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ABSTRACT
BACKGROUND: Pediatric anxiety disorders involve greater capture of attention by threatening stimuli. However, it is
not known if disturbances extend to nonthreatening stimuli, as part of a pervasive disturbance in attention-related
brain systems. We hypothesized that pediatric anxiety involves greater capture of attention by salient,
nonemotional stimuli, coupled with greater activity in the portion of the inferior frontal gyrus (IFG) specific to the
ventral attention network (VAN).
METHODS: A sample of children (n = 129, 75 girls, mean 10.6 years of age), approximately half of whom met criteria
for a current anxiety disorder, completed a task measuring involuntary capture of attention by nonemotional (square
boxes) and emotional (angry and neutral faces) stimuli. A subset (n = 61) completed a task variant during functional
magnetic resonance imaging. A priori analyses examined activity in functional brain areas within the right IFG,
supplemented by a whole-brain, exploratory analysis.
RESULTS: Higher clinician-rated anxiety was associated with greater capture of attention by nonemotional, salient
stimuli (F1,125 = 4.94, p = .028) and greater activity in the portion of the IFG specific to the VAN (F1,57 = 10.311,
p = .002). Whole-brain analyses confirmed that the effect of anxiety during capture of attention was most
pronounced in the VAN portion of the IFG, along with additional areas of the VAN and the default mode network.
CONCLUSIONS: The pathophysiology of pediatric anxiety appears to involve greater capture of attention to salient
stimuli, as well as greater activity in attention-related brain networks. These results provide novel behavioral and
brain-based targets for treatment of pediatric anxiety disorders.
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Anxiety disorders, the most common form of pediatric psy-
chopathology, predict many adverse consequences over time
(1). Pediatric anxiety disorder pathophysiology involves greater
capture of attention by threatening stimuli (2). However, it re-
mains unclear if these attention disturbances extend to
nonthreatening stimuli as part of a more pervasive pattern of
increased attention to salient stimuli generally (3). Moreover,
the neurobiology of attention-related disturbances in pediatric
anxiety remains incompletely understood.

Capture of attention by threatening stimuli is thought to be
central to the etiology of pediatric anxiety disorders (4).
Experimentally inducing increased attention to threat in-
creases anxiety symptoms in healthy volunteers (5), and
cognitive retraining reducing the capture of attention to threat
decreases anxiety in clinical pediatric samples (6). A funda-
mental unresolved issue is whether attention-related distur-
bances in pediatric anxiety are restricted to threat or extend
to salient stimuli more broadly (7,8). Several investigators
have proposed that anxiety disorders are associated with
generalized increases in the involuntary capture of attention
to all salient stimuli, not just to threatening stimuli (3,9). These
theories associate anxiety with hypervigilance, a state of
N: 0006-3223
readiness characterized by a broadly increased focus of
attention to environmental stimuli (10,11). Of note, general-
ized increases in attention to salient stimuli may be specific
to anxiety disorders, as depression has been associated with
lesser capture of attention by salient stimuli (12,13), and a
meta-analysis in attention-deficit/hyperactivity disorder
(ADHD) reported no significant relation to involuntary atten-
tion capture (14).

Another fundamental unresolved issue is explicating the
brain systems underlying attention alterations in anxiety dis-
orders. While greater attention to threat has been linked to a
distributed set of brain regions (15), the inferior frontal gyrus
(IFG) has been one of the most well-replicated regions
demonstrating higher activity in anxious children (16–20). Pe-
diatric anxiety has been robustly associated with greater IFG
activity during passive viewing of aversive images (16–18) as
well as during the capture of attention by aversive images
(18–20). In addition, variation in functional connectivity be-
tween the amygdala and IFG during the viewing of aversive
images has been linked to elevated anxiety (21,22).

The significance of altered IFG activity in pediatric anxiety is
incompletely understood. Closely juxtaposed regions are
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associated with different functional networks, including the
default mode network (DMN), involved in internally focused
processing (23); the cingulo-opercular network (CON), involved
in error detection and cognitive control (24); the frontoparietal
network (FPN), involved in executive function (25); and the
ventral attention network (VAN), involved in the involuntary
capture of attention by salient stimuli (26). While all of these
processes may be altered in anxiety disorders (27), we and
others have previously hypothesized that the greater IFG ac-
tivity in anxiety disorders derives from the functions supported
by the VAN, given this network’s role in the involuntary capture
of attention (26); however, few studies provide rigorous tests of
this hypothesis (28–30).

Defining the breadth and neurobiology of attention-related
disturbances associated with anxiety disorders may alter
research on treatment. Current research focuses largely on
interactions between attention and threat (7). However, if pe-
diatric anxiety involves greater capture of attention by salient
stimuli more generally (9), interventions might need to train
individuals to avoid distraction to all salient stimuli, rather than
exclusively threatening stimuli. Defining the nature of the IFG
activation altered in pediatric anxiety may provide additional
targets for brain-based therapies such as transcranial mag-
netic stimulation. It is especially important to clarify the nature
of attention-related disturbances in anxiety disorders in pedi-
atric samples. With a median age of onset of anxiety disorders
of 6 years (31), successful early treatment may prevent the
poorer psychiatric and functional adult outcomes associated
with pediatric anxiety disorders (32–34).

The current study tested 2 related hypotheses: 1) pediatric
anxiety is associated with a generalized increase in the
involuntary capture of attention to all salient stimuli; and 2)
greater IFG activity associated with pediatric anxiety during
the involuntary capture of attention derives from the portion
of the IFG specific to the VAN. We designed 2 related ex-
periments. In experiment 1, a Posner cueing paradigm
measured involuntary capture of attention in 129 children
(w8–12 years of age), about half of whom had an anxiety
disorder. Involuntary capture of attention was measured to 4
different cue types (square box, angry face, neutral face, and
simultaneous angry and neutral faces) using targets pre-
sented at 3 different timing delays relative to cue onset (200,
500, and 800 ms). Attention to the cues is operationalized as
the improvement in reaction time when responding to targets
that appear at the same versus opposite location as the cue.
The 3 different cue-target delays are required in order to fully
characterize the time course of the involuntary capture of
attention, which includes the initial capture of attention (200
ms), followed by inhibition of return, in which attention is
impaired at the cued location (500 ms and 800 ms) (35).We
predicted that anxiety would be positively associated with a
higher magnitude of initial attention capture (200-ms delay) to
all 3 single cue types (square box, angry face, and neutral
face). We tested for specificity by examining relations be-
tween attentional capture and comorbid symptoms of ADHD
and depression. We further explored whether the magnitude
of involuntary attention capture by these 3 cue types was
related to selective attention for angry versus neutral faces in
the condition in which both faces were presented
simultaneously.
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In experiment 2, a subset (n = 61) of the participants per-
formed a modified version of the same task while undergoing
functional magnetic resonance imaging (fMRI). To maximize
power to detect brain activity/anxiety relations, we measured
brain activity in each participant over 4 different types of trial
blocks. Each block type contained only a single type of cue but
contained a mixture of trials with different cue-target timing
delays and trials in which the cue and target were at the same
versus opposite locations. Thus, experiment 2 was maximally
powered to detect the functional brain areas associated with
altered attention capture in pediatric anxiety, rather than to
dissociate neural activity associated with each individual trial
component, which would not have been feasible. Based on
prior work highlighting the role of the IFG in pediatric anxiety,
fMRI analyses focused on activity in 8 a priori functional areas
from several different functional networks (36), the VAN, DMN,
CON, and FPN. We predicted that greater activity in the portion
of the IFG specific to the VAN would be related to anxiety. We
also examined whether the behavioral measures of involuntary
attention capture in experiment 1 were related to the magni-
tude of activity in each IFG parcel in experiment 2. Finally, we
performed an exploratory whole-brain fMRI analysis to
contextualize whether our a priori analysis captured the
strongest anxiety-brain relations during attentional capture.

METHODS AND MATERIALS

Participants

Participants w8 to 12 years of age with and without anxiety
disorders were recruited from metropolitan St. Louis. We
oversampled for children with clinically significant anxiety by
advertising at informational talks about child anxiety delivered
by C.M.S. The institutional review board at Washington Uni-
versity School of Medicine approved all procedures. Informed
consent was obtained from parents and assent was obtained
from all child participants.

Of 178 parents who called for initial screening, 149 of the
children were preliminarily enrolled. Exclusion criteria included
current use of psychotropic medication, intellectual disability,
autism, and learning disabilities. Of the 149 initial participants,
6 were later excluded due to evidence of a disqualifying
diagnosis during face-to-face interview. Fourteen were
excluded for poor task performance (see below). The final
behavioral sample consisted of 129 children, 71 of whom
agreed to participate in a subsequent neuroimaging visit. After
excluding 10 children for excessive head motion or failure to
tolerate scanning, the final neuroimaging sample consisted of
61 children (see Table 1).

Clinical Measures

Parents and children were separately interviewed by master’s-
level clinicians (37,38). Clinician-rated measures included the
Kiddie Schedule for Affective Disorders and Schizophrenia (39)
to make consensus DSM-5 psychiatric diagnoses and the
Pediatric Anxiety Rating Scale (PARS) (38) to obtain contin-
uous measures of anxiety (see Reliability in Supplemental
Methods). Participants completed questionnaires for depres-
sion (parent and child Children’s Depression Inventory) (40),
anxiety (parent and child Screen for Child Anxiety Related
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Table 1. Demographic and Diagnostic
Characteristics, Which Were Clinician Rated Using
the Kiddie Schedule for Affective Disorders and
Schizophrenia

Behavioral Sample
(n = 129)

Scanning Sample
(n = 61)

Age, Years 10.56 6 1.40
(7.69–13.46)

10.48 6 1.32
(8.12–12.98)

Female 75 (58) 31 (51)

Ethnicity

Caucasian 98 (76) 50 (82)

African American 10 (8) 3 (5)

Asian 2 (2) 1 (2)

Bi/multiracial 19 (15) 7 (11)

Area Deprivation Index 34.47 6 21.38
(2–98)

31.41 6 19.44
(2–91)

Current Diagnoses

Anxiety disorder only 42 (32.6) 23 (38)

Depressive disorder
only

3 (2.3) 0

ADHD only 6 (4.7) 0

Anxiety and
depression

13 (10.1) 6 (10)

Anxiety and ADHD 4 (3.1) 2 (3)

Depression and
ADHD

1 (0.8) 0

Anxiety, depression,
and ADHD

2 (1.6) 0

No current diagnosis 58 (45) 30 (49)

Lifetime Diagnoses

Anxiety disorder only 41 (31.8) 23 (38)

Depressive disorder
only

3 (2.3) 0

ADHD only 5 (3.9) 0

Anxiety and
depression

16 (12.4) 7 (12)

Anxiety and ADHD 4 (3.1) 2 (3)

Depression and
ADHD

1 (0.8) 0

Anxiety, depression,
and anxiety

3 (2.3) 0

No past diagnoses 56 (43.4) 29 (47)

Values are mean 6 SD (range) or n (%).
ADHD, attention-deficit/hyperactivity disorder.
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Disorders) (41), and ADHD (parent Conners Rating Scale, Third
Edition) (42). Socioeconomic status was calculated with the
Area Deprivation Index (43).
Attention Task

Participants completed a computerized attention task
(Figure 1). One of 4 cue types appeared to the left or right side
of the screen for 150 ms: a square box, an angry face, a neutral
face, or angry and neutral faces (one on each side of the
screen). Following a cue-target onset delay of 200, 500, or 800
ms, a target arrow appeared randomly at the cued location
(valid trials) or opposite location (invalid trials). Participants
indicated whether the target arrow was oriented upward or
B

downward via button press. In trials in which both an angry
face and neutral face were present, the angry face was defined
as the cue. The two-face condition is analogous to the dot
probe task widely used to measure selective attention for
threat versus neutral stimuli (44). Subjects completed 480 total
trials across 10 blocks, averaging 20 trials per trial type (see
Supplemental Methods).

Median reaction time scores were calculated for each
subject for each possible combination of trial-level variables (4
cue types 3 3 cue-target delays 3 2 cue/target validity pos-
sibilities) and entered as dependent variables into fully factorial
repeated-measures general linear models, along with anxiety,
sex, and age as predictors. PARS scores were used to mini-
mize reporter bias, increase statistical power (45), and follow
Research Domain Criteria (46). We operationalized involuntary
capture of attention as the difference in reaction time for invalid
minus valid trials in trials with single cues (square box, angry
face, neutral face). We operationalized selective attention to
threat or threat bias as the difference in reaction time for
neutral minus angry cued trials from the two-face (dot probe)
condition. All behavioral analyses were run in SPSS Version 25
(IBM Corp., Armonk, NY).
Imaging Protocols and fMRI Task

Imaging was performed on a Siemens PRISMA 3T MRI scan-
ner (Siemens Healthcare, Erlangen, Germany) with a 32-
channel head coil. Structural images included a T1-weighted
image (sagittal, 208 slices, 0.8-mm isotropic resolution, echo
time = 2.22 ms, repetition time = 2400 ms, inversion time =
1000 ms, flip angle = 8�) and a T2-weighted image (sagittal,
208 slices, 0.8-mm isotropic resolution, echo time = 563 ms,
repetition time = 3200 ms). Functional imaging was performed
using a blood oxygen level–dependent (BOLD) multiband
echo-planar sequence (repetition time = 720 ms, echo time =
33 ms, flip angle = 52�, 2.4-mm isotropic resolution, multiband
factor = 7). Two spin-echo field maps were obtained (ante-
roposterior and posteroanterior) during each session with the
same parameters.

It was not feasible to obtain enough fMRI data in each
subject to estimate the BOLD response to each of the 24
different trial types. Therefore, the fMRI task was modified to a
block design to maximize statistical power (47) by focusing on
BOLD activity specific to cue type. Trials were blocked into
groups of 5, in which each of the trials within a block contained
a single cue type (e.g., square box); other trial-level variables
were randomized. Blocks lasted approximately 18 seconds
and included all trials regardless of accuracy (accuracy was
uncorrelated to anxiety, p = .59). Blocks were separated by
periods of fixation ranging from 9 to 33 BOLD frames. Four
runs were obtained, each with 8 blocks (160 total trials). One
run was discarded in 3 subjects (2 ended early and 1 had a
computer error). FIRMM (Framewise Integrated Real-time MRI
Monitoring) (48) monitored motion (see Supplemental
Methods).

fMRI Preprocessing

fMRI preprocessing included correction of intensity differences
attributable to interleaved acquisition, bias field correction,
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 3
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Figure 1. The task used to measure involuntary
capture of attention. To begin each trial, 1 of 4 cue
types appeared randomly at the left or right side of
the screen for 150 ms. After a random delay of 50,
350, or 650 ms (resulting in a cue-target onset
asynchrony of 200, 500, or 800 ms), a target
appeared randomly on the left or side of the screen.
The participants’ task was to indicate whether the
target was pointing upward or downward by
pressing a button on a keyboard. Measures of
attention are calculated as how much faster in-
dividuals were when the cue was on the same side
of the screen as the target (valid trials) relative to
trials when the cue was on the opposite side of the
screen (invalid trials).
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intensity normalization of each run to a whole-brain mode of
1000, linear realignment within and across runs (49), and linear
registration of BOLD images to a Talairach Atlas (50), via the T2
and T1 images. Field map correction was performed using the
FSL TOPUP toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
TOPUP). Atlas transformation, field distortion correction, and
resampling to 3-mm isotropic atlas space were combined into
a single interpolation (49,51). We censored frames with
framewise displacement .0.9 mm to reduce motion artifact
(52). Functional task runs with fewer than 150 frames after
censoring were excluded. FreeSurfer version 5.0.0 (http://
surfer.nmr.harvard.edu) generated surfaces for each subject,
and volumetric fMRI data were mapped to subject-specific
surfaces using procedures adapted from the Human Con-
nectome Project as implemented in Connectome Workbench
1.2.3 (https://www.humanconnectome.org/). fMRI data were
aligned across subjects in surface space using spherical
registration. Time courses for surface data were smoothed
with geodesic 2-dimensional Gaussian kernels (s = 2.55 mm)
(see Supplemental Methods).
fMRI Task Processing

BOLD responses for each of the 4 cue types were modeled
using a block design. Regressors were generated for each
subject for each cue type by convolving a standard BOLD
hemodynamic response function (53) with the task-block
duration. For each subject, a general linear model modeled
framewise BOLD activity at each vertex as a function of cue
type, run baseline, and run linear trend. We extracted param-
eter estimates for each block type within 8 different functional
areas representing 4 distinct functional networks in the IFG (36)
(see Table S1). These functional areas encompass regions
previously implicated in children with anxiety disorders (16–22).
We ran a repeated-measures general linear model including
cue type, anxiety (PARS), and the cue type 3 anxiety inter-
action, with sex and age as covariates. Bonferroni corrections
controlled for multiple comparisons. This same analysis was
performed vertexwise across the brain to find clusters (p # .01
and area $ 100 mm2) in an exploratory analysis using in-house
software (http://www.nil.wustl.edu/wfidl).
4 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
RESULTS

Sample Characteristics

Half of the sample (47% of the full sample, 51% of the scan-
ning sample) met criteria for at least 1 current anxiety disorder
(generalized anxiety, separation anxiety, social phobia). Anxi-
ety as measured by clinicians with the PARS was not signifi-
cantly related to sex (t127 = 1.346, p = .181) and had a small,
nonsignificant relationship to age (r = 2.163, p = .065). In the
neuroimaging sample, anxiety was not significantly related to
sex (t59 = 0.910, p = .366) or age (r = 2.073, p = .577). There
were no significant differences in anxiety (t127 = 0.366, p =
.715), age (t127 = 0.148, p = .883), or sex (c2

1, N = 129 = 2.213,
p = .137) between the children that did versus those who did
not participate in scanning. Symptoms of depression and
ADHD were low due to our recruitment strategy but were
significantly correlated with symptoms of anxiety (Tables S2
and S3).
Experiment 1: Involuntary Capture of Attention in
Pediatric Anxiety

Higher anxiety was significantly related to greater involuntary
capture of attention by the square box cues at the shortest
cue-target delay (Figure 2, Tables S4–S7). We observed a
significant interaction between anxiety, cue type, cue val-
idity, and cue-target onset delay (F6,750 = 2.217, p = .04)
(Table S5). Follow-up tests performed separately for each
cue type revealed a significant 3-way interaction between
anxiety, cue validity, and cue-target onset delay in the
square box cue condition only (F2,250 = 3.025, p = .05)
(Table S6). This interaction was explained by a significant
interaction between anxiety and cue validity exclusively at
the shortest cue-target delay (F1,125 = 4.938, p = .028) (see
Figure 2 and Table S7). In these trials, higher anxiety was
significantly related to faster reaction times for valid versus
invalidly cued trials, consistent with greater involuntary
attention capture in children with higher anxiety. Comorbid
symptoms (depression, inattention, hyperactivity) did not
significantly interact (all p . .05) with task conditions (see
Comorbidity in Supplemental Results). The significant

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP
http://surfer.nmr.harvard.edu
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https://www.humanconnectome.org/
http://www.nil.wustl.edu/%7Efidl
http://www.nil.wustl.edu/%7Efidl
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Figure 2. Anxiety is positively related to involun-
tary capture of attention by nonemotional salient
stimuli. (A) The specific trial type that measures the
initial capture of attention by salient, nonemotional
cues. (B) The magnitude of the initial capture of
attention by nonemotional cues in children with high
versus low anxiety. This magnitude is calculated as
how much faster reaction time was for validly cued
trials with the 200-ms cue-target onset delay relative
to invalidly cued trials. (C, D) Reaction times for
participants with low/high anxiety (median split of
Pediatric Anxiety Rating Scale) for discriminating
targets appearing at the same (valid trials) or oppo-
site side (invalid trials) of the screen relative to the
square-box cue in trials with the shortest cue-target
delay. All statistical analyses used anxiety scores
(Pediatric Anxiety Rating Scale) as a continuous
variable.

Attention Alterations in Pediatric Anxiety
Biological
Psychiatry
relation between anxiety and attention did not differ between
the children who subsequently participated in imaging
versus those who did not (Fisher’s r-to-z transformation = .1,
p = .92).

There was no relationship between anxiety and involuntary
capture of attention to either the angry or neutral face cue
(Table S6). In a typical Posner cueing paradigm, reaction times
to targets at cued (valid) locations are faster relative to targets
at uncued (invalid) locations at short cue-target delays such as
200 ms. While this typical pattern held in the current study for
square box cues, participants were faster at responding to
targets at the invalid versus the valid location at the shortest
cue-target delay for the face cues (see Figure S1). This pattern
suggests that face cues may have obscured the percept of the
target, i.e., forward masking (54,55). There were no significant
interactions that included anxiety in the two-face (dot probe)
condition (see Table S6). The magnitude of involuntary atten-
tion capture at the shortest cue-target onset delay to the
square box cue was not significantly related to selective
attention to threat in the two-face trials at 200 ms (r127 = .143,
p = .106), 500 ms (r127 = .034, p = .698), or 800 ms (r127 = .022,
p = .807).

Experiment 2: Attention-Related Brain Activity
Associated With Pediatric Anxiety

Figure 3 depicts a whole-brain analysis of activity evoked
during the attention-orienting task. As expected, activity was
elicited in control and attention-related brain networks,
including in the VAN (26), dorsal attention network (56),
salience network (57), DMN (23), FPN (25), and CON (24).
Activity also increased in the hand area of the left motor cortex,
but not in other portions of motor cortex, consistent with
participants making right-handed button presses.

After applying Bonferroni corrections, higher anxiety was
significantly related to greater activity during the task, across
all cue types, exclusively in a VAN functional area of the IFG
(main effect of anxiety [F1,57 = 10.314, p = .002, hp

2 = .153])
B

(see Figure 4A, B). The relation of anxiety to activity in this VAN
area was significantly greater than the relation of anxiety to
activity in functional areas in the DMN (t58 = 2.51, p = .015),
CON (t58 = 2.06, p = .04), and another nearby region in the VAN
(t58 = 2.91, p = .005) (see Table S8). We did not observe any
statistically significant cue 3 anxiety interactions in any of the
a priori defined functional areas. After applying Bonferroni
corrections, activity in the VAN IFG parcel was not significantly
related to symptoms of depression, inattention, or hyperac-
tivity (see Table S9). Additionally, the relation of anxiety was
significantly greater than the relation of inattention to activity in
this functional area (t58 = 2.23, p = .03).

There was a significant correlation between the involuntary
capture of attention by square box cues at the shortest cue-
target delay (200 ms) in experiment 1 and activity in the VAN
portion of the IFG in experiment 2 in blocks with square box
cues (r59 = .421, p = .001). This significant relation suggests
that variation in activity in the VAN-IFG parcel is related to
variation in the involuntary capture of attention as measured
outside the scanner (see Table S10).

Results of an exploratory whole-brain analysis are reported
here to contextualize the hypothesis-driven analysis and
described in detail in the Supplement. Across the brain, we
observed 3 clusters (p # .01 and area $ 100 mm2) where brain
activity during the attention task was significantly related to
anxiety: a cluster in the right IFG that overlapped with the VAN
functional area from the hypothesis-driven analysis, a cluster in
the left superior temporal gyrus assigned to the VAN, and a
cluster in the right frontal pole assigned to the DMN (see
Figure 4C and Table S11). In all instances, higher anxiety was
associated with higher regional brain activity.
DISCUSSION

The current study suggests that clinician-rated anxiety severity
in children is associated with greater involuntary capture of
attention by salient, nonemotional stimuli. Both anxiety and
iological Psychiatry - -, 2020; -:-–- www.sobp.org/journal 5
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Figure 3. Significant activity change (p , .05)
associated with the task. The task elicits widespread
brain activity, including in brain networks implicated
in executive function and control of attention. The
images above illustrate the main effect of task in the
imaging analysis, similar to average evoked activity
regardless of level of anxiety. Warm colors indicate
activity increases, while cool colors indicate activity
decreases relative to a fixation baseline. Borders
indicate the boundaries of functional brain networks
as determined by a study of adults (70). Activity
modulations are noted across much of the brain,
including in the ventral attention (Vent Attn), dorsal
attention (Dors Attn), salience, frontoparietal (Fronto-
Par), and cingulo-opercular (Cing-Operc) networks.
Note that activity in the motor network was restricted
to the hand representation in the left hemisphere,
consistent with subjects making right-handed button
presses. Par, parietal; SM, somatosensory-motor.
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involuntary capture of attention were positively associated with
greater activity in a VAN-specific portion of the IFG. While prior
work established that anxiety is linked to selectively attending
to threatening stimuli (58), our results suggest that anxiety is
more broadly related to greater capture of attention by salient
nonemotional stimuli, which may have important implications
for the pathophysiology and treatment of pediatric anxiety.

Behavioral results from experiment 1 provide direct support
for the hypothesis that pediatric anxiety relates to greater
involuntary capture of attention by salient, nonemotional
stimuli. Previous work had indirectly supported this hypothe-
sis, including developmental studies showing that infants with
generalized increased reactivity to salient stimuli are at
heightened risk for developing anxiety disorders (29,59–61),
and work showing greater involuntary capture of attention by
threat relates to greater capture of attention by nonemotional
stimuli in anxious youths (3). These results have relevance for
how mental health professionals understand symptom pre-
sentation. Anxiety appears to include difficulty maintaining
attention in the presence of competing stimuli, regardless of
threat valence (10,11). Training children to attend to neutral as
opposed to threatening stimuli improves anxiety disorder
symptoms (6), though effect sizes are modest. Our results
suggest that a complementary approach may be to intervene
on more fundamental aspects of attention by training patients
to maintain focus on specific goals while ignoring other salient
stimuli, irrespective of the emotional valence of distractors (27).

Counter to our original hypothesis, there was no relation
between pediatric anxiety and behavioral measures of atten-
tion to angry and neutral faces. All participants, irrespective of
6 Biological Psychiatry - -, 2020; -:-–- www.sobp.org/journal
anxiety, were faster in responding to targets at locations that
had previously been empty as opposed to locations that had
been occupied by faces at the shortest cue-target delay. We
suggest that the observed null effect observed in the behav-
ioral task may be due to forward masking (54,55) in which
faces obscured the percept of the subsequently appearing
target. Similar forward masking effects may complicate the
interpretation of prior work examining attention to angry versus
neutral faces in anxiety disorders.

In line with our original hypothesis, experiment 2 demon-
strated that participants with higher anxiety had greater activity
specifically in the VAN portion of the IFG during the task elic-
iting involuntary attention capture. Furthermore, activity in the
VAN-IFG during experiment 2 was strongly related to the
magnitude of involuntary attention capture in experiment 1.
Because activity was greater in the VAN-IFG for children with
higher anxiety regardless of cue type, we suggest that the
neural data support the hypothesis that individuals with higher
anxiety had increased attention to all cue types, including the
faces. Exploratory whole-brain analyses identified greater ac-
tivity in VAN regions in both the right IFG and the left superior
temporal gyrus (56), as well as in a right frontal pole in the
DMN, confirming that our hypothesis-driven analysis captured
the strongest relationships between anxiety and attention-
related brain activity.

Our results may provide a specific target for neuro-
stimulation techniques, such as transcranial magnetic stimu-
lation (62) in the portion of the IFG specific to the VAN.
Stimulating this exact location to reduce VAN activation may
be more effective than targeting closely juxtaposed functional
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Figure 4. A priori and exploratory analyses
examining activity change associated with anxiety.
(A) The 8 a priori defined functional areas within the
inferior frontal gyrus (IFG) in which we explored the
relation between anxiety and brain activity during
the attention task. The outlines depict all regions,
while the solidly colored area is the portion of the IFG
within the ventral attention network (VAN), which was
the only region in which activity was significantly
related to anxiety after Bonferroni correction. (B)
Brain activity elicited in this IFG region within the
VAN during the involuntary capture of attention is
correlated with anxiety severity (Pediatric Anxiety
Rating Scale [PARS]), while controlling for age and
sex. Results were unchanged when excluding the
single outlier data point. (C) Results from our
exploratory whole-brain analyses, examining the
effect of anxiety during the attention task, while
controlling for age and sex. Borders indicate the
boundaries of functional brain networks as deter-
mined by a study of adults (70). Using a threshold of
p # .01 and surface area $100 mm2, we observed 3
clusters, (A) in the left superior temporal gyrus
(L STG), (B) near the a priori selected right IFG
(R IFG), and (C) in the R frontal pole (default mode
network). In each case, higher anxiety was associ-
ated with higher regional brain activity. BOLD, blood
oxygen level–dependent. Attn, attention; Cing-
Operc, cingulo-opercular; Dors, dorsal; Fronto-Par,
frontoparietal; Par, parietal; SM, somatosensory-
motor; Vent, ventral.
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areas from the DMN (23), CON (24), or FPN (25). While prior
studies have detected altered activity in the IFG in pediatric
anxiety (16–22), the current study clarifies for the first time that
this altered activity is specific to the VAN. This current study is
consistent with prior work demonstrating alterations in func-
tional connectivity of the VAN in children with high anxiety (63).

The current study should be considered in light of its limi-
tations. Forward masking appears to have confounded our
measure of involuntary capture of attention by angry and
neutral faces in experiment 1. Similar effects may have
confounded past studies relating anxiety and attention to
faces, and future studies could alleviate this problem by using
cues that do not spatially overlap with targets (e.g., positioning
the targets slightly below the cues). Also, our analytic strategy
was to use separate experiments to parse the nuanced effects
of anxiety on behavioral measures of attention (experiment 1)
and to determine the associated neurobiological un-
derpinnings (experiment 2). Experiment 2 maximized power to
detect brain/anxiety relations at the expense of not modeling
each individual trial–level variable present in experiment 1.
Future studies could incorporate event-related designs using
single cue types (e.g., only square box cues) to dissociate how
anxiety relates to valid versus invalid trials, different cue-target
delays, and cue from target-related brain activity. We predict
that anxiety would be positively associated with activity for all
salient cues and for invalid targets at short cue-target delays
(e.g., 200 ms). Finally, future work is required to contextualize
the reported abnormalities within the larger framework of
cognitive and neurobiological processes affected by anxiety,
including alterations in error monitoring (64) and the CON (65),
B

in executive function (66) and the FPN (67), in fear extinction
(68) and the DMN (69), and in related cognitive factors such as
intelligence.

This study demonstrates that pediatric anxiety disorders are
associated with greater involuntary capture of attention by
salient stimuli, coupled with greater activity in the VAN. These
results inform our conceptualization of the pathophysiology of
pediatric anxiety and provide targets for new treatment
development.
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