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Abstract

The tendency to approach or avoid novel people is a fundamental human behavior and is a core
dimension of social anxiety. Resting state fMRI was used to test for an association between social
inhibition and intrinsic connectivity in 40 young adults ranging from low to high in social
inhibition. Higher levels of social inhibition were associated with specific patterns of reduced
amygdala-cingulate cortex connectivity. Connectivity was reduced between the superficial
amygdala and the rostral cingulate cortex and between the centromedial amygdala and the dorsal
anterior cingulate cortex. Social inhibition also modulated connectivity in several well-established
intrinsic networks; higher social inhibition correlated with reduced connectivity with default mode
and dorsal attention networks and enhanced connectivity in salience and executive control
networks. These findings provide important preliminary evidence that social inhibition reflects
differences in the underlying intrinsic connectivity of the brain in the absence of social stimuli or
stressors.
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1. Introduction

Social anxiety disorder is common (Kessler, Chiu, Demler, & Walters, 2005b; Kessler et al.,
2005a), follows a chronic course (Bittner et al, 2007; Pine, Cohen, Gurley, Brook, & Ma,
1998; Stein & Stein, 2008), and causes substantial disability (Comer et al., 2011; Katzelnick
et al, 2001; Stein, 2006). The disorder is especially detrimental because it typically begins in
childhood, causing disruptions in development with pervasive long-term effects on
education (Katzelnick et al., 2001; Schneier, Johnson, Hornig, Liebowitz, & Weissman,
1992), employment (Katzelnick et al., 2001; Moitra, Beard, Weisberg, & Keller, 2011;
Schneier et al., 1994), relationships (Katzelnick et al, 2001; Schneier et al., 1994), and later
psychiatric illness (Beesdo et al., 2007; Cougle, Keough, Riccardi, & Sachs-Ericsson, 2009;
Rush et al., 2005; Schneier et al., 2010). Specific dimensional biological markers for social
anxiety disorder are essential for the early identification of risk, the development of
neuroscientifically-based treatments, and the prediction and assessment of treatment
response; however, clinically useful dimensional biological markers are currently
unavailable. Prior studies of social anxiety disorder have overwhelmingly used case-control
designs, which include heterogeneous patient groups with multiple symptoms. While
research using case-control designs has made important contributions to broadly defining
which brain regions are involved in social anxiety, the heterogeneity of patient groups may
limit the discovery of specific underlying neurobiological mechanisms. A promising
alternative is to identify the neurobiology of dimensional measures of core symptoms or
traits associated with social anxiety disorder.

High social inhibition—the tendency to withdraw from new people and to avoid social
situations—is a core feature of social anxiety (American Psychiatric Association, 2000) and
one of the most impairing symptoms of social anxiety disorder. Social inhibition also
reflects an underlying trait that exists along a continuum, ranging from low to high social
inhibition (Schneier, Blanco, Antia, & Liebowitz, 2002; Stein, Walker, & Forde, 1994).
Social inhibition is a fundamental behavior that is heritable (Eley et al., 2003; Emde et al,
1992; Robinson, Reznick, Kagan, & Corley, 1992; Schwartz et al., 2003b), present early in
development (Kagan, Snidman, & Arcus, 1998b), and observable across species (Clinton,
Stead, Miller, Watson, & Akil, 2011; Fox, Shelton, Oakes, Davidson, &Kalin, 2008;
Gosling, 2001; Qi et al., 2010). Social inhibition is assumed to have a biological basis;
inhibited children display a pattern of physiological hyperarousal including a high and stable
heart rate (Kagan, Reznick, & Snidman, 1998a) and elevated cortisol levels (Kagan et al.,
1998a). Consistent with the amygdala's influence on the sympathetic nervous system (Davis,
1992), studies in rodents, non-human primates, and humans point to the amygdala as a key
brain region mediating individual differences in social inhibition (Blackford, Avery,
Shelton, &Zald, 2009; Kalin, Shelton, & Davidson, 2004; Qi et al., 2010; Schwartz, Wright,
Shin, Kagan, & Rauch, 2003a). For example, in adults who are inhibited, or were inhibited
as children, the amygdala shows heightened responsivity to novel (Beaton et al., 2008;
Schwartz et al., 2003a) or threatening (Pérez-Edgar et al., 2007) faces and fails to show the
normal habituation to repeated presentations of faces (Blackford, Avery, Cowan, Shelton, &
Zald, 2011; Schwartz et al., 2012).
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The overwhelming majority of human neuroimaging studies of social inhibition have relied
on tasks designed to elicit brain responses to salient stimuli, such as novel or threatening
human faces (Beaton et al., 2008; Blackford et al., 2011, 2009; Pérez-Edgar et al., 2007;
Schwartz et al, 2003b; Schwartz et al., 2012). In contrast, neuroimaging studies of non-
human primates using FDG-PET have demonstrated that inhibition is associated with
differences in brain responses to a novel human experimenter (Fox et al, 2008), paralleling
human studies, but have also shown differences in brain activity in the home cage (Fox et
al., 2008). Findings from these studies suggest that social inhibition may stem from
differences in intrinsic (i.e., non-task related) amygdala activity (Fox et al, 2008). Whether
social inhibition in humans is due to intrinsic differences in amygdala activity has yet to be
studied.

Functional magnetic resonance imaging (fMRI) can be used to measure intrinsic brain
activity and identify underlying functional brain networks (Fox & Raichle, 2007). The utility
of resting state fMRI (rsfMRI) has been established based on evidence that intrinsic
connectivity patterns replicate across time and individuals (Biswal et al., 2010; De Luca,
Beckmann, De Stefano, Matthews, & Smith, 2006; Dijk et al, 2010) and are evident across
species (Lu et al., 2012; Pawela et al., 2008; Vincent et al, 2007). Critically, intrinsic
connectivity patterns can reflect underlying structural connectivity (Greicius, Supekar,
Menon, & Dougherty, 2009; Hagmann et al., 2008; Honey et al, 2009; VVan den Heuvel,
Mandl, Kahn, & Hulshoff Pol, 2009) and predict patterns of brain activation during tasks
(De Luca, Smith, De Stefano, Federico, & Matthews, 2005; Fox, Snyder, Vincent, &
Raichle, 2007; Fox, Snyder, Zacks, & Raichle, 2006b; Mennes et al, 2011), suggesting that
rsfMRI can be used to assess neuronal networks, independent of specific tasks. For these
reasons, alterations in intrinsic connectivity show promise as biomarkers for psychiatric
disease (Zhang & Raichle, 2010).

In the present study, we used rsfMRI to determine whether individual differences in social
inhibition manifest as differences in intrinsic connectivity. We focused on amygdala
networks given previous findings, and hypothesized that social inhibition would be
associated with strength of intrinsic connectivity in amygdala networks. We examined
intrinsic connectivity for three different amygdala subnuclei based on evidence that these
subnuclei have distinct anatomical connections (Amaral, Price, Pitkanen, & Carmichael,
1992), distinct patterns of intrinsic connectivity (Mishra, Rogers, Chen, & Gore, 2013; Roy
et al, 2009), and show distinct patterns of alterations in anxiety disorders (Etkin, Prater,
Schatzberg, Menon, & Greicius, 2009; Roy et al, 2013).To determine whether social
inhibition is associated with differences in other intrinsic networks, we also examined well-
established networks, including the default mode, dorsal attention, executive control, and
salience networks.

2. Methods

2.1. Participants

Study participants were 40 young adults (24 females), 18-25 years of age (mean = 21.85,
standard deviation = 2.01), of various ethnicities (68% Caucasian, 18% African-American,
12% Asian, and 2% other). Participants had been recruited for a larger study of personality
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and emotion, which included an oversampling at the low and high ends of the social
inhibition continuum (see Section 2.2 for details). For the larger study, recruitment methods
included fliers, recruitment databases, and word of mouth. Individuals were not eligible for
the study if they had any of the following: failure on MRI safety screen; current use of
psychoactive medications; major medical illness; history of brain trauma; or past or current
psychiatric disorder or substance abuse based on the Structured Clinical Interview for DSM
IV Axis | disorders (First, Spitzer, Gibbon, & Williams, 2002), with the exception of social
anxiety disorder, generalized anxiety disorder, or specific phobias as these are very common
in highly inhibited individuals. Eight participants met criteria for one or more anxiety
disorders (three for social anxiety disorder, three for specific phobia, one for social anxiety
disorder and specific phobia, and one for social anxiety disorder, generalized anxiety
disorder, and specific phobia). This research was conducted in accordance with the
Vanderbilt Human Research Protection Program and all participants provided written
informed consent. Participants received financial compensation.

2.2. Social inhibition measure

Based on evidence that social inhibition is observed early in life and relatively stable across
development, we selected a measure of current inhibition that also has a companion
retrospective measure. The Adult Self-Report of Inhibition (ASRI) and Retrospective Self-
Report of Inhibition (RSRI) (Reznick, Hegeman, Kaufman, Woods, & Jacobs, 1992) were
designed to measure typical responses to social and non-social stimuli and situations. The
ASRI and RSRI both use a 1-5 likert scale to measure low to high inhibition and show good
reliability and validity (Reznick et al., 1992; Rohrbacher et al., 2008). Previous factor
analysis of the scales has revealed two underlying subscales, social and non-social (Reznick
et al., 1992; Rohrbacher et al., 2008). For this study we selected the social subscale based on
evidence that social inhibition is the stronger predictor of social anxiety disorder (Chronis-
Tuscano et al., 2009; Schofield, Coles, & Gibb, 2009). Participants ranged across the full
continuum, from very low social inhibition (minimum = 1) to very high inhibition (max =
4.48) with a mean score of 2.66 (SD = 1.1). In this sample, internal consistency of the social
subscale was excellent for both the ASRI (Cronbach's « = .96) and RSRI (Cronbach's a = .
97). Social inhibition scores for each participant were computed by averaging the scores
from the ASRI and RSRI social subscales. To ensure that it was valid to average these two
scales, we also compute an average score after standardizing the ASRI and RSRI scores
(mean = 0 and standard deviation = 1). The two methods were virtually identical (r=.99),
therefore we used the original values to facilitate interpretation of the results.

23. rsfMRI data

2.3.1. Data acquisition—Seven minutes of functional MRI “resting state” data were
obtained approximately 20 min after entering the scanner, following structural MRI data
collection. Participants were instructed to relax and close their eyes, but not to fall asleep.
Structural and EPI images were acquired on a Philips 3T scanner. High resolution T1-
weighted structural images were collected using the following parameters: 256 mm FOV,
170 slices, 1 mm slice thickness, 0 mm gap. Functional images were acquired using the
following parameters: 2000 ms TR/35 ms TE; 79° flip angle; 1.8 SENSE; 240 mm FOV; 3 x
3 mm in plane resolution using an 80 x 80 matrix (reconstructed to 128 x 128). Each volume
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contained 28 4 mm slices (acquisition voxels = 3 mm x 3 mm x 4 mm) and provided whole
brain coverage.

2.3.2. Data processing—Functional data were assessed for acceptable quality across six
standard measures: signal-to-noise ratio, percent standard deviation, percent standard
deviation histogram, percent drift, percent fluctuation, and spatial correlation variance ratio.
Scans were determined to be acceptable based on classification criteria derived from an
independent data set of 84 subjects (A. Cao, unpublished). Functional data were
preprocessed in SPM8 including slice time correction, motion correction, coregistration to
the structural image, normalization to MNI space, resampling (3 x 3 x 3 mm) and smoothing
(8 mm). All subjects had data within acceptable motion limits (<2 mm translation and 2
degrees rotation) and degree of motion was not correlated with social inhibition scores nor
social inhibition groups (based on tertiles).

2.3.3. Intrinsic connectivity—Amygdala seed regions were used to identify amygdala
intrinsic networks. Because the amygdala is comprised of functionally heterogeneous
subnuclei, we examined connectivity with three distinct amygdala subnuclei: the
centromedial, superficial, and laterobasal. The subnuclei were created using a standard
probabilistic atlas (Amunts et al., 2005), consistent with previous studies (Roy et al., 2013;
Roy et al., 2009). The three subnuclei regions were created by thresholding the probabilistic
mask at 50% and by assigning voxels that belonged to more than one subnucleus to the
subnucleus with the largest probability of membership. To provide a comparison with prior
studies, we also performed an additional analysis with the whole amygdala as a seed. The
results of this analysis are provided in Supplementary Material.

The four well-established intrinsic networks were identified using seed regions used in
previous studies (Seeley et al., 2007; Vincent et al., 2006; Vincent, Kahn, Snyder, Raichle,
& Buckner, 2008; Woodward, Rogers, & Heckers, 2011) (MNI coordinates, Xy 2): default
mode network (posterior cingulate: 1, —55, 17), dorsal attention network (left and right
intraparietal sulcus/superior pariet al lobule: —25, -53, 52/25, =57, 52) executive control
network (left and right dorsolateral prefrontal cortex: —42, 34, 20/44, 36, 20), and salience
network (left and right fronto-insular cortex: =32, 26,—-14/38, 22, 10). Seed regions were
created by making a 6 mm diameter sphere around each coordinate. Consistent with
previous studies, the time series signals from the seed regions within each intrinsic network
were averaged to create a single signal (Woodward et al., 2011).

Functional connectivity was estimated using the CONN toolbox (Whitfield-Gabrieli &
Nieto-Castanon, 2012). For each subject, the blood-oxygenation-level-dependent (BOLD)
time series was estimated as the average time series for all voxels in each seed region. To
remove potential sources of noise, signal was band pass filtered (.01 to. 1 Hz) and white
matter, global and CSF signals were removed. Correlations of the time series were estimated
between the average time course for each seed region with every other voxel in the brain,
producing beta images for each subject and seed region. The resulting beta images were
used for all subsequent analyses.
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2.3.4. Statistical analysis—For each of the amygdala and intrinsic connectivity
networks, regression analyses were performed in SPM8 to determine whether degree of
intrinsic connectivity was associated with degree of social inhibition. Although the left and
right amygdala intrinsic networks are generally similar (Roy et al., 2009), there is evidence
for amygdala laterality in fMRI studies (Baas, Aleman, & Kahn, 2004) and in a previous
study of amygdala intrinsic connectivity in anxious adolescents (Roy et al., 2013).
Therefore, we interrogated the left and right amygdala networks separately.

To restrict our analyses to relevant regions and reduce multiple comparisons, analyses were
masked by overall positive or negative networks. These networks were identified using a
one-sample analysis with all participants for each of the seeds. A cluster-based threshold of
p <.005 and k = 75 provided family wise error correction at a = .05. Cluster size was
computed based on simulations performed with AlphaSim (http://afni.nimh.nih.gov/pub/
dist/doc/manual/AlphaSim.pdf) with the whole brain mask, 10 mm FWHM smoothing
(based on actual smoothness), and 5,000 iterations. Restricting the regression analysis to the
network connectivity masks ensures that the observed patterns of association are in the
context of overall patterns of connectivity. A single connectivity mask was used for each
network; for the amygdala networks, the left and right connectivity masks were combined to
create the single connectivity mask for each of the three subnuclei. The connectivity masks
are shown in Supplementary Figs. 1-3. As expected based on a prior report (Roy et al.,
2009), the three amygdala subnuclei showed distinct patterns of connectivity as well as
some regions of overlap. The positive amygdala networks were mainly observed in
subcortical and prefrontal cortical regions; whereas the negative amygdala networks were
predominantly in the occipital and pariet al lobes. The intrinsic connectivity networks were
largely distinct with some limited overlap and were consistent with previous descriptions
(Fox, Corbetta, Snyder, Vincent, & Raichle, 2006a; Raichle et al., 2001; Seeley et al., 2007).

For each regression analysis, cluster-based thresholding was used to adjust for multiple
comparisons within each network tested. Based on simulations performed with AlphaSim
with 5,000 iterations and the calculated smoothness of the data (averaged across subnuclei
masks, 8 mm FWHM), a family-wise error rate of a < 0.05 is achieved with a voxel
threshold of p < .01 and the following cluster sizes: centromedial amygdala (positive k = 35;
negative k = 23); laterobasal amygdala (positive k = 38; negative k = 30); superficial
amygdala (positive k = 38; negative k = 29); default mode (k = 37), dorsal attention (k = 32),
executive control (k = 33), and salience (k = 36). To provide information about the
magnitude and direction of the association between social inhibition and connectivity, beta
values were extracted from the overall significance map and displayed as a scatterplot. R?
values were computed as an effect size measure. Data were also split into three groups
(tertiles of social inhibition scores) and means and standard errors were presented as bar
graphs.

For both the amygdala subnuclei and intrinsic network analyses, exploratory cross-network
connectivity analyses were performed. Previous studies of patients with anxiety disorders
have shown cross-network connectivity alterations in both amygdala subnuclei networks
(Etkin et al., 2009; Roy et al., 2013) and intrinsic connectivity networks (Sripada et al.,
2012). To test for an association between social inhibition and cross-network connectivity,
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regression analyses were performed with the seed region of interest (e.g., default mode
network seed) and were masked by a separate network (e.g., salience mask). For these
analyses, significance was determined by a voxel p-value of .01 and the cluster size for the
respective masks (listed above).

2.3.5. Anxiety disorders—Individuals with high social inhibition are at increased risk for
developing an anxiety disorder. To provide an accurate representation of the full range of
social inhibition, we included participants who met criteria for an anxiety disorder.
However, one possible consequence is that the participants with anxiety disorders may
significantly influence, or drive, the regression analyses. To explore this possibility we
conducted several analyses. First, we compared social inhibition scores between participants
with an anxiety disorder and the rest of the high social inhibition participants (using the
score tertiles). Next, we tested for differences between the high social inhibition group
(tertile) with and without anxiety on each of the significant clusters. Finally, we excluded
the participants with an anxiety disorder and calculated the correlation between social
inhibition with beta values. These results of these analyses can help clarify the influence of
anxiety disorders versus social inhibition on the study findings.

3.1. Intrinsic connectivity: Amygdala

3.1.1. Positive connectivity networks—Degree of social inhibition modulated positive
intrinsic connectivity with each of the amygdala subnuclei (superficial, centromedial,
laterobasal). Within regions that showed overall patterns of positive connectivity, higher
social inhibition was associated with reduced connectivity predominantly within limbic,
paralimbic, striatal, and prefrontal regions (Fig. 1 and Table 1). For the left superficial
amygdala, social inhibition modulated positive connectivity with a large region of the
medial prefrontal cortex encompassing the rostral (or pregenual) cingulate cortex, the
parahippocampal gyrus, and the cerebellum. Social inhibition also modulated connectivity
between the right superficial amygdala and the rostral anterior cingulate, putamen, insula,
superior temporal gyrus, and brainstem. For the left centromedial amygdala, higher social
inhibition scores were associated with reduced connectivity with the insula, hippocampus,
and dorsal anterior cingulate (or the anterior midcingulate cortex (Shackman et al., 2011)).
Social inhibition also modulated connectivity between the right centromedial amygdala and
the insula, putamen, and superior temporal pole. Finally, for the laterobasal amygdala, social
inhibition only modulated connectivity between the right laterobasal amygdala and the
putamen.

To determine whether social inhibition was associated with greater cross-network
connectivity—that is, amygdala connectivity within the other amygdala subnuclei networks
—we performed cross-network connectivity analysis. There was no evidence for an
association between social inhibition and enhanced positive connectivity within the other
amygdala subnuclei networks.

3.1.2. Negative connectivity networks—Social inhibition also modulated negative
intrinsic connectivity with each of the three amygdala subnuclei, predominantly in visual
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cortical regions (Fig. 2, Table 2). For the left superficial amygdala, higher social inhibition
scores were associated with reduced negative connectivity with the precuneus. For the right
superficial amygdala, reduced connectivity was observed in the precuneus, angular gyrus,
and superior frontal gyrus. For the centromedial amygdala, social inhibition was associated
with reduced connectivity between the left centromedial amygdala and the visual cortex/
BA17 and between the right centromedial amygdala and the lingual gyrus. For the left
laterobasal amygdala, social inhibition modulated negative connectivity with two posterior
regions—the precuneus and lingual gyrus. In contrast, for the right laterobasal amygdala,
higher social inhibition was associated with reduced connectivity in the ventromedial
prefrontal cortex and dorsolateral prefrontal cortex.

To determine whether social inhibition was associated with stronger negative cross-network
connectivity, we performed regression analyses within the negative connectivity masks.
Higher social inhibition was associated with stronger negative cross-network connectivity.
Enhanced connectivity from the left and right laterobasal amygdala and the left centromedial
amygdala converged in part of the superficial amygdala network in the inferior pariet al lobe
(left laterobasal amygdala [-42 -57 =51, k = 51]; right laterobasal amygdala [-39 -51 15, k
= 75]; left centromedial amygdala [-54 -51 45, k= 92].

3.2. Intrinsic connectivity: other networks

To determine whether the influence of social inhibition was specific to intrinsic connectivity
with the amygdala or reflected a broader pattern of altered connectivity, we also tested for
differences with seed regions in the default mode network (DMN), dorsal attention network
(DAN), executive control network (ECN) and salience (SAL) network. Social inhibition
modulated connectivity with the seed regions that probed each of these networks (Fig. 3,
Table 3). As with the amygdala, higher social inhibition was associated with weaker
connectivity with the DMN and DAN seeds (Fig. 3, Table 3). However, for the ECN and
SAL seeds, higher social inhibition was associated with stronger connectivity within these
networks.

To determine whether the reduced connectivity with the DMN and DAN seeds resulted from
increased cross-network connectivity, we tested for positive associations between social
inhibition and intrinsic connectivity with the DMN and DAN seeds. Individuals with greater
social inhibition did not show evidence of heightened cross-network connectivity.

To determine whether the heightened connectivity observed in the salience and executive
control networks extended to other intrinsic networks, we performed cross-network
analyses. For the SAL seed, degree of social inhibition was positively associated with
connectivity within the default mode network (left precuneus: =12 —63 39, k = 65) and
dorsal attention network (bilateral fusiform gyrus [36 —60 —-15, k= 130; -21 -81 -9, k=
34]). For the ECN seed, degree of social inhibition was positively associated with
connectivity within the dorsal attention network (bilateral pariet al lobe [33 39 36, k = 129;
39 =57 -9, k= 67] and bilateral fusiform gyrus [-45 —33 45, k=79; —-42 -75 -18, k= 56])
but not the default mode network.
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3.3. The role of anxiety disorders

To determine the influence of highly inhibited individuals with an anxiety disorder on these
results, we performed several post-hoc analyses. First, we compared social inhibition scores
between participants with an anxiety disorder and participants with high social inhibition but
not anxiety. The two groups had comparable social inhibition scores (no anxiety mean =
3.88, anxiety mean = 3.82, t = .38, p = .71) and were equally distributed across the high end
of the continuum. Second, for each significant finding, the beta values for those with an
anxiety disorder were comparable to the participants in the high social inhibition tertile
without an anxiety disorder (all p's > .10). Finally, the regression analyses for each
significant cluster remained significant even after removing the participants with anxiety
disorders (all p's <.02).

4. Discussion

The goal of the present study was to determine whether individual differences in social
inhibition—a stable trait and core feature of social anxiety disorder—reflected underlying
differences in amygdala intrinsic connectivity. The main finding was that social inhibition
was associated with altered intrinsic connectivity between each of the three amygdala
subnuclei and a distributed neural network of cortical and subcortical regions that have
putative modulatory influences over the amygdala. In individuals with high levels of social
inhibition, amygdala connectivity was diminished relative to individuals with lower levels of
social inhibition, suggesting that lack of connectivity with modulatory regions may
contribute to the amygdala hyperactivity in response to social stimuli reported in previous
studies (Beaton et al., 2008; Blackford et al., 2011; Schwartz et al, 2012). These associations
occurred in networks that showed positive connectivity in the overall sample, adding to our
ability to suggest that patterns of normal connectivity are diminished in inhibited
individuals. Notably, the reductions in amygdala connectivity were observed in a “resting”
state in the absence of social stimuli, demonstrating that individual differences in social
inhibition reflect fundamental alterations in intrinsic connectivity.

Of particular interest was the reduced connectivity between the centromedial and superficial
amygdala subnuclei and two regions of the anterior cingulate cortex, the rostral anterior
cingulate cortex (rACC; also known as the pregenual cingulate cortex) and dorsal anterior
cingulate cortex (dACC; also known as the anterior midcingulate cortex). Disruptions in
prefrontal-amygdala connections figure prominently in anxiety (Kim et al., 2011) and
primate tracer studies (Amaral et al., 1992; Carmichael & Price, 1995; Ghashghaei,
Hilgetag, & Barbas, 2007) show that these regions of the cingulate cortex have strong
bidirectional connections with the amygdala. Evidence from rodent and human studies
suggest that these prefrontal cortical regions play a crucial role in regulating amygdala
responses (Diekhof, Geier, Falkai, & Gruber, 2011; Johnstone, van Reekum, Urry, Kalin, &
Davidson, 2007; Milad & Quirk, 2002; Ochsner et al., 2004; Quirk & Beer, 2006; Urry et
al., 2006) and a recent effective connectivity study shows disrupted amygdala-prefrontal
connectivity in patients with social anxiety disorder (Sladky et al., 2013). Thus, reduced
intrinsic connectivity in prefrontal-amygdala circuits may underlie heightened social
inhibition in humans and confer vulnerability for social anxiety.
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Higher social inhibition was also associated with reduced intrinsic connectivity between the
amygdala and several other regions that have structural connections with the amygdala in
primates (Fudge, deCampo, & Becoats, 2012; Heath & Harper, 1974; Stefanacci & Amaral,
2002) and that have been previously implicated in anxiety (Caulfield & Servatius, 2013;
Gray, 1982; Paulus & Stein, 2006; Shin & Liberzon, 2010) including the hippocampus,
insula, and cerebellum. For example, rodent studies show that infusions of GABA(A) and
5HT1A agonists into the hippocampus reduce anxiety behaviors (Engin & Treit, 2007) and
smaller hippocampal volume has been associated with post-traumatic stress disorder (Pitman
et al., 2012). Although its precise role in human anxiety remains to be determined, the
hippocampus is thought to modulate amygdala activity by engaging memory and pattern
discrimination systems that can provide information about the relative threat or safety of a
stimulus. The insula has been linked with anxiety sensitivity (Paulus & Stein, 2006; Stein et
al, 2007a; Stein, Simmons, Feinstein, & Paulus, 2007b), a marker of sensitivity to the
physical effects of anxiety, consistent with the insula's role in interoception (Critchley,
Wiens, Rotshtein, Ohman, & Dolan, 2004). Multiple neuroimaging studies have reported
increased insula activation in social anxiety (Etkin & Wager, 2007; Paulus & Stein, 2006);
however, several studies have found decreased insula activation during tasks probing social
anxiety and learning (Sareen et al, 2007; Tillfors et al., 2001). The insula has efferent
projections to regions which regulate autonomic responses, including the amygdala and
hypothalamus, and a study of effective connectivity found a unidirectional relationship from
the insula to the amygdala (Stein et al., 2007a; Stein et al, 2007b). Thus, the reduced
connectivity observed in the present study may reflect reduced modulatory input from the
insula to the amygdala, resulting in heightened autonomic responses, which are
characteristic of anxiety. Although the cerebellum is often not considered a critical part of
anxiety neurocircuitry, evidence for a cerebellar role in anxiety is mounting (Caulfield &
Servatius, 2013) and links between the cerebellum and anxiety warrant further exploration.

Brain regions with negative correlations of intrinsic activity are also detectable using rsfMRI
and appear to have a biological basis (Fox, Zhang, Snyder, & Raichle, 2009). Individuals
with higher social inhibition had reduced negative connectivity between the amygdala
subnuclei and multiple regions in the pariet al and occipital cortices, including the
precuneus, as well as several prefrontal cortical regions. All of these regions showed
negative connectivity in the overall sample and are consistent with previous reports of
amygdala subnuclei connectivity (Roy et al, 2009). The amygdala has strong bidirectional
connections to the occipital cortex (Catani, Jones, Donato, & Ffytche, 2003; Gschwind,
Pourtois, Schwartz, Van De Ville, & Vuilleumier, 2012) and in one study, greater occipital
cortex activation to angry relative to neutral faces predicted better treatment response in
patients with social anxiety disorder (Doehrmann et al., 2013). In healthy adults, the
precuneus is negatively connected with the amygdala (Zhang & Li, 2012) and connectivity
is reduced in patients with social anxiety disorder (Hahn et al., 2011). Although caution is
recommended in interpreting negative connectivity, these findings suggest that the amygdala
alterations are observed across both positive and negative connectivity networks and extend
to posterior regions of the brain.

The three subnuclei had distinct patterns of overall connectivity and specific associations
with social inhibition. For positive connectivity, the superficial amygdala was associated

Biol Psychol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Blackford et al.

Page 11

with differences in prefrontal cortical connectivity, whereas the centromedial amygdala was
associated with differences in connectivity with the insula and hippocampus. However, there
were also some regions that showed similar alterations in connectivity with all three sub-
nuclei, for example, the putamen. For negative connectivity, the findings also showed
separation across the three subnuclei. The associations with social inhibition were observed
between the centromedial amygdala and occipital cortex, the superficial amygdala and the
pariet al cortex and a region of the dorsal prefrontal cortex, and the laterobasal amygdala
and three regions of the prefrontal cortex. Similar to the positive connectivity findings, there
was one region that showed an overlap—the precuneus. Social inhibition was associated
with connectivity between the precuneus and both the superficial and laterobasal subnuclei.
These patterns of findings suggest that there is utility in examining amygdala subnuclei and
that the reduced connectivity observed in individuals with higher social inhibition is not
restricted to a particular subnucleus, but instead is widespread across all three amygdala
subnuclei.

The lateralization of amygdala function remains a topic of debate. Meta-analyses of
amygdala function during tasks point to greater left amygdala activation (Baas et al., 2004;
Sergerie, Chochol, & Armony, 2008); however, it remains unknown whether this pattern is
also present at rest. Comparing patterns of the left and right amygdala subnuclei in the
present study provides some evidence for laterality. Several regions showed an association
with social inhibition across both the left and right amygdala subnuclei seeds; for example,
the association between social inhibition and connectivity between the superficial amygdala
and rostral anterior cingulate was observed for both the left and right amygdala seeds.
Similarly, Prater and colleagues report alterations in resting state connectivity between both
the left and right amygdala and the rostral anterior cingulate in patients with generalized
anxiety disorder (Prater, Hosanagar, Klumpp, Angstadt, & Luan Phan, 2013). However,
many of the connectivity findings were observed for either the left or right amygdala, with
findings relatively equally balanced across the two. Two previous studies of resting state
differences in patients with an anxiety disorder also report lateralization of findings
(Rabinak et al, 2011; Roy et al., 2013). Speculations about the importance of this lateralized
pattern of findings would be premature and clearly, additional studies are needed in this
area.

Importantly, the association between social inhibition and connectivity was not limited to
the amygdala but was also observed in each of the four well-established intrinsic
connectivity networks that we examined. Individuals with high social inhibition failed to
show the typical patterns of connectivity in the default mode and dorsal attention networks
and had enhanced connectivity in the salience and executive control networks. Cross-
network connectivity analyses suggest that the lack of connectivity in the highly inhibited
individuals with the default mode and dorsal attention network seeds do not result from
enhanced connectivity in other networks. In contrast, highly inhibited individuals showed
enhanced cross-network connectivity with both the salience and executive control network
seeds. Both seeds showed greater connectivity with the fusiform gyrus, a key region for the
processing of faces (Kanwisher, McDermott, & Chun, 1997), that is strongly connected to
the amygdala (Herrington, Taylor, Grupe, Curby, & Schultz, 2011), and has been implicated
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in the pathophysiology of social anxiety disorder (Etkin & Wager, 2007; Frick, Howner,
Fischer, Kristiansson, & Furmark, 2013).

Of interest is the opposing pattern of findings in two “control” networks, the executive
control network and the dorsal attention network. In the executive control network,
individuals with high social inhibition showed stronger connectivity between the dIPFC seed
and a region of the inferior pariet al lobule (IPL; BA40). The IPL plays a role in preparation
(Rosano et al., 2005; Ruge, Braver, & Meiran, 2009) and inhibitory control, cognitive
functions that are generally considered to be protective for anxiety. However, evidence
suggests that for temperamentally inhibited children, heightened inhibitory control predicts
increased social withdrawal and social anxiety (McDermott et al, 2009; White, McDermott,
Degnan, Henderson, & Fox, 2011). Thus, the results from this study provide initial evidence
for a neural substrate linking heightened executive control and social anxiety.

In the default mode network, positive correlations between the posterior cingulate cortex and
angular gyrus were lacking in individuals with high social inhibition. Qiu and colleagues
(2011) reported decreased regional coherence—a measure of local synchronization in
resting state BOLD signal—in the angular gyrus in patients with social anxiety, which may
account for the decreased connectivity observed in this study. The angular gyrus supports
episodic memory (Sestieri, Corbetta, Romani, & Shulman, 2011; Vilberg & Rugg, 2008),
suggesting that the deficits in angular gyrus function may contribute to episodic memory
dysfunction in social anxiety (Airaksinen, Larsson, & Forsell, 2005). Memory deficits may
be especially critical for anxiety given the importance of memory creation and recall for
extinguishing conditioned fear. Thus we propose that alterations in the intrinsic attention
network may contribute to deficits in directing attention. In the dorsal attention network,
intrinsic connectivity between the intrapariet al sulcus and the frontal eye fields was absent
in individuals with high social inhibition. Socially anxious and temperamentally inhibited
individuals have been shown to have trouble inhibiting reflexive orienting to faces (Perez-
Edgar et al., 2011; Wieser, Pauli, & Muhlberger, 2009), consistent with theories that anxiety
impairs goal-directed attention (Eysenck, Derakshan, Santos, & Calvo, 2007).

Finally, in the salience network, high social inhibition was associated with greater
connectivity between the insula and superior temporal pole, a region involved in social and
emotional processing (Olson, Plotzker, & Ezzyat, 2007). Although the salience network has
been associated with anxiety (Seeley et al., 2007), the temporal pole finding is novel and
may relate specifically to social inhibition.

Although the findings generally showed reduced negative connectivity in individuals with
higher social inhibition, these same individuals showed enhanced connectivity in the cross-
network connectivity analyses. These results provide some preliminary evidence that
individuals with high social inhibition may have less differentiation between networks or
may have somewhat different networks. For the amygdala negative connectivity analyses,
higher social inhibition was associated with greater negative connectivity between two
amygdala subnuclei (laterobasal and centromedial) and a region of the inferior pariet al lobe
(BA 40) that was part of the superficial amygdala network. Interestingly, that cluster is
similar to the area that showed enhanced connectivity with the ECN seed. In addition, higher
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social inhibition was associated with enhanced connectivity between the ECN seed and a
slightly more anterior region of the inferior pariet al lobe that is part of the dorsal attention
network (i.e., enhanced cross-network connectivity). Taken together, these findings point to
enhanced positive connectivity between two attention/inhibitory control regions—the dIPFC
and the inferior pariet al lobule—and greater decreased connectivity with the amygdala.
While this inhibitory pattern could be considered adaptive, especially during a challenging
task, the current findings suggest that at rest, this pattern is associated with a core feature of
social anxiety. It will be important replicate these findings in an independent sample and to
further explore the connectivity between these regions at rest and during social tasks.

Dimensional methods provide a different perspective from case-control approaches, since
the trait is measured across a continuum without a definition of “healthy” and “diseased”
states. However, a question that may arise is which pattern of brain activity is “normal” and
which is altered. Previous studies performed in healthy controls can be useful in this regard.
Previous studies of amygdala connectivity in healthy adults found that the centromedial
amygdala showed connectivity with dorsal anterior cingulate (dACC) and the superficial
amygdala showed connectivity with the rostral anterior cingulate (rACC) (Mishra et al.,
2013; Roy et al., 2009). In our study, these same patterns of connectivity were seen at the
lower and medium levels of social inhibition suggesting that lack of connectivity, as
observed at the higher level of social inhibition, is aberrant. A related question is whether
the patterns observed at the high inhibition end of the continuum reflect underlying trait
differences that predispose for anxiety or reflect the clinical manifestation—social anxiety
disorder. In the present study, we explicitly tested this question and found that the results
were not driven specifically by participants who met criteria for an anxiety disorder.
However, given that social inhibition is a critical component of social anxiety disorder, it is
arguably difficult to tease the two apart. Recently, several studies have examined resting
state connectivity in patients with social anxiety disorder (Ding et al, 2011; Gentili et al.,
2009; Hahn et al., 2011; Liao et al., 2010a; Liao et al., 2010b; Liao et al., 2011; Prater et al.,
2013; Qiu et al., 2011), of which three specifically looked at the amygdala (Hahn et al.,
2011; Liao et al., 2010a; Liao et al., 2010b; Prater et al., 2013) and two used similar
measures of functional connectivity (Hahn et al., 2011; Prater et al., 2013). Prater and
colleagues (2013) found that patients with social anxiety disorder had reduced connectivity
between the amygdala and the rACC and Hahn and colleagues (2011) reported reduced
connectivity in a similar region of the ventromedial prefrontal cortex. Thus our findings
confirm these studies and provide initial evidence that altered amygdala-rACC connectivity
reflects the social inhibition trait and is therefore not specific to social anxiety disorder.

Several limitations to this study should be noted. First, social inhibition was assessed via
self-report. Although self-report measures are subject to bias, the questionnaires used here
were designed to minimize subjective ratings by focusing on objective questions about
discrete behaviors. Furthermore, dimensional measures of social anxiety and other
psychiatric symptoms often rely on self-report as well. Next, oversampling at the extreme
ends provided a full continuum of social inhibition, including individuals with social anxiety
disorder. However, this approach may have overemphasized the patterns observed in the
extreme groups at each end of the continuum. Finally, social inhibition is only one aspect of
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social anxiety and different patterns might emerge for other aspects such as social-evaluative
concerns.

In conclusion, individual differences in social inhibition reflect underlying differences in
intrinsic connectivity with three amygdala subnuclei and across four well-established
networks. Taken together, the findings suggest that high levels of social inhibition are
predicted by a lack of connectivity with brain regions involved in modulating amygdala
hyperactivity and directing attention away from stimuli, combined with enhanced
connectivity in regions involved in salience detection and inhibitory control. Critically, these
alterations were all observed in the absence of social stimuli, suggesting that differences in
social inhibition reflect underlying differences in patterns of intrinsic brain connectivity.
Given that social inhibition is a trait observed early in development and social anxiety has an
early onset, it is imperative to develop prevention and early intervention strategies.
Preventions and treatments that target circuit-level connectivity may be effective in reducing
social inhibition, one of the most impairing components of social anxiety.
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Fig. 1.

Positive intrinsic connectivity is reduced in high social inhibition. Strength of intrinsic
connectivity was negatively associated with social inhibition across each of three amygdala
subnuclei. Top row: Significant t-maps are shown on standard template brains (FWE
corrected p < .05). Middle row: Scatter plots illustrate the association between social
inhibition scores and connectivity extracted from the overall significance map. R? values are
provided as an effect size. Scatterplots show values for right superficial, left centromedial,
and right laterobasal amygdala subnuclei, respectively. Filled circles represent participants
with social anxiety disorder. Bottom row: Bar graphs show average positive connectivity by
social inhibition tertile, with standard error bars, based on data presented in the scatterplots
above.
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Fig. 2.
Negative intrinsic connectivity is reduced in high social inhibition. Strength of intrinsic

connectivity was negatively associated with social inhibition across each of three amygdala
subnuclei. Top row: Significant t-maps are shown on standard template brains (FWE
corrected p < .05). Middle row: Scatter plots illustrate the association between social
inhibition scores and connectivity extracted from the overall significance map. R? values are
provided as an effect size. Scatterplots show values for left superficial, left centromedial,
and left laterobasal amygdala subnuclei, respectively. Filled circles represent participants
with social anxiety disorder. Bottom row: Bar graphs show average negative connectivity by
social inhibition tertile, with standard error bars, based on data presented in the scatterplots
above.
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Fig. 3.

Social inhibition is correlated with intrinsic connectivity in four well-established networks.
Significant t-maps maps are shown on standard template brains (FWE corrected p < .05).
Scatter plots illustrate the association between social inhibition scores and connectivity in
each significant cluster. R? values are provided as an effect size. Filled circles represent
participants with social anxiety disorder. Bar graphs show average positive connectivity by
social inhibition tertile, with standard error bars, for each significant cluster.
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