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ARTICLE INFO ABSTRACT

Keywords: Social behavioral inhibition (BI), or wariness in response to unfamiliar social stimuli, is a temperament trait that,
Behavioral inhibition when present in preschool-age children, predicts neural alterations and anxiety disorders by adolescence. The
Preschool current study assessed neural functioning associated with BI during the preschool years. Our sample was
:};i{;{:{y enriched for Bl based on mother report and included 59 preschool-age children (54 % female, Mage = 3.7 years).

Children interacted with an unfamiliar experimenter via the Stranger Approach paradigm from the preschool
version of Lab-TAB, and neural data were collected simultaneously to measure neural response to an unfamiliar
social encounter. Children who exhibited more social Bl-related behaviors experienced stronger functional
connectivity between multiple social-related neural regions, including the temporoparietal junction, superior
temporal gyrus, and medial and lateral prefrontal cortex while interacting with a stranger. Additionally, children
who experienced stronger connectivity between the right and left temporoparietal junction had greater mother-
reported anxiety symptoms one year later. Our results suggest that observable social BI during early childhood is

Stranger Approach

associated with distinct neural patterns, which may elucidate biomarkers that underlie risk for later anxiety.

1. Introduction

Behavioral inhibition (BI) — defined as fearfulness, shyness, or wary
behavior in unfamiliar situations that are viewed as threats (Fox et al.,
2005; Kagan et al., 1984) — is estimated to be present in 15-20 % of
preschool-aged children (Kagan et al., 1989). BI is reliably observable
during the preschool years (Reznick et al., 1986) and is a robust pre-
dictor of anxiety disorders in later childhood and adolescence (Beesdo
et al., 2009; Chronis-Tuscano et al., 2009; Paulus et al., 2015). Notably,
preschool-age children who display high levels of BI are three to seven
times more likely to develop clinically significant anxiety before adult-
hood in comparison with uninhibited children (Clauss and Blackford,
2012). Despite this increased risk, not all preschoolers with high BI
develop meaningful symptoms of anxiety later in life (Degnan and Fox,
2007; Kagan et al., 1984; Pfeifer et al., 2002). Understanding sources of

* Correspondence to: 121 Meyran Ave. Ste. 241, Pittsburgh, PA 15213, USA.

E-mail address: caitlinaloisio@gmail.com (C. Aloisio).

https://doi.org/10.1016/j.dcn.2025.101565

heterogeneity in the trajectories of preschoolers with high BI could
illuminate biomarkers that place BI children at risk of developing later
anxiety.

BI is typically measured via parent-report or observations of child
behavior in response to unfamiliar stimuli while in a controlled labo-
ratory setting (Buss, 2011; Kim et al., 2011, Pfeifer et al., 2002; , Reznick
et al., 1986). Laboratory-based observations of behaviors associated
with BI are categorizable as being “social” or “non-social”, depending on
the nature of the task. Social BI consists of inhibited behavior directed
toward unfamiliar people in social situations, whereas non-social BI
includes fear directed toward novel non-social objects, such as an un-
familiar toy (Dyson et al., 2011; Tan et al., 2024). While sensitivity to
social and non-social stimuli are often subsumed under a single BI um-
brella (Dyson et al., 2011; Kochanska, 1991; Rubin et al., 1997; Tan
et al., 2024), these temperament subtypes are dissociable from one
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another during early childhood and predict different psychosocial out-
comes later in life. Of note, social BI present during early childhood
predicts a wider range of anxiety symptoms and more internalizing
problems by adolescence in comparison to non-social BI (Dyson et al.,
2011; Tan et al., 2024).

The literature suggests that high levels of behaviorally observed so-
cial BI may be related to functional differences at the neural level (Fox
et al., 2021). Although not widely examined during the preschool years,
some studies have assessed activation patterns associated with social BI
traits in early childhood as measured via electroencephalogram (EEG).
Right frontal asymmetry, defined as greater right hemispheric activity,
is associated with withdrawal behaviors in young children (Fox, 1994;
Liu et al., 2021), consistent with those exhibited by BI children. Indeed,
one study (Diaz and Bell, 2012) found that ten-month-old infants who
experienced greater right frontal EEG asymmetry simultaneously
showed higher levels of fear behaviors as they encountered an unfa-
miliar person via the widely used Stranger Approach paradigm from
infant version of Lab-TAB (Goldsmith and Rothbart, 1999), suggesting
that neural differences related to later patterns of social BI are present
within the first year of life.

Specific frontal neural regions that support social functioning
include the lateral prefrontal cortex (LPFC), which is involved in affect
regulation, cognitive control, and threat response (Badre and Wagner,
2007; Li et al., 2022; Monk et al., 2008; Sylvester et al., 2018) and the
anterior medial prefrontal cortex (AMPFC), which is a part of the infe-
rior frontal gyrus, and is involved in emotion expression and social
cognition (Japee et al., 2015; Jarcho and Guyer, 2018). Beyond the
frontal lobe, additional brain regions that are involved in social func-
tioning include the temporoparietal junction (TPJ), which supports
theory of mind, social interactions, and communication (Jarcho and
Guyer, 2018; Hakuno et al., 2020; Van Hoeck et al., 2014; Sylvester
et al., 2018), and the superior temporal gyrus (STG), which is involved
in emotion perception (Robins et al., 2009; Sylvester et al., 2018).
Although the function of these neural regions individually has previ-
ously been established, less is known about how they work with one
another in the context of BI to support positive social interactions. Some
studies have shown that adolescents who were once socially inhibited
children experience altered functional connectivity in social-related
neural regions while encountering aversive socio-emotional stimuli (i.
e., angry faces, fearful faces; Clauss et al., 2014; Hardee et al., 2013),
although these findings are mixed in directionality regarding connec-
tivity strength. A recent study by Bulgarelli et al. (2023) found that
preschool-age children experience stronger functional connectivity
among multiple social-related neural regions, most significantly be-
tween the medial PFC and the TPJ, while engaging in a non-preferred
social interaction in comparison to a preferred social interaction.
Stronger medial PFC-TPJ functional connectivity has also been associ-
ated with negative social-related emotions (i.e., embarrassment, guilt;
Burnett and Blakemore, 2009). It seems likely that socially inhibited
preschoolers may also display stronger functional connectivity between
the medial PFC and the TPJ in response to unfamiliar social situations,
given that novel social encounters produce heightened discomfort and
negative social-related emotions in socially BI children (Fox et al., 2005;
Kagan et al., 1984), much like how a non-preferred social interaction
would produce these feelings within the general population.

Despite evidence supporting the presence of altered functional con-
nectivity in adolescence as it relates to observable social BI during early
childhood, little is known about how observable social BI may concur-
rently be related to functional connectivity among social neural regions
during the preschool years. Presumably, preschool-age children with
high levels of observable social BI, when interacting with an unfamiliar
person, would concurrently experience stronger functional connectivity
between the AMPFC and the TPJ, given that stronger connectivity
among these regions is associated with non-preferred or negative social
contexts (Bulgarelli et al., 2023; Burnett and Blakemore, 2009). If
stronger AMPFC-TPJ connectivity does occur concurrently with higher
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observable social BI during the preschool years, then this may help to
explain heterogeneity in outcomes among preschoolers with observable
social BI. Specifically, stronger AMPFC-TPJ functional connectivity may
help differentiate preschoolers who go on to develop significant anxiety
from those who decrease in BI over childhood (Abend et al., 2020).

Although other subcortical regions (e.g., amygdala, cingulate,
striatum) are also implicated in socioemotional functioning (Blackford
et al., 2010; Delgado et al., 2000; Fox et al., 2021; Ridderinkhof et al.,
2004), not all regions can be visualized during naturalistic social in-
teractions. In contrast, the AMPFC, TPJ, STG and LPFC are accessible via
functional near-infrared spectroscopy (fNIRS) and therefore associated
neural functioning can be readily observed during live social in-
teractions (Bulgarelli et al., 2023; Hakuno et al., 2020). Evaluation of
functional connectivity with fNIRS could clarify how these neural re-
gions work in tandem with one another to support social interactions as
early as the preschool years. One reason for the lack of prior research on
associations between observable social BI and neural function in early
childhood has been methodological constraints, as most neuroimaging
techniques are not conducive to natural settings and are sensitive to
motion artifacts. Given that BI children often show signs of distress in
novel situations, the compliance rate for physically restrictive imaging
methods that may be unfamiliar to a child, such as functional magnetic
resonance imaging (fMRI), would likely be low.

fNIRS is an ideal imaging technique to use when working with young
BI children because it is minimally restrictive and less sensitive to
movement than other types of neuroimaging, such as fMRI and EEG
(Lloyd-Fox et al., 2010; Wilcox and Biondi, 2015). This allows children
to freely engage in live social interactions without feeling physically
confined. fNIRS also produces more precise localization of neural ac-
tivity than EEG (Lloyd-Fox et al., 2010; Wilcox and Biondi, 2015),
allowing us to specifically examine social neural regions as opposed to
cortical and subcortical hemispheres. fNIRS has been successfully used
in previous studies measuring neural activity within samples of
preschool-age children (Bulgarelli et al., 2023; Kerr-German et al., 2022;
Morgan et al., 2023).

To examine potential relations between functional neural connec-
tivity and observable social BI during the preschool years, we collected
fNIRS and behavioral data from a group of preschool-aged children
while they engaged in a standardized task designed to elicit social BI-
related behaviors. We controlled for non-social BI in the present ana-
lyses given that social and non-social BI often coexist with one another
(Dyson et al., 2011; Kochanska, 1991; Rubin et al., 1997; Tan et al.,
2024), and because all tasks within the present study were performed in
a lab environment, which may be unfamiliar to children. Our primary
aims were (1) to test whether observable behavioral indices of social BI
in preschool-age children were concurrently related to altered func-
tional connectivity among social neural regions, and (2) to examine
whether behavioral and neural indices associated with high levels of
social BI would predict mother-reported child anxiety symptoms one
year later after controlling for baseline levels of child anxiety. Based on a
small body of prior literature, we hypothesized that higher levels of
observed social BI would be related to stronger functional connectivity
between the AMPFC and the TPJ. We also expected stronger connec-
tivity across other social related neural regions (i.e., LPFC, AMPFC, TPJ,
and STG) in the context of higher observable social BI, although we did
not make additional predictions about specific regions given the novelty
of this research question. Additionally, we predicted that children who
experience stronger AMPFC-TPJ connectivity during a task designed to
measure social BI would show greater levels of mother-reported anxiety
symptoms at one-year follow-up, considering that many children who
are socially inhibited during the preschool years go on to develop more
severe anxiety symptoms later in childhood.
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2. Methods
2.1. Participants

Data for the present study were drawn from the Shyness and Inhi-
bition and New Experiences (SHINE) Study, which included 59 biolog-
ical mother-child dyads residing within the greater Pittsburgh area.
Children were between three and five years old, with an average age of
3.7 years (SD =.73 years). Roughly half (54 %; n = 32) of the children
were female. Children in the sample were primarily White (75 %;
n = 44), with the remaining children identified as Black/African
American (13 %; n = 8), or Multi-racial/Other (12 %; n = 7). In terms of
ethnicity, 9 % (n = 5) of children identified as Hispanic or Latinx.
Exclusion criteria for children included developmental delay or
disability, but children with current or past clinical diagnoses at baseline
as evaluated via the Kiddie Schedule for Affective Disorders and
Schizophrenia — Early Childhood Version (K-SADS-EC; Gaffrey and
Luby, 2012; Whalen et al., 2020) remained eligible (2 % of sample,
n = 1, current social anxiety disorder and specific phobia). These chil-
dren remained eligible for the present study to more accurately repre-
sent the diversity of children that present with childhood BI, and
consistent with prior research in this area (Fox et al., 2005; Paulus et al.,
2015). Recruitment was designed to ensure adequate variability in BI
within the sample. To accomplish this, we oversampled for BI via mother
report on the Behavioral Inhibition Questionnaire (BIQ) — a widely used
measure to assess for BI in preschool-age children (Bishop et al., 2003).
Specifically, 40 of the original 65 participants were required to have a
score of 119 or higher on the BIQ, which has previously been associated
with stable high BI in children over time (Broeren and Muris, 2010,Fu
et al., 2017).

2.2. Procedure

At baseline, mother-child dyads completed two lab visits, with each
visit lasting approximately two hours. At the first visit, mothers
completed the K-SADS-EC which was used to evaluate their child’s
psychiatric and developmental history and completed questionnaires
regarding their child’s symptoms of BI and anxiety. At the second vis-
it—scheduled an average of 10.3 weeks (SD = 8.4 weeks) after the first
visit—children engaged in a series of tasks designed to measure their BI.
We chose two widely used paradigms from the preschool version of Lab-
TAB, the Stranger Approach paradigm and the Risk Room paradigm
(Goldsmith et al., 1995), to measure social BI and non-social BI,
respectively. Child fNIRS data were collected during Stranger Approach,
and all tasks performed during this lab visit were videotaped for later
coding of observable BI traits. Approximately one year (M = 52.2 weeks,
SD = 4.48 weeks) after the first baseline lab visit, mothers completed a
follow-up measure of their child’s anxiety symptoms. All study pro-
cedures were approved by the University of Pittsburgh Human Research
Protections Office and parents and children provided informed consent
and assent, respectively.

2.3. Measures

2.3.1. Observed social BI

During the Stranger Approach paradigm, which was used to measure
social BI, mothers remained in the room with their child but were asked
to refrain from speaking or interacting with them. An unfamiliar
experimenter entered the room and asked the child questions about
what toys they like to play with as well as questions about an experi-
menter that they had previously encountered. The unfamiliar experi-
menter informed the child that they were looking for several pieces of
paper that they had misplaced. The unfamiliar experimenter then pro-
ceeded to ask the child where the familiar experimenter had gone. After
about one minute of interaction, the unfamiliar experimenter left the
room, and the familiar experimenter returned. The familiar
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experimenter asked the child about the stranger that they had just
encountered. After about one minute of the child interacting with the
familiar experimenter, the unfamiliar experimenter re-entered the room
and told the child that they had found their papers before exiting the
room for a final time.

Using variables defined in the Lab-TAB coding manual, we selected
variables most relevant for social BI, consistent with previous work in
this area (Dyson et al., 2011; Planalp et al., 2017). We created an
observed social BI composite which included z-scores of the following
variables: presence of nervous fidgeting (binary score), child’s peak
verbal hesitancy to respond to the stranger (0: absent to 2: no verbal
interaction with stranger), child’s peak gaze aversion from the stranger
(0: absent to 3: no eye contact with stranger), the peak intensity of the
child’s decreased activity level when interacting with the stranger (0:
absent to 3: extremely present), the child’s fear response toward the
stranger (0: absent to 3: extremely present), and the child’s latency to
first fear response (in seconds; reverse scored). A coder who remained
naive to the BI status of participants received extensive training from a
primary coder and achieved reliability (80% agreement) prior to coding
independently. Following data collection, 20.3 % of videos (n = 12)
were double coded by the primary coder and inter-rater reliability was
moderate to high (ICCs =.729-.975). The composite measure had good
reliability within our study (a¢ = 0.81) and was marginally associated
with children’s BIQ scores (r = .251, p = .056).

2.3.2. Neural response when interacting with a stranger

fNIRS data were collected during the Stranger Approach task as a
measure of functional neural connectivity in response to encountering a
stranger. Because we coded for social BI across the entire Stranger
Approach task, fNIRS data were collected for the entire duration of the
task, including when the familiar experimenter returned to the room to
talk to the child about the stranger who was previously in the room. The
task lasted an average of 120.54 seconds (SD = 20.36), which is above
the minimum recommended duration of 1.5 minutes for functional
connectivity accuracy in fNIRS (Wang et al., 2017). The average dura-
tion of time of the task in which the stranger was in the room was
53.78 seconds (SD = 11.91) and the average percentage of the task in
which the stranger was in the room was 43.34 % (SD =.43). The inter-
action was video recorded for later behavioral coding, and we included
percentage of the task in which the stranger was in the room as a co-
variate of no interest in analyses.

Neural data were collected using a TechEn CW6 NIRS system
(TechEn, Milford, MA) at a sampling rate of 20 Hz. The data were
measured simultaneously at two wavelengths (690 nm and 830 nm).
Light intensity was automatically adjusted by the system to provide
optimal gain. Child fNIRS data were measured from a total of 12
channels, from 6 sources and 9 detectors, where the distance between
each source and detector was approximately 3 cm. Sensors were
mounted on a NIRx EasyCap which was sized based on the child’s head
circumference. Within the present study, our f{NIRS probe extended over
the inferior frontal gyrus, including the AMPFC (Brodmann Area 10) to
the parietal regions. For each participant, the appropriately sized fNIRS
cap was positioned according to the international 10-20 coordinate
system with the center of the lower edge of the probe (detector 5; see
Fig. 1) aligned with FpZ to ensure that the same anatomical regions were
being assessed for all participants (Jasper, 1958; Okamoto et al., 2004).
Using the AnalyzIR toolbox (Santosa et al., 2018), localization of
anatomical regions of interest was based on the fNIRS probe registration
to the AAL2 brain atlas (Tzourio-Mazoyer et al., 2002) adjusted for the
participant’s head circumference (Zhai et al., 2020).

2.3.3. Non-social BI

Children’s non-social Bl—which was used as a covariate in all ana-
lyses to isolate the effects of social BI from general fearfulness—was
coded from videotapes of children participating in the Lab-TAB Risk
Room paradigm (Goldsmith et al., 1995). A composite non-social BI
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. Superior temporal gyrus (left)

. Superior temporal gyrus (right)

. Lateral prefrontal cortex (left)

. Lateral Prefrontal cortex (right)

|:| Anterior medial prefrontal cortex (left)
|:| Anterior medial prefrontal cortex (right)
|:| Temporoparietal junction (left)

. Temporoparietal junction (right)

Fig. 1. NIRS probe. Note. Regions of Interest (ROIs) are identified from probe registration to the AAL2 atlas.

variable was created by using relevant variables from the Lab-TAB
manual, consistent with past research (Buss, 2011; Kiel and Buss,
2011; Kochanska and Knaack, 2003; Pfeifer et al., 2002; Dyson et al.,
2011). This composite was a sum of seven z-scored values: tentativeness
of play for each of the five novel objects; average rating of fearful affect
shown toward each of the five objects; average level of compliance with
experimental request to play with each of the five objects (reverse
scored), average latency to touch each of the five objects, latency to
vocalize across the task, average rating of approaches to parent, and
total amount of time playing with each object (reverse scored). Coder
training and reliability checks followed the same process as the above
description for observed social BI. Inter-rater reliability was moderate to
high (ICCs =.759-.947; n = 13 videos), and the internal reliability of the
composite measure was good (¢ = 0.74). This measure of non-social BI
was significantly correlated with BIQ scores (r = .278, p = .033).

2.3.4. Child anxiety symptoms

At baseline and again at the one-year follow-up, mothers reported on
their child’s symptoms of anxiety using the 34-item Preschool Anxiety
Scale (PAS; Spence and Rapee, 1999). Items are rated on a 5-point Likert
Scale (0 =Not True at All to 4 =Very Often True). The PAS is a widely
used measure of anxiety symptoms in preschoolers and has demon-
strated high reliability and validity in past research (Broeren and Muris,
2008; Hudson et al., 2011; Spence et al., 2001; Zhou et al., 2024). At
follow-up, 51 (86 %) of the 59 mothers with baseline data re-completed
the PAS. Internal consistencies for the PAS scores at baseline and
follow-up were very good (@paseline =-923; Afollow-up =-899).

2.4. Preprocessing and analytic plan

fNIRS data collected during Stranger Approach were preprocessed in
MATLAB™ (Math-works, Natick, MA, 2021a) as part of an open-source
AnalyzIR toolbox (Santosa et al., 2018). Raw fNIRS signals were first
resampled to 4 Hz and converted to changes in optical density. Then, the
measured intensity data of the two wavelengths were converted to
relative oxy- and deoxy-hemoglobin concentration changes using the
modified Beer-Lambert law (Cope et al., 1988). First-level resting state
connectivity analyses employed an autoregressive, robust Pearson’s
correlation model (see associated literature [Santosa et al., 2017]). This
analysis model accounted for both serially correlated noise (due to
systemic physiology) and heavy-tailed noise caused by motion artifacts,
using a robust statistical (outlier rejection) algorithm based on bisquare
weighting (Santosa et al., 2017). No participants were excluded from
analyses. Prior work has demonstrated the robustness of this technique
by showing improved sensitivity-specificity characteristics (reduced
false discovery rates) and has shown that it yields more reliable

estimates in the presence of serially correlated errors and statistical
outliers due to motion artifacts (Santosa et al., 2018).

For our second level (group) model to address our first aim (i.e.,
testing associations between behavioral and neural indices of BI), we ran
a mixed effects linear model in the AnalyzIR toolbox in MATLAB using
the Fisher z-transformed correlations from the first level model as the
dependent variable. This mixed effects linear model included an inter-
cept and two slopes as fixed effects. The intercept was the average
resting state connectivity and the two slope terms were observed social
BI and observed non-social BI. Because observed and neural measures of
social BI (as measured by the Stranger Approach paradigm) were both
assessed in a laboratory setting, which was likely unfamiliar to children
in the present study, we controlled for non-social BI in all analyses to
reduce the effect that an unfamiliar physical environment may have on
children’s behavioral and neural responses to encountering a stranger.
We also included percentage of task in which the stranger was present in
the room as a fixed effect of no interest to control for between-subject
variability in time spent with the stranger. We examined whether find-
ings survived corrections for multiple comparisons using a false dis-
covery rate (q) < .05 (Benjamini and Hochberg, 1995) and report the
corrected p (q) for each finding.

Our second aim was to test behavioral and neural indices of social BI
as a predictor of child anxiety one year later. Because the AnalyzIR
toolbox is only coded to run mixed effect models in which the fNIRS data
is the dependent variable, we conducted Aim 2 using SPSS. First, we
extracted estimates of the correlation coefficients (i.e., z-estimates) be-
tween neural channels of interest as a measure of functional connectivity
during the Stranger Approach task using the AnalyzIR toolbox. Next,
using SPSS, we conducted bivariate correlations between these extrac-
ted estimates and child anxiety at follow-up in SPSS to examine asso-
ciations between functional connectivity and child anxiety symptom
severity a year later. To reduce Type 1 error, we limited bivariate as-
sociations to include only those channels that were also significantly
associated (at p < .05) with observed social Bl in the mixed effects linear
model for Aim 1. For those bivariate associations that were significant,
we further probed the association between observed social BI, functional
connectivity when interacting with a stranger, and child anxiety
symptoms one year later after controlling for baseline anxiety symptoms
and non-social BI using a multiple regression model in SPSS.

3. Results
3.1. Descriptive statistics and bivariate correlations

Descriptive statistics and bivariate correlations among primary study
variables are presented in Table 1. Consistent with our goal of recruiting
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Table 1
Descriptive statistics and bivariate correlations.
Variable Timepoint Mean (SD) Range 1 2 3 4 5
1 Child age Baseline 3.75 (.76) 3-5 -
2 Non-social BI Baseline —.21 (4.21) —7.48-10.10 —.116 -
3 Observed social BI Baseline .16 (4.27) —6.00-12.09 —.057 122 -
4 Parent-Reported BIQ Baseline 112.25 (46.02) 34-194 —.072 278 .251 -
5 Total anxiety at baseline Baseline 18.52(15.25) 0-69 .039 271% .01 .668%* -
6 Total anxiety at follow-up Follow-Up 15.12(11.98) 0-50 —.123 153 .088 .570%* .565%*
" p <0.05.
" p<0.0l.

a sample enriched for B, 61% of children in this sample (n = 36) had a
BIQ score above 119 (M = 111.47; SD = 46.58), which has been
empirically linked with stable observations of BI in children over time
(Broeren and Muris, 2010; Fu et al., 2017). At baseline, 14% (n = 8 of 59
children with baseline data) of children in this study had an elevated
PAS score and 12% of children (n = 6 of 51 children with 12-month
data) had an elevated PAS score at the 12-month follow-up point (i.e.,
T-score > 60; Spence et al., 2001). Observed social BI was not signifi-
cantly correlated with non-social BI, child anxiety at baseline, or child
anxiety at follow-up.

3.2. Observed social BI and functional connectivity

Our first aim tested whether functional connectivity between social
neural regions, specifically between the AMPFC and the TPJ, when
interacting with a stranger was stronger as a function of observed social
BL. Contrary to our hypothesis, functional connectivity between the TPJ
and AMPFC was not significantly related to observed social BI. However,
we did find positive associations between BI and other social neural
regions. Specifically, when controlling for non-social BI, higher levels of
observed social BI were associated with stronger connectivity between
the right TPJ and the left TPJ, and between the right TPJ and the right
STG. Further, higher levels of observed social BI were associated with
stronger connectivity between the right STG and the left AMPFC (Fig. 2).
Of note, only the association between observed social BI and greater

0.015

0.005

0.005

-0.015

Fig. 2. Higher observable social BI is associated with stronger neural connec-
tivity within multiple social regions while encountering a stranger. Note. Color-
coding of bar reflects direction of association, with red lines=positive associ-
ations and blue lines=negative associations.

connectivity among right STG and right TPJ passed corrections for
multiple comparisons. Full results from oxyhemoglobin models are
presented in Table 2, and deoxyhemoglobin findings are presented in
Supplemental Table 1.

3.3. Stranger Approach measures and child anxiety

Our second aim tested whether functional connectivity between so-
cial brain regions while interacting with a stranger predicted child
anxiety at follow-up. Because observed social BI was not associated with
AMPFC-TPJ connectivity in Aim 1, we did not include it in our regres-
sion model testing predictors of anxiety at follow-up, thus, that hy-
pothesis was not supported. However, one of the four connectivity
channels (i.e., left and right TPJ connectivity [S2D2-S5D8]) that were
significantly associated with observed social BI was correlated with
child anxiety at follow-up (r = .287, p = .028). We subsequently ran one
regression model evaluating left and right TPJ connectivity on child
anxiety at follow-up while controlling for baseline levels of child anxi-
ety, observed social BI, and non-social BI. This regression model
included the one significant channel (F(df) = 10.23(49), p < .001; R?
=.36). Even after controlling for baseline levels of child anxiety and
non-social BI, stronger connectivity between the child’s left and right
TPJ significantly predicted higher levels of child anxiety at follow-up (#
= .32, p = .014; see Fig. 3). Observed social BI was not associated with
child anxiety at follow-up in this model (= —0.10, ns).

4. Discussion

This study is among the first to demonstrate that higher levels of
observed social BI during the preschool period are associated with
stronger functional connectivity between social-related neural regions
implicated in perspective-taking and social cognition when encoun-
tering a stranger. Our findings extend a wealth of behavioral research
and suggest that BI, which is observable early in childhood and is one of
the strongest and earliest predictors of anxiety longitudinally (Clauss
and Blackford, 2012), is associated with neural alterations in social
brain regions as early as the preschool years. Notably, as evidence of
ecological validity, our study investigated neural indices of social BI
using a non-restrictive neuroimaging modality (fNIRS) that captured
neural activity during a naturalistic in vivo interaction with a stranger.

Contrasting with our initial hypothesis, we did not find AMPFC-TPJ
functional connectivity to be associated with observable social BI while
children interacted with a stranger. Although stronger connectivity
among these regions has previously been implicated in negative social-
related emotions (Burnett and Blakemore, 2009) as well as
non-preferred social encounters during the preschool years (Bulgarelli
et al., 2023), this was the first study to measure neural connectivity in
tandem with observable BI traits during the preschool years. Some
studies have indicated that functional connectivity among these regions
may be related to social preferences and self-processing during early
childhood (i.e., in-group versus out-group; Bulgarelli et al., 2019, 2023).
Therefore, it is possible that AMPFC-TPJ functional connectivity
strength may be less related to Bl-driven social discomfort during the
preschool years, and more closely tied with social partner trait
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Table 2
Associations between observed social BI and neural connectivity while interacting with a stranger.
Source origin Detector origin Region Source destination Detector destination Region Z t p q
5 7 Right STG 6 9 Right TPJ 0.02 4.03 <0.0001 0.0003
3 5 Left AMPFC 5 7 Right STG 0.01 2.24 0.03 0.11
1 1 Left TPJ 6 9 Right TPJ 0.01 2.38 0.02 0.08
2 2 Left TPJ 5 8 Right TPJ 0.01 2.04 0.04 0.17
60
50 [}
40 [}
[}
[ 1) o ®
30

Child anxiety symptom severity at follow-up

0.2

0.3

0.4 0.5 0.6 0.7 0.8

Functional connectivity between right TPJ and left TPJ

Fig. 3. Stronger functional connectivity between right and left TPJ while interacting with a stranger is associated with higher anxiety symptoms 12 months later.
Note. Anxiety symptoms were assessed using the Preschool Anxiety Scale (PAS) at 12-month-follow up. Potential range of scores= 0-136.

preferences (i.e., race, gender, age, etc.). In the present study, our
“stranger” was consistently an adult female, which may have impeded
our preschool-aged participants’ ability to categorize them as in-group
regardless of BI status.

Nonetheless, we found that higher levels of observed social BI were
related to stronger functional connectivity between the right STG and
right TPJ while controlling for non-social BI and adjusting for multiple
comparisons (i.e., g-corrected). The right STG is implicated in emotion
perception and detection (Robins, 2009), while the right TPJ supports
contingent responsiveness (Hakuno et al., 2020). Thus, BI children may
need to engage in higher levels of emotion perception and social pro-
cessing to engage responsively with a stranger compared to children
without significant symptoms of BI in social contexts.

In addition, we found that higher levels of observed social BI were
related to stronger functional connectivity between the left TPJ and the
rightTPJ, as well as between the right STG and the left AMPFC. It is
important to note that our findings for left TPJ-right TPJ and right STG-
left AMPFC connectivity did not survive g-corrections for multiple
comparisons and should be interpreted cautiously in the absence of
replication. However, as this is the first study to use fNIRS to examine
neural connectivity in preschoolers with BI, we think it worthwhile to
briefly contextualize these findings. As noted above, the left AMPFC is
involved in emotion expression (Japee et al., 2015). When coupled with
the right STG, which is involved in emotion perception and detection
(Robins et al., 2009), this finding suggests that children with higher BI
require greater coupling in these emotion regulatory and perception

regions to both modulate their own emotions while working to under-
stand the feelings of others. In terms of leftTPJ-right TPJ connectivity,
the left TPJ is implicated in theory of mind, which is the ability to un-
derstand the thoughts and intentions of others (Van Hoeck et al., 2014),
while the right TPJ supports contingent responsiveness during social
encounters (Hakuno et al., 2020). Thus, stronger functional connectivity
among these regions while encountering a stranger may implicate that
BI children utilize these regions more effortfully to understand the in-
tentions of a stranger while simultaneously responding to their social
cues.

Overall, findings from our first aim suggest that socially inhibited
preschool children may require stronger coupling of social-related
neural regions—particularly those related to perceiving the emotions
of others and responding to social cues — to effectively engage with a
stranger. In other words, compared to less inhibited children for whom
social interactions are more intuitive or automatic, BI preschoolers may
need to work harder to perceive a stranger’s emotional responses, un-
derstand what they may be thinking, and respond appropriately.
Further, our findings were significant after controlling for non-social BI,
suggesting that these neural patterns of stronger functional connectivity
are specific to higher social BI traits, rather than being indicative of
fearfulness in general.

Regarding our second aim examining observable social BI and
functional connectivity as a predictor of anxiety symptoms one year
later, stronger coupling between the left TPJ and the right TPJ when
encountering a stranger emerged as a distinguishing predictor of child
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anxiety symptoms one year later, even after controlling for baseline
anxiety symptoms, observed social BI, and non-social BI. This finding
suggests that greater neural expenditure in regions implicated in un-
derstanding the thoughts and feelings of a stranger may convey risk for
the development of anxiety symptoms as early as the preschool years.
Although a small number of children in our study already met criteria for
an anxiety disorder, we controlled for baseline anxiety symptoms, sug-
gesting that stronger connectivity between the left and right TPJ may
predict a worsening of anxiety symptoms over time. Indeed, our findings
suggest that this neural connectivity pattern may predict child anxiety
problems beyond observable child BI traits, which is already understood
to be one of the earliest and strongest predictors of later anxiety (Clauss
and Blackford, 2012).

Notably, right STG-right TPJ connectivity was the only finding that
passed corrections for multiple comparisons in our first aim but was not
associated with follow-up child anxiety. Although little work to-date has
explored functional connectivity among these regions regarding BI, one
interpretation of this finding is that this neural pattern may be associ-
ated with lower risk of developing more severe anxiety symptoms over
time. As demonstrated in prior literature, 50 % of preschool-age BI
children do not develop clinically significant anxiety later in childhood
(Degnan and Fox, 2007). Given the importance of the STG and the TPJ in
emotion perception and responsive social communication, respectively
(Hakuno et al., 2020; Robins et al., 2009; Sylvester et al., 2018), it is
possible that BI children who utilize these regions more when encoun-
tering a stranger improve at responding contingently and appropriately
to unfamiliar people over time by assessing their emotions and com-
prehending what they say rather than continuing to fear their presence
solely due to the novelty of the encounter. However, future work should
explore this neural pattern and its longitudinal associations in more
depth given the novelty of this finding.

Surprisingly, observed social BI was not related to child anxiety at
baseline or at follow-up, although non-social BI was related to baseline
anxiety. This finding contrasts with prior literature which suggests that
observable social BI during the preschool years is longitudinally related
to higher anxiety (Dyson et al., 2011; Tan et al., 2024). We measured
observed social BI using an established coding system (Dyson et al.,
2011; Planalp et al., 2017) with good inter-rater reliability (ICCs
=.73-.98) and internal consistency (@ = 0.81), and observed social BI
was marginally correlated with BIQ scores (r = .25, p = .056). Thus, we
do not believe that the lack of association between observed social BI
and child anxiety in this study is an artifact of our observed social BI
measure. Instead, it may be that neural markers of BI serve as a unique
predictor of later anxiety, even in the absence of behaviorally observable
anxiety symptoms in preschool-age children. This is consistent with
prior research demonstrating stronger predictive power of neural over
behavioral measures in predicting internalizing symptoms in young
children. For example, a recent study by Quinones-Camacho et al.
(2022) compared neural and behavioral measures of parent-child
interaction (i.e., dyadic synchrony) during the preschool years and
found that while behavioral synchrony predicted initial externalizing
symptoms, only neural synchrony significantly predicted changes in
child internalizing symptoms over time. Although future research is
necessary, it is possible that interpersonal correlates (i.e., response
during social interactions) of internalizing symptoms are more difficult
to detect behaviorally early in development despite being measurable at
the neural level.

Our investigation had a few limitations. Although the use of fNIRS
has clear advantages for evaluating preschool neural functioning (i.e.,
examination of brain activity during in vivo social interactions), we
were unable to examine function in subcortical regions (e.g., amygdala)
that may have also been altered forBI preschoolers in the context of
social interactions. We only examined child anxiety symptom severity
one year later, which limited our ability to examine longer-term asso-
ciations between preschool neural connectivity and anxiety symptom
severity in adolescence and beyond. Of note, prior work has
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demonstrated that anxiety disorders emerge earlier in development for
children with BI traits (Hirshfeld-Becker et al., 2007). Because we
measured social BI and functional connectivity during a naturalistic
social interaction concurrently, we lacked the temporal requirements for
a mediation model. Future work should measure how social BI traits in
early childhood are related to changes in functional connectivity during
social situations, and how this connectivity is related to anxiety prob-
lems later in development. Although we controlled for observed
non-social BI, a measure of general fearfulness, we did not measure
neural connectivity in response to novel non-social objects, as children
needed to be able to move more freely during the Risk Room paradigm
(e.g., physically explore novel surroundings). This examination could
have provided even greater specificity of our findings.

Regardless, our longitudinal, multi-method study has multiple
strengths, including (1) the use of cutting-edge technology (i.e., {NIRS)
that allows for examination of child neural activity during in vivo
naturalistic interactions with a stranger paired with (2) gold-standard,
widely used preschool laboratory tasks that were coded by trained and
reliable observers, and (3) longitudinal assessment of childhood anxiety
symptoms across a one-year period in a sample enriched for BI.

Future studies should further the present findings by exploring
neural correlates associated with non-social BI in response to unfamiliar
non-social stimuli in preschool-age children. The literature suggests that
social and non-social BI are distinct at the behavioral level during this
timeframe (Dyson et al., 2011; Tan et al., 2024), and therefore it seems
logical that observable non-social BI would likewise be associated with
distinct neural patterns. Interestingly, we did find that non-social BI was
associated with significantly weaker connectivity between social-related
neural regions during the Stranger Approach paradigm (Supplemental
Figure 1; see Supplemental Table 2 for full results of oxyhemoglobin
models; see Supplemental Table 3 for full results of deoxyhemoglobin
models). Although this finding was not related to our main study aims, it
may help to clarify that social and non-social BI are distinct from one
another during the preschool years, even at the neural level.

Additionally, future studies should aim to address the longitudinal
progression of functional neural connectivity as it relates to observable
BI traits during the preschool years. Although observable BI during
childhood is associated with altered neural connectivity involving social
neural regions during adolescence (Clauss et al., 2014; Hardee et al.,
2013), we do not know how the strength of this connectivity changes
across development. Likewise, future work should seek to investigate
how Bl-related neural function during the preschool years is predictive
of anxiety severity during adolescence and adulthood. Nevertheless, the
present study is among the first to explore functional connectivity
associated with BI during the preschool years, and therefore the op-
portunity to explore related longitudinal associations has not previously
been widely available. With the use of technology that allows for neural
measurements in tandem with live social interaction (i.e., fNIRS), it may
be possible to identify children most at risk of developing more severe
anxiety problems from a neurobiological standpoint, even before asso-
ciated symptoms become observable.
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