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Abstract
Background

According to cognitive theories of depression, more negative and less positive self-schemas are
thought to play a causal role in the disorder. Existing evidence speaks to the neural substrates of
self-referential processes in both healthy and depressed individuals; however, little is known
about how the brain relates to self-referent processing in the context of depression risk in youth.
We therefore studied the neural substrates of self-referential processing in never-depressed

preadolescent children at high and low risk for depression based on maternal depression history.
Method

Eighty-seven never-depressed 10-12-year-old children (29 with maternal depression) completed
a self-referential encoding task during an fMRI scan session, in which they were presented a
series of positive and negative trait adjectives and endorsed whether each word was self-
descriptive. Small volume correction (SVC) analyses were conducted within seven regions of

interest important for self-referent and emotion-related processes.
Results

Analyses of SVC indicated that high-risk children showed greater activation in vIPFC and
vmPFC during the positive-word condition than low-risk children. vIPFC activation was
associated slower response time in endorsing positive words. VIPFC activation mediated the
association between maternal depression and child depressive symptoms only when children had
lower positive self-schemas, indicating that more positive self-schemas may protect at-risk

children from developing depressive symptoms.

Conclusions



Cortical midline and prefrontal regions are important to self-, emotion-, and regulation-related
processes. Heightened activation within these regions in never-depressed, high-risk youth
indicates that these neurobiological substrates may mediate early vulnerability to depression in

the context of cognitive processes relevant to self-concepts.



Introduction

Depression is projected to become the world’s largest health challenge by 2030 (1).
Adolescents are at high risk for depressive symptoms that can portend a lifelong struggle with
the disorder (2, 3), highlighting the importance of understanding risk mechanisms for targeted
prevention. Theories of cognitive vulnerability to depression are central models that guide efforts
in understanding mechanism and developing treatment (REF). One established risk mechanism is
cognitive vulnerability in the form of biased self-referential processing or self-schemas (4). Self-
referential processing is conceptualized as a latent, trait-like cognitive construct that guides the
processing of positive and negative descriptors of personal traits in self-reflection. Depressogenic
self-referential biases (deeper processing of negative self-descriptors; superficial processing of
positive self-descriptors) are thought to be early emerging, modestly stable, and predictive of

depressive symptoms even during childhood (8-12).

Importantly, self-referential biases can be measured early in development, prior to onsets
of depression, rendering them potential targets for early prevention (5-7). Effective prevention
may benefit further from knowledge of the neural mechanisms involved in depressogenic self-
referential biases. Indeed, neural manifestations of childhood risk may emerge earlier than
behavioral markers (13), potentially showing greater sensitivity than behavioral measures in
tapping individual variation in risk, or at least hold incremental predictive validity for risk
beyond behavior. This highlights the importance of investigating the neural substrates of
depressogenic self-referential processing in at-risk children, which will also contribute to the

further refinement of cognitive theories of depression.

The self-referential encoding task (SRET; 14) is a standard paradigm assessing self-

referential processing. Participants are shown a series of negative and positive traits and indicate



whether each word is self-referent (“Is this like you?”’). Next, participants recall as many of the
adjectives presented as possible, with the proportion of words of each valence (positive or
negative) both endorsed and recalled indexing self-schemas. Faster response times (RTs) in
endorsing (or denying) positive or negative words indicate the ease with which participants
determine whether the adjective is self-descriptive. Clinically depressed adults (15-18) and youth
(19-21) show more negative and less positive self-schemas than healthy controls and tend to be
slower to endorse positive words and faster to endorse negative words (14, 16, 18-19). In
typically developing children, self-referential processing shows modest yet significant stability
as early as middle childhood (8, 10); depressogenic self-schemas are also concurrently and
prospectively associated with depressive symptoms, especially for those with heightened

depression risk (8-12, 21-24).

Despite a well-developed literature characterizing the neural substrates of normative self-
referent processing, less is known about the neural processes associated with depressogenic self-
referential biases. In non-depressed individuals, regardless of stimulus valence, self- versus
other-referential processing activates brain regions including cortical midline structures (e.g.,
ventral medial prefrontal cortex (vmPFC), cingulate cortex (CC), precuneus) that are critical for
self-referential processing (25), amygdala (salience processing and emotional arousal; 26), and
hippocampus (self-related memories; 25). A smaller literature suggests that depression is
associated with heightened activation in these regions during self-related processes. Currently
depressed adults show heightened activation in anterior midline structures during negative self-
referential processing (27). In adults with lifetime depression, those who recall more negative
words show heightened amygdalar activation during negative self-referential encoding (28), and

also show greater hippocampal activation when retrieving specific self-related memories (29).



This suggests that in more complex models, depression is related to the combination of multiple
risk markers, e.g., altered neural activity and maladaptive cognitive patterns. Finally, while work
with youth is sparse, depressed adolescents show heightened activation in posterior CC and

precuneus during positive self-referential encoding (30).

While an important first step, research on depressed individuals does not inform whether
the observed neural patterns are precursors or consequences of the disorder. We aimed to address
this gap by characterizing neural functioning associated with self-referential biases in never-
depressed preadolescents with high depression risks based on maternal depression. Compared to
later developmental periods, clinical depression is rare in late childhood and preadolescence,
providing the opportunity to identify risks that are not yet confounded by clinical disorder. Based
on past work (25-30), we expected high-risk youth to show heightened activation within a priori
regions important for self-referential processing, including cortical midline structures including
vmPFC, CC, and precuneus (25). We also predicted greater activation in amygdala and
hippocampus, given their roles in emotion- and self-related processes (25-26, 28-29). We further
included ventrolateral and dorsolateral PFC (VIPFC, dIPFC) as a priori ROIs, given their roles in
downregulating amygdalar reactivity and maintaining regulatory control (31-33). Compared to
adults, youth tend to have relatively more positive than negative self-views, such that lower
positive self-schemas may be a stronger risk marker than negative schemas (8-12, 34). We

therefore anticipated stronger associations during the positive self-referential condition.

In exploratory analyses, we tested whether the expected neural activity mediated
associations between maternal depression and children’s depressive symptoms. Based on the
literature (28, 35-36), we speculated that this mediating process might be especially salient for

youth with cognitive vulnerability. Maternal depression marks a host of environmental and



biological risks for offspring, including maladaptive neural functions; nevertheless, this risk is
probabilistic such that not all children of depressed mothers become depressed. Thus, the
pathways that link maternal depression to child outcomes (e.g., maladaptive neural functions) are
potentially moderated by additional risks, such as children’s cognitive vulnerability. Likewise,
diathesis-stress theories purport that cognitive vulnerability is linked to depression via interactive
processes with other risks (36). For instance, among adults with remitted depression, only those
with both heightened amygdalar activation during negative self-referential processing
(maladaptive neural function) and enhanced memory for negative words (cognitive vulnerability)
had greater depressive symptoms (28). In line with both theoretical models and empirical
literature, we posited that any neural activity mediating associations between maternal
depression and children’s symptoms would be stronger for children with lower positive or higher

negative self-schemas.

Methods and Materials

Participants and Procedure

Children and mothers were recruited from an ongoing longitudinal study that began at
child age 3. At baseline, children with major medical or psychological problems were excluded;
their normative cognitive development was verified by the Peabody Picture Vocabulary Test
(37). For this study, 229 families were contacted, 110 were enrolled, and 87 children (49 boys;
Mage=11.09, SD=.66; 96.6% White) participated. Of these, 78 contributed usable fMRI data (one

had braces’; one discontinued after the structural scan; seven had excessive head motion).

IAlthough children were screened for conditions that contradict scanning, information regarding orthotics was miscommunicated
and one family was accidentally recruited.



Children’s mothers were previously assessed for lifetime psychopathology using the
Structured Clinical Interview for the DSM-1V-TR Axis | Disorders Non-Patient Edition (SCID;
38). We recruited a high-risk group of 29 children (17 boys) whose mothers had at least two
major depressive episodes (MDE; N=26) or one MDE and a major anxiety disorder (N=3)?,
given that both mark risk for offspring depression (35, 40). A low-risk group of 58 children (32
boys) was recruited with no maternal history of depressive or anxious disorder®. All children
were screened for past or current depressive disorder via the Kiddie Schedule for Affective
Disorders and Schizophrenia, Present and Lifetime version (41), conducted with both the
primary caregiver and the child. During a home visit ~4 weeks before the fMRI visit (M=3.7;
SD=3.0), mothers completed the Child Behavior Checklist (CBCL; 42); here, the withdrawn-
depressed subscale was used to measure maternally reported symptoms (Cronbach’s a=.71).
Children completed the Children’s Depression Inventory (CDI; 43; Cronbach’s 0=.84) at this

same home visit.

Imaging data were collected at the UWO Robarts Research Institute on a Siemens
Magnetom Prisma fit 3T scanner with a 32-channel head coil. As dysphoric mood is thought
necessary to elicit depressogenic cognitive biases (44), children were first shown an age-
appropriate, 3-minute sad video (from The Neverending Story) in the scanner (without being
scanned). Children’s mood ratings on a 5-point scale (1=very sad, 5=very happy) pre- and post-

induction indicated that the induction was successful, Mpre=3.72, SDpre=.75; Mpost=2.18,

2We 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 (38).

3Six mothers had single MDE with late onset (after child age 8). We consider this is less impairing and inheritable and included
children of these mothers as low-risk.



SDpost=.76; t1(83) =15.678, p<.001. High- and low-risk children did not differ in their response to

mood induction, p=.88.

Children next completed a block design SRET (Figure 1) in the scanner. The task was
adopted from the standard SRET commonly used in the developmental literature (8-12). It
included a series of 12 positive (e.g., smart), 12 negative (e.g., lazy), and 4 neutral (e.g., tall)
adjectives selected for Grade 3 reading level, with word frequency (i.e., how often the word
appears in age-appropriate texts) matched across valences (45). Words were organized into 7
blocks of 4 words (1 neutral, 3 positive, and 3 negative blocks) with the task beginning and
ending with the neutral block to address primacy and recency effects. Between the neutral
blocks, alternating positive and negative blocks were presented both visually and aurally in fixed
order. Each word was visually presented for 4s, followed by a 0.5s fixation, rendering each block
18s ((4s+0.5s)x4). Each block was followed by a 10s interval. For each word, children indicated
whether the word was self-descriptive via button press (pointer finger=yes, middle finger=no).
Next, scanning ended and children were asked to recall as many of the presented words as

possible for up to two minutes.
Insert Figure 1
Calculation of SRET indices

Following standard scoring (8-12, 14), positive and negative words both endorsed and
recalled were used to calculate a positive SRET score (# positive words endorsed and recalled/all
words endorsed) and a negative SRET score (# negative words endorsed and recalled/all words
endorsed) as primary indicators of self-schemas. As is typical for this age group (8-12), 64% of
children did not endorse any negative words leading to a zero-inflated distribution of negative

scores. Thus, non-parametric tests were used for this variable. Averaged RTs were calculated for

9



each of the four categories: positive endorsed, positive not endorsed, negative endorsed, and
negative not endorsed (18-19, 22). Faster RTs to positive endorsed and negative not endorsed
reflect decreased vulnerability; faster RTs to positive not endorsed and negative endorsed reflect
increased vulnerability. One child had RTs>3SD above the overall mean and had the RTs for
each category replaced by 2SD+Mean. Thirty-three children did not endorse any negative words
and 24 children did not reject any positive words and therefore, had no RTs for these categories.
While decreased sample sizes limited the power of statistical analysis involving these two
variables, the absence of scores here was likely meaningful to children’s self-views (e.g.,
endorsing no negative words reflects the perceived lack of negative traits and lower depression
risk). However, given the reduced sample, we emphasize that these data should be considered
exploratory. Seven other children’s SRET data were missing due to a software error and

subjected to multiple imputation for subsequent analysis* (R mice package, 46; 47).
fMRI acquisition and processing

High-resolution T1-weighted anatomical images were acquired using a magnetization-
prepared rapid gradient-echo sequence (TR=2300 ms, TE=2.98ms, TI=900ms, flip angle=9°, 192
slices, FOV=256mm, voxel size=1mm?). Functional T2*-weighted gradient echo images were
acquired with 48 contiguous axial interleaved slices with a 0Omm gap (TR=1000ms, TE=30ms,

flip angle=45°, FOV=210mm, voxel size=3mm?3, matrix size=642).

fMRI data were preprocessed using SPM12 (Wellcome Trust Center for Neuroimaging,

London, UK) and MATLAB 7.14.0 (Mathworks, Inc., Natick, MA). Functional images were

*These data were missing completely at random according to Little’s Missing Completely At Random test (48), y2=29.32, df=46,
p=.97. Variables used in Little’s test and multiple imputation included age, sex, risk group, positive and negative SRET scores,
child-report and maternal-report symptoms, mood ratings before and after mood induction. We ran 50 imputations with 10
iterations each, and averaged data across the 50 imputed datasets for subsequent analysis.

10



realigned to the first image for motion correction and were corrected for slice timing. The mean
realigned functional image was coregistered to each individual’s T1 image and normalized to
MNI space. The normalized images were then resampled to 2mm? voxels and spatially smoothed
with a 6mm Gaussian kernel. Of the 85 children who completed SRET, 7 were excluded (2 high-

risk) due to head motions exceeding 3mm translation or 3-degree rotation.

A first-level, fixed-effects analysis was run on each participant with 3 condition
regressors (positive-word, negative-word, and neutral-word) and 6 motion regressors (3
translation, 3 rotation). Intervals between blocks were used as baseline. Regressors were
convolved by the canonical hemodynamic response function. Each child’s contrast images
generated by first-level modelling were entered into a second-level, mixed-effects model, which
was conducted for the positive (positive-word>baseline) and negative condition (negative-
word>baseline) separately. For each condition, we started with a whole-brain voxel-wise two-
way ANOVA to test main effects of risk group and SRET scores (positive or negative) with child
age and sex as covariates. We also tested interactions between risk group and SRET scores to see
whether high- and low-risk children differed in associations between cognitive vulnerability and

neural activity. This term was non-significant (ps>.61) and dropped to conserve power.

To increase the sensitivity of analyses, we used small volume correction (SVC) to
constrain analyses within seven a priori bilateral anatomical ROIs (Automated Anatomical
Labeling, 49), including cortical midline (vmPFC, CC, precuneus) and fronto-limbic regions
(amygdala, hippocampus, VIPFC, dIPFC). For positive-word condition, activation was
thresholded at whole-brain level at uncorrected p<.001, followed by SVC within each a priori
ROI. For negative-word condition, we used non-parametric test to account for the non-normal

distribution of negative SRET scores, by running 5000 permutations within each a priori ROI

11



(Threshold Free Cluster Enhancement toolbox, 50). For both conditions, clusters that remained
significant following a family-wise error correction (p<.05) were identified as significant; for
each significant cluster, the percentage of signal change (%SC) was extracted for post-hoc

analysis (SPSS 24.0.1, IBM, Armonk, NY).
Exploratory moderated mediation analysis

A moderated mediation model (PROCESS macro; 51) was conducted to explore whether
associations between maternal risk and child symptoms were accounted for, or potentially
mediated by, neural activity during SRET. Each model included maternal risk as the predictor,
child symptoms as the outcome, and %SC of each significant cluster as the mediator. We
included all clusters as mediators in parallel in one model to minimize comparisons. We further
examined whether any associations between maternal risk and symptoms were stronger for
children with less positive or more negative self-schemas by including positive or negative

SRET scores as the moderator to test the moderated mediation effect.
Results
Descriptives and associations between behavioral variables

Descriptives and correlations for main variables are in Table 1. For multi-comparison
correction, we applied the Benjamini-Hochberg procedure to each analysis with a False
Discovery Rate (FDR) of 0.10 (52-53). Two-sample t-tests showed that high-risk children had
greater symptoms than their low-risk peers, in both maternal report, t(82)=3.44, d=0.82,
uncorrected p=.00, FDR-corrected p=.04, and child self-report, t(84)=2.47, d=0.54, uncorrected

p=.02, FDR-corrected p=.06. No group differences were found on any behavioral indices of

12



SRET, uncorrected ps>.07, FDR-corrected ps>.13, nor were any sex differences significant

(uncorrected ps>.17).

Overall, maternal- and child-reported symptoms were associated with lower positive and
higher negative SRET scores; positive and negative SRET scores were negatively correlated with
each other. Child-reported symptoms were associated with faster RTs in rejecting positive words
and slower RTs in rejecting negative words, although none of these survived multi-comparison
correction. Positive SRET scores were associated with slower RTs in rejecting positive and faster
RTs in rejecting negative words; negative SRET scores were associated with faster RTs in

rejecting positive and slower RTs in rejecting negative words.

fMRI results

Whole-brain, voxel-wise analysis did not produce significant results after multi-
comparison correction (see Supplement for uncorrected results). However, SVC yielded
significant group difference for the positive-word condition in two a priori ROIs, vIPFC and
vmPFC. Plotting the extracted %SC indicated that high-risk children showed greater activation
than low-risk children in these areas (Figure 2). No significant effect was found for the negative-

word condition.

Insert Figure 2

Insert Table 1
Associations between maternal risk, child symptoms, neural activation, and SRET

performance

As shown in Tables 1, maternally reported, but not child-reported, symptoms were

associated with greater vIPFC activation during positive-word condition. Maternally reported

13



symptoms were correlated with vmPFC activation, although it did not survive multi-comparison
correction. None of the behavioral SRET variables was correlated with neural activation of the

two clusters.

As no significant fMRI results were found for the negative condition, one mediation
model was conducted for the positive condition, with neural activation of the vIPFC and vmPFC
clusters that distinguished high- versus low-risk children as mediators of the association between
maternal risk and child symptoms. No significant effect was observed treating vmPFC as the
mediator or treating child-reported symptoms (CDI) as the outcome®. However, VIPFC activation
mediated the association between maternal risk and maternal reports of symptoms. As shown in
Figure 3, path a from maternal risk to vIPFC activation was significant as expected; path b from
VIPFC activation to maternally reported symptoms was significant; the direct effect of maternal
risk on symptoms was non-significant. As predicted, we observed a significant moderated
mediation effect: positive SRET scores moderated the indirect path (ab) from maternal risk to
symptoms via VIPFC activation, index=-2.34, SE=1.31, ClI=[-5.32, -.14]. To decompose the
moderating effect, we further tested path ab at three levels of the moderator: mean positive
SRET scores, mean+1SD, mean-1SD (54). The indirect effect was significant for children with
positive SRET scores at mean and mean-1SD levels, but not mean+1SD (Figure 3). This
suggests that maternal depression influences offspring symptoms via vIPFC activation during
positive self-referential processing; however, this mediating effect was significant only for

children with less positive, or more depressogenic, self-schemas.

> Using the child-report version of the CBCL withdrawn-depressed subscale (Youth Self Report) yielded similar findings to those
based on CDI.

14



Insert Figure 3
Discussion

We investigated the neural correlates of self-referential processing in what is, to our
knowledge, the first study of this kind in never-depressed children with depression risk. By
conducting SVC within seven a priori ROIs, we found that high-risk children showed increased
activation within vIPFC and vmPFC during positive self-referential processing than the low-risk
group. In exploring the potential mechanisms that link maternal risk to child symptoms, we
found that the vIPFC activation that differentiated high- and low-risk children mediated the
association between maternal risk and children’s symptoms, but only for children with lower
positive self-schemas. While drawn from exploratory analyses and warranting replication, this
latter finding suggests that VIPFC activity during positive self-referential processing is most

predictive of depressive symptoms when children had greater cognitive vulnerability.

Among the significant clusters that characterized high-risk youth, vIPFC is commonly
involved in affective processing and regulation (REF). It plays a role in inhibiting or copying
with emotionally distracting information and downregulates amygdalar reactivity to emotionally
distracting cues with the aim of maintaining task-relevant performance (32-33). Similar patterns
of VIPFC activation is found in youth with trait-level anxiety during tasks requiring attention
shift from task-irrelevant, threatening distractors (55-58). In our study, given high-risk children’s
tendency of having less positive self-schemas, they may experience conflict or negative
affectivity in deciding whether to self-endorse a positive trait. It may also be more difficult or
effortful for them to make positive self-judgements in general. The need to recruit regulatory
resources to inhibit or downregulate these task-irrelevant, negative feelings may lead to

increased VIPFC activation. Indeed, children with greater vIPFC activation might tend to respond

15



slowly when endorsing positive traits, although the correlation between these two constructs
were trend-level in our data, pending further examination in future research. The heightened
activation was observed in left, but not right, vIPFC. This may be associated with the lateralized
functions of vIPFC upon the nature of stimuli, i.e., left vVIPFC supports the control processes over
verbal processing, while right vVIPFC is more involved in processing non-verbal, visuospatial
information (59). Overall, heightened vIPFC activation may reflect self-regulatory difficulties in
high-risk children when processing self-related, affective stimuli, which might portend

maladaptive emotion regulation that eventuates in depression.

The heightened vIPFC activation is also consistent with recent cognitive neurobiological
models (60) positing that the development of depressogenic cognitive biases are perpetuated by
hyperactive patterns along a pathway starting from the lower-order subcortical regions (e.g.,
amygdala) up to higher-order cortical areas (e.g., PFC). Hyperactivation of these regions is
associated with elevated, perceived self-related salience of stimuli and attenuated cognitive
control, which eventually reinforce depressogenic self-schemas and depressive symptoms.
Similarly, a recent review (61) concluded that elevated neural activity in the extended medial
network, (e.g., CC, mPFC, and amygdala) was implicated in depressed youth during self-related
processes. While this literature was based on clinical depression, finding similar patterns in high-
risk children suggests that the heightened activation of at least part of the neural pathway may

serve as a neurobiological marker of depression risk.

High-risk children also showed higher vmPFC activation during positive self-referential
processing. As part of the cortical midline structures, vmPFC is directly engaged in self-related
processes, including representing and evaluating self-related stimuli and making self-judgements

(25, 61-66). Increased vmPFC activation is considered a neural indicator of excessive self-focus,
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which is also associated with other aspects of cognitive risk for depression (e.g., rumination; 27,
67). For example, clinically depressed adults show heightened vmPFC activation when
attributing negative traits to themselves (68). We did not find high- vs. low-risk difference in the
negative condition, suggesting that negative self-schemas may be more relevant for clinical
depression or later developmental stages. However, our observation of heightened vmPFC
activation of high-risk children in the positive condition implies that heightened self-focus, even
when processing positive stimuli, may be an early marker of risk (69), possibly because at-risk

youth are processing a perceived absence of positive self-traits.

In moderated mediation analysis, we found that vIPFC activation mediated the
association between maternal risk and child symptoms, but only for children with lower positive
self-schemas. The direct effect of maternal risk on symptoms was no longer significant when
VIPFC activation (as the mediator) and positive SRET scores (as the moderator) were included in
the model, indicating that the regulatory function of VIPFC, moderated by positive self-schemas,
may be a potential mechanism by which maternal depression confers risk for offspring. This
observed pattern is consistent with both theories (e.g., the diathesis-stress model) and evidence
regarding how multiple vulnerabilities are related to depression (28, 36); however, we
acknowledge that these analyses were exploratory, warranting replication using longitudinal

designs.

The moderated mediation effect was found for maternally reported, but not for child-
reported, symptoms. Given that the two measures differ in content and were only moderately
correlated with each other, as is typical (70), this was unsurprising. The maternal report (CBCL)
covers a broader range of depression-related problems, including both symptoms and more

observable aspects of child behaviors such as withdrawal, low activity, and decreased positive
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expressions. The child self-report measure (CDI), however, focuses more exclusively on
depressive “feelings.” It is possible that the observed neural activation patterns are associated
more closely with behaviors tapped by maternal report that are not included in child-report, or
aspects of youth depression that require greater insight or self-awareness than youth of this age
possess. While depressed mothers may tend to endorse more depressive symptoms for offspring,
it is unclear how such reporting biases would be systematically related to children’s neural
activation. Analyses not reported here using the youth-report version of CBCL withdrawn-

depressed subscale yielded similar findings to those based on CDI.

In the negative condition, we did not observe group difference in SRET or fMRI
measures. Given that negative SRET was relatively weakly, albeit meaningfully, associated with
children’s depressive symptoms, it may be that such processing is a less powerful marker of risk
at this stage of development. During late childhood and preadolescence, youth are known to have
more positive and less negative self-views than later in development (34), suggesting that
positive self-schemas may play a more prominent role in the development of depression earlier
in development. Future work with older, at-risk samples may speak to whether negative self-

schemas become more important with age.

Limitations of this study include the modest number of trials in SRET, limited by the
vocabulary of children at this age. Some of the SRET behavioral data were limited in
psychometric properties and/or sample size (e.g., the negative RTs), and should be regarded as
exploratory and interpreted with caution. The block design of the fMRI task prevented us from
isolating the neural underpinnings of words endorsed versus those declined. The cross-sectional
design cannot establish directional relations between neural markers of risks and depressive

outcomes, or to what extent these neural markers are a precursor, concomitant, or product of self-
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referential risks. It would be challenging and expensive to collect longitudinal imaging and
behavioral data to permit more conclusive tests of mechanisms in younger children. Thus, our
mediation model speaks more clearly to theoretical/conceptual processes rather than specific
causal mechanisms. We aim to continue exploring these issues by following this cohort into
adolescence, a period marked by a sharp increase in onsets of clinical depression. The
development of youth cognition and vocabulary will enable us to conduct increasingly refined
assessments of self-schemas (e.g., distinguishing endorsed vs. rejected) and their corresponding

neural processes.

In conclusion, we provide novel evidence on the neural correlates of self-referential
processing in preadolescents with maternal risk for depression. High-risk children showed
heightened activation during positive self-referential processing within vIPFC and vmPFC
regions. The activity of VIPFC, a critical region for affective regulatory functions, might mediate
the association between maternal risk and child symptoms for children with diminished positive
self-schemas. While we cannot establish a causal role of VIPFC in the development of
depression, it is consistent with the notion that neurobiological substrates important to self-
regulation may mediate the pathway from maternal depression to offspring outcomes. Drawing
on preventative programs on attentional risk for youth anxiety (71), future work aimed at altering
depressogenic self-schemas and testing whether such manipulation causes shifts in relevant
neural activity can more conclusively establish causal pathways between cognitive risk, brain
activity, and youth outcomes. Evidence as such will not only inform the development of early

prevention tools, but also contribute to refinements of etiological theories of depression.

19



Acknowledgments and Disclosure

This work is supported by a grant from the Canadian Institutes of Health Research to EPH.
Neuroimaging costs were subsidized by a Canada First Research Excellence Fund grant to
BrainsCAN. Computing infrastructure support was provided by an Nvidia Corporation grant to
MFJ. The authors want to thank the families who participated in our studies, and the many

individuals who contributed to data collection. The authors report no conflicts of interest.

20



References

1. World Health Organization (2008): Global Burden of Disease 2004 update. Retrieved from
http://www.who.int/healthinfo/ global_burden_disease/GBD _report_2004update_full.pdf

2. Costello EJ, Mustillo S, Erkanli A, Keeler G, Angold A (2003): Prevalence and Development
of Psychiatric Disorders in Childhood and Adolescence. Arch Gen Psychiatry 60(8): 837—
844.

3. Pine DS, Cohen P, Gurley D, Brook J, Ma Y (1998): The risk for early-adulthood anxiety
and depressive disorders in adolescents with anxiety and depressive disorders. Arch Gen
Psychiatry 55(1): 56-64.

4. Gotlib IH, Joormann J (2010): Cognition and Depression: Current Status and Future
Directions. Annu Rev Clin Psychol 6: 285-312. doi:10.1146/annurev.clinpsy.121208.131305.

5. Bradley KL, Santor DA, Oram R (2016): A Feasibility Trial of a Novel Approach to
Depression Prevention: Targeting Proximal Risk Factors and Application of a Model of
Health-Behaviour Change. Can J Commun Ment Health 34: 47-61.

6. Hofmann SG, Asnaani A, Vonk 1JJ, Sawyer AT, Fang A (2012): The Efficacy of Cognitive
Behavioral Therapy: A Review of Meta-analyses. Cognit Ther Res 36(5): 427-440.
doi:10.1007/s10608-012-9476-1.

7. Yang L, Zhou X, Zhou C, Zhang Y, Pu J, Liu L, et al. (2017): Efficacy and acceptability of
cognitive behavioral therapy for depression in children: A systematic review and meta-
analysis. Acad Pediatr 17(1): 9-16.

8. Goldstein BL, Hayden EP, Klein DN (2015): Stability of Self-Referent Encoding Task
performance and associations with change in depressive symptoms from early to middle

childhood. Cogn Emot 29(8): 1445-1455. doi:10.1080/02699931.2014.990358

21



10.

11.

12.

13.

14.

15.

16.

17.

Mackrell SV, Johnson EM, Dozois DJ, Hayden EP (2013): Negative life events and cognitive
vulnerability to depression: Informant effects and sex differences in the prediction of
depressive symptoms in middle childhood. Pers Individ Dif 54(4): 463-8.

Hayden EP, Olino TM, Mackrell SV, Jordan PL, Desjardins J, Katsiroumbas P (2013):
Cognitive vulnerability to depression during middle childhood: Stability and associations
with maternal affective styles and parental depression. Pers Individ Dif 55(8): 892-7.
Hayden EP, Shankman SA, Olino TM, Durbin CE, Tenke CE, Bruder GE, Klein DN (2008):
Cognitive and temperamental vulnerability to depression: Longitudinal associations with
regional cortical activity. Cogn Emot 22(7): 1415-28.

Hayden EP, Hankin BL, Mackrell SV, Sheikh HI, Jordan PL, Dozois DJ, et al. (2014):
Parental depression and child cognitive vulnerability predict children's cortisol reactivity.
Dev Psychopathol 26(4pt2): 1445-60.

Manoach DS, Agam Y. (2013): Neural markers of errors as endophenotypes in
neuropsychiatric disorders. Front Hum Neurosci 7:350.

Kuiper NA, Derry PA (1982): Depressed and nondepressed content self-reference in mild
depressives. J Pers 50(1): 67-80.

Wisco BE (2009): Depressive cognition: Self-reference and depth of processing. Clin
Psychol Rev 29(4): 382-92.

Derry PA, Kuiper NA (1981): Schematic processing and self-reference in clinical depression.
J Abnorm Psychol 90(4): 286-97.

Dobson KS, Shaw BF (1987): Specificity and stability of self-referent encoding in clinical

depression. J Abnorm Psychol 96(1): 34-40.

22



18.

19.

20.

21.

22.

23.

24,

25.

Shestyuk AY, Deldin PJ (2010): Automatic and strategic representation of the self in major
depression: trait and state abnormalities. Am J Psychiatry 167(5): 536-44.

Auerbach RP, Stanton CH, Proudfit GH, Pizzagalli DA (2015): Self-referential processing in
depressed adolescents: A high-density event-related potential study. J Abnorm Psychol
124(2): 233.

Prieto SL, Cole DA, Tageson CW (1992): Depressive self-schemas in clinic and nonclinic
children. Cognit Ther Res 16(5): 521-34.

Jacobs RH, Reinecke MA, Gollan JK, Kane P (2008): Empirical evidence of cognitive
vulnerability for depression among children and adolescents: A cognitive science and
developmental perspective. Clin Psychol Rev 28(5): 759-82.

Speed BC, Nelson BD, Auerbach RP, Klein DN, Hajcak G (2016): Depression risk and
electrocortical reactivity during self-referential emotional processing in 8 to 14 year-old girls.
J Abnorm Psychol 125(5): 607.

Gotlib IH, Traill SK, Montoya RL, Joormann J, Chang K (2005): Attention and memory
biases in the offspring of parents with bipolar disorder: indications from a pilot study. J Child
Psychol Psychiatry 46(1): 84-93.

Gotlib IH, Joormann J, Minor KL, Cooney RE (2006): Cognitive and Biological Functioning
in Children at Risk for Depression. In: Canli T, editor. Biology of personality and individual
differences. New York: Guilford Press, pp 353-382.

Northoff G, Heinzel A, de Greck M, Bermpohl F, Dobrowolny H, Panksepp J (2006): Self-
referential processing in our brain—a meta-analysis of imaging studies on the self.

Neuroimage 31(1): 440-57.

23



26.

217.

28.

29.

30.

31.

32.

33.

Yoshimura S, Okamoto Y, Onoda K, Matsunaga M, Ueda K, Suzuki S, Shigetoyamawaki
(2010): Rostral anterior cingulate cortex activity mediates the relationship between the
depressive symptoms and the medial prefrontal cortex activity. J Affect Disord 122(1-2): 76-
85. doi:10.1016/j.jad.2009.06.017.

Nejad AB, Fossati P, Lemogne C (2013): Self-Referential Processing, Rumination, and
Cortical Midline Structures in Major Depression. Front Hum Neurosci 7: 666.
d0i:10.3389/fnhum.2013.00666.

Ramel W, Goldin PR, Eyler LT, Brown GG, Gotlib IH, McQuaid JR (2007): Amygdala
reactivity and mood-congruent memory in individuals at risk for depressive relapse. Biol
Psychiatry 61(2): 231-9.

Young KD, Bellgowan PS, Bodurka J, Drevets WC (2014): Neurophysiological correlates of
autobiographical memory deficits in currently and formerly depressed subjects. Psychol Med
44(14): 2951-63. doi: 10.1017/S0033291714000464.

Bradley KAL, Colcombe S, Henderson SE, Alonso CM, Milham MP, Gabbay V (2016):
Neural Correlates of Self-Perceptions in Adolescents with Major Depressive Disorder. Dev
Cogn Neurosci 19: 87-97. doi:10.1016/j.dcn.2016.02.007.

Hooker CI, Knight RT (2006): The role of lateral orbitofrontal cortex in the inhibitory
control of emotion. In: Zald D, Rauch S, editors. The Orbitofrontal Cortex. Oxford, UK:
Oxford University Press, pp 307-324. 10.1093/acprof:0s0/9780198565741.003.0012.
Shimamura AP (2000): The role of prefrontal cortex in dynamic filtering. Psychobiology 28:
207-218.

Corbetta M, Shulman GL (2002): Control of goal-directed and stimulus-driven attention in

the brain. Nat Rev Neurosci 3(3): 201-15.

24



34.

35.

36.

37.

38.

39.

40.

41.

Felton JW, Cole DA, Martin NC (2013): Effects of Rumination on Child and Adolescent
Depressive Reactions to a Natural Disaster: the 2010 Nashville Flood. J Abnorm Psychol
122(1): 64-73. doi:10.1037/a0029303.

Goodman SH, Rouse MH, Connell AM, Broth MR, Hall CM, Heyward D (2011): Maternal
depression and child psychopathology: a meta-analytic review. Clin Child Fam Psychol Rev
14(1): 1-27. doi: 10.1007/s10567-010-0080-1.

Ingram RE, Miranda J, Segal ZV (1998): Cognitive vulnerability to depression. New York:
Guilford Press.

Dunn LM, Dunn LM (1997): PPVT-III: Peabody picture vocabulary test. Circle Pines, MN:
American Guidance Service, Inc.

First MB, Gibbon M, Spitzer RL, Williams JBW (1996): Structured clinical interview for
DSM- IV Axis | disorders: Non-patient edition (SCID-I, Version 2.0). New York: Biometrics
Research, New York State Psychiatric Institute.

Kendler KS, Neale MC, Kessler RC, Heath AC, Eaves LJ (1992): The Genetic Epidemiology
of Phobias in Women: The Interrelationship of Agoraphobia, Social Phobia, Situational
Phobia, and Simple Phobia. Arch Gen Psychiatry 49(4): 273-281.
doi:10.1001/archpsyc.1992.01820040025003

Barnett B, Schaafsma MF, Guzman AM, Parker GB (1991): Maternal anxiety: a 5-year
review of an intervention study. J Child Psychol Psychiatry 32(3): 423-38.

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. (1997): Schedule for
Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime
version (K-SADS-PL): Initial reliability and validity data. J Am Acad Child Adolesc

Psychiatry 36: 980-988.

25



42.

43.

44,

45,

46.

47.

48.

49,

50.

Achenbach TM, Rescorla LA (2001): Manual for the ASEBA school-age forms and profiles.
Burlington VT: University of Vermont Research Center for Children, Youth, & Families.
Kovacs M (2003): Children’s Depression Inventory: Technical manual update. North
Tonawanda, New York: Multi-Health Systems.

Abela JRZ, Hankin BL (2008): Cognitive vulnerability to depression in children and
adolescents: a developmental psychopathology perspective. In: Abela JRZ, Hankin BL,
editors. The Handbook of Depression in Children and Adolescents. New York: Guilford
Press, pp 35-78.

Carroll JB, Davies P, Richman B, Davies P (1971): The American Heritage word frequency
book. Boston: Houghton Mifflin.

van Buuren S, Groothuis-Oudshoorn K (2011): mice: Multivariate Imputation by Chained
Equations in R. J Stat Softw 45(3): 1-67.

Madley-Dowd P, Hughes R, Tilling K, Heron J. (2019): The proportion of missing data
should not be used to guide decisions on multiple imputation. J Clin Epidemiol 110: 63-73.
Little RJ (1988): A test of missing completely at random for multivariate data with missing

values. J Am Stat Assoc 83(404): 1198-1202. https://doi.org/10.2307/2290157

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, et al.
(2002): Automated anatomical labeling of activations in SPM using a macroscopic
anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15(1): 273-89.
Smith SM, Nichols TE (2009): Threshold-free cluster enhancement: addressing problems of
smoothing, threshold dependence and localisation in cluster inference. Neuroimage 44(1):

83-98. doi: 10.1016/j.neuroimage.2008.03.061.

26


https://doi.org/10.2307/2290157

51.

52.

53.

54,

55.

56.

S7.

58.

59.

Hayes AF (2013): /ntroduction to mediation, moderation, and conditional process

analysis: a regression—based approach. New York: Guilford Press.

Benjamini Y, Hochberg Y. (1995): Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society: Series B
(Methodological) 57(1):289-300.

McDonald JH (2009): Handbook of biological statistics. Baltimore, MD: Sparky House
Publishing.

Aiken LS, West SG (1991): Multiple regression: Testing and interpreting interactions.
Thousand Oaks, CA, US: Sage Publications, Inc.

Fox NA, Pine DS (2012): Temperament and the emergence of anxiety disorders. J Am Acad
Child Adolesc Psychiatry 51(2): 125-8.

Fu X, Taber-Thomas B, Perez-Edgar K (2017): Frontolimbic functioning during threat-related
attention: relations to early behavioral inhibition and anxiety in children. Biol Psychol. 122:
98-109.

Telzer EH, Mogg K, Bradley BP, Mai X, Ernst M, Pine DS, Monk CS (2008): Relationship
Between Trait Anxiety, Prefrontal Cortex, and Attention Bias to Angry Faces in Children and
Adolescents. Biol Psychol 79(2): 216-222. doi:10.1016/j.biopsycho.2008.05.004.

Bar-Haim Y, Lamy D, Pergamin L, Bakermans-Kranenburg MJ, Van ljzendoorn MH (2007):
Threat-related attentional bias in anxious and nonanxious individuals: a meta-analytic study.
Psychol Bull 133: 1-24.

Badre D, Wagner AD. (2007): Left ventrolateral prefrontal cortex and the cognitive control
of memory. Neuropsychologia 45(13):2883-901.

27



60.

61.

62.

63.

64.

65.

66.

67.

Disner SG, Beevers CG, Haigh EA, Beck AT (2011); Neural mechanisms of the cognitive
model of depression. Nat Rev Neurosci 12(8): 467-77. doi:10.1038/nrn3027.

Kerestes R, Davey CG, Stephanou K, Whittle S, Harrison BJ (2014): Functional brain
imaging studies of youth depression: A systematic review. Neurolmage : Clin 4: 209-231.
d0i:10.1016/j.nicl.2013.11.009.

Morel N, Villain N, Rauchs G, Gaubert M, Piolino P, Landeau B, et al. (2014): Brain
Activity and Functional Coupling Changes Associated with Self-Reference Effect during
Both Encoding and Retrieval. PLoS One 9(3):€90488. doi:10.1371/journal.pone.0090488.
Yaoi K, Osaka M, Osaka N (2015): Neural correlates of the self-reference effect: evidence
from evaluation and recognition processes. Front Hum Neurosci 9:383.
doi:10.3389/fnhum.2015.00383.

Jenkins AC, Mitchell JP (2011): Medial prefrontal cortex subserves diverse forms of self-
reflection. Soc Neurosci 6(3): 211-8. doi: 10.1080/17470919.2010.507948.

Meyer ML, Lieberman MD (2018): Why People Are Always Thinking about Themselves:
Medial Prefrontal Cortex Activity during Rest Primes Self-referential Processing. J Cogn

Neurosci 30(5): 714-721. doi: 10.1162/jocn_a_01232.

Heatherton TF, Wyland CL, Macrae CN, Demos KE, Denny BT, Kelley WM (2006): Medial

prefrontal activity differentiates self from close others. Soc Cogn Affect Neurosci 1(1): 18-25.

doi:10.1093/scan/nsl001.
Moberly NJ, Watkins ER (2008): Ruminative Self-Focus and Negative Affect: An
Experience Sampling Study. J Abnorm Psychol 117(2): 314-323. doi:10.1037/0021-

843X.117.2.314.

28



68.

69.

70.

71.

Lemogne C, Delaveau P, Freton M, Guionnet S, Fossati P (2012): Medial prefrontal cortex
and the major depression. J Affect Disord 136(1-2): el-el1l. doi: 10.1016 / j.jad.2010.11.034.
Klein SB (2012): Self, memory, and the self-reference effect: an examination of conceptual
and methodological issues. Pers Soc Psychol Rev 16(3): 283-300.
doi:10.1177/1088868311434214.

De Los Reyes A, Kazdin AE (2005): Informant discrepancies in the assessment of childhood
psychopathology: a critical review, theoretical framework, and recommendations for further
study. Psychol Bull 131(4): 483-509.

Liu P, Taber-Thomas BC, Fu X, Pérez-Edgar KE (2018): Biobehavioral markers of attention
bias modification in temperamental risk for anxiety: A randomized control trial. J Am Acad

of Child Adolesc Psychiatry 57: 103-110.

29



Tables

Table 1. Descriptives of, and bivariate correlations between, main variables across the two

groups. The Benjamini-Hochberg procedure with an FDR of 0.1 was applied for multi-

comparison correction.

Mean (SD) 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 Age 11.09(0.66)
2 Maternal-report depression (CBCL) 1.3(1.78) -0.19
3 Self-report depression (CDI) 5.02(5.3) -0.19 45"
4 Positive SRET score 0.31(0.15) 0.15 -.48" -50"
5 Negative SRET score 0.04(0.06) -0.15 0.9 .31 -307
6 Positve # endorsed 10.31(1.69) 015 -23° -37" 011 -011
7 Negative # endorsed 1.18(1.41) -22° 015 407 -38" .69 -0.20
8 Positve # recalled 3.93(1.89) 021 -36~ -41" .88 -0.17 0.07 -0.18
9 Negative # recalled 4.23(2.09) 0.02 -0.13 0.02 0.08 012 0.05 006 .24
10 RT positive endorsed (ms) 1371.79(291.61) -0.09 0.20 0.03 -0.09 -0.18 -24" -27° -25" 0.05
11 RT positive not endorsed (ms) 1954.55(703.88) -0.07 -0.08 -0.26 .31 -0.26 0.07 -29° 0.14 0.04 .36
12 RT negative endorsed (ms) 1692.33(453.06) -0.14 -0.13 -0.16 0.14 0.02 0.19 0.05 0.13 0.09 .49~ .47
13 RT negative not endorsed (ms) 1323.93(282.97) -0.23° 0.2 .26 -019 24" -25" 0.20 -0.21 0.17 63" 0.25 .35
14 %SC vIPFC 0.13(0.28) -0.06 .26° 0.02 002 009 -0.12 -0.03 -0.08 -0.18 0.23 0.01 -0.04 0.06
15 %SC vmPFC 0.1(0.2) -0.07 .24~ -0.04 005 011 -0.16 0.00 -0.07 -0.18 0.03 0.00 -0.11 -0.06 .75"
Italicized: non-parametric correlations for non-normally distributed variables (5, 6, 7);

*uncorrected p<.05; ™ uncorrected p<.01; grey shade FDR-corrected p<.1.

CBCL.: Child Behavior Checklist; CDI: Child Depression Inventory; SRET: Self-Referential Encoding Task; RT:

response time; %SC: percent signal change.
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Figure legends
Figure 1. Abridged illustration of the block design SRET.

Figure 2. High- and low-risk children differed in neural activation (indexed by %SC values) in (A)

left vIPFC and (B) right vmPFC regions during the positive-word condition.

A. VIPFC (-26, 50, -6), 58 voxels, F(1,73)=21.49,Z=4.17, p-FWE = .027
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B. vmPFC (14, 44, -2), 16 voxels, F(1, 73)=16.90, Z=3.71, p-FWE = .031
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Figure 3. Moderated mediation model testing the indirect effect of maternal depression on child
symptoms via VIPFC activation during positive self-referential processing, with positive SRET

scores as the moderator. Significant effects are in bold.
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vIPFC

b=1.84(.90)
CI=].05, 3.63]

a=.29(.05)
CI=[.17, .39]

Maternal | ¢=18(28). CI=[-38, 73] | Maternal-report

Risk ab | Symptoms

Mean-1SD Positive SRET: ab=.87(.38), CI=].23,1.17]
Mean Positive SRET: ab=.52(.26), CI=[.04, 1.07]
Mean+1SD Positive SRET: ab=.16(.28), CI=[-.42, .70]
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