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Comparing neural correlates of conditioned inhibition between
children with and without anxiety disorders - A preliminary study

Anita Harrewijn?, Elizabeth R. Kitt?, Rany Abend?, Chika Matsumoto?, Paola OdriozolaP,
Anderson M. Winkler?, Ellen Leibenluft?, Daniel S. Pine?, Dylan G. GeeP

agEmotion and Development Branch, National Institute of Mental Health, 9000 Rockville Pike,
Bethesda, Maryland 20892, USA

bDepartment of Psychology, Yale University, 2 Hillhouse Avenue, New Haven, Connecticut 06511,
USA

Abstract

Cognitive-behavioral therapy (CBT), a first-line treatment for pediatric anxiety disorders, is based
on principles of threat learning and extinction. However, CBT does not work sufficiently for up to
40% of clinically anxious youth. The neural and behavioral correlates of conditioned inhibition
might provide promising targets for attempts to improve CBT response. During conditioned
inhibition, threat and safety cues appear together, forming a safety compound. Here, we test
whether this safety compound elicits a reduced fear response compared to pairing the threat cue
with a novel cue (novel compound). The current pilot study compares behavioral, physiological,
and neural correlates of conditioned inhibition between children with (n=17, Mge=13.09,
SD=3.05) and without (n=18, Mage=14.49, SD=2.38) anxiety disorders. Behavioral and
physiological measures did not differ between children with and without anxiety disorders during
fear acquisition. During testing, children with anxiety disorders showed overall higher skin
conductance response and expected to hear the aversive sound following the novel compound
more often than children without anxiety disorders. Children with anxiety disorders showed more
activity in the right ventromedial prefrontal cortex (vmPFC) to the safety versus novel compound.
Children without anxiety disorders showed the opposite pattern - more right vmPFC activity to the
novel versus safety compound (A1,31)=5.40, p=0.03). No group differences manifested within the
amygdala, dorsal anterior cingulate cortex, or hippocampus. These pilot findings suggest a feasible
approach for examining conditioned inhibition in pediatric anxiety disorders. If replicated in larger
samples, findings may implicate perturbed conditioned inhibition in pediatric anxiety disorders
and provide targets for CBT.
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1. Introduction

CBTY, a first-line treatment, fails to produce remission in at least 40% of anxious children
[1, 2]. Since CBT applies threat-learning principles, translational neuroscience research on
threat learning and extinction informs attempts to target CBT-resistant anxiety [3, 4].
Findings from animal studies suggest that CBT might be improved by extending research on
conditioned inhibition, which occurs when threat and safety cues are processed
simultaneously [5, 6]. However, minimal research examines conditioned inhibition in
pediatric anxiety disorders. To launch this line of research, we compare behavioral,
physiological, and neural correlates of conditioned inhibition in children with and without
anxiety disorders to gain more insight into conditioned inhibition as a potential mechanism
for improving CBT.

Pediatric anxiety disorders are common and impactful [7-11], and often emerge during late
childhood or early adolescence [12]. It is important to study mechanisms underlying anxiety,
such as threat learning, in youth in an attempt to interrupt cycles leading to chronic anxiety.
In threat learning paradigms, a previously-neutral threat cue (conditioned stimulus, CS+) is
repeatedly paired with an aversive stimulus (typically electric shock or loud noise, the UCS),
whereas a safety cue (CS-) is never paired with the aversive stimulus [13]. During fear
acquisition, differentiating between threat and safety cues engages the amygdala, dACC,
hippocampus, and vmPFC [14, 15]. During such paradigms, adults with anxiety disorders
show an increased fear response (measured via subjective ratings of anxiety, SCR, or startle
response) to safety cues [16], and children with anxiety disorders show an increased fear
response (i.e., subjective anxiety, SCR, or startle response) to both threat and safety cues
[17] during fear acquisition relative to age-matched participants without anxiety disorders.

Another important process in threat learning is extinction. During extinction, the threat cue
is no longer paired with the aversive stimulus, thereby forming a new association between
the threat cue and the absence of the aversive stimulus. As a result, the subsequent fear
response to the threat cue is diminished. Extinction is related to activity in brain regions such
as the amygdala, dACC, and vmPFC [18, 19]. Adults with anxiety disorders display
increased fear responses to the threat cue [16], and children with anxiety disorders show
increased fear responses to both threat and safety cues [17] compared to age-matched
participants without anxiety disorders. CBT-based exposure is based on these processes of

lcBT= cognitive-behavioral therapy; SCR = skin conductance response; UCS = unconditioned stimulus; dACC = dorsal anterior
cingulate cortex; vmPFC = ventromedial prefrontal cortex; PTSD = posttraumatic stress disorder; CGI = Clinical Global Impression;
MRI = magnetic resonance imaging; fMRI = functional magnetic resonance imaging; SCARED = Screen for Child Anxiety Related
Disorders; STAI = Spielberger State-Trait Anxiety Inventory; SC = skin conductance; BOLD = blood oxygen level-dependent; TR =
repetition time; FOV = field of view; FSL = Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library; ICA-
AROMA = ICA-based strategy for automatic removal of motion artifacts; FD = framewise displacement; ROI = region of interest;
FWER = family-wise error rate
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrewijn et al.

Page 3

threat learning and extinction [20]. Therefore, research on such processes informs attempts
to treat CBT-resistant anxiety in children [1, 2].

Conditioned inhibition supports fear reduction in ways that differ from extinction. During
conditioned inhibition, threat and safety cues are presented simultaneously as a safety
compound to test whether the safety cue reduces the fear response to the threat cue. Unlike
extinction memories, which compete with an earlier threat memory evoked by a single cue,
safety cues in conditioned inhibition are never paired with the aversive stimulus [5, 21].
Animal studies have shown a reduction in the fear response to a safety compound relative to
a threat cue presented by itself [5, 6]. Behavioral evidence in rodents further suggests that
fear reduction via conditioned inhibition may be less susceptible to the effects of prior stress
than extinction [22], particularly during adolescence [23]. In studies with humans, a novel
compound (i.e., threat cue paired with a novel cue) is often included as a control condition to
test whether the safety stimulus (presented during the acquisition phase) reduces the fear
response over and above a novel stimulus (not yet presented during the task). Indeed, healthy
adults show reduced fear responses to a safety compound compared to a novel compound
[24]. In contrast, adults with PTSD show less fear reduction in response to the safety
compound, suggesting deficient conditioned inhibition [25]. To date, only one study has
investigated the neural correlates of conditioned inhibition in humans. Specifically, findings
demonstrated that the ventral hippocampus interacts with the dACC in both mice and
healthy adults during conditioned inhibition to support fear reduction [26].

Conditioned inhibition is particularly relevant for pediatric anxiety disorders. Threat and
safety learning undergo marked changes during development [27-29], as does the neural
circuitry that supports these processes [30, 31]. Cross-species research finds reduced fear
extinction in adolescents compared to juveniles and adults, and this effect is related to
reduced vmPFC synaptic plasticity in mice [32]. Moreover, as compared to adults,
adolescents also show higher amygdala reactivity and delayed vmPFC engagement during
extinction learning [33] and altered vmPFC activation and amygdala-vmPFC connectivity
during extinction recall [34, 35]. Conditioned inhibition may be more dependent on a
broader network of regions [21], including the hippocampus and dACC [26], that develop
later in life [36]. Delineating the neural mechanisms supporting conditioned inhibition
during development and examining how they may differ in youth with anxiety disorders is a
critical next step in translating research on conditioned inhibition.

The current pilot study compares behavioral, physiological, and neural correlates of
conditioned inhibition between youth with and without anxiety disorders. Participants
performed a conditioned inhibition task [26] in the MRI scanner while we continuously
measured SCR. We hypothesized that children with anxiety disorders would show
differential behavioral, physiological, and neural responses during fear acquisition and
conditioned inhibition compared to children without anxiety disorders. Given the
preliminary nature of the current study, we did not specify a direction for the hypothesized
group differences. We focused on the threat versus safety cue contrast for fear acquisition
and on the safety compound versus novel compound contrast for conditioned inhibition. In
light of prior research on aberrant threat and safety learning in anxiety disorders, our
analyses focused on group differences in neural response in the amygdala, dACC,

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.
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hippocampus, and vmPFC [14, 18, 26, 34, 35, 37-42]. As this was the first study of
conditioned inhibition in youth, we also performed a whole-brain analysis to characterize
broader differences between children with and without anxiety disorders in brain activity
during fear acquisition and conditioned inhibition.

2. Methods

2.1 Participants

Participants were 35 children between 8 and 18 years of age with anxiety disorders (7= 17;
Myge = 13.09 years, SD = 3.05) and without anxiety disorders (/7= 18; Myge = 14.49 years,
SD = 2.38; see Table 1 for descriptive statistics). Anxiety disorders were diagnosed by a
licensed psychiatric nurse or psychologist and confirmed by a psychiatrist using the Kiddie
Schedule for Affective Disorders and Schizophrenia-Present and Lifetime Version [43].
Fourteen children had a diagnosis of generalized anxiety disorder, 10 of social anxiety
disorder, 8 of specific phobia, and 7 of separation anxiety disorder (most children had
multiple diagnoses). All children with anxiety disorders were treatment-seeking, had a CGl
severity score [44] of 3 or higher (“mildly ill” or more), and were medication-free. The
children without anxiety disorders were free of any current psychiatric diagnosis and had a
CGl severity score of 1 (“normal, not at all ill”’). Across groups, exclusion criteria were a
history of significant medical or neurological disorder, current suicidal ideation, diagnosis of
attention-deficit/hyperactivity disorder of sufficient severity to require pharmacotherapy,
Tourette’s Disorder, obsessive-compulsive disorder, PTSD, conduct disorder, major
depressive disorder, past or current history of mania, psychosis, severe pervasive
developmental disorder, 1Q below 70, colorblindness, or any MRI contraindications (such as
braces, metal implants, claustrophobia, etc.). An additional 11 participants (6 children with
anxiety disorders, 5 children without anxiety disorders) were excluded from analyses. Of
those, 10 children were excluded because they discontinued the task (2 due to technical
problems, 5 complained about the aversive sound, 2 fell asleep, 1 reported discomfort); these
children had to be excluded because they did not have distortion correction scans, which
were acquired later in the scanning protocol2. One child was excluded due to excessive
motion in fMRI data (see below for criteria). All procedures were approved by the
Institutional Review Board of the National Institute of Mental Health. Legal guardians of
participants provided written informed consent, and children provided written assent to
participate.

Table 1 shows the descriptive statistics of the two groups. Age and the distribution of sex
assigned at birth were similar across the groups (age: A1, 33) = 2.32, p=0.14; sex: X?(1) =
0.73, p=0.39). 1Q (as measured by the Wechsler Abbreviated Scale of Intelligence; [45])
differed between diagnostic groups (A1, 31) = 6.36, p=0.02). Compared to children
without anxiety disorders, children with anxiety disorders had higher current anxiety
symptoms (A1, 33) = 71.61, p< 0.001), as measured by the SCARED [46], and higher trait
anxiety (A1, 33) = 30.76, p< 0.001), as measured by the STAI [47].

A single-group paired t-test was conducted within participants who had distortion correction scans to compare results with and
without including the distortion correction scans in the individual-level analysis. Several differences were found, suggesting there was
some distortion in the scans that needed to be corrected. Thus, we included only participants with distortion correction scans.

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.
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2.2 Current anxiety symptom severity

In addition to categorical diagnosis of an anxiety disorder, current severity of anxiety
symptoms was assessed continuously for all groups, regardless of diagnosis, with the 41-
item child- and parent-report versions of the SCARED [46]. Both the self-reported
SCARED (M =9.94 days, SD = 15.05) and the parent-reported SCARED (M =15.06 days,
SD = 23.82) were administered within three months of the scan. In cases of missing items,
these were replaced with the participant’s average value for the other items for up to two
missing items. Total scores from the child- and parent-report versions of the SCARED were
averaged for each participant to mitigate reporter discrepancy [48, 49].

2.3 Conditioned Inhibition Task

2.3.1. Task design.—Participants completed a conditioned inhibition task in the MRI
scanner [26] which comprised four phases: acquisition, testing, extinction, and reversal
(Figure 1a). Throughout the task, participants were presented with several basic, colored
geometric shapes. Participants were informed that they would periodically hear an aversive
sound and that they might be able to determine when they would hear the sound. The
aversive sound was a loud white noise (~100 dB) presented via headphones (mkll+ MR
Confon, Cambridge Research Systems, Kent, UK). Children wore earplugs to reduce the
noise from the scanner. Before the task started, children listened to a different audio file (a
voice saying, “Do you think you will hear the sound?””) to make sure the volume was
tolerable. If children indicated that the volume was tolerable, the volume was increased by a
standard unit up to three times.

In the acquisition phase, participants were presented with a threat cue that was paired with
the aversive sound 50% of the time (in randomized order) and a safety cue that was never
paired with the aversive sound. Stimuli were presented in a blocked design during this
acquisition phase, and the order of threat and safety blocks was randomized. In the testing
phase, two stimulus compounds were added to the stimuli presented: the threat cue paired
with the safety cue (safety compound) and the threat cue paired with a novel cue (novel
compound). The novel compound served as a control condition, to test whether the safety
compound reduced the fear response over and above a novel stimulus and to control for the
possibility of external inhibition. Neither compound stimulus was ever presented with the
aversive sound. During the testing phase (split into two fMRI runs due to time constraints)
participants viewed the threat cue with the aversive sound, threat cue without aversive sound,
safety cue, safety compound, and novel compound each six times per run in randomized
order. During the extinction phase, participants were presented with the threat and safety
cues in a random order; neither cue was paired with the aversive sound. During the reversal
phase, cue contingencies were reversed such that the previous safety cue was paired with the
aversive sound 50% of the time (in randomized order) and the previous threat cue was never
paired with the aversive sound. Like the acquisition phase, the stimuli were presented in a
blocked design, and the order of threat and safety blocks was randomized.

Each trial (Figure 1b) started with the shape in the center of the screen. After 1.5 seconds, a
white dot appeared in the center of the shape for 0.5 seconds. In order to ensure that
participants were paying attention, they were instructed to press a button when this dot

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.
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appeared. In trials where the threat cue was paired with the aversive sound, the sound was
presented for 0.5 seconds at the same time as the white dot. Participants viewed a fixation
cross for 10 seconds between trials. The task was programmed and administered using E-
Prime software (Psychology Software Tools, Pittsburgh, PA).

2.3.2. Behavioral measures.—Participants were asked to indicate if they expected to
hear the aversive sound (yes/no) for each type of stimulus after every run, and two additional
times during each testing run. After the MRI scan, participants were again asked if they
expected to hear the aversive sound (yes/no) for each stimulus. In addition, participants were
asked to press a button when a dot appeared in the stimulus. This was primarily to ensure
that participants were paying attention, but we also explored whether reaction time differed
between stimuli and groups.

2.4 Skin conductance response data acquisition and preprocessing

SC data were continuously collected during the fMRI scan with two electrodes on either two
fingers or the foot using a Biopac MRI-compatible system (Biopac Systems Inc, Goleta,

CA) with a sampling rate of 1000 Hz and analyzed with AcgKnowledge 4 software (Biopac
Systems Inc, Goleta, CA). SC data were filtered with a 3 Hz low-pass filter. For each
stimulus separately, the minimum SC value during baseline (defined as the 1-second window
before stimulus presentation [i.e., the 1 second prior to the onset of the anticipation period])
and the maximum SC value during a 7-second window starting with stimulus presentation
were calculated [13]. Outliers in SC values (more than three standard deviations from the
mean) were replaced with the mean SC across all stimuli in the task within each participant.
To calculate SCR per trial, the baseline SC value was subtracted from the maximum SC
value per trial; negative values were replaced with a value of zero (the mean number of zero
values per condition per phase of the task for children with and without anxiety disorders are
shown in Supplementary Table A2). Then, SCR values were averaged for each stimulus (for
threat cues, only non-reinforced trials were included to avoid contamination by the US) per
phase of the task [50]; no transformation was applied. SCR values per trial during the
acquisition phase are shown in Supplementary Figure Al.

2.5 Statistical analyses

Our goal was to compare expectancies, reaction time, SCR, and neural correlates of
conditioned inhibition between children with and without anxiety disorders. Effects of age
and age-squared are reported in supplementary material B. Therefore, we focused on the
findings of the acquisition and testing phases, and the findings of the extinction and reversal
phases are reported in supplementary material C. Consistent with prior work [13], only non-
reinforced trials were included in the analysis of threat cues.

Chi-square analyses were conducted to compare children with and without anxiety disorders
on their expectations about hearing the aversive sound. These chi-square analyses were
conducted per stimulus (threat, safety, safety compound, and novel compound), testing the
group (with or without anxiety disorders) by expectancy (yes or no) interaction. For the
acquisition phase, two repeated-measures ANOVASs were conducted with stimulus (threat,
safety) as a within-subject factor, age and age-squared as covariates, group (with or without

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrewijn et al.

Page 7

anxiety disorders) as a between-subjects factor, and either reaction time or SCR as the
dependent variable. For the testing phase, two repeated-measures ANOVASs were conducted
with stimulus (threat, safety, safety compound, novel compound) and timing (first versus
second testing run) as within-subject factors, age and age-squared as covariates, group (with
or without anxiety disorders) as a between-subjects factor, and either reaction time or SCR
as the dependent variable. We used IBM SPSS Statistics Subscription Version 26.0 (IBM
Corp., Armonk, NY) for these analyses, and alpha was set at 0.05. Supplementary Table Al
shows the number of missing values for behavioral and physiological variables for children
with and without anxiety disorders.

2.6 Neuroimaging Data Acquisition and Analyses

2.6.1 Data acquisition.—Neuroimaging data were acquired on a 3T MR750 General
Electric scanner (Waukesha, Wisconsin, USA) with a 32-channel head coil. The conditioned
inhibition task was completed across 5 functional runs of varying lengths (196, 214, 214,
136, and 196 volumes, respectively). T2*-weighted echo-planar images with 47 contiguous
interleaved axial slices were collected bottom-up to measure BOLD signal (TR = 2000 ms;
TE = 30 ms; flip angle = 70; FOV = 240 mm; matrix = 96x96; in-plane resolution =
2.5%2.5x3 mm). We acquired two additional scans with the same parameters as the
functional images for distortion correction: one with 10 volumes acquired in the same
direction (bottom-up) and one with 10 volumes acquired in the opposite direction (top-
down) as the functional images. We also collected a whole-brain, high-resolution, T1-
weighted anatomical scan on the same day (MPRAGE; TE = min full; TI =900 ms; flip
angle = 7; FOV = 256 mm; matrix = 256 x 256; in plane resolution = 1x1x1 mm).

2.6.2 Individual level analysis.—Data were processed and analyzed using FSL
version 5.0.11 [51]. Preprocessing of each individual’s data included skull stripping [52],
removing the first four volumes to correct for steady-state effects, motion correction using
MCFLIRT [53], and distortion correction using topup [51, 54]. We used FSL FEAT [55]
with MCFLIRT motion correction, slice timing correction, spatial smoothing with a 6 mm
Gaussian kernel (FWHM), registration from functional scans to structural scan, and
nonlinear transformation into standard MNI space. Then we employed ICA-AROMA [56]
for motion correction. Finally, another FSL FEAT was conducted with the non-aggressive
denoised output from ICA-AROMA with high-pass temporal filtering, registration from
functional scans to structural scan, nonlinear transformation into standard MNI space, and
FILM prewhitening.

An individual-level general linear model was conducted including the following regressors:
each of the stimuli with a temporal derivative and convolved with the double-gamma
hemodynamic response function (for testing phase: threat cue with aversive sound, threat
cue without aversive sound, safety cue, safety compound, novel compound, expectancy
questions at end of the run), nuisance regressors (i.e., signal from brain stem, corpus
callosum, cerebral spinal fluid, white matter, and cerebellum), and time points to be removed
because of motion (see below). Consistent with prior work, temporal derivatives and
nuisance regressors were added in FSL FEAT [55] to improve model fit and to reduce
unexplained noise3.

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.
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In order to minimize the potential effects of motion on task-related results, strict motion
correction was implemented. Participants with a mean FD [57] of 0.5 mm or higher were
excluded (n=1). Furthermore, TR pairs with particularly large motion were identified by
FSL’s fs/_motion_outliers function, defining an outlier as falling 1.5 times the interquartile
range above the upper quartile and with FD as the motion metric. Each outlier TR was
included in a confound matrix that was added to the subject’s individual-level design matrix.
Thus, the effects of these TRs with large motion were regressed out of the results while
maintaining the temporal structure of the timeseries. Within this sample, a mean of 6.52%
(SD=1.83%) and a total range of 0.48 — 14.58% of TRs were regressed out of individual-
level analyses. The number of TRs that were regressed out and the mean FD did not differ
between children with and without anxiety disorders in any of the runs (/4 < 2.06, s >
0.16)4.

2.6.3 ROI group analysis.—Based on prior research on threat and safety learning [14,
18, 34, 35, 37, 38] and consistent with research on conditioned inhibition in adults [26], the
amygdala, dACC, hippocampus, and vmPFC were isolated as ROIs. The amygdala was
defined using the Harvard-Oxford atlas in FSL [58] (left amygdala: 336 voxels; right
amygdala: 341 voxels). The dACC was defined based on the bilateral anterior cingulate and
paracingulate regions from the Harvard-Oxford atlas in FSL and divided into subregions at
the genu of the corpus callosum [26, 59] (4354 voxels). In line with previous work on
conditioned inhibition [26, 39—-42], we focused on the anterior hippocampus. The anterior
hippocampus was defined probabilistically based on an in-house database of manual
segmentations from Hindy and Turk-Browne [60] (left hippocampus: 226 voxels; right
hippocampus: 258 voxels). The anterior vmPFC was defined based on the Mackey vmPFC
atlas [61] (left vmPFC: 831 voxels; right vmPFC: 831 voxels). Mean percent signal change
was extracted from each region using FSL’s featquery tool for the threat versus safety
contrast in the acquisition phase, and for the safety compound versus novel compound
contrast in the testing phase. These percent signal change values were compared between
children with and without anxiety disorders with an ANOVA with group (with and without
anxiety disorders) as a between-subjects factor and age and age-squared as covariates,
separately for the left and right hemispheres.

2.6.4 Whole-brain group analysis.—Given that this is the first study using this
paradigm in a developmental sample, we also conducted group-level analyses to test for
whole-brain differences between children with and without anxiety disorders. We focused on
the threat versus safety contrast in the acquisition phase and on the safety compound versus
novel compound contrast in the testing phase. Group (with or without anxiety disorders),
age, and age-squared were included as explanatory variables in the model. The contrasts of
interest were the effects of group (with>without anxiety disorders, without>with anxiety

3\We re-ran the analysis without the nuisance regressors in the individual-level analysis. The effects of group remained largely the
same, except for one finding: Statistics for the group difference in the right vmPFC ROI during the first testing run were A1, 31) =

4.13, p=0.051.

While mean FD did not relate to the majority of metrics of SCR and RT across all conditions and phases, mean FD was related to
SCR to the threat cue (r=0.43, p=0.01), safety cue (r=0.48, p=0.01), and novel compound (7= 0.49, p=0.003) during the first
testing run, to SCR to the threat cue (r=0.63, p< 0.001) during the extinction phase, and to reaction time to the threat cue during
acquisition (r=-0.36, p=0.04) and the first testing run (r=—0.34, p= 0.047).

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.
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disorders), age (positive association, negative association), and age-squared (positive
association, negative association). The analyses were conducted on the regression
coefficients from the individual-level analyses using FMRIB’s Local Analysis of Mixed
Effects 1 [62]. Inference used the cluster extent test statistic, with a cluster-forming
threshold of Z> 3.1; clusters were considered significant if FWER-corrected p-value < 0.05.
Since this is an exploratory study, we also report effects with a cluster-forming threshold of
Z> 2.3 and prwer < 0.05. Results from threat cue versus safety compound contrast are
reported in supplementary material D.

3. Results

3.1 Acquisition phase

3.1.1 Expectancies and reaction time.—Most children (64.5%) reported that they
expected to hear the aversive sound with the threat cue at the end of the acquisition phase.
Most children (86.7%) also expected to hear the aversive sound with the safety cue.
However, for unknown reasons, 20 participants did not respond to the expectancy question
for the safety cue, so this result is based on only 15 participants. Children with and without
anxiety disorders did not differ in how often they expected to hear the aversive sound with
the threat cue (X2(1) = 0.61, p= 0.48) or with the safety cue (X2(1) = 0.10, p> 0.99; Figure
2a). After the MRI scan, almost all children reported that they expected to hear the aversive
sound with the threat cue (87.1%) and not with the safety cue (87.1%) in the beginning of
the task. Children with and without anxiety disorders did not differ in how often they
expected to hear the aversive sound with the threat cue (X2(1) = 2.06, p = 0.28) or with the
safety cue (X2(1) = 0.12, p> 0.99) when asked after the scan (Figure 2b). Reaction times did
not differ between children with and without anxiety disorders (A1, 29) = 1.51, p=0.23) or
between threat and safety cues (A1, 29) = 3.16, p=0.09). There was also no interaction
between group and stimulus (A1, 29) = 0.82, p=0.37; Figure 2c).

3.1.2 Skin conductance response.—Overall, children with and without anxiety
disorders showed a higher SCR to the safety cue than to the threat cue during acquisition
(A1, 28) =6.17, p=0.02). There was no difference in mean SCR between children with and
without anxiety disorders (A1, 28) = 1.49, p=0.23), nor an interaction between stimulus
and group (A1, 28) =0.32, p=0.58; Figure 2d).

3.1.3 ROI results.—On average, children showed more activity to the safety cue
compared to the threat cue in the left hippocampus (434) = -2.74, p=0.01) and the left
vmMPFC (434) = -2.04, p=0.049). There were no significant differences between children
with and without anxiety disorders in activity in the amygdala, dACC, hippocampus, or
vmPFC to the threat versus safety cues during the acquisition phase (/5 < 0.71, ps > 0.41).

3.1.4 Whole-brain results.—There were no significant effects at the cluster-forming
threshold of Z>3.1. On average, brain activity in response to threat versus safety cues did
not differ across all children. There were also no differences between children with and
without anxiety disorders.
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3.2 Testing phase

3.2.1 Expectancies and reaction time.—100% of the children expected to hear the
aversive sound paired with the threat cue after the testing phase. 40% of children expected to
hear the aversive sound paired with the safety cue, 43.9% with the safety compound, and
34.3% with the novel compound. Children with and without anxiety disorders did not differ
in how often they expected to hear the aversive sound with the safety cue (X2(1) = 2.31, p=
0.18) and with the safety compound (X2(1) = 0.24, p= 0.74). Most children without anxiety
disorders did not expect to hear the aversive sound with the novel compound (83.3%), which
was not the case for children with anxiety disorders (47.1%; X2(1) = 5.11, p= 0.04; Figure
3a). Reaction times did not differ between children with and without anxiety disorders (A1,
26) = 0.39, p=0.54), or between the different stimuli (A3, 24) = 0.20, p=0.89). There was
also no interaction between group and stimulus (A3, 24) = 2.51, p=0.08; Figure 3b).

3.2.2 Skin conductance response.—Children with anxiety disorders showed a
higher SCR to all stimuli relative to children without anxiety disorders (A1, 30) = 4.54, p=
0.04). SCR did not differ between the stimuli (A3, 28) = 2.39, p=0.09) and there was no
interaction between group and stimulus (A3, 28) = 0.74, p = 0.54), or between group and
timing (A1, 30) = 0.14, p=0.71). A significant interaction between stimulus and timing
(A3, 28) = 4.45, p=0.01) was explained by an effect of stimulus during the first testing run
(A8, 28) = 3.48, p=0.03; Figure 3c), while there was no effect of stimulus in the second
testing run (A3, 28) = 2.84, p=0.06; Figure 3d). Specifically, during the first testing run,
children with and without anxiety disorders showed increased SCR to the threat cue
compared to the safety cue (A1, 30) =5.09, p=0.03) and compared to the novel compound
(A1, 30) = 4.68, p=0.04).

3.2.3 ROI results.—ROI analyses of the testing phase focused on the difference between
the safety compound and the novel compound. Across all children, there were no differences
in activity between the safety and novel compounds in the amygdala, dACC, hippocampus,
or vmPFC during the first or second testing run (all & < 1.84, all ps > 0.07). There were no
significant effects of group for activity in the amygdala, dACC, hippocampus, or left vmPFC
during the first or second testing run (/s < 3.06, g5 > 0.09). During the first testing run,
children with anxiety disorders showed more activity in the right vmPFC in response to the
safety compound compared to the novel compound, whereas children without anxiety
disorders showed more activity in the right vmPFC in response to the novel compound
compared to the safety compound (A1, 31) =5.40, p=0.03; Figure 4). There were no group
differences in right vmPFC activity during the second testing run (A1, 31) = 0.55, p=0.46).

3.2.4 Whole-brain results.—There were no significant effects at the cluster-forming

threshold of 2> 3.1. Overall, brain activity in response to the safety and novel compounds
did not differ across all children during the first or second testing run. There were also no

differences between children with and without anxiety disorders.

3.3 Extinction and reversal phases

There were no differences between children with and without anxiety disorders in
expectancies, reaction time, SCR, or brain activity (neither ROl nor whole-brain effects)
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during the extinction phase (see supplementary material C for more details). There were also
no differences between children with and without anxiety disorders in expectancies, reaction
time, or brain activity (neither ROI nor whole-brain effects) during the reversal phase. There
was an effect of group on SCR during the reversal phase, such that children with anxiety
disorders showed a higher SCR to all stimuli relative to children without anxiety disorders
(A1, 30) = 4.48, p=0.04).

4. Discussion

The goal of the current pilot study was to compare behavioral, physiological, and neural
correlates of conditioned inhibition between children with and without anxiety disorders.
Compared to children without anxiety disorders, children with anxiety disorders showed
differential activity in the right vmPFC during an early phase of conditioned inhibition.
Children with anxiety disorders also showed increased SCR to all stimuli during the testing
phase, and they also more often expected to hear an aversive sound during a novel condition
than children without anxiety disorders. These findings lay the groundwork for larger studies
designed to examine more comprehensively how conditioned inhibition relates to pediatric
anxiety.

Here we found preliminary evidence that neural processes during conditioned inhibition
might differ between children with and without anxiety disorders. Specifically, children with
anxiety disorders showed more activity in response to the safety compound compared to the
novel compound in the right vmPFC during the first testing run. In contrast, children without
anxiety disorders showed more activity in the right vmPFC in response to the novel
compound compared to the safety compound. Previous studies have shown that the vmPFC
plays an important role in threat and safety learning in anxious youth [35, 37, 63]. The
current findings regarding vmPFC activity could suggest that conditioned inhibition is
supported through different neural mechanisms in children with, relative to children without,
anxiety disorders. Contrary to our hypotheses, children with and without anxiety disorders
did not show differential activation in the amygdala, dACC, or hippocampus during
conditioned inhibition, possibly due to the small sample size. Interactions between the
dACC and hippocampus might be especially important for conditioned inhibition, as was
recently shown in adults [26], and should be further investigated in larger studies of
conditioned inhibition in clinically anxious youth.

The process of conditioned inhibition may be relevant for optimizing treatment of pediatric
anxiety disorders. Although CBT is the first-line treatment for children with anxiety
disorders, many children continue to meet criteria for an anxiety disorder following CBT [1,
2]. A translational approach to studying the mechanisms underlying fear reduction might
provide information that could be used to improve treatment. Animal [5, 6] and human [26]
studies have shown that conditioned inhibition effectively reduces fear responding. Here we
found preliminary evidence that the effects of conditioned inhibition might differ in children
with anxiety disorders. Much remains unknown about how the process of incorporating
information about safety via conditioned inhibition in the laboratory compares to the use of
safety cues in the real world. Nevertheless, this research may inform ongoing discussions
about the use of safety cues in CBT. A cautious approach is required for incorporating safety
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cues into CBT, since safety behaviors have a role in maintaining anxiety disorders [64, 65].
However, the use of safety cues may nonetheless have practical value for CBT. For example,
judicious use of safety cues may reduce aversiveness, facilitate adherence, and/or improve
outcomes in youth for whom traditional CBT is not as effective. Indeed, systematic
incorporation of safety cues into the beginning and most challenging parts of treatment has
shown positive effects in adults [66]. Importantly, there are likely specific conditions under
which safety cues may be more likely to facilitate versus interfere with symptom reduction.
For example, evidence suggests that ‘restorative’ safety cues that allow for full confrontation
with the core fear may have positive effects on exposure outcomes, whereas ‘preventive’
safety cues that hinder full confrontation may have negative effects on exposure outcomes
[67]. Future research will be important to investigate how findings from studies of
conditioned inhibition in children could inform treatment approaches for pediatric anxiety
disorders [68].

During fear acquisition, children with and without anxiety disorders did not differ in their
behavioral and physiological responses to threat and safety cues. Moreover, children showed
a higher SCR to the safety cue, instead of to the threat cue, during fear acquisition. Given the
pediatric sample, it is important to consider whether children fully understood the task. For
example, when asked following acquisition during scan, many children (both with and
without anxiety disorders) reported that they expected to hear the aversive sound with the
safety cue but not the threat cue. However, a large proportion of children did not respond to
the question about their expectations following the acquisition phase. Because children were
instructed to respond via a button press and not verbally, we do not have additional
information about missing responses. It is possible that we allocated insufficient time for
responding, that children were not prepared for the question about their expectation, or that
children did not understand the question or task itself. This will be important to consider in
future task design: better pre-scanning training may be needed to teach children how to use
the button box to respond to the in-scanner questions, or children may need a longer window
to respond (in this study children were given 4 seconds to respond). Importantly, during the
testing phase, all children reported that they expected to hear the aversive sound with the
threat cue, and children showed increased SCR to the threat cue compared to the safety cue
during the first testing run. In addition, after the MRI scan, children were asked again if they
expected to hear the aversive sound in the beginning of the task, and most children reported
then that they expected to hear the aversive sound with the threat cue and not with the safety
cue. These findings suggest that children did indeed understand the difference between the
threat and safety cues and that a lack of understanding is unlikely to account for the lack of
differential behavioral and physiological responses to threat and safety cues during fear
acquisition.

An alternative explanation for the lack of differential behavioral and physiological responses
to threat and safety cues during acquisition might be that the UCS (i.e., aversive sound) was
not aversive enough to elicit a robust fear response. This could be related to additional noise
from the MRI scanner, or because children were already experiencing nervousness in the
scan environment. It is also possible that habituation occurred relatively quickly (see
Supplementary Figure Al), consistent with the effect of conditioned inhibition in the right
vmPFC and differential SCR to the threat versus safety cue being specific to the first testing
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run. Future research should therefore investigate what the most effective UCS is in the MRI
scanner for children. Shocks cannot be used due to ethical reasons, but an aversive sound
could be paired with another aversive stimulus [70], such as a scary picture, to elicit a
stronger fear response. Other options would be to explore using a higher reinforcement rate,
or to ask children to rate the level of aversiveness of the UCS first and then calibrate the
intensity of the UCS on these individual ratings. Selecting a UCS that is appropriate for use
with children is an ongoing challenge in research on threat learning and pediatric anxiety
disorders [27, 71], and methodological refinements will be important for identifying a UCS
that is aversive enough to elicit a robust fear response but also not so upsetting that it
produces high rates of attrition and discomfort.

This was the first study on conditioned inhibition in children with and without anxiety
disorders, and several limitations should be taken into account. First, this was an exploratory
study, so the sample size was small. Second, it is unclear if all children fully understood the
task, especially the more complex parts (e.g., the safety and novel compounds). Moreover,
expectancy ratings after the acquisition phase were missing for many children (57.1%).
Future studies should ensure that children understand the task through more extensive
training and pre-scanning testing of children’s understanding. Moreover, the chance of
missing data could be reduced through pre-scanning training and longer response windows.
Building upon the literature on instructed fear and extinction [72—74], another possibility
would be to explicitly instruct children about the contingencies for the compound stimuli
(e.g., that the safety compound will never be paired with the aversive noise). However, this
approach would shift the focus of the task to fear expression instead of fear learning (please
see Lonsdorf, Menz, Andreatta, Fullana, Golkar, Haaker, Heitland, Hermann, Kuhn, Kruse,
Drexler, Meulders, Nees, Pittig, Richter, Romer, Shiban, Schmitz, Straube, Vervliet, Wendt,
Baas and Merz [13] for an extensive review). Alternatively, it may be useful to explicitly
point out to children that the compound stimuli are made up of the two individual shapes,
without providing the information that the compound stimuli will never be paired with the
aversive noise. Another option would be to increase the number of trials for the compound
stimuli to provide a more extended opportunity for learning. Third, children with anxiety
disorders had on average a higher 1Q than children without anxiety disorders. We could not
test for group differences in race, highest parental education, and household gross income
due to the small sample size and missing data. Future studies should test for replication of
these findings in a larger sample with groups that are matched on variables such as 1Q and
demographic variables. Fourth, ten children were excluded because they discontinued the
task and did not have distortion correction scans. Although this exclusion was necessary
because data with and without distortion correction were different, it limited the sample size.
Furthermore, seven children who aborted the task only had data for two fMRI runs (i.e.,
acquisition and first testing run) and three children who aborted the task only had data
during acquisition. This provides important information about the challenges of conducting
threat learning studies in the scan environment with youth. Importantly, the present findings
will need to be replicated in more robust samples and following methodological refinements
to optimize the conditioned inhibition paradigm for use with children. Despite the
preliminary nature of these results, they may provide important insight to help guide future
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research on conditioned inhibition during development, particularly among children with
anxiety disorders.

Taken together, we found that children with anxiety disorders displayed differential activity
in the vmPFC during conditioned inhibition. These findings could suggest that children with
anxiety disorders incorporate information about learned safety differently at the neural level,
with potential implications for the efficacy of conditioned inhibition for reducing fear.
Future work with larger samples and methodological refinements might confirm altered
conditioned inhibition in pediatric anxiety disorders and provide targets for CBT-resistant
anxiety.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Cross-species research suggests that conditioned inhibition reduces fear
responding.
. This is the first study of conditioned inhibition in pediatric anxiety.
. Children with anxiety disorders showed differential activity in vmPFC.
. Future research should further examine conditioned inhibition in pediatric
anxiety.
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a. Overview of the conditioned inhibition task.
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b. Overview of one trial.
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Figure 1.

Overview of the Conditioned Inhibition Task.
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10s

Note: The number of trials is displayed in parentheses; ITI = inter-trial interval.
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a. Expectations during fMRI scan
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b. Expectations after fMRI scan
18 Do you expect to hear the noise?
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B Children with anxiety disorders
O Children without anxiety disorders

Behavioral and physiological responses to threat and safety cues during the acquisition
phase of the conditioned inhibition task in children with and without anxiety disorders: (a)
expectancy ratings after the acquisition phase during the fMRI scan, (b) expectancy ratings
about the acquisition phase collected after the fMRI scan, (c) reaction time, and (d) skin
conductance response (SCR). Error bars display +/- 1 standard error.
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a. Expectations during fMRI scan
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b. Reaction time
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H Children with anxiety disorders
O Children without anxiety disorders

Behavioral and physiological responses to all stimuli during the testing phase of the
conditioned inhibition task in children with and without anxiety disorders: (a) expectancy
ratings after the testing phase during the fMRI scan, (b) reaction time, and skin conductance
response (SCR) during (c) the first testing run and (d) the second testing run. Error bars

display +/- 1 standard error.

Behav Brain Res. Author manuscript; available in PMC 2022 February 05.

compound

Novel

Novel
compound




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harrewijn et al. Page 23

Right vmPFC

Children with anxiety disorders Children without anxiety disorders

Figure 4.
Effect of group in the right ventromedial prefrontal cortex (vmPFC) in the safety compound

versus novel compound contrast during the first testing run. Error bars display +/- 1
standard error.
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Table 1.

Descriptive statistics of children with and without anxiety disorders.

Children with AD  Children without AD  Test statistic p

Girls/boys 11/6 14/4 X?(1)=0.73 0.39
Age (mean, SD) 13.09 (3.05) 14.49 (2.38) A133)=232 0.4
1Q (mean, SD) 115.06 (11.83) 104.71 (11.74) FA1,31)=6.36  0.02
SCARED-avg total (mean, SD) 27.16 (10.96) 4.56 (2.83) A1,33)=71.61 <0.001
STAI trait (mean, SD) 36.24 (7.03) 25.11 (4.66) A1,33)=30.76  <0.001
Race

American Indian or Alaskan

Native 1 0

Black or African American 0 8

Multiple races 1 4

Unknown 2 1

White 13 5
Highest parental education

Graduate professional degree (masters or above) 13 6

Standard college graduation 2 5

Partial college (1 year or more) 0 3
Household gross income

$15,000 — $24,999 0 3

$25,000 — $39,999 0 0

$40,000 — $59,999 0 1

$60,000 — $89,999 4 2

$90,000 - $179,999 3 6

over $180,000 6 2

Note: Not enough data were available to test differences between the groups in the distribution of race, highest parental education, and household
gross income. 1Q was missing for 2 participants; highest parental education was missing for 6 participants; household gross income was missing for
8 participants.

AD = anxiety disorders; SCARED = Screen for Child Anxiety Related Disorders; STAI = State-Trait Anxiety Inventory
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