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Abstract

The COVID-19 pandemic has been associated with widespread increases in levels of stress and anxiety among young adults.
Given that responses to stressful life events vary, it is important to understand how pre-pandemic neurocognitive factors shape
reactivity to stress and susceptibility to anxiety. The present study examines associations between pre-pandemic brain activation
patterns during cognitive control processing and anxiety trajectories during the pandemic. Participants were recruited as part of
an ongoing longitudinal study of temperament and socioemotional development (N = 291). Forty-seven participants completed
a cognitive control fMRI task and anxiety measures in late adolescence before the pandemic. In young adulthood, anxiety was
assessed three times during the COVID-19 pandemic. Multivariate whole-brain models tested whether activation patterns during
the conflict and error processing associated with latent anxiety indices derived from a latent growth curve model. Neural response
during conflict and error processing related to anxiety in distinct cortical and subcortical regions. Level of anterior cingulate cortex
engagement during cognitive control related to anxiety. However, during error processing, level of engagement in the dorsolateral
prefrontal, rather than anterior cingulate cortex, related to anxiety. This work provides preliminary evidence for the predictive
utility of prestress neurocognitive factors for young adults’ anxiety response during a uniquely stressful event. Adolescence is a
critical time for early identification of youth at risk to create targeted interventions to enhance stress resilience.
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Introduction Heterogeneity in anxiety outcomes during the pandemic

may relate to the degree of stress experienced during the
The COVID-19 pandemic involved increased anxiety for ~ pandemic and patterns of risk present before pandemic onset
many people, especially young adults on the precipice of  (Cabello-Toscano et al., 2023; Loades et al., 2020; Morales
autonomy (Barendse et al., 2021; Stoddard et al., 2023). et al., 2021, 2022; Zeytinoglu et al., 2021). Establishing
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temporal precedence can highlight how prestress neurocog-
nitive factors shape young people’s vulnerability to stress-
related anxiety symptoms. Thus, the current study leverages
longitudinal data to examine how pre-pandemic cognitive
control and associated neural functions relate to young
adults’ anxiety during the pandemic.

Cognitive control supports flexible, adaptive behav-
ior through component processes, including the ability to
select, implement, and update behavior to meet one’s goals
(Egner, 2023; Miyake & Friedman, 2012; Miyake et al.,
2000). Aberrant cognitive control, specifically in the ability
to inhibit prepotent responses and monitor errors, relates to
concurrent anxiety (Dudeney et al., 2015; Fani et al., 2012;
Hayes et al., 2012; MacLeod & Mathews, 1988; McTeague
et al., 2017). However, inconsistency exists in the direction-
ality of these associations; some studies find enhanced cog-
nitive control functions in people with relatively high levels
of anxiety (Buzzell et al., 2021; Filippi et al., 2020; Meyer
et al., 2017; Smith et al., 2020; Valadez et al., 2021), whereas
other studies find the reverse (Derakshan & Eysenck, 2009;
Eysenck et al., 2007). These inconsistencies may be in part
due to unique associations between specific components of
cognitive control (Cardinale et al., 2023) and phenotypes
of anxiety (Smith et al., 2020). This highlights the need to
examine both specific subdomains of cognitive control and
specific expressions of anxiety.

Few longitudinal studies examine relationships between
cognitive control subdomains and particular expressions of
anxiety (Cardinale et al., 2023; Drexler et al., 2024). Gen-
erally, cognitive control and associated activation patterns
mature across adolescence (Bunge et al., 2002; Crone &
Steinbeis, 2017; Davidson et al., 2006; Ernst & Mueller,
2008; Luna et al., 2001; Rubia et al., 2006). Relatively high
levels of cognitive control ability may confer resilience to
stress by facilitating effective management of the source of
stress and adaptive coping strategies (De Lissnyder et al.,
2012; Hammar et al., 2023; Hoorelbeke et al., 2015; Wu
et al., 2021). However, data on the prospective relationship
between the neural correlates of conflict processing and
anxiety in the context of stress are lacking.

Previous electrophysiological and functional magnetic
resonance imaging (fMRI) studies have implicated the cin-
gulate cortex and lateral prefrontal cortex as well as the
insula, basal ganglia, and thalamus, in error monitoring
(Buzzell et al., 2017; Tamnes et al., 2013; Velanova et al.,
2008). Other work links error-related indices to cortisol
response (Compton et al., 2013) and reports of negative
affect to daily stressors (Compton et al., 2011). The most
relevant study (Morales et al., 2021), examined the same
cohort as the current study, quantified the error-related nega-
tivity—an event-related potential component reflecting rapid
response to errors in early/mid-adolescence. Higher levels
of responding to errors and a more reactive control profile
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predicted higher levels of anxiety during the first few months
of the pandemic.

Using the same cohort, the current study considers
whether other cognitive control indices, specifically con-
flict and error processing, assessed using fMRI in late
adolescence relate to anxiety during the pandemic. Given
the inconsistencies in prior work, the directionality of the
expected associations remains unclear.

Methods
Participants

Participants were youth and their caregivers, recruited from
an ongoing longitudinal study of temperament and soci-
oemotional development (2001 to present; N = 291; 53.6%
female). The study followed children recruited at 4 months
of age based on evoked positive and negative emotional and
motor reactivity to novel stimuli (Hane et al., 2008). Mater-
nal racial and ethnic identity reported by the mother at the
time of enrollment was primarily non-Hispanic Caucasian
(69.4%), followed by African American (16.5%), Hispanic
(7.2%), Asian (3.1%), other (3.4%), and missing (0.3%).
Maternal education levels were high, with 35.7% graduate
degrees, 41.9% college graduates, 16.2% high school grad-
uates, 5.5% receiving other forms of education, and 0.7%
missing information. Of the initial sample of 291 partici-
pants, a subset of 162 participants completed the first online
anxiety assessment between April 20 and May 15 of 2020,
which was approximately 1 month (M = 29.67, SD = 6.01
days, M,,. = 18.20, SD,,. = 0.66) after the stay-at-home
order was implemented in the state of residence of most
participants. A second assessment was completed by 153
participants approximately 1 month later (M = 26.48, SD
= 7.31 days) when business and public spaces gradually
reopened. A final assessment included 144 participants 1
month later (M = 28.86, SD = 5.83 days) after stay-at-home
orders were lifted and businesses had reopened.

Of the 162 participants, 48 completed a cognitive control
task in the scanner, of whom 47 participants also completed
an anxiety questionnaire at the time of the fMRI scan. Their
data were used in the analyses below. On average, the fMRI
scan visit and the first pandemic anxiety assessment were ~2
years (M = 1.75, SD = .77 years) apart; participants were
~16 years (M,,. = 16.41, SD,,. = 0.45 years) at the time

age age
of the fMRI scan and ~18 years (M, = 18.17, SD,,, =

0.64) at the time of the first pandemic aflxiety assessment. A
summary of demographic characteristics as self-reported by
the participant at age 18 years is shown in Table 1. A com-
parison of demographic and clinical characteristics between
participants who completed the fMRI task and those who

did not can be found in the supplementary materials. No
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Table 1 Demographic characteristics and questionnaire data from 47

participants

Scan participants (n = 47)

n (%) M (SD)

Sex 47

Females 22 (46.81)

Males 25 (53.19)

Age at scanning time point 47 16.41 (0.45)

Race 47

American Indian/Alaskan Native 32 (64.385)

Asian/Pacific Islander 12.17)

Black 7(15.22)

More than one race 12.17)

White 35 (76.09)

Ethnicity 42

Hispanic/Latino/a/x 7 (16.67)

Not Hispanic/Latino/a/x 35 (83.33)

Questionnaire assessments

SCARED at scanning timepoint® 47 11.61 (10.24)

Anxiety (GAD-7) T1 45 4.42 (5.54)

Anxiety (GAD-7) T2 46 3.80 (4.62)

Anxiety (GAD-7) T3 43 3.65 (5.21)

Total Worries (COVID-19 Worry Scale) 46 2.58 (0.79)
Tl

Total Worries (COVID-19 Worry Scale) 46 2.35(0.72)
T2

Total Worries (COVID-19 Worry Scale) 44 2.12 (0.65)
T3

Stress (PSS-10) T1 39 17.13 (7.60)

Stress (PSS-10) T2 45 15.96 (6.80)

Stress (PSS-10) T3 44 14.45 (8.69)

Note. T1, T2, and T3 indicate the three COVID-19 assessment time-
points. Race and ethnicity were self-reported at age 18. SCARED:
The Screen for Child Anxiety-Related Emotional Disorders; PSS-10
= Perceived Stress Scale — 10-item version

*Youth- and parent-report SCARED were averaged for the anxiety
assessment at the fMRI scan visit

significant differences emerged between the two samples;
the fMRI sample was trending towards lower anxiety at the
first assessment.

Written informed consent was obtained from caregivers
and assent from youth participant before enrollment. Youth
older than 18 years provided written informed consent.

Procedure

At ~16 years, participants from a longitudinal study of tem-
perament and socioemotional development completed a cog-
nitive control fMRI task as well as the SCARED self-report
anxiety measure (n = 47). Between April 20 and July 2020,
the same participants, now aged ~18 years, completed an

online measure of generalized anxiety symptoms and stress
monthly, up to three times.

Measures
Anxiety

Anxiety at the scanning time point was measured using
The Screen for Child Anxiety Related Emotional Disor-
ders (SCARED; Birmaher et al., 1997). The SCARED is
a 38-item dual-informant questionnaire that surveys anxi-
ety disorder symptoms occurring within the past 3 months.
Items were summed to create a total score (range 0—82). The
SCARED has good internal consistency (o« = 0.74-0.93) and
moderate-to-good test-retest reliability (Child: 0.59-0.61,
Parent: 0.74-0.86; Runyon et al., 2018). Youth- and parent-
report SCARED were averaged for the anxiety assessment
at the fMRI scan visit.

Anxiety during the pandemic was measured using the
GAD-7 (Spitzer et al., 2006). The GAD-7 is a 7-item self-
report questionnaire that surveys symptoms of generalized
anxiety disorder experienced within the past 2 weeks. Items
were summed to create a total score (range: 0-21). Scores
> 10 suggest clinically significant generalized anxiety. The
GAD-7 has excellent internal consistency (x = 0.92) and
good test-retest reliability (0.83; Spitzer et al., 2006).

Stress

Perceived stress during the pandemic was measured by using
the Perceived Stress Scale (PSS-10; Cohen et al., 1983). The
PSS-10 consists of 10 items querying levels of experienced
stress. The total score, a sum of 10 items, shows good inter-
nal consistency, o = 0.89 (Roberti et al., 2006) construct and
concurrent validity (Mitchell et al., 2008).

COVID-19-specific stress was assessed by using the
COVID-19 worry scale (Morales et al., 2022), an adaptation
of the COVID-19 Adolescent Symptom & Psychological
Experience Questionnaire (CASPE; Ladouceur, 2020). The
self-report questionnaire consists of 18 items to assess con-
cerns about pandemic-related stressors and disruptions. The
COVID-19 worry scale showed good test-retest reliability
(rs > 0.73) and internal consistency (o = 0.88) in data from
the same cohort (Morales et al., 2022).

fMRI cognitive control task

A modified Eriksen Flanker task (Eriksen & Eriksen, 1974)
was used to measure cognitive control. A jittered fixation
cross (300-600 ms) preceded five arrows in a single line cen-
tered on the screen (200 ms), followed by a blank response
screen of 1700 ms. In the congruent trials, all arrows pointed
in the same direction, whereas in the incongruent trials, the
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center arrow pointed in the opposite direction compared
with the four adjacent arrows. Participants were instructed
to respond to the direction of the center arrow as quickly as
possible. Trials were presented at random across four runs
of 218 trials per trial type; 120 additional fixation-only trials
were randomly interspersed to increase the inter-trial inter-
val. The task was divided into 12 blocks between which par-
ticipants received feedback based on task accuracy (<75%:
“be more accurate”; 75-90%: “good job”’; >90%: “respond
faster”). Consistent with prior work (Cardinale et al., 2023;
Smith et al., 2020), this feedback was included to balance
accuracy while maximizing errors.

Analytic plan

The analytic plan was preregistered (https://osf.io/bmzdal).
The clinical data have been published previously in a larger
sample composition (Lorenzo et al., 2021; Morales et al.,
2021, 2022; Zeytinoglu et al., 2021). As noted below, we
examine outcomes consistent with previous reports in our
subsample with fMRI data.

Clinical measures

Consistent with previous research in this sample (Morales
et al., 2021), a latent growth curve model was applied to the
longitudinal clinical data using the lavaan statistical package
version 0.6—17 in R version 4.4.1. The model was fit to the
162 participants who completed clinical assessments dur-
ing the pandemic. We estimated the latent intercept (index-
ing anxiety levels at the first assessment) and latent slope
(indexing linear change in anxiety across all three assess-
ments). The former was estimated by constraining the paths
of each month to 1. The latter by constraining the paths for
each month (month 1, month 2, and month 3) to 0, 1, and 2,
respectively. A larger sample allows for more accurate esti-
mation of model parameters. Analogous analyses for stress
measures and associations between stress and anxiety meas-
ures are contained in the supplementary materials.

Behavior
Cognitive control
Mean reaction times (RTs) per condition were calculated

and RTs less than 150 ms were removed. Participants with
an accuracy of >70% were retained in the analysis (n = 47).

! The preregistration includes a separate set of analyses on a threat
processing task collected at a different scan visit. The analysis of this
data has not been completed yet. A smaller number of participants
completed the threat processing task.

@ Springer

The group level analyses applied separate ANOVAs testing
associations between latent intercept and slope and task con-
dition (congruent/incongruent correct trials) with age and
anxiety at the scan visit as covariates.

Error monitoring

Post-error slowing was calculated as the mean RT follow-
ing errors compared with the mean RT following correct
responses on incongruent trials. Only participants with at
least 20 commission errors were included in the analysis (n
= 43). The group-level analyses applied separate ANOVASs
to test associations between latent intercept and slope and
task condition (postincongruent correct/incongruent com-
mission errors) with age, anxiety at the scan visit and num-
ber of commission errors as covariates.

fMRI data acquisition and processing

Functional magnetic resonance imaging data were acquired
on a 3-T GE imaging system with a 32-channel head coil.
Functional image volumes were collected with an in-plane
resolution of 2.5X 2.5 mm using a T2-weighted gradient-
echo pulse sequence (repetition time = 2000 ms, echo time
= 25 ms, flip angle = 60°, field of view = 96 x 96, slices =
42/axial/3 mm). A high-resolution 3-dimensional MPRAGE
spin-echo sequence (repetition time = 7.66, echo time =
3.42, flip angle = 7°, field of view = 256 X 256, slices =
176/sagittal/l mm) was also acquired to aid co-registration
and normalization procedures.

Data were processed and analyzed by using Analysis of
Functional Neurolmages (AFNI, version 24.0.02). The pre-
processing included slice timing correction, coregistration,
normalization, and nonlinear registration of echoplanar data
to anatomical scans. Subsequently, data were smoothed (to
target of 6.5-mm full-width-half-maximum, suing a flex-
ible Gaussian kernel and resulting in an average effective
smoothness of 9.2), resampled to 2.5-mm isotropic voxels,
and intensity scaled to 100. Volumes with more than 10%
outliers and TR pairs with a Euclidean norm motion deriva-
tive greater than 1 mm were censored.

First-level analyses were conducted by creating a general
linear model (GLM) for each participant with each stimulus
onset event type entered as separate regressors (congruent
and incongruent correct trials, congruent and incongruent
commission and omission errors). Additional regressors
included baseline drift and motion (rotational movement of
roll, pitch, and yaw, and motion displacement in the X, y,
and z axes).

Quality control procedures used the APQC (Reynolds
et al., 2023) to perform visual inspection of alignment
between structural and functional scans and examine a vari-
ety of quantitative measures and visual tools to assess image
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quality. To be included in the analysis, no more than 15%
of TRs across conditions could be censored, and average
motion could not exceed 0.25 mm after censoring.

fMRI group-level analysis

AFNI’s 3dMVM program was used for all group-level anal-
yses. Separate multivariate models tested the associations
between the latent intercept and slope and task condition
(conflict processing: congruent/incongruent, error process-
ing: commission error/correct in the incongruent condition)
was entered as the within-subject independent variable. Age
and anxiety at the scan visit were included as covariates.
For the error analysis, only youth with >20 commission
errors were included (n = 43), and the number of commis-
sion errors was added as an additional covariate for the error
analysis.

Whole-brain analyses were conducted within a grey mat-
ter mask where at least 90% of participants contributed data.
The voxel-wise threshold was set at p < .005 with cluster-
correction at alpha = .05 (first nearest neighbor), which
resulted in a cluster extent of k = 53 via Monte Carlo simula-
tion with a gaussian plus exponential spatial autocorrelation
function to estimate smoothness (AFNI’s 3dClustSim pro-
gram). To characterize whole-brain associations, the mean
activity for significant clusters was extracted using AFNI’s
3dROIstat program. Because our imaging sample size was
modest, data were particularly carefully assessed for influen-
tial cases using Cook’s distance. Iterative post-hoc analyses
leaving out influential cases (Cook’s distance > 0.5) were
done to ensure that findings were robust to their exclusion.

Results
Anxiety trajectories, overall sample (N = 162)

As detailed in prior work (Morales et al., 2021, 2020), across
the sample of 162 who completed the questionnaires, anxi-
ety gradually decreased across the three measurements (b
= —0.73, p = .001; Fig. 1; see supplementary materials for
analogous analyses of stress measures). Clinical levels of
anxiety (GAD-7 scores > 10) were experienced by approxi-
mately 20.0% of the participants at the first assessment post-
pandemic onset, which steadily declined to 18% and 17%,
respectively, over the follow-up assessments. Notably, the
intercept (anxiety at the first assessment) and slope (trajec-
tory over three assessments) correlated significantly (#(160)
= —.77, p < .001), such that those with a higher initial peak
at the first assessment also showed a steeper decline over
the subsequent two assessments. For associations between
anxiety and stress measures across time points, see supple-
mentary materials.

20
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Fig.1 Average trajectory of anxiety and raw total scores (GAD
7-Item Scale) from the first to the third assessment. The growth curve
model showed a good fit (le = 0.01, p = .94, root mean square error
of approximation = 0.00, [90% confidence interval 0.00, 0.054],
standardized root mean square residual = 0.00, comparative fit index
= 1.00), as also reported by (Morales et al., 2021)

Anxiety trajectories, fMRI sample (n = 47)

In our subsample that completed the fMRI scan visit at age
~16 years, we found relative stability in anxiety over time
between the fMRI scan visit and the first pandemic assess-
ment (r(45) = .39, p = .01). Analyses focused on two anxi-
ety variables: the latent intercept (anxiety at the first assess-
ment) and slope (linear trajectory over three assessments).
Relations between these variables in the subsample were
identical to those in the larger sample ((45) = —.77, p <
.001). Because of the largely shared variance amongst the
two indices, latent intercept and slope, we focused on the
latent intercept, i.e., anxiety at the first assessment. Because
both indices were preregistered, additional analyses for the
latent slope can be found in the supplementary materials.

Behavior

Conflict processing

Reaction time differences in congruent and incongruent cor-
rectly completed trials did not significantly associate with
the latent intercept (F(1,43) = .01, p = .92, n2 <.001).
Error monitoring

Reaction time differences between trials after a commission
error and after a correctly completed incongruent trial did

not associate with the latent intercept (£(1,39) = .72, p =
40,12 =.02).
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Fig.2 A. Significant associations of neural activity during conflict
processing with anxiety symptoms at the first assessment (latent inter-
cept) in the left ACC. B. Significant associations of neural activity
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in the left middle frontal gyrus during error processing with anxiety
symptoms at the first assessment

Table 3 Significant associations of neural activity during error processing with anxiety symptoms at the first assessment (latent intercept)

Region Cluster Size Coordinates (center of mass)  Coordinates (at peak) Mean SEM Max Int Post-hoc?
Overlap k mm3 CMRL CMAP CMIS MIRL MIAP MIIS
Left Middle Frontal Gyrus 88 1375  31.8 -34.7 31.2 35 -332 28 1474 0.55 34.68 51
Left Middle Cingulate 64 1000 11.8 29.9 46.8 10 29.2 50.5 12.16 046  27.66 .62
Cortex, Left Paracentral
Lobule

Note. Cluster-corrected voxel-wise linear multivariate model results are presented here summarizing regions showing a significant intercept-by-
condition interaction. Location lists regions in descending order based on proportion overlap with cluster. k = number of voxels in cluster; mm3
= cluster volume; CM = center of mass of cluster; MI = max intensity (peak); SEM = standard error of the mean; LR = left-right (x); PA =

posterior-anterior (y); IS = inferior-superior (z)

“Post-hocs are correlation coefficients between the latent intercept and the % signal change in the task contrast

psychopathology and likely embedded in functioning social
support networks, given their ability to participate in a two-
decade long cohort study. The sociodemographics of the
current sample were such that youth came from largely mod-
erate-to-high socioeconomic status households; the reported
educational attainment for our sample (~77% reported hold-
ing a college or graduate degree) was significantly higher
than the national average.

Reaction time on the flanker task probing cognitive con-
trol at age ~16 did not associate with anxiety during the
pandemic, controlling for concurrent anxiety at the scan.
However, in the absence of behavioral differences, an
increased neural response when exerting cognitive control

was positively associated with the initial peak in anxiety,
mostly in regions that were not primarily engaged by the
task, such as the amygdala and the ACC. The amygdala has
been more commonly implicated in tasks requiring threat
detection and broad negative emotional processing; how-
ever, more recent work suggests a much broader role of this
structure in salience processing (Ousdal et al., 2008). For
instance, West et al. (2021) demonstrated that better cogni-
tive functioning associated with less amygdala activation
during a nonemotional working-memory task.
Associations between activation in regions recruited on
average across the sample and anxiety, such as the fusiform
gyrus during conflict processing or the dIPFC during error
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processing, may index a compensatory effort signal aimed
at maintaining a standard level of performance. Hence,
increased activation in these regions may reflect ineffi-
cient cognitive control and greater utilization of processing
resources to perform up to par. Inefficient cognitive con-
trol may associate with patterns of hypervigilance during
the pandemic and therefore confer anxiety vulnerability
(Eysenck et al., 2007).

Given the modest sample size, it is important to consider
these findings preliminary. Recent work suggests that sample
sizes needed to obtain robust estimates of brain-behavior
associations are in the thousands (Marek et al., 2022). It
is prohibitively challenging to collect a fMRI sample of
this size, especially with the goal of studying stress-related
anxiety through the lens of a specific process. Longitudinal
designs increase power through repeated measurement. In
the same realm, collecting more samples (i.e., events) as part
of the fMRI protocol can significantly increase statistical
efficiency (Chen et al., 2021). Here, we collected repeated
measures of anxiety over time for each participant, and for
cognitive control contrast analyses specifically, we had many
events per task condition (>180 trials). The additional care
in phenotyping and sampling hopefully increases robustness
of the signal; replication in other contexts, however, will be
critical.

Limitations

Beyond the modest sample size, another limitation of the
current study is the change in anxiety measures administered
at the time of the scan and during the pandemic (SCARED
and GAD-7). Albeit not ideal, it was important to control for
concurrent anxiety at the time of the fMRI visit to capture
potential increases in anxiety. The generalizability of the
current findings is limited by the sample composition—a
community sample with a large proportion of white families
with educational attainment and income above the national
average. Not all individuals and communities have expe-
rienced the same impact of the global pandemic. Those
already burdened prior to the pandemic have been impacted
the hardest. It will be important to ensure cohort studies
sample youth that reflect the diversity of the culture and
conditions to allow for better generalizability and any benefit
of research innovation to be applicable to the population.

Conclusions

A few studies to date have been able to examine pre-stressor
neural patterns (Chahal et al., 2021; Foster et al., 2023;
Haller et al., 2024; Hardi et al., 2023; Kitt et al., 2023; Miller
et al., 2021; Perica et al., 2021; Sequeira et al., 2021; Weiss-
man et al., 2021), but most studies rely on retrospectively

@ Springer

collected data. Epidemiological work has identified ado-
lescence and young adulthood as a key risk period for the
emergence of impairing, clinically significant levels of anxi-
ety (Kessler et al., 2012). Hence, adolescence is a critical
time for early identification of youth at risk to create tar-
geted interventions to enhance stress resilience. This work
provides preliminary evidence for the predictive utility of
prestress neurocognitive factors for young adults’ anxiety
response during a uniquely stressful event.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.3758/s13415-025-01293-1.

Authors’ contribution All authors meet the criteria for authorship and
approved the manuscript for submission.

Funding Open access funding provided by the National Institutes
of Health. This project was supported by NIMH-IRP Project ZIA-
MHO002782 Clinical Study Protocol NCT00060775 (DSP) and
UOIMHO093349 (NAF). SPH and JS were supported by a NARSAD
BBRF Young Investigator Award and SZ was supported by NIMH
Grant F32-MH1278609.

Availability of data and materials In accordance with the NIH Data
Management and Sharing Policy, MRI data relevant to this manuscript
will be shared in a repository for those participants that consented to
share their data publicly: https://openneuro.org/. Individual difference
data collected during COVID-19 was acquired at the University of
Maryland. This data with matching identifiers is available upon reason-
able request from S.H. or N.AF. respectively. The data are not publicly
available due to privacy restrictions.

Code availability Analytic code will be made available on GitHub:
https://github.com/NIMH-SDAN.
The analytic plan was pre-registered: https://osf.io/bmzda.

Declarations

Conflicts of interest/Competing interests The authors have no com-
peting interests to declare that are relevant to the content of this article.

Ethics approval This research was conducted in compliance with the
Declaration of Helsinki code of ethics and the standards established by
the NIMH Institutional Review Board.

Consent to participate Written informed consent was obtained from
caregivers and assent from youth participant prior to enrollment. Youth
older than 18 years provided written informed consent.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.3758/s13415-025-01293-1
https://openneuro.org/
https://github.com/NIMH-SDAN
https://osf.io/bmzda
http://creativecommons.org/licenses/by/4.0/

Cognitive, Affective, & Behavioral Neuroscience (2025) 25:1485-1495

1493

References

Asmundson, G. J., Paluszek, M. M., Landry, C. A., Rachor, G. S.,
McKay, D., & Taylor, S. (2020). Do pre-existing anxiety-related
and mood disorders differentially impact COVID-19 stress
responses and coping? Journal of Anxiety Disorders, 74, 102271.

Barendse, M., Flannery, J., Cavanagh, C., Aristizabal, M., Becker, S.
P., Berger, E., Breaux, R., Campione-Barr, N., Church, J. A., &
Crone, E. (2021). Longitudinal change in adolescent depression
and anxiety symptoms from before to during the COVID-19 pan-
demic: An international collaborative of 12 samples. Journal of
Adolescent Research, 33(1), 74-91.

Birmaher, B., Khetarpal, S., Brent, D., Cully, M., Balach, L., Kaufman,
J., & Neer, S. M. (1997). The Screen for Child Anxiety Related
Emotional Disorders (SCARED): Scale construction and psycho-
metric characteristics. Journal of the American Academy of Child
Adolescent Psychiatry, 36(4), 545-553. https://doi.org/10.1097/
00004583-199704000-00018

Bunge, S. A., Dudukovic, N. M., Thomason, M. E., Vaidya, C. J.,
& Gabrieli, J. D. (2002). Immature frontal lobe contributions to
cognitive control in children: Evidence from fMRI. Neuron, 33(2),
301-311.

Buzzell, G. A., Richards, J. E., White, L. K., Barker, T. V., Pine, D. S.,
& Fox, N. A. (2017). Development of the error-monitoring sys-
tem from ages 9-35: Unique insight provided by MRI-constrained
source localization of EEG. Neurolmage, 157, 13-26.

Buzzell, G. A., Morales, S., Bowers, M. E., Troller-Renfree, S. V.,
Chronis-Tuscano, A., Pine, D. S., Henderson, H. A., & Fox, N.
A. (2021). Inhibitory control and set shifting describe different
pathways from behavioral inhibition to socially anxious behavior.
Developmental Science, 24(1), e13040.

Cabello-Toscano, M., Vaqué-Alcazar, L., Cattaneo, G., Solana-
Sanchez, J., Bayes-Marin, 1., Abellaneda-Pérez, K., Macia-Bros,
D., Mulet-Pons, L., Portellano-Ortiz, C., & Fullana, M. A. (2023).
Functional brain connectivity prior to the COVID-19 outbreak
moderates the effects of coping and perceived stress on mental
health changes: A first year of COVID-19 pandemic follow-up
study. Biological Psychiatry: Cognitive Neuroscience and Neu-
roimaging, 8(2), 200-209.

Cardinale, E. M., Bezek, J., Morales, S., Filippi, C., Smith, A. R.,
Haller, S., Valadez, E. A., Harrewijn, A., Phillips, D., & Chronis-
Tuscano, A. (2023). Cross-sectional and longitudinal associations
of anxiety and irritability with adolescents’ neural responses to
cognitive conflict. Biological Psychiatry: Cognitive Neuroscience
and Neuroimaging, 8(4), 436-444.

Chahal, R., Kirshenbaum, J. S., Miller, J. G., Ho, T. C., & Gotlib, 1.
H. (2021). Higher executive control network coherence buffers
against puberty-related increases in internalizing symptoms dur-
ing the COVID-19 pandemic. Biological Psychiatry: Cognitive
Neuroscience and Neuroimaging, 6(1), 79-88.

Chen, G., Pine, D. S., Brotman, M. A., Smith, A. R., Cox, R. W.,
Taylor, P. A., & Haller, S. P. (2021). Hyperbolic trade-off: The
importance of balancing trial and subject sample sizes in neuro-
imaging. Neurolmage, 247, 118786.

Cohen, S., Kamarck, T., & Mermelstein, R. (1983). A global measure
of perceived stress. Journal of Health and Social Behavior, 24(4),
385-396.

Compton, R. J., Arnstein, D., Freedman, G., Dainer-Best, J., Liss, A.,
& Robinson, M. D. (2011). Neural and behavioral measures of
error-related cognitive control predict daily coping with stress.
Emotion, 11(2), 379.

Compton, R. J., Hotheimer, J., & Kazinka, R. (2013). Stress regula-
tion and cognitive control: Evidence relating cortisol reactivity
and neural responses to errors. Cognitive, Affective, & Behavioral
Neuroscience, 13, 152—-163.

Crone, E. A., & Steinbeis, N. (2017). Neural perspectives on cognitive
control development during childhood and adolescence. Trends in
Cognitive Sciences, 21(3), 205-215.

Davidson, M. C., Amso, D., Anderson, L. C., & Diamond, A. (2006).
Development of cognitive control and executive functions from 4
to 13 years: Evidence from manipulations of memory, inhibition,
and task switching. Neuropsychologia, 44(11), 2037-2078.

De Lissnyder, E., Koster, E. H., Goubert, L., Onraedt, T., Vanderhas-
selt, M.-A., & De Raedt, R. (2012). Cognitive control moderates
the association between stress and rumination. Journal of Behav-
ior Therapy and Experimental Psychiatry, 43(1), 519-525.

Derakshan, N., & Eysenck, M. W. (2009). Anxiety, processing effi-
ciency, and cognitive performance: New developments from atten-
tional control theory. European Psychologist, 14(2), 168—176.

Dudeney, J., Sharpe, L., & Hunt, C. (2015). Attentional bias towards
threatening stimuli in children with anxiety: A meta-analysis.
Clinical Psychology Review, 40, 66-75.

Drexler, C. L., Valadez, E. A., Morales, S., Troller-Renfree, S. V.,
White, L. K., Degnan, K. A., Henderson, H. A, Pine, D. S., &
Fox, N. A. (2024). Longitudinal relations among temperament,
cognitive control, and anxiety: From toddlerhood to late adoles-
cence. Developmental Psychology, 60(8), 1524.

Egner, T. (2023). Principles of cognitive control over task focus and
task switching. Nature Reviews Psychology, 2(11), 702-714.
Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon
the identification of a target letter in a nonsearch task. Perception

& Psychophysics, 16(1), 143-149.

Ernst, M., & Mueller, S. C. (2008). The adolescent brain: Insights from
functional neuroimaging research. Developmental Neurobiology,
68(6), 729-743.

Eysenck, M. W., Derakshan, N., Santos, R., & Calvo, M. G. (2007).
Anxiety and cognitive performance: Attentional control theory.
Emotion, 7(2), 336.

Fani, N., Tone, E. B., Phifer, J., Norrholm, S. D., Bradley, B., Ressler,
K. J., ... & Jovanovic, T. (2012). Attention bias toward threat is
associated with exaggerated fear expression and impaired extinc-
tion in PTSD. Psychological Medicine, 42(3), 533-543.

Filippi, C. A., Subar, A. R., Sachs, J. F., Kircanski, K., Buzzell, G.,
Pagliaccio, D., Abend, R., Fox, N. A., Leibenluft, E., & Pine, D.
S. (2020). Developmental pathways to social anxiety and irrita-
bility: The role of the ERN. Development and Psychopathology,
32(3), 897-907.

Foster, J. C., Cohodes, E. M., Brieant, A. E., McCauley, S., Odriozola,
P., Zacharek, S. J., Pierre, J. C., Hodges, H., Kribakaran, S., &
Haberman, J. T. (2023). Associations between early-life stress
exposure and internalizing symptomatology during the COVID-
19 pandemic: Assessing the role of neurobehavioral mediators.
Biological Psychiatry Global Open Science, 3(3), 362-373.

Haller, S. P., Archer, C., Jeong, A., Jaffe, A., Jones, E. L., Harrewijn,
A., Naim, R., Linke, J. O., Stoddard, J., & Brotman, M. A. (2024).
Changes in internalizing symptoms during the COVID-19 pan-
demic in a transdiagnostic sample of youth: Exploring mediators
and predictors. Child Psychiatry & Human Development, 55(1),
206-218.

Hammar, A., Schmid, M. T., Petersdotter, L., Ousdal, O. T., & Milde,
A. M. (2023). Inhibitory control as possible risk and/or resilience
factor for the development of trauma related symptoms—a study
of the Utgya terror attack survivors. Applied Neuropsychology:
Adult, 2023, 1-13.

Hane, A. A., Fox, N. A., Henderson, H. A., & Marshall, P. J. (2008).
Behavioral reactivity and approach-withdrawal bias in infancy.
Developmental Psychology, 44(5), 1491.

Hardi, F. A., Goetschius, L. G., McLoyd, V., Lopez-Duran, N. L.,
Mitchell, C., Hyde, L. W., Beltz, A. M., & Monk, C. S. (2023).
Adolescent functional network connectivity prospectively predicts
adult anxiety symptoms related to perceived COVID-19 economic

@ Springer


https://doi.org/10.1097/00004583-199704000-00018
https://doi.org/10.1097/00004583-199704000-00018

1494

Cognitive, Affective, & Behavioral Neuroscience (2025) 25:1485-1495

adversity. Journal of Child Psychology and Psychiatry, 64(6),
918-929.

Hayes, J. P., VanElzakker, M. B., & Shin, L. M. (2012). Emotion and
cognition interactions in PTSD: A review of neurocognitive and
neuroimaging studies. Frontiers in Integrative Neuroscience, 6,
89.

Hoorelbeke, K., Koster, E. H., Vanderhasselt, M.-A., Callewaert,
S., & Demeyer, 1. (2015). The influence of cognitive control
training on stress reactivity and rumination in response to a
lab stressor and naturalistic stress. Behaviour Research and
Therapy, 69, 1-10.

Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M., &
Wittchen, H. U. (2012). Twelve-month and lifetime prevalence
and lifetime morbid risk of anxiety and mood disorders in the
United States. International Journal of Methods in Psychiatric
Research, 21(3), 169-184.

Kitt, E., Cohodes, E., McCauley, S., Hommel, G., Nardini, C., Zach-
arek, S., Martino, A., Anderson, T., Spencer, H., & Odriozola,
P. (2023). The role of family-level factors in childhood anxiety
during the COVID-19 pandemic. Journal of Emotion and Psy-
chopathology, 1(1), 129-151.

Ladouceur, C. D. (2020). COVID-19 adult symptom & psychologi-
cal experience questionnaire. https://www.nlm.nih.gov/dr2/
CASPE_AdolSelfReport_Qualtrics.pdf

Loades, M. E., Chatburn, E., Higson-Sweeney, N., Reynolds, S.,
Shafran, R., Brigden, A., Linney, C., McManus, M. N., Bor-
wick, C., & Crawley, E. (2020). Rapid systematic review: The
impact of social isolation and loneliness on the mental health of
children and adolescents in the context of COVID-19. Journal
of the American Academy of Child & Adolescent Psychiatry,
59(11), 1218-1239, e1213.

Lorenzo, N. E., Zeytinoglu, S., Morales, S., Listokin, J., Almas, A.
N., Degnan, K. A., Henderson, H., Chronis-Tuscano, A., & Fox,
N. A. (2021). Transactional associations between parent and
late adolescent internalizing symptoms during the COVID-19
pandemic: The moderating role of avoidant coping. Journal of
Youth and Adolescence, 50(3), 459-469.

Luna, B., Thulborn, K. R., Munoz, D. P., Merriam, E. P., Garver, K.
E., Minshew, N. J., Keshavan, M. S., Genovese, C. R., Eddy, W.
F., & Sweeney, J. A. (2001). Maturation of widely distributed
brain function subserves cognitive development. Neurolmage,
13(5), 786-793.

MacLeod, C., & Mathews, A. (1988). Anxiety and the allocation
of attention to threat. The Quarterly Journal of Experimental
Psychology, 40(4), 653-670.

Marek, S., Tervo-Clemmens, B., Calabro, F. J., Montez, D. F., Kay,
B. P., Hatoum, A. S., Donohue, M. R., Foran, W., Miller, R.
L., & Hendrickson, T. J. (2022). Reproducible brain-wide
association studies require thousands of individuals. Nature,
603(7902), 654-660.

McTeague, L. M., Huemer, J., Carreon, D. M., Jiang, Y., Eickhoff, S.
B., & Etkin, A. (2017). Identification of common neural circuit
disruptions in cognitive control across psychiatric disorders.
American Journal of Psychiatry, 174(7), 676—685.

Meyer, A., Hajcak, G., Glenn, C. R., Kujawa, A. J., & Klein, D. N.
(2017). Error-related brain activity is related to aversive poten-
tiation of the startle response in children, but only the ERN is
associated with anxiety disorders. Emotion, 17(3), 487.

Miller, J. G., Ho, T. C., Kirshenbaum, J. S., Chahal, R., Gifuni, A.J.,
& Gotlib, I. H. (2021). Testing a developmental model of posi-
tive parenting, amygdala—subgenual anterior cingulate cortex
connectivity, and depressive symptoms in adolescents before

@ Springer

and during the COVID-19 pandemic. Biological Psychiatry
Global Open Science, 1(4), 291-299.

Mitchell, A. M., Crane, P. A., & Kim, Y. (2008). Perceived stress in
survivors of suicide: Psychometric properties of the Perceived
Stress Scale. Research in Nursing & Health, 31(6), 576-585.

Miyake, A., & Friedman, N. P. (2012). The nature and organization
of individual differences in executive functions: Four general
conclusions. Current Directions in Psychological Science,
21(1), 8-14.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., How-
erter, A., & Wager, T. D. (2000). The unity and diversity of
executive functions and their contributions to complex “frontal
lobe” tasks: A latent variable analysis. Cognitive Psychology,
41(1), 49-100.

Morales, S., Zeytinoglu, S., Buzzell, G. A., Valadez, E. A., Troller-
Renfree, S. V., Bowers, M. E., Chronis-Tuscano, A., Degnan, K.
A., Almas, A. N., & Pine, D. S. (2021). Neurocognitive profiles
in adolescence predict subsequent anxiety trajectories during
the COVID-19 pandemic. Biological Psychiatry: Cognitive
Neuroscience and Neuroimaging, 7(2), 192-200.

Morales, S., Zeytinoglu, S., Lorenzo, N. E., Chronis-Tuscano,
A., Degnan, K. A., Almas, A. N., Pine, D. S., & Fox, N. A.
(2022). Which anxious adolescents were most affected by the
COVID-19 pandemic? Clinical Psychological Science, 10(6),
1044-1059.

Ousdal, O., Jensen, J., Server, A., Hariri, A., Nakstad, P., & Andreas-
sen, O. (2008). The human amygdala is involved in general
behavioral relevance detection: Evidence from an event-related
functional magnetic resonance imaging Go-NoGo task. Neuro-
science, 156(3), 450-455.

Perica, M. 1., Ravindranath, O., Calabro, F. J., Foran, W., & Luna,
B. (2021). Hippocampal-prefrontal connectivity prior to the
COVID-19 pandemic predicts stress reactivity. Biological Psy-
chiatry Global Open Science, 1(4), 283-290.

Reynolds, R. C., Taylor, P. A., & Glen, D. R. (2023). Quality control
practices in FMRI analysis: Philosophy, methods and examples
using AFNI. Frontiers in Neuroscience, 16, 1073800.

Roberti, J. W., Harrington, L. N., & Storch, E. A. (2006). Further
psychometric support for the 10-item version of the perceived
stress scale. Journal of College Counseling, 9(2), 135-147.

Rubia, K., Smith, A. B., Woolley, J., Nosarti, C., Heyman, I., Tay-
lor, E., & Brammer, M. (2006). Progressive increase of fron-
tostriatal brain activation from childhood to adulthood during
event-related tasks of cognitive control. Human Brain Mapping,
27(12), 973-993.

Runyon, K., Chesnut, S. R., & Burley, H. (2018). Screening for child-
hood anxiety: A meta-analysis of the screen for child anxiety
related emotional disorders. Journal of Affective Disorders, 240,
220-229.

Sequeira, S. L., Silk, J. S., Hutchinson, E., Jones, N. P., & Ladou-
ceur, C. D. (2021). Neural responses to social reward predict
depressive symptoms in adolescent girls during the COVID-19
pandemic. Journal of Pediatric Psychology, 46(8), 915-926.

Smith, A. R., White, L. K., Leibenluft, E., McGlade, A. L., Heckel-
man, A. C., Haller, S. P., Buzzell, G. A., Fox, N. A., & Pine,
D. S. (2020). The heterogeneity of anxious phenotypes: Neural
responses to errors in treatment-seeking anxious and behav-
iorally inhibited youths. Journal of the American Academy of
Child & Adolescent Psychiatry, 59(6), 759-769.

Spitzer, R. L., Kroenke, K., Williams, J. B., & Lowe, B. (2006). A
brief measure for assessing generalized anxiety disorder: The
GAD-7. Archives of internal medicine, 166(10), 1092—-1097.


https://www.nlm.nih.gov/dr2/CASPE_AdolSelfReport_Qualtrics.pdf
https://www.nlm.nih.gov/dr2/CASPE_AdolSelfReport_Qualtrics.pdf

Cognitive, Affective, & Behavioral Neuroscience (2025) 25:1485-1495

1495

Stoddard, J., Reynolds, E., Paris, R., Haller, S. P., Johnson, S. B.,
Zik, 1., Elliotte, E., Maru, M., Jaffe, A. L., & Mallidi, A. (2023).
The coronavirus impact scale: Construction, validation, and
comparisons in diverse clinical samples. JAACAP Open, 1(1),
48-59.

Tamnes, C. K., Walhovd, K. B., Torstveit, M., Sells, V. T., & Fjell,
A. M. (2013). Performance monitoring in children and adoles-
cents: A review of developmental changes in the error-related
negativity and brain maturation. Developmental Cognitive Neu-
roscience, 6, 1-13.

Valadez, E. A., Troller-Renfree, S. V., Buzzell, G. A., Henderson, H.
A., Chronis-Tuscano, A., Pine, D. S., & Fox, N. A. (2021). Behav-
ioral inhibition and dual mechanisms of anxiety risk: Disentan-
gling neural correlates of proactive and reactive control. JCPP
Advances, 1(2), e12022.

Velanova, K., Wheeler, M. E., & Luna, B. (2008). Maturational
changes in anterior cingulate and frontoparietal recruitment sup-
port the development of error processing and inhibitory control.
Cerebral Cortex, 18(11), 2505-2522.

Weissman, D. G., Rodman, A. M., Rosen, M. L., Kasparek, S., Mayes,
M., Sheridan, M. A., Lengua, L. J., Meltzoff, A. N., & McLaughlin,

K. A. (2021). Contributions of emotion regulation and brain struc-
ture and function to adolescent internalizing problems and stress
vulnerability during the COVID-19 pandemic: A longitudinal study.
Biological Psychiatry Global Open Science, 1(4), 272-282.

West, H. V., Burgess, G. C., Dust, J., Kandala, S., & Barch, D. M.
(2021). Amygdala activation in cognitive task fMRI varies with
individual differences in cognitive traits. Cognitive, Affective, &
Behavioral Neuroscience, 21, 254-264.

Wu, L., Zhang, X., Wang, J., Sun, J., Mao, F., Han, J., & Cao, F. (2021).
The associations of executive functions with resilience in early
adulthood: A prospective longitudinal study. Journal of Affective
Disorders, 282, 1048-1054.

Zeytinoglu, S., Morales, S., Lorenzo, N. E., Chronis-Tuscano, A., Deg-
nan, K. A., Almas, A. N., Henderson, H., Pine, D. S., & Fox, N. A.
(2021). A developmental pathway from early behavioral inhibition
to young adults’ anxiety during the COVID-19 pandemic. Jour-
nal of the American Academy of Child & Adolescent Psychiatry,
60(10), 1300-1308.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Adolescent cognitive control processing is associated with anxiety in young adulthood during the COVID-19 pandemic
	Abstract
	Introduction
	Methods
	Participants
	Procedure
	Measures
	Anxiety
	Stress
	fMRI cognitive control task

	Analytic plan
	Clinical measures

	Behavior
	Cognitive control
	Error monitoring
	fMRI data acquisition and processing
	fMRI group-level analysis


	Results
	Anxiety trajectories, overall sample (N = 162)
	Anxiety trajectories, fMRI sample (n = 47)
	Behavior
	Conflict processing

	Error monitoring
	Neural activation
	Neural response to conflict
	Neural response to error


	Discussion
	Limitations

	Conclusions
	References


