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Abstract

Background—Almost half of children with an inhibited temperament will develop social
anxiety disorder by late adolescence. Importantly, this means that half of children with an
inhibited temperament will not develop social anxiety disorder. Studying adults with an inhibited
temperament provides a unique opportunity to identify neural signatures of both risk and resilience
to social anxiety disorder.

Methods—~Functional MRI was used to measure brain activation during the anticipation of
viewing fear faces in 34 young adults (17 inhibited, 17 uninhibited). To identify neural signatures
of risk, we tested for group differences in functional activation and connectivity in regions
implicated in social anxiety disorder, including the prefrontal cortex, amygdala, and insula. To
identify neural signatures of resilience, we tested correlations between brain activation and both
emotion regulation and social anxiety scores.

Results—Inhibited subjects had greater activation of a prefrontal network when anticipating
viewing fear faces, relative to uninhibited subjects. No group differences were identified in the
amygdala. Inhibited subjects had more negative connectivity between the rostral anterior cingulate
cortex (ACC) and the bilateral amygdala. Within the inhibited group, those with fewer social
anxiety symptoms and better emotion regulation skills had greater ACC activation and greater
functional connectivity between the ACC and amygdala.

Conclusions—These finding suggest that engaging regulatory prefrontal regions during
anticipation may be a protective factor, or putative neural marker of resilience, in high-risk
individuals. Cognitive training targeting prefrontal cortex function may provide protection against
anxiety, especially in high-risk individuals, such as those with inhibited temperament.
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Introduction

Social anxiety disorder is highly prevalent!, has a chronic course?, and causes substantial
impairment2—4. While the etiologies of most psychiatric disorders remain poorly understood,
studies show that social anxiety disorder is often preceded by childhood inhibited
temperament®~’, and that inhibited children who remain inhibited as adolescents are at
significantly higher risk than those who become less inhibited®°. Individuals with an
inhibited temperament are shy, cautious, and avoidant of new situations. Studies comparing
inhibited and uninhibited individuals (i.e. extreme groups approach) have established that
inhibited temperament is associated with differences in physiology? and brain function!1.
There are consistent findings that adolescents and adults who were inhibited as children
have heightened and sustained amygdala responses to novel, neutral, and fearful
faces12:13.13-17 Amygdala hyperactivity has also been shown in social anxiety disorder!8,
and may be an underlying neurobiological risk factor; however, much remains to be
understood about the neurobiology of risk for social anxiety disorder.

Patients with social anxiety disorder and individuals with an inhibited temperament
experience worry, heightened arousal, and increased anxiety about upcoming social
situations, and typically avoid or withdraw from those situations. Studying the anticipation
of an aversive experience provides a unique perspective into the neurocircuitry alterations
that underlie social anxiety disorder, and its biological risk factor, inhibited temperament.
Previous studies have shown that anticipatory processing is altered in social anxiety
disorder!®:20 and differences in anticipatory processing in anxiety disorders may predict
treatment outcomes?! and degree of imapirment22. A recent study by our lab1® showed that
when fear faces are expected, uninhibited subjects have increased prefrontal cortex
activation and decreased amygdala activation, compared to when fear faces are unexpected.
These findings are similar to patterns seen in healthy controls2324, suggesting that the
uninhibited subjects adaptively prepared to view fear faces. In contrast, inhibited individuals
have increased amygdala and decreased prefrontal cortex activation to expected fear faces,
compared to when fear faces are unexpected. Inhibited individuals may have alterations in
the ability to engage brain resources to prepare for an upcoming aversive event; however,
this hypothesis has yet to be tested. To address this gap in the field, we conducted a study to
test for differences in brain activation during anticipation of viewing aversive faces.

Although inhibited temperament confers substantial risk for social anxiety disorder, half of
inhibited children do not develop the disorder®; thus studying inhibited temperament
provides a unique opportunity to identify the neurobiological basis of resilience in high-risk
individuals. One behavioral study of adolescents who were inhibited as children found that
lower levels of response monitoring may be protective2>. Other resilience factors are likely
to exist, but to date remain undiscovered. For example, high-risk children who are able to
regulate their anxiety response may be resilient. Patients with social anxiety disorder use
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emotion regulation less often?®, and emotion regulation is taught in cognitive-behavior
therapy?’, a common treatment for social anxiety disorder. Emotion regulation is thought to
be subserved by the prefrontal cortex. During emotion regulation, the anterior cingulate and
dorsolateral prefrontal cortex show increased activation in healthy controls?8, but less
activation in patients with social anxiety disorder2%:39. Based on these findings, we propose
that inhibited individuals who have not developed social anxiety disorder by young
adulthood may be resilient and may have greater activation of prefrontal cortex regions
during anticipation of an aversive event.

We believe that studying adults who were inhibited as children provides a novel perspective
on risk and resilience associated with the development of social anxiety disorder. Risk and
resilience are likely mediated by function of both reactivity brain regions, such as the
amygdala, and regulatory brain regions, such as the prefrontal cortex. One way to probe
reactivity and regulation brain regions is to examine brain function during anticipation. Both
inhibited and socially anxious individuals often experience worry, heightened arousal, and
increased anxiety about upcoming social situations; in contrast, healthy individuals or those
with few symptoms may effectively prepare for an upcoming event. In order to identify
patterns of brain activation associated with risk for social anxiety disorder, we tested for
differences in brain activation while subjects anticipated viewing fear faces and neutral
faces. To isolate relevant neurocircuits, we also tested for differences in functional
connectivity. To identify patterns of brain activation associated with resilience, we
correlated brain activation with both social anxiety and emotion regulation scores within the
inhibited temperament group. We hypothesized that the inhibited group would show greater
activation of amygdala and insula during anticipation of fear faces, relative to the
uninhibited group. We also hypothesized that within the inhibited group, greater activation
of the prefrontal cortex would predict less social anxiety and better emotion regulation.

Materials and Methods

Subjects

Forty adults, with either an extreme inhibited (n = 20) or uninhibited temperament (n = 20)
participated in the study (Table 1). Inhibited and uninhibited subjects did not differ
significantly on age, handedness, gender, or ethnicity. The Vanderbilt University
Institutional Review Board approved the study and written informed consent was obtained
after providing subjects with a complete description of the study.

Recruitment and Screening

Subjects were recruited by seeking individuals ages 18-25 who were “extremely shy or
outgoing”. Consistent with prior studies?-1%, individuals with an extreme inhibited or
extreme uninhibited temperament were identified using the Adult Self-Report of Inhibition
(ASRI)3! and the Retrospective Self-Report of Inhibition (RSRI)3L. Subjects were selected
for having a stable temperament (i.e. being extremely inhibited or extremely uninhibited as
both an adult and a child), defined by scores on both the ASRI and RSRI that were greater
than one standard deviation from published means3L. Other inclusion criteria included:
passing an MRI safety screen, being free of psychoactive medications within the past six
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months, having no history of brain trauma, and having no psychiatric illness (based on
clinical interview), except anxiety disorders in the inhibited temperament group.

Psychiatric diagnosis was assessed by a trained clinical interviewer using the Structured
Clinical Interview for DSM-1V (SCID)32. In order to examine individual differences in
resilience, we did not exclude inhibited subjects who met criteria for a current or past
anxiety disorder. In the inhibited group, six subjects had current social anxiety disorder (two
with comorbid specific phobia, one with comorbid specific phobia and obsessive-
compulsive disorder), and three subjects had current specific phobias. No subjects in the
inhibited group had a history of social anxiety disorder (without current social anxiety
disorder). No subjects in the uninhibited group had current or past psychiatric disorders.

Social anxiety scores were measured using the Social Phobia Anxiety Inventory (SPAI,
Table 1)33. Emotion regulation was measured with the Cognitive Emotion Regulation
Questionnaire (CERQ)34. The CERQ consists of positive and negative subscales. The
positive subscales are: acceptance, refocus on planning, positive refocusing, positive
reappraisal, and putting into perspective. The negative subscales are: self-blame, blaming
others, rumination, and catastrophizing. Subjects rated how frequently they used each
strategy from 1 (almost never) to 5 (almost always). Subscale scores were created by
summing the scores across all four items for each subscale. The higher the score for each
subscale, the more frequently that strategy was used. Because both more frequent use of
positive strategies and less frequent use of negative strategies are associated with better
outcomes35-37, we created a single score to represent adaptive emotion regulation, defined
as positive emotion regulation - negative emotion regulation..

Experimental Design

fMRI Task—Subjects were trained to associate a cue (square or diamond) with a social
stimulus (fear or neutral face). Following the training, subjects verbally confirmed the cue/
emotion pairing.

Subjects were told that during the task, they would see the same cues, followed by the same
types of emotional faces. The task consisted of four runs of 10 fear and 10 neutral trials per
run. Each trial (Figure 1) consisted of: a cue (1s); an anticipation period (5-9s, jittered
between each trial); a face (1s); and a blank screen (5-9s, jittered between each trial). The
emotional faces (40 females, 40 males) were selected from the Karolinska Directed
Emotional Faces database3® and stimuli were presented using Eprime software (Version 2.0,
Psychology Software Tools, Sharpsburgh, PA).

Behavioral Data—To ensure attention to the task and provide a measure of reaction time,
the task included a button-press. Subjects were told to press a single button with the index
finger of their dominant hand as quickly as possible whenever they saw a cue or a face (for
both valences). The button-press ensured that subjects maintained attention to the task while
not adding an explicit cognitive component to the task, given findings that active tasks can
reduce amygdala activation3°. Following the functional MRI scan, subjects rated each face
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in Eprime on a Likert scale of valence (1 = very unpleasant, 7 = very pleasant) and arousal
(1 = very excited, 7 = very calm).

fMRI Data Acquisition—Anatomic and echoplanar (EPI) images were collected on a 3T
Philips magnet. High-resolution T1-weighted anatomical images were acquired using the
following sequence: 256 mm FOV, 170 slices, 1 mm slice thickness, 0 mm gap. EPI images
were acquired using a sequence optimized for the amygdala: 2s TR, 22 ms TE, 90° flip
angle, 1.8 SENSE factor, 240 mm FOV, 3 x 3 mm in plane resolution. Each EPI volume
comprised 40 2.5 mm axial oblique slices with a .25 mm gap between slices, tilted 15
degrees, anterior higher than posterior, relative to the intercommisural plane.

fMRI Data Preprocessing—~Functional MRI data were pre-processed using SPM5
(http://www.fil.ion.ucl.ac.uk/) and MATLAB (Version 7.5.0; Mathworks, Inc., Natick, MA).
Data were slice-time corrected, corrected for motion (aligned to the first volume),
coregistered to the structural image, normalized into standard space (EPI template, SPM5),
high pass filtered (128 s), and spatially smoothed (6 mm FWHM). For each subject, motion
was assessed and EPI images were visually inspected for artifacts, signal dropout, and
coverage. Six subjects were removed for high motion (> 3 mm translation, > 3 degrees of
rotation), resulting in a final sample of 17 inhibited and 17 uninhibited subjects.

Data Analysis

Behavioral Data—To confirm that subjects learned the cue-face association and were
attending to the stimuli, we compared mean reaction times by emotion (fear/neutral) and by
event type (cue/image) using analysis of variance (ANOVA) in SPSS. Analyses were
restricted to hits, defined as a button press during the cue or face stimulus (subjects pushed
the button for 97.9% of the stimuli). We tested for group differences in accuracy, reaction
time, arousal, and valence ratings using a repeated measures ANOVA with emotion (fear/
neutral) as the within-subjects factor.

fMRI Data Modeling—For each subject, a general linear model was estimated in SPM5
with seven different regressors: instructions, fear cue, neutral cue, fear anticipation, neutral
anticipation, fear face, and neutral face. Trials in which the subject did not press the button
(cue or face) were not explicitly modeled. Contrast images were created for fear — neutral
anticipation.

Regions of Interest Analysis—Analyses were restricted to regions of interest (ROIs)
previously identified in anticipation studies1921.22:40-43 in order to reduce the overall
number of comparisons. The ROIs were: the anterior cingulate cortex (ACC); dorsolateral
prefrontal cortex (dIPFC); dorsomedial prefrontal cortex (dmPFC); insula; and amygdala.
The regions were defined using anatomical guidelines specified by the AAL templates**
implemented in the WFU Pick Atlas (Version 2.4)*5. Within each a priori region, we tested
for significant voxel-wise differences. Family-wise error (FWE) control was provided by
cluster based thresholding®6. Cluster sizes were determined using AlphaSim (http:/
afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf). Calculations were performed for
each mask individually using 3 x 3 x 3mm voxels, 6mm smoothing, a voxel p-value of .05,
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an FWE rate of .05, and 5,000 iterations. Cluster sizes for each ROl were: ACC-29 voxels
(783 mL); dIPFC-51 voxels (1377 mL); dmPFC-48 voxels (1296 mL); insula—28 voxels
(756 mL); and amygdala—12 voxels (324 mL).

Functional Connectivity—To identify neural circuits involved in risk and resilience to
social anxiety disorder, we compared functional connectivity between groups using a
psychophysiological interaction (PPI) analysis*’. The seed regions were the significant
clusters identified in the between-groups analysis (Table 3). Target regions were restricted to
the a priori ROIs and cluster-based thresholding was used to control for Type | errors.

Social Anxiety and Emotion Regulation in Inhibited Temperament—To
determine whether individual differences in social anxiety or emotion regulation scores
predicted differences in brain activation in the inhibited temperament group, we performed a
regression analysis with social anxiety or emotion regulation as predictor scores and brain
activation and connectivity during anticipation as outcome variables. Analyses were
restricted to the a priori ROIs and cluster-based thresholding was used to control for Type |
errors. To test whether these findings were specific to the inhibited group, we also tested for
a correlation between percent signal change (from the regions identified in the inhibited
group) and social anxiety symptoms and emotion regulation scores in both the uninhibited
temperament group and across the whole sample. In order to illustrate the magnitude and
direction of correlations, we provide scatterplots; the associated correlation values provide
an effect size for the original statistically significant findings.

Post Hoc Analysis—To ‘unpack’ the findings from initial group comparisons and
regressions, post-hoc analyses were performed. Within each group, paired t-tests were
performed to compare activation in the fear vs neutral conditions. Percent signal change was
extracted using MarsBar*8 and data were analyzed using SPSS (Version 18.0.2; SPSS, Inc.;
Chicago, IL). For group differences, paired-sample t-tests were performed with emotion
(fear/neutral) as the within-subjects factor.

Whole Brain Analysis—To determine if there were any additional regions that showed
group differences during anticipation of fear faces, we performed an exploratory voxel-wise
whole brain analysis. For the whole brain analysis, a cluster threshold was calculated using
AlphaSim. The calculation was done using the whole brain mask image created by SPM, 3 x
3 x 3mm voxels, 6mm smoothing, a voxel p-value of .005, an FWE rate of .05, and 5,000
iterations. For this analysis, a voxel p < .005 and a cluster size of 24 voxels (648 mL)
provided a FWE corrected p < .05.

Behavioral Data

Task Valdiation—Overall, there was a main effect of emotion; reaction times were
significantly faster for fear trials than neutral trials (p = .002; Table 2). Reaction times were
also significantly faster for faces than for cues (p < .001). As expected, fear faces were rated
as significantly more arousing (p < .001) and less pleasant than neutral faces (p < .001).
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Group Differences—There were no significant differences in accuracy, reaction times,
and arousal ratings between groups or interactions of group x emotion (all p >.10; Table 2).
Valence ratings differed by group (p = .02); inhibited individuals rated faces (both fear and
neutral) as more negative.

fMRI Anticipation Task

To identify neural substrates of risk for social anxiety disorder, we compared brain
activation between inhibited and uninhibited subjects. There were group differences in
activation in the left insula and multiple prefrontal cortical regions, including the dorsal
anterior cingulate (dACC), rostral anterior cingulate cortex (rACC), and bilateral
dorsolateral prefrontal cortex (dIPFC) (all p < .05, FWE corrected; Table 3 and Figure 2).
No group differences were identified within the dorsomedial prefrontal cortex or amygdala
ROls. There were no regions were the uninhibited group had larger values on the fear >
neutral anticipation contrast.

To clarify the nature of these findings, we performed post-hoc paired t-tests within each
group. In the inhibited group, there was significantly greater activation for fear anticipation,
relative to neutral anticipation, in the dACC (p = .001), left dIPFC (p =.009), and right
dIPFC (p =.006). Activity in the rACC trended towards significantly greater for fear
anticipation (p = .10) and there were no differences in the left insula (p = .22). In the
uninhibited temperament group, there was significantly more deactivation for fear
anticipation, relative to neutral anticipation, in the rACC (p = .03), left insula (p = .04), left
dIPFC (p =.04), and there was a trend towards more deactivation in the right dIPFC (p =.
06). Activation in the dACC was similar and close to zero across both conditions (p = .21).
Taken together, these results show that the dACC was preferentially engaged during fear
anticipation in the inhibited temperament group, but was not differentially engaged during
anticipation in the uninhibited temperament group. The insula showed the opposite pattern;
the insula showed lower activation during fear anticipation in the uninhibited group and no
difference in the inhibited group. The rACC and dIPFC were differentially engaged by both
the inhibited and uninhibited temperament groups, but in opposite directions.

Functional Connectivity—To identify group differences in neurocircuitry activated
during anticipation, a functional connectivity analysis was performed. Broadly, the two
groups differed in functional connectivity across a neural circuit including the insula,
amygdala, and prefrontal cortex (Table 4 and Figure 3). Connectivity between the rACC and
the bilateral amygdala differed between groups (left amygdala: p = .023, right amygdala: p
=.005). Inhibited subjects had significantly more negative rACC-amygdala connectivity
during fear face anticipation, relative to neutral; in contrast, the uninhibited group had
similar connectivity across both conditions. The two groups also differed in connectivity
between the dorsal ACC (dACC) and the right dIPFC (p = .005) in a region more posterior
and lateral than the region of group difference in functional MRI (see Table 3). Inhibited
subjects had significantly greater positive connectivity during fear face anticipation, relative
to neutral; in contrast, the uninhibited group had negative connectivity across both
conditions. Connectivity between the left insula and several brain regions also differed
between groups. The inhibited group had negative connectivity between the insula and
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several regions of the prefrontal cortex including the rACC, dACC and dIPFC; connectivity
between these regions was positive in the uninhibited group.

Correlations with Social Anxiety

To determine whether individual differences in brain activation were associated with
differences in social anxiety symptoms in the inhibited group, we conducted a regression
analysis. Individuals with lower social anxiety scores had significantly greater activation of
the dACC (r =-.77, p < .001), rACC (r = —.64, p = .005), and right amygdala (trend, r = —.
44, p = .08) during anticipation of viewing fear faces, relative to neutral faces (Figure 4A
and 4B). These correlations were confirmed using non-parametric testing (Spearman’s rho,
all p <.05), which minimizes potential effects of outliers. To determine the degree to which
the subjects with social anxiety disorder drove these correlations, we performed the
correlation analysis without those subjects. Social anxiety symptoms were still correlated
with activation in the dACC (r = -.70, p = .01) with a trend in the rACC (r = -.51, p =.09),
but were no longer correlated with activation in the right amygdala (r = -.31, p = .32).
Social anxiety was not associated with individual differences in functional connectivity.

To determine the specificity of these findings, we also performed a regression analysis
within the uninhibited group and across the whole sample. Within the uninhibited
temperament group, correlations between percent signal change and social anxiety
symptoms were not significant (dorsal anterior cingulate: r = .11, p = .66; rostral anterior
cingulate: r =.012, p = .95; right amygdala: r = .24, p = .36). Across all subjects,
correlations between percent signal change and social anxiety score were also not significant
(rostral anterior cingulate: r = —.19, p = .27; dorsal anterior cingulate: r = -.10, p = .57; right
amygdala: r = .05, p =.77).

Correlations with Emotion Regulation

Next we examined the association between emotion regulation—a putative resilience factor
—and brain function. Within the inhibited group, individuals with higher emotion regulation
scores had significantly greater activity in the dACC (Figure 4C, r = .80, p < .001). This
correlation was confirmed using non-parametric testing (Spearman’s rho = .69, p = .002).
Interestingly, this region overlapped with the dACC region that was associated with lower
social anxiety (Figure 4A). To determine the degree to which the subjects with social
anxiety disorder drove these correlations, we performed the correlation analysis without
those subjects. Emation regulation was still correlated with activation in the dACC (r = .73,
p = .007). Emotion regulation scores were also correlated with functional connectivity in the
inhibited group. Individuals with higher emotion regulation scores had significantly greater
connectivity between the rACC and the right amygdala (r = .57, p =.02).

To test the specificity of this relationship, we also performed regression analyses in the
uninhibited group and across the whole sample. Within the uninhibited temperament group,
the correlation between percent signal change and emotion regulation scores were not
significant (r =.40, p = .11). The correlation between rACC-right amygdala connectivity was
also not significant (r = .14, p = .59). Across the entire sample, the correlation between
percent signal change and emotion regulation score was also not significant (dorsal anterior
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cingulate: r =.109, p = .54). The correlation between rACC-right amygdala connectivity
was significant (r = .54; p = .001); however, this finding was driven by the inhibited
temperament group, as it was not significant in the uninhibited temperament group.

Whole Brain Analysis

To identify brain regions associated with group differences in anticipation outside our ROIs,
we also performed a voxel-wise whole brain analysis. The inhibited group had greater
activation during anticipation of fear compared to neutral faces in the left extrastriate visual
cortex and the right thalamus (Table 3). The uninhibited group did not have significantly
greater activation in any brain regions.

To clarify the nature of these findings, we performed post-hoc paired t-tests within each
group. In the inhibited group, there was significantly greater activation for fear anticipation,
relative to neutral anticipation in both the left extrastriate visual cortex (p < .001) and right
thalamus (p = .001). In the uninhibited temperament group, there was greater activation for
neutral anticipation, relative to fear anticipation in the left extrastriate visual cortex (p =.03)
and right thalamus (trend, p = .06).

Discussion

The goals of this study were to identify neural substrates of risk and resilience to social
anxiety disorder. There were two major study findings. First, during anticipation of viewing
fear faces, the inhibited and uninhibited groups had different neural responses. The
uninhibited group had decreased activation in the insula and dorsolateral prefrontal cortex,
relative to anticipation of viewing neutral faces. In contrast, the inhibited, high-risk group
had increased activation in a prefrontal network, including the bilateral dorsolateral
prefrontal cortex and anterior cingulate cortex. This prefrontal network is consistent with the
brain regions typically activated in healthy controls during anticipation of viewing aversive
images2440-43, Second, we identified that resilience was associated with activation of the
anterior cingulate cortex (ACC) within the high-risk, inhibited group. Greater activation of
the ACC was associated with both lower social anxiety and better emotion regulation skills,
suggesting that the ability to engage cognitive control regions during anticipation of
negative social stimuli may protect against social anxiety disorder in high-risk individuals.

During anticipation of viewing fear faces, relative to neutral faces, the inhibited subjects had
greater activation in both the dorsolateral prefrontal cortex (dIPFC) and the dorsal ACC
(dACC; also known as anterior mid-cingulate). These prefrontal regions are commonly
activated when healthy adults anticipate viewing strongly aversive stimuli9-43, such as
mutilated bodies and snakes. Our findings show that inhibited subjects activate the same
core anticipatory processing regions during anticipation of more mild social stimuli, such as
fear faces. We propose that in inhibited subjects, these faces engage the same anticipatory
processes as highly aversive images engage in healthy controls, and that inhibited
individuals are more sensitive to mildly negative social stimuli. In contrast, uninhibited
subjects had relative deactivation during fear anticipation in multiple regions including the
insula, the rostral ACC, and the dIPFC. Decreased activation to aversive, relative to positive
faces, has been previously shown in uninhibited temperament®°. Deactivation of the
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insula?®:50 and dACC®? has also been shown in healthy controls during anticipation of
aversive stimuli; however, this finding is not consistent (see 4142). Also, these findings are
consistent with a recent study®! showing deactivation of the insula and ACC during
anticipation of thermal pain in expert meditators, suggesting that anticipatory activity can be
down-regulated. Typically, inhibited subjects have increased amygdala responses to social
stimulil2-14.16.52: however, in this task, there were no differences in amygdala activation. In
the inhibited subjects, it is possible that amygdala activation was inhibited by the prefrontal
cortex, consistent with the functional connectivity finding of negative connectivity between
the rostral ACC and both the left and right amygdala. Together these findings show that the
inhibited subjects engage anticipatory processing to mild social stimuli, and that this
anticipatory processing may have effectively inhibited amygdala response.

Studying inhibited young adults provides an opportunity to identify patterns of brain
activation associated resilience. Within the inhibited group, greater activation of the rACC
and dACC was correlated with fewer social anxiety symptoms and higher emotion
regulation scores. Also, greater positive connectivity between the rACC and amygdala was
correlated with higher emotion regulation scores. A recent study of adults who were
inhibited as children, but were relatively healthy as adults, reported increased rACC activity
when engaging emotional control during viewing of fear faces*9, providing further support
for rACC activity as a protective or resilience factor. Consistent with the notion that the
dACC activity mediates resilience, patients with social anxiety disorder show reduced
dACC-amygdala connectivity both during face viewing and in the absence of a task®3. These
findings suggest that in inhibited individuals, greater rACC and dACC activation may
compensate for increased amygdala reactivity and that ACC-amygdala connectivity may be
critical in the pathogenesis of social anxiety. Being ability to engage the prefrontal cortex
and the rACC and dACC, particularly during anticipation of emotional stimuli, may be
critical to resilience and protective against developing social anxiety disorder.

The study had some limitations, which may be addressed in future research. First, in order to
maximize group differences, we compared two extreme groups. This approach is consistent
with an extreme discordant phenotypes approach®* and previous studies of inhibited
temperament by our group and others10.12-15.17.52.5556 One important limitation to this
approach is that neither group is necessarily “typical”, although in a previous study,
uninhibited individuals showed similar findings to healthy control groups!3. Future studies
should examine anticipatory processing in an average temperament group to determine the
generalizability of these findings. Second, we cannot rule out the possibility that the
inhibited subjects that we described as “resilient” to social anxiety disorder may still develop
social anxiety disorder later in life. However, we propose that this is unlikely given that: 1)
the majority of individuals who will develop social anxiety disorder have the disorder by age
151 and 2) in samples of inhibited children, a meta-analysis showed that 40% of inhibited
children developed social anxiety disorder by adolescence, which is consistent with
estimates of social anxiety disorder in inhibited adults®”=59. Third, this study focused on
anticipation of social stimuli. It remains unknown whether this pattern of brain responses is
specific to social stimuli or reflects a more general response to all stimuli. One research
group has examined anticipation of non-social stimuli in patient with social anxiety disorder
and found anticipatory activation in some, but not all, of the regions found in this study1920,
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Fourth, we tested for differences in five a priori regions of interest, which were selected
based on prior studies of anticipatory processing networks. While this approach can increase
statistical power by reducing the number of multiple comparisons, a limitation is that
findings are limited to the brain regions examined. To address this limitation, we also
conducted an exploratory whole brain analysis. Finally, we did not provide specific
instructions during the anticipation period; therefore any emotion regulation was implicit, or
automatic. Further studies with online anxiety ratings are needed to test the hypothesis that
inhibited subjects are regulating their responses during anticipation of social stimuli.

Conclusion

Inhibited adults had greater activation of a prefrontal network when anticipating viewing
fear faces. Greater activation of the rACC was associated with fewer social anxiety
symptoms and more frequent use of emotion regulation. We propose that greater activation
of the ACC mediates resilience to social anxiety disorder. These findings are consistent with
theories of cognitive behavior therapy, and findings that use of cognitive control strategies
can increase prefrontal cortex activity in patients with anxiety20:60. Given the rapid
development of the prefrontal cortex during childhood and adolescence, strategies that
increase prefrontal cortex activation and strengthen prefronto-amygdalar connectivity hold
promise for increasing resilience in high-risk, inhibited children.
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Figure 1.
Study Design. The test phase included four runs of 10 fear and 10 neutral trials, for a total of

40 fear trials and 40 neutral trials. Each trial consisted of a cue (1s), an anticipation period
(5-9s), and a face (1s). Following each trial, a 5-9s blank screen was shown to allow for
return to baseline. Fear and neutral trials were randomized within runs and the duration of
the anticipation period was jittered between trials.
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Figure 2.
The inhibited group had significantly greater activation across a prefrontal network during

anticipation of fear faces, relative to anticipation of neutral faces. During anticipation of fear
faces, relative to neutral, the inhibited temperament group had significantly greater
activation in (A) the dorsolateral prefrontal cortex and (B) the dorsal and rostral anterior
cingulate cortex. Color bar displays t-values. Graphs (left: left dorsolateral prefrontal cortex;
right: rostral anterior cingulate cortex) show percent signal change from significant group
differences. Error bars are standard error of the mean. Within-group differences in percent
signal change for anticipation of fear faces, relative to anticipation of neutral faces are
indicated by * (p <.05) or + (trend, p <.10).
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Figure 3.
Group differences in functional connectivity with the anterior cingulate cortex during

anticipation of viewing fear faces, relative to anticipation of viewing neutral faces. (A) The
inhibited temperament group had significantly more negative connectivity between the
rostral anterior cingulate cortex and the bilateral amygdala during anticipation of viewing
fear faces, relative to anticipation of viewing neutral faces; (B) the uninhibited group had no
significant differences in connectivity during anticipation. (C) The inhibited temperament
group had significantly more positive connectivity between the dorsal anterior cingulate
cortex (dACC) and the right dorsolateral prefrontal cortex (dIPFC) during anticipation of
fear faces, relative to anticipation of neutral faces; (D) the uninhibited temperament group
showed a decrease in connectivity. Figures display mean difference between fear
anticipation and neutral anticipation conditions in beta-values (mean difference + SEM; IT:
rACC-left amygdala = -.35 + .14, rACC-right amygdala = -.23 £+ .08, dACC-right dIPFC
=.13 £ .05; UT: rACC-left amygdala = .05 + .09, rACC-right amygdala = .09 + .07, dACC-
right dIPFC = -.12 £ .06). Significant temperament group differences were calculated using
an independent samples t-test (left amygdala: t(32) = -2.39, p = 0.023; right amygdala: t(32)
=-3.23, p = 0.005; dACC-right dIPFC: t(32) = 3.03, p = .005).
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Within the inhibited temperament group, social anxiety scores and emotion regulation scores
were correlated with rostral and dorsal anterior cingulate activation during anticipation of
viewing fear faces. (A) Shown in red is the region where social anxiety scores were
negatively correlated with activation and shown in blue is the region where emotion
regulation scores were positively correlated with activation. Shown in purple is the overlap
between the two regions. In order to illustrate the magnitude and direction of correlations,
we show scatter plots of the data. The associated correlation values provide an effect size for
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the original statistically significant findings. (B) Social anxiety scores were significantly
negatively correlated with activation during anticipation of viewing fear faces in two
clusters within the rostral (r = —.64) and dorsal anterior cingulate cortex (r = -.77). (C)
Emotion regulation scores were significantly positively correlated with activation in one
cluster including the rostral and dorsal anterior cingulate cortex (r = .80). Subjects with
social anxiety disorder are indicated with black diamonds. Removing subjects with social
anxiety disorder from the analysis had no effect on the significance of the dorsal anterior
cingulate region correlations with social anxiety scores (r = -.70, p = .01) or with emation
regulation scores (r = .73, p = .007), but reduced the rostral anterior cingulate correlation
with social anxiety to trend level (r = -.51, p =.09).
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Subject Characteristics.

Inhibited Temperament

Table 1

Uninhibited Temperament

(n=20) (n=20)
Mean SD Mean SD p-value
Childhood Temperament 3.33 0.52 141 019 <.001
Adult Temperament 3.23 0.49 1.59 0.22 <.001
Social Anxiety Score 96.5 29.7 14.4 18.6 <.001
Emotion Regulation Score  28.4 16.6 43.1 12.7  .006
Demographics
Age (years) 21.7 1.8 21.8 23 ns
Percent n  Percent n  p-value

Social Anxiety Disorder  30% 6 0% 0
Handedness (% right) 90% 18 90% 18 ns
Gender (% female) 60% 12 60% 12 ns
Ethnicity ns

% Caucasian 70% 14 75% 15

% African-American  20% 4 15% 3

% Asian 10% 2 10% 2

Note: SD = standard deviation; ns = non-significant p-value.
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Table 2
Behavioral results.
Overall Inhibited Uninhibited
(n=34) Temperament Temperament
(n=17) (n=17)

Mean SD Mean SD Mean SD

Hit Rate (%) 97.9 3.2 97.1 3.9 98.8 2.1
Reaction Times (ms)
Fear Cue 4159 60.1 4275 61.0 404.3 58.7
Neutral Cue 4204 627 4333 632 4074 612
Fear Face 3795 607 3915 603 3674 60.3
Neutral Face 389.6 66.7 4018 665 3775 66.7

Arousal Ratings
Fear Face 3.4 0.5 3.4 0.6 3.4 0.4
Neutral Face 4.2 0.7 4.0 0.6 4.4 0.7
Valence Ratings
Fear Face 3.0 0.6 2.9 0.7 31 0.5
Neutral Face 3.9 0.5 3.7 0.5 4.1 0.4

Note: Subjects rated arousal and valence of the faces on a 1-7 Likert scale. Arousal ratings ranged from 1 (very excited) to 7 (very calm). Valence
ratings ranged from 1 (very unpleasant) to 7 (very pleasant).
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Table 3

Activation during anticipation of viewing fear faces.

Peak Voxel
Brodmann  Cluster Size
Brain Region (Hemisphere) Area (voxels) ZScore X y z
Inhibited Temperament > Uninhibited Temperament
Region of Interest Analysis

Dorsolateral prefrontal cortex (R) 9 140 3.27 30 36 24
Dorsolateral prefrontal cortex (L) 9 80 3.45 -42 27 33
Dorsal anterior cingulate cortex (B) 24/32 62 3.78 -12 33 27
Rostral anterior cingulate cortex (B) 24/32 29 3.11 6 33 -6
Insula (L) 13/38 35 2.97 -3 3 -15

Whole Brain Analysis
Thalamus (R) 37 3.64 12 -6 -6
Extrastriate visual cortex (L) 19 28 3.33 -15 -51 -6

Inhibited Temperament — Social Anxiety Score — Negative Correlation

Dorsal/rostral anterior cingulate 32 109 3.55 6 42 21
cortex (B)

Rostral anterior cingulate cortex (B) 11/32 42 3.44 -12 51 0
Amygdala (R) 17 3.04 30 0 =24
Inhibited Temperament — Emotion Regulation Score — Positive Correlation
Dorsal anterior cingulate cortex (B) 32 79 3.33 0 45 12

Note: (L) = left hemisphere; (R) = right hemisphere; (B) = bilateral; coordinates are in Montreal Neurological Institute convention.

Depress Anxiety. Author manuscript; available in PMC 2015 October 01.

Page 22



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

1duasnuely Joyny vd-HIN

Clauss et al.

Table 4

Temperament differences in functional connectivity during anticipation.

Peak Voxel
Inhibited Uninhibited
Seed Cluster Temperament  Temperament
Region Target Size X y z (mean + SD) (mean £SD)  p-value
rACC amygdala (L) 15 27 0 -24 -35+.60 .05 +.37 .023
amygdala (R) 13 24 -6 -15 -23+.34 .09 +.28 .005
dACC dIPFC (R) 59 45 42 27 A13+.22 -12+.26 .005
insula (L) 42 -30 27 9 =19+ .31 .06 +.39 .007
dIPFC (R) anterior dIPFC (L) 55 -27 42 33 -11+.38 24+ .30 .005
posterior dIPFC (L) 90 =30 21 39 -.08 +£.27 33+.34 .001
insula (L) rACC 33 3 24 -9 -11+.32 24 +.39 .007
dACC 29 3 15 -9 -.25+.35 15+ .47 .007
dIPFC (L) 78 -18 42 24 -29+.31 .06 +.39 .006

Page 23

Note: connectivity values are represented by beta-values; SD = standard deviation; (L) = left hemisphere; (R) = right hemisphere; (B) = bilateral;
rACC = rostral anterior cingulate cortex; dIPFC = dorsolateral prefrontal cortex; dJACC = dorsal anterior cingulate cortex; coordinates are in
Montreal Neurological Institute convention.
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