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Abstract

Background: Early childhood social reticence (SR) and preadolescent social anxiety (SA) 

symptoms increase risk for more severe SA in later adolescence. Yet, not all at-risk youth develop 

more severe SA. The emergence of distinct patterns of neural response to socially evocative 

contexts during pivotal points in development may help explain this discontinuity. We tested the 

extent to which brain function during social interactions in preadolescence influenced the effects 

of SA and early childhood SR on predicting SA symptoms in mid-adolescence.
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Methods: Participants (N=53) were assessed for SR from ages 2–7. At age 11, SA symptoms 

were assessed and brain function was measured using fMRI as participants anticipated social 

evaluation from purported peers with a reputation for being unpredictable, nice, and mean. At age 

13, SA symptoms were re-assessed. Moderated-mediation models tested the extent to which early 

childhood SR, preadolescent SA and preadolescent brain function predicted mid-adolescent SA.

Results: In individuals with preadolescent SA, the presence of early childhood SR and SR-linked 

differences in brain activation predicted more severe SA in mid-adolescence. Specifically, in those 

who exhibited preadolescent SA, greater early childhood SR was associated with enhanced 

bilateral insula engagement while anticipating unpredictable-vs-nice social evaluation in 

preadolescence, and more severe SA in mid-adolescence.

Conclusions: SR-linked neural responses to socially evocative peer interactions may predict 

more severe SA symptoms in mid-adolescence among individuals with greater preadolescent SA 

symptoms and childhood SR. This same pattern of neural response may not be associated with 

more severe SA symptoms in youth with only one risk-factor.

Social anxiety (SA) disorder is characterized by fear of negative evaluation that prompts 

avoidance and distress in social situations (DSM-5; American Psychiatric Association, 

2013). Typical onset of SA disorder occurs in mid-adolescence (M=13.1 years; Beesdo-

Baum et al., 2012) with the highest onset rate occurring between 11 and 13 years of age 

(DeWit et al., 2005). While symptoms often remit in later adolescence, some individuals 

experience more severe and intractable symptoms persisting into adulthood (Beesdo-Baum 

et al., 2012; Bruce, Yonkers, Otto, & Eisen, 2005; Reilly-Harrington & Sachs, 2006). Given 

limited intervention resources (Katzelnick et al., 2001), early identification of individuals 

likely to experience continued symptoms is imperative (Heiser, Turner, & Beidel, 2003; 

Kessler, Chiu, Demler, Merikangas, & Walters, 2005; Reilly-Harrington & Sachs, 2006).

Our prior work demonstrates that early childhood social reticence (SR), a characteristic that 

reflects conflicting drives to interact and withdraw from peers, is associated with heightened 

insula and dorsal anterior cingulate (dACC) engagement to socially evocative situations 

during preadolescence (Jarcho et. al., 2016). This suggests a lasting influence of SR on 

subsequent brain function during social engagement in youth at risk for developing SA 

disorder. However, this study did not examine whether these neural mechanisms related to 

preadolescent SA symptoms. Additionally, because participants were tested at 11 years of 

age, two years prior to the typical age of SA disorder onset, it is unclear whether this pattern 

of response reflects risk for, or resilience against, subsequent expression of SA symptoms. 

The current study tests these relations by determining the extent to which early childhood 

SR, preadolescent brain function, and preadolescent SA symptoms predict expression of SA 

symptoms at age 13.

Early individual difference risk factors often precede adolescent onset of SA disorder 

(Clauss & Blackford, 2012; Essex, Klein, Slattery, Goldsmith, & Kalin, 2010; Henderson, 

Pine, & Fox, 2015). Early childhood SR is associated with behaviorally inhibited 

temperament (r=.71; Fox, Henderson, Rubin, Calkins, & Schmidt, 2001; Rubin, Burgess, & 

Hastings, 2002), a trait-like characteristic that presents in infancy as a predisposition for 

heightened vigilance, negative affect and fearful responses to novelty (Fox, Henderson, 
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Marshall, Nichols, & Ghera, 2005; Kagan & Snidman, 1991). Infants with stable expression 

of these temperamental characteristics often go on to exhibit higher levels of SR in early 

childhood, which in turn is often associated with developing SA disorder in adolescence and 

young adulthood (OR=2.37 to 3.15; Chronis-Tuscano et al., 2009; Essex et al., 2010; Fox & 

Pine, 2012; Hirshfeld-Becker et al., 2007; Pérez-Edgar & Guyer, 2014; Rubin, Chen, 

Mcdougall, Bowker, & Mckinnon, 1995; Schwartz, Snidman, & Kagan, 1999). Greater 

expression of behavioral inhibition and the closely related characteristic of SR are associated 

with dysregulated neural response to novel and emotional faces (Blackford, Allen, Cowan, 

& Avery, 2013; Blackford, Avery, Cowan, Shelton, & Zald, 2011; Pérez-Edgar, et al., 2007; 

Schwartz, Wright, Shin, Kagan, & Rauch, 2003), threat sensitivity and errors (Buzzell et al., 

2017; Jacqueline Alexandra Clauss, Benningfield, Rao, & Blackford, 2016; Fu, Taber-

Thomas, & Pérez-Edgar, 2017; Hardee et al., 2013a; McDermott et al., 2009), emotion-

based cognition (Jarcho, Fox, et al., 2013; Jarcho et al., 2014), reward processing (Bar-Haim 

et al., 2009; Guyer et al., 2012; Helfinstein et al., 2011; Lahat, Benson, Pine, Fox, & Ernst, 

2016; Pérez-Edgar et al., 2014), and social evaluation (Guyer et al., 2014; Jarcho et al., 

2016). Similar patterns of dysregulation are observed in SA disorder (see Caouette & Guyer, 

2014; Freitas-Ferrari et al., 2010a for review), which may indicate shared neural 

mechanisms that could explain the enhanced risk for SA disorder in those with SR and 

early-onset SA.

Despite this similarity, nearly 50% of children with elevated SR or early SA symptoms remit 

or experience sub-threshold symptoms by age 14 (Clauss & Blackford, 2012; Beesdo-Baum 

et al., 2012). One plausible explanation for differences in the development of persistent SA 

symptoms could be the timing and potency of early SR. Higher levels of early SR may 

influence neural responses to social interactions and promote maladaptive or anxious 

thought patterns in subsequent social interactions. These influences are particularly potent 

during adolescence, when neural networks implicated in social processes undergo 

developmental changes in response to more complex peer relationships (Blakemore, 2008; 

Nelson, Jarcho, & Guyer, 2016; Nelson, Leibenluft, McClure, & Pine, 2005). For example, 

Fu (2017) found that associations between greater dlPFC function and anxiety were linked 

to an early-emerging biologically-based temperamental vulnerability, which shaped the 

development of threat-related attention bias and anxiety over time. Thus, higher levels of SR 

were associated with increased engagement of maladaptive brain response in evocative 

situations. This combination of greater SR and aberrant brain response may enhance risk for 

persistent SA. Yet, we know of no study that uses fMRI to test the extent to which brain 

function predicts the development of SA symptoms. Isolating neural mechanisms of risk for 

SA in children with greater SR may facilitate the identification of individuals who most need 

intervention.

The “brain as predictor” approach utilizes neural response in brain regions of interest (ROIs) 

that are implicated in supporting a psychological construct (such as SA), in conjunction with 

traditional behavioral or self-report measures of that construct, to predict later psychological 

functioning (Berkman & Falk, 2013). We focused on insula and dACC ROIs as they are 

often linked with altered processing in SA. The insula is implicated in relaying interoceptive 

responses to threat to brain regions necessary for allocating attention and action (see Paulus 

& Stein, 2006; Uddin, 2015 for review). Heightened engagement of the insula is common in 
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SA disorder (see Etkin & Wager, 2007), and children with greater SR exhibit hyperactive 

insula responses to social provocation (Clauss et al., 2014; Jarcho et al., 2016; Taber-

Thomas, Morales, Hillary, & Pérez-Edgar, 2017). The dACC is implicated in various 

cognitive processes including salience detection (Uddin, 2015) and threat monitoring 

(Andreescu et al., 2009). Heightened dACC engagement is common in SA disorder (Blair et 

al., 2008; see Freitas-Ferrari et al., 2010 for review) and is associated with higher levels of 

childhood SR (Jarcho et al., 2016; although see Clauss et al., 2011). Anticipating 

unpredictable peer evaluation is highly salient and threatening for socially anxious 

preadolescents (Boelen & Reijntjes, 2009; Jackson, Nelson, & Proudfit, 2014; Jarcho et al., 

2016; Jarcho, Leibenluft, et al., 2013). Thus, insula and dACC engagement as 

preadolescents anticipate unpredictable peer evaluation are well-suited candidates for 

predicting subsequent expression of SA.

The current study examines insula and dACC engagement measured in a context-relevant 

paradigm, in conjunction with longitudinally assessed early risk factors for SA, to predict 

symptom expression at its peak age of onset. Brain function was measured during the Virtual 

School Paradigm (Jarcho et al., 2016; Jarcho, Leibenluft, et al., 2013), which models real-

world social interactions with unpredictable and predictable peers. We previously found that 

preadolescents with childhood SR exhibited heightened dACC and bilateral insula activation 

while anticipating unpredictable-vs-predictable mean or nice peer evaluation (Jarcho et al., 

2016). This study follows the same sample into mid-adolescence to test the extent to which 

SR-linked insula and dACC dysregulation and SA in preadolescence predict subsequent SA 

severity. Using moderated mediation models, we hypothesize that SR-linked insula and 

dACC activation while anticipating unpredictable-vs-predictable peer evaluation will be 

associated with greater SA in mid-adolescence (age 13) in those who experience early SA 

(age 11). This study is novel in its use of multiple risk factors, measured across 

development, that highlight SR-linked neural mechanisms of adolescent SA.

Method

Participants

This study was completed in the context of a larger program of longitudinal research 

conducted at the National Institute of Mental Health (NIMH) and University of Maryland 

(UMD). The data described in the present manuscript were obtained from participants who 

were randomly recruited from the community at 2 years of age. All participants who were 

successfully recruited were then enrolled in the study; they were not enrolled based on any 

temperament-based characteristics. The full sample of 384 participants were recruited at 

random from the District of Columbia metro area. SR was assessed from ages 2–7. During 

preadolescence (age 11), a subset of participants was invited to complete the current study. 

Participants were not invited if they had turned 12 years old by this wave of data collection 

due to age constraints set by the broader longitudinal research program (N = 159), were no 

longer living in the area (N = 12), had dropped out of the larger study (N = 30), or no longer 

had valid contact information (N = 17). Among youth invited to participate in the study, a 

subset was not interested in doing so (N = 49), whereas others were ineligible due to 

neuroimaging contraindications and exclusion criteria (braces, N = 15; medication use, N = 
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10; severely impaired mental health, N = 6), scheduling conflicts (N = 4), or did not respond 

to recruitment attempts (N = 8). Of the remaining potential participants, 70 were recruited 

(36 males; 60% Caucasian, 10% African American, 6% Hispanic, 20% Mixed/Other, 4% 

missing data). Data from 17 participants were excluded from analyses due to missing SR 

data (N = 3) low IQ (N = 1), excessive head motion during the fMRI scan (N = 5), failure to 

complete the fMRI scan (N = 5), technical failure (N = 2), and a structural brain abnormality 

(N = 1). This resulted in a final sample of 53 participants who completed self-report 

measures of SA and underwent fMRI with the Virtual School Paradigm (see Table 1 for 

demographics). The 17 excluded participants did not differ from those included in the final 

sample based on age (M = 10.92, SD = 0.33; t(68)=1.43, p > .05), SR (M = 0.14, SD = 0.66; 

t(64)=−0.42, p > .05), or gender (Male N = 11, Female N = 9; χ2(1) = 0.02, p > .05). During 

mid-adolescence (age 13), 44 participants completed follow-up self-report measures of SA. 

Because no significant differences in gender, early childhood SR, preadolescent SA or brain 

function emerged between youth with missing and sampled data, missing data were 

interpolated to retain statistical power. Results were largely consistent without interpolated 

data. The proportion of youth with clinically relevant SA symptoms is comparative to 

population incidence rates of SAD at both age-points (Table 1). Correlations between SR, 

SA and brain function can be found in Table 2. Despite the relatively small sample size, 

careful consideration of sample power for the planned analyses was conducted based on a 

review of the literature (see Supplemental Material for discussion on power).

Measures

Social Reticence.—A SR composite was computed based on parent-report questionnaires 

(Rothbart, Ahadi, Hershey, & Fisher, 2001; Rowe & Plomin, 1977) and behavioral 

observations of standardized laboratory interactions with unfamiliar age- and gender-

matched peers (Degnan et al., 2014) collected between 2–7 years of age (Hane & Fox, 2006; 

A Lahat et al., 2012; K. Pérez-Edgar et al., 2010). Combining parental and observational 

data best captures the behavioral and motivational components that characterize SR as a 

construct. Specifically, observational measures capture approach and avoidance behaviors, 

whereas maternal report provides motivational information about these behaviors thereby 

helping to distinguish SR from social disinterest (Rubin, Coplan, & Bowker, 2009). This 

composite has been used in previous studies from our group (e.g., Degnan et al., 2014; 

Degnan et al., 2015; Lamm et al., 2014; Perez-Edgar et al., 2011), and has excellent internal 

consistency (α = 0.81) despite the modest correlation between maternal and observational 

report data (r=0.245, p=.08).

Although the SR composite is a continuous variable, our prior work took a dichotomous 

approach such that participants were categorized as high or low in SR based on a cutoff 

value. In the present paper, the SR composite is treated as a continuous variable. This choice 

was motivated by methodological and conceptual considerations. Methodologically, 

moderated mediation analyses require a continuous rather than dichotomous variable. 

Conceptually, our methods are now more consistent with a shift towards a dimensional, 

rather than categorical approach to the study of risk for and expression of mental health 

symptoms (Insel et al., 2010).
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Anxiety Measures.—Anxiety was measured in pre- and mid-adolescence. The Screen for 

Child Anxiety Related Emotional Disorders (SCARED; (Muris, Merckelbach, Schmidt, 

Mayer, & Birgit, 1999) contains five reliable (alpha=.90) and valid (Birmaher et al., 1999) 

subscales including social anxiety, school phobia, generalized anxiety, separation anxiety, 

panic, and total anxiety symptoms. The Social Anxiety Scales (SAS; Grecal & Lopezl, 

1998) contain two reliable (alpha=.78) and valid (Storch, Masia-Warner, Dent, Roberti, & 

Fisher, 2004) subscales including fear of negative evaluation and social avoidance and 

distress. Higher scores on both scales indicate more severe symptoms.

Virtual School Paradigm.—The fMRI-based Virtual School paradigm (Figure 1) 

measures brain function as participants anticipate and receive social evaluation from two 

purported gender-matched peers with reputations for being nice (100% positive evaluations), 

mean (100% negative evaluations), or unpredictable (50% positive 50% negative 

evaluations) (see Jarcho, et al., 2013, 2016, for details). Prior to fMRI, participants were told 

they would be the “new kid” and other students had already been to the Virtual School. 

While in the scanner, participants engaged in 24 interactions with each peer type. After each 

interaction, participants made a person-based response (“You’re Nice”, “You’re Mean”), 

situation-based response (“That’s Nice”, “That’s Mean”), no response (Avoidant), or a 

sarcastic response (“Thanks!!!”). All participants were deceived by the task and no adverse 

events occurred.

fMRI Acquisition.—After undergoing a mock scanning session to familiarize participants 

with the fMRI environment and reduce motion, data were acquired on a GE 750 3T-scanner 

(Waukesha, WI) at the NIH. Each functional run included 231 functional image volumes 

with 24 contiguous axial slices (in-plane resolution=2.6×2.6 mm) obtained with a T2*-

weighted echo-planar sequence (repetition time/echo time ([TR/TE])=2,300/25 ms, 

flip=50◦; field of view (FOV)=240mm, matrix=96×96). A high-resolution structural scan 

was acquired (axial plane) with a T1-weighted magnetization-prepared spoiled gradient-

recalled echo sequence (echo time/inversion time (TE/TI)=min full/425 ms, flip=7◦; 

FOV=220mm, matrix=256 ×256, in-plane resolution, 1.2×1.2 mm) for anatomical 

localization and co-registration of functional data.

Data Analysis

fMRI Analysis.—Preprocessing, individual, and group level analyses were completed with 

AFNI (Cox, 1996). ROIs were defined as functional clusters that emerged from a previously 

reported whole brain SR (high, low) x Reputation (nice, mean, unpredictable) repeated 

measures ANOVA performed on data collected as preadolescents anticipated peer 

evaluation: bilateral insula (right insula 49, −4, 4; ke = 138; left insula −44, −1, 4; ke = 170) 

and dACC (−1, −1, 39; ke = 215; Jarcho et al., 2016). Data were extracted from each ROI, 

and all subsequent analyses were performed in SPSS (IBM SPSS Statistics for Mac, Version 

25.0. Armonk, NY: IBM Corp).

Social Anxiety EFA Composite.—A SA composite was created using exploratory factor 

analysis (EFA) from subscales of the SCARED and SAS. Unlike average-based composites, 

EFA allows for measured indices to contribute unequally to the composite to best represent 
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the latent SA variable. SA composites for pre- and mid-adolescence were created with the 

MLR estimator and oblique Geomin rotation in Mplus version 8.1.5 (http://

www.statmodel.com/) to extract factor scores for use in subsequent moderated mediation 

models (Muthén & Muthén, 2010). The MLR estimator was selected because it is better for 

small sample sizes as it is more robust to outliers, therefore is less influenced by a single 

participant within smaller sample (Curran, West, & Finch, 1996; L. Hu, Bentler, & Kano, 

1992). I n accordance with guidelines from Preacher & Maccallum (2002), studies with 

smaller sample sizes (e.g. N=50) can be used in EFA if communalities are high (h=.4-.6), 

model error is low, and few factors are retained. Such considerations maximize 

interpretability of resulting models by minimizing type I and II errors. Evidence from the 

scree test, available fit indices, and factor interpretability were used to determine 

dimensionality. Fit indices used for model evaluation were the Comparative Fit Index (CFI), 

Tucker-Lewis Index (TLI), root mean squared error of approximation (RMSEA), 

standardized root mean square residual (SRMR), and chi-square. Given that TLI and 

RMSEA tend to falsely reject models for small samples (Hu & Bentler, 1999), these indices 

were given less emphasis when determining model fit. CFI and TLI values of .90–.95 are 

indicative of acceptable model fit (e.g., Bentler, 1990), particularly when used in tandem 

with other fit parameters (Hu & Bentler, 1999). SRMR values closer to 0 indicate better 

model fit. Resulting factors were used in the subsequent analyses.

Moderated Mediation Analysis.—Although ROIs were defined based on dichotomized 

SR data (Jarcho et al., 2016), continuous values were needed to implement moderated-

mediation models. These models, conducted using PROCESS Model 14 (Hayes, 2013), 

examined effects of SR, SA and neural measures in preadolescence on SA symptoms at mid-

adolescence. This approach was chosen to determine if SR-linked neural mechanisms 

engaged during social interactions predict greater SA in mid-adolescence among those who 

experience early SA. All models included SR as the predictor (X), neural measures in 

preadolescence as the mediator (M), SA in preadolescence as the moderator (V) of Y~M, 

and SA in mid-adolescence as the outcome (Y; Figure 2). IQ and gender were used as 

covariates as they often relate to SA, however, gender did not account for significant 

variance. Thus, gender was removed from the models in order to maximize power for 

analyses with smaller sample sizes. Separate models for each ROI (dACC, bilateral insula) 

and each contrast (anticipation of unpredictable-vs-nice, unpredictable-vs-mean peer 

evaluation, and mean-vs-nice evaluation) were analyzed.

The direct effect of SR on brain function across conditions was the primary focus of our 

prior report (Jarcho et al., 2016). Given our prior report used a dichotomous approach to test 

relations between brain function and SR, to more fully describe the data we provide a 

depiction of relations between the SR composite (treated as a continuous variable) and brain 

function in each ROI, separated by gender (see Supplementary Materials).
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Results

Social Anxiety EFA Composite

For both pre- and mid-adolescence, a one-factor solution with four indicators (SCARED 

school avoidance, SCARED social anxiety, SAS fear of negative evaluation, and SAS social 

avoidance and distress) showed acceptable fit indices (preadolescence: χ2= 25.60, p<0.01, 

CFI=.93, TLI=.80, RMSEA=0.30, SRMR=.06; mid-adolescence: χ2=11.20, p<0.01, CFI=.

94, TLI=.81, RMSEA=0.17, SRMR=.07) and high communalities (preadolescence: 

h’s>0.44; mid-adolescence: h’s>0.85). Strong CFI model fit indices, high communalities, 

and single eigenvalue elbow-shape observed on the scree plot suggested a one-factor 

structure was appropriate. Thus, SA factor scores were extracted to represent SA at each 

age-point.

Moderated Mediation Analysis

Anticipation of Social Evaluation from Unpredictable-vs-Nice Peers.—All 

effects are reported in Table 3. The overall model was significant when right insula 

activation was treated as a mediator (R2=.31, p=.02). SA in preadolescence moderated the 

effect of SR on SA in mid-adolescence via right insula activity (B=.22, 95% CI[0.01, 0.53], 

path F). Specifically, greater SR predicted more severe SA in mid-adolescence when 

preadolescent SA and brain responses during the anticipation of unpredictable-vs-nice 

evaluation were elevated (Figure 3). Greater SR was associated with heightened engagement 

of the right insula (B=.04, p=.02, path B), while more severe SA interacted with heightened 

engagement to predict mid-adolescent SA (B=5.33, p=.05, path E). The overall model was 

significant when left insula activation was treated as a mediator (R2=.31, p=.01), and an 

identical pattern of moderated mediation emerged (B=.25, 95% CI[0.04, 0.56], path F). 

Although the overall model for dACC was significant (R2=.26, p=.04), there was no 

evidence of moderated mediation (B=.08, 95% CI[−0.03, 0.40], path F).

Anticipation of Social Evaluation from Unpredictable-vs-Mean Peers.—
Although overall models were significant for right insula (R2=0.30, p=0.02), left insula 

(R2=0.26, p=0.04), and at trend level for dACC (R2=0.24, p=0.07), moderated mediation 

effects did not emerge for any ROI.

Anticipation of Social Evaluation from Mean-vs-Nice Peers.—Although overall 

models were significant for right insula (R2=0.26, p=0.005), left insula (R2= 0.27, p=0.01), 

and approached significance for dACC (R2=0.17 p=0.054), moderated mediation effects did 

not emerge for any ROI.

Discussion

Our results suggest that youth with childhood SR who have greater preadolescent SA and 

insula hyperactivation in socially evocative contexts are more likely to exhibit severe SA in 

mid-adolescence. Thus, integrating brain-based measures may help explain which at-risk 

youth are likely to have more severe or persistent SA and may benefit most from 

intervention. Given the relatively limited sample size, results must be interpreted tentatively. 
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However, because this is the first fMRI report we are aware of to demonstrate that brain 

function plays a role in predicting the development of SA symptoms in at risk youth, even 

tentatively interpreted results make an important contribution to our understanding of risk 

for SA.

SR, preadolescent SA symptoms, and brain function predict SA in mid-adolescence

Consistent with our predictions and previous findings (Jarcho et al., 2016), greater childhood 

SR was associated with increased activation in the bilateral insula while anticipating 

unpredictable-vs-nice peer evaluation in preadolescence, even after controlling for SA in 

preadolescence. Additionally, more severe SA and greater activation in bilateral insula while 

anticipating unpredictable-vs-nice peer evaluation in preadolescence predicted more severe 

SA in mid-adolescence. These findings are consistent with work showing greater childhood 

SR (Chronis-Tuscano et al., 2009; J. Clauss & Blackford, 2012; Fox & Pine, 2012), early 

and severe SA (Beesdo-Baum et al., 2012), and hyperactivation in the insula in adulthood 

(Boehme et al., 2013; Etkin & Wager, 2007; Klumpp, Angstadt, & Phan, 2012) relate to SA. 

In the present study, results were specific to anticipating unpredictable-vs-nice peer 

evaluation. We speculate that this relation emerged for two reasons. First, unpredictable 

social contexts may be particularly salient for those with higher levels of SR and SA 

symptoms. A primary characteristic of SA is a prospective fear of encounters that have the 

potential for negative social outcomes (DSM-5; American Psychiatric Association, 2013). It 

is noteworthy that in the present paradigm, an unpredictable outcome may be a more potent 

anxiogenic condition than one that is predictably negative. Uncertainty during anticipation 

has been highlighted as an anxiety provoking context (Grupe & Nitschke, 2013; Williams et 

al., 2015), which may relate to aberrant patterns of social learning observed in social anxiety 

(Jarcho et al., 2015) and represent an important risk factor of SR. Thus, the brain’s 

propensity to respond to unpredictable social contexts during preadolescence may set the 

stage for greater expression of this key symptom in mid-adolescence. However, like 

unpredictable social contexts, predictably negative social contexts may remain relatively 

salient for pre-adolescents with higher levels of SR and SA. Thus, relations with mid-

adolescent SA symptoms may be more difficult to detect when contrasting brain function 

engaged by anticipating unpredictable- or predictably positive-vs-negative social evaluation. 

Because of the potency of uncertainty, we believe the most provocative anticipatory context 

is uncertainty followed by certain negative outcomes, and lastly by predictably positive 

outcomes. Indeed, our initial report on preadolescent data demonstrate the largest effects of 

SR on anticipatory brain function in the unpredictable-vs-predictably positive condition. A 

relatively blunted neural response to anticipating predictably positive social evaluation is 

consistent with a blunted affective response to positive experiences in those with more 

severe SA symptoms (Eisner, Johnson, & Carver, 2009; Kashdan, 2007; Kashdan & Steger, 

2006). Together, this suggests the anticipation of unpredictable-vs-predictably positive peer 

evaluation may provide the most meaningful difference in psychosocial contexts in relation 

to SR and SA. Finally, unlike previous findings, the association between dACC activation 

and SR (see Jarcho et al., 2016, Figure 3 and individual-level data in Supplementary Figure, 

plots 2 & 8) were not significant in any contrast. This may be partially due to the fact that 

our prior analyses did not control for preadolescent SA. However, given the small sample 

size, caution should be used in interpreting this null result.
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This study is the first to examine the role of contextually-relevant SR-linked neural 

mechanisms in the continuation of longitudinally assessed SA in at-risk youth. Our results 

suggest that more serve or persistent SA is best predicted by a confluence of three factors: 

early SR, early SA, and specific brain response patterns when anticipating unpredictable 

peers. Elevated preadolescent SA symptoms, in the absence of SR-linked alterations in 

neural responses to social situations, may not predict greater or persistent SA in mid-

adolescence. Thus, early SR may be primarily associated with mid-adolescent SA when 

dysregulated neural responses to social situations occur in the presence of preadolescent SA 

symptoms. These results are consistent with prior work demonstrating that greater childhood 

SR and insula dysregulation are associated with more severe concurrent SA symptoms 

(Hardee et al., 2013b; Taber-Thomas et al., 2017).

Our results are novel in that we demonstrate that the social withdrawal that characterizes 

individuals with greater childhood SR, may be linked to alterations in the brain that promote 

anxiety-prone thinking. When this pattern of neural engagement occurs in conjunction with 

preadolescent SA, SA may be more likely to persist into mid-adolescence. One possible 

explanation for this mechanism is that children with greater SR, whose withdrawal from 

social situations result in fewer opportunities for social interaction, develop anxiety 

sensitivity in social contexts (Reiss, Peterson, Gursky, & McNally, 1986). Increased anxiety 

sensitivity is associated with hypersensitive emotion processing and monitoring of internal 

sensations, both processes associated with insula activation (Paulus & Stein, 2006). 

Therefore, heightened insula engagement during unpredictable social interactions may 

reflect increased emotional sensitivity and heightened monitoring of internal sensations in 

children with SR that perpetuate SA. Such dysregulated response to unpredictable social 

interaction may capture neural mechanisms of SA that could cement neural circuitry and SA 

expression in later adolescence. These results are also consistent with studies that 

demonstrate childhood SR generates lasting ‘scars’ that imprint on neural circuitry to confer 

risk for later anxiety symptoms (dlPFC: Fu et al., 2017; amygdala: Guyer et al., 2014; 

striatum: Pérez-Edgar et al., 2007). This is in line with theories that suggest early social 

behavior can influence the development of neural circuits, which then shape social behavior 

later in life (Jarcho & Guyer, 2018; Nelson, Jarcho, & Guyer, 2016).

Limitations

The current study has several limitations. Although data were collected at multiple points 

across development (i.e., 2–7, 11, and 13 years), neuroimaging data were only obtained 

during preadolescence. Thus, we are unable to determine whether differences in insula 

activation was sustained during mid-adolescence and if sustained activity would be most 

predictive of SA severity. Additionally, teasing apart whether differences in insula activation 

precede childhood SR or are a result or ‘scar’ from childhood SR cannot be assessed. We did 

not find that insula activation while anticipating unpredictable-vs-mean peer evaluation in 

conjunction with other measures predicted SA in mid-adolescence. This may be due to the 

small sample size of the current study, reflecting a type II error. An alternative explanation 

may be that anticipating unpredictable and mean peers may be too contextually similar, and 

therefore a less meaningful contrast to compare. Indeed, children with high childhood SR 

not only have a high intolerance for uncertainty (Coplan, Rubin, Fox, Calkins, & Stewart, 
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1994; Fox et al., 1995), but also are more reactive to predictably aversive feedback 

(Kambouropoulos & Staiger, 2004). Another explanation is that the absence of effects may 

reflect a true null result. However, given that greater statistical power is needed to 

conclusively interpret a null result (Rossi, 1990), this cannot be determined in the current 

sample (see Supplemental Material). Moreover, it is also possible that our positive results 

may reflect type I errors, due to a relatively small sample size. Therefore, replication of 

these analyses in future studies would be useful for interpretations of positive and null 

results.

Despite the small sample size, various statistical methodologies were employed to improve 

results’ robustness to low power and non-normality and decrease type I & II errors. One 

strategy was careful experimental design that increased task effects by enhancing the social 

evocativeness of the task. Specifically, we utilized a within subject design for assessing brain 

function during the Virtual School, which compared to between subjects designs, has greater 

power to detect effects across conditions by better estimating error. We also removed 

covariates that did not contribute to significant variability to reduce degrees of freedom 

thereby optimizing power. Additionally, we used a MLR estimator that improves robustness 

to non-normality to decrease the chance of any highly variable participant within a small 

sample from skewing results. We also selected model-fit parameters that are less biased by 

smaller sample sizes (such as the CFI and SRMR, whereas TLI and RMSEA tend to falsely 

reject models for small samples) to evaluate EFA models. While none of these methods 

substitute for the power derived from more participants, together they address several 

potential concerns raised by studying a sample that is moderate in size. However, we believe 

the unique longitudinal sample combining subjective report, behavioral observation, and 

fMRI-based data to predict expression of SA symptoms in mid-adolescence provides 

valuable contributions to the field that outweigh the potential risk for type I and II errors. 

Additionally, given this is a community sample, results may generalize to larger samples. 

Nevertheless, future studies in larger samples are needed to replicate these findings.

Finally, in contrast to our previous report (Jarcho et al., 2016), we examined SR 

dimensionally. Utilizing continuous measures often add to the challenge of interpreting 

complex interactions in neuroimaging data. However, a continuous approach is more 

sensitive to detecting nuanced relations (Irwin & McClelland, 2003; Rucker, McShane, & 

Preacher, 2015; Selvin, 1987), and was required to perform moderated mediation analyses 

carried out in the present report. From a conceptual perspective, such an approach is 

consistent with shifts toward using dimensions rather than categories in the study of mental 

health (Insel et al., 2010). The expression of SR, like the expression anxiety symptom 

severity, may be better understood using this dimensional framework. We quantified SR as a 

composite of both maternal report and behavioral observation, which is useful for 

understanding the construct of SR across contexts. However, there was a relatively low 

correlation between maternal report and behavioral observation measures. Thus, future 

studies could benefit from independent examination of maternal report and observational 

measures in the study of SR.
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Clinical Implications and Future Directions

These data highlight the importance of concurrent heightened engagement in the insula 

during socially evocative situations and early SA in those with childhood SR for predicting 

more severe or persistent SA. We provide novel evidence for neural mechanisms by which 

SR develops into SA throughout development. This may help identify the children with high 

SR that may benefit most from targeted SA interventions rather than other interventions that 

prevent different psychological disorders for which they are also at risk. Our results stress 

the need for early identification and intervention for individuals who are likely to experience 

persistent SA and may develop neural ‘scars’ prior to the onset of more severe SA. Future 

studies should examine the sensitivity and specificity of hyperactivation of the insula during 

socially evocative tasks in individuals at risk for SA disorder compared to other disorders. 

Further studies can examine the role that dysregulation in the insula has on producing SA. 

Specifically, hyperactivation in the insula could lead to hypersensitivity in interoception, 

preventing accurate determination of threat or impairing executive functioning skills during 

social interactions (Paulus & Stein, 2006). Further understanding of such relations could 

easily be incorporated into psychological assessments and potentially provide a measure of 

risk that is easily measured in an office setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The virtual school paradigm: A. prior to scanning, participants create a personal profile and 

cartoon avatar of themselves to be shared with the other students. B. then, through yelp-like 

reviews, they learn the reputations of their purported peers to be nice, mean or unpredictable. 

C. while undergoing fMRI, participants enter different classrooms across three 9-minute 

runs for a total of 24 social interactions for each reputation. Following an inter-trial interval, 

each interaction includes an anticipation phase in which a typing bubble appears above a 

peer, an evaluation phase in which the participant receives social evaluation, and a response 

phase in which they select a response option.
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Figure 2. 
Moderated mediation model showing the relation between early childhood social reticence, 

brain activation during pre-adolescence, social anxiety during pre-adolescence, and 

subsequent expression of social anxiety during mid-adolescence. Separate models assessed 

brain activation in each ROI (bilateral insula and dACC) during the anticipation of social 

evaluation for each contrast (unpredictable-vs-nice. unpredictable-vs-mean, mean-vs-nice). 

Letters A through F denote direct or indirect effects reported in Table 2. Paths A: direct 

effect of SR. Path B: SR to brain, C: direct effect of brain; D: direct effect of preadolescent 

SA, E: moderation of preadolescent SA on brain to SA mid-adolescence; F: indirect effect of 

SR on mid-adolescence SA via brain and preadolescent SA. X is the independent variable, 

M is the mediator, V is the moderator, and Y is the dependent variable.
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Figure 3. 
Higher scores on the x axis indicate greater childhood SR. Higher scores on they y axis 

indicate more serve SA in mid-adolescence. The relation between SR and SA in mid-

adolescence via percent signal change in the right insula are depicted above. The three lines 

indicate when SA in preadolescence are elevated (I SD above), average (at mean), or below 

average (I SD below).
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Table 1

Demographic information and social anxiety levels of included participants.

Childhood
(N=53)
M (SD)

Pre-adolescence
(N=53)
M (SD)

Mid-adolescence
(N=44)
M (SD)

Age 11.08 (0.43) 13.36 (0.60)

IQ 116.76 (10.68)

Gender (M/F) 29/24

SR 0.11 (.60)

SA 0.0001 (0.96) 0.0001 (0.98)

SCARED Clinically Elevated in Social Anxiety 25.00% 17.00%

Clinically Elevated in School Phobia 11.50% 17.00%

SAS Clinically Elevated in Total Social Anxiety 13.70% 11.80%
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