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Abstract

Objective Adolescent depression is increasing during the COVID-19 pandemic, possibly related

to dramatic social changes. Individual-level factors that contribute to social functioning, such as

temperament and neural reactivity to social feedback, may confer risk for or resilience against de-

pressive symptoms during the pandemic. Methods Ninety-three girls (12–17 years) over-

sampled for high shy/fearful temperament were recruited from a longitudinal study for a follow-up

COVID-19 study. During the parent study (2016–2018), participants completed a functional mag-

netic resonance imaging task eliciting neural activity to performance-related social feedback.

Depressive symptoms were assessed during the parent study and COVID-19 follow-up (April–May

2020). In 65 participants with complete data, we examined how interactions between temperament

and neural activation to social reward or punishment in a socio-affective brain network predict de-

pressive symptoms during COVID-19. Results Depressive symptoms increased during COVID-

19. Significant interactions between temperament and caudate, putamen, and insula activation to

social reward were found. Girls high in shy/fearful temperament showed negative associations be-

tween neural activation to social reward and COVID-19 depressive symptoms, whereas girls lower

in shy/fearful temperament showed positive associations. Conclusions Girls high in shy/fearful

temperament with reduced neural activation to social reward may be less likely to engage socially,

which could be detrimental during the pandemic when social interactions are limited. In contrast,

girls lower in shy/fearful temperament with heightened neural reactivity to social reward may be

highly motivated to engage socially, which could also be detrimental with limited social opportuni-

ties. In both cases, improving social connection during the pandemic may attenuate or prevent de-

pressive symptoms.
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Introduction

The novel coronavirus disease (COVID-19) pandemic
has caused widespread societal disruptions, changing

the way people live, work, and interact. Emerging re-
search suggests that pandemic-related social changes
could be contributing to increased depressive

VC The Author(s) 2021. Published by Oxford University Press on behalf of the Society of Pediatric Psychology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 915

Journal of Pediatric Psychology, 46(8), 2021, 915–926

doi: 10.1093/jpepsy/jsab037

Advance Access Publication Date: 16 July 2021

Original Research Article

https://orcid.org/0000-0001-8622-8652
https://academic.oup.com/


symptoms in adolescents (Loades et al., 2020; Racine
et al., 2020). However, many teens may adjust to these
social changes without feeling depressed. In this study,
we explore how two factors that may influence an
individual’s reactivity to changes in their social envi-
ronments—neural reactivity to social feedback and
shy/fearful temperament—confer risk for or resilience
against the development of depression during COVID-
19. We focus the study on adolescent girls, given evi-
dence of heightened sensitivity to social evaluation in
girls (Rudolph & Conley, 2005). Additionally, sex dif-
ferences in rates of depression emerge during adoles-
cence; by late adolescence, girls are twice as likely as
boys to be diagnosed with depression (Nolen-
Hoeksema, 2002). Depression is associated with a
host of psychosocial impairments, and has been linked
to poorer overall health and higher health care utiliza-
tion in mid-adolescence (Haarasilta et al., 2004;
Keenan-Miller et al., 2007). Pediatricians are often at
the front-line for identifying depression in teens and
intervening (e.g., by recommending or initiating treat-
ment). Examining factors that contribute to depres-
sion in girls during COVID-19 may help pediatricians,
as well as clinicians, teachers, and parents, identify
girls at risk for depression during the pandemic, and
may elucidate potential targets for treatment and
intervention.

Peer interactions are of central importance in ado-
lescence, aiding in critical developmental processes,
such as identity exploration and formation
(Brechwald & Prinstein, 2011). However, the
COVID-19 pandemic and resulting social distancing
guidelines across most of the United States have drasti-
cally changed the social landscape for most teens. For
example, most schools have incorporated virtual
learning and many extracurricular activities have been
canceled, limiting in-person interactions between
teens. Many adolescents are restricted to interacting
with peers online, and only if they have the means to
support this communication (e.g., personal cell-
phones or computers). Research on socioemotional
outcomes associated with the COVID-19 pandemic
suggests that adolescents are feeling lonelier and less
connected to their peers (Hinkelman, 2020), and are
worried about their peer relationships (Ellis et al.,
2020).

Given these significant pandemic-related social
changes, risk factors that influence social functioning
may be particularly relevant for understanding
increases in adolescent depressive symptoms during
COVID-19. One such risk factor is neural reactivity to
social rewards and threats. Depression in adolescence
has been linked to altered reactivity in a socio-
affective brain network that includes regions that
process salient positive and/or negative social and
emotional stimuli (Guyer et al., 2016), such as the

striatum, amygdala, insula, ventromedial prefrontal
cortex (vmPFC), and subgenual anterior cingulate cor-
tex (sgACC). Reduced activity in regions including the
striatum, amygdala, and vmPFC to social rewards
(e.g., positive social feedback) and nonsocial rewards
(e.g., monetary gains) has been shown to confer risk
for depressive symptoms and major depressive disor-
der (MDD) in adolescence (e.g., Forbes et al., 2006,
2009, 2010; Olino et al., 2014, 2015). Importantly,
reduced neural responsivity to rewards also prospec-
tively predicts depressive symptoms in adolescent girls
over a period of 1.5–2 years (e.g., Bress et al., 2013;
Nelson et al., 2016), suggesting that blunted reward
responsivity may be a mechanism supporting the de-
velopment of depression in high-risk teens. Reduced
neural reactivity to rewards could underlie depression-
related motivational deficits and blunted emotional re-
activity to positive stimuli (Bylsma et al., 2008), con-
tributing to reduced positive affect (Forbes et al.,
2009), anhedonia (Keedwell et al., 2005), decreased
reward seeking, and increased social withdrawal. This
may be especially problematic during the pandemic
due to severe social restrictions; youth with a history
of reduced reactivity to rewards may be less likely to
seek new, creative ways to socialize, contributing to
more isolation and depression risk.

Blunted neural reactivity to positive social feedback
could be a particularly potent risk factor for depres-
sion during COVID for adolescent girls with a history
of shy/fearful temperament. Shy, fearful, and behav-
iorally inhibited (BI) temperaments in childhood have
been linked to higher rates of depression in later ado-
lescence (Gladstone & Parker, 2006), particularly for
girls (Cyranowski et al., 2000). The link between shy
temperament and depression may be mediated by high
levels of social anxiety (Gladstone & Parker, 2006)
and avoidance of potentially positive social interac-
tions (Silk et al., 2012). Some studies have also found
enduring alterations in neural reward processing in
adolescents with a history of childhood BI, including
heightened striatal activation to reward anticipation
(e.g., Guyer et al., 2006) and reduced striatal activa-
tion to social and nonsocial reward feedback (e.g.,
Helfinstein et al., 2011; Guyer et al., 2014). Blunted
neural reactivity to rewards in girls high in shy/fearful
temperament could support increased social with-
drawal, which may be detrimental during the pan-
demic, conferring risk for depression. On the other
hand, for girls lower in shy temperament, blunted neu-
ral reactivity to social feedback could be more protec-
tive during the pandemic. These girls may not miss
socializing as much as their peers with higher neural
reactivity and are at lower risk for depression relative
to girls with histories of high shy/fearful temperament.

Depressive symptoms and MDD in youth have also
been associated with heightened neural reactivity to
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social threats, such as fearful faces and social rejec-
tion, in neural regions including the amygdala,
sgACC, and insula (e.g., Monk et al., 2008; Silk et al.,
2014). Longitudinally, heightened neural activation to
social exclusion has been shown to predict increases in
depressive symptoms during adolescence (Masten
et al., 2011). Increased neural activity to threats could
support heightened emotional reactivity to negative
stimuli in depression (Bylsma et al., 2008).
Adolescents with heightened neural reactivity to social
punishment may be particularly sensitive to rejection
from peers (Masten et al., 2009). Although opportu-
nities for in-person social rejection are limited during
the COVID-19 pandemic, negative social interactions
in the home or experienced virtually may increase risk
for depression during COVID-19 in adolescents with
heightened reactivity to social punishment.
Alternatively, neural activity to social threat may not
be as potent a predictor of depressive symptoms dur-
ing the pandemic, due to reduced frequency of peer re-
jection and victimization.

Adolescents with a history of shy, fearful tempera-
ment and heightened neural reactivity to social pun-
ishment may be at particular risk for depressive
symptoms during the pandemic, as research suggests
that shy, socially anxious youth experience more rejec-
tion from peers in daily life (Kingery et al., 2010). Shy,
inhibited temperament in infancy and childhood has
also been associated with enduring alterations in
threat-related neural activity, including amygdala
hyperreactivity (Caouette & Guyer, 2014). However,
amygdala hyperreactivity to threat in adolescents high
in BI in early childhood may be related to attentional
constraints of the task (P�erez-Edgar et al., 2007), nov-
elty (Schwartz et al., 2003), and/or unpredictability
(Jarcho et al., 2016). Moreover, during passive view-
ing of threatening faces, P�erez-Edgar et al. (2007)
found that adolescents high in childhood BI actually
showed amygdala deactivation.

Guided by this prior research and the social context
of the COVID-19 pandemic, this study examined how
preexisting patterns of neural activity to social reward
and threat in a socio-affective brain network are asso-
ciated with depressive symptoms during the pandemic
in mid-adolescent girls differing in early adolescent
temperament. We focused on brain regions within this
network that have been linked to adolescent depres-
sion and that activate to rewards (i.e., caudate, puta-
men, nucleus accumbens, insula, amygdala, and
vmPFC; Silverman et al., 2015), as well as threats (i.e.,
amygdala, insula, and sgACC; e.g., Bolling et al.,
2011). Aligning with previous research, we hypothe-
sized that girls with a history of shy/fearful tempera-
ment and blunted neural activity to positive social
feedback (i.e., social reward), as well as heightened
neural activity to negative social feedback (i.e., social

punishment), would report the highest levels of de-
pressive symptoms during COVID-19.

Methods

Participants and Procedures
Participants were recruited from the larger Pittsburgh
area from a three-year longitudinal study of 129 girls
oversampled for high temperamental risk (HTR) for
social anxiety and depression. Two-thirds of the sam-
ple were classified as high in shy or fearful tempera-
ment (HTR), with the remaining one-third in the
normal range of shy or fearful temperament (low tem-
peramental risk [LTR]); this design was chosen to en-
rich variability in threat and reward responsivity, as
well as symptomology. Participants were between
ages 11 and 13 at enrollment (baseline) and were ex-
cluded if they met DSM-5 diagnostic criteria at the
baseline assessment for any current or past anxiety dis-
order (except social phobia), MDD, or autism spec-
trum disorder, or reported acute suicidality or
psychosis.

All participants who provided written informed pa-
rental consent and youth assent for future contact
from the parent study (N¼ 113) were considered eligi-
ble for the present COVID-19 follow-up study; there
were no additional eligibility criteria. Participants
were sent information about the COVID-19 study
about 20 days following the start of state-wide stay-at-
home orders in the state of Pennsylvania (PA), where
the majority of participants resided. All schools in PA
were under state-issued closure at this time.
Adolescents who had moved outside of PA (N¼ 2)
were under similar state-wide stay-at-home orders in
their respective locations. These stay-at-home orders
urged residents to only leave the house to perform es-
sential activities such as work, buying groceries, or
exercising outside. In accordance with the University’s
institutional review board, youth and their parents
provided written informed assent and consent, respec-
tively, online to indicate their agreement to participate
in the COVID-19 study.

Of 113 eligible participants, 93 girls ages 12 –
17 years (34 LTR, 59 HTR; Mage¼ 15.02, SD¼1.21)
consented to the COVID-19 study in late April to
early May 2020; one participant was ineligible due to
no longer being under stay-at-home orders, one partic-
ipant declined because they did not want to discuss
COVID-related issues, and 18 did not respond to re-
cruitment emails or phone-calls. Included participants
did not differ from girls who were eligible but did not
consent for the study in age or depressive symptoms at
baseline (ps > .30). However, the majority (85%) of
eligible participants who did not consent to the
COVID-19 study had been classified as HTR. Because
girls were originally recruited for the parent study
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between 2016 and 2018, time between the baseline as-
sessment and COVID-19 follow-up study varied
(range ¼ 1.4–4.4 years; mean ¼ 2.8 years). At the time
of assessment for the COVID-19 study, no partici-
pants had tested positive for COVID-19 or had a par-
ent or sibling test positive for COVID-19. Many
participants were able to maintain contact with their
friends during stay-at-home orders. Over half of the
participants (67.7%) reported that they communi-
cated with their friends every day or almost every day;
23.7% communicated with their friends several times
a week, 5.4% communicated with their friends about
once a week, and 3.2% communicated with their
friends less often than once a week. Almost all partici-
pants (97.8%) reported communicating with friends
by texting, and 82.8% used videocalls.

Sixty-five girls who consented for the COVID-19
study had usable functional magnetic resonance imag-
ing (fMRI) data, thus were included in the full analy-
ses for this study (27 LTR, 38 HTR; Mage¼15.06;
SD¼ 1.20). Reasons for missing fMRI data included
excess movement in the scanner (N¼ 14), scanner er-
ror or missing brain data (N¼3), incidental finding
that impeded analysis (N¼ 1), missing behavioral data
(N¼ 1), and failure to complete the scan (N¼9).
Twenty-five participants (16 HTR and 9 LTR) had a
current DSM-5 diagnosis at their most recent clinical
interview prior to the start of the COVID-19 study.1

Nineteen girls (34% HTR and 22% LTR) had at least
one current anxiety diagnosis (i.e., specific phobia, so-
cial anxiety disorder, separation anxiety disorder, and/
or generalized anxiety disorder) and one participant
had a current MDD diagnosis. Clinical and demo-
graphic information can be found in Table I.

Measures
Temperament
Temperament was assessed using child and parent
(parent report on child) versions of the short-form
Early Adolescent Temperament Questionnaire-
Revised (EATQ-R; Ellis & Rothbart, 2001) only dur-
ing the baseline assessment of the parent study. The
EATQ-R measures various reactive and regulative
temperament traits in 9–15 years old. This measure
includes 53 items loading onto 10 temperament scales
and 12 additional items loading onto two behavioral
(depression and aggression) scales. In this study, we
used only the fear scale (six items; e.g., “I worry about
getting into trouble”) and shyness scale (seven items;

e.g., “It is a lot easier for me to talk to people I know
than to strangers”). For each item, participants and
their parent rate on a 5-point Likert-type scale
whether a particular statement is true for the partici-
pant. Response options are “almost always untrue,”
“usually untrue,” “sometimes true, sometimes
untrue,” “usually true,” “almost always true.” Scores
on each scale range from 1 to 5, with higher scores
representing higher fear or shy temperament.

Participants with EATQ-R scores >0.75 SDs above
the published age/sex-matched mean on the parent- or
child-rated shyness scale (2.99 for parent-report, 3.16
for child-report) or fear scale (3.12 for parent-report,
3.48 for child-report) were classified as HTR. The
remaining 1/3 of adolescents had a score below 0.75
SDs above the mean on the fear or shyness scales of
both child and parent reports; for the purpose of
group analysis, these participants were considered
LTR. In this sample, internal consistency for the shy-
ness scale was moderate for adolescent self-report
(Cronbach’s a ¼ .76) and high for parent report (a ¼
.86). Internal consistency for the EATQ-R fear scale
was low to moderate for adolescent self-report (a ¼
.58) and parent report (a ¼ .72).

Depressive Symptoms
Participants completed the 33-item Mood and
Feelings Questionnaire (MFQ)-Child Version (Angold
& Costello, 1987) to assess depressive symptoms (e.g.,
mood, appetite, sleep, psychomotor functioning, inap-
propriate guilt and feelings of worthlessness, suicidal
ideation) over the past 2-week period. The measure
was completed at baseline as part of the parent study
and again as part of the COVID follow-up assessment.
Each item on the MFQ is rated on a 3-point scale
(0¼ not true, 1¼ sometimes true, and 2¼ true) and
summed to create a total score. Scores range from 0 to
66, with higher scores indicating greater depressive
symptoms. Internal consistency was high at baseline
(Cronbach a ¼ .89) and COVID follow-up (Cronbach
a ¼ .90).

Peer Social Incentive Delay Task
The Peer Social Incentive Delay (P-SID) task (Kaurin
et al., in press) is a social adaptation of the original
monetary incentive delay task (Knutson et al., 2000),
and was designed to measure brain activity related to
social rewards and punishments. A novel “peer obser-
vation” version of the task was created to examine
neural activation to social feedback from a virtual
peer. At a laboratory visit prior to the scan, partici-
pants viewed fictional photos and autobiographical
profiles (including hobbies and personality traits) of
age-matched girls whom they were told were partici-
pating in the study at other institutions. Participants

1 The parent study was a 3-year longitudinal study; semistructured

clinical interviews (Schedule for Affective Disorders and

Schizophrenia for School-Age Children-Present and Lifetime ver-

sion; Kaufman et al., 1997) were conducted at baseline, 2-, and

3-year follow-up. Time between the most recent pre-COVID in-

terview and COVID-19 study ranged from 0.10 to 43.33 months

(M ¼ 9.95 months, SD ¼ 8.03 months).
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were asked to select and rank which girls they would
most like to interact with during the fMRI scan.

To enhance the ecological validity of the task, par-
ticipants were told that one of the girls they ranked
highly (first or second) was participating in the study
at another site and would be watching the participant
complete the fMRI task and providing feedback after
each trial by sending a smiling, frowning, or neutral
(morphed) picture of themselves based on the partici-
pant’s performance. To increase believability, partici-
pants were also asked to view (via a mock video feed)
and evaluate this peer’s performance on the P-SID task
prior to completing the fMRI task themselves. The
peer’s performance on the P-SID task was computer-
generated.

The P-SID task (Supplementary Figure 1) consists
of one run of 72 trials (27 social reward, 27 social

punishment, and 18 control). Each trial proceeded in
the following order: cue (500 ms), fixation cross
(1,500–3,500 ms), target slide (500 ms), blank screen
(1,000 ms), peer feedback (1,650 ms), and blank
screen (2,500–5,000 ms). Participants were instructed
to press a button with their index finger as quickly as
possible when a target (white square) appeared on the
screen. The target slide was always presented for
500 ms but target presentation on that slide was vari-
able (160–500 ms) to ensure that hit rates in different
conditions were similar across participants. At the
start of each trial, a cue (circle, square, or triangle) sig-
naled the possible outcomes when the participant
pressed the button fast enough (i.e., response fell
within the target presentation time) or was too slow.
In the social reward condition, a circle signaled possi-
ble positive feedback (peer’s happy face) for a fast

Table I. Descriptive Information and Task Performance by Temperament Group

HTR (N¼38) LTR (N¼ 27)

Demographic characteristics
Age (years)—M (SD) 15.15 (1.11) 14.92 (1.34)
Race/Ethnicity—N (%)

White, non-Hispanic 29 (76.3%) 18 (66.7%)
Black or African American, non-Hispanic 5 (13.2%) 5 (18.5%)
Asian 0 (0.0%) 1 (3.7%)
Biracial 3 (7.9%) 3 (11.1%)
Other 1 (2.6%) 0 (0.0%)
Hispanic or Latinx 1 (2.6%) 3 (11.1%)

Total annual incomea,b

Median 9.00 6.59
Mean 7.68 7.00

Clinical characteristics
Depressive symptoms—M (SD)

Baseline 9.37 (7.28) 8.15 (7.14)
COVID-19 14.45 (9.62) 11.00 (8.30)

Most recent current diagnosisa—N (%)
Any anxiety disorder 13 (34.2%) 6 (22.2%)
Specific phobia 4 (10.5%) 4 (14.8%)
Social anxiety disorder 8 (21.1%) 2 (7.4%)
Generalized anxiety disorder 4 (10.5%) —
Separation anxiety disorder 1 (2.6%) —

Major depressive disorder — 1 (3.7%)
Unspecified depressive disorder 1 (2.6%) 1 (3.7%)
Obsessive-compulsive disorder 3 (7.9%) —
Posttraumatic stress disorder 1 (2.6%) —
Attention-deficit/hyperactivity disorder 1 (2.6%) 3 (11.1%)
Oppositional defiant disorder 1 (2.6%) 1 (3.7%)
Enuresis 1 (2.6%) —

P-SID task performance (hit rate; %)—M (SE)
Reward cue 50.2% (.01%) 46.2% (.02%)
Punishment cue 50.6% (.01%) 48.8% (.02%)
Neutral cue 44.9% (.01%) 42.7% (.03%)

Note. M ¼ mean, SD ¼ standard deviation, SE ¼ standard error, P-SID ¼ Peer Social Incentive Delay; Depressive symptoms were assessed
using the MFQ-Child version.

aAttained at the most recent diagnostic interview for the parent study prior the start of the COVID-19 follow-up study (time between most
recent pre-COVID interview and COVID-19 study: M¼9.95 months, SD¼8.03, range ¼ 0.10–43.33 months).

bAnnual income was reported by parents on a 0–10 scale with $10,000 increments (e.g., 0 ¼ $0–10,000; 10 ¼ $100,000þ); No significant

differences in task performance or any demographic or clinical variables were found between groups.
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response or neutral feedback (peer’s morphed face) for
a slow response. In the social punishment condition, a
square signaled negative feedback (peer’s angry face)
for a slow response or neutral feedback (peer’s
morphed face) for a fast response. In the control con-
dition, a triangle cued a neutral outcome (peer’s
morphed face) regardless of performance. Average hit
rates can be found in Table I. More information on
task performance and stimuli can be found in the on-
line supplement. Total duration of the P-SID task was
12 min 2 s (480 volumes). Participants practiced the
task prior to the scan in a mock scanner.

We examined neural activity using two contrasts of
interest: (a) social reward feedback (smiling face pre-
sented following the circle cue) versus neutral feed-
back (morphed face presented in the control
condition) and (b) social punishment feedback (angry
face presented following the square cue) versus neutral
feedback (morphed face presented in the control
condition).

For this study, we only include P-SID fMRI data
from the baseline assessment of the parent study.
Participants completed a preliminary debriefing proto-
col, in which they were asked what they thought about
the virtual peers, following the administration of the
fMRI scan at baseline. No participants verbally indi-
cated suspicion. However, participants completed this
task again (two years later) during the parent study, at
which point they were fully debriefed.

Data Analysis
fMRI Acquisition and Analysis
Data were acquired using a Siemens 3T PRISMA with
a 64-channel phase array coil. Anatomical images cov-
ering the entire brain were acquired first using a 3D
magnetization-prepared rapid gradient-echo T1-
weighted sequence (repetition time [TR] ¼ 2,300 ms,
echo time [TE] ¼ 3.93 ms, flip angle 9�, inversion time
[TI] ¼ 900 ms, voxel size¼1 mm3). Functional images
were acquired using multi-band gradient echo-planar
imaging (EPI) sequences (60 slices, three-factor multi-
band) sensitive to blood-oxygen-level-dependent
(BOLD) contrast [T2*] (TR¼ 1,500 ms, TE ¼ 30 ms,
flip angle 55�, voxel size¼2.3 � 2.3 � 2.3 mm). Field
maps were acquired using gradient EPI sequences for
correction of field distortions in the functional images
with the following parameters: TR¼ 590ms,
TE1¼4.92 ms, TE2¼7.38 ms, voxel size¼2.3 � 2.3
� 2.3 mm, flip angle 60�. Statistical Parametric
Mapping software (SPM12; Wellcome Trust Centre
for Neuroimaging, UK) was used to preprocess func-
tional images. Preprocessing steps are detailed in the
online supplement. Scans with >0.5 mm of incremen-
tal motion, >3 mm from the baseline image, and/or 3
SDs intensity shifts were considered outliers; outlier
scans were replaced with a linear interpolation

between the two nearest nonoutlier scans. Participants
with >25% of volumes with excess movement (i.e.,
outliers) were excluded.

For the first-level analyses, individual effects were
estimated using the general linear model approach
implemented in SPM12. At the first level, we modeled
anticipation trials (i.e., cues), social reward feedback
(i.e., smiling face following reward cue), social punish-
ment feedback (i.e., angry face following punishment
cue), social reward miss feedback (morphed face fol-
lowing reward cue), social punishment hit feedback
(morphed face following punishment cue), and neutral
feedback (morphed face following neutral cue), with
motion parameters included as nuisance regressors.
Group analyses focused on several regions-of-interest
(ROIs). The caudate, putamen, insula, amygdala, and
nucleus accumbens (NAcc) masks were created using
the AAL atlas in the WFU PickAtlas toolbox. The
vmPFC mask was a 10 mm sphere centered on MNI
coordinates [2 46 �8], identified from a meta-analysis
on reward processing and subjective value (Bartra
et al., 2013) and created using the PickAtlas toolbox.
The sgACC ROI mask was created using Neurosynth
(http://neurosynth.org; Yarkoni et al., 2011) and FSL
v6.0.3. First, separate anatomical masks of bilateral
subgenual, medial, and/or inferior portions of
Brodmann areas 34, 24, and 25 (defined by the
Talairach Daemon Labels in FSLeyes v0.31.2) were
downloaded and summed using the fslmaths -add
function. This mask was then multiplied by the
Neurosynth activation map for the term “subgenual”
to ensure specificity. The Neurosynth map was thresh-
olded at false discovery rate (FDR)-corrected p < .001
by default. Images of all masks can be found in
Supplementary Figure 2. Mean parameter estimates
across each ROI were extracted from these regions for
the contrasts of interest (social reward feedback>neu-
tral feedback; social punishment feedback > neutral
feedback) using MarsBar for SPM (Brett et al., 2002)
and entered into SPSS v26.

Test of the Full Model
Moderation analyses were conducted using the
PROCESS macro for SPSS, version 3.1 (Hayes, 2018),
which generates a regression model and simple slope
effects. Temperament group (dummy coded) was a di-
chotomous moderator. Parameter estimates for each
ROI were entered as the predictor in separate models.
All analyses controlled for age, baseline depressive
symptoms, and time (days) between the baseline as-
sessment of depressive symptoms and COVID-19 data
collection. Significance was evaluated using the
change in R2 (DR2) when the interaction term was
added to the model. Separate models were run with
parameter estimates for each ROI. Benjamini–
Hochberg procedures (Benjamini & Hochberg, 1995)
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were used to correct for multiple tests with a FDR of
0.05. The jtools package (Long, 2020) in R v4.0.2 (R
Core Team, 2020) was used to visualize significant
interactions using partial residuals. With 65 partici-
pants, we were appropriately powered (0.80) to detect
a medium-large effect of 0.36.

Results

Preliminary Findings
Increase in Depressive Symptoms During COVID-19

Pandemic
A repeated measures analysis of covariance
(ANCOVA) was conducted using SPSS (v26) to test
whether depressive symptoms during COVID-19 fol-
low-up (late April to early May 2020) differed signifi-
cantly from depressive symptoms at baseline
measurement (2016–2018), controlling for days be-
tween measurement (centered). In the full sample of
youth with baseline MFQ data and COVID-19 MFQ
data (N¼ 92), depressive symptoms increased signifi-
cantly from baseline to COVID-19 follow-up, control-
ling for unequal days between measurements (F[1, 90]
¼ 13.30, p < .001, gp

2 ¼ 0.13). Depressive symptoms
did not increase from baseline to 18-month follow-up
in this sample (F[1, 90] ¼ 0.25, p ¼ .62), which could
suggest that the increase seen during COVID-19 is not
attributable only to changes over time or with age. No
interaction by temperament group was found; depres-
sive symptoms increased during the pandemic across
the entire sample. These findings replicated in the sub-
sample of participants included in the following analy-
ses (N¼ 65).

Differences in Neural Activity Based on Temperament

Group
HTR and LTR participants (N¼ 65) differed signifi-
cantly in neural activation to social reward feedback ver-
sus. neutral feedback in the insula (t [63] ¼ 2.56, p ¼
.013), amygdala (t [63] ¼ 2.79, p ¼ .007), caudate (t
[63] ¼ 2.58, p ¼ .012), and putamen (t [63] ¼ 2.86, p ¼
.006). HTR participants showed reduced activity in these
regions relative to LTR participants. HTR and LTR par-
ticipants did not differ in neural activation to social pun-
ishment feedback versus neutral feedback (ps> .10).

Interactions Between Temperament and Neural
Activation to Social Reward
Intercorrelations between variables included in these
models can be found in Supplementary Table 1.
Significant interactions (following FDR correction) be-
tween temperament and neural activation to social re-
ward versus neutral feedback were found for three
regions: (a) the bilateral caudate (interaction term DR2

¼ .15, F [1, 58] ¼ 13.02, uncorrected p < .001;
Figure 1A), (b) the bilateral putamen (interaction term

DR2 ¼ .13, F [1, 58] ¼ 11.86, uncorrected p ¼ .001;
Figure 1B), and (c) the bilateral insula (interaction
term DR2 ¼ .09, F [1, 58] ¼ 7.43, uncorrected p ¼
.009; Figure 1C). A main effect of baseline depressive
symptoms was seen in all models (p < .005).

Full model results with simple slope analyses can be
found in Table II. HTR participants showed a signifi-
cant negative association between caudate activation
to social reward and depressive symptoms, whereas
LTR participants showed a positive association be-
tween caudate activation to social reward and depres-
sive symptoms. A similar pattern of opposing
associations by temperament group was seen for the
putamen and insula. However, only the simple slopes
for the LTR group were significant. At low levels (�1
SD) of neural activation in these regions, HTR girls
reported significantly higher levels of depressive symp-
toms relative to LTR girls (p’s < .005). Although an
interaction between NAcc activation and

Figure 1. Interactions between temperamental risk type
and neural activation to positive social feedback versus
neutral feedback in the (A) caudate, (B) putamen, and (C)
insula on depressive symptoms during the pandemic.
Partial residuals are plotted with 95% CI bands.
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temperament group was found (DR2 ¼ .05, p ¼ .037),

this did not survive FDR correction. No significant
interactions or main effects were found for the amyg-

dala (DR2 ¼ .03, p ¼ .13) or vmPFC (DR2 ¼ .00, p ¼
.92).

Interactions Between Temperament and Neural
Activation to Social Punishment
No significant main effects or interactions between
temperament group and neural activation to social

punishment emerged for the amygdala (DR2 ¼ .02,
uncorrected p ¼ .26), insula (DR2 ¼ .02, uncorrected

p ¼ .18), or sgACC (DR2 ¼ .05, uncorrected p ¼
.054).

Exploratory Analyses: Extension to Pre-COVID
Depressive Symptoms
To test whether findings may be specific to depressive

symptoms during COVID-19, follow-up analyses
were run with MFQ scores collected most recently

prior to COVID (between May 2019 and January
2020) entered as the dependent variable. Controlling

for age, baseline depressive symptoms, and number of
days between the baseline MFQ and most recent pre-

COVID MFQ, no interactions between neural activity
and temperament group were significant.

Discussion

Surges in depressive symptoms among adolescents

during the COVID-19 pandemic are a public health
concern requiring additional research, particularly

Table II. Summary of Significant PROCESS Regression Models Predicting COVID-19 Depressive Symptoms From Neural
Activation to Social Reward Feedback Relative to Neutral Feedback

Bilateral caudate F R2 DR2 B t Uncorrected p BH p

Model summary 5.20** .35 .0002
Intercept �23.54 �1.47 .146
Age 2.22 1.71 .093
TG 3.15 1.51 .137
MFQ baseline 0.43 3.16 .003
Time 0.00 �0.34 .733
Caudate �0.34 �0.20 .838
Caudate � TG 13.02** .15 �12.81 �3.61 .0006 .003

Simple slopes B SE t (58) p 95% CI [lower, upper]
LTR 7.15 2.49 2.87 .006 [2.17, 12.13]
HTR �5.66 2.35 �2.41 .019 [�10.36, �0.95]

Bilateral putamen F R2 DR2 B t Uncorrected p BH p

Model summary 5.33** .36 .0002
Intercept �18.33 �1.14 .260
Age 1.99 1.52 .134
TG 3.52 1.69 .097
MFQ baseline 0.51 3.72 .001
Time 0.00 �0.83 .409
Putamen 0.62 0.36 .718
Putamen � TG 11.86* 0.13 �11.48 �3.44 .0011 .003

Simple slopes B SE t (58) p 95% CI [lower, upper]
LTR 7.34 2.22 3.31 .002 [2.89, 11.78]
HTR �4.15 2.48 �1.67 .100 [�9.12, 0.82]

Bilateral insula F R2 DR2 B t Uncorrected p BH p

Model summary 4.88** .34 .0004
Intercept �16.45 �1.02 .314
Age 1.94 1.47 .147
TG 3.91 1.86 .068
MFQ baseline 0.52 3.76 .0004
Time �0.01 �0.99 .327
Insula 2.92 1.34 .314
Insula � TG 7.43* .09 �11.64 �2.72 .0085 .017

Simple slopes B SE t (58) p 95% CI [lower, upper]
LTR 9.73 2.91 �3.34 .002 [3.90, 15.55]
HTR �1.91 3.11 �0.61 .542 [�8.15, 4.32]

Note. BH ¼ Benjamini–Hochberg; TG ¼ temperament group; HTR ¼ high temperamental risk; LTR ¼ low temperamental risk; MFQ ¼
Mood and Feelings Questionnaire (measure of depressive symptoms).

*p < .01, **p < .001.

922 Sequeira, Silk, Hutchinson, Jones, and Ladouceur



longitudinal research, and attention and action from
the health care system and policy makers (Singh et al.,
2020). In this study, we capitalized on longitudinal
data collection to examine factors that contribute to
increases in depressive symptoms during COVID-19
in adolescent girls. We observed significant increases
in depressive symptoms during the pandemic (relative
to 2–4 years ago) in mid-adolescent girls differing in
early adolescent shy/fearful temperament. Further, we
found that interactions between shy/fearful tempera-
ment and neural reactivity to positive social feedback
in early adolescence conferred risk for depressive
symptoms during the pandemic.

As hypothesized, girls with histories of high shy/
fearful temperaments and blunted activation to social
reward in the dorsal striatum (i.e., caudate and puta-
men) and insula reported higher levels of depressive
symptoms during the pandemic. The caudate and pu-
tamen are reliably implicated in responding to social
and nonsocial rewards in adolescence (Silverman
et al., 2015) and may play a key role in reward learn-
ing (Chase et al., 2015). Reduced activity in the cau-
date and putamen to positive stimuli could support
social anhedonia in those at risk for depression
(Keedwell et al., 2005), which may be especially harm-
ful during the COVID-19 pandemic due to greater so-
cial isolation. Shy/fearful girls with blunted neural
activation to social rewards may be less motivated to
seek out and participate in potentially rewarding vir-
tual interactions with peers (e.g., videochats) during
the pandemic, which may be detrimental in combina-
tion with restrictions on in-person interactions.
Notably, reduced activation in insula, amygdala, cau-
date, and putamen to social reward in HTR compared
with LTR was also found. Blunted sensitivity to social
reward in shy/fearful girls could be formed through a
history of social avoidance in childhood that contrib-
utes to depression risk in adolescence, potentially
through increased loneliness or social disconnected-
ness (Silk et al., 2012).

Blunted striatal and insula activation to social
rewards has been found in young adults with sub-
threshold depression (He et al., 2019), youth at risk
for MDD (Monk et al., 2008), and adults with remit-
ted depression (e.g., Dichter et al., 2012). Reduced
neural reward reactivity also prospectively predicts de-
pressive symptoms in at-risk adolescents (Bress et al.,
2013). Blunted reward responsivity could thus be a
key biomarker of depression for those at-risk (Keren
et al., 2018). However, more large-scale, longitudinal
research is needed to test whether blunted reward
responsivity is truly trait-like, developing early in life
and remaining stable over adolescence, or a symptom
of depression present before self-reported symptoms
(Bress et al., 2013). Of note, research suggests that
neural activity derived from reward fMRI tasks has

acceptable stability over a 1- to 2-year period
(Baranger et al., 2021), supporting the short-term pre-
dictive ability of present fMRI data.

In contrast to HTR girls, LTR girls showed positive
associations between striatal and insula activation to
social reward and depressive symptoms during the
COVID-19 pandemic. Adolescent girls low in shy or
fearfulness with heightened neural activation to social
rewards may be most likely to attempt to engage with
peers and to enjoy this engagement. This may be
formed in part through a history of positive experien-
ces interacting with peers. Though elevated neurobio-
logical responses to social reward may typically be
associated with socioemotional health and well-being,
the paucity of opportunities to engage and connect
with others during the pandemic may actually confer
risk for depression in those most motivated to seek out
positive social experiences. Moreover, high reactivity
to social rewards could be detrimental during the pan-
demic because these girls find their quality and/or
quantity of social interactions diminished.
Importantly, these findings did not replicate when de-
pressive symptoms measured in the year to month
prior to the pandemic were entered as the dependent
variable. This could support the hypothesis that the
unique nature of the COVID-19 pandemic contributes
to present findings.

Findings did not extend to neural activation to so-
cial punishment, failing to replicate previous research
showing positive associations between sgACC activa-
tion to social threat and increases in depressive symp-
toms in adolescents (e.g., Masten et al., 2011). This
could again be related to the unique nature of the pan-
demic, in which the frequency of socially threatening
interactions is likely reduced for adolescents due to so-
cial distancing. Thus, individual differences in neural
reactivity to social punishment may not play a strong
role in the development of depressive symptoms dur-
ing the pandemic. Another potential explanation for
present findings could be related to the nature of
performance-based social punishment on the P-SID
task. This approach differs from most prior studies us-
ing social interactive tasks (e.g., Masten et al., 2011,
Silk et al., 2014) to probe neural activity to more ex-
plicit social rejection and exclusion. Of note, tempera-
ment groups did not differ in neural activation to
social punishment.

Findings should be viewed in light of several limita-
tions, including a relatively small sample of adolescent
girls with unequal distribution of girls in the LTR and
HTR groups, though this was done by design given
the sampling strategy. Additionally, the median in-
come of the sample was high, and over two-thirds of
the sample were white. We know that the pandemic is
disproportionately harming Black, Latinx, and Native
American communities (Tai et al., 2021), related to
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deeply rooted structural racism in America, and we do
not assume or suggest that the risk and protective fac-

tors examined in this study will generalize across race,
ethnicity, or culture. In addition, it is unknown how

findings might extend to adolescent males. It should
be noted that the majority of girls who did not re-

spond to recruitment initiatives for this study were in
the high shy/fearful (HTR) group, which could have

biased the present sample towards lower depressive se-
verity and impacted generalizability. This study was

also underpowered to examine how diagnostic status
might influence present findings. Given higher rates of

social anxiety disorder in the HTR group (N¼ 8) rela-
tive to the LTR group (N¼2), as expected, one hy-

pothesis could be that HTR girls with blunted
reactivity to social rewards are at risk for depressive
symptoms during the pandemic due to high levels of

social anxiety. Future research could test whether re-
duced neural activation to reward is associated with

real-world social behavior (e.g., avoidance) in girls
high in social anxiety, and whether this confers risk

for depression. Finally, while we speculate that
blunted neural responses to social reward could sup-

port social disengagement, this is only one possible in-
terpretation of findings. One additional interpretation

could be that blunted neural responses to reward indi-
cate a deficit in reward learning, which may play a

role in the development of depression in youth (e.g.,
Morris et al., 2015).

Nonetheless, examining factors that contribute to
increases in depressive symptoms during COVID-19 is

critical for understanding how and why social distanc-
ing and reduced in-person interactions with peers con-

fer risk for depression and elucidating targets for
intervention. Improving social engagement and con-

nectedness in adolescents, even virtually, may be criti-
cal for improving mental health during and following

the COVID-19 pandemic. Pediatricians, clinicians,
and school teachers and counselors will play a critical

role in assessing the degree to which youth are engag-
ing in social interaction during the pandemic, and may

provide encouragement to parents to help youth en-
gage in safe modes of social interaction. More

broadly, this work adds to the literature examining
neural threat and reward reactivity in shy, inhibited

youth and shows how dramatic changes to the adoles-
cent social context may promote depressive symp-

toms, particularly in those at higher risk.
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Supplementary data can be found at: https://academic.oup.
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