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ARTICLE INFO ABSTRACT

Keywords: Self-referential processing (i.e., self-schemas that guide processing of self-descriptive information) emerges early
Self-referent encoding task in youth, with deeper encoding of negative self-descriptors and/or shallower encoding of positive self-de-
Depression scriptors causally linked to depression. However, the relationship between depressogenic self-schemas and brain
Cognitive vulnerability structure is unclear. We investigated associations between self-schemas and regional grey matter volume (GMV)
SGI\:?I matter volume in 84 never-depressed preadolescents oversampled for depression risk based on maternal depression history.
PreZdolescent Self-schemas were assessed using a Self-Referent Encoding Task (SRET) and regional GMV was indexed via

voxel-based morphometry analysis of structural magnetic resonance imaging data. Youths’ positive self-schemas
were associated with greater regional GMV within the ventrolateral prefrontal cortex (vIPFC) and posterior
cingulate cortex (PCC), while negative self-schemas were associated with smaller regional GMV within vIPFC
and PCC, areas important to emotion regulation and self-referential processing. These associations remained
significant after controlling for youths’ concurrent depressive symptoms. Exploratory mediation analysis sug-
gested that adolescents’ depressogenic self-schemas may mediate associations between GMV and depressive
symptoms. Our findings suggest that the observed GMV variations within vIPFC and PCC may serve as neuro-

biological markers of depressogenic self-schemas during preadolescence.

1. Introduction

Cognitive theories of depression contend that cognitive vulner-
abilities, including biased self-schemas, play a causal role in the de-
velopment of depression (Beck, 2008). Self-schemas (or self-referential
processing), an aspect of normative self-knowledge, are conceptualized
as early emerging, latent cognitive constructs that guide the processing
of positive and negative personal information as related to the self
(Northoff et al., 2006). Depressogenic patterns of self-schemas (i.e.,
more negative and/or less positive) are associated with both concurrent
and prospective depressive symptoms in clinical samples of depressed
adults and adolescents (e.g., Auerbach et al., 2015; Dobson and Shaw,
1987; Kuiper and Derry, 1982; Prieto et al., 1992) and in non-clinical
samples of youth (Goldstein et al., 2015; Gotlib et al., 2006; Hayden
et al., 2006, Hayden et al., 2008, Hayden et al., 2013, Hayden et al.,
2014; Jacobs et al., 2008; Mackrell et al., 2013; Speed et al., 2016). This
literature supports the validity and utility of self-schemas as an early
predictor of depression and its potential as a target for early prevention.

Research on the neural correlates of self-referential processing is
limited in children, although this knowledge is important for under-
standing the etiology of depression (Disner et al., 2011). When asses-
sing depressogenic self-schemas, the self-referent encoding task (SRET;
Derry and Kuiper, 1981; Kuiper and Derry, 1982) is one of the best-
established paradigms. In SRET, participants are shown a series of
words describing negative and positive traits and indicate whether they
want to endorse each word as self-descriptive; next, they are un-
expectedly asked to recall as many of the presented words as possible.
Based on performance on SRET, positive and negative self-schemas are
typically indexed by proportion of positive or negative words both
endorsed and recalled, i.e., positive or negative SRET scores, with lower
positive and higher negative scores considered as depressogenic. This
paradigm is especially valuable for studying children, who may be
limited in capacity to self-report on more complex aspects of the self.
Linking SRET scores to potential neural markers of depression risk may
be valuable, given that neural markers of risk during childhood may
emerge earlier than depressive symptoms and show greater sensitivity
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than behavioral measures in tapping risk, permitting the detection of
early risk processes prior to overt manifestations (Manoach and Agam,
2013). In developmental studies, it is not uncommon to identify neural
markers of risk in the absence of behavioral correlates, especially in
children without disorder (Fu et al., 2017; Thai et al., 2016). Under-
standing the neural substrates of cognitive risk can therefore potentially
inform early brain-based prevention/intervention for depression.

Functional magnetic resonance imaging (fMRI) has been used to
characterize the neural substrates of normative and depressive self-re-
ferential processing. Normative self-referential (versus other-refer-
ential) processing typically activates the cortical midline structures,
including the medial prefrontal cortex (mPFC), cingulate cortex (CC),
precuneus, as well as certain fronto-limbic regions (e.g., hippocampus)
in non-depressed adults (see meta-analyses; Denny et al., 2012; Hu
et al., 2016; Northoff et al., 2006) and typically developing youth
(Pfeifer et al., 2007, 2009; Pfeifer and Blakemore, 2012; Pfeifer and
Peake, 2012; Romund et al., 2017). In depressed adults and adolescents,
heightened activation during SRET have been reported within these
regions (Bradley et al., 2016; Ramel et al., 2007; see review Nejad et al.,
2013). Recently, we found similar patterns of heightened activation
during SRET in never-depressed preadolescents oversampled for de-
pression risk based on a maternal history of depression. Compared to
youth without maternal depression, high-risk youth showed greater
activation in mPFC and ventrolateral PFC (vIPFC) during positive self-
referential processing, although no association was found between fMRI
activity and performance on SRET (Liu et al., 2020). Thus, maladaptive
patterns of functional brain activity related to self-referential processing
may emerge prior to disorder, serving as a neurobiological predictor or
mediator of depression vulnerability.

Compared to the fMRI literature, less is known about the neural
structural correlates of normative or depressogenic self-schemas, par-
ticularly in youth. Neurocognitive functions are subserved by the neu-
roanatomical architecture of the brain (Stiles and Jernigan, 2010);
structural variations in regions supporting self-referential processing
may also contribute to depressogenic self-schemas in important ways.
The lack of structural research is also surprising given the methodolo-
gical advantages of structural MRI (sMRI) measure, which render this
measure especially useful for studying youth. During task-fMRI, it may
be challenging for children to remain still while performing a task;
during sMRI, in contrast, children merely focus on staying still without
any task, which may reduce head motion and thus increase the relia-
bility of data (de Bie et al., 2010; Raschle et al., 2012). sMRI also avoids
a potential problem of task-fMRI that a specific task may fail to elicit
expected activation in all participants; this consideration is especially
important in studying children given their greater inter-individual
variability during the development of neural function (Church et al.,
2010).

While not studies of self-schemas, SMRI has been used to study as-
sociations between grey matter volume (GMV) and depression. Overall,
clinically depressed adults and youth show reduced GMV in distributed
regions including PFC, anterior cingulate cortex (ACC), amygdala, and
hippocampus (see meta-analyses Arnone et al., 2016; Bora et al., 2012;
Lai, 2013; Peng et al., 2016; Sacher et al., 2012; Schmaal et al., 2017),
although inconsistent findings have also been reported, potentially due
to the heterogeneity of the depressed participants used in past work
(e.g., treatment status; Amico et al., 2011; Besteher et al., 2019; Li
et al.,, 2015, 2017; Merz et al., 2018). In non-depressed youth, sub-
threshold depressive symptoms were associated with smaller GMV in
vmPFC, ACC, and caudates (Boes et al., 2008; Vulser et al., 2015).
Unsurprisingly, these regions, mostly within the cortical midline
structures and fronto-limbic system, overlap with those subserving self-
referential processing identified in fMRI studies, which demonstrate
altered activation in individuals with depression or depression risk
(e.g., Bradley et al., 2016; Liu et al., 2020; Nejad et al., 2013; Ramel
et al., 2007). Therefore, the structural characteristics of these regions
may also be associated with depressogenic self-schemas in youth.
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Given this literature, we conducted the first study to examine the
concurrent association between depressogenic self-schemas and re-
gional GMV (in the same sample of preadolescents characterized in Liu
et al., 2020). As described earlier, while these youth had no history of
depressive disorders, we selectively oversampled youth of mothers with
a lifetime history of depression, a well-established marker for offspring
development of depression (Goodman et al., 2011). Indeed, previous
work found that compared to their low-risk peers, never-depressed
youth of parents with a lifetime history of depressive disorders showed
decreased volume in amygdala (Chai et al., 2015) and hippocampus
(Chen et al., 2010), as well as decreased grey matter density in hip-
pocampus (Chen et al., 2010). While diagnosable depression is rela-
tively rare during pre- and early adolescence, this stage is characterized
by increases in depressive symptoms (Costello et al., 2003; Pine et al.,
1998) and marked changes in self-knowledge and brain maturation
(Arain et al., 2013); it thus represents a unique window to examine
early risk processes not confounded by clinical disorder. Building on the
sMRI literature on depression and fMRI studies on self-referential pro-
cessing, we focused on seven a priori ROIs, including three cortical
midline structures important for self-referential processing (CC, vinPFC,
precuneus) and four fronto-limbic regions commonly involved in
emotion processing and regulation (amygdala, hippocampus, vIPFC,
and dorsolateral PFC [dIPFC]). Given that these ROIs involve both
cortical and subcortical regions, we used GMV, a metric that can be
used for both cortical and subcortical structures (rather than other
metrics such as cortical thickness that can only be used for cortical
regions). Further, GMVs of cortical regions are thought to be influenced
by, hence associated with, both cortical thickness and surface area,
while cortical thickness and surface area are relatively independent of
each other (Winkler et al., 2010). Thus, GMV may capture structural
characteristics across broader regions and dimensions compared to the
other two indices.

Based on previous work showing an association between reduced
GMV and heightened depressive symptoms in non-depressed youth
(Boes et al., 2008; Vulser et al., 2015), we hypothesized that de-
pressogenic self-schemas (i.e., lower positive or higher negative SRET
scores) would be associated with smaller regional GMV within a priori
ROIs; we also expected youth with maternal depression to show smaller
GMV compared to those without maternal depression. In hypothesis
testing, we used voxel-based morphometry (VBM) analysis in con-
junction with non-parametric permutation test constrained within a
priori ROIs. While traditional volumetric analysis requires manual de-
lineation of ROIs and indexes the global volume of gross anatomical
regions, VBM provides an automated, unbiased, and more efficient
approach with greater sensitivity to individual differences in regional
GMV (Kurth et al., 2015). The permutation test is not constrained by
assumptions of the data and has validity in broader situations (Holmes
et al., 1996; Nichols and Holmes, 2002).

Additionally, toward the goal of developing a conceptual model for
future study, we conducted exploratory, theory-driven mediation ana-
lyses, where GMV within a priori ROIs support the development of self-
schemas, which in turn predict depressive symptoms (GMV — self-
schemas — depressive symptoms; Fig. 1). Given our cross-sectional
data, the goal in conducting these analyses was not to test directional or
causal associations; rather, we present these analyses with the goal of
informing future, longitudinal research by providing estimates of effect

Positive (or negative)

SRET scores
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Fig. 1. Conceptual mediation model.
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sizes of model paths.
2. Material and methods
2.1. Participants and procedures

Participants were recruited from a longitudinal cohort that began at
age 3. At baseline, children with major medical or psychological con-
ditions were excluded, and normative cognitive development was ver-
ified by the Peabody Picture Vocabulary Test (Dunn and Dunn, 2007;
Mean = 111.94, SD = 14.32). In this study, we oversampled children
with heightened depression risk based on the depression history of their
mothers, who had been assessed for lifetime psychopathology using the
Structured Clinical Interview for DSM-IV-TR Axis I Disorders Non-Pa-
tient Edition (First et al., 1997; Kappa = 1.00, n = 10). Overall, 229
families were contacted, 110 were enrolled, and 87 children partici-
pated (49 boys; Mgge = 11.09, SD = 0.66; 96.6% White). Of these, 29
youth (17 boys) had a maternal history of recurrent (minimum two)
major depressive episodes (n = 26), or one major depressive episode
and a serious anxiety disorder' (n = 3), given that both patterns mark
risk for offspring depression (Barnett et al., 1991; Goodman et al.,
2011). Depressive symptoms were measured by maternal report using
the withdrawn-depressed subscale (Cronbach’s a = 0.70) of Child Be-
havior Checklist (CBCL; Achenbach and Rescorla, 2001) and youth self-
report on Children’s Depression Inventory (CDI, Kovacs and Staff, 2003;
Cronbach’s a = 0.82). Youth were screened for current or lifetime
depressive disorder via the Kiddie Schedule for Affective Disorders and
Schizophrenia, Present and Lifetime version (KSADS; Kaufman et al.,
1997), conducted with both the primary caregiver and the child (100%
interrater agreement, n = 11). No child had lifetime or current de-
pressive disorder?.

sMRI data were collected at the UWO Centre for Functional and
Metabolic Mapping on a Siemens Magnetom Prisma fit 3 T scanner with
a 32-channel head coil. High-resolution T1-weighted structural images
were acquired using a magnetization-prepared rapid gradient-echo se-
quence (TR = 2300 ms, TE = 2.98 ms, TI = 900 ms, flip angle = 9°,
192 slices, FOV = 256 mm, voxel = 1 mm?). Following sMRI session,
youth completed a SRET in the scanner. In this study, we used the
behavioral metrics generated by this SRET as a measure of self-schemas.

Following common practice (Auerbach et al., 2016, 2015; Goldstein
et al., 2015; Gotlib et al., 2006; Hayden et al., 2006, 2008, 2013, 2014;
Jacobs et al., 2008; Mackrell et al., 2013; Prieto et al., 1992; Speed
et al., 2016), youth first watched an age-appropriate, 3-minute sad
movie clip (The Neverending Story) to induce dysphoric mood, which is
thought necessary to activate latent cognitive vulnerability (Abela and
Hankin, 2008). Youth rated their mood before and after watching the
clip on a 5-point scale (1 = very sad, 5 = very happy). Comparing their
ratings pre- (M = 3.72, SD = 0.75) and post-induction (M = 2.18,
SD = 0.76) indicated that mood induction was effective, t{(83) = 15.68,
p < .0l. Youth with and without maternal depression did not differ in
mood change from pre- to post-induction, p = .88.

Youth next completed a SRET in the scanner, which was adopted
from the standard SRET commonly used in the developmental literature
(Auerbach et al., 2015, Auerbach et al., 2016; Goldstein et al., 2015;
Gotlib et al., 2006; Jacobs et al., 2008; Mackrell et al., 2013; Prieto
et al., 1992; Speed et al., 2016). To ensure that all words could be

! We excluded specific phobia and social anxiety limited to public speaking
given that these are less heritable, less impairing, and potentially weaker
markers of children’s internalizing risk (Kendler et al., 1992).

2Based on KSADS, of the 87 children that participated in this study, nine
children met criteria for an anxiety disorder, eight children met criteria for
attention-deficit/hyperactivity disorder, six met criteria for conduct disorder or
oppositional and defiant disorder, and one for adjustment disorder. Diagnostic
status was unrelated to missing MRI data (i.e., none of the three excluded
children met criteria for any disorders).
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properly understood by all youth, we selected 28 trait adjectives (12
positive, e.g., smart; 12 negative, e.g., lazy; four neutral, e.g., tall) at
Grade Three level or lower, with age-specific word frequency matched
across valences (Warren et al., 1973). This number of stimuli is com-
parable to those used in previous studies with children of similar age
(e.g., Goldstein et al., 2015; Hayden et al., 2006, Hayden et al., 2013;
Liu et al., 2020).

The 28 adjectives were organized into seven blocks, each with four
words of the same valence (one neutral, three positive, and three ne-
gative blocks). The task started and ended with the neutral block to
eliminate primacy and recency effects. Between neutral blocks, alter-
nating positive and negative blocks were presented both visually and
aurally in fixed order. Each word was visually presented for 4 s, fol-
lowed by a 0.5 s fixation. Each block was followed by a 10 s-interval.
For each word, youth pressed a button to indicate whether they en-
dorsed this word as self-descriptive (“Is this word like or not like you?”
pointer finger = yes, middle finger = no). Following the endorsement
task, they were unexpectedly asked to recall as many of the presented
words as possible for up to two minutes. The fMRI data collected during
SRET have been reported elsewhere (Liu et al., 2020).

2.2. Calculation of SRET metrics

Following standard scoring of SRET (Auerbach et al., 2015, 2016;
Derry and Kuiper, 1981; Dobson and Shaw, 1987; Goldstein et al.,
2015; Gotlib et al., 2006; Hayden et al., 2006, 2008, 2013, 2014; Jacobs
et al., 2008; Kuiper and Derry, 1982; Mackrell et al., 2013; Prieto et al.,
1992; Speed et al., 2016; Wisco, 2009), words both endorsed and re-
called by children were used to calculate a positive SRET score (number
of positive words endorsed and recalled/all words endorsed) and a
negative SRET score (number of negative words endorsed and recalled/
all words endorsed). As is typical in SRET studies of children (Goldstein
et al., 2015; Hayden et al., 2006, Hayden et al., 2008, Hayden et al.,
2013, Hayden et al., 2014; Mackrell et al., 2013), 50 children did not
endorse and recall any negative words, leading them to receive a ‘zero’
for their negative SRET scores; thus, non-parametric permutation tests
were used to account for the non-normal distribution of the data. Seven
children’s SRET scores were missing due to software error. These data
were missing completely at random according to Little’s test (Little,
1988), Xz = 29.32, df = 46, p = .97, and subjected to multiple im-
putation (R mice package; van Buuren and Groothuis-Oudshoorn,
2011). Variables used in Little’s test and imputation included age, sex,
risk group, SRET scores, child-report and maternal-report symptoms,
mood ratings before and after induction. We imputed positive and ne-
gative SRET scores by running 50 imputations with 10 iterations each
and averaged data across the 50 imputed datasets for subsequent ana-
lysis®.

In addition, we also calculated the average response times (RTs) of
four categories, (1) positive endorsed, (2) positive rejected, (3) negative
endorsed, and (4) negative rejected, with faster RTs indicating greater
ease with which participants determined whether the trait was self-
descriptive (Derry and Kuiper, 1981; Kuiper and Derry, 1982). Speci-
fically, faster RTs to positive words endorsed and negative words re-
jected reflect are thought to reflect lower cognitive vulnerability; faster
RTs to positive words rejected and negative words endorsed reflect
greater vulnerability (Derry and Kuiper, 1981; Kuiper and Derry, 1982).
One child had an overall average RT > 3SD above the grand mean and
had the RTs for each category replaced by 2SD + Mean. Thirty-three
youth (out of the 50 with a negative SRET score of zero) did not endorse
any negative words and 24 did not reject any positive words, thus
having no RTs for these categories. However, given that endorsing no
negative words and rejecting no positive words is likely meaningful

3 The same analyses were conducted on the original, unimputed data, which
yielded highly similar results, albeit with weaker effects.
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Table 1
Mean, SD, and bivariate correlation for major variables.
Mean  (SD) 1 2 3 4 5 6 7 8 9 10 11 12
1 Maternally reported depression 1.3 (-1.78)
2 Self-reported depression 5.02 (—5.30) 0.45"
3 Positive SRET scores 0.31 (-0.15) -0.48" -0.50""
4 Negative SRET scores 0.04 (—0.06) 0.19 0.30" -0.30"
5 RT positive endorsed (ms) 1371.8 (-291.61) 0.23% 0.04 —-0.14 -0.19
6  RT positive rejected (ms) 1954.6 (—703.88) —0.08 —0.26" 0.30% -026  0.34*
7  RT negative endorsed (ms) 1692.3 (-453.06) -0.13 —0.16 0.14 0.02 0.49"" 0.47"
8  RT negative rejected (ms) 1323.9 (-282.97) 0.15 0.25* -0.23*  0.22 0.58" 0.24% 0.35*
9  Positive SRET_VIPFC 0.54 (0.09) -0.21%  -0.27* 0.36" -0.11 014  0.30* 0.19 0.04
10 Positive SRET_PCC 0.69 (0.09) -0.21"  -0.21* 0.33" -0.21* 0.01 0.21 0.20 0.08 0.42"
11 Negative SRET left vIPFC 0.66 (0.07) -0.26* —0.20" 0.10 -0.27* 0.09 0.09 -0.04 0.05 0.51"" 056"
12  Negative SRET right vIPFC 0.62 (0.08) -0.17  -0.25* 0.09 -0.28* 013 017 -0.06 -0.01 051" 037" 076"
13 Negative SRET_PCC 0.80 0.12) -0.24* —-0.16 0.18 -0.29" 006 012 0.14 0.02 0.32” 0.66™" 0607 047"

Italicized: non-parametric correlation used for negative SRET scores.
“p<.01;*p<.05 *0.05 < p < .10.

SD: standard deviation; RT: response time; SRET: Self-Referent Encoding Task; vIPFC: ventrolateral prefrontal cortex; PCC: posterior cingulate cortex.

(i.e., such patterns reflect less negative or more positive self-schemas),
these RT data were not imputed. Given the reduced sample size for
analyses using these variables, results should be regarded as ex-
ploratory.

2.3. sMRI processing and analysis

SMRI processing and analysis were conducted using the
Computational Anatomy Toolbox (Dahnke and Gaser, 2017) of SPM12
(Wellcome Trust Center for Neuroimaging, London, UK). T1-weighted
structural images were first corrected for bias, noise, and global in-
tensity; corrected images were then spatially normalized to the MNI152
template using the DARTEL algorithm (Ashburner, 2007). Next, nor-
malized images were segmented into gray matter, white matter, and
cerebrospinal fluid (Ashburner and Friston, 2000, Ashburner and
Friston, 2005). The normalized images were modulated by multiplying
the voxel values with the Jacobian determinant derived from spatial
normalization, generating images that indicate the absolute amount (or
volume) of the GM tissue (Good et al., 2001). Total intracranial volume
(ICV) was calculated for each individual during segmentation and was
used to control for head size in subsequent analysis (Greve, 2011). Fi-
nally, all scans were smoothed with a 6-mm Gaussian kernel and re-
sampled into 1.5 mm? voxel size. Quality assurance was conducted via
visual inspection and an automated quality check protocol embedded in
CAT12. Together, 84 of the 87 participants provided usable sMRI data
(one had braces, one withdrew before completion, one had excessive
motion).

In VBM analysis, we initially tested two multiple regression models
with positive (or negative) SRET scores and maternal risk group as two
predictors, with child age, sex, and ICV as covariates. Children of mo-
thers with and without a history of depression did not differ in regional
GMV within the a priori ROIs, nor did maternal depression history in-
teract with SRET scores in predicting GMV (i.e., no cluster was formed
at the p < .001 threshold or survived the cluster-wise family-wise
correction of 0.05, ps > 0.11); therefore, we dropped these two pre-
dictors (‘group’ and ‘group X SRET scores interaction’) from the model
to conserve power and increase parsimony. Results of the full model are
presented in the Supplement, which demonstrated highly similar effects
of SRET scores as those reported in the main text.

To increase sensitivity of analysis, we constrained our analysis
within seven hypothesis-driven, a priori ROIs (Automated Anatomical
Labeling; Tzourio-Mazoyer et al., 2002), including cortical midline
(vimPFC, CC, precuneus) and fronto-limbic regions (bilateral amygdala,
hippocampus, vIPFC, dIPFC). Instead of the traditional parametric
analysis, we took a non-parametric statistical approach in both models

by running 5000 permutations within each a priori ROI (Statistical
nonParametric Mapping toolbox version 13; Nichols and Holmes,
2002). Unlike parametric test, non-parametric permutation testing is
applicable to a broader range of situations with minimal assumptions of
the data (Holmes et al., 1996; Nichols and Holmes, 2002), and can
therefore account for the non-normal distribution of the negative SRET
scores in this study. In the permutation test, clusters were first formed
at a threshold of uncorrected p < .001; next, clusters that survived a
family-wise error correction of 0.05 were identified as significant. For
each significant cluster, indicators of GMV were extracted from each
model for subsequent data plotting and post-hoc analysis (SPSS 24.0.1,
IBM, Armonk, NY).

2.4. Exploratory mediation analysis

We conducted exploratory mediation analysis (PROCESS; Hayes,
2013) to examine our conceptual model (GMV — self-schemas — de-
pressive symptoms; Fig. 1). Mediation models were run for positive and
negative self-referential conditions separately, which included the re-
gional GMV of significant clusters identified in VBM as the predictor,
positive (or negative) SRET scores as the mediator, and youth symp-
toms (maternally reported or youth self-reported) as the outcome. An
alternative model was also tested by switching the predictor and
mediator in the primary model (i.e., self-schemas — GMV — depressive
symptoms). The bootstrapping technique used by PROCESS accom-
modates the non-normal distribution of the negative SRET scores (Pek
et al., 2018).

3. Results
3.1. Descriptives of, and correlations between, behavioral variables

Table 1 presents the means, SDs, and bivariate correlations for
major variables for descriptive purposes. Maternally reported youth
symptoms were associated with lower positive SRET scores, while
youth-reported symptoms were associated with both lower positive,
and higher negative, SRET scores. Youth-reported symptoms were as-
sociated with slower RTs in rejecting negative words, and marginally
associated with faster RTs in rejecting positive words. Maternally re-
ported symptoms were marginally correlated with slower RTs in en-
dorsing positive words. These patterns indicate that the SRET metrics
are tapping meaningful variation in risk for depression. Positive and
negative SRET scores were negatively correlated with each other. Po-
sitive SRET scores were associated with slower RTs in rejecting positive
and faster RTs in rejecting negative words.
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(A). Left VIPFC, 255 voxels, peak MNI = [-20, 53, -11], 7(79) = 4.68, cluster-level p-FWE = .008.

80

GMV of the left VIPFC cluster

GMV of the PCC cluster

00 20 40 60

Positive SRET score

1(79) = 4.17, cluster-level p-FWE = .022.

1.00

00 20 40 80

Positive SRET score

Fig. 2. Significant clusters within (A) vIPFC and (B) PCC identified in non-parametric permutation test with positive SRET scores as the predictor. Brain images are
displayed in accordance with the neurological convention (left is left); color map indicates T values; MNI: Montreal Neurological Institute coordinates.

3.2. GMV results

Figs. 2 and 3 present the GMV results of the non-parametric per-
mutation tests in VBM analysis. Specifically, positive SRET scores pre-
dicted the regional GMV of a cluster within left vIPFC and a cluster
within PCC (Fig. 2); negative SRET scores predicted the regional GMV
of two clusters within vIPFC and a cluster within PCC (Fig. 3). Indices of
regional GMV were extracted from the permutation models for each
significant cluster and plotted in the figures, which demonstrated that
positive SRET scores were positively associated with the GMV of the
vIPFC and PCC clusters (Fig. 2), and negative SRET scores were nega-
tively associated with the GMV of the vIPFC and PCC clusters (Fig. 3).4

3.3. Associations between GMV, SRET performance, and symptoms

As shown in Table 1, youth depressive symptoms were generally
associated with smaller regional GMV in significant clusters. For posi-
tive self-referential condition, youth self-reported symptoms were sig-
nificantly associated with smaller regional GMV of the vIPFC cluster
and marginally associated with lower GMV of the PCC cluster; mater-
nally reported symptoms were marginally associated with smaller GMV
of both the vIPFC and PCC clusters. For negative self-referential con-
dition, maternally reported symptoms were significantly associated
with smaller regional GMV of the left vIPFC and PCC clusters; youth
self-reported symptoms were correlated with smaller GMV of the right

4 We re-ran the analysis with youth depressive symptoms included as another
covariate, which yielded highly similar results (see Supplement).

VIPFC cluster and marginally correlated with smaller GMV of the left
vIPFC cluster. GMV of the vIPFC cluster identified in the positive self-
referential condition was also associated with slower RT in rejecting
positive words.

3.4. Results of exploratory mediation analysis

Table 2 presents the results of exploratory mediation analysis
testing the primary conceptual model (GMV — self-schemas — symp-
toms). For negative self-referential processing, two significant clusters
were identified within vIPFC that were strongly positively correlated
with each other; therefore, we computed the average GMV of these two
clusters and used the mean value as the predictor in mediation testing.
The results showed that overall, simple paths a (GMV — SRET scores)
and b (SRET scores — symptoms) were all significant in the expected
directions, except for the associations between negative SRET scores
and maternally reported symptoms. The direct effects (¢) of GMV on
symptoms were not significant. The mediating effect (indirect path ab)
of positive SRET scores was significant for the associations between
GMV of the vIPFC and PCC clusters and depressive symptoms, both
maternally reported and youth self-reported. The mediating effect of
negative SRET scores was significant for the links between GMV of
vIPFC and PCC clusters and youth self-reported symptoms, but not
maternally reported symptoms. Testing the alternative model (self-
schemas — GMV — symptoms) yielded no significant mediating effect
(see Supplement). This provides preliminary support for the notion that
GMV alterations may contribute to the development of depressogenic
self-schemas, which in turn predict depressive symptoms (cf. the



P. Liu, et al.

NeuroImage: Clinical 28 (2020) 102422

(A). Left vIPFC, 283 voxels, peak MNI = [-23, 35, -18], 7(79) = 4.30, cluster-level p-FWE = .007,
right VIPFC, 479 voxels, peak MNI = [24, 27, -20], T(79) = 4.67, cluster-level p-FWE = .003.

GMV of the VIPFC clusters

0 e * Left ¥PFC
4 Right iIPFC

Negative SRET score

(B). PCC, 692 voxels, peak MNI = [-3, -30, 41], 7(79) = 4.79, cluster-level p-FWE = .001.

GMV of the PCC cluster

120

40

Negative SRET score

Fig. 3. Significant clusters within (A) vIPFC and (B) PCC identified in non-parametric permutation test with negative SRET scores as the predictor. Brain images are
displayed in accordance with the neurological convention (left is left); color map indicates T values; MNI: Montreal Neurological Institute coordinates.

alternative model).
4. Discussion

We investigated associations between depressogenic self-schemas
and regional GMV in never-depressed preadolescents oversampled for
depression risk based on maternal psychiatric history. Youths’ positive
SRET scores were positively associated with regional GMV in clusters
within vIPFC and PCC, and negative SRET scores were negatively as-
sociated with GMV within vIPFC and PCC. These patterns are consistent
with a small literature indicating that non-depressed adolescents’ sub-
threshold depressive symptoms were associated with lower GMV in
regions including PFC, CC, caudate, amygdala, and hippocampus (Boes
et al., 2008; Vulser et al., 2015). We extended this literature by showing
that, in never-depressed preadolescents, smaller regional GMV within
cortical midline structures and prefrontal regions is associated with
greater cognitive vulnerability, i.e., depressogenic self-schemas. These
associations remained significant after controlling for youths’ con-
current depressive symptoms (see Supplement), indicating that the
observed GMV alterations may be a unique neurobiological marker of
early depressogenic cognitive vulnerability.

Our findings extend a growing literature that shows associations
between GMV characteristics and cognitive phenotypes relevant to
depression and other psychopathology, which has been mostly con-
ducted in adults (Kanai and Rees, 2011). A positive association was
reported between adults’ GMV in PFC and cognitive control (Chen
et al., 2015; Wang et al., 2015) as well as self-esteem (Agroskin et al.,

2014). Healthy adults with greater rumination, another depressogenic
cognitive vulnerability, showed smaller GMV in vIPFC, ACC, and PCC
(Kiithn et al., 2012). Our findings are consistent with this literature and
further indicate that this brain-behavior association emerges earlier in
development than previously realized.

The observed associations between depressogenic self-schemas and
regional GMV within vIPFC and PCC suggest that smaller GMV in these
regions may reflect a less adaptive pattern of GM maturation in youth.
The development of GM follows a curvilinear trajectory, roughly
characterized by an early, rapid growth, followed by a plateau and
subsequent decrease that reflects synaptic and neuronal pruning
(Giedd, 2004; Giedd et al., 1999; Giorgio et al., 2010; Paus, 2005).
However, trajectories of brain development appear to vary across brain
regions; for example, compared to subcortical structures (e.g., amyg-
dala) that tend to mature earlier, cortical regions, such as PFC and CC,
typically show a prolonged, extended course of maturation that con-
tinues through early adulthood (Casey et al., 2008; Giedd, 2004; Giedd
and Rapoport, 2010; Somerville et al., 2010). Therefore, in our youth
sample, the regional GMV within VIPFC and PCC may be still in-
creasing, or approaching its peak, which is followed by prolonged
pruning. Thus, at this point, lower regional GMV within vIPFC and PCC
may index a less adaptive pattern of GM maturation related to the
neurocognitive functions subserved by these regions, including self-re-
ferential processing.

Both vIPFC and PCC are multi-functional, each underpinning a
range of cognitive and affective processes. vIPFC appears important in
affective processing and regulatory control (e.g., Iordan et al., 2013;
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Table 2

Results of exploratory mediation model testing.

Outcome

Predictor

Mediator

[-0.27, —0.07]

—0.16(0.05)
—0.17(0.05)

[-5.37, 3.22]

[—18.33, 6.24]

—0.05(2.16)
—0.10(6.17)

[-7.73, —2.74]

—0.44(1.26)
—0.49(3.58)

0.36(0.18) [0.27, 0.97]

Maternal report

vIPFC

Positive SRET scores

[-0.28, —0.08]

[—24.32, —10.08]

0.36(0.18) [0.27, 0.97]

Youth self-report

[—5.24, 2.67] —0.14(0.06) [-0.27, —0.04]
—0.16(0.06)

[—14.08, 8.62]

—0.07(1.99)
—0.05(5.70)

[-7.66, —2.74]

—0.44(1.24)
—0.51(3.55)

0.19(3.54)

0.33(0.17) [0.19, 0.86]

Maternal report

PCC

[-0.30, —0.05]

[-24.97, —10.85]

[0.19, 0.86]

0.33(0.17)

Youth self-report

[-0.21, 0.03]

—0.07(0.06)
—0.12(0.07)

—0.06(0.06)
—0.12(0.07)

[-9.12, 1.79]
[—24.29, 6.98]
[-6.11, 0.74]
[—11.84, 8.00]

—0.15(2.74)
—0.12(7.86)
-0.17(1.72)
—0.04(4.99)

[—1.04, 13.06]
[10.11, 50.55]
[-1.00, 12.87]

[12.99, 53.17]

[-0.44, —0.12]

—0.36(0.08)
—0.36(0.08)
—0.33(0.05)
—0.33(0.05)

Maternal report

vIPFC (mean)

Negative SRET scores

[-0.26, —0.01]
[-0.20, 0.03]

0.33(10.16)
0.19(3.49)

[-0.44, —0.12]

Youth self-report
Maternal report

[-0.26, —0.06]

PCC

[-0.27, -0.01]

0.36(10.10)

[-0.26, —0.06]

Youth self-report

a, predictor to mediator; b, mediator to outcome; c’, direct effect of predictor on outcome; ab, indirect effect of predictor on outcome through mediator;

All coefficients were standardized;

Standard error of coefficients in parentheses; 95% confidence intervals in brackets;

Bold font: significant effects (confidence intervals do not include 0);

SRET: Self-Referent Encoding Task; vIPFC: ventrolateral prefrontal cortex; PCC: posterior cingulate cortex.
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lordan and Dolcos, 2017; Wager et al., 2008). As opposed to dIPFC, a
region subserving “cool” executive functions (i.e., pure logic and cri-
tical analysis), vVIPFC is considered as part of the “hot” cognitive control
system, activated in response to emotionally valenced, and sometimes
distracting, information (Dolcos and McCarthy, 2006). Ideally, vIPFC
helps downregulate amygdalar reactivity to emotionally arousing and
distracting cues, thereby facilitating individuals’ concentration and
performance on goal-relevant tasks (Hooker and Knight, 2010; Iordan
et al., 2013; Shimamura, 2000; Wager et al., 2008). For example,
heightened activation in this region was observed when optimal task
performance required youth to shift attention away from threatening
distractors to perform on the task (Fu et al., 2017; Telzer et al., 2008).

As a key component of the cortical midline structures, PCC is
commonly involved in introspective, self-related cognitive processes
such as self-referential processing and autobiographic memories
(Brewer et al., 2013; Leech and Sharp, 2014). PCC also plays a role in
balancing internally and externally oriented attention, showing modu-
lated activity during attention shift between the external world and
internal mentation (Brewer et al., 2013). Overall, vIPFC and PCC serve
important functions for regulatory control and attention control in
processing emotionally valenced, self-relevant information.

As preadolescents are experiencing rapid brain development, those
with less adaptive maturation patterns in vIPFC or PCC (indicated by
smaller GMV) may have suboptimal neurocognitive function for pro-
cesses supported by these regions, including those described above.
During SRET, for example, one speculation is that youth with lower
GMYV in PCC may struggle to balance attention directed toward external
task versus introspective feelings or mental events. Excessive self-di-
rected focus is implicated in depression (Klein, 2012; Moberly and
Watkins, 2008), irrespective of the valence of the context (Brockmeyer
et al., 2015). Further, youth with smaller GMV in vIPFC may have
suboptimal regulatory control and find it more effortful to ignore or
inhibit emotionally distracting, self-related feelings that are irrelevant
to the task. Supporting these points, clinically depressed adolescents
showed greater PCC activity during SRET, suggesting that they may
need to mobilize more resources from PCC to balance self- vs. task-
oriented attentional control during self-referential processing (Bradley
et al., 2016). Similarly, we found that youth from the current sample
with greater depression risk (i.e., maternal depression) showed heigh-
tened VIPFC activation during positive self-referential processing (Liu
et al., 2020), suggesting that compared to youth without depression
risk, high-risk youth might require greater vIPFC resources to inhibit
the distracting, task-irrelevant feelings incurred by making positive self-
judgments.

As described earlier, in our recent fMRI study of the same youth
sample (Liu et al., 2020), we found that youth with maternal depression
showing heightened vIPFC activity during positive self-referential pro-
cessing than their low-risk peers, but no association between positive or
negative SRET scores and SRET-evoked activation was significant. In-
terestingly, the vIPFC cluster identified in the fMRI data (MNI co-
ordinates: —26, 50, —6) was located closely to the vIPFC cluster of
sMRI data observed for positive SRET scores in this study (MNI co-
ordinates: —20, 53, —11). These observations seem to converge across
fMRI and sMRI measures in support of the role of VIPFC in self-refer-
ential processing, implying a potential association between these two
neurobiological markers of cognitive risk for depression (i.e., heigh-
tened fMRI activation related to self-referential processing and reduced
GMV within a priori ROIs; see details of supplemental analyses probing
the sMRI-fMRI association in the Supplement). However, it should be
noted that these two clusters reflected different main effects: the sMRI
cluster noted a dimensional relationship with positive SRET scores,
while the fMRI cluster marked group difference between youth with
and without maternal depression. In other words, youth with lower
GMV in vIPFC did not necessarily show heightened vIPFC activation
during SRET. While these data cannot speak to the direct mapping
between regional GMV and neural function of vIPFC, they imply that
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suboptimal GMV characteristics of a particular region may be asso-
ciated with less adaptive activation patterns during cognitive processes
subserved by this region.

Non-parametric tests showed that negative SRET scores were
meaningfully associated with greater youth self-reported symptoms and
lower GMV within vIPFC and PCC, suggesting that albeit the non-
normal distribution, negative SRET scores still represented a valid risk
marker for youth of this age. It is also worth mentioning that the ob-
servation that many youth did not endorse and recall any negative
words is typical in SRET studies conducted in children of similar or
younger ages, who typically show greater inter-individual variability in
positive self-schemas than in negative ones (e.g., Hayden et al., 2006,
Hayden et al., 2008, Hayden et al., 2013, Hayden et al., 2014). It is
possible that prior to adolescence, positive self-schemas may be a more
salient risk marker than negative ones (Felton et al., 2013; Leitenberg
et al., 1986); indeed, in this study, positive SRET scores showed
stronger correlations with depressive symptoms than negative scores.
Future work with older samples will indicate whether negative self-
schemas show greater individual variability and become more salient in
the context of depressive psychopathology as youth grow older. Con-
ducting SRET in older youth using a broader vocabulary will also
permit including more nuanced negative and positive traits than those
used in the current study.

Contrary to our expectation and previous findings (Chai et al., 2015;
Chen et al., 2010), youth with and without a maternal history of de-
pression did not differ in regional GMV in any a priori ROIs. While the
reasons for this are unclear, it is important to note that, while maternal
depression clearly marks offspring depression risk, its association with
youth outcomes is probabilistic rather than deterministic. Put differ-
ently, not all children with mothers with depression evince depression
vulnerability themselves and maternal depression may interact with
other risks to predict youth adaptation (Goodman et al., 2011; Gotlib
and Colich, 2014). Given previous findings that chronic familial ad-
versity (e.g., inter-parental discord), but not parental psychiatric his-
tory, was related to reduced GMV in community-dwelling adolescents
(Walsh et al., 2014), the lack of associations between maternal de-
pression and children’s GMV in our study may also be related to the
low-risk nature of our sample. It is also worth mentioning that there
existed several methodological differences between the current study
and previous research that identified altered neural structural patterns
in youth with parental depression (Chai et al., 2015; Chen et al., 2010).
For example, youths’ age range in the present study (9-12 years) was
narrower than that in previous work (8-14 years, Chai et al., 2015; 9-15
years, Chen et al., 2010); while the current study examined both boys
and girls with maternal depression, previous work focused on girls only
(Chen et al., 2010) or included both maternal and paternal depression
(Chai et al., 2015). In future work, longitudinal neuroimaging research
is warranted to further clarify the role of maternal (or parental) de-
pression in the development of brain structures associated with de-
pression risks.

We ran an exploratory mediation analysis in our cross-sectional data
to provide an initial examination of our conceptual model, i.e., de-
pressogenic self-schemas may serve as an intermediate cognitive phe-
notype that mediates associations between GMV alterations and de-
pressive symptoms (GMV — self-schemas — symptoms). Results were
supporting of this model but not an alternative model (self-schemas —
GMV — symptoms; see Supplement). For positive self-schemas, lower
GMV of the vIPFC and PCC clusters predicted lower positive SRET
scores (as expected, as these clusters were identified based on the sig-
nificant effect of positive SRET scores in VBM analysis); lower positive
scores in turn predicted heightened depressive symptoms of both ma-
ternal report and youth self-report. For negative self-schemas, lower
GMYV in vIPFC and PCC predicted greater negative SRET scores, which
then predicted heightened self-reported, but not maternally reported,
symptoms. Positive SRET scores showed greater effect sizes than ne-
gative scores as the mediator and was significant for both maternally
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reported and youth self-reported symptoms; this again suggests that
positive self-schemas may be a more salient risk marker of depression
than negative ones for youth of this age.

Additionally, there are differences in content between maternal
report (CBCL) and youth self-report (CDI) of symptoms: the former
covers a broader range of depression-related problems, including
symptoms and more observable aspects of behaviors (e.g., withdrawal,
low activity), while the latter focuses more exclusively on depressive
“feelings.” It is possible that negative self-schemas are more relevant to
aspects of depressive symptoms tapped by self-report but not maternal
report. It is also interesting to note that, although the GMV of sig-
nificant clusters showed meaningful associations with symptoms in
bivariate correlations in general, the direct effects of GMV on symptoms
(path ¢’) were no longer significant in the mediation models once SRET
scores were included as a mediator. This also supports the potential role
of self-schemas in linking GMV variations and depressive symptoms.
Again, we acknowledge that cross-sectional data are not generally
considered suitable for testing causal models via mediation. This was
not the goal of these analyses, which were conducted to inform future
longitudinal research on brain-self-schema development.

This study has several strengths. We examined a never-depressed
preadolescent sample spanning a relatively narrow age range
(9.18-12.42 years) to minimize confounding effects of clinical status
and age variety. We used a multi-method approach, with self-schemas
assessed by an age-appropriate experimental paradigm and symptoms
assessed by child self-report and maternal report, to minimize shared
method variance error. A primary limitation is the cross-sectional de-
sign; the current sample size was also suboptimal for conducting
mediation analysis and may have been limited in power. For future
research, we are following this cohort up into later stages of adoles-
cence that are marked by further increases in depressive psycho-
pathology and greater individual variation in negative self-schemas; the
development of vocabulary and cognition will also allow for more re-
fined measurements of self-schemas. By collecting longitudinal, cau-
sally informative data, we aim for a more conclusive examination of the
putative mechanism that underlie the development of depressive psy-
chopathology in relation to self-schemas and regional GMV.

5. Conclusion

In conclusion, our findings indicate that depressogenic self-schemas
are associated with altered patterns of regional GMV within vIPFC and
PCC. Exploratory mediation model testing suggests that self-schemas
may mediate the associations between altered GMV in these regions
and depressive symptoms. Future studies will benefit from longitudinal
designs and experimental manipulations of youth self-schemas.
Regarding the latter point, previous studies have reported that beha-
vioral or cognitive training is associated with post-training changes in
brain structure and function, in both youth (e.g., Liu et al., 2018) and
adults (Lumma et al., 2018). Such work may inform the development of
cognitive prevention/intervention for youth depression and contribute
to further refinements of cognitive theories of depression.
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