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Abstract
Background: Adolescence is a period of increased vulneralfitityinternalizing problems,
particularly following stressful life events. WeaRrine how emotion regulation and brain
structure and function are associated with intézimg problems during the COVID-19
pandemic, and moderate the association betweerepacdelated stressors and internalizing
problems.
Methods: Data are from a longitudinal sample (N=145, aged 1) strategically assessed at
three crucial timepoints: prior to the pandemicg)yeduring the stay-at-home order period, and
again six months later. We examined associatiomsmyfgdala and hippocampal volume and
amygdala activation during an emotional procestasg prior to the pandemic; use of emotion
regulation strategies prior to and during the pamdeand pandemic-related stressors with
internalizing problems.
Results: Greater exposure to pandemic-related stressorasgagiated with higher internalizing
problems both earlgind later in the pandemic. Youths who reported neguent use of
rumination before the pandemic and higher use pfessive suppression and lower use of
cognitive reappraisal early in the pandemic hathérignternalizing problems early in the
pandemic. Higher left amygdala activation to ndutkative to fearful faces before the
pandemic was associated with greater internalignoglems and a stronger link between
pandemic-related stressors and internalizing problearly in the pandemic.
Conclusion: Pandemic-related stressors are strongly assoaiatieddolescent internalizing
problems, as are individual differences in emotiseactivity and regulation and their

underlying neural mechanisms. Interventions thatice pandemic-related stressors and foster
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adaptive emotion regulation skills may protect agaadolescent psychopathology during this

period of heightened exposure to stress.
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Introduction

Adolescence is a period of increased risk for ima8zing problems (1,2). Exposure to
stressful life events increases during adolesceamadolescents experience heightened
vulnerability to developing stress-related anxigtyl depression symptor(g-6). The COVID-

19 pandemic has produced dramatic societal chahgebave resulted in increased exposure to
numerous health, economic, and social stressoefalescents. Internalizing problems have
increased during the pandemic in both adolescertsdults (7—-11). However, the degree of
exposure to pandemic-related stressors varies yfd8|12,13), and risk for internalizing
problems related to these stressors is unlikebetaniform. Identifying characteristics that
convey risk for or resilience to internalizing pletms during the COVID-19 pandemic may help
to generate targets for interventions to promotk-leng during this period of heightened stress
exposure. This longitudinal study investigates modwidual differences in multiple domains of
emotional processing—use of specific emotion ragastrategies, brain structure, and neural
function during emotional processing—predict vuaimslity to stress-related internalizing
problems during the COVID-19 pandemic.

Difficulties with emotion regulation, increased agaala reactivity to threat, and smaller
hippocampal and amygdala volume are among the p&gibal and neural mechanisms that
may increase vulnerability for internalizing promie in children and adolescents in response to
stressful life events (14-16). Use of maladaptive@tioon regulation strategies—Iike rumination
and suppression—is associated with elevated riskfernalizing problems in longitudinal
studies and meta-analyses of adults and adolegd&iR20). In contrast, greater use of adaptive
emotion regulation strategies, such as cognitiappeaisal (21), is less consistently associated

with psychopathology than maladaptive strategi@s-22). However, more habitual and
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effective use of cognitive reappraisal has a ptoteenoderating influence on internalizing
problems among youth who experience stressfuelifnts (25,26). In the context of the
COVID-19 pandemic, adolescents who engage in nmgeitive reappraisal might be expected
to be more resilient to pandemic-related stressdnge adolescents who engage in more
expressive suppression and rumination might beat@gddo be more vulnerable to stress-related
increases in internalizing problems.

Heightened amygdala reactivity to threat-relategiscguch as fearful or angry faces, or
scenes depicting violence, may reflect that podétitreats have greater emotional salience,
leading to more intense negative emotional expeegmand greater mobilization of defensive
responses (27-29). Heightened amygdala reactwipptential threats is associated with
depression and anxiety in adolescence, includinospective studies (30,31). Moreover, the
prospective association between stressful life ssvand depression is stronger among youth
with higher amygdala reactivity to fearful and antaces (15). Like the amygdala, the
hippocampus is involved in the processing of enmatily salient stimuli and in regulating
physiological responses to stress and negativeiem@2—-34), in addition to the central role it
plays in learning and memory (35). While the asstomn between hippocampal and amygdala
volume and internalizing problems are inconsistemhildren and adolescents (36—40), several
studies have found that lower hippocampal volunessociated with greater vulnerability to
internalizing problems following stressful life eus. For example, maternal aggression is
associated with greater increases in depressivpteyns over time in early adolescents with
smaller hippocampal volume (41), and stressfuldifents are associated with elevated anxiety
only among participants with small hippocampal woéu(42). Finally, the prospective

association between stressful life events and dsfme symptoms is stronger among youth with
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reduced hippocampal and amygdala volume (16).drctimtext of the COVID-19 pandemic,
adolescents with greater amygdala reactivity tedhcues and smaller amygdala and
hippocampal volume prior to the pandemic might Xjgeeted to be more vulnerable to stress-
related increases in internalizing problems.

The current longitudinal study examines whethert@naegulation strategy use,
amygdala reactivity to threat, and hippocampal amgtigdala volume contribute to vulnerability
to internalizing problems in response to COVID-Hhg@emic-related stressors. We expected that
greater use of rumination and expressive supprmessid less frequent use of cognitive
reappraisal would be associated with more intezmggiproblems and magnify the association
between pandemic-related stressors and internglmioblems. Similarly, we expected that
greater amygdala reactivity to threat and smalteygdala and hippocampal volume—measured
prior to the pandemic—would be associated with tgreaternalizing problems and
vulnerability to stress-related internalizing prerols. Due to the unprecedented nature and
duration of the COVID-19 pandemic, we did not hapecific hypotheses about how
associations might vary between early and laténenpandemic. However, pre-pandemic
internalizing problems were measured over two yearker, and with a different scale than
during the pandemic. We therefore anticipated grestability in internalizing problems from
early to later in the pandemic than from pre-pandemearly in the pandemic. Thus,
statistically, risk and protective factors woulkieliy be more strongly associated with changes in
internalizing problems early in the pandemic theterl.

M ethods

Participants
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Participants were drawn from a longitudinal stuflglaldren followed from age 3 and a
caregiver, with the initial aim of studying the @éaspment of self-regulation in childhood (43).
At age 11-12 years, between June 2017 and Oct@d&; participants completed a pre-
pandemic baseline as part of a study examining aresins linking adverse childhood
experiences with psychopathology (44). Participardse excluded from the study based on the
following criteria: 1Q < 80, active substance degpemnce, psychosis, presence of pervasive
developmental disorders (e.g., autism), and psychiat medication use. We conducted two
assessments of this sample during the COVID-19¢raid Youth and a caregiver completed
guestionnaires online between April and May of 202@ve 1), and between November 2020
and January 2021 (Wave 2). See Figure 1 for a fient@f participant recruitment and
inclusion. Participant race and ethnicity is sumgeat in Table S1 in supplemental materials.
Participants who had complete data at each wavedlidiffer from participants missing data on
any variable included in study analyses.

Measures

See Supplemental Materials for greater detailsllaneasures, including psychometrics.

Rumination (Pre-pandemic baselin&he 13-item rumination subscale of the Children’s
Response Styles Questionnaire (CRSQ) (45) wastoseskess use of rumination.

Pandemic-related Stressors (Wave 1 and Wava\®) developed a set of questions to
assess pandemic-related stressors that was admciso children and caregivers. Stressors
were coded as present if they were endorsed bgrahle youth or their parent and summed,
using a cumulative risk approach (46). See suppigthenaterials and Table S2 for details. The

complete scale can be found at https://osf.io/drgku
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Cognitive Reappraisal and Expressive Suppressiavé/t).The Emotion Regulation
Questionnaire (ERQ) (47) is a 10-item self-repaiegtionnaire assessing the tendency to use
cognitive reappraisal and expressive suppressignte®ns pertain to cognitive reappraisal and
four pertain to expressive suppression.

Internalizing problems (Pre-pandemic baseline, Whv@/ave 2)Internalizing problems
at the pre-pandemic baseline were assessed bashddreport on the Youth Self-Report (48).
At the Wave 1 and Wave 2 COVID-19 follow-up assessts adolescents completed the
Strengths and Difficulties Questionnaire, a 25-iwrale comprised of five subscales, with five
items each (50). To make the scales comparab&nalizing scores were scaled to values
between 0 and 1 (i.e. proportion of maximum scal{bgd).

Emotional Processing fMRI Task (Pre-pandemic baseline)

The emotional processing task consisted of 2 rii8sl@-second blocks, during which
participants passively viewed neutral, fearful, anchmbled face stimuli. Faces were drawn
from the NimStim stimulus set (52). The “calm” fadeom this dataset were used as neutral
expressions, as these expressions are potengdafiyeimotionally evocative than neutral faces
(52), which can be perceived as negatively-valerf62)l Further details can be found in
Supplemental Materials.

MRI Acquisition and Preprocessing

Scanning was performed on a 3T Phillips Achievaaseaat the University of
Washington Integrated Brain Imaging Center (TR¥2gel size=3mmfor the functional scan).
Preprocessing and statistical analysis of fMRI aeda performed for the purposes of extracting
activation to fearful vs. neutral faces from laftdlaight amygdala ROIs. Further details can be

found in Supplemental Materials.
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Structural MRI processing

Measures of hippocampal and amygdala volume aatlitdtacranial volume were
obtained using automatic segmentation in FreeSar&rFollowing prior work (16), right and
left volumes were summed to create bilateral hippgzal and amygdala volume measures. To
keep variables on a similar scale for regressi@tyars, subcortical volumes were divided by
1,000, and intracranial volume was divided by 1,000. Further details can be found in
Supplemental Materials.
Procedures

All study procedures were approved by the Insbnai Review Board at Harvard
University. Habitual use of rumination, internafigiproblems, and measures of brain structure
and function were assessed at the pre-pandemitrizageandemic-related stressors, use of
cognitive reappraisal and expressive suppressiahirgernalizing problems were assessed at
each of the Wave 1 and Wave 2 follow-up assessndemiisg the pandemic. Legal guardians
provided informed consent and youths provided dssarelectronic signature obtained using
Quialtrics (Provo, UT). Once consent and assentobtsned for the pandemic follow-up
assessments, parents and children were separatelged with a link to surveys on RedCap
and asked to complete them. If children had troablapleting the surveys on their own, an
experimenter called via phone or video chat and tea questions aloud to the child and
recorded their responses.
Analyses

All analyses were conducted in R version 4.0.3.(84¢ used a paired sample t-test to
evaluate change in internalizing problems fromghedemic Wave 1 to Wave 2 follow-up. The

associations between pandemic-related stressornsi@ndalizing problems at the Wave 1 and
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Wave 2 follow-ups were evaluated using multipleénregression, controlling for internalizing
problems at the previous assessment, sex, and age.

For each risk or protective factor, we fit 2 longiinal path models. The first model
examined the main effect of each factor on intezireg problems at Wave 1 and Wave 2 (Figure
2A). The second model examined the interaction eetweach risk and protective factor with
exposure to pandemic-related stressors. For eadelntmth the risk or protective factor and
pandemic-related stressors reported at Wave 1 aane\& were mean-centered, and an
interaction term was computed by multiplying thefig(re 2B). Models all fit the data well.
Model fit statistics and full model output for allodels is presented in Supplemental Materials.

Because 14 total path models were examined, Fats®ery Rate correction (53) was
used to correct for multiple comparisons withintedomain of analysis (emotion regulation: 6
models; amygdala activation: 4 models; amygdalahamoocampal volume: 4 models).
Therefore, False Discovery Rate-corregtechluesare indicated in all results and tables as
FDR-p.Simple slopes analysis was used to follow up figant interactions. More detail, as
well as reproducible code and output (Rmarkdowrgllchnalyses are provided in the
Supplemental Materials, and all data and analyzie @re available at

https://github.com/dgweissman/COVID.

Results
Descriptive Statistics
Descriptive statistics and bivariate associaticgtsvben all variables are provided in
Table 1. See Figure S2 for the distribution of estppe to pandemic-related stressors.

Pandemic-related Stressorsand I nternalizing Problems

10
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Internalizing problems increased significantlyidgrthe pandemic from Wave 1 to Wave
2 (Mgi=1.18,95% CE0.59-1.771=5.80 df=116). Adolescents who experienced more
pandemic-related stressors early in the pandemarted higher internalizing problems at the
pandemic Wave 1 assessmeamidtandardized 8.834,SE=.134,standardized?=.437,t=6.19
df=138 p<.001), controlling for age, sex, and internalizprgblems at the pre-pandemic
baseline. Notably, while the zero-order correlaibetween pre-pandemic internalizing
problems and Wave 1 internalizing problems was lsamal non-siginificantrE. 10, p=.215),
their association in the regression model thauthet! pandemic-related stressors was modest
and significantB=.209,SE=.070,[3=.225,t=2.96 df=138 p=.004). The association of
pandemic-related stressors occurring between theeWand Wave 2 pandemic assessments
was associated with higher internalizing problet#/ave 2 B=.486,SE-.166,[3=.225,t=2.93,
df=112,p=.004), controlling for age, sex, and Wave 1 intdimng problems (Figure 3).
Emotion Regulation, Pandemic-related Stressors, and I nternalizing Problems

Youths who reported more frequent use of ruminagibibaseline had higher internalizing
problems at the Wave 1 pandemic assessngen0Q7,SE=.003,3=.209,FDR-p=.036),
controlling for age, sex, and baseline symptomsnbtiat the Wave 2 pandemic assessment
controlling for age, sex, and Wave 1 symptoBrs.0Q01,SE=.003,3=.021,FDR-p=.946).

Greater use of expressive suppression reportecage\W during the pandemic was
associated with higher internalizing problems av&/a B=.078,SE=.022,3=.265,FDR-
p<.001), controlling for age, sex, and pre-pandesyioptoms. Greater use of expressive
suppression reported at Wave 1 during the wasaasociated with higher internalizing
problems at Wave 2, controlling for age, sex, aral/gV1 symptoms, but this association was not

significant after multiple comparisons correcti@¥(065,SE=.027,[3=.172,FDR-p=.946).

11
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Greater use of cognitive reappraisal reported earllge pandemic was associated with
higher internalizing problems at Wave 1, contr@lfor age, sex, and pre-pandemic symptoms
(B=-.120,SE=.023,3=-.374,FDR-p<.001). However, greater use of cognitive reapplais
reported at Wave 1 during the pandemic was notcéssad with internalizing problems at Wave
2, controlling for age, sex, and Wave 1 symptoB¥s-.015,SE=.033,3=-.037,FDR-p=.946)

Use of rumination, cognitive reappraisal, and egpire suppression did not interact with
pandemic-related stressors to predict internalipiredplems at either point in the pandemic (see
Table 2).

Amygdala Activation, Pandemic-related Stressors, and Internalizing Problems

Although highly heterogenous, amygdala activatmfetrful faces was significantly
greater than amygdala activation to neutral faceaverageN|=.239,SD=.897,p<.001). Lower
left amygdala activation to fearful relative to tralifaces prior to the pandemic was associated
with greater internalizing problems in the earlyaph of the pandemi8<-.054,SE=.019,3=-
.233,FDR-p=.012), controlling for age, sex, and pre-pandesyioptoms. To determine whether
this association was driven by greater reactivatypeutral faces or less reactivity fearful faces,
we decomposed this contrast by examining the associof left amygdala activation to fearful
vs scrambled faces and neutral vs scrambled faitkesnternalizing problems, neither of which
were significant (Figure 4). No associations wersesved for right amygdala activation (Table
2).

Left amygdala activation to fearful relative to tralifaces moderated the association of
pandemic-related stressors with internalizing peotd early in the pandemiB%£-.028,SE=.010,
3=-.200,FDR-p=.012), controlling for age, sex, and pre-pandesgioptoms. Pandemic-related

stressors were positively associated with intezivadi problems among youth with low to mean

12
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amygdala reactivity, but not among youth with haghygdala reactivity to fearful vs. neutral
faces (Figure 5). No significant interactions webserved for right amygdala activation (Table
2).
Brain Structur e, Pandemic-related Stressors, and I nternalizing Problems

Neither amygdala volume nor hippocampal volumdatiaseline visit were associated
with internalizing problems at either point durithg pandemic, nor did they interact with
pandemic-related stressors in predicting interiradiproblems at either wave (See Table 2).

Discussion

The COVID-19 pandemic has produced sudden and cegeated changes in the lives
of adolescents that have introduced many novetstrs and exacerbated risk for anxiety and
depression (7—11), which were already on the mserg adolescents in the United States (54).
The current study examined factors contributinontbvidual differences in the impact of the
pandemic on adolescent internalizing problems énettrly phase of the pandemic (late spring
2020) and again six months later (late fall/wirg@R0). Adolescents demonstrated worsening
internalizing problems over the course of the pamdeand adolescents with high exposure to
pandemic-related stressors had particularly eleMaternalizing problems relative to the
previous timepoint. We found significant varialyilib internalizing problems based on the use
of different emotion regulation strategies befand during the pandemic—including
rumination, cognitive reappraisal, and expressumpgession — as well as amygdala activation
measured prior to the pandemic. Specifically, gneltit amygdala activation to neutral relative
to fearful faces was associated with higher intézimg problems during the pandemic. These
findings support widespread concerns about the ahbetlth consequences of the pandemic on

adolescent mental health, particularly for thoggosed to more pandemic-related stressors. Use

13
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of maladaptive emotion regulation strategies ard tkfferentiated neural responses to
threatening and neutral cues may make youth p&tlgwulnerable to the increased exposure to
stressors that have characterized the pandemic.

The degree of exposure to pandemic-related stesss associated with worsening
internalizing problems over time both early in fademic and as the pandemic progressed.
This is consistent with cumulative risk models, @thargue that stressors have a cumulative
impact on mental health (46), and prior work onastpe to stressors and psychopathology
during community-wide disruptions like natural disas and terrorist attacks (55-57). These
findings therefore characterize the impact of ajuaiand unprecedented source of stress, but
conform to the general patterns of associationrelesien other stressful contexts. Further,
although the stressors examined here (e.g., Seoilation, parental job loss, food insecurity)
were exacerbated by the pandemic and lockdownsg tiypes of stressors can and do occur in
other contexts. Conversely, social isolation duth&lockdowns may have further exacerbated
the mental health impacts of these stressors byrgrthe social support available to
adolescentdWhile the pandemic continues, policies aimed aigaiiing the stressors
experienced by families (e.g. unemployment beneftsirn to in-person schooling) may have
the greatest potential to decrease the impactegpdmdemic on youth mental health.

Internalizing problems pre-pandemic were not dategl with internalizing problems
during the pandemic. However, they were signifigaassociated in the regression model that
included pandemic-related stressors, with an effizet consistent with the stability that might be
expected between two moderately correlated meagbirgsollected 2-3 years apart during

adolescence, suggesting that the strong assoclaiareen pandemic-related stressors and

14
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internalizing problems may have reduced the stglwhinternalizing problems in early
adolescence.

Greater use of maladaptive emotion regulatiortegras—including rumination and
expressive suppression— and lower use of cogniéigppraisal predicted worse internalizing
problems early in the pandemic. Overall, greaterafsadaptive emotion regulation strategies
(i.e., cognitive reappraisal) and lower use of maf#ive strategies (i.e., rumination and
suppression) was associated with lower internaipiroblems during the pandemic, but was not
as effective at reducing the impact of pandemiategl stressors. Further, perhaps due to the high
rank-order stability of internalizing problems cwgithe pandemic, the protective influence of
emotion regulation strategy use was specific tcetimy months of the pandemic. Nonetheless,
these results provide some evidence that interwesfiocused on teaching adolescents adaptive
emotion regulation skills may be an effective meain®ducing internalizing psychopathology,
during the pandemic and beyond.

Higher left amygdala activation to neutral complatiee fearful faces prior to the
pandemic had a modest and significant associatitimimternalizing problems in the early phase
of the pandemic and moderated the associationrafgraic-related stressor with internalizing
problems, such that the association was strongengmpouth with higher left amygdala
activation to neutral relative to fearful faceseTdirection of these associations is unexpected. In
prior work, the association between stressfuldifents and depression was stronger in youth
with greater amygdala responses to fearful andyafiages compared to shapes (15).
Decomposing our finding by examining fearful anditnal faces each compared to scrambled
faces was inconclusive. However, our results mayetieless reflect that youth who

differentiate less between fearful faces—whichcatk the presence of a potential threat in the
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environment, and neutral faces—which are ambigamasdo not clearly reflect the presence of
a threat, may interpret neutral or ambiguous cgses@e threatening. Amygdala reactivity to
potential threats is amplified in contexts of higicertainty (59,60). Youth who experience
violence and other forms of childhood trauma—e»grezes characterized by high threat and
uncertainty that confer greater risk for internialgzproblems—are more likely to perceive
neutral faces as angry (61,62) and to attributélbastent to ambiguous social cues more
generally (63). Less differentiated amygdala re#gtio threatening compared to neutral cues,
perhaps reflecting greater uncertainty in the priegation of the more ambiguous neutral faces,
may make adolescents more vulnerable to develaptagalizing problems when faced with
chronic stress and uncertainty, common experiedeesg the COVID-19 pandemic. Indeed,
amygdala activation was not correlated with intBzmag problems assessed concurrently at the
pre-pandemic baseline, which suggests that et elitiated amygdala reactivity to threatening
compared to neutral cues may be more an indicatauloerability to future stress and
uncertainty than a direct correlate of internalizproblems.

Neither amygdala nor hippocampal volume was aasetiwith internalizing problems
directly nor did they interact with pandemic-rethtgressors in predicting internalizing problems
at either time point in the pandemic. Thus, weefailo replicate the pattern of smaller
hippocampal and amygdala volume being associatédgmeater vulnerability to stress that has
been observed previously among youth exposed ldhdud violence (16,42). It is possible that
differences in hippocampal and amygdala volumeltiagurom exposure to traumatic stressors
may reflect specific structural alterations thapaut responses to stress more so than the
variability in hippocampal and amygdala volume ated in samples without high trauma

exposure.

16
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This study confirms and replicates the concernmgact that the pandemic has had on
adolescent mental health (7-11) and reveals seseuates of meaningful variability in
symptoms of depression and anxiety among adolesdexposure to stressors is by far the most
robust and consistent predictor of internalizinglpems examined in this study, consistent with
substantial evidence on the link between stresswtsnternalizing psychopathology (64,65).
Adolescent-reported use of maladaptive emotionladigm strategies was also a modest
predictor that can be measured inexpensively asityesnd could help to identify youths who
might be particularly at risk for developing intafizing problems and thus benefit from mental
health interventions. Alternatively, while the metlassociations of lower amygdala
discrimination between fearful and neutral facemaneasing vulnerability to pandemic-related
stressors informs our understanding of the mechenismderlying stress sensitivity in
adolescents, this measure is substantially morttycarsd difficult to acquire, and may offer
marginal additional clinical or practical utility identifying the most vulnerable youths relative
to self- and parent-reports of stressors and emaoégulation strategy use.

While this study has several strengths, includioly, multi-informant (parent and
adolescent) and multimodal (self-reports, neuroimglgdata on a relatively large sample of
adolescents assessed at three time points befdrduaimg the COVID-19 pandemic, it also has
several limitations that should be considered whesrpreting our findings. First, because the
participants in this sample were all within a relaly narrow two-year age band, we are unable
to characterize the specificity or generalizabitifthese findings across other developmental
windows. Second, the stimuli in the fMRI task oé tturrent study included only fearful and
neutral faces. Therefore, we are unable to determirether the association between reduced

differentiation in the amygdala between fearful aedtral faces and internalizing problems in
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the context of pandemic-related stressors is gpaoifear, or may reflect responses to negative
emotional cues more generally. Third, because eholir neuroimaging and emotion regulation
measures were collected at only one time pointwese unable to examine their stability or the
consistency of their associations with internalizoroblems across multiple timepoints as we
were with pandemic-related stressors. Finally, /tlile pandemic-related stress measure
demonstrated convergent validity via consistenthderate associations with internalizing
problems at both waves, it nonetheless had thédiion of equally weighting stressors that may
have had highly variable objective and subjectiapacts. Despite these limitations, when
synthesized with the many other developmental ssudhderway during the pandemic, we
anticipate these longitudinal, multi-informant, tmmiodal findings contributing to a richer and
more complete understanding of factors contributingdolescent mental health during the
pandemic, and factors contributing to stress vialbiéity more broadly.

Internalizing problems have increased steadily agramolescents during the COVID-19
pandemic, particularly for those who have expemena high number of pandemic-related
stressors, as well among adolescents who habitus#ymaladaptive emotion regulation
strategies like rumination and suppression andcagaitive reappraisal less frequently. Lower
differentiation of amygdala activation between #teming and neutral stimuli, assessed prior to
the pandemic, is also associated with increasatkvaibility to stress-related internalizing
problems. Attempts to identify adolescents mostaad of mental health interventions would
benefit from screening for exposure to pandemiateel stressful experiences and use of emotion
regulation strategies. Such efforts may help tatifieadolescents in need of extra support and

intervention to mitigate the mental health crisised by the COVID-19 pandemic.
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Table 1: Descriptive statistics and bivariate correlations

Baseline Pandemic Follow-up 1
N M SD N M SD
1. Sex (Female) 145 43 .50 10. Age 143 144 458
2. Income-to-needs ratio 143 3.75 1.79 11. Pandeshited stressors 143 2.28 1.74
3. YSR Internalizing Problems 145 51.7 10.8 12. 9bB@rnalizing problems 143 3.79 3.32
4. Rumination 145 7.88 6.21  13. Cognitive reappitais 143 3.26 .647
5. Intracranial volumet 122 1.55 145  14. Expraessiyppression 143 284 .706
6. Amygdala Volumext 122 3.08 .357 Pandemic Follow-up 2
7. Hippocampal volumet 122 8.35 .780  15. Age 124 14.9 AT7
8. Left Amygdala activation 122 .239 .897  16. Panderelated stressors 124 2.16 1.71
9. Right Amygdala activation 122 .158 .867 17. SInfernalizing problems 124 5.05 3.75
Correlations
1 2 3 4 5 6 7 8 9 11 12 13 15 16 17
1 -
2 21* -
3 -38 -26* -
4 -.16 .01 .50* -
5 -5b52* A1 .09 -.00 -
6 -.50* A7 .04 -.00 .66* -
7 -.46* 22* .10 -.01 .64* .69* -
8 -11 .00 .09 -.02 -.01 -.02 -.09 -
9 .01 -.02 .07 -.04 -.07 -.05 -.08 57* -
10 .05 A2* =12 .02 .02 .01 -.04 .06 -.05
11 .04 -.13 .00 .03 -.04 =12 -02 -26* -.26* -
12 .28* -.14 .10 21*  -31*  -29* -30* -.25* -.03 .00 46* -
13 .00 .10 =11 .00 .00 .00 .01 A2 -.08 -.26%.39* -
14 .08 -.08 .05 .03 -12 -.13 -14 -.04 -.02 .10 0.1 .30* -.16 -
15 .03 40* -.18 .02 .03 .01 .02 -.05 =12 7.0 11 -.08 10 -
16 .07  -25* .09 .02 -20* -40* -39* -.14 -15 12 A2* .30* -.09 A5 -.08 -
17 .26* .02 .07 13  -30* -26* -.24*% -.14 .03 -.04 .26* 59*  -23* .32* -.03 37* -

Note: *p < .05, YSR = Youth Self-report, SDQ = Strength &xfficulties Questionnaire

.. T units = Mm 1, T units = mmx 10°
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Table 2: Results of Regression analyses from Longitudinal Path M odels

Wave 1 I nternalizing Problems

Wave 2 I nternalizing Problems

Independent Variables B SE 3 p FDR-p B SE 3 p FDR-p
Emotion Regulation

Rumination .007 .003 .209 .018 .036 .001 .003 027791 .946
Expressive Suppression .078 .022 .265 .000 .000 5 .06.027 A72  .018 .108
Cognitive Reappraisal -120 .023 -.374 .000 .000 015. .033 -.037 .647 .946
Rumination x Stress .000 .001 -.013 .842 .842 -001 .002 -.046 .537.946
Expressive Suppression x Stress 023 011 136 .044 .066 .001 .014 .005 .946946
Cognitive Reappraisal x Stress -011 .011 -067 .335 402 -003 .012 -.017 .822946
Amygdala activation

Left Amygdala -054 019 -233 .005 .01p -.005 .023.017 .830 .939
Right Amygdala -008 .021 -034 .694 .802 -.006 4.02-.019 .811 .939
Left Amygdala Reactivity x Stress -.028 .010 -.200.006 .012 -001 .013 -.006 .939.939
Right Amygdala Reactivity x Stress -.003 .010 -.022789 .802 .014 .013 .083 .280.939
Brain structure

Amygdala Volume -.047 .067 -080 .478 .637 .060 7.07.079 .439 .785
Hippocampal Volume -027 .029 -.099 .364 .637 .019035 055 585 .785
Amygdala Volume x Stress -.044 025 -1.156 .083 2.33-005 .037 -103 .888 .888
Hippocampal Volume x Stress -004 .014 -021 .784784.| -009 .016 -.043 .589 .785

Note: Each row represents a separate path modehri@tes for all models were age, sex, and intezingl problems at the previous
wave. Full results of each model and reproducibbyssis code can be found in supplemental mateBatsunstandardized
coefficient,3 = standardized coefficiert,= uncorrected p-valueEDR-p= false discovery rate corrected p-values using the

Benjamini & Hochberg procedure.
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Figure 1: Participant Recruitment and Inclusion Flow Chart

Figure 1: Flow chart depicts recruitment and pgréiton at each wave of data collection
Figure 2: Longitudinal Path Models

Figure 2: Diagrams represent the path models wstsbt study hypotheses. Covariances were
freely estimated. Models testing associations Wifpocampal and amygdala volume also
included paths from total intracranial volume ttemnmalizing at Wave 1 and Wave 2 and
covariances with the other predictors. Pre = predpanic baseline, W1 = Wave 1, W2 = Wave
2, Interaction Term = product of risk/protectivetia and pandemic-related stressors (both
mean-centered).

Figure 3: Association between Pandemic-Related Stressors and I nternalizing Problems
Figure 3: Exposure to pandemic-related stressquesigively associated with internalizing
problems at both Wave 1 (April-May 2020) and Way@&avember 2020-January 2021).
Figure4: Left Amygdala Discrimination between Fearful and Neutral Faces and
Internalizing Problems

Figure 4: Left amygdala reactivity to fearful veutral faces was negatively associated with
internalizing problems early in the pandemic. Exang the association of both fearful faces and
neutral faces relative to scrambled faces revdalgthis association was attributable to both
greater activation to neutral faces and lower atitwm to fearful faces, but neither of those
contrasts were significantly associated with inddiming problems.

Figure5: Amygdala Discrimination, Pandemic-Related Stressors, and I nternalizing
Symptoms

Figure 5: Pandemic-related stressors are moregyrassociated with internalizing problems in

participants with lower amygdala reactivity to fedws. neutral faces (i.e., greater
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differentiation of threatening vs. neutral stimumong participants with high amygdala
response to fearful vs. neutral faces, the associbetween pandemic-related stressors and

internalizing problems is not significant.
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227 total participants with pre-
pandemic questionnaire data
(YSR, Rumination)

N\

183 completed neuroimaging
(Amygdala activation,

hippocampal and amygdala

volume)
S

6 excluded for image quality.
177 participants with usable

data

145 completed Wave 1
assessment
(Pandemic-related stress,
SDQ, ERQ)

122 completed neuroimaging
and Wave 1 assessment

L

124 completed Wave 2
assessment
(Pandemic-related stress,

SDQ)

102 completed neuroimaging
and Wave 2 assessment
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