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Social anxiety—which typically emerges in adolescence—lies on a continuum and, when extreme, can be
devastating. Socially anxious individuals are prone to heightened fear, anxiety, and the avoidance of con-
texts associated with potential social scrutiny. Yet most neuroimaging research has focused on acute social
threat. Much less attention has been devoted to understanding the neural systems recruited during the
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uncertain anticipation of potential encounters with social threat. Here we used a novel functional magnetic
resonance imaging paradigm to probe the neural circuitry engaged during the anticipation and acute presen-
tation of threatening faces and voices in a racially diverse sample of 66 adolescents selectively recruited to
encompass a range of social anxiety and enriched for clinically significant levels of distress and impairment.
Results demonstrated that adolescents with more severe social anxiety symptoms experience heightened dis-
tress when anticipating encounters with social threat, and reduced discrimination of uncertain social threat
and safety in the bed nucleus of the stria terminalis, a key division of the central extended amygdala (EAc).
Although the EAc—including the bed nucleus of the stria terminalis and central nucleus of the amyg-
dala—was robustly engaged by the acute presentation of threatening faces and voices, the degree of
EAc engagement was unrelated to the severity of social anxiety. Together, these observations provide a
neurobiologically grounded framework for conceptualizing adolescent social anxiety and set the stage
for the kinds of prospective—longitudinal and mechanistic research that will be necessary to determine
causation and, ultimately, to develop improved interventions for this often-debilitating illness.

General Scientific Summary

Clinically significant levels of social anxiety often emerge in adolescence and existing treatments are far
from curative for many, underscoring the urgency of developing a deeper understanding of the under-
lying neurobiology. Leveraging a racially diverse sample of adolescents and a novel brain imaging par-
adigm, the present results show that more severe social anxiety is associated with diminished
discrimination of anticipated social threat and safety in the bed nucleus of the stria terminalis, a brain
region thought to play a key role in promoting pathological fear and anxiety. These observations rein-
force the hypothesis that alterations in the bed nucleus of the stria terminalis function underlie socially
anxious adolescents’ maladaptive responses to benign-but-uncertain everyday social encounters—such
as anticipating an interaction with a sales associate or asking a routine question in class—and set the
stage for targeted replication and extension studies.

Keywords: bed nucleus of the stria terminalis, central extended amygdala, developmental affective
neuroscience, developmental psychopathology, pediatric social anxiety

Supplemental materials: https://doi.org/10.1037/abn0000940.supp

Socially anxious individuals are prone to heightened fear, anxiety,
and the avoidance of contexts associated with the potential for social
scrutiny (D. Beidel et al., 2019). Social anxiety lies on a continuum
and, when extreme, can be devastating, with functional impairment
evident in many individuals who do not meet full diagnostic criteria
(Fehm et al., 2008; Hyett & McEvoy, 2018; Katzelnick et al., 2001;
Kessler, 2003; Lipsitz & Schneier, 2000; Merikangas et al., 2002;
Schneier et al., 2002). Social anxiety disorder (SAD) is among the
most common psychiatric illnesses (lifetime prevalence: ~13%),
typically emerges in adolescence, and confers heightened risk for
a variety of other developmental, academic, and psychiatric prob-
lems, including comorbid internalizing disorders and substance mis-
use (Angst et al., 2016; Beesdo-Baum & Knappe, 2012; Ernst et al.,
2023; Gregory et al., 2007; Hyett & McEvoy, 2018; Jystad et al.,
2021; Kessler et al., 2012; Koyuncu et al., 2019; Mathew et al.,
2011; Schneier et al., 1992; Stein et al., 2017). Existing treatments
are inconsistently effective or associated with significant adverse
effects, underscoring the urgency of developing a more complete
understanding of the neural systems governing social anxiety in
the first decades of life (Batelaan et al., 2017; D. Beidel et al.,
2019; Cuijpers et al., 2024; Evans et al., 2021; James et al., 2020;
Rapee et al., 2023; Scholten et al., 2013, 2016; Singewald et al.,
2023; Spinhoven et al., 2016; Strawn et al., 2021).

Socially anxious adults and youth are prone to elevated distress
and arousal in two distinct contexts: (a) when social threat is acute
(i.e., certain and imminent), as when performing in front of a
group, and (b) when social threat is possible, but uncertain in timing
or likelihood, as when first entering a classroom, conversation, or

other social environment (APA, 2022; Cain, 2023; Davis et al.,
2010; NIMH, 2011). While the underlying neurobiology is undoubt-
edly complex and multifactorial, converging lines of preclinical
research motivate the hypothesis that socially anxious individuals’
heighted reactivity to both kinds of threat reflect functional alter-
ations in the central extended amygdala (EAc), a neuroanatomical
circuit encompassing the dorsal amygdala in the region of the central
nucleus (Ce) and the neighboring bed nucleus of the stria terminalis
(BST) (Fox, Oler, Tromp, et al., 2015; Fox & Shackman, 2019; Hur
et al., 2019, 2020; Moscarello & Penzo, 2022; Shackman et al.,
2024; Shackman & Fox, 2021; Tseng et al., 2023). Both regions
are poised to trigger behavioral, psychophysiological, and neuroen-
docrine responses to threat via dense projections to downstream
effector regions (Davis & Whalen, 2001; Fox, Oler, Tromp, et al.,
2015). Large-scale neuroimaging studies in monkeys (n=238-
592) show that Ce and BST metabolism covaries with trait-like indi-
vidual differences in freezing, cortisol, and other defensive
responses elicited by uncertain naturalistic threats (Fox, Oler,
Shackman, et al., 2015; Shackman et al., 2013). Work in humans
demonstrates that both regions are sensitive to a broad spectrum of
threatening and aversive stimuli (Fox & Shackman, 2019; Hur
et al., 2020; Meyer et al., 2019; Murty et al., 2023; Shackman &
Fox, 2021). Lesion and other kinds of focal perturbation studies in
rodents demonstrate that microcircuits within and between the Ce
and BST are critical for orchestrating defensive responses to both
acute and uncertain threats (Chen et al., 2022; Fox & Shackman,
2019; Lange et al., 2017; Moscarello & Penzo, 2022; Pomrenze,
Giovanetti, et al., 2019; Pomrenze, Tovar-Diaz, et al., 2019; Ren


https://doi.org/10.1037/abn0000940.supp
https://doi.org/10.1037/abn0000940.supp
https://doi.org/10.1037/abn0000940.supp
https://doi.org/10.1037/abn0000940.supp

is not to be disseminated broadly.

This document is copyrighted by the Ame
This article is intended solely for the personal use of the individual user

SOCIAL ANXIETY AND EXTENDED AMYGDALA REACTIVITY 43

etal., 2022; Ressler et al., 2020; Zhu et al., 2024), and help calibrate
the degree of wariness displayed during interactions with unfamiliar
and potentially threatening conspecifics (Lee et al., 2008; Lungwitz
etal., 2012; Sajdyk et al., 2008). Although the causal contribution of
the BST has yet to be explored in primates, monkeys with fiber-
sparing lesions of the Ce show reduced defensive responses to
both acute (e.g., snake) and uncertain threat (e.g., human intruder’s
profile; Kalin et al., 2004; Oler et al., 2016). Complete destruction of
the amygdala is associated with reduced signs of anxiety during
interactions with unfamiliar animals (Emery et al, 2001).
Likewise, humans with circumscribed amygdala damage show atyp-
ically low levels of dispositional fear and anxiety—whether indexed
by self-report, family report, clinician report, or daily diary—and
display a profound lack of fear and anxiety in response to both
acute threats (e.g., spiders, snakes, Pavlovian threat cues, and horror
movies) and contexts associated with uncertain potential threat (e.g.,
traversing a haunted house; Bechara et al., 1995; Feinstein et al.,
2011,2016; Korn et al., 2017; Tranel et al., 2006). Conversely, stim-
ulation of the Ce is associated with potentiated responses to uncer-
tain threat in animals and heightened feelings of fear and anxiety
in humans, suggesting that circuits centered on this region are nec-
essary and sufficient for many of the core signs and symptoms of
social anxiety (Inman et al., 2020; Kalin et al., 2016; Moscarello
& Penzo, 2022).

Despite this progress, the relevance of these discoveries to pediat-
ric social anxiety remains unclear. To date, the vast majority of
human neuroimaging studies have focused on laboratory analogues
of acute social threat, including virtual social interactions and
“threat-related” social cues, such as photographs of fearful and
angry facial expressions (Jarcho et al., 2013). Meta-analyses show
that the EAc is generally hyperreactive to social cues among adults
with SAD and those with a childhood history of extreme shyness and
behavioral inhibition, key dispositional risk factors for SAD (Briihl
et al., 2014; Chavanne & Robinson, 2021; Clauss & Blackford,
2012; Fox & Kalin, 2014; Gentili et al., 2016; Tan et al., 2024).
Among adults, EAc reactivity to acute social threat is dampened
by clinically effective treatments for SAD, consistent with a causal
role (Klumpp & Fitzgerald, 2018; Shackman et al., 2016). While
the pediatric social anxiety literature is comparatively sparse, the
available evidence suggests a broadly consistent pattern (Jarcho et
al.,, 2013). Nevertheless, some comparatively large-scale studies
have failed to detect exaggerated EAc reactivity to acute social
threat. For example, Ziv and colleagues reported negligible effects
of generalized SAD on amygdala reactivity to dynamically looming
hostile faces or film clips of actors delivering social criticism (n = 67
unmedicated patients, n = 28 matched controls; Ziv et al., 2013).

Much less scientific attention has been devoted to understanding
the neural systems underlying heightened reactivity to anticipated
social threat. Early work using comparatively low-resolution neuro-
imaging techniques (e.g., '>O-positron emission tomography) and
small case-control designs (n < 10/group) revealed evidence of
heightened amygdala activity among adults with SAD during the
certain anticipation of a speaking challenge (Lorberbaum et al.,
2004; Tillfors et al., 2002)—an effect later confirmed in higher res-
olution studies (3T functional magnetic resonance imaging [fMRI])
and larger samples (Boehme et al., 2014; Davies et al., 2017).
Potential group differences in BST activation were neither scruti-
nized nor reported. More recent work has extended this approach
to the uncertain anticipation of social threat (Figel et al., 2019).

Here a cue presented at the outset of each trial signaled whether
the participant’s face would (“threat”) or would not (“safety”) be
video-recorded. Cues were followed by a temporally variable and
uncertain anticipation phase (3—16 s) that terminated with the pre-
sentation of a second cue indicating whether the camera was record-
ing. Results revealed sustained levels of heightened BST activation
in adults with SAD and controls during the uncertain anticipation of
social threat encounters. Although patients showed numerically
smaller responses, significant group differences were not evident
in either the BST or the dorsal amygdala (Ce), and potential regional
differences (BST vs. Ce) were not interrogated. While important, the
relevance of this body of observations to maladaptive social anxiety
earlier in life, during adolescence, remains little explored and largely
unknown (but see Michalska et al., 2023 for related efforts in a
mixed-anxiety sample of youth).

Here we combined fMRI with a novel threat paradigm—the
Maryland Social Threat Countdown (MSTC)—in a racially diverse
group of adolescents. The sample was selectively recruited to
encompass a broad spectrum of social anxiety—without gaps or dis-
continuities—and enriched for clinically significant levels of distress
and impairment. Adolescent with comorbid anxiety and depressive
disorders were enrolled, maximizing clinical relevance (Ernst et al.,
2023; Jystad et al., 2021; Koyuncu et al., 2019; Lahey et al., 2022;
Tiego et al., 2023). The MSTC task takes the form of a 2 (valence:
social threat/safety) x 2 (temporal certainty: uncertain/certain) x 2
(phase: anticipation/presentation) randomized event-related design,
allowing us to separately assess EAc activation during the anticipa-
tion and acute presentation of both certain and uncertain social-threat
cues (Figure 1). On certain social threat trials, participants saw a
descending stream of integers (“count-down”). To maximize dis-
tress, the anticipation period always culminated with the presentation
of a multimodal social threat that included a photograph of an angry
young-adult face and an audio clip of a hostile verbal remark (e.g.,
“no one wants you here”). Uncertain Social Threat trials were simi-
lar, but the integer stream was randomized and presented for an
unsignaled and variable duration. Here, participants knew that a
social threat was coming, but they had no way of knowing precisely
when the encounter would occur. Safety trials were similar but ter-
minated with the presentation of normatively benign photographs
(happy faces) and audio clips (e.g., “I play soccer”).

Anatomically defined regions-of-interest (ROIs) and spatially
unsmoothed fMRI data allowed us to rigorously quantify Ce and
BST reactivity to the anticipation and presentation of uncertain
and certain social threat, and determine whether activation in one
or both regions covary with the severity of social anxiety
(Figure 1). Unlike voxelwise analyses—which screen thousands
of voxels for evidence of statistical significance and yield optimis-
tic effect size estimates in suprathreshold regions—anatomically
defined ROIs “fix” the outcomes of interest a priori, providing stat-
istically unbiased estimates of brain-phenotype associations
(Poldrack et al., 2017). Exploratory whole-brain voxelwise analy-
ses were also performed, enabling more direct comparison with
prior work.

Discovering the neural systems most relevant to adolescent social
anxiety is important. It would provide an empirical rationale for pri-
oritizing specific experimental assays (e.g., the uncertain anticipa-
tion of social threat) and neurobiological targets (e.g., BST) for
prospective—longitudinal and intervention studies in humans (e.g.,
acute pharmacological challenges, neurofeedback) and mechanistic
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Figure 1
Study Overview

Maryland Social Threat Countdown Paradigm
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Neuroimaging Analyses

Testing the association between social anxiety severity and threat reactivity

Certain Threat (sequential integers, negative reinforcers)
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Region of Interest (ROI) Analyses in the Extended Amygdala

BST

Certain Safety (sequential integers, benign reinforcers)

OEE DO

Uncertain Safety (random integers, benign reinforcers)
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Exploratory Whole-Brain Voxelwise Analyses

Anticipation: Certain (18 s); Uncertain (8-30s | M =18s)

Note. The MSTC paradigm. As shown schematically in the left panel, the MSTC paradigm takes the form of a 2 (valence: social threat/safety) x 2 (temporal
certainty: uncertain/certain) x 2 (phase: anticipation/presentation) repeated-measures randomized event-related design. On certain social threat trials, partici-
pants saw a descending stream of integers (“count-down”) for 18 s. To maximize distress, the anticipation epoch always culminated with the presentation of a
multimodal social threat (1.8 s), encompassing a photograph of an angry face and an audio clip of a hostile verbal remark (e.g., “no one wants you here”).
Uncertain social threat trials were similar, but the integer stream was randomized and presented for an uncertain and variable duration (8-30s; M =18 s).
Participants knew that a social threat would occur, but they had no way of knowing precisely when the encounter would occur. Safety trials were similar
but terminated with the delivery of normatively benign photographs (happy faces) and audio clips (e.g., “I play soccer”). Neuroimaging analyses. As
shown schematically in the top-right panel, two analytic approaches were used to determine the impact of social anxiety on neural reactivity to social threat.
Hypothesis testing focused on two well-established, anatomically defined EAc ROIs: the Ce is marked in yellow (light gray); the BST is marked in magenta
(dark gray). Because the ROIs (i.e., voxel-level measurements) were chosen a priori—on the basis of neuroanatomy, rather than suprathreshold activation—this
approach provides statistically unbiased effect-size estimates (Poldrack et al., 2017). Standardized regression coefficients were extracted and averaged across
voxels for each combination of ROI, condition, and participant. Hypothesis testing used a standard GLM. For illustrative purposes, 1-mm ROIs are shown.
Analyses employed ROIs decimated to the 2-mm resolution of the fMRI data. As shown schematically in the bottom-right panel, exploratory whole-brain vox-
elwise analyses were also performed. ROI = region of interest; Ce = central nucleus of the amygdala; BST = bed nucleus of the stria terminalis; MSTC =
Maryland Social Threat Countdown; EAc = central extended amygdala; GLM = general linear model; fMRI = functional magnetic resonance imaging.
Facial stimuli are from the Chicago Face Database. See “The Chicago Face Database: A Free Stimulus Set of Faces and Norming Data,” by D. S. Ma,
J. Correll, and B. Wittenbrink, 2015, Behavior Research Methods, 47(4), pp. 1122-1135 (https://doi.org/10.3758/s13428-014-0532-5). CC BY 4.0.
Reprinted with permission. See the online article for the color version of this figure.

studies in animals. Animal models are critical for identifying the
molecules and microcircuits that underlie aberrant EAc threat pro-
cessing and, ultimately, for developing novel pharmacological treat-
ments for this often-debilitating disorder (Fox & Shackman, 2019).

Method
Recruitment and Study Overview

Adolescents (13—17 years) were recruited using a multipronged
strategy, including online advertisements (e.g., Facebook, parent list-
servs), flyers posted at community mental health clinics and other
high-traffic community settings (e.g., coffee shops, libraries, commu-
nity centers), and referrals from ongoing research studies. To capture a
broad spectrum of social anxiety, with substantial enrichment for
elevated levels of distress and impairment, separate advertisements
were used to target adolescents with elevated (e.g., shy teens)

and low-to-middling symptoms. Following preliminary screening,
potentially eligible individuals completed a single face-to-face session
that included a self-report assessment, a structured clinical interview,
and a magnetic resonance imaging (MRI) assessment. Guardians and
adolescents provided informed written consent and assent, respec-
tively. All procedures were approved by the University of Maryland
Institutional Review Board (Protocol 661215). The study design,
hypotheses, and analytic strategy were not preregistered.

Participants and Eligibility Criteria

Potentially interested adolescents completed an online screening
assessment, including the abbreviated Social Phobia and Anxiety
Scale for Children-11 (SPAIC-11), which quantifies the frequency
of social-anxiety symptoms across different social settings (Bunnell
et al., 2015). Three additional ad hoc items (How much does anxiety
bother you or cause you distress? How much does anxiety “mess
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things up” for you? How much of an effect does anxiety have on your
life?) were added to the screening assessment shortly after enrollment
began and were used to probe the degree of distress and impairment on
a 5-point Likert scale ranging from 1 (not at all) to 5 (extremely).
Adolescents were invited to enroll if, at the time of the preliminary
screening, they showed evidence of either (a) significant social anxi-
ety, as indexed by an abbreviated SPAIC-11 score of >15 or
moderate-to-severe (>3) distress/impairment on one or more of the
three follow-up items; or (b) middling-to-low social anxiety, as
indexed by an abbreviated SPAIC-11 score of <7 and, if available,
little-to-no (<<3) distress/impairment on the three additional items.

All participants and their caregivers indicated that they were
right-handed, native English speakers, with a full-term pregnancy
(>34 weeks) and normal or corrected-to-normal color vision.
Participants reported that they were free from psychiatric medica-
tions; standard MRI contraindications; and a lifetime history of
severe head injury, neurological signs and disorders, psychotic dis-
orders, and developmental delays or disorders (e.g., autism).

In total, 78 adolescents and their caregivers participated. Twelve
participants were excluded from analyses due to premature termina-
tion of the MRI assessment (n = 3), inadequate compliance with
the in-scanner rating task (<50% ratings completed; n = 3), or insuf-
ficient usable data (n = 6; see below for details). The final sample
included 66 adolescents (M = 15.4 years, SD = 1.3; 60.6% female;
50.0% White, 30.3% African American/Black, 7.6% Hispanic,
6.1% Asian, 6.1% multiracial/other). The sample showed a broad
spectrum of social anxiety (SPAIC: M =10.0, SD = 6.0, range =
0.0-21.3). Half of the sample (n =33, 60.6% female) met the
SPAIC-11 cutoff (>9.17) for probable SAD (Bunnell et al., 2015).
The sample was significantly enriched for SAD diagnoses according
to the Diagnostic and Statistical Manual of Mental Disorders, fourth
edition (n = 24, 58.3% female). As expected, comorbidity was ram-
pant, and the majority of adolescents with SAD (n= 14, 58.3%)
received at least one other categorical diagnosis (Koyuncu et al.,
2019; Lahey et al., 2022; Tiego et al., 2023). Generalized anxiety dis-
order (n = 12, 50.0%) and major depressive disorder (n = 8, 33.3%)
were the most common comorbidities, in broad accord with recent
adolescent epidemiology studies (Ernst et al., 2023; Jystad et al.,
2021).

Clinical Assessments
Abbreviated SPAIC-11

Consistent with recent methodological recommendations, the
11-item SPAIC was used to quantify dimensional variation in
adolescent-reported social anxiety (Bunnell et al., 2015; Tulbure et
al., 2012; Wong et al., 2016). Prior work demonstrates that the
SPAIC is reliable, sensitive to Diagnostic and Statistical Manual
of Mental Disorders diagnostic status, responsive to treatment, and
correlated with independent assessments of social anxiety, including
parent report and speech latency during a public-speaking challenge
(D. C. Beidel et al., 2000; Bunnell et al., 2015; Tulbure et al., 2012;
Wong et al., 2016). Each of the 11 items probe the frequency of fear
or anxiety evoked by a specific, developmentally appropriate social
situation (e.g., “...feel scared when I have to speak or read in front of
a group of people”), using a 3-point Likert scale ranging from 0
(never) to 2 (always). Ten of the 11 items focus on subjective symp-
toms of fear and anxiety (“feel scared”’), whereas the remaining item

focuses on a behavioral sign (*“...do not speak to anyone until they
speak to me”). Eight of the items (e.g., “...feel scared when I start to
talk to...”) required separate responses for different types of interac-
tion partners (boys or girls my age that I know, boys or girls my age
that I do not know, adults; D. C. Beidel et al., 1995). Responses for
these items were averaged across partners and rounded to the nearest
integer (Bunnell et al., 2015). Higher scores indicate more pervasive
and severe social anxiety (D. C. Beidel et al., 2000). In the present
sample, total SPAIC-11 sum scores showed acceptable reliability
(a0=.94), were strongly correlated with SAD diagnostic status
(r = .66), and were independent of age and biological sex (Irl < .16).
As expected, based on the observed pattern of diagnostic comorbid-
ity (see above), total SPAIC-11 scores were associated with the pres-
ence of other internalizing diagnoses (e.g., generalized anxiety
disorder: r =.50).

Mini-International Neuropsychiatric Interview (MINI) for
Children and Adolescents

For descriptive purposes, diagnostic status was assessed by a
masters-level clinician using the MINI for children and adolescents
(Sheehan et al., 2010). To encourage frank reporting, diagnostic
interviews were completed without the caregiver present.

MSTC Paradigm
Task Structure

Building on prior work in adults (Grogans et al., 2024; Hur et al.,
2020, 2022; Kim et al., 2023), the MSTC paradigm takes the form of
a 2 (valence: social threat/safety) x 2 (temporal certainty: uncertain/
certain) X 2 (phase: anticipation/presentation) repeated-measures,
randomized event-related design (Figure 1). On certain social threat
trials, participants saw a descending stream of integers (“count-
down”) for 18 s. To maximize distress, the anticipation period
always culminated with the presentation of a multimodal social
threat (1.8 s) encompassing a photograph of an angry young-adult
face and an audio clip of a hostile verbal remark (e.g., “No one
wants you here”). Uncertain social threat trials were similar, but
the integer stream was randomized and presented for a temporally
uncertain and variable duration (range =8-30s; M =18s). On
uncertain trials, integers were randomly drawn from a near-uniform
distribution ranging from 1 to 45 to reinforce the impression that
uncertain trials could be much longer than certain ones and to min-
imize incidental temporal learning (“time-keeping”). White-noise
visual masks (3.2 s) were presented between trials to minimize per-
sistence of the visual reinforcers in iconic memory. Safety trials were
similar but terminated with the delivery of normatively benign pho-
tographs (happy faces) and audio clips (“I play soccer”). Consistent
with recent recommendations (Shackman & Fox, 2016), the mean
duration of the anticipation phase was identical across conditions,
ensuring an equal number of measurements (i.e., repetition times
[RT] per condition). Mean duration was chosen to enhance detection
of task-related differences in the blood oxygen level-dependent sig-
nal (Henson, 2007). Valence was continuously signaled throughout
the anticipation epoch by the background color of the display.
Certainty was signaled by the nature of the integer stream.
Participants were periodically prompted (following the offset of
the visual mask) to rate the intensity of fear/anxiety experienced a
few moments earlier, during the anticipation period of the prior
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trial, using a 1-4 (least/most) scale and an MRI-compatible response
pad (MRA, Washington, Pennsylvania, United States). Participants
rated each trial type once per scan (16.7% trials). Participants were
completely informed about the task design and contingencies prior
to scanning. The task was administered in three scans, with short
breaks between scans. Simulations were used to optimize the trial
order and timing to minimize predictor collinearity (variance infla-
tion factors < 1.68) (Mumford et al., 2015). Stimulus presentation
and ratings acquisition were controlled using presentation software
(Version 19.0, Neurobehavioral Systems, Berkeley, California,
United States).

Procedures

Prior to fMRI scanning, participants practiced an abbreviated version
of the paradigm until participants indicated and staff confirmed under-
standing. During scanning, foam inserts were used to immobilize the
participant’s head within the head-coil and mitigate potential motion
artifact. Participants were continuously monitored using an MRI-
compatible eye-tracker (Eyelink 1000; SR Research, Ottawa, Ontario,
Canada) and the AFNI real-time motion plugin (Cox, 1996). Eye-
tracking data were not recorded. Measures of respiration and breathing
were continuously acquired during scanning using a Siemens respira-
tion belt and photoplethysmograph affixed to the first digit of the non-
dominant hand. Following the last scan, participants were removed
from the scanner, debriefed, compensated, and discharged.

Visual Stimuli

A total of 72 face photographs were drawn from the Chicago Face
Database (Versions 1-2) (Ma et al., 2015). Stimuli included 36
young-adult models of varying race and sex, each depicting one
angry and one happy expression. Visual stimuli were digitally back-
projected onto a semiopaque screen mounted at the head-end of the
scanner bore and viewed using a mirror mounted on the head-coil
(Powerlite Pro G5550, Epson America, Inc., Long Beach,
California, United States).

Auditory Stimuli

A total of 72 custom auditory stimuli were created by recording 36
young-adult voice actors, recruited to match the apparent sex and
race of the photograph models. Each voice actor provided one threat-
ening and one benign audio statement, equated for the number of syl-
lables. Voice actors were carefully coached to deliver the threatening
statements (e.g., “I don’t like you”) in a hostile manner and to deliver
the benign statements (e.g., “Today is nice”) in a neutral or mildly
positive manner. Audio stimuli were volume standardized. To rein-
force the naturalistic nature of the paradigm, each photograph was
consistently paired with a specific sex- and race-matched voice
actor. Auditory stimuli were delivered using an amplifier (PA-1
Whirlwind) with in-line noise-reducing filters and ear buds (S14;
Sensimetrics, Gloucester, Massachusetts, United States) fitted with
noise-reducing ear plugs (Hearing Components, Inc., St. Paul,
Minnesota, United States).

MRI Data Acquisition

MRI data were acquired using a Siemens Magnetom 3T Tim
Trio system (32-channel head-coil). Sagittal T1-weighted

anatomical images were acquired using a magnetization prepared
rapid acquisition gradient echo sequence (RT = 1,900 ms; TE =
2.32 ms; inversion = 900 ms; flip = 9°; sagittal slice thickness =
0.9 mm; in-plane =0.449 x 0.449 mm; matrix =512 x 512;
field-of-view = 230 x 230). To enhance anatomical resolution, a
multiband sequence was used to collect oblique-axial echo planar
imaging (EPI) volumes during the MSTC task (multiband acceler-
ation = 6; RT = 1,000 ms; TE = 39.4 ms; flip = 36.4°; slice thick-
ness =2.2 mm, number of slices=66; in-plane=2.1875 x
2.1875mm; matrix =96 x 96). Images were collected in the
oblique-axial plane (approximately —20° relative to the anterior
and posterior commissure plane) to minimize potential susceptibil-
ity artifacts. A total of three 568-volume scans were acquired. The
scanner automatically discarded seven volumes prior to the first
recorded volume. To enable field map distortion correction, a
pair of oblique-axial coplanar spin echo images with opposing
phase encoding direction was also acquired (RT =7,220 ms;
TE =73 ms; slice thickness = 2.2 mm; matrix = 96 x 96).

MRI Data Pipeline

Methods were optimized to minimize spatial-normalization error
and other potential sources of noise. Data were visually inspected
before and after processing for quality assurance.

Anatomical Data Processing

Methods are similar to those described in other recent reports by our
group (Grogans et al., 2024; Hur et al., 2018, 2020, 2022; Kim et al.,
2023). T1-weighted images were inhomogeneity corrected using N4
(Tustison et al., 2010) and denoised using ANTS (Avants et al.,
2011). The brain was then extracted using BEaST (Eskildsen et al.,
2012) and brain-extracted and normalized reference brains from IXI
(BIAC, 2022). Brain-extracted T1 images were normalized to a ver-
sion of the brain-extracted 1-mm T1-weighted MNI152 (Version 6)
template (Grabner et al., 2006) modified to remove extracerebral
tissue. Normalization was performed using the diffeomorphic
approach implemented in SyN (Version 2.3.4; Avants et al., 2011).
Brain-extracted T1 images were segmented—using native-space pri-
ors generated in FAST (Version 6.0.4; Jenkinson et al., 2012)—to
enable T1-EPI coregistration (see below).

Fieldmap Data Processing

Standard error images and topup were used to create fieldmaps.
Fieldmaps were converted to radians, median-filtered, and smoothed
(2 mm). The average of the distortion-corrected standard error
images was inhomogeneity corrected using N4 and masked to
remove extracerebral voxels using 3dSkullStrip (Version 19.1.00).

Functional Data Processing

EPI files were despiked using 3dDespike, slice-time corrected to
the RT center using 3dTshift, and motion corrected to the first vol-
ume and inhomogeneity corrected using ANTS (12-parameter
affine). Transformations were saved in ITK-compatible format for
subsequent use (McCormick et al., 2014). The first volume was
extracted for T1-EPI coregistration. The reference EPI volume was
simultaneously coregistered with the corresponding T1-weighted
image in native space and corrected for geometric distortions
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using boundary-based registration (Jenkinson et al., 2012). This step
incorporated the previously created fieldmap, undistorted standard
error, T1, white matter (WM) image, and masks. The spatial trans-
formations necessary to transform each EPI volume from native
space to the reference EPI, from the reference EPI to the T1, and
from the T1 to the template were concatenated and applied to the pro-
cessed EPI data in a single step to minimize incidental spatial blur-
ring. Normalized EPI data were resampled (2 mm?) using fifth-order
b-splines. To maximize anatomical resolution, no additional spatial
filters were applied, consistent with recent recommendations
(Tillman et al., 2018) and other work by our group (Grogans et
al., 2024; Kim et al., 2023). Hypothesis testing focused on anatom-
ically defined ROIs (see below). By convention, exploratory whole-
brain voxelwise analyses employed data that were spatially
smoothed (6 mm; 3DblurInMask).

fMRI Data Exclusions and Modeling
Data Exclusions

Participants who responded to <50% of rating prompts—
indicating inadequate task engagement—were excluded from
analyses (n=3). Volume-to-volume displacement (>0.5 mm)
was used to assess residual motion artifact. Scans with exces-
sively frequent artifacts (>2.5 SD) were discarded. To assess task-
correlated motion, we computed correlations between the design
matrix and motion estimates (see above). Scans showing extreme
correlations (> 2.5 SD) were discarded. Participants who failed to
provide at least two scans of usable data were censored from anal-
yses (n = 06).

Canonical First-Level Modeling

For each participant, first-level modeling was performed using
standard general linear models (GLMs) implemented in SPM12
(Version 7771), with the default autoregressive model and the tem-
poral band-pass filter set to the hemodynamic response function
(HRF) and 128 s (Wellcome Centre for Human Neuroimaging,
2022). Anticipatory hemodynamic signals were modeled using
variable-duration rectangular (“boxcar”) regressors spanning the
anticipation (“countdown”) epochs of the uncertain threat, certain
threat, and uncertain safety trials; and convolved with a canonical
HRF and its temporal derivative. To maximize design efficiency,
certain-safety anticipation served as the reference condition and
contributed to the baseline estimate (Poline et al., 2007). Epochs
corresponding to the acute presentation of threatening and benign
face/voice stimuli were simultaneously modeled using the same
approach, separately for each of the four trial types (Figure 1).
Epochs corresponding to the presentation of the white-noise visual
masks and rating prompts were treated as nuisance regressors. EPI
volumes acquired before the first trial and following the final trial
were unmodeled and contributed to the baseline estimate.
Consistent with prior work using shock-reinforced variants of the
countdown task in adults (Grogans et al., 2024; Hur et al., 2020,
2022; Kim et al., 2023), additional nuisance variates included esti-
mates of volume-to-volume displacement, motion (six parameters,
0- and 1-volume lagged), cerebrospinal fluid (CSF) signal, instan-
taneous pulse and respiration rates, and ICA-derived nuisance sig-
nals (e.g., brain edge, CSF edge, global motion, and WM; Pruim

et al., 2015). Volumes with excessive volume-to-volume displace-
ment (>0.33 mm) were censored.

Extended Amygdala Regions of Interest (ROIs)

Consistent with prior work by our group, task-related Ce and
BST activation was quantified using well-established, anatomi-
cally defined ROIs and spatially unsmoothed fMRI data
(Grogans et al., 2024; Hur et al., 2018; Kim et al., 2023;
Figure 1). The derivation of the Ce ROl is detailed in Tillman et
al. (2018). The probabilistic BST ROI was developed by Theiss
and colleagues and thresholded at 25% (Theiss et al., 2017).
The BST ROI mostly encompasses the supracommissural BST,
given the difficulty of reliably discriminating the borders of
regions below the anterior commissure in T1-weighted MRIs
(Kriiger et al., 2015). Bilateral ROIs were decimated to the
2-mm resolution of the fMRI data. EAc ROI analyses used stan-
dardized regression coefficients extracted and averaged for each
combination of task contrast (e.g., uncertain threat vs. certain
safety anticipation), ROI, and participant.

Analytic Strategy
Overview

The overarching goal of this study was to determine the impact of var-
iation in social anxiety (z-transformed SPAIC-11) on reactivity to the
MSTC paradigm (Figure 1). Hypothesis testing focused on two mea-
surement modalities: (a) in-scanner ratings of anticipatory distress and
(b) fMRI measures of EAc (Ce/BST) activation during the anticipation
and presentation phases of the MSTC paradigm. Except where other-
wise noted, analyses were performed using SPSS (Version 27.0.1).
Diagnostic procedures (e.g., influence statistics) and data visualizations
were used to confirm test assumptions (Tukey, 1977). Predictor collin-
earity was acceptable for all analytic models. Some figures were created
using R (Version 4.0.2), RStudio, and ggplot2 (Version 3.4.1) (R Core
Team, 2022; RStudio Team, 2022; Wickham, 2016).

Behavioral Hypothesis Testing

A standard mixed-effects GLM was used to determine whether
the anticipation of social threat elicits distress, test whether individ-
ual differences in social anxiety are associated with amplified dis-
tress, and explore the possibility that these effects are conditional
on the temporal certainty of social encounters. Paralleling the
MSTC paradigm, the GLM was implemented as a 2 (valence: social
threat/safety) x 2 (temporal certainty: uncertain/certain) design with
social anxiety (z-transformed SPAIC-11) included as a dimensional
predictor. In effect, this model allowed us to partition variance in
anticipatory distress into that associated with the experimental
task, with the severity of social anxiety, and with their interaction.
Significant effects were interrogated using focal contrasts (paired
Students ¢ tests) and regressions as appropriate. Hotelling’s ¢ test,
as implemented in Fisher’s Z transform (Garbin, 2024), was used
to compare dependent correlations (Hotelling, 1940).

JMRI Hypothesis Testing

Standard mixed-effects GLMs were used to probe the association
between standardized social anxiety symptoms and EAc (Ce/BST)



This document is copyrighted by the American Psychological Association or one of its allied publishers.

personal use of the individual user and is not to be disseminated broadly.

This article is intended solely for the

48 HUR ET AL.

reactivity to the anticipation and presentation of social threat, and to
explore the possibility that these effects are conditional on the tempo-
ral certainty of threat encounters. For the anticipation phase, the GLM
was implemented as a 3 (condition: uncertain social threat, certain
social threat, and uncertain safety) x 2 (region: Ce, BST) design
with social anxiety (z-transformed SPAIC-11) included as a dimen-
sional predictor. This analytic choice was dictated by the fact that
the anticipation phase of certain safety trials served as the implicit
baseline condition for first-level fMRI models (see above). Huynh—
Feldt correction was used as necessary. For the presentation phase,
the GLM was implemented as a 2 (valence: social threat, safety) x
2 (temporal certainty: uncertain, certain) x 2 (region: Ce, BST) design
with social anxiety again included as a dimensional predictor. For
both GLMs, significant interactions were again decomposed using
focal contrasts (paired students ¢ tests) and regressions.

In head-to-head comparisons of criterion validity, simple
paper-and-pencil measures often outperform more sophisticated
brain imaging metrics (Shackman & Fox, 2018). To gauge the
added explanatory value (“incremental validity™) of statistically sig-
nificant brain metrics, we recomputed the relevant multiple regres-
sions while simultaneously incorporating paper-and-pencil distress
ratings or z-transformed SAD diagnostic status. Sensitivity analyses
confirmed that key conclusions were minimally altered by the inclu-
sion of nuisance variation in biological sex, pubertal status (Petersen
et al., 1988), or age (not reported).

Results
The Anticipation of Social Threat Elicits Distress

As shown in Figure 2a, in-scanner ratings of fearful and anxious
distress were elevated during the anticipation of social threat com-
pared to safety, and during the anticipation of temporally uncer-
tain compared to certain social cues—valence: F(1, 64) =47.39,
p <.001, nj = .43; certainty: F(1, 64) = 18.18, p < .001, np = .22.
These observations dovetail with work focused on threat-of-shock
paradigms in adults and reinforce the validity of the MSTC paradigm
for probing social anxiety in adolescents (Grogans et al., 2024; Hur
et al., 2020; Kim et al., 2023).

Social Anxiety Potentiates Distress During the
Anticipation of Social Threat

As shown in Figure 2b, adolescents with more severe social anxiety
reported heightened distress during the anticipation of social threat rel-
ative to safety—Valence x Social Anxiety: F(1, 64) =7.81, p = .01,
nﬁ =.11. Although the main effect of social anxiety was also signifi-
cant, F(1, 64) =4.80, p = .03, ng = .07, follow-up tests showed that
this was entirely driven by the association with threat-elicited dis-
tress—threat: #(64) =2.79, p =.007; safety: #(64)=1.01, p=.32;
threat-versus-safety: foeling(63) = 2.20, p = .03. Likewise, in a simul-
taneous regression model, only threat-related distress was significantly
and uniquely associated with dimensional variation in social anxiety—
threat: #(63) = 2.85, p = .006; safety: #(63) = —1.21, p = .23.

The EAc Is Preferentially Engaged by the Anticipation of
Uncertain Social Threat

We used anatomically defined Ce and BST ROIs and spatially
unsmoothed fMRI data to test whether more severe social anxiety

Figure 2
In-Scanner Ratings of Subjective Distress
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Note. (a) Fear and anxiety were significantly elevated during the anticipa-
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porally uncertain compared to certain reinforcers (p <.001). Error bars
depict the standard error of the mean. Dots indicate individual participants.
(b) More anxious adolescents experience heightened distress during the
anticipation of threatening, compared to benign, social cues (p =.01).
The line depicts the regression slope. Gray envelope depicts the 95% confi-
dence interval. Dots indicate individual participants. SPAIC-11 = Social
Phobia and Anxiety Scale for Children-11. See the online article for the
color version of this figure.

symptoms are associated with amplified EAc activation when
anticipating social-threat encounters, and to explore the possibility
that the degree of amplification depends on the temporal certainty
of encounters. A mixed-effects GLM revealed a significant effect
of Region, reflecting greater activation, on average, in the Ce com-
pared to the BST, F(1, 64) =4.81, p=.03, nf, =0.07. The condi-
tion effect was also significant, F(2, 128)=3.84, p=.02,
ng =.06. As shown in Figure 3a, the anticipation of uncertain
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Figure 3

Anticipation Phase of the Maryland Social Threat Countdown Paradigm
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Note. (a) The EAc is preferentially engaged by the temporally uncertain anticipation of social threat (p = .03). Inset depicts individual participants. Error bars
depict the standard error of the mean. (b) Adolescents with more severe social anxiety show diminished BST reactivity during the temporally uncertain antic-
ipation of social threat, while controlling for differences in Ce anticipatory activation (p = .01). (c). Socially anxious adolescents show amplified BST reactivity
during the temporally uncertain anticipation of normatively benign social stimuli, while controlling for differences in Ce anticipatory activation (p = .002).
Conventions are identical to Figure 2. EAc = central extended amygdala; SPAIC-11 = Social Phobia and Anxiety Scale for Children-11; BST = bed nucleus
of the stria terminalis; Ce = central nucleus of the amygdala. See the online article for the color version of this figure.

social threat elicited greater EAc activation (averaged across
regions) compared to both certain social threat and uncertain
safety—certain threat: #(64) =2.56, p=.01; uncertain safety:
1(64) =2.07, p = .04—which in turn did not significantly differ
from one another, #(64)=—0.39, p=.70. The Condition x
Region interaction was not significant (p =.57). Together, these
results indicate that the EAc is preferentially engaged by the antic-
ipation of uncertain social threat—consistent with prior work in
adults (Figel et al., 2019)—but the degree of engagement does
not appreciably differ across the Ce and BST, its two major
divisions.

Social Anxiety Is Associated With Diminished BST
Discrimination of Anticipated Threat and Safety

The GLM also revealed significant Condition x Social Anxiety,
F(2, 128)=5.87, p=.004, ng =.08, and Condition x Region x
Social Anxiety interactions, F(2, 128)=4.75, p= .01, nﬁ =.07.
Other effects were not significant (p > .46). To decompose the signif-
icant three-way interaction, we computed separate regression models
for the Ce and BST, in each case including reactivity to each of the
three anticipation conditions—uncertain social threat, certain social
threat, and uncertain safety—as simultaneous predictors of social
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anxiety. Results indicated that Ce activation is unrelated to variation in
social anxiety, 1f1(62) < 1.19, p > .23. On the other hand, blunted
BST reactivity to uncertain-threat anticipation and heightened BST
reactivity to uncertain-safety anticipation were both associated with
more severe social anxiety—uncertain threat: #(62) = —2.52,
p=.01; uncertain safety: #(62)=2.34, p=.02, with negligible
effects evident for certain-threat anticipation, #(62) =0.17, p = .87.
As shown in Figure 3b and 3c, both associations remained significant
while controlling for variation in Ce activation, indicating a statisti-
cally unique association between BST reactivity and the severity of
adolescent social anxiety—uncertain threat: #(60) = —2.57, p =.01;
uncertain safety: #(60) = 3.23, p = .002.

These results demonstrate that the most robust EAc activation occurs
during the uncertain anticipation of social threat, with significantly
lower activation evident during the uncertain anticipation of encounters
with normatively safe social cues (Figure 3a). This suggests that the
normative mean difference across the two conditions is diminished in
the BST of adolescents with more severe social anxiety. Consistent
with this intuition, higher social anxiety was negatively associated
with the simple arithmetic difference in BST activation across the
two conditions—uncertain social threat—uncertain safety, anticipation:
n64) = —.38,95% CI [.15, .57], p = .002. Although exploratory vox-
elwise analyses revealed a number of regions that were recruited during
social-threat anticipation, they uncovered no whole-brain significant
associations with social anxiety (Supplemental Tables S1-S7).

To clarify the explanatory value of BST reactivity, we computed a
new regression model, using a combination of the BST neuroimag-
ing metrics and two self-report metrics acquired during the MSTC—
indiscriminate distress (Threat + Safety Ratings) and threat-
potentiated distress (Threat — Safety Ratings)—to predict social
anxiety (cf., Figure 2). Results indicated that BST activation during
the anticipation of uncertain threat and safety continued to explain
significant variance in social anxiety while controlling for both
forms of task-related distress—uncertain threat: #(61) = —2.85,
p=.006; uncertain safety: #(61)=2.86, p=.006; ratings:
1(61) < 1.48, p>.14. The same conclusion was also evident
using the difference in anticipatory BST activation across the two con-
ditions, #(62) = —2.76, p=.008 or when controlling for all four
condition-specific distress ratings, 1£1(59) > 2.23, p < .03. The differ-
ence in anticipatory BST activation also explained significant variance
in the severity of social anxiety while controlling for SAD diagnostic
status, #(62) = —2.62, p = .01. In short, BST anticipatory activation
explains dimensional variation in adolescent social anxiety
above-and-beyond that accounted for by more traditional self- and
clinician-assessments, underscoring the added value (“incremental
validity”) of the fMRI metrics. These observations also make it
clear that the association between indiscriminate BST anticipatory
activation and social anxiety cannot be attributed to simple differences
in subjective reactivity to the MSTC paradigm.

The EAc Is Robustly Recruited by the Presentation of
Social Threat, Independent of Social Anxiety

As shown in Figure 4, a mixed-effects GLM indicated that the
EAc (Ce and BST) was more strongly engaged by the presentation
of threatening compared to normatively benign faces and voices—
valence: F(1, 64)=8.03, p =.006, nﬁ =.11. Results also demon-
strated that the Ce was more responsive to the acute presentation
of social cues—irrespective of their valence—when compared to

Figure 4
Presentation Phase of the Maryland Social Threat Countdown
Paradigm
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by the acute presentation of threatening (relative to benign) social stimuli
(p=.006) and that the Ce is more responsive (relative to the BST) to
faces and voices, irrespective of their valence (p = .001). Inset depicts indi-
vidual participants. Other conventions are identical to Figure 2. Ce = central
nucleus of the amygdala; BST =bed nucleus of the stria terminalis;
GLM = general linear model; EAc = central extended amygdala. See the
online article for the color version of this figure.

the BST—region: F(1, 64)=11.56, p =.001, ngz .15. No other
effects were significant (p > .18). In sum, while the EAc, in aggre-
gate, is robustly recruited by the acute presentation of threatening
face-voice stimuli, this is largely independent of variation in the
severity of social anxiety symptoms.

As expected, a whole-brain voxelwise analysis confirmed that the
presentation of faces and voices recruited the amygdala and relevant
areas of sensory cortex, including the bilateral fusiform gyri, superior
temporal sulci, and Heschl’s gyri (Tables S8-S10 in the online sup-
plemental materials). Exploratory analyses did not detect any whole-
brain significant voxelwise associations with dimensional variation in
social anxiety (Tables S11-S22 in the online supplemental materials).

Discussion

Among socially anxious adolescents, distress and impairment can
be triggered by both acute social scrutiny, such as interacting with
unfamiliar peers, and settings where negative evaluations are possi-
ble, but uncertain in their timing or likelihood, as when first entering
a public restroom or navigating a school hallway. To date, compar-
atively little scientific attention has been devoted to understanding
the neural systems underlying heightened reactivity to anticipated
social threat. Here we leveraged a novel fMRI paradigm—the
MSTC task—in a racially diverse sample of adolescents selectively
recruited to encompass a broad spectrum of social anxiety symptoms
(50% adolescents of color; 50.0% positive SAD screen; 36.4%
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SAD diagnosis) (Figure 1). Results demonstrated that fearful and
anxious feelings were significantly elevated, on average, during
the anticipation of threatening social cues, confirming the basic
validity of the MSTC task as a probe of social anxiety (Figure 2a).
Adolescents with more severe social anxiety reported potentia-
ted distress when anticipating encounters with social threat
(Figure 2b). Neuroimaging results revealed robust EAc (Ce and
BST) activation during the uncertain anticipation of social threat, rel-
ative to the anticipation of both certain threat and uncertain safety
(Figure 3a). Adolescents with more severe social anxiety showed
blunted BST activation during the uncertain anticipation of social
threat and heightened BST activation during the uncertain anticipa-
tion of benign social cues, indicating diminished discrimination of
the two contexts. Indeed, follow-up analyses demonstrated that
more severe symptoms were also associated with a reduction in
the difference in BST activation across the two conditions. These
brain-anxiety associations remained significant when controlling
for Ce reactivity, paper-and-pencil measures of task-related distress,
or SAD diagnostic status, underscoring the unique explanatory value
of BST anticipatory activity (Figure 3b and 3c). Although the EAc
(Ce and BST) was robustly engaged during the acute presentation
of threatening faces and voices—consistent with preclinical research
in adults (Sladky et al., 2018)—variation in the degree of engage-
ment was unrelated to the severity of social anxiety symptoms
(Figure 4).

During the anticipation phase of the MSTC paradigm, the EAc
(Ce and BST) was much more strongly recruited, on average, by
uncertain social threat compared to either certain threat or uncertain
safety. Within the BST (but not the Ce), these normative mean dif-
ferences are further moderated by individual differences in the
severity of social anxiety symptoms. Adolescents with more severe
symptoms show blunted BST activation during the uncertain antic-
ipation of hostile social cues, and amplified activation during the
uncertain anticipation of benign ones. Might this pattern of results
simply reflect heightened BST reactivity to benign social stimuli
(Figure 1)? After all, socially anxious adolescents and adults often
experience heightened levels of dread and discomfort during the
anticipation or experience of positive social interactions (e.g., receiv-
ing praise; Fredrick & Luebbe, 2020; Weeks et al., 2019), perceive
positive and neutral facial expressions as less approachable and more
arousing (Kivity & Huppert, 2016), and in some cases have been
shown to exhibit exaggerated amygdala activation to positive and
neutral faces (Birbaumer et al., 1998; Cooney et al., 2006; Crane
et al., 2021; Straube et al., 2005). The answer appears to be “no,”
insofar as our results demonstrate that social anxiety was unrelated
to EAc activation during the acute presentation of social cues.
When viewing faces and voices, the EAc is more responsive to
threatening than benign cues, independent of social anxiety. This
observation is consistent with work in adults with SAD (Ziv et al.,
2013) and contraindicates a straightforward ‘“hyperreactivity to
benign social cues” explanation. Variation in the severity of social
anxiety was also unrelated to EAc activation during the certain antic-
ipation of threat, contraindicating the possibility that socially anx-
ious adolescents are simply more pessimistic in their expectations
or nonspecifically hyperreactive to anticipated social encounters.
What mechanism, then, might explain this pattern of results?
Grupe and Nitschke’s conceptual framework argues that (a) uncer-
tainty amplifies the salience of anticipated encounters with threat
and (b) anxious individuals have difficulty discriminating threat

from safety (Grupe & Nitschke, 2013). Such biases tend to manifest
most clearly in “weak” situations, where there is more opportunity
for individual differences in anxiety to guide thoughts, feelings,
and behavior. This framework suggests that among adolescents
with more severe social anxiety symptoms, the amplifying conse-
quences of temporal uncertainty on BST activation are especially
potent when anticipating weakly or ambiguously threatening social
cues (unfamiliar adults emitting neutral or mildly positive expres-
sions); comparatively weaker when anticipating more intense and
normatively threatening social cues (unfamiliar adults emitting
overtly hostile expressions); and absent during the certain anticipa-
tion or acute presentation of social cues. This perspective accounts
for the overall pattern of mean differences across both phases of
the MSTC paradigm and explains the opposing consequences of
individual differences in social anxiety on BST anticipatory activity.
More broadly, these observations reinforce the hypothesis that alter-
ations in BST function underlie socially anxious adolescents’ mal-
adaptive responses to benign-but-uncertain everyday social
encounters, such as anticipating an interaction with a sales associate
or asking a routine question in class.

Clearly, a number of important challenges remain for future
research. First, our study was focused on a racially diverse sample
of adolescents. Moving forward, it will be useful to expand this to
encompass larger and more demographically representative samples.
Larger samples will also afford that statistical power necessary to
tease apart whether the effects that we ascribe to social anxiety actu-
ally reflect associations with broader psychopathology dimensions,
such as the fear disorders or the internalizing spectrum (Conway
et al., 2019; Tiego et al., 2023; Watson et al., 2022). Second, our
analyses relied on adolescent-reported social anxiety symptoms.
While this approach is common in both research and clinical set-
tings, recent work highlights the value of using more sophisticated
multiinformant approaches to quantify the depth and breadth of
social anxiety (D. Beidel et al., 2019; De Los Reyes et al., 2023;
Makol et al., 2020). Third, our cross-sectional design does not
license mechanistic claims. Prospective—longitudinal and interven-
tion research will be necessary to determine whether diminished dis-
crimination of uncertain social threat and safety in the BST forecasts
the emergence of clinically significant distress and impairment, and
whether this bias is normalized by clinically effective treatments.
Preliminary work in rodents is encouraging (Bruzsik et al., 2021;
De Bundel et al., 2016; Duvarci et al., 2009), demonstrating that
the BST plays a critical role in discriminating Pavlovian threat
from safety. For example, blockade of BST dopamine D2 receptor
signaling has been shown to potentiate defensive responses to safety
cues (CS—) and blunt defensive responses to threat cues (CS+); in
contrast, stimulation of this pathway enhances the discrimination
of threat from safety (De Bundel et al., 2016). Moving forward, it
will be helpful to determine whether these perturbations produce
parallel changes in defensive responding to uncertain social threat
(e.g., novel conspecific) and safety (e.g., novel testing chamber).
Fourth, although our results highlight the importance of the BST,
social anxiety is a complex phenotype that likely reflects multiple
distributed networks. It will be important to understand how interac-
tions between the BST and other brain regions support variation in
specific facets of pediatric social anxiety.

In conclusion, the present results demonstrate that adolescents with
more severe social anxiety symptoms show reduced discrimination of
uncertain social threat and safety in the BST. These discoveries
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provide a neuroscientifically grounded framework for conceptualizing
adolescent social anxiety and set the stage for the kinds of targeted
follow-up research that will be necessary to clarify causation and, ulti-
mately, to develop more effective or tolerable biological interventions
for youth living with social anxiety. A diverse sample enriched for
clinically significant levels of social anxiety, a well-controlled task,
and a statistically unbiased (anatomical ROI) analytic approach
enhance confidence in the robustness and translational relevance of
these results.
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Table S1. Descriptive statistics for clusters and local extrema showing omnibus differences in activation
between the three Anticipation conditions (Uncertain Threat, Certain Threat, and Uncertain Safety)
relative to implicit baseline (Certain Safety Anticipation), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm? F X y z
1 L Cuneal Cortex 86,824 8.96 -12 -80 30
1 L Intracalcarine Cortex 86,824 89.58 -14 -74 8
1 L Lateral Occipital Cortex, superior division 86,824 10.68 -12 -84 46
1 L Lingual Gyrus 86,824 17.71 -18 -52 -10
1 L Occipital Fusiform Gyrus 86,824 32.06 -28 -72 -12
1 L Occipital Pole 86,824 61.57 -8 -98 -4
1 L Temporal Occipital Fusiform Cortex 86,824 23.56 -32 -58 -14
1 R Cuneal Cortex 86,824 26.25 4 -86 34
1 R Intracalcarine Cortex 86,824 130.35 14 -78 12
1 R Lingual Gyrus 86,824 17.54 18 -44 -10
1 R Occipital Fusiform Gyrus 86,824 43.76 26 -76 -12
1 R Occipital Pole 86,824 69.28 8 -90 -2
1 R Supracalcarine Cortex 86,824 104.29 2 -80 8
1 R Temporal Occipital Fusiform Cortex 86,824 14.71 28 -48 -12
2 L Postcentral Gyrus 48,576 8.68 -14 -46 70
2 L Precuneus Cortex 48,576 16.41 -10 -50 58
2 L Superior Parietal Lobule 48,576 17.66 -28 -46 60
2 R Angular Gyrus 48,576 1794 60 -46 22
2 R Lateral Occipital Cortex, inferior division 48,576 46.47 48 -72 0
2 R Lateral Occipital Cortex, superior division 48,576 23.03 48 -68 20
2 R Middle Temporal Gyrus, temporooccipital part 48,576 23.57 60 -46 2
2 R Postcentral Gyrus 48,576 14.62 42 -36 58
2 R Precuneus Cortex 48,576 16.16 8 -48 54
2 R Superior Parietal Lobule 48,576 18.55 26 -50 52
2 R Supramarginal Gyrus, posterior division 48,576 17.66 44 -38 50
2 R Temporal Occipital Fusiform Cortex 48,576 27.99 44 -50 -16
3 R Middle Frontal Gyrus 8,360 11.27 28 12 54
3 R Precentral Gyrus 8,360 18.63 26 -12 66
3 R Superior Frontal Gyrus 8,360 15.01 20 -2 58
4 L Middle Frontal Gyrus 8,080 11.80 -38 4 46
4 L Paracingulate Gyrus 8,080 14.49 -10 12 44
4 L Precentral Gyrus 8,080 16.97 -32 -10 56
4 L Superior Frontal Gyrus 8,080 1540 -12 6 64
4 R Midcingulate Cortex 8,080 1713 6 8 26
4 R Paracingulate Gyrus 8,080 935 6 14 40
5 R Inferior Frontal Gyrus, pars opercularis 7,576 21.36 40 12 26
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Precentral Gyrus

Frontal Pole/ dorsolateral Prefronal Cortex
Middle Frontal Gyrus

Inferior Temporal Gyrus, temporooccipital part
Middle Temporal Gyrus, posterior division
Middle Temporal Gyrus, temporooccipital part
Midcingulate Cortex

Lateral Occipital Cortex, superior division

7,576
3,216
3,216
2,800
2,800
2,800
1,096
1,096

30.19
14.79
12.03
15.91
10.41
12.94
11.69
13.78

46 8 32
26 42 28
32 34 32
-46 -62 -12
-58 -44 -2
-56 -50 2
-10 24 26
-22 -76 36
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Table S2. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain versus certain anticipation of threatening faces and voices (masked by the omnibus F-test),
p<.05, whole-brain corrected.

Cluster Hemisphere Label
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Angular Gyrus
Lateral Occipital Cortex, inferior division
Lateral Occipital Cortex, superior division

Middle Temporal Gyrus, temporooccipital part

Postcentral Gyrus

Superior Parietal Lobule
Supramarginal Gyrus, posterior division
Temporal Occipital Fusiform Cortex
Postcentral Gyrus

Precuneus Cortex

Superior Parietal Lobule

Lateral Occipital Cortex, superior division
Precuneus Cortex

Middle Frontal Gyrus

Precentral Gyrus

Superior Frontal Gyrus

Inferior Frontal Gyrus, pars opercularis
Precentral Gyrus

Middle Frontal Gyrus

Paracingulate Gyrus

Precentral Gyrus

Superior Frontal Gyrus

Midcingulate Cortex

Paracingulate Gyrus

Frontal Pole

Inferior Temporal Gyrus, temporooccipital part

Middle Temporal Gyrus, posterior division

Middle Temporal Gyrus, temporooccipital part

Midcingulate Cortex

Lateral Occipital Cortex, superior division
Midcingulate Cortex

Cuneal Cortex

mm®  t
38,152 5.57
38,152 8.48
38,152 4.95
38,152 6.95
38,152 4.87
38,152 5.17
38,152 5.78
38,152 6.74
8,064 4.22
8,064 5.65
8,064 6.00
8,064 4.47
8,064 5.72
7,624 4.78
7,624 5.11
7,624 5.14
7,576 6.33
7,576 7.63
7,432 4.76
7,432 5.46
7,432 5.38
7,432 4.81
7,432 4.89
7,432 4.08
3,184 5.29

X
62
52
22
60
42
24
42
44

-14
-10
-28
14
10
28
38
22
40
44
-40
-10
-32
-26

8

2
26

y
-46

-72
-68
-46
-36
-50
-40
-50
-46
-50
-46
-62
-46
12
-6
4
12
6
4
12
-8
0
24
12
42

2,648 5.49 -46 -62
2,648 4.32 -58 -44
2,648 4.87 -56 -50
1,080 4.79 -10 24
1,072 5.29 -24 -76
384 529 4 12
40 3.68 -12 -82

z
18
-2
42

2
58
54
48

-18
70
56
60
54
52
54
50
52
26
32
46
44
56
62
28
42
28
-12
-2

4
26
36
24
30
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Table S3. Descriptive statistics for clusters and local extrema showing greater activation during the certain
versus uncertain anticipation of threatening faces and voices (masked by the omnibus F-test), p<.05,
whole-brain corrected.

Cluster Hemisphere Label mm?3 t x y z
1 L Intracalcarine Cortex 82,288 11.82 -14 -74 6
1 L Lateral Occipital Cortex, inferior division 82,288 4.06 -38 -86 -16
1 L Lingual Gyrus 82,288 5.57 -18 -52 -10
1 L Occipital Fusiform Gyrus 82,288 7.64 -28 -76 -12
1 L Occipital Pole 82,288 11.13 -8 -98 -4
1 L Temporal Occipital Fusiform Cortex 82,288 6.57 -32 -58 -14
1 R Cuneal Cortex 82,288 7.03 2 -86 36
1 R Intracalcarine Cortex 82,288 11.50 12 -88 2
1 R Occipital Fusiform Gyrus 82,288 9.19 26 -76 -12
1 R Occipital Pole 82,288 1194 6 -90 -2
1 R Supracalcarine Cortex 82,288 12.56 2 -80 8
2 R Lingual Gyrus 504 498 18 -44 -10
2 R Temporal Occipital Fusiform Cortex 504 3.33 26 -48 -14
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Table S4. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain anticipation of threatening versus benign faces and voices (masked by the omnibus F-test),
p<.05, whole-brain corrected.

Cluster Hemisphere Label mm3> t x y z
1 L Precuneus Cortex 3,640 5.16 -6 -50 54
1 R Cingulate Gyrus, posterior division 3,640 3.82 10 -32 40
1 R Precuneus Cortex 3,640 491 6 -46 54
2 R Angular Gyrus 880 5.03 60 -46 22
3 L Lateral Occipital Cortex, superior division 544 4.06 -26 -80 34
4 L Lateral Occipital Cortex, superior division 16 3.48 -18 -88 36



Hur, Tillman...& Shackman, Adolescent social anxiety and extended amygdala function

7

Table S5. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain anticipation of benign versus threatening faces and voices (masked by the omnibus F-test),
p<.05, whole-brain corrected.

Cluster Hemisphere Label

BW NN R R R R

L
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Intracalcarine Cortex

Occipital Pole

Cuneal Cortex

Intracalcarine Cortex

Occipital Pole

Occipital Fusiform Gyrus

Temporal Occipital Fusiform Cortex
Lingual Gyrus

Lateral Occipital Cortex, inferior division

mm3> t x y
57,272 12.50 -12 -74
57,272 7.38 -2 -94
57,272 592 2 -84
57,272 16.37 14 -78
57,272 6.87 14 -102
992 5.28 30 -68

992 4.14 34 -60

368 5.55 -16 -52

8 3.37 40 -86

z
10
-4
36
12
2
-12
-12
-12
-10
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Table S6. Descriptive statistics for clusters and local extrema showing greater activation during the certain
anticipation of threatening faces and voices versus the uncertain anticipation of benign faces and voices
(masked by the omnibus F-test), p<.05, whole-brain corrected.

Cluster Hemisphere Label
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Lingual Gyrus

Occipital Fusiform Gyrus

Occipital Pole

Temporal Occipital Fusiform Cortex
Cuneal Cortex

Lingual Gyrus

Occipital Fusiform Gyrus

Occipital Pole

Temporal Occipital Fusiform Cortex

mm*> t x y z
29,288 7.55 -6 -90 -10
29,288 6.90 -28 -70 -12
29,288 5.25 -8 -98 2
29,288 6.26 -32 -56 -14
29,288 3.31 6 -86 38
29,288 798 6 -90 -6
29,288 8.24 24 -76 -10
29,288 6.75 14 -98 2
29,288 5.49 28 -48 -12

Lateral Occipital Cortex, superior division 1,192 3.61 -12 -84 46

Occipital Pole
Precuneus Cortex

1,192 4.94 -14 -90 34
56 4.08 -4 -82 42
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Table S7. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain anticipation of benign faces and voices versus the certain anticipation of threatening faces and
voices (masked by the omnibus F-test), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 R Inferior Temporal Gyrus, temporooccipital part 21,888 4.84 56 -52 -12
1 R Lateral Occipital Corte, inferior division 21,888 9.05 46 -74 0
1 R Middle Temporal Gyrus, temporooccipital part 21,888 5.74 54 -56 0
1 R Temporal Occipital Fusiform Cortex 21,888 6.02 46 -56 -18
2 R Lateral Occipital Cortex, superior division 5,040 4.00 38 -66 34
2 R Postcentral Gyrus 5,040 4.11 14 -44 62
2 R Superior Parietal Lobule 5,040 5.14 32 -40 64
2 R Supramarginal Gyrus, posterior division 5,040 4.27 42 -40 50
3 R Inferior Frontal Gyrus, pars opercularis 4,136 3.35 54 12 16
4 R Intracalcarine Cortex 2,640 5.20 14 -76 12
5 L Intracalcarine Cortex 2,408 4.37 -14 -76 12
6 R Precentral Gyrus 2,352 5.54 12 -16 74
7 L Lateral Occipital Cortex, inferior division 2,000 3.94 -48 -66 -18
7 L Middle Temporal Gyrus, posterior division 2,000 3.64 -56 -42 -2
7 L Middle Temporal Gyrus, temporooccipital part 2,000 4.30 -54 -50 4
7 L Temporal Occipital Fusiform Cortex 2,000 4.20 -42 -60 -12
8 L Precentral Gyrus 768 5.30 -32 -12 56
9 L Superior Frontal Gyrus 624 5.07-10 6 66
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Table S8. Descriptive statistics for clusters and local extrema showing greater activation during the acute
presentation of threatening faces and voices versus baseline, p<.05, whole-brain corrected.

Cluster Hemisphere Label
Inferior Frontal Gyrus, pars

1 R triangularis
1 L Frontal Operculum Cortex
1 L Frontal Orbital Cortex
Inferior Frontal Gyrus, pars
1 L opercularis
1 R Frontal Orbital Cortex
L Insular Cortex
Inferior Frontal Gyrus, pars
1 R opercularis
1 L Putamen
1 R Putamen
1 L Temporal Pole
1 L Caudate
1 R Temporal Pole
1 R Precentral Gyrus
Superior Temporal Gyrus,
1 R anterior division
Cingulate Gyrus, anterior
1 R division
Superior Temporal Gyrus,
1 L anterior division
1 R Amygdala
1 L Amygdala
1 L Amygdala
1 R Amygdala
1 R Amygdala
1 R Planum Temporale
1 L Amygdala
Heschls Gyrus (includes H1 and
1 R H2)
Superior Temporal Gyrus,
1 R posterior division
Heschls Gyrus (includes H1 and
1 L H2)
L Planum Temporale
Inferior Temporal Gyrus,
1 L posterior division
1 R Brain Stem
1 L Thalamus
1 L Brain Stem

mm3
359,264
359,264
359,264

359,264
359,264
359,264

359,264
359,264
359,264
359,264
359,264
359,264
359,264

359,264
359,264

359,264
359,264
359,264
359,264
359,264
359,264
359,264
359,264

359,264
359,264

359,264
359,264

359,264
359,264
359,264
359,264

t

8.23
10.89
11.11

7.63
7.72
7.73

9.95
5.82
5.15
15.29
3.81
16.33

15.68

5.3

17.11
7.94
8.17
8.22
8.51
7.43

17.87
6.85

15.44

14.11

18.13
17.04

6.33
11.88
12.47

9.42

X

50
-38
-36

-48
32
-30

42
-20
18
-54
-8
52
50

56

6

-58
30
-30
-16
16
28
62
-26

50

68

-48
-60

-44
12
-18
-8

y

28
26
26

20
18
16

14
10
10

00 0

-14

-18

-20
-22

-26
-26
-30
-30

16
-18
-14
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Thalamus 359,264 10.09 10 -30 -2
Temporal Fusiform Cortex,

posterior division 359,264 12 38 -38 -24
Supramarginal Gyrus, posterior

division 359,264 1534 -66 -42 12
Lingual Gyrus 359,264 6.05 -16 -46 -8
Lingual Gyrus 359,264 9.11 18 -46 -10
Temporal Occipital Fusiform

Cortex 359,264 13.73 -38 -48 -20
Temporal Occipital Fusiform

Cortex 359,264 16.56 36 -56 -16
Intracalcarine Cortex 359,264 11.22 -20 -68 6
Precuneus Cortex 359,264 5.76 12 -74 40
Occipital Fusiform Gyrus 359,264 15.57 30 -76 -10
Cuneal Cortex 359,264 6.57 4 -80 36
Occipital Fusiform Gyrus 359,264 16.68 -26 -84 -12
Occipital Pole 359,264 174 -14 -96 -12
Occipital Pole 359,264 18.68 14 -98 0
Paracingulate Gyrus 12,936 7.09 -10 20 38
Superior Frontal Gyrus 12,936 525 -10 20 68
Paracingulate Gyrus 12,936 4.26 10 20 40
Superior Frontal Gyrus 12,936 5.14 8 18 68
Frontal Pole 2,784 3.99 10 60 36
Superior Frontal Gyrus 2,784 6.1 -2 56 32
Superior Frontal Gyrus 2,784 4.83 6 50 40
Frontal Pole 2,008 3.77 -4 58 -18
Frontal Medial Cortex 2,008 512 0 42 -24
Frontal Medial Cortex 2,008 5.31 -2 32 -28
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Table S9. Descriptive statistics for clusters and local extrema showing greater activation during the acute
presentation of benign faces and voices versus baseline, p<.05, whole-brain corrected.

Cluster
1
1

1

R R R R R [N [

[ T W

[ N Y

| S W Y

Hemisphere
L
L

R

-

—

=R S o ~ X O XX ~ XXX

(ol o> v B o> v B o e > o

Label

Frontal Orbital Cortex
Insular Cortex

Inferior Frontal Gyrus, pars
triangularis

Inferior Frontal Gyrus, pars
triangularis

Frontal Orbital Cortex
Inferior Frontal Gyrus, pars
opercularis

Inferior Frontal Gyrus, pars
opercularis

Middle Frontal Gyrus

Temporal Pole

Temporal Pole

Precentral Gyrus

Superior Temporal Gyrus, anterior
division

Amygdala

Amygdala

Amygdala

Amygdala

Superior Temporal Gyrus, anterior
division

Amygdala

Amygdala

Amygdala

Superior Temporal Gyrus, posterior
division

Heschls Gyrus (includes H1 and H2)
Heschls Gyrus (includes H1 and H2)
Planum Temporale

Brain-Stem

Thalamus

Thalamus

Parietal Operculum Cortex
Cingulate Gyrus, posterior division
Temporal Fusiform Cortex, posterior
division

Supramarginal Gyrus, posterior
division

mm?3

313,816
313,816

313,816

313,816
313,816

313,816

313,816
313,816
313,816
313,816
313,816

313,816
313,816
313,816
313,816
313,816

313,816
313,816
313,816
313,816

313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816

313,816

313,816

t
9.69
9.61

9.00

6.29
7.08

7.95

10.43
10.37
14.54
18.12
4.83

18.13
7.46
6.95
7.43
8.00

17.79
9.18
7.58
5.37

15.69
13.72
15.94
16.62
10.19
12.39
9.41
4.79
5.25

11.52

13.61

-34
-30

52

-52
42

-50

48
46
48
-54
46

56
26
-28
30
32

-56
-16
-30
28

50
52

-60
10
-20
10
-34

38

54

28
26

26

24
24

18

18
16
14

s O

-16
-18
-20
-22
-26
-30
-30
-34
-38

-38

24

28
30
-18
-10
46

-14
-18
-20
-24
-20

-14
-22
-12
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Supramarginal Gyrus, posterior
division

Temporal Fusiform Cortex, posterior
division

Lingual Gyrus

Temporal Occipital Fusiform Cortex
Lingual Gyrus

Temporal Occipital Fusiform Cortex
Precuneus Cortex

Intracalcarine Cortex

Intracalcarine Cortex

Occipital Fusiform Gyrus

Cuneal Cortex

Occipital Fusiform Gyrus

Occipital Pole

Occipital Pole

Superior Frontal Gyrus
Paracingulate Gyrus

Paracingulate Gyrus

Superior Frontal Gyrus

Thalamus

313,816

313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
313,816
10,680
10,680
10,680
10,680
968

12.37

12.04
6.34
12.77
4.72
14.47
4.97
6.19
9.99
16.57
4.36
15.49
16.92
17.94
5.69
3.57
5.18
4.01
6.33

-66

-40
18
-36
-16
36
14
12
-20
32
2
-26
-10
14
6
10
-10
-10
6
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12

-22
-8
-18
-8
-16
40
14
8
-12
36
-12
-10
0
58
32
38
68
6
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Table S10. Descriptive statistics for clusters and local extrema showing greater activation during the acute
presentation of threatening versus benign faces and voices, p<.05, whole-brain corrected.

Cluster Hemisphere Label
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Intracalcarine Cortex

Lateral Occipital Cortex, inferior division

Occipital Fusiform Gyrus

Occipital Pole

Temporal Occipital Fusiform Cortex
Cuneal Cortex

Intracalcarine Cortex

Lateral Occipital Cortex, inferior division

Lingual Gyrus

Occipital Fusiform Gyrus
Occipital Pole
Precuneus Cortex

Temporal Fusiform Cortex, posterior division

Temporal Occipital Fusiform Cortex
Planum Temporale

Superior Temporal Gyrus, posterior division

Supramarginal Gyrus, posterior division
Central Opercular Cortex

Heschls Gyrus (includes H1 and H2)
Planum Temporale

Supramarginal Gyrus, posterior division
Frontal Orbital Cortex

Left Putamen

Cingulate Gyrus, posterior division
Cingulate Gyrus, posterior division
Temporal Pole

Brain-Stem

Brain-Stem

Left Caudate

Frontal Pole

Frontal Orbital Cortex

Right Putamen

Precentral Gyrus

Inferior Frontal Gyrus, pars opercularis

mm3 ¢

X

y z

54,808 7.60 -16 -70 6
54,808 5.06 -40 -72 -8
54,808 5.21 -34 -68 -18
54,808 5.96 -4 -100 -2

54,808 4.88
54,808 4.56
54,808 6.73
54,808 4.75
54,808 6.55
54,808 6.23
54,808 7.00
54,808 5.64
54,808 4.05
54,808 5.82
10,504 5.35
10,504 6.50
10,504 4.75
7,128 3.51
7,128 4.75
7,128 5.77
7,128 4.28
3,264 5.07
3,264 4.81
2,832 5.51
2,832 5.49
2,816 5.44
2,256 5.05
2,256 4.51
1,992 3.60
1,416 4.24
1,400 4.93
1,400 4.47
1,200 5.15
800 3.98

-32
18
14
36

4
36
4
18
36
36
38
50
68

-62
-44
-38
-66
-28
-22
-2

6
54
-6
12
-8
-6
32
26
52

-48

-56 -16
-74 30
-66 10
-86 -10
-88 -2
-68 -14
-90 4
-72 38
-36 -24
-54 -14
-32 14
-16 -6
-38 16
-14 10
-24 8
-34 10
-42 18
14 -18
8 -8
-16 40
-24 28
8 -16
-36 -6
-26 -10
8 14
58 18
18 -20
12 -6
-2 48
20 10
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Table S11. Descriptive statistics for clusters and local extrema showing greater activation during the acute
presentation of benign versus threatening faces and voices, p<.05, whole-brain corrected.

Cluster Hemisphere Label mm3> t x y z
1 L Angular Gyrus 8,464 3.85 -44 -60 24
1 L Lateral Occipital Cortex, superior division 8,464 6.42 -42 -78 30
2 L Middle Frontal Gyrus 6,680 3.94 -38 10 62
2 L Superior Frontal Gyrus 6,680 5.44 -24 14 60
3 L Precuneus Cortex 5,968 6.86 -6 -54 16
3 R Precuneus Cortex 5968 482 8 -54 6
4 L Cingulate Gyrus, posterior division 4,576 5.38 -6 -38 36
4 L Precuneus Cortex 4,576 4.74 -2 -54 48
4 R Lateral Occipital Cortex, superior division 4,576 3.84 12 -60 60
4 R Precuneus Cortex 4,576 5.40 10 -60 50
4 R Superior Parietal Lobule 4,576 3.80 12 -54 66
5 R Lateral Occipital Cortex, superior division 2,920 6.61 46 -70 34
6 L Lateral Occipital Cortex, superior division 2,896 455 -8 -64 62
6 L Postcentral Gyrus 2,896 3.99 -8 -48 70
6 L Precuneus Cortex 2,896 4.23 -8 -66 56
7 L Middle Temporal Gyrus, temporooccipital part 2,208 5.62 -58 -50 -6
8 L Parahippocampal Gyrus, posterior division 2,128 5.20 -28 -30 -18
8 L Temporal Fusiform Cortex, posterior division 2,128 5.83 -26 -38 -18
9 R Frontal Pole 1,232 4.12 28 36 50
9 R Superior Frontal Gyrus 1,232 411 22 30 42
10 R Middle Frontal Gyrus 1,000 3.96 26 16 54
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Table S12. Descriptive statistics for clusters and local extrema showing greater activation during the
temporally uncertain versus certain presentation of benign faces and voices, p<.05, whole-brain corrected.

Cluster Hemisphere Label

1
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L
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Inferior Temporal Gyrus,
temporooccipital part

Lateral Occipital Cortex, inferior
division

Temporal Occipital Fusiform Cortex
Superior Frontal Gyrus

Cingulate Gyrus, anterior division
Juxtapositional Lobule Cortex
Paracingulate Gyrus

Occipital Pole

Precuneus Cortex

Lateral Occipital Cortex, superior
division

Occipital Pole

Precuneus Cortex

Superior Parietal Lobule
Supramarginal Gyrus, posterior
division

Lateral Occipital Cortex, inferior
division

Temporal Occipital Fusiform Cortex
Precuneus Cortex

Precentral Gyrus

Frontal Operculum Cortex
Insular Cortex

Frontal Operculum Cortex
Insular Cortex

Precentral Gyrus

mm?3 t

6,664 5.96

6,664 4.84
6,664 5.78
4,200 4.29
4,200 3.60
4,200 3.93
4,200 4.90
4,176 3.69
4,176 4.23

4,176 3.52
4,176 4.80
4,176 3.62
3,424 4.58

3,424 4.98

2,696 3.37
2,696 5.23
2,504 5.06
2,328 4.54
1,424 4.61
1,424 4.20
1,344 3.83
1,344 4.81
1,176 4.55

48

40
36
10
-48
48
34
-40
-30
48

y

-54

-70
-48
36
16
6
18
-90
-68

-84
-98
-76
-42

-38

-78
-48
-72
0
12
20
14
18
6

44
24
48
42

48

-12
-18
36
36

10
32
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Table S13. Descriptive statistics for clusters and local extrema showing greater activation during the
temporally certain versus uncertain presentation of benign faces and voices, p<.05, whole-brain corrected.

Cluster Hemisphere Label mm®* t x y z
1 R Planum Temporale 2,640 4.60 58 -16 4
1 R Superior Temporal Gyrus, anterior division 2,640 4.17 62 0 -6
1 R Superior Temporal Gyrus, posterior division 2,640 4.61 68 -22 4
2 L Heschls Gyrus (includes H1 and H2) 2,008 4.81 -52 -18 4
2 L Planum Temporale 2,008 3.90 -62 -18 4
2 L Superior Temporal Gyrus, anterior division 2,008 4.43 -62 -6 -6
2 L Superior Temporal Gyrus, posterior division 2,008 4.40 -64 -12 2
3 L Frontal Medial Cortex 1,104 4.75 -8 42 -12
3 L Frontal Pole 1,104 4.38 -6 58 -16
3 B Frontal Medial Cortex 1,104 4.05 0 42 -16



Table S14. Descriptive statistics for clusters and local extrema showing a significant positive Valence x
Temporal Certainty interaction during the acute presentation of faces and voices (Uncertain Threat—

Uncertain Safety > Certain Threat—Certain Safety), p<.05, whole-brain corrected.

Cluster Hemisphere Label
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Lateral Occipital Cortex, superior division
Precuneus Cortex

Precuneus Cortex

Pregenual anterior cingulate cortex
Pregenual anterior cingulate cortex
Frontal Medial Cortex

Frontal Pole/Dorsolateral Prefrontal Cortex
Paracingulate Gyrus

Postcentral Gyrus

Supramarginal Gyrus, anterior division
Precuneus Cortex

Angular Gyrus

Central Opercular Cortex

Insular Cortex

Frontal Medial Cortex

Frontal Pole/Dorsolateral Prefrontal Cortex
Inferior Frontal Gyrus, pars opercularis
Precentral Gyrus

Brain-Stem

Parahippocampal Gyrus, anterior division
Right Hippocampus

Temporal Fusiform Cortex, posterior division

mm® t x
5,160 5.18 -14
5,160 5.26 -8
5,160 5.36 10
4,408 4.53 -2
4,408 4.81 4
4,408 4.57 10
4,408 4.38 8
4,408 3.54 6
4,272 4.40 -50
4,272 5.21 -62
1,912 4.75 -16
1,416 5.02 50

y
-66
-64
-58

38

36

50

58
34
-20
-30
-68
-54
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z
60
52
56
12
14
-8

8

-10
36
32
24
14

1,336 358 -44 6 0

1,336 4.80 -38
984 4.73 -10
984 3.96 -4
896 4.92 -58
896 4.22 -58
872 4.24 12
872 4.26 18
872 4.43 26
872 3.45 34

-8

48
58

10

6
-16
-16
-22
-22

-10
-10
0
18
28
-22
-24
-18
-24

18



Table S15. Descriptive statistics for clusters and local extrema showing a significant negative Valence x
Temporal Certainty interaction during the acute presentation of faces and voices (Uncertain Threat—

Hur, Tillman...& Shackman, Adolescent social anxiety and extended amygdala function

Uncertain Safety < Certain Threat—Certain Safety), p<.05, whole-brain corrected.

12
36

Cluster Hemisphere Label mm?> t x y
1 L Intracalcarine Cortex 65,456 12.80 -16 -72
1 L Lingual Gyrus 65,456 8.43 -18 -68
1 L Occipital Pole 65,456 7.24 -6 -98
1 L Cuneal Cortex 65,456 6.62 -2 -88
2 R Intracalcarine Cortex 65,456 12.58 18 -68
1 B Lingual Gyrus 65,456 11.50 0 -88
1 R Supracalcarine Cortex 65,456 11.24 2 -74
1 R Cuneal Cortex 65,456 7.38 8 -84
1 R Occipital Pole 65,456 7.09 12 -104 2

19



Table S16. Descriptive statistics for clusters and local extrema showing greater activation during the
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uncertain versus certain presentation of threatening faces and voices (masked by the Valence x Certainty
contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
L Postcentral Gyrus 1,640 4.04 -50 -20 34
L Supramarginal Gyrus, anterior division 1,640 4.69 -62 -28 34
R Pregenual anterior cingulate cortex 840 495 6 38 14
L Precentral Gyrus 816 5.15-58 8 16
L Lateral Occipital Cortex, superior division 696 3.62 -14 -68 56
L Precuneus Cortex 672 4.74 -16 -66 24
L Central Opercular Cortex 312 357 -48 8 0
L Insular Cortex 312 4.76 -38 -8 -12

O UT D WD ==
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Table S17. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain presentation of threatening versus benign faces and voices (masked by the Valence x Certainty
contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 L Pregenual anterior cingulate cortex 1,752 5.04 -2 36 -4
1 R Pregenual anterior cingulate cortex 1,752 4.66 6 40 10
2 L Central Opercular Cortex 288 4.61 -62 -20 12
3 R Frontal Pole/Dorsolateral Prefrontal Cortex 128 3.71 6 56 8
4 L Supramarginal Gyrus, anterior division 120 3.31 -64 -38 24
5 L Paracingulate Gyrus 40 3.64 -8 46 -2
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Table S18. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain presentation of threatening versus the certain presentation of benign faces and voices (masked
by the Valence x Certainty contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm3> t x y z
1 R Brain-Stem 8 3.60 10 -18 -20
2 L Precentral Gyrus 8 3.28-58 6 32
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Table S$19. Descriptive statistics for clusters and local extrema showing greater activation during the
uncertain presentation of benign versus the certain presentation of threatening faces and voices (masked
by the Valence x Certainty contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 L Precuneus Cortex 968 4.97 -12 -64 26
2 R Precuneus Cortex 712 4.33 8 -58 52

3 L Precuneus Cortex 8 3.32 -2 -62 18
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Table S20. Descriptive statistics for clusters and local extrema showing greater activation during the
certain presentation of benign versus the uncertain presentation of threatening faces and voices (masked
by the Valence x Certainty contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 L Precuneus Cortex 648 5.57 -6 -56 16
2 L Lateral Occipital Cortex, superior division 408 4.06 -16 -66 64
3 L Frontal Medial Cortex 64 451 -6 46 -12
4 L Precuneus Cortex 8 3.30 -8 -66 22
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Table S21. Descriptive statistics for clusters and local extrema showing greater activation during the
certain presentation of benign versus threatening faces and voices (masked by the Valence x Certainty
contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 L Lateral Occipital Cortex, superior division 5,104 6.24 -12 -64 60
1 L Precuneus Cortex 5,104 6.21 -2 -56 48
1 R Precuneus Cortex 5,104 6.47 10 -60 52
2 L Postcentral Gyrus 2,440 4.31 -58 -24 40
2 L Supramarginal Gyrus, anterior division 2,440 5.34 -62 -28 32
3 L Precuneus Cortex 1,840 7.28 -6 -54 18
4 R Parahippocampal Gyrus, anterior division = 744 5.45 18 -16 -24
4 R Right Hippocampus 744 6.18 26 -20 -18
5 L Frontal Medial Cortex 472 4.19 -8 48 -10
5 L Frontal Pole/Dorsolateral Prefrontal Cortex 472 3.61 -4 56 -2
5 B Frontal Medial Cortex 472 3.69 0 52 -8
6 R Frontal Medial Cortex 336 4.66 10 54 -8
7 R Angular Gyrus 184 3.94 44 -56 22
8 R Paracingulate Gyrus 8 325 8 42 -10
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Table S22. Descriptive statistics for clusters and local extrema showing greater activation during the
certain versus uncertain presentation of benign faces and voices (masked by the Valence x Certainty
contrast), p<.05, whole-brain corrected.

Cluster Hemisphere Label mm*> t x y z
1 L Lateral Occipital Cortex, superior division 1,248 4.76 -14 -66 62
1 L Precuneus Cortex 1,248 3.77 -8 -58 62
2 R Pregenual anterior cingulate cortex 1,040 4.02 6 40 -2
2 R Frontal Medial Cortex 1,040 5.05 10 50 -8
3 L Frontal Medial Cortex 984 5.88 -6 48 -12
4 R Angular Gyrus 816 4.52 52 -56 16
5 L Precuneus Cortex 688 4.35 -8 -56 10
6 R Precuneus Cortex 632 4.38 12 -58 58
7 L Central Opercular Cortex 232 397 -62 -18 14
8 R Frontal Pole/Dorsolateral Prefrontal Cortex 152 4.14 10 62 0
9 L Pregenual anterior cingulate cortex 104 4.13 -4 36 -6
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