Psychological Medicine

cambridge.org/psm

Original Article

Cite this article: Ojha A, Teresi GI, Slavich GM,
Gotlib IH, Ho TC (2023). Social threat, fronto-
cingulate-limbic morphometry, and symptom
course in depressed adolescents: a
longitudinal investigation. Psychological
Medlicine 53, 5203-5217. https://doi.org/
10.1017/S0033291722002239

Received: 12 November 2021

Revised: 5 May 2022

Accepted: 28 June 2022

First published online: 19 September 2022

Key words:

Adolescence; amygdala; anterior cingulate
cortex; depression; nucleus accumbens;
social stress

Author for correspondence:
Tiffany C. Ho, Ph.D.,
E-mail: tiffany.ho@psych.ucla.edu

© The Author(s), 2022. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted re-use, distribution
and reproduction, provided the original article
is properly cited.

CAMBRIDGE

&% UNIVERSITY PRESS

Social threat, fronto-cingulate-limbic
morphometry, and symptom course in
depressed adolescents: a

longitudinal investigation

Amar Ojhal?
Tiffany C. Ho®

, Giana I. Teresi3, George M. Slavich?, lan H. Gotlib> and

center for Neuroscience, University of Pittsburgh, Pittsburgh, PA, USA; 2Center for Neural Basis of Cognition,
University of Pittsburgh, Pittsburgh, PA, USA; 3Department of Psychology, University of Pittsburgh, Pittsburgh, PA,
USA; “Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, CA, USA;
®Department of Psychology, Stanford University, Stanford, CA, USA and ®Department of Psychiatry and Behavioral
Sciences, Weill Institute for Neurosciences, University of California, San Francisco, CA, USA

Abstract

Background. Psychosocial stressors characterized by social threat, such as interpersonal loss
and social rejection, are associated with depression in adolescents. Few studies, however, have
examined whether social threat affects fronto-cingulate-limbic systems implicated in adoles-
cent depression.

Methods. We assessed lifetime stressor severity across several domains using the Stress and
Adversity Inventory (STRAIN) in 57 depressed adolescents (16.15 + 1.32 years, 34 females),
and examined whether the severity of social threat and non-social threat stressors was asso-
ciated with gray matter volumes (GMVs) in the anterior cingulate cortex (ACC), amygdala,
hippocampus, and nucleus accumbens (NAcc). We also examined how lifetime social threat
severity and GMVs in these regions related to depressive symptoms at baseline and over
9 months.

Results. General stressor severity was related to greater depression severity at baseline and
over 9 months. Moreover, greater severity of social threat (but not non-social threat) stressors
was associated with smaller bilateral amygdala and NAcc GMVs, and smaller bilateral surface
areas of caudal and rostral ACC (all prpr < 0.048). However, neither social threat nor non-
social threat stressor severity was related to hippocampal GMVs (all prpgr = 0.318). All
fronto-cingulate-limbic structures that were associated with the severity of social threat
were negatively associated with greater depression severity over 9 months (all prpr < 0.014).
Post-hoc analyses suggested that gray matter morphometry of bilateral amygdala, NAcc,
and rostral and caudal ACC mediated the association between social threat and depression
severity in adolescents over 9 months (all prpg < 0.048).

Conclusions. Social threat specifically affects fronto-cingulate-limbic pathways that contribute
to the maintenance of depression in adolescents.

Introduction

Depression is a leading cause of disability worldwide (World Health Organization, 2017), with
nearly one in five people experiencing depression during their lifetime (Friedrich, 2017). The
lifetime prevalence of depression is especially alarming in adolescents, with a cumulative inci-
dence of 13.6% in males and 36.1% in females by age 18 (Breslau et al., 2017). Moreover, indi-
viduals who develop depression during adolescence, as compared to those who develop
depression later in life, tend to experience more severe and recurrent episodes of the disorder
(Naicker, Galambos, Zeng, Senthilselvan, & Colman, 2013; Zisook et al., 2007). Viewed in this
context, adolescence represents an important developmental period marked by heightened
vulnerability for the onset and adverse consequences of depression. Therefore, it is critical
to identify psychosocial and neurobiological mechanisms that contribute to depression in
adolescents.

Social stressors and depression: the role of social threat

Although stressful life events often precede and increase risk for depressive episodes across the
lifespan (Hammen, 2005, 2006), this effect is especially pronounced in adolescents
(Lewinsohn, Allen, Seeley, & Gotlib, 1999; Monroe & Harkness, 2005). This finding is not sur-
prising given that adolescence is a period during which environmental demands have outsized
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effects on neurodevelopment (Ho, 2019; Larsen & Luna, 2018), an
effect that coincides with experiences of heightened stress.
Importantly, exposure to psychosocial stressors characterized by
social threat, including interpersonal loss and social rejection,
has been found to be a strong proximal risk factor not only for
the onset of depression in adolescence (Slavich, O’Donovan,
Epel, & Kemeny, 2010a), but also for the persistence and recur-
rence of depressive symptoms over time (Hammen, 2006, 2009).
Specifically, experiences of social threat have been found to
uniquely predict adolescent depression (Flynn & Rudolph, 2011;
Vrshek-Schallhorn et al., 2015) and to be associated with heigh-
tened risk for the recurrence of depression in this age group
(Sheets & Craighead, 2014). Specific experiences of social threat
that have been related to adolescent depression include peer rejec-
tion, bullying, victimization (Platt, Kadosh, & Lau, 2013), poor-
quality relationships, and relationship dissolutions (Mirsu-Paun &
Oliver, 2017).

In addition to being a proximal risk factor for depression,
experiences of early adversity — and specifically of social threat
during early life - are also associated with adolescent-onset
depression (LeMoult et al., 2020). Exposure to early adversity
shapes responses to stressors during adolescence and throughout
the lifespan (Claessens et al., 2011). Therefore, it is important to
consider cumulative experiences of stressors, including those that
may be chronic and span different developmental periods, when
investigating the impact of social threat on neural and behavioral
outcomes. Few studies, however, have systematically assessed
whether experiences of social threat are uniquely associated
with neurophenotypes of depression in adolescents.

Cortical neural correlates of social threat and adolescent
depression

We also have an incomplete understanding of how lifetime social
threat severity may alter specific neurobiological pathways that
underlie adolescent depression. Because interpersonal relation-
ships are particularly important in adolescence, adolescents may
be more sensitive to social cues than are children and adults, pos-
sibly through relevant neurobiological pathways (Blakemore &
Mills, 2014; Somerville, Jones, & Casey, 2010; Steinberg, 2005).
Indeed, several cortical and subcortical structures have been
implicated in social stressors and depression (Slavich & Irwin,
2014). The anterior cingulate cortex (ACC) - a broad region
with multiple functions, including integrating sensory and emo-
tional stimuli, computing value-based signals for action selection,
and supporting effective conflict monitoring - is a critical neural
substrate underlying the pathophysiology of adolescent depression
(Botvinick, Cohen, & Carter, 2004; Lichenstein, Verstynen, &
Forbes, 2016; Shenhav, Botvinick, & Cohen, 2013). Evidence
from studies using structural and functional magnetic resonance
imaging have consistently identified the rostral ACC (rACC) - a
division of the ACC that receives a diversity of corticolimbic
inputs and is involved in affective processing — as especially rele-
vant to depression. Specifically, alterations in the morphology
and function of the rACC have been associated with depressive
phenotypes in youth (Boes, McCormick, Coryell, & Nopoulos,
2008; Ho et al.,, 2017a). Researchers have found that rACC thick-
ness predicted treatment response to transcranial magnetic stimu-
lation in patients with medication-refractory depression predicts
treatment response to repetitive transcranial magnetic stimulation
(Boes et al., 2018) as well as response to internet-delivered cognitive
behavioral therapy (Webb et al., 2018). In addition, activation in
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the rACC to affective stimuli, as well as intrinsic functional con-
nectivity between the rACC and other frontolimbic regions, have
been shown to predict improvements in depression across psycho-
social and pharmacological therapies in adolescents and young
adults with depression (Davey, Cearns, Jamieson, & Harrison,
2021; Jamieson, Harrison, Razi, & Davey, 2022). Together, these
studies suggest that characteristics of the rACC as central to the
experience of depression and may be a useful biomarker of treat-
ment response.

Another line of research suggests that the ACC influences how
the body and brain respond to socially stressful events.
Investigators have found that the ACC is more active in response
to social exclusion than inclusion, and that increased activation is
related to greater self-reported distress (Eisenberger, Lieberman, &
Williams, 2003). Separate work has found greater activation in the
dorsal ACC during social exclusion (v. inclusion) to be associated
with increased inflammatory reactivity, implicating the ACC and
related circuitry as a pathway through which social stress may con-
tribute to depressive phenotypes (Slavich, Way, Eisenberger, &
Taylor, 2010b). Increases in ACC activation also have been docu-
mented in response to social-evaluative threat (Eisenberger,
Taylor, Gable, Hilmert, & Lieberman, 2007; Wager et al., 2009).
Further, increases in rACC activation have been reported to medi-
ate cardiovascular responses to social-evaluative threat; specifically,
threat caused increased activation in the rACC, which, in turn, was
associated with increased heart rate (Wager et al., 2009). Consistent
with this work, in a recent review, activation in the ACC was the
most common fMRI response to social exclusion in studies
examining this phenomenon (Wang, Braun, & Enck, 2017).
Finally, animal research corroborates human neuroimaging work:
following a bilateral ACC lesion in rhesus monkeys, investigators
observed a reduction in prosocial preferences (Basile, Schafroth,
Karaskiewicz, Chang, & Murray, 2020), suggesting that ACC func-
tioning is not only implicated in social processes, but may also be
necessary for engagement in certain social behaviors.

Subcortical neural correlates of social threat and adolescent
depression

Several subcortical regions, including the hippocampus, amyg-
dala, and nucleus accumbens (NAcc), also have been implicated
in stress processing, affective and motivated behaviors, and
depression (Ho, 2021; Ho et al., 2022; Tottenham & Galvan,
2016). The hippocampus is involved in learning and memory,
and, as a target of stress hormones, is a core structure underlying
the neural regulation of affect (Sheline, Liston, & McEwen, 2019).
Not surprisingly, depression is characterized in part by hippocam-
pal dysfunction, with smaller hippocampal volumes being docu-
mented as among the most robust neurophenotypes of
depression (Ho et al., 2022; Schmaal et al., 2017). In contrast,
the amygdala detects salient emotional stimuli in the environment
and, therefore, is highly sensitive to social-environmental stressors
(Anderson & Phelps, 2001; Cunningham & Brosch, 2012; van
Marle, Hermans, Qin, & Fernandez, 2009). Alterations in amyg-
dala function and structure are common both in patients with
depression and in individuals with histories of life stressor exposure,
especially during sensitive periods of development (Cohen et al,
2013; Frodl et al, 2002; Siegle, Steinhauer, Thase, Stenger, &
Carter, 2002). Researchers have found volumetric alterations in
the amygdala in the context of stress: whereas acute stress has
been associated with greater basolateral amygdala spine density,
chronic stress has been related to dendritic growth in this region
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in animal models (Roozendaal, McEwen, & Chattarji, 2009).
Conversely, lower perceived stress, measured using a self-report
questionnaire following a mindfulness-based stress reduction inter-
vention, was associated with reductions in gray matter density in the
right basolateral amygdala (Holzel et al., 2010).

Finally, the NAcc - part of the ventral striatum - receives
dopaminergic inputs from the ventral tegmental area and is a
core component of reward-learning and motivated behavior cir-
cuitry (Knutson, Adams, Fong, & Hommer, 2001; Salamone,
Correa, Mingote, & Weber, 2005). In depression, reductions in
NAcc activation have been found to be associated with symptoms
of anhedonia (Wacker, Dillon, & Pizzagalli, 2009); further,
researchers have found smaller NAcc gray matter volume
(GMV) in depressed individuals than in healthy controls
(Zhang et al., 2021). Recent research has posited that life stress
drives symptoms of anhedonia in depression via reward pathways
involving the NAcc (Pizzagalli, 2014), which may be especially
relevant for adolescent depression given the heightened sensitivity
to reward during this developmental period (Auerbach, Admon,
& Pizzagalli, 2014; Galvan, 2010). Indeed, Lee et al. (2020)
recently found that reduced NAcc volumes serve as an indirect
pathway by which interpersonal stressors (e.g. peer conflict)
lead to adolescent depression.

Goals of the present study

The research described above details several cortical and subcor-
tical structures that are affected by stress, that undergo significant
maturation during adolescence, and that are implicated in depres-
sion during this important developmental period. Although con-
verging evidence suggests that these regions are susceptible to the
effects of social stressors, the extent to which the morphology of
these regions is associated with the severity of depression in ado-
lescents is not clear.

To address this gap in our knowledge, we investigated the
extent to which gray matter morphometry of fronto-cingulate-
limbic regions are susceptible to stressors characterized by social
threat severity over the life course and, further, the extent to
which these regions are related to the severity of depression in
adolescents with depressive disorders. Fifty-seven depressed ado-
lescents were assessed at baseline and provided up to five reports
of depression severity over the course of 9 months. We examined
how lifetime exposure to different types of social stressors assessed
by the Stress and Adversity Inventory for Adolescents
(Adolescent STRAIN; Slavich, Stewart, Esposito, Shields, &
Auerbach, 2019) was related to the morphometry of cortical
and subcortical brain structures. We focused on the perceived
severity of stressors occurring over the lifespan given evidence
that perceived stress severity affects neurobiological development
above and beyond the number of life events experienced (Ho
et al,, 2017b; Ho & King, 2021). Consistent with prior research,
we hypothesized that greater cumulative severity of (i.e. experien-
cing more severe) social threat over the life course would be asso-
ciated with greater depressive symptom severity at baseline and
over the 9-month study period. We also hypothesized that experi-
encing more lifetime social threat severity would be related to
lower cortical thickness and surface areas of rostral and caudal
anterjor cingulate cortex (rACC, cACC, respectively) and to smal-
ler hippocampal, amygdalar, and NAcc GMVs. To further inter-
rogate these findings, we conducted specificity analyses to test for
lateralization effects for all significant associations with lifetime
social threat severity and, in addition, tested whether these
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findings were specific to lifetime social threat severity or were
associated with non-social threat severity as well. Finally, we
tested whether fronto-cingulate-limbic morphology sensitive to
lifetime social threat severity mediated the association between
lifetime social threat severity and depressive symptom severity
longitudinally over 9 months.

Methods
Participants

Sixty-six depressed adolescents between 13 and 18 years old were
recruited from the San Francisco Bay Area community as part of a
longitudinal study examining neurobiological mechanisms under-
lying adolescent stress and depression (see Walker et al., 2020, for
a description of the study protocol). In accord with the
Declaration of Helsinki, all study components were approved by
the Institutional Review Boards (IRB) at Stanford University
and the University of California, San Francisco.

Inclusion criteria at the baseline visit of the study included flu-
ency in English and the presence of current threshold or subthres-
hold major depressive disorder (MDD), dysthymia, or depressive
disorder not otherwise specified via child or parent report accord-
ing to DSM-IV criteria as assessed with the Kiddie Schedule for
Affective Disorders and Schizophrenia - Present and Lifetime
Version (K-SADS-PL; see Clinical assessments, below). See online
Supplementary material for more information on inclusion/exclu-
sion criteria. Participants were included in the present study if
they completed the Adolescent STRAIN (see below) and provided
usable structural MRI data (see below), resulting in a final sample
of 57 participants.

Procedure

The present study is part of an ongoing three-wave longitudinal
study (Walker et al, 2020). Eligible participants (based on a
phone screen) were invited to participate in a behavioral session
(T1V1) in which adolescents and their parent/legal guardian
completed diagnostic interviews and self-report questionnaires.
Eligibility was confirmed following completion of the diagnostic
interviews (see Clinical assessments, below); those who met cri-
teria for study participation (see online Supplementary material)
were invited to participate in the remainder of the study proced-
ure, including an MRI scan (T1V2; session interval: 10.75 + 5.83
days; see MRI scanning acquisition, below). Following the MRI
scan, participants were invited to complete self-report question-
naires about their symptoms of depression every other month
from home (e.g. M3, M5, M7, etc.) in addition to a behavioral
follow-up assessment at 9 months (T2). For the present study,
we included participants who provided follow-up data up to T2
(as of 1 July 2021), for longitudinal analyses for a maximum of
five assessments per participant (for additional protocol details,
see Walker et al.,, 2020). See online Supplementary Fig. S1 for
details on the study timeline, sample sizes, and intervals per
follow-up assessment for the present investigation.

Clinical assessments

Trained research assistants administered the K-SADS-PL (Kaufman
et al., 1997; Kaufman, Birmaher, Brent, Ryan, & Rao, 2000) and the
Children’s Depressive Rating Scale — Revised (CDRS-R; Poznanski
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& Mokros, 1996) to adolescents and their parent/legal guardian at
the initial behavioral session to assess eligibility.

Lifetime stressor exposure

The Adolescent STRAIN is an online, interview-based system for
assessing cumulative lifetime exposure to stressors in adolescents
ages 10-18 years (Slavich et al., 2019; see https:/www.strainsetup.
com/). For the purposes of this study, we focused on the total
severity of social threat that occurred across the life course. This
variable was computed by summing the severity scores for all of
the acute and chronic stressors endorsed that involved in-
terpersonal loss or humiliation. To test the specificity of these
effects, we also computed a non-social threat severity score by
subtracting each participant’s lifetime social threat severity score
from their total lifetime stressor severity score. The Adolescent
STRAIN was administered to participants online within 3 weeks
of their initial behavioral session (T1V1). The instrument has
excellent psychometric properties and has been validated against
psychological, behavioral, and clinical outcomes (Cazassa,
Oliveira, Spahr, Shields, & Slavich, 2020; Slavich & Shields,
2018; Sturmbauer, Shields, Hetzel, Rohleder, & Slavich, 2019).
Because our goal was to empirically test associations between
stressor exposure and behavioral and neurobiological outcomes
described in life stress models of depression, we focused on the
total severity of social threat that occurred across the entire life
course.

Depression and anxiety symptom severity

Self-reported severity of depressive symptoms was assessed using
the Reynolds Adolescent Depression Scale (RADS-2; Reynolds,
2010), a 30-item questionnaire designed to assess the severity of
depressive symptoms in adolescents ages 11-20 years and that
has been shown to have excellent validity and reliability
(Reynolds, 2010). RADS-2 items are rated on a four-point
Likert scale from 1 (Almost never) to 4 (Most of the time), with
total scores ranging from 30 to 120. The RADS-2 was adminis-
tered to participants at all baseline and follow-up assessments.
Cronbach’s o was high at each assessment (T1=0.88,
M3 =091, M5=0.93, M7 =091, T2 = 0.91; overall = 0.91).

Self-reported severity of anxiety symptoms was assessed using
the Multidimensional Scale for Anxiety for Children (MASC-2;
March, 2012), a 39-item questionnaire designed to assess severity
of anxiety symptoms in youth ages 8-19 years and that has been
shown to have excellent validity and reliability (March, Parker,
Sullivan, Stallings, & Conners, 1997; Wei et al., 2014). MASC-2
items are rated on a four-point Likert scale from 0 (Never true
about me) to 3 (Often true about me), with total scores ranging
from 0 to 117. The MASC-2 was administered to participants at
all baseline and follow-up assessments. Cronbach’s & was high
at each assessment (T1=0.92, M3 =0.92, M5=0.92, M7 =0.93,
T2 =0.93; overall = 0.92).

MRI scanning acquisition

All MRI scans were acquired at the Stanford Center for Cognitive
and Neurobiological Imaging (CNI) with a 3T MRI scanner
(General Electric Healthcare Systems) and 32-channel head coil
(Nova Medical Inc., Wilmington, MA, USA). Forty-six partici-
pants were scanned on a Discovery MR750 and 11 participants
were scanned on the SIGNA Ultra High Performance after
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COVID-19 mitigation procedures were put into place.
Therefore, in all statistical analyses, we also included session
type (pre-COVID, post-COVID) as a dichotomous covariate.

MRI quality control

MRI scans were visually inspected for motion artifacts before tis-
sue segmentation and surface-based parcellation using FreeSurfer
6.0, as previously described (Ho et al., 2018, 2021). See Fig. 1 for
representative segmentations of regions of interest. Bilateral
GMVs for each structure were calculated by averaging across the
two hemispheres. Given that we did not have hypotheses regard-
ing laterality in the limbic structures of interest, we used bilateral
regions of interest (ROIs) for these analyses. We followed up all
analyses in which significant effects were identified for a given
limbic ROI by conducting post-hoc analyses examining possible
laterality effects (see next section for more details).

Statistical analyses

Descriptive statistics and zero-order correlations among study
variables

Correlations between the main study variables and covariates were
tested using Pearson’s correlations. Student’s ¢ tests and > tests
were used to determine if the nine participants excluded from
final analyses differed from those included in our final analytic
sample.

Social threat and depression severity

We used linear regressions to test whether lifetime social threat
severity was associated with RADS-2 scores cross-sectionally,
and linear mixed effects (LME) modeling to test whether higher
levels of lifetime social threat severity assessed at baseline pre-
dicted greater depression severity over 9 months (Kuznetsova,
Brockhoff, & Christensen, 2017). Covariates for these cross-
sectional analyses included age and a dichotomous variable for
antidepressant medication use at time of assessment, along with
session type (for models that included morphometry metrics, as

Fig. 1. lllustration of cortical and subcortical ROIs in standard space (for visualization
purposes): rostral anterior cingulate cortex (dark purple), caudal anterior cingulate
cortex (dark blue); nucleus accumbens (red), amygdala (green), hippocampus
(teal). Segmentation of and estimation of gray matter for each ROl was performed
within each individual. ROI, region of interest.
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there was a hardware scanner upgrade post-COVID). All LME
models included a subject-specific random intercept, a random
slope based on time since baseline (T1V1) in years, and age at
baseline, time-varying antidepressant medication use as a dichot-
omous variable, time since baseline in years, and a dichotomous
variable for session type (where appropriate) as covariates. We
also present results with sex as a covariate. Predictor and outcome
variables were z-scored for all longitudinal statistical models.

Social threat and fronto-cingulate-limbic brain morphometry
We also used multiple linear regressions to investigate whether
lifetime social threat severity was associated with subcortical
GMYV and cortical thickness and surface area for our regions of
interest. Covariates for these cross-sectional analyses included
age and a dichotomous variable for antidepressant medication
use at time of assessment, along with session type (pre-COVID,
post-COVID). We also present results with sex as an additional
covariate. For all significant associations, in post-hoc analyses,
we tested the two hemispheres separately to investigate whether
there was lateralization specificity.

Specificity of the effects of social threat

To test the specificity of associations to lifetime social threat sever-
ity, we tested whether depression, as well as subcortical and cor-
tical morphology, was associated with non-social threat severity.

Exploratory longitudinal mediation analyses

We conducted exploratory longitudinal analyses using fixed-effects
modeling (for the path between lifetime social threat severity and
brain morphometry metrics) and LMEs (for the paths predicting
RADS-2 scores) to test whether fronto-cingulate-limbic structures
statistically mediated the association between lifetime social threat
severity and depressive symptom severity over 9 months.
Specifically, for each brain metric, we used Monte Carlo simula-
tions to estimate the 95% confidence intervals (CI) of the indirect
effect of GMV on the association between lifetime social threat
severity and RADS-2 scores.

Specificity of the effects to depression

To test whether these patterns were specific to depression, we also
tested whether lifetime social threat and non-social threat severity,
as well as subcortical and cortical morphology, were associated
with anxiety as assessed with MASC-2 scores.

Exploratory whole-brain analyses

Although we took a hypothesis-driven approach to the present
study, we also conducted a whole-brain surface-based voxel-wise
analysis to complement our primary analyses and test whether
other cortical regions were associated with lifetime social threat
severity. See online Supplementary material for methodological
details.

Statistical approach

We report the fixed-effect parameters of all cross-sectional and
longitudinal statistical models (Liidecke, Ben-Shachar, Patil, &
Makowski, 2020). Given concerns about degrees of freedom, we
included sex assigned at birth as an additional covariate in post-
hoc sensitivity analyses. All reported B values are standardized.
Finally, each of our statistical models met assumptions for linear
modeling (i.e. normality of residuals, homoscedasticity).
Significance was set at p <0.05 with false discovery rate (FDR)
correction (or=0.05). All statistical analyses were conducted in
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R v. 4.0.3 (R Core Team, 2020). See online Supplementary mater-
ial for methodological details.

Results

Descriptive statistics and zero-order correlations among study
variables

Demographic and clinical characteristics at baseline for the 57
participants are presented in Table 1. These participants did not
differ on any demographic or clinical characteristics from the
nine participants who were excluded due to missing data (all
ps>0.15). A correlation matrix of cross-sectional associations
between the main variables of interest is presented in online
Supplementary Fig. S2.

Social threat and depression severity

Higher reported lifetime social threat severity was associated
with greater depression severity both cross-sectionally at baseline
(8=0.37, prppr=0.005) and longitudinally over 9 months
(8=0.28, pppr = 0.027). See Table 2 and Fig. 2 for more details.
These results were significant at baseline when including sex as
a covariate (8=0.35, p=0.015, uncorrected) but not longitudin-
ally (8=0.22, p=0.065, uncorrected). See online Supplementary
Tables S1A and S1B. Including sex as a covariate did not signifi-
cantly improve model fit. See online Supplementary Tables S2A
and S2B.

Social threat and fronto-cingulate-limbic brain morphometry

Higher reported lifetime social threat severity was associated with
smaller bilateral amygdala (8= —0.39, prpr=0.020) and NAcc
GMVs (f=-0.35, pppr=0.020) but not with hippocampal
GMV (B8=-0.15, pgpr=0.318). Lifetime social threat severity
was not associated with either rACC or cACC cortical thickness
(all prpr > 0.475). In contrast, higher reported social threat sever-
ity was associated with smaller cACC and rACC surface areas
(CACCZ ﬁ = —034, PFDR = 0048, rACC: ﬁ = —033, PFDR = 0048)
See Tables 3 and 4.

When including sex as a covariate, higher reported lifetime
social threat remained significantly associated with both smaller
amygdala and NAcc GMVs (amygdala: f=-0.29, p=0.038,
uncorrected; NAcc: f=—0.30, p =0.036, uncorrected); however,
neither rACC nor cACC surface area was associated with lifetime
social threat severity after covarying for sex (all ps > 0.074, uncor-
rected). See online Supplementary Table S1C. Including sex as a
covariate significantly improved model fit for associations
between lifetime social threat severity and amygdala GMYV,
rACC surface area, and cACC surface area. See online
Supplementary Table S2C.

Specificity of effects to social threat

We tested whether the associations described above were specific
to lifetime social threat severity. As hypothesized, greater self-
reported non-social threat severity (total lifetime stressor severity -
total lifetime social threat severity) was associated with greater
depression severity cross-sectionally (8= 0.45, prpr = 0.002) and
over 9 months (§=0.27, pppr =0.027). See Table 2. Including
sex as a covariate did not change the significance of the effect
of non-social threat severity on RADS-2 at baseline ( p =0.005,
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Table 1. Descriptive statistics of participant demographic, clinical, and neural Table 1. (Continued.)

characteristics for the 57 participants with Adolescent STRAIN and structural

fMRI data at baseline

Variable

Descriptive statistics

Variable

Descriptive statistics

Over $100 000

41 (71.93%)

Demographic characteristics

Unknown/missing

4 (7.02%)

Age at V1 (years)

16.15 +1.32 (13.65-18.37)

Clinical characteristics

Time between V1 and V2
(days)

10.54 +5.71 (1-29)

RADS-2 total

80.95 + 12.45 (57-112)

Sex (female/male)

34 (59.65%)/23 (40.35%)

CDRS-R total

47.56+11.9 (26-81)

Age of current depressive

13.76 £ 2.26 (4-17)

Gender episode onset
Male 22 (38.60%) Number of depressive 1.82+1.4 (1-9)
episodes
Female 29 (50.88%)

Non-binary/other

6 (10.53%)

Sexual orientation

Current psychotropic
medication

27 (47.37%)

Antidepressant

19 (33.33%)

Straight/heterosexual 25 (43.86%) Antipsychotic 3 (5.26%)
LGBTQ+ 25 (43.86%) Stimulant 5 (8.77%)
Prefer not to say/missing 7 (12.28%) Benzodiazepine 1 (1.75%)

Ethnicity

Hispanic/Latinx

12 (21.05%)

Other?

10 (17.54%)

Not Hispanic/Latinx

45 (78.95%)

Concurrent therapy

18 (31.58%)

Therapyb

29 (50.88%)

Race Lifetime comorbidity©
White 27 (47.37%) Anxiety disorders 29 (50.88%)
Black/African American 2 (3.51%) Obsessive compulsive 3 (5.26%)
American Indian/Alaska 2 (3.51%) ClEICES

Native Eating disorders 4 (7.02%)
Asian 11 (19.30%) Disruptive, impulse 4 (7.02%)

Native Hawaiian/Pacific
Islander

0 (0%)

control, and conduct
disorders

Post-traumatic stress

9 (15.79%)

Multiracial 10 (17.54%) disorder
0,
Other 5 ) Attention-deficit/ 13 (22.81%)
Highest parental education hyperactivity disorder
Less than a high school 0 (0%) Other 1 (1.75%)
diploma Unknown/missing 4 (7.18%)
High school graduate or 1 (1.75%) Neural characteristics
equivalent
L . -
Some college (no degree) 6 (10.53%) ICV (divided by 1000) 1537.94 + 162.45 (1210-1860) [3]
Associate degree 2 (3.51%) Bilateral amygdala GMV 1700.64 + 173.69 (1316.35-2070.95) [3]

R amygdala GMV 1784.68 +177.20 (1427.4-2185.4) [3]

Bachelor’s degree 17 (29.82%)

L amygdala GMV 1616.59 + 191.58 (1205.3-2105.2) [3]

Master’s degree 19 (33.33%)

Bilateral hippocampus GMV 4198.24 +408.05 (3168.75-5038.70) [3]

Doctoral or professional 9 (15.79%)
degree R hippocampus GMV 4297.16 +426.50 (3453.7-5363.0) [3]
Unknown/missing 3 (5.26%) L hippocampus GMV 4099.31 +439.95 (2381.6-5011.1) [3]
Annual household income Bilateral NAcc GMV 541.78 + 75.09 (403.45-693.25) [3]
Less than $20000 3 (5.26%) R NAcc GMV 555.92 +76.07 (392.1-714.0) [3]
$20 000-$34 999 1 (1.75%) L NAcc GMV 527.65 + 88.46 (348.7-746.5) [3]
$35000-$49 999 1 (1.75%) Bilateral caudal ACC cortical 2.82+0.21 (2.29-3.38) [3]
$50 000-$74 999 4 (7.02%) thickness
$75 000599 999 3 (5.26%) R caudal ACC thickness 2.73+0.23 (2.22-3.49) [3]

(Continued) (Continued)

https://doi.org/10.1017/50033291722002239 Published online by Cambridge University Press


https://doi.org/10.1017/S0033291722002239

Psychological Medicine

Table 1. (Continued.)

Variable Descriptive statistics

L caudal ACC thickness 2.92+0.24 (2.37-3.55) [3]

Bilateral caudal ACC surface
area

683.25 + 103.40 (516-932) [3]

R caudal ACC surface area 746.89 + 154.32 (538-1121) [3]

L caudal ACC surface area 619.62 +116.12 (415-1061) [3]

Bilateral rostral ACC cortical
thickness

3.05+0.16 (2.69-3.46) [3]

R rostral ACC thickness 3.05+0.24 (2.65-3.74) [3]

L rostral ACC thickness 3.04+0.17 (2.73-3.61) [3]

Bilateral rostral ACC surface
area

734.96 + 114.69 (528.0-976.5) [3]

R rostral ACC surface area 619.54 +120.48 (415-910) [3]

L rostral ACC surface area 850.38 + 135.44 (590-1160) [3]

Note: All continuous values are reported as mean +s.o. (min-max). Numbers in brackets [ ]
indicate the number of missing or unusable responses. Categorical variables are reported as
percentage (count). Lifetime comorbidities (includes past and current reports integrated
across parent and child interviews) are reported as percentage (count). Abbreviations: V1,
visit 1; V2, visit 2; LGBTQ+, lesbian, gay, bisexual, transgender, queer; RADS-2, Reynolds
Adolescent Depression Scale, 2nd Edition; CDRS-R, Children’s Depression Rating Scale-
Revised; ICV, intracranial volume; R, right; L, left; GMV, gray matter volume; NAcc, nucleus
accumbens; ACC, anterior cingulate cortex.

2Other medications taken by participants, with () indicating count, include gabapentin (1),
lamotrigine (3), trazodone (4), prazosin (1), buspar (1), dextromethorphan (1), and
cannabidiol (1).

PTherapy indicates the percentage (count) of participants who reported attending therapy
sessions for their depression in the 2 months prior to their first visit.

“Lifetime comorbidity disorder groupings, with () indicating count for individual disorders:
anxiety disorders: panic disorder (3), social phobia (12), simple phobia (5), agoraphobia (2),
generalized anxiety disorder (21); eating disorders: anorexia nervosa (3), bulimia nervosa (0),
eating disorder not otherwise specified (3); disruptive, impulse control, and conduct
disorders: oppositional defiant disorder (2), conduct disorder (2); other disorders: autism
spectrum disorder (1), disruptive mood dysregulation disorder (1).

uncorrected) but did attenuate the significance of the effect on
RADS-2 longitudinally (p =0.062, uncorrected). A summary of
these analyses can be found in online Supplementary Tables
S1A and S1B. Including sex as a covariate did not improve
model fit. See online Supplementary Tables S2A and S2B.
Conversely, as hypothesized, lifetime non-social threat severity
was not associated with hippocampal, amygdalar, or NAcc
GMYV (all pgpr = 0.218) or with cACC or rACC surface areas or
cortical thickness (all pppg > 0.120), indicating that social threat
severity specifically affects gray matter morphometry of these
regions. Including sex as a covariate did not change the lack of
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a significant association for any of these effects (all ps > 0.109).
See online Supplementary Table S1D. Including sex as a covari-
ate significantly improved model fit for associations between
lifetime non-social threat severity and amygdala GMV, cACC
surface area, and rACC surface area. See online Supplementary
Table S2D.

Exploratory longitudinal mediation analyses

We conducted exploratory longitudinal analyses to examine
whether the subcortical and cortical regions that were signifi-
cantly associated with lifetime social threat severity also predicted
depressive symptom severity over 9 months. More specifically, we
constructed LME models testing the associations between baseline
rACC and cACC surface areas, NAcc and amygdala GMVs, and
depression symptoms over time. All structures were negatively
associated with depression symptoms over 9 months (all
PBs < —0.28, all prpr < 0.014). See Table 5 for details. After includ-
ing sex as an additional covariate, each of these structures were
still significantly associated with depression symptoms at baseline
(all ps <0.018, uncorrected), with only NAcc GMVs and cACC
surface areas associated with depression symptoms longitudinally
(NAcc: f=-0.24, p=0.037, uncorrected; cACC: f=-0.23,
p =0.045, uncorrected). See online Supplementary Tables S1E
and S1F. Including sex as a covariate significantly improved
model fit for associations between amygdala GMV, cACC surface
area, and rACC surface area and RADS-2 at baseline but did not
improve model fit for any of these models with RADS-2 longitu-
dinally. See online Supplementary Tables S2B and S2C.

As a follow-up to these longitudinal analyses, we conducted
post-hoc analyses to test whether the regions that demonstrated
significant associations with lifetime social threat severity - bilat-
eral baseline amygdala GMV, cACC surface area, NAcc GMYV,
rACC surface area - statistically mediated the association between
lifetime social threat severity and depression symptom severity
over 9 months. All of the indirect effects tested were significant
[amygdala: f=0.11, 95% CI (0.02-0.25); cACC: §=0.10, 95%
CI (0.008-0.23); NAcc: f=0.10, 95% CI (0.01-0.23); rACC:
B=0.09, 95% CI (0.006-0.217)]. See Fig. 3 for more details.

Specificity of effects to depression

Next, we tested whether the associations described above were
specific to depression severity by examining associations with self-
reported anxiety (MASC-2). We found that the effect of lifetime
social threat severity on MASC-2 scores at baseline and over

Table 2. Fixed effects estimated from linear models testing for associations between social and non-social threat severity with depression symptoms at baseline

(cross-sectional) and across nine months (longitudinal)

B S.E. 95% Cl t (df) Uncorrected p PFOR
Cross-sectional
Lifetime social threat severity 0.37 0.13 [0.12-0.62] 2.94 (56) 0.005** 0.005**
Lifetime non-social threat severity 0.45 0.13 [0.20-0.71] 3.56 (56) <0.001*** 0.002**
Longitudinal
Lifetime social threat severity 0.28 0.11 [0.06-0.50] 2.46 (53.23) 0.017* 0.027*
Lifetime non-social threat severity 0.27 0.12 [0.04-0.50] 2.27 (54.74) 0.027* 0.027*

For the longitudinal model, fixed-effects are estimated from a linear mixed-effects model that includes random intercepts and slopes. f8 refers to the standardized partial regression
coefficients. s.e., standard error; Cl, confidence interval; FDR, false discovery rate. *p <0.05, **p <0.01, ***p <0.001.
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Fig. 2. Summary of primary results. Scatterplot and fitted regression line illustrating the association between (a) lifetime social threat severity and depression
severity, (b) lifetime social threat severity and gray matter volumes of bilateral NAcc, (c) lifetime social threat severity and depression severity over the course
of the study (intraindividual average RADS-2 score across all timepoints), and (d) gray matter volumes of bilateral NAcc and depression severity over the course
of the study (intraindividual average RADS-2 score across all timepoints). NAcc, nucleus accumbens; RADS-2, Reynolds Adolescent Depression Scale, 2nd Edition;
T1, baseline.

9 months was similar to that of RADS-2 (baseline: f=0.43, severity were non-significant ( ps>0.214). See online Supplementary
P =0.002, uncorrected; longitudinal: = 0.37, p = 0.002, uncorrected) =~ Tables S3A and S3B.

and, in addition, that these effects were specific to lifetime social Amygdala and NAcc GMVs were significantly correlated with
threat severity in that all associations with non-social threat ~MASC-2 scores at baseline (amygdala: Bs=—0.27, p=20.033,

Table 3. Fixed effects estimated from linear models testing associations between social threat severity with subcortical gray matter volumes at baseline

B s.e. (B) 95% ClI t (df) Uncorrected p ProR

Bilateral

Amygdala —0.39 0.14 [-0.67 to —0.11] —2.79 (52) 0.007** 0.020*

Hippocampus —0.15 0.15 [-0.44 to 0.15] —1.01 (52) 0.318 0.318

NAcc —-0.35 0.14 [—0.63 to —0.08] —2.57 (52) 0.013* 0.020*
Lateralized

Right amygdala —0.39 0.14 [-0.67 to —0.11] —2.77 (52) 0.008** 0.016*

Left amygdala —0.35 0.14 [-0.63 to —0.06] —2.46 (52) 0.017* 0.023*

Right NAcc —0.47 0.13 [-0.73 to —0.20] —3.56 (52) <0.001*** 0.003**

Left NAcc —0.20 0.14 [—0.49 to 0.09] -1.39 (52) 0.172 0.172

Post-hoc lateralization analyses were only performed for structures exhibiting a significant bilateral effect. j refers to the standardized partial regression coefficients. Cl, confidence interval;
FDR, false discovery rate; NAcc, nucleus accumbens; s.t., standard error. *p <0.05, **p<0.01, ***p <0.001.
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Table 4. Fixed effects estimated from linear models testing associations between social threat severity with cortical thickness and surface area at baseline

B s.E. (B) 95% ClI t (df) Uncorrected p ProR
Bilateral
rACC surface area —0.33 0.14 [-0.61 to —0.05] —2.33 (52) 0.024* 0.048*
rACC cortical thickness 0.11 0.15 [-0.19 to 0.40] 0.72 (52) 0.475 0.475
cACC surface area —0.34 0.14 [-0.63 to —0.06] —2.40 (52) 0.020* 0.048*
cACC cortical thickness 0.13 0.14 [-0.15 to 0.42] 0.92 (52) 0.360 0.475
Lateralized
Right rACC surface area -0.33 0.14 [-0.61 to —0.04] —2.29 (52) 0.026* 0.082"
Left rACC surface area —0.26 0.14 [-0.55 to 0.02] —1.88 (52) 0.066" 0.088"
Right cACC surface area —0.30 0.14 [-0.59 to —0.01] —2.10 (52) 0.041* 0.082"
Left cACC surface area -0.21 0.15 [-0.50 to 0.08] —1.44 0.155 0.155

Post-hoc lateralization analyses were only performed for structures exhibiting a significant bilateral effect. j refers to the standardized partial regression coefficients. cACC, caudal anterior
cingulate cortex; Cl, confidence interval; FDR, false discovery rate; rACC, rostral anterior cingulate cortex; s.t., standard error. *p <0.05, **p <0.01, ***p <0.001.

Table 5. Fixed effects estimated from linear mixed-effects models testing associations between rACC surface area, cACC surface area, NAcc GMV, and amygdala GMV
with depressive symptoms (RADS-2 scores) longitudinally over 9 months

B s.E. (B) 95% Cl t (df) Uncorrected p ProR
Bilateral
rACC surface area —0.28 0.11 [-0.49 to —0.06] —2.56 (51.08) 0.014* 0.014*
cACC surface area —0.28 0.11 [—0.49 to —0.07] —2.63 (52.21) 0.011* 0.014*
NAcc GMV —-0.29 0.11 [-0.51 to —0.07] —2.58 (54.63) 0.013* 0.014*
Amygdala GMV —0.28 0.11 [-0.50 to —0.07] —2.60 (54.23) 0.012* 0.014*
Lateralized
Right rACC —0.33 0.10 [-0.53 to —0.13] —3.17 (50.67) 0.003** 0.024*
Left rACC —0.18 0.11 [-0.40 to 0.05] —1.54 (50.93) 0.130 0.149
Right cACC —0.26 0.11 [-0.47 to —0.05] —2.38 (52.78) 0.021* 0.042*
Left cACC —0.16 0.11 [-0.38 to 0.06] —1.41 (51.08) 0.166 0.166
Right NAcc —0.22 0.11 [~0.44 to 0.00] —1.95 (54.66) 0.056" 0.075
Left NAcc —0.29 0.11 [-0.51 to —0.08] —2.66 (53.15) 0.010* 0.027*
Right amygdala —-0.22 0.11 [—0.44 to —0.01] —2.03 (52.35) 0.047* 0.075
Left amygdala —0.30 0.11 [-0.51 to —0.09] —2.77 (55.30) 0.008** 0.027*

Post-hoc lateralization analyses were only performed for structures exhibiting a significant bilateral effect. j refers to the standardized partial regression coefficients. cACC, caudal anterior
cingulate cortex; Cl, confidence interval; FDR, false discovery rate; NAcc, nucleus accumbens; rACC, rostral anterior cingulate cortex; s.t., standard error. *p <0.05, **p <0.01, ***p <0.001.

uncorrected; NAcc: f=—0.39, p = 0.002, uncorrected). See online
Supplementary Table S3C. Similarly, amygdala and NAcc GMVs,
as well as cACC surface area, were significantly correlated with
MASC-2 scores over 9 months (all ps < 0.044, uncorrected). See
online Supplementary Table S3D for more details.

In addition, we found that only NAcc and amygdala GMVs
statistically mediated the association between lifetime social threat
severity and MASC-2 scores over 9 months. See online
Supplementary Table S3E for more details.

Exploratory whole-brain analyses

Finally, we conducted exploratory whole-brain analyses to further
interrogate these data. We found that greater lifetime social threat
severity was associated with lower cortical surface areas in the left
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fusiform gyrus, left inferior parietal region, left postcentral gyrus,
and right superior frontal surface area, lower cortical volumes in
the left fusiform gyrus, and left inferior parietal region. Consistent
with our original analyses, cortical thickness was not associated
with lifetime social threat severity. For more details, see online
Supplementary Table S4 and Fig. S3.

Discussion

Although separate lines of evidence have implicated exposure to
major life stressors in the onset and maintenance of depression
in adolescents, it is unclear how various types of stressors occur-
ring over the life course affect specific aspects of neural morph-
ology to influence the pathophysiology of adolescent depression.
We investigated this issue in the present study by examining
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Fig. 3. Summary of exploratory mediation analyses. Mediation model schematic illustrating associations between lifetime social threat severity, depression severity
over the course of the study (intraindividual average RADS-2 score across all timepoints), and the indirect effect of (a) rACC SA, (b) cACC SA, (c) amygdala GMV, and
(d) NAcc GMV. rACC, rostral anterior cingulate cortex; cACC, caudal anterior cingulate cortex; NAcc, nucleus accumbens; SA, surface area; GMV, gray matter volume;

ST, lifetime social threat severity.

how the perceived severity of social stressors occurring over the
lifespan was associated with gray matter morphometry in the
ACC, amygdala, hippocampus, and NAcc. We also investigated
whether the lifetime social threat severity and GMVs in these
fronto-cingulate-limbic regions were associated with severity of
depression symptoms at baseline and their persistence over 9
months. As hypothesized, greater lifetime social threat severity
was associated with more depression severity at baseline and
over the course of 9 months. Also consistent with our hypotheses,
greater lifetime social threat severity was associated with smaller
bilateral amygdala and NAcc GMV. Surprisingly, neither lifetime
social nor non-social threat severity was related to hippocampal
GMV.

Lifetime social threat severity was not related to cACC or
rACC cortical thickness but higher reported lifetime social threat
severity was associated with smaller bilateral surface areas in both
subregions. As hypothesized, NAcc and amygdala GMVs and
cACC and rACC surface areas were all associated with lifetime
social threat severity but were not related to non-social threat
severity, suggesting that these regions are differentially sensitive
to social threat severity. Finally, all fronto-cingulate-limbic struc-
tures that were associated with lifetime social threat severity were
also related to severity of depression over the course of 9 months.

These findings are generally consistent with prior cross-
sectional research examining associations among NAcc GMV,
social stressors, and depression in adolescents. For example, a
recent cross-sectional study of 78 depressed adolescents and 47
healthy controls found that NAcc GMV mediated the association
between peer problems (e.g. victimization and/or bullying) - one
common form of social stress experienced during adolescence -
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and adolescent depression (Lee et al., 2020). Consistent with
our findings regarding the specificity of the NAcc in linking social
stressors to depression in adolescents, Lee et al. did not find such
associations with amygdala or hippocampal GMVs. Notably,
however, they reported larger NAcc GMV in the depressed ado-
lescent group, which they interpreted as reflecting heightened sen-
sitivity to adverse peer relationships. These discrepant findings
between our study and Lee et al.’s investigation may be explained
in part by the fact that Lee et al. operationalized ‘peer problems’ as
the sum of peer victimization and bullying behaviors, obscuring
both whether these findings were driven by the victims or the
aggressors of adverse peer relationships, and the role of NAcc
in the context of social stress and adolescent depression.
Although we are unable to make mechanistic inferences due to
the correlational nature of our study, it is possible that the obser-
vation of smaller NAcc GMV as a function of lifetime social threat
severity may also be due to the fact that our sample (mean age:
16.15 years) was older than Lee et al’s sample (mean age:
14 years), suggesting that there is a loss in NAcc GMV experi-
enced across adolescence that may reflect the downstream effects
of stressor exposure, including inflammatory processes, on brain-
derived neurotropic factors and neuronal integrity (Felger and
Treadway, 2017) (for a more detailed overview of these processes,
see Walker et al., 2020). Although they did not examine social
threat severity specifically, Auerbach and colleagues (2022)
recently found smaller NAcc GMVs in adolescents with depres-
sion/anxiety relative to healthy controls and, furthermore, found
that smaller NAcc GMVs predicted depressive symptoms over 6
months. Similarly, in a study using the Adolescent Brain
Cognitive Development (ABCD) study dataset (N=11876),
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investigators compared subcortical GMVs in 9- and 10-year-old
children who were at high or low risk for depression based on par-
ental history of depression and found that high-risk children had
smaller right putamen and NAcc GMVs than did low-risk chil-
dren, which was driven primarily by the effects of a maternal his-
tory of depression on striatal structures in the right hemisphere
(Pagliaccio, Alqueza, Marsh, & Auerbach, 2020). In addition, in
a prospective longitudinal study, smaller NAcc GMVs in girls
ages 12-16 years predicted a diagnosis of MDD by age 18
(Whittle et al., 2014). Although we are unable to definitively dem-
onstrate that stressor exposure leads to insufficient growth or sus-
tained neuronal loss (as observed by reductions in gray matter
morphometry as measured by MRI) as opposed to delayed devel-
opment, our findings, while viewed in the context of these other
studies, suggest that smaller NAcc volumes are already present
prior to the onset of a depressive episode possibly due to stressor
exposure, and that these smaller NAcc volumes persist through-
out adolescence and may contribute to the maintenance of
depression as well as, potentially, anxiety disorders.

Other studies have also reported associations between depres-
sion and gray matter in mesial temporal structures, with more
nuanced associations between stress severity and these structures.
For instance, Rosso et al. (2005) reported smaller bilateral amyg-
dalar GMVs in children with depression compared to healthy
controls but no differences in hippocampal volumes. Similar to
Pagliaccio et al.’s (2020) findings described above, Saleh et al.
(2012) found in an adult cohort (18-65 years of age) that familial
risk for depression was associated with smaller amygdalar GMVss.
The effect of adolescent depression on the hippocampus, however,
remains inconsistent. Several researchers have found smaller hip-
pocampal GMVs (and hippocampal subfields) in adolescents with
depression as compared to healthy controls (e.g. MacMaster et al.,
2008; MacMaster & Kusumakar, 2004; Whittle et al., 2014), as
well as in adults with adolescent-onset depression (Ho et al.,
2022); however, others have not found these differences (e.g.
Pannekoek et al., 2014; Rosso et al., 2005). In our study, lifetime
stressor severity was not associated with hippocampal GMVs in
depressed adolescents. It may be that the timing of stress affects
hippocampal growth; indeed, there is evidence that stress expos-
ure during childhood (prior to age 6) has a disproportionate
impact on adolescent hippocampal volumes (Humphreys et al.,
2019). As recent reviews have highlighted (Ho & King, 2021;
Slavich, 2019; Teicher, Samson, Anderson, & Ohashi, 2016), stres-
sor exposure timing as well as stressor type need to be considered
when attempting to elucidate the effects by which life stressor
exposure influences brain regions implicated in adolescent
depression.

With respect to cortical structures, human neuroimaging
research has demonstrated that ACC morphology, and specifically
smaller surface area of the ACC, is a robust neurophenotype of
adolescent depression (e.g. Pannekoek et al, 2014; Schmaal
et al., 2017). Although smaller rACC volumes have been found
to be associated with depressive symptoms, including in subclin-
ical children (e.g. Boes et al., 2008), most research has not consid-
ered cortical morphology in the context of specific types of stress
(e.g. social threat) in adolescent depression. Our study advances
this area of research by demonstrating that lifetime social threat
severity in depressed adolescents is associated with smaller surface
area in rACC and cACC. Moreover, our findings that rACC and
cACC surface areas are significant mediators of associations
between stressors and depression symptoms - but not anxiety
symptoms - suggest there may be specificity with respect to
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cortical structures representing a pathway by which experiences
of social threat severity lead to depression. Broadly, our findings
are also consistent with previous studies demonstrating that mor-
phological characteristics of the ACC represent biomarkers of
depression that are predictive of treatment response (Boes et al.,
2018; Davey et al., 2021; Jamieson et al., 2022; Webb et al., 2018).

Although rACC volumes have been found to be negatively
associated with depression, including in children with subclinical
symptoms (e.g. Boes et al., 2008), most research has not consid-
ered finer-grained aspects of cortical morphology in the context
of adolescent stress and depression. This is critical, given that
changes in volumes could be due to changes in cortical thickness
or in surface area, or both. Whereas cortical thickness likely
reflects dendritic arborization and pruning and has been shown
to decrease linearly with age, surface area reflects cortical folding
and gyrification and has a curvilinear association with age, with
maximum area during adolescence and young adulthood (Storsve
et al, 2014; Wierenga, Langen, Oranje, & Durston, 2014).
Interestingly, cortical thickness and cortical surface area have
been found to have distinct genetic bases (Panizzon et al., 2009),
with the latter area exhibiting greater genetic heritability as well
as stronger effects from early environmental factors (Fjell et al.,
2019). Researchers have speculated that lower surface area could
therefore reflect pre-existing risk for depression in youth
(Schmaal 2019). Smaller ACC surface area specifically appears to
be a neurophenotype of adolescent depression (e.g. Pannekoek
et al,, 2014; Schmaal et al., 2017) but it is unclear if or how stressors
may influence this. Our study advances this area of research by
demonstrating that lifetime social threat severity in depressed ado-
lescents is associated with smaller surface area in rACC and cACC.

Our findings should be interpreted in light of several study
limitations. First, the sample size was modest, which may have
limited our statistical power to find significant effects that we
observed as non-significant. Second, given the disruption in
in-person data collection due to the COVID-19 pandemic, we
were only able to examine brain morphometry at a single time-
point, thereby limiting our ability to make inferences regarding
the extent to which life stressors influence neurodevelopment of
these structures and their sustained contributions to the severity
and persistence of depressive symptoms. This is especially rele-
vant for understanding the role of the NAcc as a potential medi-
ator of the association between social stressors and depression,
given evidence that the NAcc (as well as other striatal structures)
continues to mature throughout adolescence (e.g. Ernst et al,
2005; Herting et al., 2018; Parr et al.,, 2021) and is especially sen-
sitive to social stimuli (both positive and negative) during this
period of development (Foulkes & Blakemore, 2016). Third, for
ethical reasons, we did not manipulate exposure to life stressors
in these participants; consequently, the findings are correlational
in nature, preventing us from drawing causal inferences. Indeed,
subcortical regions (e.g. NAcc, amygdala) may already be smaller
in individuals at familial risk for depression (e.g. Pagliaccio et al.,
2020; Saleh et al., 2012). It is noteworthy, however, that studies
using animal models suggest causal relations among stress,
these neural structures, outcomes related to depression and
anxiety (e.g. Francis et al.,, 2015; Heshmati et al., 2020). Fourth,
the heterogeneity of depressive symptoms in adolescents
(Lamers et al., 2012) may reflect biological heterogeneity in
fronto-cingulate-limbic circuitry across subtypes of depression
(Buch & Liston, 2021); future studies should examine large,
diverse samples from which multimodal (e.g. neurobiological
and behavioral) longitudinal data can be obtained to explore
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factors related to stress, brain development, and the onset and
course of depression. Finally, although not studied in this sample,
we wish to highlight the potential role of social support in poten-
tially mitigating the negative effects of stress on depressive symp-
toms in adolescents (e.g. Rueger, Malecki, Pyun, Aycock, & Coyle,
2016; van Harmelen et al., 2016, 2017, 2021). To examine these
effects, we encourage future studies to investigate the extent to
which levels of social support — and which sources of social sup-
port — might attenuate the association between lifetime social
stressor severity and depressive symptoms in adolescents.

Despite these limitations, the present study has several
strengths. First, the longitudinal design of the study enabled us
to investigate how lifetime stressor exposure predicted depression
severity over the course of nine months and, in addition, how
these associations were mediated by gray matter morphometry
of stress-sensitive brain regions. Second, we assessed stressors
that occurred over the entire life course, which has rarely been
done (Slavich, 2019). Finally, our findings add to a growing litera-
ture indicating that associations between life stressors and neural
correlates of adolescent depression differ depending on the specific
types of stressors experienced (e.g. Andersen & Teicher, 2008; Ho &
King, 2021; Sheridan & McLaughlin, 2020; Slavich & Irwin, 2014).

Looking forward, it will be important for future research to
focus on understanding how social stressors specifically contribute
to the onset, course, and maintenance of adolescent depression.
Although non-social threat severity was also associated with
depression severity in our sample, this form of stress severity was
not associated with any of the brain regions we investigated, sug-
gesting that different neurobiological circuitry or processes are rele-
vant for encoding various forms of stressors. Delineating relations
between life stressors and depression in adolescence is particularly
important given that this is not only a developmental period of
increased risk for MDD, but also one when lifelong risk for this
burdensome disorder can still be effectively mitigated (Slavich &
Sacher, 2019; Twenge, Cooper, Joiner, Duffy, & Binau, 2019).
That said, depression is a clinically and biologically heterogeneous
disorder that differs in its biological etiology and response to treat-
ments, likely based in part on key facets of life stressors experienced
preceding a depressive episode (Ho & King, 2021). A critical future
research direction will be to examine other critical aspects of stress
exposures (e.g. acute v. chronic stressors, abuse v. neglect, frequency
v. count of stressors) and to test the extent to which these stressors
have differential neurobiological impacts based on the developmen-
tal stage of the individual.

In sum, the present findings elucidate how lifetime social threat
severity is related to fronto-cingulate-limbic morphometry in a
well-characterized sample of depressed adolescents. Consistent
with emerging work in this area, the social threat severity-sensitive
regions we identified may represent promising biomarkers asso-
ciated with the severity and possibly the persistence of depression
in adolescents (as well as with anxiety, a common comorbidity
with depression). Studies aimed at characterizing mechanisms by
which different types of life stressors alter neurodevelopment and
explain clinical heterogeneity are promising strategies needed to
understand MDD and inform the development of novel treatments
and interventions for this prevalent and costly disorder.
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be found at https://doi.org/10.1017/50033291722002239
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