
Depress Anxiety. 2019;36:690-700.wileyonlinelibrary.com/journal/da690 | © 2019 Wiley Periodicals, Inc.

Received: 25 December 2018 | Revised: 22 May 2019 | Accepted: 5 June 2019

DOI: 10.1002/da.22941

R E S EARCH AR T I C L E

Limbic and prefrontal neural volume modulate social anxiety
in children at temperamental risk

Eran S. Auday Ph.D.1,2 | Koraly E. Pérez‐Edgar Ph.D.1

1Department of Psychology, The Pennsylvania

State University, University Park,

Pennsylvania

2Division of Psychiatry, Geisinger Health

System, Danville, Pennsylvania

Correspondence

Eran S. Auday, The Pennsylvania State

University, 100N. Academy

Avenue, MC 13‐35, Danville 17822, PA.

Email: eran.auday@gmail.com and

eauday@geisinger.edu

Funding information

National Institute of Mental Health, Grant/

Award Number: BRAINS R01 MH094633

Abstract

Background: Clinical levels of a social anxiety disorder (SAD) often appear during

childhood and rise to a peak during late adolescence. The temperament trait

behavioral inhibition (BI), evident early in childhood, has been linked to increased risk

for SAD. Functional and structural variations in brain regions associated with the

identification of, and response to, fear may support the BI–SAD relation. Whereas

relevant functional studies are emerging, the few extant structural studies have

focused on adult samples with mixed findings.

Methods: A moderated‐mediation model was used to examine the relations between

BI, SAD symptoms, and brain‐volume individual differences in a sample of children

at risk for anxiety (ages 9–12; N = 130, 52 BI).

Results: Our findings indicate that at higher levels of BI, children with smaller

anterior insula volumes showed stronger correlations between BI and SAD. In

addition, larger ventrolateral prefrontal cortex (vlPFC) volumes were associated with

fewer SAD symptoms.

Conclusions: These findings support previous reports linking SAD levels with

variations in volume and reactivity in both limbic (insula) and prefrontal (vlPFC)

regions. These findings set the foundation for further examination of networks of

neural structures that influence the transition from BI to SAD across development,

helping further clarify mechanisms of risk and resilience.

K E YWORD S

anxiety/anxiety disorders, brain imaging/neuroimaging, child/adolescent, phobia/phobic dis-

orders, SAD/social anxiety disorder/social phobia

1 | INTRODUCTION

Animal and human imaging studies suggest that specific brain

regions, such as the amygdala, insula, and anterior cingulate cortex

(ACC), play a large role in identifying potential fear stimuli in the

environment and generating fear responses. In tandem, prefrontal

areas such as the orbitofrontal cortex (OFC), ventrolateral‐ (vlPFC),
and dorsolateral‐prefrontal (dlPFC) cortices may engage in subse-

quent cognitive control and emotion modulation (Freitas‐Ferrari

et al., 2010; Taylor & Whalen, 2015). Over the past two decades, an

increasing number of studies have reported functional abnormalities

in these brain areas (either hyperactivity or hypoactivity) in anxious

individuals, compared to controls (Duval, Javanbakht, & Liberzon,

2015). However, relatively few studies have examined neural

structures and almost exclusively in clinically anxious adults. The

extant literature on structural variation in anxious individuals

presents inconsistent findings, making it difficult to draw conclusions

regarding any potential relations between neural structure and
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anxiety. This gap is particularly important as structural variations

may be evident early in development and color subsequent variation

in function (Schwartz et al., 2010; Sylvester et al., 2016). The current

study examines the relationship between neural structures asso-

ciated with anxiety and early symptoms of a social anxiety disorder

(SAD) in otherwise healthy children characterized by temperamental

risk for the disorder. Given that the few available studies have

focused on adult samples, this study can address patterns of variation

earlier in development and before the typical window of diagnosis.

1.1 | A developmental perspective: behavioral
inhibition as a risk factor

Clinical manifestations of anxiety often appear during childhood and

early adolescence (Costello, Angold, & Burns, 1996) and rise to a

peak at the end of adolescence (Grant et al., 2005; Knappe,

Sasagawa, & Creswell, 2015). One possible reason for this trajectory

may be that childhood and adolescence are developmental periods

marked by rapidly occurring structural and functional brain changes

(Alexander‐Bloch, Raznahan, Bullmore, & Giedd, 2013; Giedd et al.,

1996; Uddin, Supekar, Ryali, & Menon, 2011). These brain changes

may leave children vulnerable to excessive anxiety due to an

overreactive alarm system, an underreactive regulatory system, or

possibly, both. Many studies have demonstrated functional abnorm-

alities in central fear circuits in pediatric anxiety (viz., social

anxiety, generalized anxiety, and separation anxiety; see reviews:

(Brühl, Delsignore, Komossa, & Weidt, 2014; Duval et al., 2015;

Freitas‐Ferrari et al., 2010). However, relatively few studies have

examined structural differences within these brain regions among

anxious or at‐risk children.

SAD affects 9% of children and 13% of adults, making it the

highest lifetime‐prevalence anxiety disorder (Gross & Hen, 2004;

Kessler, Petukhova, Sampson, Zaslavsky, & Wittchen, 2012; Knappe

et al., 2015). A theory‐driven risk factor for all anxiety disorders

centers on early appearing temperament (Kagan, 1989; Rothbart,

Ahadi, & Evans, 2000), with behavioral inhibition (BI) as the most

widely studied temperamental style (Clauss & Blackford, 2012). BI is

defined by a constellation of traits at both the behavioral level

(e.g., hypervigilance, social withdrawal, and increased startle

response when exposed to unfamiliar people or objects) and

psychophysiological level (e.g., pupillary dilation during cognitive

tasks, elevated salivary cortisol levels; Buss & Kiel, 2013; Goldsmith

& Lemery, 2000; Kagan, Snidman, Zentner, & Peterson, 1999; Pérez‐
Edgar & Fox, 2005). BI increases the risk for SAD in children (Ballespí,

Jané, & Riba, 2012), adolescents (Lewis‐Morrarty et al., 2015; Rapee,

2014), and adults (Mick & Telch, 1998). Prospective longitudinal

studies (Clauss & Blackford, 2012) have demonstrated a positive

association between BI during childhood and either subclinical social

anxiety or SAD in later childhood (Hirshfeld‐Becker et al., 2007;

Hudson, Dodd, Lyneham, & Bovopoulous, 2011; Muris, Brakel, Arntz,

& Schouten, 2011) and adolescence (Chronis‐Tuscano et al., 2009;

Schwartz, Snidman, & Kagan, 1999).

Even though BI is a strong predictor of latent anxiety disorders

(not only SAD; Chronis‐Tuscano et al., 2009; Rosenbaum et al., 1993),

especially for individuals who displayed consistent signs of BI across

childhood (for a review, see: Pérez‐Edgar & Fox, 2005), only 40% of

BI children develop SAD (Clauss & Blackford, 2012). This disconti-

nuity in outcome is likely due to other individuals, social, and

environmental factors that moderate the risk of developing SAD,

including neural structure variation.

Prior functional imaging work associated several ROIs with both

BI levels and risk for SAD. For example, BI is associated with

amygdala and insula reactivity to salient stimuli (e.g., emotional faces;

Auday, Taber‐Thomas, & Pérez‐Edgar, 2018; Pérez‐Edgar et al.,

2007; White, Helfinstein, & Fox, 2010), striatal response to reward

(Helfinstein, Fox, & Pine, 2012), prefrontal engagement in emotion

regulation (Auday et al., 2018; Fu, Taber‐Thomas, & Pérez‐Edgar,
2017; Hardee et al., 2013), and variation in resting‐state functional

connectivity (Blackford et al., 2014; Roy et al., 2014; Taber‐Thomas,

Morales, Hillary, & Pérez‐Edgar, 2016). A recent study examining

neural correlates in adults who were identified as BI during early

childhood reported associations with thinner dACC in adulthood

(Sylvester et al., 2016). However, we know very little regarding the

relationship between the structural characteristics (e.g., volume) of

previously implicated ROIs and patterns of anxiety that may lead

some at‐risk children, but not others, to develop SAD (or other

anxiety disorders).

1.2 | Variations in neural structure as a potential
moderator of anxiety

Altered region‐of‐interest (ROI) volume may be a strong marker of

psychopathology and risk for the disorder. Such associations have

been reported in a broad range of studies on cognitive functioning

and disorder profiles such as intelligence, attention, schizophrenia,

autism, and major depression (Choi et al., 2008; Ehrlich et al., 2012;

Hadjikhani, Joseph, Snyder, & Tager‐Flusberg, 2007; Koolschijn, van
Haren, Lensvelt‐Mulders, Hulshoff Pol, & Kahn, 2009; Westlye,

Grydeland, Walhovd, & Fjell, 2011). For example, a large meta‐
analysis found that individuals diagnosed with major depressive

disorder showed significant volume reductions in the ACC and OFC

(Koolschijn et al., 2009), suggesting perturbed neural circuitry in

brain areas proposed to have a role in emotion processing and

regulation. In schizophrenia, evidence suggests reduced cortical

thickness in frontal, temporal, occipital, and parietal areas, as well

as a disruption of structure–function relations, such that patients

exhibited an altered neural pattern associated with working memory

tasks, compared to healthy comparisons (Ehrlich et al., 2012).

Specifically, patients showed associations with temporal‐lobe cortical

thickness, whereas controls showed associations with prefrontal

areas, possibly indicating a compensatory neural network.

A comprehensive literature review of findings linking volumetric

patterns to anxiety is beyond the scope of this manuscript, and

the reader is encouraged to refer to recent reviews (e.g., Brühl,

Delsignore et al., 2014; Freitas‐Ferrari et al., 2010). Table SM1 in the
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Supporting Information Material provides a brief view of the

inconsistent literature comparing clinically or trait anxious adults

with healthy controls (i.e., a categorical rather than dimensional

approach), including gray and white matter differences. Studies to

date have primarily relied on a categorical approach, comparing

clinical samples to healthy controls, overlooking variability in anxiety

levels, which may obscure findings or contribute to inconsistent

findings. Furthermore, structural abnormalities have been primarily

studied in adult populations experiencing clinical levels of one or

more anxiety disorders (Baur et al., 2013; Brühl, Delsingore et al.,

2014; Irle, 2010; Liao et al., 2011; Machado‐de‐Sousa et al., 2014;

Syal et al., 2012; Talati, Pantazatos, Schneier, Weissman, & Hirsch,

2013), samples heterogeneous in psychopathology (van Tol et al.,

2010), or rather small sample sizes (e.g., target group size smaller

than 30; Irle, 2010; Liao et al., 2011; Syal et al., 2012), suggesting

a few more potential contributors to these inconsistent findings.

Therefore, examining neural structural volume in a large sample of

children who are at‐risk (rather than meeting criteria for clinical

levels of anxiety; see section 3.1) for a specific anxiety disorder, while

utilizing a continuous measure (again, see section 3.1), could help

shed light on the current data.

We anticipated that children in middle childhood would exhibit a

range of SAD symptoms, as younger children typically present very

few symptoms, risking a floor effect. At the same time, we expected

to have a few participants meeting diagnostic criteria (Costello,

Egger, & Angold, 2005), allowing us to assess risk rather than

diagnosis. Older adolescents are more likely to have reached

diagnostic cut‐offs, making middle childhood a preferred age range

for assessing anxiety risk. By examining an early marker of risk, these

data may clarify normative structural relations while highlighting

points across development that are sensitive for assessment,

prevention, and intervention.

1.3 | The current study

This study aimed to examine potential volumetric variations in a large

sample of children—temperamentally at‐risk for SAD (labeled as BI)

and non‐yoked age‐ and sex‐matched children not at temperamental

risk (labeled non‐BI). Our sample examined BI and non‐BI children at

an age range before the typical onset of social anxiety (i.e., 12–16

years age; Beesdo, Knappe, & Pine, 2009). In line with recent calls to

focus on the full range of risk markers (Sanislow, Quinn, & Sypher,

2015), rather than discrete categories of risk, we used continuous

measures of both BI and SAD.

Our analysis focused on bilateral ROIs implicated in prior studies,

namely: the amygdala, insula, ACC (more specifically, rostral ACC; we

will refer to this region as ACC; please see: Etkin, Egner & Kalisch,

2011; Stevens, Hurley, & Taber, 2011), and OFC. We also included

the vlPFC, as it has been implicated in functional studies of SAD

(Brühl, Delsignore et al., 2014) and recent work suggests that

changes in vlPFC function may mediate changes in anxiety among BI

children (Liu, Taber‐Thomas, Fu, & Pérez‐Edgar, 2018). Despite the

inconsistent literature, our working hypotheses were two‐fold. First,

ROI volume would significantly account for variance in the relation

between BI and social anxiety. Given the inconsistent literature, we

chose to take a conservative approach: rather than specifying

directionality, we hypothesized that alterations in ROI volume—

limbic (amygdala and insula) and prefrontal (ACC, OFC, and vlPFC)

will be associated with a significant BI—anxiety relation. Second, BI

levels will moderate the ROI volume—anxiety relation, such that at

higher levels of BI, the ROI volume—anxiety relation will be stronger.

Therefore, we utilized a moderated‐mediation model (for further

detail, see “Statistical Analyses in a Priori ROIs” in the Materials and

Methods section). As a sensitivity analysis, we also examined two

ROIs not expected to vary with our variables of interest, namely the

inferior and middle occipital gyri. Finally, we conducted between‐
group whole‐brain exploratory analyses to explore BI versus non‐BI
group differences beyond our a‐priori ROIs.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants were 145, 9–12‐year‐olds (M = 10.81; SD = 0.99), drawn

from a multi‐visit study of attention bias to threat and tempera-

mental risk for anxiety (Auday et al., 2018; Fu et al., 2017; Liu et al.,

2018; Morales, Taber‐Thomas, & Pérez‐Edgar, 2017; Taber‐Thomas

et al., 2016; Thai, Taber‐Thomas, & Pérez‐Edgar, 2016). Participants
were recruited through a university database of families interested

in participating in research studies, community outreach, and word‐
of‐mouth.

Participants were screened based on parent‐report using the

Behavioral Inhibition Questionnaire (BIQ; Bishop, Spence, & McDo-

nald, 2003). We used cut‐off scores based on previous studies of

extreme temperament in children ages 4–15 years (Broeren & Muris,

2010) to enrich the sample for BI. Sixty‐four (64) children met BI

criteria, scoring high on both the social novelty subscale and grand

total score (N = 35), the social novelty subscale only ( ≥ 60; N = 25), or

the grand total score only ( ≥ 119; N = 4), and participated in the fMRI

session. Eighty‐one (81) children participated as sex‐ and age‐
matched non‐BI controls. Data presented here are from the BI

children's first (baseline) visit, as they went on to participate in the

large multi‐visit study. Non‐BI children had only a one‐time point of

participation. Although we used categorical cut‐offs for identification
and recruitment, all analyses used continuous BIQ scores.

2.2 | Measures

Behavioral inhibition was assessed using the BIQ (Bishop et al.,

2003), a 30‐item instrument that measures the frequency of

BI‐linked behavior in the domains of social and situational novelty

(plus a summed total score) on a seven‐point scale ranging from 1

(“hardly ever”) to 7 (“almost always”). Questions were edited to be

more appropriate for the target age range in the current study (e.g., a

reference to preschool, kindergarten, and childcare was removed for

the question: “Happily separates from parent(s) when left in new
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situations for the first time (e.g., kindergarten, preschool, and

childcare). The questionnaire has adequate internal consistency,

construct validity, and validity in differentiating inhibited from

noninhibited children (Bishop et al., 2003), parent report with the

BIQ correlates with laboratory observations of BI in social contexts

(Dyson, Klein, Olino, Dougherty, & Durbin, 2011), and the BIQ had

good internal consistency in the present study (Cronbach’s α = 0.91).

Social Anxiety symptoms were assessed using parent‐report on

the computerized Diagnostic Interview Schedule for Children—

Fourth Edition (C‐DISC‐IV; Shaffer, Fisher, Lucas, Dulcan, &

Schwab‐Stone, 2000). The C‐DISC‐IV is an interviewer‐administered

version of the computerized Diagnostic Interview Schedule for

Children used to assess anxiety symptoms and disorders. The

C‐DISC‐IV is a comprehensive, structured interview that covers 36

mental health disorders for children & adolescents, using DSM‐IV
criteria. Most questions are worded so that they can be answered

“yes”, “no”, and “somewhat” or “sometimes”. Questions reference the

4 weeks, 6 months, and 1 year before the interview. The interviews

were administered by trained research assistants with the primary

caregiver and scored using the software’s algorithm.

2.3 | Neural structural data

2.3.1 | Image acquisition

Before scanning, all participants were placed in a mock MR scanner

for approximately 20min and completed practice versions of the

tasks administered as part of the larger study (Auday et al., 2018; Fu

et al., 2017). This procedure acclimates participants to the scanner

environment and minimizes motion artifact and anxiety.

Imaging data were acquired in a 3‐Tesla MRI scanner, first with a

MAGNETOM Trio with Tim system (N = 76). After a scanner upgrade,

we used a MAGNETOM Prismafit (N = 54), both acquired from

Siemens Medical Solutions, Erlangen, Germany. High‐resolution
T1‐weighted structural scans were acquired using a magnetization

prepared gradient echo sequence (MP‐RAGE; 176 1mm slices,

TR = 1700; TE = 2.01; flip angle = 9°; FoV = 256mm, voxel size = 1 ×

1 × 1mm; 256 × 256 matrix, T1 = 850ms).

2.3.2 | Image processing

All images were inspected for loss of image quality, such as blurring,

ringing, and ghosting using SPM8 (Wellcome Trust Center for

Neuroimaging, London, UK). The structural data were obtained using

the standard cortical reconstruction pipeline in FreeSurfer v5.3.0

(http://surfer.nmr.mgh.harvard.edu/), including standardization to the

Destrieux cortical atlas (Destrieux, Fischl, Dale, & Halgren, 2010;

Fischl et al., 2002), which is a validated approach for use with

children (Ghosh et al., 2010). Once the cortical model was completed

for each participant, the cerebral cortex was parcellated into units

based on gyral and sulcal structure, creating surface‐based maps of

gyral curvature and sulcal depth (Fischl, Sereno, & Dale, 1999).

Calculations of cortical and subcortical volumes using this method

are considered comparable to manual segmentation (Lehmann et al.,

2010), whereas other reports highlight potential concerns with the

accurate segmentation of subcortical regions (Hanson et al., 2012;

Nugent et al., 2013). After the parcellations and surfaces were

generated, they were visually reviewed by trained research

assistants and, where necessary, manually edited and regenerated.

We extracted ROIs volume for each participant in each hemisphere,

as well as whole‐brain volume.

2.4 | Statistical analyses in a priori ROIs

We normalized individual ROI volumes for each participant using

their whole‐brain volume (e.g., [region/whole brain volume]×1000).

Whole brain volume was calculated as the SupraTentorial volume,

excluding ventricles, CSF, and choroid plexus. A priori ROIs were

constructed by combining FreeSurfer’s parcellations (see Supporting

Information for details). For these ROIs, differences in volume were

examined using analysis of covariance (ANCOVA) with continuous

BI‐score as a fixed‐factor and age in months, gender, and scanner

model as covariates.

In addition, we tested a moderated‐mediation model using

PROCESS version 2.16, a regression macro for SPSS (Hayes, 2013;

see Figure 1), where BI score (a continuous measure) exerts an effect

on social anxiety symptoms level, both directly and indirectly through

each a priori ROI. The model captures the conditional direct effect

of BI on Anxiety, the moderating effect of ROI volume on the

BI—anxiety relation, and the conditional indirect effect of BI on

Anxiety via ROI volume. This model was run for the following ROIs

in each hemisphere: amygdala, posterior insula, anterior insula, ACC,

OFC, and vlPFC, as well as our comparison occipital ROIs. Age, sex,

and scanner model were covariates in those models (see Participants

subsection in Results). Our central analyses present 12 comparisons

—6 ROIs in two hemispheres. Comparison models are presented

in the Supporting Information Material. To correct for multiple

comparisons, we used a Bonferroni‐corrected α of 0.05/12 = 0.0042

for each overall model before proceeding to the individual paths.

2.5 | Cortical volume exploratory analyses

Exploratory analyses in the prefrontal cortex were conducted using

general linear modeling programs available through FreeSurfer

F IGURE 1 A moderated‐mediation model: ROI volume mediating

the relation between BI and anxiety symptoms. BI, behavioral
inhibition; ROI, region‐of‐interest
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(Qdec). To correct for multiple comparisons, Monte Carlo simulations

available in the FreeSurfer software were used to determine the

area of cortex required to meet prefrontal cortex‐wide clusterwise

significance of p < .05.

3 | RESULTS

3.1 | Participants

Of our 145 participants, 15 children (12 BI) with poor structural

MRI images were excluded from analyses. Excluded children did

not differ from included children on Total BIQ score, age, or social

anxiety symptoms level (all p's > 0.40). Of the included partici-

pants, children with high BI (i.e., meeting cutoff criteria) scored

significantly higher on the BIQ, t(128) = 14.195, p < .0001, d = 2.54,

and had significantly higher social anxiety symptom levels,

measured on the C‐DISC, t(128) = 5.99, p < 0.0001, d = 1.00,

compared to BN. A one‐way ANOVA indicated no between‐group
differences in age, F(1, 128) = 0.886, p = .35, sex, F(1, 128) = 0.127,

p = 0.72, or any of the ROI volumes examined (all p’s > 0.36). We

found four correlations between age and ROI volume, including

the pInsula (L), r = −0.29, p < .01, pInsula (R), r = ‐0.26, p < .01;

aInsula (R): r = −0.18; p < .05, and ACC (R): r = ‐0.22, p < .05. Age in

months was used as a covariate in all analyses. We also controlled

for growth/variation in individual size by dividing the ROI volume

by total cerebral volume.

Our final sample size included 130 subjects (52 BI). Table 1

presents final‐sample Pearson‐moment correlations (see Table SM2

in the Supporting Information Material for the whole group, BI,

and non‐BI descriptive statistics). As noted in Table 1, BI score

and SAD symptom levels were moderately correlated, r = 0.50,

leaving a substantial amount of variation to be explored.

Compared to children scanned in the MAGNETOM Prismafit,

children scanned in the MAGNETOM Trio were older, t

(128) = 4.18; p < .001; d = 0.73. Data collected with the new

scanner showed a significant correlation with Total BIQ for

bilateral anterior insula volume, r = 0.30 and 0.33, for left‐ and

right hemisphere, respectively. There were no significant differ-

ences between the old and the new scanner in participant sex,

total BIQ score, social anxiety level, or any of the ROI volumes

(all p’s were > .08).

3.2 | Statistical analyses for a priori ROIs

Of our 12 a‐priori ROIs, only left posterior insula volume was

significantly correlated with Total BI score, r = 0.18, p < .05. As

mentioned above, ANCOVA analyses were used to examine volume

differences with and age in months, gender, and scanner as

covariates. These analyses were not significant for any of the a

priori ROI volumes (all p's > .10).

In the moderated‐mediation models, our analyses present 12

comparisons—6 ROIs in two hemispheres. For an overview of model

statistics, please refer to Table 2. All models met the Bonferroni‐
corrected alpha (all p’s < .001) and BI score was a significant

predictor of SAD symptom levels for all ROIs (all p’s < .001).

These models also revealed a significant, negative main effect

for left anterior insula, β = −17.83; p < .01, where smaller ROI‐volume

was associated with higher SAD symptom levels. Furthermore, the

TABLE 1 Inter‐correlations of BIQ with anxiety measures and ROI volumes, presented separately by hemisphere

Total BIQ 1 2 3 4 5 6 7 8 9 10 11 12

SAD symptoms .50*,a

Amygdala (L) .09 .15

pInsula (L) .18** −0.07 −0.07

aInsula (L) .08 −0.18** .01 .27***

ACC (L) .09 −0.10 .09 .20** .04

OFC (L) .10 .08 .13 .12 .13 .11

vlPFC (L) .08 −0.11 .09 .17 .20** .06 .18**

Amygdala (R) .04 .19** .53*,a .06 .09 .01 .01 .12

pInsula (R) .11 −0.06 .12 .44*,a .44*,a .10 .10 .15 .38*,a

aInsula (R) .02 −0.15 −0.06 .26*** .53*,a −0.05 −0.05 .03 .20** .49*,a

ACC (R) .14 .02 .08 .16 .06 .40*,a .23*** .07 .08 .20** −0.02

OFC (R) .10 .06 .02 .19** .11 .20** .62*,a .17 −0.10 .21** .06 .21**

vlPFC (R) .13 .02 .04 .30*,a .19** −0.01 .25*** .45*,a .21** .28*** .11 .02 .19**

Abbreviations: ACC, anterior cingulate cortex; aInsula, anterior insula; BIQ, Behavioral Inhibition Questionnaire; (L), left; OFC, orbitofrontal cortex;

pInsula, posterior insula; (R), right; ROI, region‐of‐interest; SAD Sym, social anxiety symptom levels (%); vIPFC, ventrolateral prefrontal cortices.
aSurvived Bonferroni correction for multiple comparisons.

*p < .001.

**p < .05.

***p < .01.
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relation between BI scores and SAD symptoms level was moderated

by anterior insula volume such that a combination of higher BI and

smaller anterior insula volumes was associated with higher levels of

SAD symptoms (see Figure 2), β = −0.39; p < .05. A significant,

negative main effect was also found for left vlPFC in which larger

ROI‐volume was associated with lower SAD symptom levels,

β = −4.28; p < .05, regardless of BI score.

Two marginally‐significant effects were found involving left ACC

(main effect: β = −7.09; p = .05) and left OFC (interaction: β = 0.08;

p = .08). For left ACC, there was a negative main effect where smaller

ROI‐volume was associated with increased SAD symptom levels.

Probing the interaction for left OFC revealed a positive relation

between BI and SAD symptom levels that were stronger for children

with larger OFC volume.

3.3 | Cortical volume exploratory analyses

To complement the a priori ROI analysis, an exploratory analysis

examined the relations among BI and cortical volume in children

across the prefrontal cortex. In contrast to regional analyses, the

prefrontal cortex vertex wise analysis did not detect any regions

surviving multiple comparison correction.

4 | DISCUSSION

The extant literature on neural correlates of anxiety consists mostly

of studies utilizing adult samples experiencing clinical levels of

psychopathology. Moreover, compared to links between childhood BI

TABLE 2 Significant findings in mediation‐moderation models

Model p F R MSE Main effects Interactions

Left hemisphere

Amygdala < .001 F(6, 123) = 8.55 .5426 389.0 BI, p < .001

pInsula < .001 F(6, 123) = 8.63 .5443 387.9 BI, p < .001

aInsula < .001 F(6, 123) = 11.31 .5963 355.3 BI, p < .001 BI × aInsula; p < .05

aInsula, p < .01

ACC < .001 F(6, 123) = 9.17 .5559 380.9 BI, p < .001

ACC, p = .052

OFC < .001 F(6, 123) = 8.57 .543 388.77 BI, p < .001 BI ×OFC; p = .08

vlPFC < .001 F(6, 123) = 8.78 .5476 385.97 BI, p < .001

vlPFC, p < .05

Right hemisphere
Amygdala < .001 F(6, 123) = 9.09 .5543 381.9 BI, p < .001
pInsula < .001 F(6, 123) = 9.41 .5394 390.87 BI, p < .001
aInsula < .001 F(6, 123) = 9.03 .553 382.68 BI, p < .001
ACC < .001 F(6, 123) = 7.92 .5279 397.63 BI, p < .001
OFC < .001 F(6, 123) = 8.02 .5303 396.26 BI, p < .001
vlPFC < .001 F(6, 123) = 8.46 .5405 390.24 BI, p < .001

Abbreviations: ACC, anterior cingulate cortex; aInsula, anterior insula; OFC, orbitofrontal cortex; pInsula, posterior insula; vIPFC, ventrolateral prefrontal

cortex.

F IGURE 2 Significant two‐way
interaction of BI‐score by left anterior
insula volume predicting SAD symptoms

level. BI, behavioral inhibition; SAD, social
anxiety disorder
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and adult brain function, little is known concerning the relationship

between BI and brain structure, at any stage of development. Due to

their task neutrality, structural studies may complement functional

studies by examining state‐independent structural correlates. Exam-

ining those relations across varying developmental timepoints could

help reveal whether BI is associated with innate structural

differences or whether such differences emerge throughout child-

hood into adulthood. To date, studies examining brain structure in

adults who were high‐BI children reported thinner left OFC and

thicker right vmPFC (Schwartz et al., 2010), larger amygdala and

caudate volumes (Clauss et al., 2014), and thinner dACC (Sylvester

et al., 2016) in adulthood. With the current study, we aimed to

expand the current literature by examining the potential moderating

effects of brain volume on the relations between BI, a strong

temperamental risk factor, and anxiety symptom severity in a large

sample of children (N = 130; 52 high‐BI). Our data provide further

support for the association of ROIs previously implicated in inhibited

temperament and anxiety disorders in the early correlation between

BI and SAD.

In line with the extant BI literature, our data suggest a strong link

to social anxiety symptom levels in the anterior insula and in vlPFC.

Smaller insular volume was associated with greater SAD symptom

levels (main effect). Similarly, and regardless of BI score, smaller left

vlPFC volumes were associated with greater SAD symptom levels

(main effect). Importantly, our findings also showed that the BI‐SAD
relation was stronger with smaller insular volume (interaction effect;

see Figure 2). In contrast, we found no significant relations for the

occipital comparisons.

The insula is thought to play a significant role in both fear and

anxiety circuitry. It has been argued that the insula is activated

during the anticipation of uncertain, aversive events, and initiates

and maintains modulation of limbic and frontal structures (for

reviews see Freitas‐Ferrari et al., 2010; Taylor & Whalen, 2015).

Despite mixed findings in studies examining structural correlates

of anxiety, functional studies utilizing emotional face tasks more

consistently report that anterior insular hyperactivity is associated

with higher trait anxiety in clinical and healthy populations (Stein,

Simmons, Feinstein, & Paulus, 2007), that anterior insula hyper-

activation in SAD is positively associated with symptoms severity

(Carré et al., 2014; Klumpp, Post, Angstadt, Fitzgerald, & Phan,

2013; Freitas‐Ferrari et al., 2010), and a reduction in insula (both

anterior and posterior) activation or regional cerebral blood flow

measured during public speaking tasks is evident following

pharmacotherapy (Tillfors et al., 2001). A more recent func-

tional‐MRI study reported that high social reticence in early

childhood (ages 2–7) predicted dACC activation as well as mid‐to‐
anterior insula utilizing a social engagement task and anticipated

unpredictable social evaluation later in preadolescence—at age 11

(Jarcho et al., 2014), further establishing the insula’s role in social‐
cognitive contexts.

Findings from a study by Hardee et al. (2013) utilizing a threat/

angry faces task indicated that negative amygdala‐anterior insula

functional connectivity was associated with BI in a sample of young

adults classified as high‐BI in infancy through childhood. They further

reported positive insula‐dlPFC and negative amygdala‐dlPFC func-

tional connectivity, supporting the suggested role of the insula in

frontal‐limbic modulation, especially in light of impaired frontal‐
limbic emotion modulation. The vlPFC is thought to modulate

amygdala responses to threat to maintain goal‐directed behavior

(Corbetta & Shulman, 2002; Fox & Pine, 2012). Most functional

studies of SAD (utilizing an emotional‐faces‐task in adult samples)

reported increased vlPFC activation (Brühl, Delsignore et al., 2014).

Similarly, Monk et al. (2006) found that youth with a generalized

anxiety disorder (GAD) displayed greater vlPFC response to angry

faces (500ms presentation) compared to healthy adolescents, and

that symptom severity was negatively correlated with vlPFC

activation. Finally, recent work (Liu et al., 2018) suggests that

anxiety symptom decreases in a BI sample may be mediated by

increases in vlPFC activation.

Our findings expand the current literature by showing that in

addition to functional variations, there are also structural differences

in BI in these analog regions. Recognizing that a relation between

structure and function is likely not straightforward and may be

moderated by other factors, we tentatively suggest that it may be

that smaller neural (insular and vlPFC) volume in BI children (and

anxious adults) are a result of two compounded processes. First,

structural deficiencies exhibited as the reduced frontal volume may

require compensation for impaired downregulatory anxiety‐proces-
sing capabilities by exerting increased activation to allow a greater

downregulation of threat‐related stimuli, aiming to mitigate limbic

hyperactivation (Liao et al., 2011; Phan et al., 2009). Second, in line

with findings discussed above (e.g., Hardee et al., 2013), this process

may be further exacerbated by reduced frontal‐limbic structural

connectivity (Baur et al., 2013). Alternatively, it may be that the

decreased prefrontal‐limbic structural connectivity is the conduit for

the altered frontal ROI structure due to lack of practice needed for

optimal development of a top‐down regulatory mechanism. Future

studies need to examine within‐group neural‐ROI structure and

activation patterns in‐tandem to help shed more light on these

structural‐functional relations.
Lastly, approaching significance, we found that reduced left

ACC volume was associated with higher anxiety levels, regardless

of BI status. Functional studies in SAD and BI reported ACC

hyperactivation in response to threatening stimuli, such as angry

faces (Amir et al., 2005; Goldin, Manber, Hakimi, Canli, & Gross,

2009; Jarcho et al., 2014). Considering the overall reduced

amygdala–insula–ACC functional connectivity in SAD (Duval

et al., 2015) and in BI (Taber‐Thomas et al., 2016), and our insula

main‐effect, it may be that a combination of higher BI and smaller

paralimbic volume presents a higher risk for SAD. The OFC

(sometimes referred to as ventral PFC) is thought to take part in

avoidance behavior (Clauss, Avery, & Blackford, 2015) and

perpetuating negative states (Blackford & Pine, 2012). Although

marginally significant, our finding of a stronger BI‐SAD association

for children with larger OFC volumes provides some support for

the OFC as a marker of inhibited temperament.
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5 | CONCLUSION AND FUTURE
DIRECTIONS

This study, to our knowledge, is the first to examine the moderating

role of neural structural on the relation between BI, an early

temperamental risk for developing social anxiety, before the typical

onset of social anxiety (i.e., 12–16 years age; Beesdo et al., 2009).

Overall, our findings extend and provide further support for the

extant literature on neural correlates of SAD, showing associations

with insular and vlPFC volume, as well as marginally‐significant
findings in other prefrontal regions, namely ACC and OFC.

These findings should be considered in the context of this

study’s limitation. First, the high‐BI children in our sample were

classified based on concurrent parental reports, rather than

continuous behavioral observation throughout childhood. Second,

while our findings regarding neural volume associations with the

BI‐SAD link are in line with the current literature, the exact

mechanisms are still unclear. Future studies should employ study

designs that incorporate measures of structure, function, and

connectivity to further clarify these relations in a large sample.

Such studies, over time, could also help inform recent data

suggesting that both the strength and directionality of functional

connections relevant to anxiety may shift over the course of

development (Gee et al., 2013). Furthermore, longitudinal designs

that examine these relations across several time‐points from early

childhood into young adulthood will help delineate if the evident

structural differences in childhood and adulthood (i.e., Schwartz

et al., 2010; Sylvester et al., 2016) are stable over time or reflect

variation in current functional and behavioral patterns.

Of note, test‐retest reliability for the parent version of the

C‐DISC was reported to be 0.54 for social phobia diagnosis (Shaffer

et al., 2000), but the social phobia symptom counts scale reliability

was reportedly higher (0.63). Nevertheless, we opted to utilize a

clinician‐administered measure rather than a self‐report checklist to

allow further clarification for interviewees. Future investigations

should consider other clinician‐administered measures with better

psychometrics (e.g., K‐SADS‐PL; Kaufman et al., 1997).

In sum, our findings show that several brain regions implicated

in fear circuitry and anxiety circuitry moderate the relation

between BI and SAD symptom levels in childhood, setting the

foundation for larger‐scale studies that incorporate multiple layers

of variation over time.

The data that support the findings of this study are openly

available in clinical trial registration information— http://clinicaltrials.

gov/; Attention and Social Behavior in Children (BRAINS);

NCT02401282.
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