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The COVID-19 pandemic has had profound but incompletely understood adverse effects on youth. To elucidate the role of brain
circuits in how adolescents responded to the pandemic’s stressors, we investigated their prepandemic organization as a predictor of
mental/emotional health in the first ∼15 months of the pandemic. We analyzed resting-state networks from n=2,641 adolescents
[median age (interquartile range)=144.0 (13.0) months, 47.7% females] in the Adolescent Brain Cognitive Development study, and
longitudinal assessments of mental health, stress, sadness, and positive affect, collected every 2 to 3 months from May 2020 to May
2021. Topological resilience and/or network strength predicted overall mental health, stress and sadness (but not positive affect), at
multiple time points, but primarily in December 2020 and May 2021. Higher resilience of the salience network predicted better mental
health in December 2020 (β =0.19, 95% CI= [0.06, 0.31], P= 0.01). Lower connectivity of left salience, reward, limbic, and prefrontal cortex
and its thalamic, striatal, amygdala connections, predicted higher stress (β =−0.46 to −0.20, CI= [−0.72,−0.07], P< 0.03). Lower bilateral
robustness (higher fragility) and/or connectivity of these networks predicted higher sadness in December 2020 andMay 2021 (β =−0.514
to −0.19, CI= [−0.81, −0.05], P<0.04). These findings suggest that the organization of brain circuits may have played a critical role in
adolescent stress and mental/emotional health during the pandemic.
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Introduction

The COVID-19 pandemic has had profound multifaceted adverse

impacts on individuals, institutions and societies across the world

that may take years to elucidate and recover from. Its effects on

mental health are incompletely understood, but likely extensive,

especially in children (Singh et al. 2020; Aknin et al. 2022). It

is estimated that over 30% of all children in the United States

experienced increased anxiety, and∼25% experienced depression.

Also, almost 40% of adolescents had worse mental health during

the pandemic and almost 50% reported negative emotions, such

as fear and sadness (Theberath et al. 2022; Bell et al. 2023; CDC

2020).

As the global mental health crisis continues to grow in the

aftermath of the pandemic, there is an urgent need to elucidate

protective and risk factors prior to the outbreak that may played

an important role in individuals’ responses (including mental

health outcomes) to its stressors. This is especially important in

developing children in sensitive developmental periods, such as

adolescence. During adolescence—a period of heightened neural

maturation and extensive biological changes and social devel-

opment—youth are at higher risk of mental health disorders

(Giedd et al. 2008). Developing brain circuits that support mental

health undergo profound reorganization and are vulnerable to

negative environmental and experiential factors. Social disrup-

tion and isolation associated with lockdowns, school closures and

limited in-person interactionswith peers, and/or a negative family

environment may have had profound effects on mental health

that are currently poorly understood (Creswell et al. 2021).

Prior studies have reported anxiety and depression, irritability,

stress, loneliness, and fear as the most common mental health

issues in youth during the pandemic (Nearchou et al. 2020, Garcia

de Avila 2020; Duan et al. 2020; Esposito et al. 2021; Hafstad

et al. 2021; Panchal et al. 2023; Samji et al. 2022; Theberath

et al. 2022; Li et al. 2022). A recent meta-analysis of 80,000

youth showed that the prevalence of depression and anxiety

symptoms doubled during the outbreak and further increased

in later stages of the pandemic (Racine et al. 2021). Increased

media exposure, school closures and disruption to the school

day routine, social isolation, parental mental health issues

and stress, unsupportive parenting, and family conflict were

significant risk factors for mental health issues in youth. In

contrast, positive parenting, good parent–youth communication,

access to peers, physical activity, sufficient and high-quality

sleep, and good nutrition were protective factors (Brown et al.

2020; Fish et al. 2020; Magson et al. 2021; Panchal et al. 2023;

Chi et al. 2021; Glynn et al. 2021; Rosen et al. 2021; Bzdok et al.

2022). Furthermore, pre-existing physical conditions, mental

health issues, and neurodevelopmental disorders increased the

likelihood of pandemic-related mental health and behavioral

issues (Ademhan-Tural et al. 2020; Alshahrani et al. 2020; Colizzi

et al. 2020; Hawke et al. 2021; Rosenthal et al. 2022; Kleine et al.

2023) and/or amplified existing problems (Masi et al. 2021).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/4

/b
h
a
e
1
6
4
/7

6
5
8
4
8
0
 b

y
 H

a
rv

a
rd

 S
c
h
o
o
l o

f P
u
b
lic

 H
e
a
lth

 u
s
e
r o

n
 2

6
 A

p
ril 2

0
2
4



2 | Cerebral Cortex, 2024, Vol. 34, No. 4

A relatively small number of studies has examined the effects

of COVID-19 on youth mental health in the context of the brain. A

recent study compared age- and demographics-matched groups

of adolescents before and after pandemic-related shutdowns and

showed that in youth measured after the shutdowns, mental

health issues (including depression, anxiety, and other internal-

izing problems) were significantly more prevalent than in those

measured prior to the pandemic (Gotlib et al. 2023). It also showed

that adolescents assessed after the shutdowns had lower bilateral

cortical thickness and larger hippocampal and amygdala volume,

suggesting that teen brains aged during the pandemic. These

findings are in agreement with another study on structural brain

development in adolescents, which examined areas of the social

brain, showed accelerated thinning of the medial prefrontal cor-

tex and increased hippocampal volume during the pandemic, but

overall resilience of the temporoparietal junction to the effects

of social restrictions (van Drunen et al. 2023). Furthermore, a

study based on a longitudinal adolescent cohort (9 to 15 years at

baseline), compared resting-state connectivity before and during

the pandemic and showed that youth who had experienced less

positive parenting had stronger connections between the subgen-

ual anterior cingulate cortex and basolateral amygdala. Higher

connectivity between these regions was associatedwith increased

depressive symptoms during the pandemic (Miller et al. 2021).

Finally, a study on adults in Israel measured participants before

and after the outbreak and reported increased volume in bilateral

amygdala, putamen, and the anterior temporal cortices following

the outbreak (Salomon et al. 2021). However, volumetric changes

in amygdala decreased over time after the lockdown, suggesting

that these changes were likely transient. To date, very few studies

have examined the impact of brain structure and function prior to

the pandemic on individual responses during the outbreak. One

study in adolescents measured amygdala volume and activation

during an emotional face processing task prior to the pandemic

and found that higher activity in the left amygdala in response

to neutral faces compared to fearful ones was associated with

increased internalizing problems in the early phases of the pan-

demic (Weissman et al. 2021).

The historically large longitudinal Adolescent Brain Cognitive

Development (ABCD) study (Casey et al. 2018) has also facilitated

investigations of relationships between the COVID-19 pandemic

and youth mental health in a large sample. Studies have reported

significant changes in screen time, sleep duration, and physical

activity during the pandemic and their adverse effects on mental

and emotional health (Nagata et al. 2022; Kiss et al. 2022, 2023).

In addition, area disadvantage, socioeconomic status, parental

education, having experienced racism, and family structure were

linked to negativemental and physical health outcomes (Marshall

et al. 2022; Raney et al. 2022; Yip et al. 2022). Another study

showed that attention problems, withdrawal issues, and depres-

sion worsened during the pandemic in this cohort (Hamatani

et al. 2022). Finally, family financial stress was associated with

increased youth depressive symptoms (Argabright et al. 2022),

while overall mental health was disproportionately negatively

impacted in youth from racial and ethnic minority groups (Xiao

et al. 2022).

Independently of the pandemic, mental health problems and

disorders have been linked to abnormalities in structural and

functional brain circuits (Bassett and Bullmore 2009; Broyd et al.

2009; Lynall et al. 2010; Menon 2011, 2020; Sylvester et al. 2012;

Zhang et al. 2016; Yu et al. 2019; Chen et al. 2022; Taylor et al. 2023;

Qu et al. 2023), including during development (Roberson-Nay et al.

2006; Krain et al. 2008; Cullen et al. 2009; Roy et al. 2013; Britton

et al. 2013; Liu et al. 2015; LeWinn et al. 2014; Holt et al. 2016).How-

ever, to date, the majority of studies on mental health in youth

during and after the pandemic have not examined characteristics

of the brain’s circuitry prior to the pandemic that may have

either provided resilience to stressors or may have predisposed

youth to mental health problems. As the medical community

strives to elucidate the many exogenous and endogenous risk

and protective factors that impacted mental health in youth as

a result of the pandemic, there is a critical need to investigate the

role of developing brain circuits prior to the pandemic on youth

responses and mental health outcomes during the outbreak.

To address this significant unmet need, this study investigated

whether the prepandemic organization (topological properties) of

resting-state brain networks, which represent the backbone of

the functional connectome, was a protective or risk factor for

mental health and stress during the outbreak. For this purpose, it

analyzed fMRI data from adolescents in the ABCD study collected

∼9 months before longitudinal assessments of mental/emotional

health and stress during the first ∼15 months of the pandemic

(survey data were collected at seven time points from May 2020

to May 2021). It hypothesized that the organization and resilience

of large-scale networks that play a fundamental role in cognitive

and mental health predicted youth responses to the pandemic’s

stressors. It specifically examined resting-state networks that

support emotional processing, attention, and executive function,

aswell as brain regions that, as a network, support social function.

These networks overlap with the underdeveloped (in adolescence)

prefrontal cortical network and its subcortical projections. In

addition to other topological properties, the study specifically

examined topological resilience and fragility of these networks,

hypothesizing that the former was a protective factor for mental

health, against the effects of social isolation and other stressors

during the outbreak, while the latter predisposed youth to higher

risks of depression and internalizing behaviors during the lock-

downs. Topological properties were investigated as predictors of

these outcomes at multiple scales of spatial organization, from

the entire connectome to individual brain regions.

Methods

This study was approved by the institutional review board. Pub-

licly available survey, neuroimaging, and other individual data

from the ABCD study were analyzed. All data were from release

4.0 and are available through the National Institute of Mental

Health Data Archive (NDA).

Participants
Neurotypical adolescents [median age at the time of the

fMRI scan= 12.0 years, interquartile range (IQR)=1.1 years],

measured at the 2-year follow-up of the ABCD study were

included. In order to study mental health outcomes during

the pandemic independently of diagnosed neuropsychiatric

and neurodevelopmental disorders, youth with bipolar disorder,

schizophrenia, psychotic disorders, autism spectrum disorder,

and attention-deficit/hyperactivity disorder were excluded. These

disorders have also been associated with aberrant changes in

the organization of the connectome (Cherkassky et al. 2006;

Monk et al. 2009; Assaf et al. 2010; Müller et al. 2011; Konrad

and Eickhoff 2010; Chase and Phillips 2016). A total of 2,641

youth were studied, including 2,174 (82.3% of the cohort) scanned

prior to the date when the World Health Organization declared

COVID-19 a pandemic (2020 March 11; WHO 2020). Median

time from scanning to outbreak was 7 months (IQR= 8 months,
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maximum= 19 months). To ensure that the interval between the

fMRI scan and a survey was shorter than a transition between

pubertal stages [e.g. based on the Tanner scale (Marshall and

Tanner, 1969, 1970)], a subcohort was identified, which had

been scanned at most 9 months prior to a particular survey.

This cutoff was selected to minimize potential confounding

effects of developmental brain changes in the interval between

fMRI scan and survey, independently of the pandemic. Thus,

two partially overlapping subcohorts were analyzed: cohort A

(primary study cohort): n= 1,414 scanned within 9 months of

each survey, and cohort B: n=2,174 youth scanned prior to

the outbreak, irrespective of time of scanning relative to the

outbreak. Data from seven surveys were analyzed; thus, from

each of the subcohorts, several partially overlapping sampleswere

selected. In cohort A, sample sizes varied from n= 802 at survey

1 to n= 218 at survey 7. In cohort B, sample sizes varied from

n=1,451 in survey 1 (median time from scanning= 9.0 months,

IQR=7 months) to n= 1,135 in survey 7 (median time from

scanning=22.0 months, IQR= 7.0 months). Sample overlap

statistics are provided in Tables S1 and S2. Race and ethnicity

distributions of n= 2,641 youth in this study reflected those of

the overall ABCD cohort, which is predominantly White and non-

Hispanic: Over 60%wereWhite [1,655 (62.3%)] vs 944 (35.7%) from

a racial minority group, and 2,047 (77.5%) were non-Hispanic.

About 25% of participants were in early puberty (n= 658, 24.9%)

and∼40% in mid puberty (n=1,031; 39.0%), and slept on average

8 to 9 h per day. Finally, more than half of primary caregivers had

at least a bachelor’s degree (1,452; 55.0%). Detailed participant

demographic and other data statistics are provided in Table 1.

COVID-19-specific surveys
All ABCD participants were invited to complete a series of brief

surveys on their overall mental health, emotional responses,

stress, and coping during the pandemic. Data from seven Rapid

Response Research (RRR) surveys were collected in May, June,

August, October, and December of 2020, as well as March and

May 2021. Inter-survey intervals, and median time from fMRI

scan to each survey (in the range 3.0 to 7.0 months) are shown

in Fig. 1. Surveys were sent to participants electronically. About

40% to 50% of eligible participants in the ABCD cohort provided

responses (varying from ∼6,000 in May and June 2020 surveys

to ∼4,800 in May 2021). Although surveys were administered to

both youth and primary caregivers, this study focused on youth

assessments. Surveys asked participants to provide information

on social activities, parent interactions,mental health, stress, and

overall well-being, and daily routine changes such as sleep and

use of electronic devices. The outcomes investigated in this study

were overall mental health, stress, sadness, and positive affect.

Not all surveys included the same response variables, although

all included one or two questions on stress. Four surveys included

a question on overall mental health, and four surveys asked

participants to report on their sadness. Availability of responses

at each survey are summarized in Table S3. Questions from

the survey included: (i) “How do you think your mental health

(emotional well-being) is in the past week compared to normal?”

[measured in a scale 1 (much worse) to 5 (much better)] and

(ii) “COVID-19 presents a lot of uncertainty about the future. In

the past 7 days, including today, how stressful have you found

this uncertainty to be?” [measured in a scale 1 (not at all/very

slightly) to 5 (extremely)]. Both responses were standardized and

were analyzed as z-scores. In addition, a measure of sadness

was provided by the ABCD study as a t-score estimated from the

National Institutes of Health Toolbox Emotion Battery (Sadness

survey). Higher scores indicated more frequent negative mood

and negative views of self and negative social cognition (Salsman

et al. 2013). Raw sum of responses from questions on positive

affect (from the NIH Toolbox Positive Affect survey) from the RRR

survey were standardized as z-scores. Responses to questions

from the 4-item Perceived Stress Scale were reverse-coded from

the original (for easier interpretation) and then summed and

standardized as a z-score. Higher scores indicated more frequent

perceived stress (Cohen et al. 1983). In statistical analyses, the

five measures of interest (overall mental health, stress associated

with the pandemic uncertainty, perceived stress, sadness, and

positive affect) were investigated as independent outcomes. All

analyses included adjustments for number of months between

COVID-19 pandemic onset and date of response to each survey,

as well as number of months between MRI scan and each survey.

COVID-related mental health, emotions, and stress as
additional adjustments

In cohort A, given the inclusion criterion of fMRI scans being

within 9 months from a particular COVID survey, some partici-

pants were scanned during the pandemic, particularly in cohorts

associated with surveys 5 to 7. To account for neuromodulatory

effects of the pandemic’s stressors on brain circuits, in models for

outcomesmeasured in surveys 2 to 7, prior surveymeasurements

of that outcome were included as additional adjustments. For

example, models examining topological properties as predictors

of sadness in survey 7 included an average of reported sadness

in surveys 1, 3, and 5 (i.e. all prior surveys in which this outcome

was measured) as an additional adjustment. Participants in each

of the survey-specific cohorts had some missing data in prior

surveys, with ∼23% to 35% missing the immediate prior survey

assessing a particular outcome (for example, mental health in

survey 5 missing for the cohort analyzed in survey 7), and higher

percentages as a function of longer intervals between surveys.

These data were assumed to be missing at random and were

imputed using the k-nearest neighbor approach.

fMRI analysis and estimation of topological
properties
fMRI preprocessing

Resting-state fMRI (rs-fMRI), collected at 21 sites of the ABCD

study (using 3.0T Siemens, GE Medical Systems, or Phillips

Medical Systems scanners) were analyzed. Each participant had

up to 4 rs-fMRI runs, each 5-min long. Scanning details are

provided in Hagler et al. (2019). A common sampling rate of 0.8

samples/s was used across scanners, and signal amplitudes were

normalized as part of necessary data harmonization, to account

for scanner-related measurement differences. Prior to public

release, minimal initial preprocessing of structural MRI (sMRI)

and fMRI was performed by the ABCD study’s dedicated Data

Analysis, Informatics & Resources Center (DAIRC),which included

corrections for head motion, B0 distortions, and distortions

associated with gradient nonlinearities (Hagler et al. 2019).

Minimally processed fMRI data were further processed using

the Next Generation Neural Data Analysis (NGNDA) platform.

This level of processing included coregistration of the rs-fMRI to

structural MRI, normalization to common MNI space, motion

correction via regression, frame removal based on excessive

motion, interpolation to reduce artifacts, and filtering in the range

0.01 to 0.25 Hz. Further, the cortical Schaefer-1000, subcortical

Melbourne, and cerebellar Diedrichsen atlases were used to

downsample voxel-level fMRI time series to parcel-level time-

series [averaging voxels within each parcel defined by these
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Table 1. Demographic information for n=2,641 participants who were scanned prior to 2020 March 1 or≤9 months prior to at least
one of the surveys. The “other” race category included participants from smaller groups (Alaska Native, American Indian, Asian Indian,
Chinese, Guamanian, Hawaiian, Japanese, Korean, Native Samoan, other Pacific Islander, other Asian, Filipino, Vietnamese), those who
selected “other race,” and those who selected more than one racial group.

n=2,641

Age (months) Median (IQR) 144 (13)

Range [127, 166]

Sex Female 1,260 (47.71%)

Male 1,381 (52.29%)

Race White 1,655 (62.67%)

Black 549 (20.79%)

Asian 172 (6.51%)

Other 223 (8.44%)

Missing 42 (1.59%)

Ethnicity Hispanic 569 (21.54%)

Non-Hispanic 2,047 (77.51%)

Missing 25 (0.95%)

BMI Median (IQR) 19.43 (5.59)

Missing 12 (0.45%)

Sleep length (h) Median (IQR) 8 to 9 (2)

Missing 1 (0.04%)

Pubertal stage Prepuberty 318 (12.04%)

Early puberty 658 (24.91%)

Mid puberty 1,031 (39.04%)

Later pubertal stage 512 (19.39%)

Missing 122 (4.62%)

Family income <5,000 39 (1.48%)

5,000 to 24,999 149 (5.64%)

25,000 to 49,999 290 (10.98%)

50,000 to 99,999 686 (25.97%)

100,000 to 199,999 872 (33.02%)

≥200,000 418 (15.83%)

Missing 187 (7.08%)

Primary caregiver education Advanced degree (Master’s professional (MD,

JD, etc.) and doctoral degrees)

696 (26.35%)

Bachelor’s degree 756 (28.63%)

Associate degree 358 (13.56%)

Some college 405 (15.34%)

High school/GED 251 (9.50%)

Did not graduate high school 154 (5.83%)

Missing 21 (0.79%)

atlases (Schaefer et al. 2018; Tian et al. 2020; Diedrichsen et al.

2009)]. Parcel signals were further denoised to suppress additional

artifacts (for example, cardiorespiratory and non-biological

artifacts) that were unrelated to blood-oxygen-level-dependent

(BOLD) activity in the brain (Brooks et al. 2021). Following this

extensive preprocessing, fMRI runs with more than 10% of frames

censored for motion (based on displacement > 0.3 mm) were

excluded from subsequent analyses. For each participant, their

best-quality fMRI run was analyzed and had a consistently low

percent of frames censored for motion (typically <1%).

Estimation of fMRI properties

Peak cross-correlation between pairs of fMRI time series was esti-

mated as ameasure of resting-state connectivity. Resultingmatri-

ces were further processed to eliminate weak and/or spurious

correlations. A cohort-wide, conservative statistical threshold was

estimated (Brooks et al. 2021). Correlation statistics across brains

were bootstrapped to estimate multiple thresholds [median, 75th

percentile, moderate outlier (= median+1.5∗IQR), and extreme

outlier (= median+3∗IQR)]. From these, the moderate outlier was

chosen as the most appropriate threshold, under the assumption

that brain networks at rest are sparsely connected. An alternative

percolation-based method was also used, resulting in a threshold

that was almost identical to the 75th percentile, and was thus not

sufficiently conservative. Following thresholding, the resulting

weighted adjacency matrices (and their binary versions) were

used in subsequent estimation of topological properties.

Topological properties of multiple networks were estimated,

including previously identified large-scale resting-state networks

(Yeo et al. 2011), the reward network (Haber and Knutson

2010), the social network—a set of distributed brain regions

that together support social function (Blakemore 2008), and the

prefrontal cortex and its projections (fronto-thalamic, fronto-

amygdala, and fronto-striatal circuits and their interconnections).

These properties included brain-wide and network-specific

efficiency, median connectivity (within network and out-of-

network), network and regional (local) clustering, modularity,

topological stability (Restrepo et al. 2007), fragility, and robustness.

Fragility was estimated based on a perturbation approach, as

the inverse of the stability radius, which is defined as the

smallest perturbation � to the adjacency matrix A that renders
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Fig. 1. COVID survey timing, sample sizes (out of the primary cohort of n = 1414 youth), date of fMRI scan in survey-specific cohorts, and median time
between survey and fMRI scan.

the underlying dynamic system unstable (Pasqualetti et al.

2020). To ensure stability of the original system (and thus all

the eigenvalues of A to be negative), each adjacency matrix

was first normalized as: Anorm = A 1
λmax(A)+1 − I (Karrer et al.

2020). Natural connectivity (the average of the adjacency matrix

eigenvalues) was estimated as a measure of robustness (Wu et al.

2009). All topological metrics were calculated using algorithms

implemented in the Brain Connectivity Toolbox (Rubinov and

Sporns 2010) and the NGNDA platform.

Additional variables

To account for sampling differences across sites, all analyses were

adjusted using propensity scores provided by the ABCD (American

Community Survey [ACS] Post StratificationWeights Instrument).

Demographic variables included age, sex, family income, ethnicity

(Hispanic vs non-Hispanic) and race. The latter was dichotomized

as White vs non-White in statistical analyses, given that the

sample was primarily White and there was insufficient statistical

power for granular analyses of racial minority groups. Beyond

demographics, body mass index (BMI) was calculated from avail-

able height andweightmeasurements andwas then standardized

as a z-score stratified by sex. Adjustments for pubertal stage were

also included in models. Although cohort A had MRI/fMRI scans

within 9 months from a particular survey, cohort B had scans at

any time (within the 2-year follow-up period) before the outbreak,

so including adjustments for pubertal stage were important for

this cohort. Information on the ABCD study site at which each

participant was scanned was also available (information was

extracted from the ABCD Longitudinal Tracking Instrument).

fMRI/scanning variables

Statistical analyses were adjusted for two fMRI scan parameters:

(i) time of acquisition (in hours), which was extracted from MRI

QC Raw report and was rounded to the nearest hour at which

scanning session began. Prior work has shown that resting-state

topological parameters, including in the ABCD cohort, may be

impacted by the timing of data acquisition (Vaisvilaite et al. 2022;

Hu et al. 2023), and (ii) percent of frames censored for motion in

the analyzed fMRI run.

Mental health variables

Information on common mental health and behavioral issues in

youth, particularly anxiety (24.3% of the sample had anxiety) and

depression (7.1% had depression), and internalizing [median (IQR)

score=46 (15)] externalizing behaviors [median (IQR) score= 41

(15)] was also extracted. Anxiety and depression were represented

by binary variables derived from questions on the ABCD Parent

Diagnostic Interview for DSM-5 (KSADS-5). Any symptom or diag-

nosis of anxiety/depression was coded as 1 (and 0 otherwise).

Internalizing and externalizing t-scores were extracted from the

ABCD Parent Child Behavior Checklist (CBCL). Information on

history of trauma (yes=1, no=0) was extracted from the Parent

Diagnostic Interview (34.4% of the sample reported history of any

trauma).

Social environmental variables

Prior research, including studies based on the ABCD cohort, has

shown that parent engagement served as a protective factor for

youth mental health during the pandemic (Hamatani et al. 2022).

Here, it was estimated as a standardized mean of four questions

from the Youth ABCD Covid-19 Questionnaire. The resulting

z-score was included in analyses to account for confounding

effects of parent engagement in the participants’ daily routine.

A binary (yes= 1, no=0) variable for the response to the question

“does our child have a best friend” was extracted from ABCD

Longitudinal Parent Diagnostic Interview, and a binary (very

true/often true= 1, otherwise= 0) variable for the response to

the question on whether the child “would rather be alone than

with others” was extracted from the CBCL.

Statistical analyses
Linear mixed-effects models were developed and included a ran-

dom intercept and slope for each of the 21 ABCD sites where

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/4

/b
h
a
e
1
6
4
/7

6
5
8
4
8
0
 b

y
 H

a
rv

a
rd

 S
c
h
o
o
l o

f P
u
b
lic

 H
e
a
lth

 u
s
e
r o

n
 2

6
 A

p
ril 2

0
2
4



6 | Cerebral Cortex, 2024, Vol. 34, No. 4

participants had been measured, to account for potential differ-

ences in youth survey outcomes resulting from differential poli-

cies and measures to contain the virus spread in corresponding

states. Brain-wide, network-specific, and regional resting-state

topological network parameters were the predictors of interest

and COVID survey outcomes the dependent variables. Separate

sets models were developed for each outcome.

The primary set of models were adjusted for sex, age, race,

ethnicity, family income, BMI z-score [prior work on the baseline

ABCD cohort has reported significant associations between BMI

and topological brain properties (Brooks et al. 2023)], prior survey

assessments of the outcome of interest, scan parameters, parent

engagement, time between the pandemic onset and each covid

survey, and time between the fMRI scan and each covid survey.

Additional sets of models were also developed and included:

(i) pre-pandemic anxiety and depression individually and in com-

bination, and similarly for pre-pandemic internalizing and exter-

nalizing behaviors; (ii) history of trauma; and (iii) variables related

to peer relations and social connectedness prior to the pandemic.

An additional adjustment for behavioral inhibition (a score from

the Behavioral Inhibition/Behavioral Approach Systems Scales

instrument) was included in a separate set of models.

Model validation

Leave-one-out cross-validation was used to evaluate the models

and assess their predictive power. The leave-one-out approach

was repeated for each observation in the sample in each of

the surveys, for the primary set of models and additional sets

that adjusted for anxiety and depression in combination, and

internalizing and externalizing behaviors in combination. Mean

squared error (MSE) was calculated at each repetition, and the

median MSE across iterations was used to assess the quality of

the predictors. Across analyses, P-values were adjusted for the

false discovery rate (FDR), using established approaches (Ben-

jamini and Hochberg 1995). The software Matlab (release R2023a,

Mathworks, Inc) was used in all neuroimaging data analyses and

statistical modeling.

Results

Across both cohorts and multiple surveys, properties of multiple

networks (butmost frequently those of the salience network) were

significant topological predictors of overall mental health, stress,

and/or sadness. In general, higher connectivity and robustness

(and/or, to a lesser extent, efficiency) of these networks predicted

lower stress, sadness, and better mental health, whereas higher

fragility (and, to some extent, modularity) was associated with

higher sadness and/or stress.

Results based on primary cohort with rs-fMRI
collected within 9 months of COVID-19 surveys
Topological predictors of overall mental health, emotional

responses, and stress were identified at two time points

(December 2020 and May 2021) across multiple networks shown

in Fig. 2.

Higher robustness of the left salience network predicted better

mental health reported in the December 2020 survey (P< 0.05,

β = 0.19, CI= [0.06, 0.31]), whereas lower median connectivity of

the right amygdalo-thalamic circuit and limbic network predicted

higher perceived stress (P< 0.05, β =−0.17 to −0.13, CI= [−0.26,

−0.04]). MSE values were in the range 0.17 to 0.26. Lower median

connectivity within the left somatomotor network and between

the network and the rest of the brain, lower connectivity of the

right amygdalo-thalamic circuit, and lower median connectivity

between right basal ganglia and the rest of the brain predicted

higher sadness in December 2020 (P<0.02, β =−0.20 to −0.19,

CI= [−0.32, −0.07]). MSE values were in the range 0.44 to 0.53

(with the lowest MSE associated with connectivity of the right

amygdalo-thalamic circuit). Lower median connectivity between

the left limbic network and the rest of the brain and similarly for

the right amygdalo-thalamic circuit (and connectivity within the

circuit) predicted higher sadness reported in the May 2021 survey

(P<0.05, β = −0.24 to −0.17, CI= [−0.40, −0.06]). MSE values were

in the range 0.34 to 0.39 (with the lowest MSE associated with out-

of-network connectivity of the right amygdalo-thalamic circuit).

These results were based on models unadjusted for prepandemic

mental health and behavioral issues.Model statistics are provided

in Table S4. At both the December 2020 and May 2021 assess-

ments, average contributions of stress and sadness measured

in prior surveys (i.e. adjustments for cumulative effects of the

pandemic on these outcomes) were significant across models.

Results based on models adjusted for prepandemic mental
health problems

In analyses that accounted for history of anxiety and depression,

both parameters were significant contributors in some but not

all models, particularly those with sadness as the outcome in

the December 2020 and May 2021 surveys. Their inclusion did

not alter the significance of any of the previously identified

predictions of overall mental health and sadness, but eliminated

the prediction of perceived stress by the connectivity of the left

amygdalo-thalamic circuit and left limbic network. MSE values

were in the range 0.17 to 0.52 (with the lowestMSE associatedwith

robustness of the left salience network). Detailed model statistics

are provided in Table 2.

When models were adjusted for prior externalizing and

internalizing behaviors, additional networks and their topological

properties were identified as predictors of overall mental health,

perceived stress, sadness, and stress related to the pandemic’s

uncertainty, primarily in the December 2020 survey but also the

May 2021 survey. Specifically, higher strength and robustness

of connections between the somatomotor network and the

rest of the brain predicted better overall mental health in

December 2020. Lower median connectivity within and between

the left salience network and the rest of the brain and similarly

for the reward, prefrontal, fronto-thalamic, fronto-amygdala,

fronto-striatal (and similarly for the larger fronto-basal ganglia),

amygdalo-thalamic, fronto-striatal-thalamic, and fronto-basal

ganglia-amygdala circuits predicted higher perceived stress in

December 2020 (P< 0.03, β =−0.46 to −0.20, CI= [−0.69, −0.07]).

Lower strength of connections between the left basal ganglia

and the resting of the brain, and similarly for the left limbic

network, also predicted higher stress (P<0.01, β = −0.38 to −0.32,

CI= [−0.61,−0.12]).MSE valueswere in the range 0.26 to 0.35 (with

the lowestMSE corresponding to connectivity of the left prefrontal

cortex). Lower topological robustness of these networks was

also predictive of higher stress, but when models were adjusted

for cumulative pandemic-related stress prior to the December

2020 survey, this prediction was no longer significant (P>0.05).

Overall, properties of the same networks/circuits were predictive

of higher sadness in the same survey. Lower topological resilience

of bilateral networks was themost frequent predictor of increased

sadness, with the exception of the prefrontal cortex and reward

networks for which the prediction was lateralized to the right

hemisphere (P< 0.04, β = −0.40 to −0.32, CI= [−0.61, −0.12]).

In addition, weaker connections between the salience network
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Table 2. Statistics of mixed-effects models with combined adjustments for prior anxiety and depression symptoms/diagnosis (one set of models) and combined internalizing and
externalizing behaviors (another) set of models. All reported P-values have been corrected for false discovery.

∗

NS: nonsignificant; CI: confidence interval.

Network Property Statistic Value Property Statistic Value

Adjustment for prior anxiety and depression (together)

DECEMBER 2020 SURVEY (# 5)

Outcome: OVERALL MENTAL HEALTH

Left hemisphere Right hemisphere

Salience Robustness Beta 0.185 NS∗

95th % CI [0.056, 0.314]

P-value 0.012

Outcome: SADNESS

Left hemisphere Right hemisphere

Somatomotor Efficiency, global

clustering, median conn.

(in,out), stability

Beta −0.227 to

−0.135

Median conn. (out) Beta −0.196

95th % CI [−0.342, −0.012] 95th % CI [−0.319, −0.074]

P-value 0.001 to 0.050 P-value 0.015

Basal ganglia NS Median conn. (out) Beta −0.195

95th % CI [−0.313, −0.077]

P-value 0.010

Amygdalo-thalamic Median conn. (in) Beta −0.178

95th % C [−0.291, −0.065]

P-value 0.017

Adjustment for prior externalizing and internalizing behavior scores (together)

DECEMBER 2020 SURVEY (# 5)

Outcome: OVERALL MENTAL HEALTH

Left hemisphere Right hemisphere

Somatomotor Median conn (out),

robustness

Beta 0.279 to 0.362 Median conn (out),

robustness

Beta 0.215 to 0.333

95th % CI [0.067, 0.119] 95th % CI [0.016, 0.564]

P-value 0.007 to 0.014 P-value 0.009 to 0.039

Outcome: PERCEIVED STRESS

Salience ventral attention Median conn. (in, out) Beta −0.322 to −0.303 NS

95th % CI [−0.565, −0.080]

P-value 0.016

Reward Median conn. (in, out) Beta −0.428 to −0.374 NS

95th % CI [−0.692, −0.150]

P-value 0.008

(Continued)
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Table 2. Continued

Network Property Statistics Value Property Statistics Value

Limbic Median conn. (out) Beta −0.317 NS

95th % CI [−0.512, −0.122]

P-value 0.007

Basal ganglia Median conn. (out) Beta −0.377 NS

95th % CI [−0.610, −0.145]

P-value 0.007

Prefrontal cortex Median conn. (in)

median Conn. (out)

Beta −0.461 to −0.326

95th % CI [−0.720, −0.149]

P-value 0.003

Fronto- thalamic circuit Median conn. (in,out) Beta −0.398 to −0.324 NS

95th % CI [−0.669, −0.126]

P-value 0.028

Fronto- amygdala circuit Median conn. (in,out) Beta −0.432 to

−0.354

NS

95th % C [−0.685, −0.178]

P-value 0.003 to 0.005

Fronto-striatal circuit Median conn. (in,out) Beta −0.379 to −0.340 NS

95th % CI [−0.639, −0.116]

P-value 0.020

Fronto-basal ganglia

circuit

Median conn. (in,out) Beta −0.384 to −0.339 NS

95th % CI [−0.643, −0.116]

P-value 0.017

Amygdalo- thalamic circuit Median conn. (out) Beta −0.204 NS

95th % Cl [−0.342, −0.067]

P-value 0.022

Fronto- striato- thalamic circuit Median conn. (in,out) Beta −0.363 to −0.317 NS

95th % CI [−0.635, −0.091]

P-value 0.021

Fronto-basal ganglia- amygdala

circuit

Median conn. (in, out) Beta −0.363 to −0.322 NS

95th % CI [−0.621, −0.106]

P-value 0.023

Outcome: SADNESS

Reward NS Robustness Beta −0.357

95th % CI [−0.581, −0.133]

P-value 0.009

Salience Median conn. (out) Beta −0.517 Median conn. (out) Beta −0.249

95th % CI [−0.814, −0.221] 95th % CI [−0.419, −0.078]

P-value 0.007 P-value 0.039

(Continued)
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Table 2. Continued

Network Property Statistic Value Property Statistic Value

Somatomotor NS Median conn. (in), median

conn. (out), robustness

Beta −0.346 to −0.258

95th % CI [0.616, −0.042]

P-value 0.033

Prefrontal cortex NS Robustness Beta −0.397

95th % CI [−0.641, −0.154]

P-value 0.014

Basal ganglia Median conn. (out) Beta −0.431 Median conn. (out) Beta −0.372

95th % CI [−0.730, −0.132] 95th % CI [−0.558, −0.185]

P-value 0.013 P-value 0.001

Fronto- thalamic circuit Robustness Beta −0.276 Robustness Beta −0.379

95th % CI [−0.465, −0.087] 95th % CI [−0.597, −0.160]

P-value 0.015 P-value 0.007

Fronto- amygdala circuit Robustness Beta −0.276 Robustness Beta −0.385

95th % CI [−0.466, −0.086] 95th % CI [−0.612, −0.159]

P-value 0.027 P-value 0.009

Fronto-striatal circuit Robustness Beta −0.286 Robustness Beta −0.405

95th % CI [−0.476, −0.095] 95th % CI [−0.635, −0.174]

P-value 0.022 P-value 0.006

Frontal- striatal-

thalamic circuit

Robustness Beta −0.294 Robustness Beta −0.409

95th % CI [−0.484, −0.104] 95th % CI [−0.640, −0.177]

P-value 0.012 P-value 0.006

Frontal-basal ganglia- amygdala

circuit

Robustness Beta −0.291 Robustness Beta −0.404

95th % CI [−0.483, −0.099] 95th % CI [−0.635, −0.172]

P-value 0.018 P-value 0.007

Amygdalo-

thalamic circuit

Median conn. (in,out) Beta −0.377 to −0.309 Median conn. (out) Beta −0.331

95th % CI [−0.675, −0.084] 95th % CI [−0.497, −0.165]

P-value 0.023 to 0.025 P-value 0.001

Other networks/circuits

Thalamus Median conn. (out) Beta −0.299

95th % CI [−0.470, −0.128]

P-value 0.007

May 2021 Survey (# 7)

Outcome: SADNESS

Left hemisphere Right hemisphere

Somatomotor Efficiency,

global clustering,

robustness

Beta −0.354 to −0.218 Robustness Beta −0.239

95th % CI [−0.581, −0.105] 95th % CI [−0.359, −0.120]

P-value 0.018 to 0.022 P-value 0.007

Modularity Beta 0.181 Modularity,

fragility

Beta 0.187 to 0.259

95th % CI [0.071, 0.291] 95th % CI [0.125, 0.388]

P-value 0.022 P-value 0.003 to 0.007

(Continued)
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Table 2. Continued

Network Property Statistics Value Property Statistics Value

Salience/Ventral attention Robustness Beta −0.269

95th % CI [−0.452, −0.086]

P-value 0.046

Fragility Beta 0.153 Fragility Beta 0.213

95th % CI [0.073, 0.234] 95th % CI [0.145, 0.281]

P-value 0.009 P-value 0.011

Frontoparietal control Efficiency, stability,

robustness

Beta −0.703 to −0.205 NS

95th % CI [−1.169, −0.058]

P-value 0.027 to 0.029

Modularity Beta 0.302 Fragility Beta 0.267

95th % CI [0.102, 0.501] 95th % CI [0.153, 0.381]

P-value 0.027 P-value 0.010

Temporo-

parietal

NS Global clustering,

robustness

Beta −0.214 to −0.190

95th % CI [−0.331, −0.051]

P-value 0.034 to 0.042

Modularity Beta 0.232

95th % CI [0.079, 0.385]

P-value 0.040

Prefrontal cortex NS Robustness Beta −0.252

Fragility Beta 0.294 95th % CI [−0.401, −0.102]

95th % CI [0.129, 0.459] P-value 0.049

P-value 0.039

Outcome: PANDEMIC UNCERTAINTY-RELATED STRESS

Left hemisphere Right hemisphere

Somatomotor NS Fragility Beta 0.435

95th % CI [0.236, 0.634]

P-value 0.014

Salience NS Fragility Beta 0.436

95th % CI [0.183, 0.688]

P-value 0.045

Amygdalo- thalamic

circuit

NS Median conn. (in) Beta −0.742

95th % CI [−0.868, −0.616]

P-value <0.001

Downloaded from https://academic.oup.com/cercor/article/34/4/bhae164/7658480 by Harvard School of Public Health user on 26 April 2024
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Fig. 2. Networks with topological properties predictive of stress and sadness during the pandemic in December 2020 and May 2021.

(bilaterally) and the rest of the brain, and similarly for bilateral

basal ganglia, the amygdalo-thalamic circuit and the thalamus,

were also predictors of higher sadness (P<0.04,β = −0.52 to−0.30,

CI= [−0.81,−0.08]).MSE valueswere in the range 0.40 to 0.56 (with

the lowest MSE corresponding to robustness of the right reward

network). Model statistics are summarized in Table 2.

Additional secondary analyses with adjustments for
prepandemic social factors

To investigate the impact of social relations and/or connectedness

prior to the pandemic on links between network topology and

survey-based outcomes, further analyses were conducted, first

adjustingmodels for whether the child had a best friend. Findings

were consistently similar to those based on the primary models,

and this covariate was nonsignificant in themodels. Furthermore,

including an adjustment for whether the child preferred to be

alone also did not change findings, and this covariate was non-

significant in models as well. Finally, another set of models also

adjusted for whether the child had experienced a traumatic event

(before the pandemic). Additional negative associations were esti-

mated between sadness and left somatomotor network connec-

tivity in December 2020 (P<0.04, β =−0.20 to −0.15, CI= [−0.33,

−0.03]). At the regional (node) level, not-consistent topological

predictors of any outcome were identified. Finally, no significant

predictors of positive affect were identified at any spatial level of

investigation (P> 0.05).

Lower topological network resilience as consistent predictor
of stress and sadness during the pandemic

Topological robustness, fragility, efficiency, and modularity were

frequent predictors of sadness and, to a lesser extent, stress

related to the pandemic’s uncertainty inMay 2021. Lower bilateral

robustness and higher segregation (modularity) of the somato-

motor network and higher fragility (in the right hemisphere)

predicted higher sadness. Lower efficiency and robustness and

higher modularity of left and higher fragility of right frontopari-

etal control, lower robustness of right temporoparietal, right

prefrontal, and right salience, and higher fragility of left prefrontal

and salience networks also predicted higher sadness (P< 0.05,

β =−0.70 to −0.19, CI= [−1.169, 0.05] for efficiency, robustness,

stability, and global clustering, β = 0.14 to 0.29, CI= [0.05, 0.50] for

fragility and modularity). Finally, fragility of right somatomotor

and salient networks and lower connectivity of the amygdalo-

thalamic circuit predicted higher pandemic uncertainty-related

stress in May 2021 (P< 0.05, β = 0.43 to 0.44, CI= [0.18, 0.69]

for fragility, β = −0.74, CI= [−0.87, −0.62] for connectivity).

MSE values were in the range 0.12 to 0.46 (with the lowest

MSE corresponding to robustness of the salience network).

Model statistics are summarized in Table 2. Predicted sadness

in December 2020 and May 2021 as a function of topological

robustness of multiple networks is shown in Fig. 3.

Results based on youth with rs-fMRI data
collected prior to the outbreak
In cohort B, higher connectivity in the dorsal attention network

was associated with lower stress in June 2020 (P≤ 0.03, β = −0.09

to −0.07, CI= [−0.14, −0.02]), and higher connectivity in the bilat-

eral salience and right reward networks was associated with bet-

ter mental health in May 2021 (P< 0.05, β = 0.07 to 0.10, CI= [0.01,

0.167]. In addition, properties of smaller networks, specifically

amygdala and basal ganglia, were also predictors of sadness and

stress in August and October 2020. Detailed model statistics are

provided in Table S5. Finally, at the regional level, higher centrality

and local clustering of the left dorsal attention network also pre-

dicted lower pandemic uncertainty-related stress, in models with

and without adjustments for prior internalizing and externalizing

problems (P<0.05).

Discussion

This study investigated the role of the prepandemic topologi-

cal organization of brain networks in adolescent mental health,

stress, and emotional responses during the pandemic. There are

broadly three main findings. First, topological network properties
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Fig. 3. Predicted sadness in both December 2020 and May 2021, as a function of topological robustness of the reward and prefrontal networks (in
December 2020), and frontoparietal control, prefrontal, and salience networks (in May 2021).

were predictive of stress and sadness, and, to a lesser extent,

overall mental health, at multiple time points, but primarily

December 2020 and May 2021. December is associated with a

holiday period during which many families often come together

to celebrate. As a result of the pandemic’s restrictions (and in

some families, illness and loss of life or financial instability),

such celebrations were scaled down or even impossible in 2020.

Thus, youth with weaker brain connections and/or less resilient

networks may have been at higher risk for negative emotions,

such as sadness, worse overall mental health, and higher stress

during the holiday period. May 2021 was toward the end of the

first school year entirely spent during the pandemic and was also

∼15 months since the outbreak. In addition to the cumulative

burden of the pandemic, in several states, cities, and communities,

some restrictions and requirements for social isolation remained

in place, although COVID-19 vaccines were administered widely

by then. Thus, youth with more fragile brain circuits may have

been more predisposed to negative emotions and higher stress as

a result of the pandemic’s prolonged burden on their everyday life.

The second main finding is that connection strength (connec-

tivity) and topological resilience (robustness) were the two main

topological properties that consistently predicted overall men-

tal health, sadness, and stress. Stronger connections and more

resilient networks were significant predictors of better mental

health, lower stress, and lower sadness. In contrast, weaker con-

nections and less resilient and more fragile networks predicted

higher sadness add stress.

The third main finding is that several large networks

and smaller circuits were consistently associated with these

outcomes. In December 2020, stress was consistently predicted

by connection strength of multiple networks/circuits in the

left hemisphere, whereas sadness was predicted primarily by

robustness of multiple bilateral networks. In May 2021, bilateral

fragility and/or robustness were the primary predictors of stress

and sadness. Prior work has shown the stress may modulate

functional hemispheric asymmetry, which may, in part, explain

the lateralized prediction of stress by connection strength of

distributed circuits in the left hemisphere (Ocklenburg et al. 2016).

Of note is that a number of predictions of stress by connection

strength/and resilience of circuits in the right hemisphere were

estimated, but were eliminated when models were adjusted for

cumulative effects of stress prior to the December 2020 and May

2021 surveys, respectively. This suggests that while prepandemic

strength of network connections in the left hemisphere predicted

stress, robustness of networks in the right hemisphere may have

beenmodulated by stress during the pandemic (and thus covaried

with it).

Topological properties of specific resting-state networks/cir-

cuits, most consistently the salience network, were identified as

consistent predictors. Specifically, lower connection strength and

lower resilience (and in some cases, higher fragility) of salience

network were consistent predictors of mental health, stress, and

sadness in December 2020 and sadness and stress in May 2021.

A number of prior studies have shown that the salience network

plays a central role across domains (Seeley 2019), including emo-

tion, reward, and pain processing and regulation (Uddin 2014;

Menon 2015; Rosen et al. 2018), butmay also be impacted by social

isolation (Jankowski et al. 2018), including during the pandemic

(Bzdok and Dunbar 2022). It has also been implicated in mental

health issues, including suicide ideation (Ho et al. 2021) and anxi-

ety, specifically in adolescents (Geng et al. 2016). In addition, con-

nection strength of the dorsal attention network predicted higher

stress in June 2020 (∼3 months since the outbreak). These results

are in agreement with prior work (Thomason et al. 2011; Seeley

2019; Schimmelpfennig et al. 2023), and suggest that strength

and robustness of the salience network prior to the pandemic

may have been a protective factor for mental health, stress, and

sadness, whereas its fragility and weaker connections were risk

factors that increased vulnerability to the pandemic’s adverse

effects. The involvement of the dorsal attention in stress has also

been consistently reported in prior studies (Soares et al. 2013;

Sousa 2016).

Connection strength and/or resilience of several circuits

involving the amygdala, including amygdalo-thalamic, fronto-

amygdala, fronto-basal ganglia-amygdala, and the limbic network

was also predictive of stress in August 2020, December 2020, and

May 2021 and similarly for sadness (though only in December

2020 and May 2021). Extensive prior work has linked the

amygdala to emotional processing, stress and their interactions

(LeDoux 1992; Phelps 2006; Ressler 2010; Gallagher and Ciba
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1996; Puccetti et al. 2021). Overall, studies have reported higher

amygdala activation in response to negative stimuli and emotions

during related tasks. Our findings are based on resting-state

circuits between the amygdala and other regions and reflect the

organization of these networks independently of any emotion

processing task. Prior work has reported anticorrelated task and

resting-state brain networks (Fox et al. 2005; Uddin et al. 2009),

which could, in part, explain the prediction of sadness and stress

by hypoconnectivity. In addition, recent studies focusing on the

COVID-19 pandemic have reported that strength of connections

between the dorsomedial prefrontal cortex and amygdala prior

to the pandemic was inversely correlated with stress during the

pandemic (Zhou et al. 2023). The fronto-amygdala circuit also

plays a central role in emotional regulation and attenuation of

negative affect (Banks et al. 2007), and the amygdalo-thalamic

circuit may also have a similar role (Pessoa 2017). Our findings

suggest that weaker and less robust (or more fragile) connections

between the amygdala and distributed brain regions may reflect

emotion dysregulation prior to the pandemic, a risk factor that

may have predisposed youth to higher stress and sadness during

the pandemic.

Connection strength and/or resilience of the thalamic network

and its connections with the prefrontal cortex, amygdala, and the

striatum were also predictors of stress and sadness. The involve-

ment of the thalamus in emotion regulation has been reported as

early as the work of Cannon and Bard (and the Cannon–Bard [tha-

lamic] theory of emotions; Cannon 1929; Bard 1934; Simic et al.

2021). Prior research on a networkmodel for emotional processing

has included the thalamus as an important element, in addition

to the amygdala, the striatum, and frontal cortex (Pessoa 2017).

Our findings are aligned with this model as well. Furthermore, the

thalamus may also play the role of an emotional brain “hub,” in

that it integrates signals from other regions involved in emotional

processing (Venkatraman et al. 2017).

Another important finding is that topological properties of the

prefrontal cortex, and its cortical and sub-cortical projections

were predictors of stress and sadness. The prefrontal cortex is

a particularly vulnerable region in adolescence, a period charac-

terized by profound neuroanatomical changes, heightened myeli-

nation, decreased synaptic density, neural connection pruning,

and selective connection strengthening, all part of a broader pro-

cess of circuit rewiring and topological optimization (Rakic et al.

1994, Arain et al. 2013; Spear 2013; Larsen and Luna 2018). Thus,

the underdeveloped prefrontal cortex is vulnerable to stressors

and environmental risk factors, which may adversely impact its

wiring (Casey et al. 2008a; Tottenham and Galvan 2016). Lower

robustness of this region prior to the pandemic, possibly the

result of negative impacts of environmental and experiential

stressors, may have increased the likelihood of higher stress and

decreased control and regulation of negative emotions during

the pandemic. In addition, robustness and/or strength of circuits

connecting frontal (including prefrontal) cortical regions, with

the amygdala, striatum, and/or thalamus was also predictive of

higher stress and/or sadness. A number of studies have linked

these circuits to emotion and stress regulation (Cardinal et al.

2002; Hare et al. 2005; Banks et al. 2007; Furman et al. 2011;

Gabbay et al. 2013; Tottenham and Galvan 2016). In addition,

stress has been shown to weaken connections within frontal

regions and their projections to other brain regions (Arnsten 2009).

Thus, in some youth, prepandemic stress may have contributed

to weaker and less resilient circuits involving the prefrontal cor-

tex, which may have predisposed youth to experience higher

stress and dysregulation of emotions, such as sadness, during the

pandemic.

Finally, properties of the basal ganglia, and specifically the

striatum (which changes substantially in adolescence), individ-

ually or as part of part of multiple circuits predicted stress and

sadness in October and December 2020. These structures and

have been linked tomental health and well-being, as well as emo-

tion processing and regulation in youth (Ring and Serra-Mestres

2002; Killgore and Yurgelun-Todd 2007; Del-Piero et al. 2016; Boyes

et al. 2022). They are also part of a larger developing network

that includes the prefrontal cortex, striatum, and amygdala and is

vulnerable to stress in adolescence (Casey et al. 2008a; Tottenham

and Galvan 2016; Lago et al. 2017). In addition, sadness has been

specifically associated with reduced activity in this network, as

well as the striatum individually (Levesque et al. 2003; Gabbay

et al. 2013; Arias et al. 2020).

Despite a number of strengths, including a relatively large

cohort with fMRI data and longitudinal survey data during

the first ∼15 months of the pandemic (which captured related

changes in mental health, emotions, and stress in adolescents)

and advanced analytics to robustly quantify the organization

of the developing connectome and individual brain networks

and circuits, this study also had some limitations. Each survey

was associated with a sample that partially overlapped with

others, i.e. not all participants had data across all surveys,

and the neuroimaging samples also partially overlapped. In

addition, surveys only assessed mental and emotional health

and stress at a relatively high level, and not all surveys assessed

all outcomes of interests. By design, they were not meant

to be exhaustive and comprehensive assessments of mental

health. Instead, they included sufficient questions to assess

youth behaviors, emotions, and responses to pandemic-related

restrictions and disruptions of everyday life. It is, therefore,

possible that additional associations between brain networks

and mental health would have been identified if more granular

information was available. Furthermore, some participants were

scanned during the pandemic, and thus, the latter’s impact on

the brain, particularly at later survey assessments, needed to

be accounted for in analyses. For each outcome of interest, the

“history” of that outcome, i.e. related cumulative responses in

previous surveys,were incorporated in analyses. Other potentially

confounding factors were not included, in part because of limits

in statistical power. However, all analyses were adjusted for

prepandemic mental health and behavioral issues that may

have increased the risk of negative responses to the pandemic.

Furthermore, since the ABCD cohort is geographically diverse, and

COVID measures adopted by the state, region, and/or community

where each participant lived were unknown, it was impossible

to adequately account for this information. Thus, only random

effects for site were included in models, to account for potential

broad differences. Finally, as all retrospective investigations, this

study and collected datawere limited by scientific decisionsmade

by the ABCD consortium.Nevertheless, extensive participant data

were available, and survey data captured a sufficiently broad

range of youth responses to the pandemic’s stressors.

Despite some limitations, this studymakes a significant contri-

bution toward highly incomplete understanding of the brain’s role

in youth responses during the COVID-19 pandemic. In a relatively

large cohort of over 2,600 youth, this first-of-its-kind investigation

has examined the role of the prepandemic adolescent brainwiring

as a protective or risk factor for mental and emotion health

and stress during the COVID-19 pandemic. It has identified two
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aspects of network organization, connection strength and topo-

logical resilience, of multiple developing networks as the primary

predictors of overall mental health, sadness, and stress. It has also

identified a common set of structures and circuits that predicted

these outcomes.These include salience, limbic, reward, and dorsal

attention networks and an interconnected set of structures com-

prised of the prefrontal cortex, amygdala, striatum,and thalamus.

These are rapidly maturating and thus vulnerable structures that

may have been modulated by stressors prior to the pandemic and

predisposed youth to amplified effects of the pandemic on their

mental and emotional health and stress responses. Our findings

suggest the prepandemic organization of specific neural circuits

in adolescents may have played a critical role in youth responses

to the pandemic. The developing brain is highly plastic, and its

circuits continue to reorganize until they attain their optimal

configuration in young adulthood.Thus, it also has a high capacity

for recovery. As efforts to combat the rapidly rising mental health

crisis in youth and reverse the pandemic’s effects on it are under-

way, identified circuits in this study could be specifically targeted

by new interventions, to improve short- and longer-term mental

health outcomes in youth.
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