rapid and intuitive processing of
social information are involved at the level of social networks. Such an
additional substrate supporting social networking abilities could be the
anterior insular cortex (AIC), a brain region within the cognitive control
network that has been shown to be implicated in a variety of functions
related to social cognition such as empathy, decision-making, error rec-
ognition, bodily awareness, social emotion processing, and social bond-
ing (Carr, lacoboni, Dubeau, Mazziotta, & Lenzi, 2003; Craig, 2009;
Singer, Critchley, & Preuschoff, 2009). Further, a wealth of evidence
exist regarding the role of the insular cortex in the maintenance of
basic physiological functioning such as homeostatic regulation and
appetitive regulation (Craig, Chen, Bandy, & Reiman, 2000; Craig &
Craig, 2009; Menon & Uddin, 2010), functions that may have expanded
to include also social interactions and the homeostasis of interpersonal
relationships (Allman et al., 2010). Studies on patients with focal lesions

of the AIC have provided causal evidence of the role of this region in
cognitive, sensorimotor, affective and autonomic information process-
ing (Jones, Ward, & Critchley, 2010), allowing us to perceive and share
another’s affective state, in human empathy (Gu et al., 2012), and in
emotional perspective taking (Chen et al., 2016). AIC is also involved in
high-level cognition (e.g., Menon & Uddin, 2010; Fan et al., 2014) that
is essential in social networking for the integration of information
across modalities and domains. Activity in the AIC has been associated
with the integration of information from multiple modalities or cogni-
tive domains with information related to the past experience of the
organism to generate a higher-level integrative representation (Craig,
2009). Results for such role of the AIC, also comes from its pattern of
connectivity with other regions implicated in social cognitive processes
including the amygdala (Mufson, Mesulam, & Pandya, 1981; Carlson,
Greenberg, Rubin, & Mujica-Parodi, 2010; Robinson, Laird, Glahn,
Lovallo, & Fox, 2010; Cauda et al., 2012), prefrontal regions (Eckert
et al., 2009; Cauda et al., 2011; Touroutoglou, Hollenbeck, Dickerson,
& Barrett, 2012; Gratton et al., 2017), and the anterior cingulate cortex
(Flynn, 1999; Sadaghiani & D’Esposito, 2015; Trautwein, Singer, &
Kanske, 2016). Although the integrative role of the AIC as the brain
interface that processes information reaching through afferent
projections from disparate functional systems has been demonstrated
(Fan et al, 2011; Gu et al., 2012; Gu, Hof, Friston, & Fan, 2013a;
Trautwein et al., 2016), a direct link between the morphology of AIC
and social networking has yet to be established.

Based on the evidence regarding the role of the AIC in social
cognition and its potential support for social network interactions, we
hypothesized that the morphology of AIC predicts individuals’ social
network functioning independent of cultural background. In this study,
structural magnetic resonance images (MRI) were acquired for two
cohorts, one from New York and the other from Beijing, to measure
morphological features of AIC and amygdala using both a voxel-based
and a surface-based approach. The participants’ social network com-
plexity, size, and diversity were measured using the social network
index (SNI) (Cohen, Doyle, Skoner, Rabin, & Gwaltney, 1997b). We
predicted a positive correlation between morphological features of the
AIC and amygdala and a composite SNI score in both groups.

2 | METHODS

2.1 | Participants

For the New York group, 50 healthy adults (25 male, 25 female; mean
age =26.3, SD =40, range 19-37 years) participated in this study.
Inclusion criteria were: no history of neurological disease (e.g., no head
injury with loss of consciousness, epilepsy, neurodegenerative disease,
or traumatic brain injury), or psychiatric disorder, no first-degree
relatives with other neurodevelopmental, learning, mood, or anxiety
disorders, and no current substance or alcohol abuse. Participants were
excluded if the Structured Clinical Interview (RRID:SCR_003682)
detected the presence of a psychiatric disorder as defined by DSM-IV
(American Psychiatric Association, 2000), or they were under

treatment with psychoactive medication (within the last five weeks). All
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participants were right-handed. Written informed consent was
obtained from each participant. The Institutional Review Boards of the
City University of New York and Icahn School of Medicine at Mount
Sinai approved the protocol.

For the Beijing group, 100 healthy adults (50 male, 50 female;
mean age =21.9, SD = 2.67, range 18-29 vyears) participated in the
study. All participants were right-handed (except for one participant),
reported normal or corrected-to-normal vision, and had no known neu-
rological or visual disorders. Participants gave written informed consent
in accordance with the procedures and protocols approved by the
Human Subjects Review Committee of Peking University. All the pro-
cedures performed in this study were in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki and its later
amendments.

2.2 | MRI acquisition

For the New York group, T1-weighted images were acquired ona 3 T
Siemens Magnetom Skyra MRI scanner with a 16-channel phase-array
coil. Foam padding was used to minimize participant head movement
and images were acquired along axial planes parallel to the anterior
commissure-posterior commissure (AC-PC) line. A high-resolution mag-
netization prepared rapid gradient-echo (MPRAGE) sequence was used
with the following parameters: 176 axial slices each 0.9 mm-thick,
skip=0 mm, TR=2200 ms, TE=251 ms, flip angle=8°
FOV = 240 mm, matrix size =256 X 256, voxel size=0.9 X 0.9 X
0.9 mm. For the Beijing group, the data were acquired on a 3 T Sie-
mens Prisma MRI scanner with a 64-channel phase-array coil. A high-
resolution 3D T1 structural image was acquired from each participant
using the same sequence with identical parameters as the New York
group except the voxel size=0.5 X 0.5 X 1 mm. Each T1 image was
visually inspected for excessive motion artifact and distortion, and no

image was rejected due to these reasons.

2.3 | Voxel-based morphometry analyses

Voxel-based morphometry (VBM), a mass-univariate approach, was
used to make voxel-wise estimations of the GMV at the first-level of
individual participants. The estimated GMV images were then entered
into statistical models at the second-level to make group-level statisti-
cal inferences (Ashburner & Friston, 2000). In this study, the VBM anal-
yses were conducted using the VBMS8 toolbox (RRID:SCR_014196;
http://dbm.neuro.uni-jena.de/vbm) and Statistical Parametric Mapping
(RRID:SCR_007037; SPM8, Wellcome Trust Centre for Neuroimaging,
University College London, UK) in MATLAB R2012b (RRID:
SCR_001622; Mathworks, Sherborn, MA), following the suggested
defaults of the VBM8 manual (RRID:SCR_014196; http://dbm.neuro.
uni-jena.de/vbm8/VBM8-Manual.pdf). First, T1-weighted images were
segmented into six tissue classes (i.e., gray matter, white matter, cere-
brospinal fluid (CSF), bone, nonbrain soft tissue, and air outside of the
head and in nose, sinus and ears) using the SPM standard tissue
probability map (Mazziotta, Toga, Evans, Fox, & Lancaster, 1995). The
DARTEL algorithm (Ashburner, 2007) was used for spatial normalization
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of segmented gray matter, white matter, and CSF images, and for resam-
pling of images to 1.5 X 1.5 X 1.5 mm spatial resolution. The modulated
normalized images (representing relative volume corrected for brain size)
were generated by correcting for nonlinear warping of spatial normaliza-
tion effect to represent the relative volume after correcting for different
brain size. The normalized images were visually inspected for data quality
control, and no image showed significant distortion or mis-segmentation
for the AIC or the amygdala. Each image was smoothed with a 5-mm
full-width-of-half-maximum (FWHM) Gaussian kernel. The identical
analysis pipeline was applied to the images from the two cohorts.

2.4 | Surface-based morphometry analyses

Cortical surface reconstruction was performed using FreeSurfer version
5.3 and visualized using FreeSurfer version 6 (RRID:SCR_001847;
http://surfer.nmr.mgh.harvard.edu), following pre-processing pipelines
of previous publications (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, &
Dale, 1999; Fischl & Dale, 2000; Fischl, Liu, & Dale, 2001). Briefly, pre-
processing steps included motion correction, removal of non-brain tis-
sue (Ségonne et al., 2004), automated Talairach transformation, inten-
sity normalization, segmentation of subcortical structures, generation
of grey/white matter interface via volume tessellation and deformation
(Dale et al., 1999). Topology and geometry of the reconstructed surface
were then validated once the cortical surface reconstruction was com-
plete (Fischl et al., 2001). The reconstructed images were visually
inspected using FreeView and segmentation errors, including correction
of non-brain tissue, missing white matter, and errant grey matter,
were manually corrected (http://sites.bu.edu/cnrlab/lab-resources/
freesurfer-quality-control-guide). Further data processing included sur-
face inflation, registration to average spherical atlas (Fischl et al., 1999),
and calculation of surface measurements that included cortical thick-
ness (CT), surface area (SA), volume (VOL), local gyrification index (LGlI),
and sulcal depth (SD). CT is a measure of the distance between gray
and white matter surface at each vertex (Fischl & Dale, 2000). SA is the
averaged area of surrounding triangles of a vertex. For cortical regions,
VOL is the product of CT and SA, which is similar, but not identical, to
GMV in VBM. For the subcortical regions, VOL could only be measured
as voxels count in a predefined region of interest (ROI), which is not
recommended by FreeSurfer (RRID:SCR_001847). Therefore, the VOL
was not used to examine the subcortical regions (i.e., amygdala) and
was applied only to the cortical regions. LGl is the ratio of cortical fold-
ing to convex hull surface area (Schaer et al., 2008, 2012). SD is the
integrated dot product of the movement vector with a normal surface
measures, which measures both the distances upward and downward
to the average surface (Fischl et al., 1999; Destrieux, Fischl, Dale, &
Halgren, 2010). All imaging data were smoothed with a 10-mm FWHM

Gaussian kernel.

2.5 | Social network measures

A composite measure of the SNI (Cohen, Doyle, Skoner, Rabin, &
Gwaltney, 1997a), which quantifies three indices of a participant’s
social network: network diversity, social network size, and number of
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embedded networks, was used in this study. For all indices, the SNI cri-
teria define a high contact role as a person with whom the respondent
interacts at least once every 2 weeks. The network diversity index of
the SNI measures the number of high contact roles from 12 possible
social roles (e.g., spouse, relative, church member, classmate) in which a
score of 1 is assigned if the respondent has at least one member in
that group who is considered a high contact role. Network diversity
score is an integer value ranging from O to 12 with a greater score indi-
cating higher social network diversity. The social network size index is
the total number of high contact people across each of the 12 roles
and provides an aggregate estimate of the respondent’s total network
size, with a greater score indicating larger total social network size.
Network complexity (synonymous with the number of embedded net-
works) is the number of network domains, ranging from O to 8, in
which the respondent is active at a criterion level of 4 or more high-
contact roles, providing a quantification of the extent of complexity in
the respondent’s social network. The eight network domains include
family, friends, church/temple, school, work, neighbors, volunteering,
and “other groups.” Respondents had the opportunity to write in social
groups that are part of their network but are not explicitly listed as part
of the index in the “other group” domain (i.e., a Boy Scout troop or a
sports team). The “other group” scores were treated as an additional
domain and scored accordingly for the quantification of each index.

Due to that the three indexes of network diversity, social network
size, and number of embedded networks are calculated from partici-
pants’ responses to the same twelve items, we conducted factor analy-
sis to identify whether the three variables are associated with one or
more latent variables. Results for the New York group showed that a
latent variable (i.e., the composite SNI score used) explained 82.41% of
the variance, while a second factor explained 12.03% and a third factor
explained 5.56% of the variance. Because only one component was
extracted, no rotation was possible. Factor loading results showed that
the normalized network complexity score was the largest factor loading
(0.94), followed by the normalized network size (0.91), and normalized
network diversity scores (0.88). Therefore, a composite SNI score was
calculated for each participant, by first standardizing and then averag-
ing the three scores. Reliability statistics of the composite SNI score, in
terms of Cronbach’s «, was 0.89, suggesting that the items had a rela-
tively high internal consistency (Cronbach’s o before standardization
was 0.53).

For the Beijing group, we replicated results of the New York group
in terms of factor analysis and reliability. Specifically, results showed
that a latent variable (i.e., the composite SNI score used) explained
83.83% of the variance, while a second factor explained 13.14% and a
third factor explained 3.03% of the variance. Factor loading results
showed that the normalized network complexity score was the largest
factor loading (0.96), followed by the normalized network size (0.93),
and normalized network diversity scores (0.85). The composite SNI
score was calculated in the same way as in the New York group.
Reliability statistics of the composite SNI score, in terms of Cronbach’s
a, was 0.90 suggesting that the items had a relatively high internal

consistency (Cronbach’s « before standardization was 0.60). Gender

differences in terms of SNI were also examined in the two samples
using two-tailed independent sample t tests.

The 1Q of participants from the New York group was measured
using three subtests (Vocabulary, Figure Weights, and Symbol Search)
of the Wechsler Adult Intelligence Scale (WAIS) (Wechsler, 2014). We
examined the relationship between the composite SNI score and IQ in
the New York group to investigate the potential contribution of intel-

lectual ability to individual's social networking.

2.6 | Correlation and regression analyses

For the VBM, smoothed GMV images from all participants were
entered into a random-effects general linear model (GLM) for the
second-level group analysis, with the composite SNI scores across all
participants as the predictor. An absolute threshold mask of 0.1 was
used for all the second-level analyses to exclude noise signals outside
the brain. This GLM was conducted to test whether voxel-wise GMV
in AIC and amygdala was positively correlated to the composite SNI
scores across participants. An additional second-level GLM on GMV
was conducted with the composite SNI score as the predictor, and
with the mean white matter volume, mean CSF volume, gender, and
age as nuisance regressors, to partial out the potential effect of these
nuisance variables on the correlation between GLM and the composite
SNI scores. A third GLM with the GMV images from the two cohorts
(groups) included and with the composite SNI scores, group, and the
SNI by group interaction as predictors was conducted to examine the
cohort-independent and cohort-specific association between SNI and
GMV in both AIC and amygdala. Global normalization was not per-
formed for these GLMs.

In these GLMs a significance level for the height of each voxel as
p < .05 was used for the two hypothesis-driven ROIs of AIC and amyg-
dala, with a contiguous-voxel extent thresholds (k) to correct for multi-
ple comparisons across voxels in each region, resulting in a corrected
threshold as p < .05. This threshold was chosen to be in line with the
hypothesis-driven nature of the present study. To estimate the k val-
ues, we generated a mask for the bilateral amygdala according to the
maximum probability tissue labels provided by Neuromorphometrics
(RRID:SCR_005656; http://Neuromorphometrics.com/), and generated
a mask for the bilateral AlIC according to the literature (Lin, Hsieh, Yeh,
Lee, & Niddam, 2013). Both masks were re-sliced to match the spatial
resolution of the smoothed GMV images and match location of the
AIC and amygdala in the standard MNI_ICBM152 space (Fonov, Evans,
McKinstry, Almli, & Collins, 2009). The localization of these masks was
further visually inspected and confirmed by one of the authors (P. R.
H.), who is an expert in neuroanatomy and was blind to the GLM
results. The k value for each region was estimated by the AlphaSim
(https://afni.nimh.nih.gov/pub/dist/doc/program_help/AlphaSim.html),
using each anatomical mask as the mask image. Each mask was utilized
as the inclusive mask for GLM and the corresponding extent threshold
was applied to test the correlation between the GMV in that ROIs and
the composite SNI scores. For other regions for which we had no spe-
cific hypothesis, a threshold based on FWE correction with p <.05 for
the whole-brain was applied.
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To illustrate the GMV-SNI association in AIC and amygdala, we
conducted ROI analyses. The ROI of the right AIC was defined as the
cluster showing significant positive main effect of SNI, while the ROI of
left AIC, left amygdala, and right amygdala were defined as the clusters
showing significant positive group by SNI interaction effect. Here we
did not use the anatomically defined ROI, because we did not have an
assumption that the GMV of all voxels in the AIC and amygdala would
be homogeneously associated with the SNI. For each ROI, the first
eigenvariate of the GMV value was extracted across all voxels within
the corresponding cluster from the GMV image for each participant.
The scatter plot of the GMV-SNI association was generated for each
region in each group.

For the surface-based morphometry analyses, Pearson correlations
between each surface measure of cortical vertices and composite SNI
measure across participants were calculated. The bilateral AIC mask
was created according to the literature (Fan et al., 2016). Similar to the
VBM analysis, a significance level for the height of each vertex as
p <.05 was applied, together with an estimated extent threshold to
correct for the multiple comparisons across vertices in the AIC, result-
ing in a corrected threshold as p <.05. To estimate the extent thresh-
old, the vertices in each ROI were transformed back to the MNI voxel
space. The extent threshold was then estimated using AlphaSim. For
cortical regions outside the AIC mask, false discovery rate (FDR) correc-
tion of p <.05 was applied.

3 | RESULTS

Results from the VBM analyses of the New York group (Figure 1a,b)
showed a positive correlation between GMV and the composite SNI
score in the left AIC (local peak: x=—39,y=8,z=—8,and T=2.93,
Z =2.79; cluster size k = 294 > extent threshold = 204), in addition to
the right amygdala (x=22,y=4,z=-21,and T=272,Z=2.61; k =
53 > extent threshold = 40). When mean white matter volume, mean
CSF volume, age and gender were included as the nuisance regressors
in the GLM, the correlation between the GMV of the left AIC and the
SNI score was still significant (x=—-39, y=6, z=—-9, and T=3.29,
Z =3.09; k= 640), while the correlation between the right amygdala
and the SNI was not significant (x =22, y=4, z=—21, and T=2.36,
Z=2.28; k=12). For the whole-brain exploratory analyses with con-
servative threshold (FWE < .05), no voxel or cluster inside or outside
the masks of AIC and amygdala showed significant correlation between
the SNI scores and the GMV.

Results from the VBM analyses of the Beijing group (Figure 1c,d)
showed a positive correlation between GMV of the right AIC and the
composite SNI score (x=34, y=18, z=7, and T=293, Z=2.86;
k = 262 > extent threshold = 233), while no significant correlation was
found between the GMV of the amygdala and the SNI score (no cluster
passed the extent threshold =42). When gender and age were
included as the nuisance regressors in the GLM, the correlation
between the GMV in the right AIC and the SNI score was still signifi-
cant (x=34,y=18,z=7,and T=2.92, Z=2.85; k= 281), while the
correlation between the GMV of the amygdala and the SNI was not
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significant. No significant correlation was found between the GMV and
SNI scores for areas inside or outside the masks of AIC and amygdala.

Results from the GLM analysis of VBM with both New York and
Beijing groups included (Figure 2ab) showed a positive correlation
between GMV and SNI (the main effect of SNI) in right AIC (x = 38,
y=10, z=12, and T=248, Z=245, k=380>extent thresh-
old = 223), while this main effect was not significant in the amygdala.
The positive SNI by group interaction was found in the left AIC
(x=-39, y=8, z=—-6, and T=345 Z=23.38; k=261>extent
threshold = 223), and in the right amygdala (x = 22,y = 3,z= —21; and
T=3.52, Z=3.44; k= 166 > extent threshold = 164), while no nega-
tive interaction effect was found either in the AIC or the amygdala. No
significant main effect or interaction effect was found for areas inside
or outside the masks of AIC and amygdala. The scatter plot of the cor-
relation between GMV and SNI for each ROl is shown in Figure 3.

Results from the surface-based morphometry (SBM) analyses of
the New York group (Figure 4a) showed a positive correlation between
the SNI scores and the VOL of the left AIC (x=—41, y=10, z= -5,
and r = .40, p = .0041; k = 55 > extent threshold = 37), SD of the right
AIC (x=42, y=1, z=2; r= .42, p=.0025; k=49 > extent thresh-
old = 38), and SA of the left AIC (x=—-34, y=17, z=-9; r= 42,
p =.0023; k =39 > extent threshold = 31). No significant correlation
was found between the CT or LGl in any vertex of the AIC and the
composite SNI score. For other regions outside the AIC mask, no signif-
icant correlation was found for any surface-based measurement.

Results from the SBM analyses of the Beijing group (Figure 4b)
showed a positive correlation between the SNI scores and the SD of
the right AIC (x=34, y=17, z=-9 and r=.33, p=.0023;
k = 28 > extent threshold = 24). No significant correlation was found
between the other surface-based measurements in any vertex of the
AIC and the composite SNI scores. For other regions outside the AIC
mask, no significant correlation was found for any surface-based
measurement.

The Pearson’s correlation coefficient between 1Q and SNI in the
New York group was not significant (r=.08, p = .55, two-tailed). No
significant gender differences were found for both the New York
group, (tus)=0.24, p=.81), and for the Beijing group (teg = 0.49,
p < .62) on the composite SNI score.

4 | DISCUSSION

We provide evidence of a positive correlation between GMV in the
AIC and SNI in the two samples, supporting the social brain hypothesis
(Dunbar, 1998). Anthropologists, psychologists, and philosophers have
puzzled over the unusual expansion of the brain compared to body size
in primates across evolution, struggling between a lack of empirical evi-
dence and with findings regarding regions found to correlate with
social network complexity that are volumetrically small (e.g., the amyg-
dala) and cannot explain the relationship observed between social
group size and brain size across species. The observed association
between the AIC and social network-level cognition is in line with the

volumetric expansion of the AIC in primates living in complex social
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FIGURE 1 Results of the voxel-based analyses for the association between GMV and SNI score in the New York group for the AIC (a) and
amygdala (b) and in the Beijing group for the AIC (c) and amygdala (d). Blue contours indicate the boundary of the anatomically defined
masks of AIC and amygdala. The color bar indicates the coding of the statistical T values in the color map, with brighter color for greater T

values [Color figure can be viewed at wileyonlinelibrary.com]

environments (Bauernfeind et al., 2013) and therefore it could poten-
tially account for some of the variance in cross-species correlations in
brain size related to social network complexity observed across evolu-
tion (Bauernfeind et al., 2013).

The relationship between function and structure of the brain is a
longstanding question in neuroscience, as development phases and
expansion of the central nervous system do not follow a geometrically
linear similarity across mammals, and with structural changes further
differing across brain lobes in humans (Hofman, 2014). The AIC,
located in the depth of the lateral sulcus, is a structure related to the

frontal lobe. It follows a linear pathway of cortical maturity (i.e., thin-
ning) from adolescence to adulthood (Shaw et al., 2008) and these
changes are associated with a more adult-like behavior (i.e., less risky
decision-making) (Smith, Steinberg, & Chein, 2014). A successful
transition from adolescence to adulthood requires the acquisition and
implementation of socially appropriate behavior, learned through
peer-to-peer interactions and social exclusions (Kilford, Garrett, &
Blakemore, 2016), and this psychologically critical period is connoted
by structural changes, in the form of hierarchical organization and
expansion of axonal mass allowing local and global communication
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FIGURE 2 Main effect of the association between the GMV and SNI in the AIC (a) and amygdala (b), and the group by SNI association
interaction in the GMV of the AIC (c) and amygdala (d) in the GLM with the two cohorts included. Blue contours indicate the boundary of
the anatomically defined masks of AIC and amygdala. Areas in red indicate regions showing a significant positive effect. No region showed
a significant negative effect [Color figure can be viewed at wileyonlinelibrary.com]

(Hofman, 2014), especially in areas within the frontal lobe that are
critical for emotion-cognition interaction (Gu, Liu, Van Dam, Hof, &
Fan, 2013b) and for cognitive control and self-regulation (Hofmann,
Schmeichel, & Baddeley, 2012). Although the current study did not
embrace a developmental perspective, we argue that our result may
add new evidence regarding the relationship between function and
structure of the AIC, indicating that, in line with the “bigger is better
hypothesis” proposed by Hofman (2014), an expansion of the surface
of the AIC supports an expansion of social interactions of individuals at
the network level.

Along with morphological evidence showing that the AIC could be
involved in social cognition also at the group level, activation in the AIC
has been shown in a variety (and somehow strikingly different) of cog-
nitive functions, ranging from the implementation of bottom-up detec-
tion of salient events and coupling with the anterior cingulate cortex
(ACC) for rapid access to motor response (i.e., the salience network;
Menon & Uddin, 2010) and to top-down cognitive control (i.e., the
cingulo-opercular network—CON; Dosenbach, Cohen, Schlaggar, &
Petersen, 2008; Wu et al., 2017). Behaving appropriately in a human
social network does not only require the processing of sensory
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FIGURE 3 Scatterplot for the (a) left and (b) right AIC GMV-SNI
association based on the interaction and main effect, respectively.
(c) left and (d) right amygdala GMV-SNI association based on the
interaction effect. Circles and lines in red: New York group. Circles
and lines in blue: Beijing group [Color figure can be viewed at
wileyonlinelibrary.com]

information received from the outside world, but is very often emo-
tionally connoted with bodily reactions, and the role of AIC has been
proposed to be critical for emotional awareness (Fan et al., 2011; Gu
et al, 2013a), and integral in the relationship between emotion and
cognition (Gu et al., 2013b). Furthermore, activity in the AIC has been
consistently shown to be functionally associated with more interperso-
nal aspects of the processing of affective information, such as in com-
passion, empathy for pain, and in understanding others’ feelings and
body states (Singer & Lamm, 2009; Lamm & Singer, 2010). The rela-
tionship between AIC volume and social networking found in the pres-
ent study may be related to the extensive amount of uncertainty
processing in the cognitive and affective domains that humans have to
face while behaving in the society, and may be the link accounting for
the positive relationship between social networks and the morphology
of the AIC.

The AIC is also a critical hub connecting two large networks of the
brain, namely, the cognitive control network (CCN) (Niendam et al.,
2012; Fan, 2014; Wu et al,, 2017) and the default mode network
(DMN) (Raichle, 2015), and acts as a switch between these two brain
networks to mediate the dynamic intertions between stimulus-driven
processing and internally oriented monitoring (Menon & Uddin, 2010).
As social cognition has been shown to involve brain regions from both
the CCN (Adolphs, 1999; Falk & Bassett, 2017) and DMN (Mars et al.,
2012), the relevance of the dynamic switching between these networks
becomes fundamental to enable an individual to process external infor-
mation reaching the brain and to prioritize thoughts and actions while

simultaneously interacting with multiple partners. Further speculation

in favor of the role of the AIC in social networking comes from its
cytoarchitectural characteristics and particularly the abundance of von
Economo neurons (VEN), large, fast-conducting, bipolar cells that are
thought to connect the AIC to the prefrontal cortex, orbitofrontal cor-
tex, anterior temporal lobes, amygdala, hypothalamus, and periaque-
ductal gray (Allman, Watson, Tetreault, & Hakeem, 2005; Butti, Santos,
Uppal, & Hof, 2013). Through its role in switching between large-scale
networks (Callejas, Shulman, & Corbetta, 2014; Odriozola et al., 2016;
Schmailzle et al., 2017) and in higher-level integration, as well as the
peculiar pattern of connectivity, the AIC as hub is a strong candidate
for involvement in social networking. Although the synergistic
functions of the CCN and DMN networks have yet to be clarified, we
have proposed in a recent account that activity in the AIC may be
related to the processing and representation of uncertainty (e.g.,
activity in anticipation of impending goal-relevant stimulus processing)
(Fan, 2014; Fan et al., 2014; Wu et al., 2017), a phenomenon tightly
related to decision-making, learning, and the implementation of appro-
priate behavioral responses (Menon & Uddin, 2010; FeldmanHall, Raio,
Kubota, Seiler, & Phelps, 2015).

In spite of the large sample sizes of the cohorts, here we failed to
replicate the involvement of frontal and temporal areas previously
associated with social functioning in the whole brain analysis (Adolphs,
2010; Lewis et al., 2011; Sallet et al, 2011; Bickart, Hollenbeck,
Barrett, & Dickerson, 2012b; Kanai et al., 2012). In this study, our focus
was on the contribution of the AIC, a region that has been showed to
be involved in uncertainty processing (Fan, 2014; Wu et al., 2017),
undoubtedly a critical feature of complex social environments, as well
as in large-scale brain networks communication (Bressler & Menon,
2010; Odriozola et al., 2016). Beyond amygdala and AIC, our results
showed no evidence for an association of other brain regions with the
SNI measured in this study. A potential explanation could be related to
the use of a single questionnaire to examine individual’s social network-
ing, rather than more complex and ecological tasks (Rosati, 2017; Sliwa
& Freiwald, 2017), or multiple measures of social behaviors (Lewis
et al.,, 2011), as in the study that found the association between social
cognition and frontal, parietal, or temporal brain regions.

The analyses concerning the between-group difference and simi-
larity in the association between volume of the ROIs and the SNI
showed a greater association in the left AIC and the right amygdala in
the New York cohort compared to the Beijing cohort as indicated by
the interaction effect. Evidence exists regarding culture-specific varia-
tions in the activation of amygdala in response to emotional stimuli
(Chiao et al., 2008; Han & Northoff, 2008), leading us to speculate that
the social network-amygdala association may be specific to western
(individualist cultures) participants and does not translate across
cultures such as to the eastern collectivist ones (Triandis, 1990, 1994)
of which the Chinese are members, particularly with regard to western-
developed personality and social assessment questionnaires typically
used (Marsella, Dubanoski, Hamada, & Morse, 2000). Notably, the
comparisons of the New York and Beijing groups show a broad similar-
ity in that the volume of the right AIC was positively associated with
the SNI (the result of the main effect). However, they differ in that the
significance of the GMV - SNI correlations for the New York group
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FIGURE 4 Surface-based analyses for the association between morphological features and SNI score in the New York group (a) and in the
Beijing group (b). Green contours indicate the boundary of the anatomically defined mask of AIC used in this study. VOL = volume;

SD = sulcal depth; CT = cortical thickness; SA = surface area; LGl = local gyrification index. The color bar indicates the coding of the
magnitude of Pearson’s r values in the color map, with warm colors for positive r values and cold colors for negative r values [Color figure

can be viewed at wileyonlinelibrary.com]

was in the left AIC while the significance of the GMV - SNI correlations
for the Beijing group was in the right AIC (the result of the interaction).
A potential explanation for this difference may be related to differen-
ces in language-related processing between the Chinese (logographic)
and the English (alphabetic). This suggests a lateralization of the AIC,
which is a key region for language and speech processing (Ardila,
Bernal, & Rosselli, 2014; Oh, Duerden, & Pang, 2014) and the reported
hemispheric dominance of aspects of language across cultures (Tzeng,
Hung, Chen, Wu, & Hsi, 1986; Chen, 1993; Cao, Kim, Liu, & Liu, 2014).
Therefore, the right- vs left-lateralized GMV-to-SNI association shown
in the VBM (but not firmly confirmed by the surface-based morphome-
try analyses) may be language-specific rather than related to the social-
network per se. Future studies are warranted further to explore the

impact of culture on social networking and the brain structures
involved.

Some limitations of the present study should be however kept in
mind. First, correlational analyses do not provide causative evidence.
Although this study shows that social networking is correlated with
morphological features in the AIC, it cannot be concluded that
increased social network results from increases in the GMV of the AIC
or vice versa. Second, in line with the existence of between-group dif-
ferences, a potential limitation may reside in the use of an adapted ver-
sion from English to Chinese of the Social Network Index, with the
translation being conducted by three Chinese authors of this manu-
script (J.F., TW., QW.). Although translation reliability was independ-
ently assessed by the authors, and with the consistency of the
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translated questionnaire being demonstrated by the reliability analyses,
the cross-cultural dependence of some items of the Social Network
Index may have influenced the measure of the SNI.
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