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ABSTRACT
BACKGROUND: Early pubertal maturation has been posited to be a biopsychosocial risk factor for the onset of
internalizing psychopathology in adolescence; further, early-maturing youths exhibit heightened reactivity to stressful
events. School closures and enforced social distancing, as well as health and financial uncertainties, during the
COVID-19 pandemic are expected to adversely affect mental health in youths, particularly adolescents who are
already at risk for experiencing emotional difficulties. The executive control network (ECN) supports cognitive
processes required to successfully navigate novel challenges and regulate emotions in stressful contexts.
METHODS: We examined whether functional coherence of the ECN, measured using resting-state functional
magnetic resonance imaging 5 years before the pandemic (T1), is a neurobiological marker of resilience to
increases in the severity of internalizing symptoms during COVID-19 in adolescents who were in more advanced
stages of puberty at T1 relative to their same-age peers (N = 85, 49 female).
RESULTS: On average, participants reported an increase in symptoms from the 3 months before pandemic to the 2
most recent weeks during the pandemic. We found that early-maturing youths exhibited greater increases in
internalizing symptoms during the pandemic if their ECN coherence was low; in contrast, relative pubertal stage
was not associated with changes in internalizing symptoms in adolescents with higher ECN coherence at T1.
CONCLUSIONS: These findings highlight the role of the functional architecture of the brain that supports executive
functioning in protecting against risk factors that may exacerbate symptoms of internalizing psychopathology during
periods of stress and uncertainty.

https://doi.org/10.1016/j.bpsc.2020.08.010
The incidence of internalizing disorders, such as depression
and anxiety, rises sharply throughout adolescence (1). Even at
subclinical levels, these often co-occurring emotional diffi-
culties in adolescence (2) predict persistent symptoms (3),
poorer physical health (4), and increased risk for suicidal be-
haviors (5) in adulthood. Importantly, adolescents often report
an increase in internalizing symptoms during stressful experi-
ences, particularly those involving health and family discord (6).
The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2, or COVID-19) pandemic is a period of uncertainty,
financial and familial distress, and enforced social isolation.
Financial and health-related ambiguities during COVID-19 are
expected to be detrimental to mental health both during and
after the pandemic (7,8). Given the added stress of academic
disruptions and social distancing during a developmental
period in which peers and school environments are often
sources of connectedness and support (9), adolescents may
be especially susceptible to the stress resulting from COVID-
19–related changes and restrictions (10). It is important that
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we examine factors that contribute to greater risk or vulnera-
bility to the adverse effects of the pandemic. While resilience is
typically characterized as the ability to achieve relatively
“good” outcomes following risk experiences (11), resilience is
also a dynamic process (12) that may be reflected in neural
circuits (13). Given restricted access to social support, it may
be even more crucial to identify neurobiological protective
factors that buffer the influence of adversity and predict posi-
tive outcomes.

One risk factor for internalizing psychopathology in
adolescence is earlier pubertal maturation (14,15), which could
present as earlier pubertal timing (i.e., the estimated chrono-
logical age at which a pubertal milestone is reached) or more
advanced pubertal staging relative to one’s same-age peers.
Particularly, earlier-developing girls, as well as boys (16), have
been found to have a higher risk for internalizing symptoms
(17), due in part to an interplay between biological and social
changes (18) that deviate in timing from those of their typically
developing peers (19). Supporting this biopsychosocial
ological Psychiatry. Published by Elsevier Inc. All rights reserved. 79
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interpretation of advanced pubertal maturation as a risk factor
for internalizing psychopathology, researchers have found that
early-maturing adolescents are more sensitive to interpersonal
stress and rejection (20,21) and exhibit heightened respon-
siveness to stress (22–24). Similarly, adolescents who have
experienced significant life stress tend to have earlier pubertal
onset than do their same-age peers (25). It is important to note,
however, that not all adolescents exhibit depression and
anxiety following earlier pubertal maturation. Rather, the psy-
chosocial consequences of off-time puberty appear to be
context dependent. For example, early-maturing adolescents
who experience stressful events (vs. those who do not) are
more vulnerable to depressive symptoms (26). In addition,
high-stress contexts related to peer and family relationships,
as well as neighborhood quality (e.g., crime and lower re-
sources), have been found to amplify the association between
early pubertal maturation and psychopathology (27–29). It is
clear, however, that more research is needed to examine
protective factors that may buffer against the negative effects
of advanced pubertal staging.

In this context, researchers are beginning to use neuro-
imaging to identify biomarkers of risk and resilience related to
the onset and course of psychopathology (30). Emerging
research suggests that the intrinsic functional architecture of
brain networks (i.e., ensembles of brain regions that coactivate
when a person is at “rest,” or not engaged in a task) may reflect
differential adaptation to stress (31), particularly in individuals
at risk for psychopathology (32). One resting-state network
that has received attention as a possible neurobiological
marker of resilience to risk factors of mental and physical
health difficulties is the executive control network (ECN). The
ECN includes frontoparietal brain regions (e.g., dorsolateral
prefrontal and parietal cortices) that support executive func-
tioning (33–35), which includes cognitive processes that allow
one to successfully navigate and adapt to novel challenges in
order to attain long-term goals (36).

However, adolescent studies of internalizing disorders
consistently report disruptions in executive functioning,
including goal-directed attention and cognitive flexibility
(37–42); these cognitive deficits are shown to underlie con-
current mood states and predict future symptoms (43,44). At
the neurobiological level, adolescents with depression (45,46)
and anxiety (47) show lower connectivity within the ECN
compared with nondepressed peers. Emerging evidence also
suggests that more advanced pubertal staging is associated
with reduced functional connectivity between brain regions
involved in cognitive and emotional processing (48). In addi-
tion, girls who experienced earlier pubertal timing have been
shown to have lower levels of self-control relative to on-time
peers (49). Thus, lower executive functioning and alterations
in the ECN may contribute to the increased risk for internalizing
symptoms observed in early-developing youths.

The ECN and executive functioning is particularly important
during periods of ambiguity or stress, when adaptive reor-
ientation of cognitive processes is necessary to successfully
regulate emotional responses to stressors and meet situational
demands (50). Miller et al. (51) found that youths with lower
within-ECN resting-state connectivity showed an association
between higher neighborhood murder rate and greater car-
diometabolic risk, but youths with higher ECN connectivity did
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not exhibit this neighborhood–health risk association.
Furthermore, resilient (i.e., nondepressed) adolescent girls at
familial risk for depression have been found to have higher
within-network ECN connectivity than do both high-risk peers
with depression and low-risk peers (52). These ECN-related
differences in resilience and susceptibility to stress and psy-
chopathology (53) are likely attributed to behavioral variability
in coping and self-regulation, strategies that are supported by
executive processes (54).

In the present study, we used independent component
analysis (ICA) to spatially identify the ECN based on temporal
correlations among voxels in the brain. This data-driven
approach has been shown to have higher test-retest reli-
ability than does seed-based analyses (55,56). We tested
whether ECN network coherence (the average temporal cor-
relation among voxels in a brain network) 5 years before
COVID-19 (T1) moderated the association between more
advanced pubertal staging relative to same-age peers at
baseline and increases in internalizing symptoms reported by
adolescents during COVID-19. Based on initial research
showing that youths are reporting more severe symptoms of
psychopathology during COVID-19 (57), we expected that, on
average, adolescents in our sample would report higher
internalizing symptoms during the pandemic compared with
the 3 months before the pandemic (hypothesis 1). Given that
relatively advanced adolescents in pubertal staging are at
greater risk for internalizing psychopathology (17), we ex-
pected that, on average, increases in internalizing symptoms
during COVID-19 would be larger for those who were in later
stages of puberty relative to their age group at T1 (hypothesis
2). Importantly, however, we expected ECN coherence to
moderate this association, whereby more advanced pubertal
staging would predict greater increases in internalizing symp-
toms during COVID-19 only in adolescents with lower ECN
coherence, but not in those with higher ECN coherence (hy-
pothesis 3).

METHODS AND MATERIALS

Sample

We recruited 214 children and adolescents from 2013 to 2016
for a longitudinal study assessing the effects of early-life stress
(ELS) on psychobiological development throughout the course
of puberty (58–60). Of the 190 participants who successfully
underwent resting-state functional magnetic resonance imag-
ing (fMRI) scanning at baseline (T1), 17 were excluded from
final analysis owing to motion and image quality constraints. In
April 2020, T1 participants were invited to complete a COVID-
19–related survey. Of the 102 who provided complete COVID-
19 survey data, 86 had usable T1 resting-state data. One
participant did not provide responses to the internalizing
symptoms questionnaire, so the total sample for the present
study consisted of 85 adolescents (49 female) ages 9–13 years
(mean = 11.29, SD = 0.92) at T1 and ages 13–19 years (mean =
16.50, SD = 1.28) at the COVID-19 assessment, which was
conducted from April 3 to April 20, 2020,w2.5–4.5 weeks after
the start of the March 17, 2020, San Francisco Bay Area
shelter-in-place directive. The interval between the T1 and
COVID-19 assessments ranged from 3.72 to 6.54 years
(mean = 5.20, SD = 0.70). Detailed information about
nuary 2021; 6:79–88 www.sobp.org/BPCNNI
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recruitment procedures and a flowchart of the assessments
and time-points are presented in the Supplement and
Figure S1.

Measures (T1 and COVID-19 Assessments)

Internalizing Symptoms (T1 Assessment). Participants
completed the Youth Self-Report (61), a widely used measure
designed to assess emotional and behavioral problems,
including those related to internalizing (e.g., anxious and
depressive) behaviors. Adolescents have been shown to pro-
vide reliable broadband reports of internalizing symptoms on
the Youth Self-Report (62).

Pubertal Status (T1 Assessment). Participants self-
reported on their pubertal status using the Tanner Staging
Questionnaire (63), which is significantly correlated with
physician ratings of puberty-related physical development (64).
We averaged the Tanner pubic hair and breast/testes ratings to
compute an index of overall pubertal development (65).

Internalizing Symptom Severity, Stress, and Impact
of COVID-19 (COVID-19 Assessment). To assess the
psychological impact of the COVID-19 pandemic and related
school closure, social distancing, and shelter-in-place di-
rectives, participants completed the Coronavirus Health
Impact Survey (v.0.2; https://github.com/nimh-mbdu/CRISIS),
developed by researchers at the National Institute of Mental
Health and the Child Mind Institute. Our analyses focused on
the emotions and worries domain of the Coronavirus Health
Impact Survey. Specifically, participants indicated on a 5-point
scale (1 = “not at all,” 5 = “extremely”) their levels of 1) worry, 2)
happiness versus sadness (reverse-scored), 3) enjoyment in
usual activities (reverse-scored), 4) feeling relaxed versus
anxious, 5) feeling fidgety or restless, 6) feeling fatigued or
tired, 7) concentration, 8) irritability or anger, 9) loneliness, and
10) experiences of negative thoughts. Participants retrospec-
tively rated their levels of emotions and worries in the 3 months
before the onset of the COVID-19 crisis in the participants’
local area (pre–COVID-19 symptoms), as well as in the past 2
weeks (peri–COVID-19 symptoms) (10 questions per time in-
terval) (Cronbach’s a = .81 and .87 for the past 3 months and
past 2 weeks, respectively). Collectively, these questions relate
to depression and general anxiety symptoms in DSM-5 (66);
thus, we characterized this measure as an indicator of inter-
nalizing symptom severity. We used average severity scores to
examine whether participants’ reports of internalizing severity
increased significantly from pre– to peri–COVID-19 (hypothesis
1). Then we used the internalizing difference score (average
peri–COVID-19 2 average pre–COVID-19) to test relative pu-
bertal stage and ECN effects in hypotheses 2 and 3.

A correlation matrix of the T1 and COVID assessment
measures is presented in Figure S3; because of our study
hypotheses, we focused on the Coronavirus Health Impact
Survey internalizing scores.

Cumulative ELS Severity (T1 Assessment). A modified
version of the Traumatic Events Screening Inventory for Chil-
dren (67) was used to assess the impact of more than 30 types
of stressful life experiences (e.g., physical and emotional
Biological Psychiatry: Cognitive Neuroscience and
abuse, domestic violence). A cumulative ELS severity score
was computed by summing the maximum objective severity
scores (rated by a panel of coders) for each type of endorsed
stressor. Full details about this measure are provided in the
Supplement.

Socioeconomic Status (T1 Assessment). To assess
socioeconomic status, we estimated income-to-needs ratios
for each participant by dividing the caregiver-reported total
family income over the previous 12 months by the low-income
limit for Santa Clara county (80% of the median income and
based on number of people in the household) (59).

Neighborhood Disadvantage (T1 and COVID-19
Assessments). We used participant-reported addresses to
estimate neighborhood quality via census tract information
provided by CalEnviroScreen (https://oehha.ca.gov/
calenviroscreen), an online tool created by the Office of Envi-
ronmental Health Hazard Assessment on behalf of the Cali-
fornia Environmental Protection Agency. Neighborhood
disadvantage was computed using average percentile values
of housing burden, unemployment, education, and poverty
relative to other census tracts in California (68). If participants
moved between the T1 and the COVID-19 assessments, we
used their updated addresses to estimate this information.

Resting-State fMRI Scan (T1 Assessment)

The resting-state scan was acquired with an axial echo-planar
imaging T2*-weighted sequence: 180 volumes; echo time = 30
ms, repetition time = 2000 ms, isometric voxel size = 3.2 mm3,
slices = 37 (interleaved acquisition), field of view = 224 mm, flip
angle = 77�, total scan time = 6 minutes. Details on scan data
acquisition parameters and preprocessing [via fMRIPrep (69)]
are included in the Supplement.

Coherence of Resting-State Networks. We conducted
a group ICA using FSL’s MELODIC (70), specifying 25 com-
ponents. The ICA decomposes 4-dimensional neuroimaging
data into a set of spatial maps, each with associated time
courses, yielding a series of 25 networks. We then visually
identified the left and right ECNs based on their neuroana-
tomical components (included regions of the dorsolateral
prefrontal cortex and the inferior parietal lobe) in the group-
averaged spatial maps. To derive equivalent network compo-
nents in individual participants, we then conducted a dual
regression analysis (56,71,72). The first regression creates a
time series for each individual associated with each group-
averaged spatial map. The second regresses the partici-
pants’ time series into their own resting-state data to create a
spatial map for each individual. Each individual’s spatial map is
composed of regression weights that represent the functional
connectivity between voxels in the group-defined network,
regressing out shared variance with other networks. We
normalized the functional connectivity values and computed
average connectivity from network masks derived from the
group-averaged map applied to the individual-level spatial
maps, resulting in a network coherence score for each indi-
vidual (73–75). Thus, network coherence reflects an average
normalized correlation between the time-course of each voxel
Neuroimaging January 2021; 6:79–88 www.sobp.org/BPCNNI 81
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Figure 1. Left (orange) and right (yellow) executive control networks identified through independent component analysis in Montreal Neurological Institute
coordinates.
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and all other voxels within the group-identified network. The
left and right ECNs are visualized in Figure 1.

Data Analysis

We conducted a linear regression in R version 3.6.1 (76) with
the internalizing severity difference score (peri–COVID-19 2

pre–COVID-19 score) as the response variable, relative pu-
bertal stage (T1) as the main effect, and ECN (average of
bilateral ECN coherence values at T1) as a moderator of the
effect of pubertal stage. The bilateral average of ECN coher-
ence was used to reduce the number of interaction terms;
however, a model testing left and right ECN values as two
separate interaction terms with pubertal stage was also tested
(Supplement). Additional covariates in our model included age
(at T1 and COVID-19 assessments), internalizing symptom
severity (T1 and pre–COVID-19), sex, head motion during the
scan (i.e., mean framewise displacement), an identified “noise”
component from the ICA, ELS severity (T1), socioeconomic
status (T1), and neighborhood disadvantage (COVID-19). All
variable values were standardized. We also tested the model
using residual scores of peri– on pre–COVID-19 internalizing
symptoms as the outcome variable, including all aforemen-
tioned covariates except pre–COVID-19 symptoms
(Supplement).

To test whether other psychologically relevant networks,
such as the default mode network (DMN) and salience network
(SN) (Figure S2), might also moderate the expected association
between more advanced pubertal stage at T1 and increases in
internalizing severity from pre– to peri–COVID-19, we ran two
additional regression models replacing the ECN with the SN
and DMN as potential moderators (Supplement).

RESULTS

Table 1 presents descriptive statistics of all variables; corre-
lations among self-report variables are described in detail in
the Supplement and depicted in Figure S3. Briefly, pubertal
stage (at T1) was positively correlated with age at the T1 and
COVID-19 assessments (both p , .05), boys and girls did not
differ in pubertal stage (p . .05), girls showed a positive rela-
tion between pubertal stage and internalizing symptoms at T1
(p , .05), and pubertal stage was positively associated with
internalizing symptom severity peri–COVID-19 (p , .05),
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though not pre–COVID-19 (p . .05). Girls reported greater
internalizing severity pre– and peri–COVID-19 (both p , .05),
though no sex differences were found in internalizing severity
at T1. Girls also showed a positive association between ELS
severity and pubertal stage at T1 (p , .05).

Tests of associations between bilateral ECN coherence and
model covariates are described in the Supplement.

Differences Between Pre- and Peri–COVID-19
Internalizing Severity

Participants reported an average internalizing severity of 2.33
(on a scale of 1–5) in the 3 months before COVID-19 (pre–
COVID-19) and an average 0.42 increase in internalizing
severity in the recent 2 weeks (peri–COVID-19) (Figure 2). A
paired-sample t test revealed a statistically significant differ-
ence in means between the pre– and peri–COVID-19 inter-
nalizing scores (t84 = 6.00, p , .0001).

Main and Interaction Effects of Pubertal Stage and
ECN Coherence (at T1) on Differences From Pre- to
Peri–COVID-19 Internalizing Symptom Severity

Participants in more advanced stages of puberty at T1 (con-
trolling for age) reported greater increases in internalizing
severity from pre– to peri–COVID-19 (b = .21, t65 = 2.07, p =
.04). Importantly, bilateral ECN coherence moderated the as-
sociation between relative pubertal stage and the difference in
internalizing severity between pre– and peri–COVID-19
(b = 2.28, t65 = 22.81, p = .007) (Table 2). Simple slope ana-
lyses revealed that the positive association between pubertal
stage and the difference in internalizing severity from pre– to
peri–COVID-19 was significant when bilateral ECN coherence
was low (b = .49, p , .01), though not when ECN coherence
was high (b = 2.06, p = .63) (Figure 3; ECN is grouped only for
visualization). A Johnson-Neyman plot of continuous pre-
dictors showed that more advanced pubertal staging was
related to greater internalizing severity increases during the
COVID-19 pandemic when ECN coherence was below the
average bilateral ECN coherence of the sample (mean = 0.29);
participants with higher ECN coherence (i.e., above average)
did not show an association between advanced pubertal
staging and increased internalizing severity during the
pandemic (Figure 4). All statistical assumptions of linear
nuary 2021; 6:79–88 www.sobp.org/BPCNNI
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Table 1. Sample and Variable Characteristics (N = 85, 49 Female)

Variable Mean Median Minimum Maximum SD

Age, Years (COVID-19) 16.54 16.62 13.82 19.34 1.30

Age, Years (T1) 11.29 11.20 9.47 13.72 0.92

Pubertal Stage (T1) 1.84 1.50 1.00 3.50 0.67

SES (COVID-19) 25.15 21.88 0.75 79.50 18.79

ELS Severity (T1) 5.45 4.50 0.00 19.00 4.09

Internalizing Symptoms (T1) 10.18 8.00 0.00 39.00 8.24

Internalizing Severity (Pre–COVID-19) 2.33 2.20 1.10 4.00 0.63

Internalizing Severity (Peri–COVID-19) 2.75 2.80 1.30 4.80 0.76

Internalizing Severity Difference (Pre-Peri–COVID-19) 0.42 0.40 21.50 2.00 0.65

ECN_L (T1) 0.12 0.13 20.22 0.51 0.15

ECN_R (T1) 0.45 0.45 0.11 0.89 0.16

ECN_B (T1) 0.29 0.28 0.06 0.53 0.11

Mean FD (T1) 0.11 0.09 0.04 0.38 0.06

Mental Health (Pre–COVID-19) 2.62 2.00 1.00 5.00 1.10

Worry re: Self Infection (COVID-19) 2.18 2.00 1.00 4.00 0.94

Worry re: Family Infection (COVID-19) 2.69 3.00 1.00 5.00 1.13

Worry re: Physical Health (COVID-19) 2.12 2.00 1.00 5.00 1.02

Worry re: Mental Health (COVID-19) 2.56 3.00 1.00 5.00 1.23

Reading and Talking About Virus (COVID-19) 3.46 3.00 2.00 5.00 0.81

Positive Changes (COVID-19) 2.02 2.00 1.00 3.00 0.76

Stress re: Restrictions (COVID-19) 2.73 3.00 1.00 5.00 1.14

Change in Contacts (COVID-19) 2.54 2.00 1.00 5.00 1.46

Difficulty With Restrictions (COVID-19) 2.28 2.00 1.00 5.00 1.08

Change in Family Quality (COVID-19) 3.05 3.00 1.00 5.00 0.80

Stress re: Family Change (COVID-19) 2.14 2.00 1.00 5.00 1.06

Change in Friends Quality (COVID-19) 2.73 3.00 1.00 4.00 0.70

Stress re: Friends Change (COVID-19) 2.65 3.00 1.00 5.00 1.14

Difficulty With Event Changes (COVID-19) 2.95 3.00 1.00 5.00 1.28

Stress re: Financial (COVID-19) 1.87 2.00 1.00 5.00 0.99

Worry re: Living Stability (COVID-19) 1.59 1.00 1.00 5.00 0.89

Hope re: Crisis Ending (COVID-19) 3.11 3.00 1.00 5.00 1.21

COVID-19, assessment during the SARS-CoV-2 pandemic; ECN, executive control network; ECN_B, bilateral ECN coherence; ECN_L, left ECN
coherence; ECN_R, right ECN coherence; ELS, early-life stress; FD, framewise displacement; SES, socioeconomic status; T1, assessmentw5 years
before COVID-19.
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regression were met in this model. A model using the pre– to
peri–COVID-19 internalizing symptom residual score as the
outcome variable yielded the same results as the model
described above (Table S1; Figure S4).

Sensitivity Analyses

Detailed results of sensitivity analyses are described in the
Supplement. There was no significant main effect of the DMN
or SN or interactions with pubertal stage on the difference
between pre– and peri–COVID-19 internalizing severity
(Tables S2 and S3). A regression model including separate left
and right ECN components revealed that only the left ECN
moderated the association between puberty and internalizing
symptom severity changes during COVID-19 (Table S4).
Finally, as an exploratory analysis given the limited sample
size, we tested possible sex effects in our main findings
(described in the preceding section) using a regression model
including a third interaction term of sex. Boys and girls showed
differences in the moderating effects of the ECN on the
Biological Psychiatry: Cognitive Neuroscience and
association between pubertal stage and internalizing changes
during COVID-19 (Table S5; Figure S5).

DISCUSSION

Adolescents who experience earlier pubertal maturation rela-
tive to their same-age peers are at heightened risk for inter-
nalizing psychopathology in adolescence; stressful social
contexts, such as a prolonged period of isolation and uncer-
tainty during COVID-19, may be particularly difficult for these
high-risk youths. In this study, we identified coherence of the
ECN as a potential neurobiological marker of resilience to in-
creases in internalizing symptoms in early-maturing adoles-
cents during COVID-19. As expected, boys and girls who were
in more advanced stages of puberty w5 years earlier exhibited
steeper increases in the severity of internalizing symptoms
from before to during COVID-19; however, this effect was
present only in youths who had below-average ECN coherence
5 years earlier, in contrast to adolescents with higher ECN
coherence. Importantly, the buffering effect of higher ECN
Neuroimaging January 2021; 6:79–88 www.sobp.org/BPCNNI 83
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Figure 2. Differences between participant reports of internalizing severity pre– to peri–COVID-19 showing (A) individual and (B) average differences in
severity between the time periods that participants were asked to reflect upon. Colored lines represent individual trajectories of internalizing symptom changes
from pre– to peri–COVID-19, and error bars represent standard errors of means.
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coherence on increases in internalizing symptoms during
COVID-19 was observable even 3–6 years later and remained
significant even after including several related covariates,
including baseline internalizing symptoms (at both T1 and pre–
COVID-19), age, sex, and familial and neighborhood measures
of socioeconomic status in our analyses. Our findings under-
score the importance of considering neurobiological indicators
of resilience to understand individual differences in suscepti-
bility to psychopathology during periods of stress.

More Advanced Relative Pubertal Staging Is a Risk
Factor for Greater Increases in Internalizing
Severity During the Pandemic

Consistent with other early reports (57), adolescents in our
sample, on average, reported that their internalizing symptoms
had worsened from the 3-month period before the crisis to the
most recent 2 weeks during the pandemic. A number of reports
warned that the combination of disruptions to daily life (e.g.,
stay-at-home orders and enforced physical distancing when
outside of the home), uncertainties related to personal and
familial health, and financial stability would contribute to a
surge in mental health difficulties during the pandemic (7,8,77),
particularly in adolescents with existing mental health diffi-
culties (10). Uniquely, the present study is the first to identify a
predictor of risk (i.e., advanced puberty) and a neurobiological
marker of resilience (i.e., the ECN) for changes in internalizing
symptoms during COVID-19—a sudden and severe period of
distress—in a community sample of adolescents.

As we hypothesized, adolescents who were in more
advanced stages of puberty reported larger increases in
internalizing symptoms during COVID-19. Girls and boys
who experience earlier pubertal maturation have been found
to be at heightened risk for developing internalizing
84 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging Ja
psychopathology (17,20,21), potentially through interacting
biological (e.g., hormonal sensitivity) and psychosocial (e.g.,
peer sensitivity) processes (22,24,29,78,79). Furthermore,
early-maturing adolescents have been shown to exhibit
heightened reactivity to stressful situations occurring after
puberty (24), suggesting that precocious development is a risk
factor for dysregulated stress responses and negative
emotionality even after the pubertal phase. Given that the as-
sociation between off-time maturation and risk for depression
has been shown to be mediated by both biological and social
processes (22), the steeper increase in COVID-19–related
internalizing symptoms in adolescents who were in more
advanced stages of puberty relative to their same-age peers at
baseline may be a product of both hormonal reactivity to stress
and social withdrawal (e.g., via school closure) during the
pandemic. Future studies are needed to definitively test these
possibilities.

Higher ECN Coherence at T1 Buffers the Risk of
More Advanced Relative Pubertal Staging on
Internalizing Severity Increases During the
Pandemic

The association between more advanced pubertal staging and
greater increases in internalizing severity during the pandemic
was not significant in adolescents with above-average ECN
coherence. Our findings are consistent with previous work
showing that higher ECN connectivity protected youths
against cardiometabolic risks associated with neighborhood
violence (51) and was a marker of resilience to depression in
adolescent girls with mothers who have a history of recurrent
depression (52). In both of those studies, as well as in our own
findings, connectivity of ECN regions differentiated resilient
and susceptible adolescents with similar levels of risk for either
nuary 2021; 6:79–88 www.sobp.org/BPCNNI
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Figure 3. Executive control network (ECN) coherence moderates the
association between early pubertal maturation and reported differences in
pre– to peri–COVID-19 internalizing severity. Pubertal stage and internalizing
difference scores are not standardized for visualization. Pubertal stage is
relative to same-age peers. ECN is grouped (mean 1 1 SD/2 1 SD) only for
visualization. The regression model included the interaction of pubertal
stage (at T1) and ECN (at T1) (both continuous variables) and the following
covariates: age (at T1 and COVID-19 assessments), internalizing severity (at
T1 and pre–COVID-19), sex, early-life stress severity (at T1), head motion
during the scan (i.e., mean framewise displacement), an identified “noise”
component from the independent component analysis (at T1), as well as
socioeconomic status and neighborhood disadvantage (at T1). ECN (B),
bilateral ECN coherence.

Table 2. Effects of Pubertal Stage and ECN Coherence (at
T1) on Internalizing Severity Differences Between Pre–
and Peri–COVID-19

Effect ba SE t p Value

Pubertal Stage (T1) .21 .10 2.07 .043

ECN (B) (T1) .01 .10 0.08 .938

Scan Noise (T1) 2.11 .10 21.10 .274

Internalizing Severity (Pre–COVID-19) 2.46 .09 24.87 .000

Age (COVID-19) .38 .19 2.00 .049

Sexb .53 .22 2.45 .017

Head Motion During Scan (T1)c 2.08 .10 20.89 .378

ELS Severity (T1) .36 .10 3.55 .001

Neighborhood Disadvantage (COVID-19) 2.13 .10 21.31 .194

Internalizing Symptoms (T1) 2.16 .10 21.69 .095

Age (T1) 2.46 .19 22.45 .017

SES/Income to Needs (T1) .02 .10 0.18 .857

Pubertal Stage 3 ECN (B) 2.28 .10 22.81 .007

Simple Slopes of Pubertal Stage

ECN (B) 2 1 SD .49 .15 3.21 ,.001

ECN (B) 1 1 SD 2.06 .13 20.49 .630

COVID-19, assessment during the SARS-CoV-2 pandemic; ECN (B),
bilateral executive control network coherence; ELS, early-life stress;
SES, socioeconomic status; T1, assessment w5 years before
COVID-19.

aBeta estimates are standardized.
bSex was coded as 1 = males and 2 = females.
cHead motion based on mean framewise displacement (mm) during

scan.

Executive Control Network, Internalizing, and COVID-19
Biological
Psychiatry:
CNNI
physical or mental health difficulties. These results demon-
strate the specific role of the ECN in promoting resilience to
maladaptive outcomes, as neither the DMN nor the SN
exhibited effects consistent with a role in buffering against risk
factors in any of these studies (including ours). Importantly,
while Miller et al. (51) focused on an environmental risk factor
and Fischer et al. (52) focused on familial risk for depression,
our study is the first to examine a biopsychosocial risk factor—
off-time pubertal development—and the buffering role of the
ECN against mental health difficulties during a period of major
disruption and uncertainty.

The ECN may be a source and/or a reflection of how ado-
lescents respond to novel challenges and stressful situations. For
example, the recruitment of ECN regions has been shown to be
necessary for cognitive reappraisal (80), an emotional regulatory
strategy that involves adaptively reframing an emotion-evoking
situation in nonemotional terms (81). In depressed adolescents,
these same ECN regions are not as sufficiently recruited or
functionally connected during cognitive reappraisal (82) or at rest
(46,47), likely contributing to behavioral abnormalities in executive
functioning [e.g., (37,44)]. Adolescents with preexisting risk fac-
tors for internalizing disorders (e.g., advanced pubertal matura-
tion) may need to strategically recruit ECN regions to navigate
stressful situations and dampen emotional responses during
challenging and novel contexts.

These findings also have implications for the study of other
groups of vulnerable adolescents, including those who have
been exposed to ELS. Some work has suggested that among
maltreated youths, those with higher prefrontal activation
during a cognitive reappraisal task were at lower risk for
Biological Psychiatry: Cognitive Neuroscience and
depression (83). Our supplemental findings also revealed that
ELS was associated with more advanced pubertal staging in
girls as well as with lower ECN coherence; both of these re-
sults are consistent with past research in maltreated adoles-
cents (84,85). Further work is needed to elucidate the
mechanisms linking ELS, pubertal development, ECN con-
nectivity, and executive functioning. This research would also
clarify the extent to which ECN coherence and executive
functioning are markers of resilience in youths who have
experienced ELS or more extreme forms of adversity, who may
also experience precocious pubertal development, and who
are thus at risk for developing internalizing disorders.

Limitations

This study is the first to examine the role of a neurobiological
indicator of resilience in understanding the link between
advanced pubertal staging (relative to same-age peers)—an
established risk factor for psychopathology—and adolescents’
internalizing symptoms during an unprecedented period of
stress and uncertainty. Nevertheless, we should note a few
limitations of this study. First, our measure of internalizing
symptom change was computed based on differences between
retrospective self-reports of the 3 months before the pandemic
and the 2 most recent weeks during the pandemic. Adolescents
likely reported having better mental health before the public
health crisis because of the emergence of new stressors related
to the pandemic (e.g., having to shelter in place in stressful
households or being without face-to-face peer interactions).
Despite the limitations in retrospective reporting of symptoms, 3
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Figure 4. Johnson-Neyman plot of executive control network (ECN)
coherence values (at T1) where the slope between pubertal stage (at T1) and
internalizing severity change (during COVID-19) is significant. The positive
association between pubertal stage and internalizing severity change was
significant (shaded green area) only at values of ECN coherence (shown here
as a continuous predictor, as in the model) that were below the sample
average (blue dashed line). At above-average ECN values, the association
between pubertal stage and internalizing change was not significant (shaded
gray area). The green dashed line is the ECN value at which the association
between pubertal stage and internalizing severity change goes from signif-
icant to nonsignificant. ECN (B), bilateral ECN coherence.
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months is arguably a sufficiently short interval for adolescents to
accurately report on their mood states. Moreover, pre–COVID-19
symptoms were correlated with internalizing symptoms at
baseline, whereas peri–COVID-19 symptoms were not, sug-
gesting that adolescents’ retrospective reports were valid and
reflective of baseline levels. Second, we did not directly measure
executive functioning, which would have increased our under-
standing of the role of the ECN in predicting youths who expe-
rienced worsening internalizing symptoms during the pandemic.
Third, our pubertal staging measure was administered at base-
line but not at the COVID-19 assessment, in part because the
sample had a mean age of 16.54 years during the COVID-19
assessment, and, thus, most adolescents would have reported
that the pubertal process was complete. Similarly, our ECN
coherence measure was obtained only at baseline. Although it
would be helpful to also test the concurrent impact of the ECN
on puberty-related differences in internalizing symptom changes
during the pandemic, we were not permitted to scan during the
shelter-in-place directive. However, our findings are consistent
with those reported in previous work showing that even in early
adolescence, connectivity within this network predicts later
psychological and cognitive functioning (86–88). Finally, our
resting-state fMRI scan was 6 minutes. Although the reliability of
resting-state fMRI connectivity has been shown to improve with
longer scan times [e.g., 12–16 minutes (89)], other work suggests
that connectivity estimates stabilize with acquisition times as
brief as 5 minutes (90). Future work will benefit from conducting
longer scan times to estimate more reliable individual-level
neuroimaging predictors of resilience.

Conclusions

Early pubertal maturation is a well-known biopsychosocial risk
factor for the onset of internalizing psychopathology in
86 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging Ja
adolescence: even after puberty, early-maturing youths exhibit
heightened reactivity to stressful events. The COVID-19
pandemic is an unprecedented period of stress, particularly
for adolescents, with school closures, social distancing di-
rectives, and health and financial uncertainties presenting
novel challenges for youths who are now experiencing a deficit
in social connectedness and academic stimulation. We exam-
ined whether ECN coherence, measured 5 years before the
pandemic, serves as a potential marker of resilience to in-
creases in internalizing symptom severity during COVID-19 in
adolescents who were in more advanced stages of puberty
relative to their same-age peers. Youths who were in more
advanced stages of puberty for their age exhibited greater in-
creases in internalizing symptoms during the pandemic only if
their ECN coherence was below average; however, this asso-
ciation was absent in adolescents with higher ECN coherence.
These findings highlight the role of the ECN in buffering against
risk factors that may exacerbate symptoms of internalizing
psychopathology during periods of stress and uncertainty.
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