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Abstract

Cross-sectional studies in adults have long identified differences in cortical structure in adults with 

depression compared to healthy adults, with most studies identifying reductions in grey matter 

volume, cortical thickness, and surface area in primarily frontal cortical regions including the 

OFC, ACC, and variable sub-regions of the PFC. However, when, why, and for whom these neural 

correlates of depression emerge remains poorly understood, necessitating developmental study 

of associations between depression and cortical structure. We systematically reviewed studies 

examining these associations in child/adolescent samples, and applied a developmentally-focused 

diathesis-stress model to understand the impacts of depressogenic risk-factors and stressors on 

the development of structural neural correlates of depression. Cross-sectional findings in youth 

are generally similar to those found in adults, but vary in magnitude and direction of effects. 

Preliminary evidence suggests that age, sex, severity, and comorbidity moderate these associations. 

Longitudinal studies show depression prospectively predicting cortical structure and structure 

predicting emerging depression. Consistent with a diathesis-stress model, associations have been 

noted between risk-factors for depression (e.g., genetic risk, family risk) and environmental 

stressors (e.g., early life stress) and structural neural correlates. Further investigation of these 

associations across development with attention to vulnerability factors and stressors is indicated.
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Overview

Numerous studies, primarily in adults, find differences in brain structure between depressed 

and non-depressed individuals, as well as dimensional associations between brain structure 

and depressive symptoms. Associations between cortical structure and heritable risk for 

depression (e.g., genetic polymorphisms and family history of depressive disorders), 

known depressogenic risk factors (e.g., cognitive and temperamental vulnerability), and 

depressogenic stressors (e.g., early adversity) have also been examined. Understanding of 

the nature of these neurostructural differences in the cortex is further complicated by the use 

of multiple methodologies to index distinct anatomical features of the cortical grey matter 

including volume, thickness, and surface area. Here, a model is proposed that integrates 
this extant literature in a developmental psychopathology framework to understand 1) the 

development of depression and cortical structural features in childhood and adolescence and 

2) the contribution of depressogenic vulnerability and stressors to this complex and dynamic 

process.

Reductions in cortical grey matter volume and thickness in primarily, but not only, frontal 

cortical regions have been consistently documented in adults with Major Depressive 

Disorder (MDD) across numerous individual studies and summarized in multiple meta­

analyses (see Section 1). What is not yet understood is when or how this pattern of cortical 

structural characteristics emerges. Therefore, we first present a systematic review of the 

developmental literature of brain structure and depression (see Section 2). Cross-sectional 

studies in child and adolescent samples find associations between cortical structure and 

depression at different points of development. Longitudinal studies in youth explore the 

directionality of these associations between depressive symptomology and cortical structure. 

Early published evidence suggests that there are bidirectional relationships between cortical 

structure and depression. Furthermore, variability in these findings suggest the involvement 

of multiple other factors including, but not limited to, age, sex, symptom presentation and 

severity, and comorbid psychopathology.

Following this systematic review of the developmental literature, we additionally present 

selective reviews of the processes that may contribute to the development of depression and 

frontal cortical structure. We focus on multiple risk factors that demonstrate associations 

with depression and cortical structure, including high risk gene variants, familial history of 

depression (see Section 3), prenatal exposure to maternal depression, and early life stress 

(see Section 4). Finally, we consider the interactions between depressogenic risk factors 

and stressors on cortical structure to further elucidate when and for whom these outcomes 

emerge (see Section 5).

Introduction

Recently, research has sought to understand Major Depressive Disorder (MDD) through 

behavioral and neurobiological features across multiple units of analysis, including neural 

circuitry (Woody & Gibb, 2015). A rapidly expanding body of work has identified 

differences in both brain structure and function across subcortical and cortical systems 

associated with MDD (for review see Kaltenboeck & Harmer, 2018). Examination of 
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structural differences in subcortical structures have identified reduced grey matter volume 

in a number of regions. Findings from recent meta-analyses have most consistently 

documented reduced grey matter volume in subcortical regions, including the hippocampus, 

and less consistently the putamen, caudate nucleus and amygdala (Schmaal et al., 2016; 

Koolschijn et al., 2009; Bora et al., 2012). Studies of cortical structural differences 

associated with MDD reveal heterogenous findings that are due, in part, to variability in 

methodology and units of analysis. Specifically, the neuroanatomy of the cerebral cortex, 

marked by the folded gyri and sulci, contributes unique measurement challenges that have 

motivated the development of new analytic approaches (Winkler et al., 2010; Vijayakumar, 

Mills, Alexander-Bloch, Tamnes, & Whittle, 2018).

Measurement and Methodological Challenges

The first magnetic resonance imaging (MRI) metric to be developed and widely applied to 

the study of brain structure was grey matter volume. Volumetric techniques estimate the 

number of voxels comprising the 3-dimensionial volume of neuroanatomical structures, and 

can be applied to the measurement of both subcortical and cortical structures. However, the 

application of these voxel-by-voxel processing techniques (e.g. voxel-based morphometry), 

which are highly reliant on the accuracy of registration, smoothing, and atlas, to the folded 

cortical surface poses an increased risk of misalignment and misclassification (Winkler 

et al., 2010). In response to these challenges, MRI processing approaches that take a 2­

dimensional, surface-based approach to quantifying the cortical surface have been developed 

(e.g. FreeSurfer) and provide rich additional information about neurostructural features 

unique to the cortex, including cortical thickness, surface area, and morphometry (for review 

see Vijayakumar et al., 2018). Grey matter volume may additionally be estimated as the 

product of cortical thickness and surface area. However, recent studies suggest that cortical 

thickness and surface area are influenced by different genetic processes and thus, poorly 

correlated with one another, though the biological underpinnings of their independence 

remains unclear (Winkler et al., 2010). These findings emphasize the value of considering 

both cortical thickness and surface area as independent outcomes of interest in studies of 

cortical structure, as opposed to restricting focus to their composite (grey matter volume).

Across metrics and methods, differences in cortical structure between individuals with 

and without MDD have been identified across the cortex, with studies implicating frontal, 

temporal, parietal, and occipital regions. In meta-analyses, specific frontal cortical regions 

such as the orbitofrontal cortex (OFC; Drevets, 2007), prefrontal cortex (PFC; George, 

Ketter, & Post, 1994), and the anterior cingulate cortex (ACC; Bush, Luu, & Posner, 

2000) have emerged as areas of particular importance, consistent with the disruption of 

numerous “frontal lobe” neurocognitive functions observed in depression (Snyder, 2013). 

The following review focuses on studies examining cortical grey matter structure, with 

a particular emphasis on the comparison and integration of patterns of findings across 

the diverse array of structural characteristics (e.g., grey matter volume, cortical thickness, 

surface area, and morphometry) unique to the anatomy of the cortex.
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Developmental Context

Finally, it is important to note that adolescence, the developmental period associated with 

heightened risk for depression, is also a time of prolific cortical structural development. 

Cortical maturation, particularly in frontal regions, continues into early to mid-adulthood 

and is marked by reductions in cortical thickness and grey matter volume and expansion 

of cortical surface area (Gogtay et al., 2004). The extension of the findings from cross­

sectional, primarily adult, studies into longitudinal studies and research in child and 

adolescent populations is critical given that both depression and cortical structure are 

observed to develop and change through childhood and adolescence. Therefore, this review 

will primarily review studies in youth in order to highlight findings in the extant literature 

which not only establish the existence of cortical structural characteristics of MDD, but 

elucidate when, why, or how these structural features may emerge.

Methods

A systematic review of cross-sectional and longitudinal studies of associations between 

brain structure and depression was conducted following PRISMA guidelines (Moher, 

Liberati, Tetzlaff, & Altman, 2009). In September 2018, a search of three databases 

(PsychINFO, PubMed, and Web of Science) was conducted using the following search 

terms: “depress*” AND “brain” AND [“magnetic resonance imaging” OR “MRI” OR 

“cortical thickness” OR “cortical thinning” OR “surface area” OR “volume*” OR 

“morphometry”]. Search and screening results are documented in a PRISMA Flow Chart 

(Figure 2). Eligible studies included at least one assessment of depression diagnosis or 

symptoms, at least one assessment of brain structure using magnetic resonance imaging 

(MRI), and report volumetric or surface-based analysis of cortical structure. Across youth 

and adult samples, 680 articles examining cortical grey matter and depression were 

identified, including 142 reviews, 29 meta-analyses, and 509 empirical studies. However, 

the majority of studies to date have been conducted in adult populations. Given the 

developmental focus of the current review, systematic review was further limited to studies 

in youth samples. “Youth” was defined as studies with an upper-bound age range no higher 

than 25 years old, consistent with developmental frameworks that define adolescence as 

spanning through age 25 (Curtis, 2002). Thus, while studies with age ranges spanning 

childhood and adolescence (e.g., ages 8–25; Bos et al., 2018) were reviewed, those spanning 

broader developmental periods (e.g., ages 6–54; Bansal et al., 2016) were excluded. When 

restricted to youth samples, one meta-analysis and 42 empirical studies were identified. 

These studies are systematically reviewed in Section 2 and described in Tables S1–S3.

In addition to the work conducted in youth samples, many studies not meeting inclusion 

criteria for the systematic review are highly relevant to understanding brain-depression 

relationships from a developmental psychopathology perspective. Following systematic 

review of the developmental literature (see Section 2), we integrate evidence from 

heterogenous yet relevant studies in youth (e.g., infants with prenatal exposure to depression 

symptoms) and adults (e.g., retrospective report of early life stress, family history) to 

review processes that may contribute to the development of depression and frontal cortical 

structure in the following sections. It is important to acknowledge that full systematic 
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reviews of these literatures (e.g., cortical structure and early life stress, genetic risk for 

depression and cortical structure, etc.,) were not completed. Rather, we provide a brief 

selective review of relevant risk factors that demonstrate associations with depression and 

cortical structure. In support of a diathesis-stress model (Figure 1), we present emerging 

evidence exploring the contribution of genetic risk factors (e.g., high risk gene variants, 

familial history of depression; Section 3), environmental stressors (e.g., prenatal exposure to 

maternal depression, early life stress; Section 4), and their interactions (Section 5).”

Section 1 – Frontal Cortical Structure and Depression: Findings in Adults

Meta-analytic studies comparing cortical structure between adults with and without MDD 

have found differences in grey matter volume as well as cortical thickness, surface area, 

and morphology, though findings vary across methodology and sample characteristics. 

Numerous meta-analyses in adults have examined differences in cortical grey matter volume 

in adults with MDD compared to healthy controls, and confer evidence for a relatively 

consistent pattern of reduced grey matter volume in frontal cortical and, to a lesser extent, 

temporal regions. A comprehensive effect-size based meta-analysis examining differences 

in grey matter volume across 2,148 individuals with MDD and 1,947 healthy controls 

identified reduced grey matter volume in the OFC (d = 0.43), ACC (d = 0.77) and PFC 

(d = 0.34; Koolschijn, van Haren, Lensvelt-Mulders, Pol, & Kahn, 2009). These findings 

were replicated in a meta-analysis focused strictly on the cortico-striatal-pallidal-thalamic 

circuit, which found volume reductions in the OFC (d = 0.37), ACC (d = 0.34), and 

PFC (d = 0.27) in individuals with MDD compared to controls (Bora, Harrison, Davey, 

Yucel, & Pantelis, 2012). Studies using voxelwise metanalytic techniques, including signed 

differential mapping (Bora et al., 2012; Lai, 2013), activation likelihood estimation (Du et 

al., 2012), and computational meta-analysis of statistical parametric maps (Arnone et al., 

2016), have also identified reduced grey matter volume in the ACC (Bora et al., 2012; 

Du et al., 2012; Lai, 2013), prefrontal cortex (Bora et al., 2012; Du et al., 2012; Arnone 

et al., 2016) and temporal lobes (Arnone et al., 2016). Smaller meta-analyses focused on 

subgroups of individuals with MDD describe reductions in grey matter volume in frontal and 

temporal regions in individuals experiencing first depressive episodes (Peng, Chen, Yin, Jia, 

& Gong, 2016; Wang et al., 2017), anti-depressant medication naïve individuals with MDD 

(Zhao et al., 2014), and individuals with late life depression (Du et al., 2014).

Relatively fewer studies have examined differences in cortical thickness and surface area 

between individuals with and without MDD. The largest meta-analysis to date found 

that across 2,148 individuals with MDD and 7,957 healthy controls, adults with MDD 

had thinner cortical grey matter in the OFC, anterior and posterior cingulate, insula, 

and temporal lobes (ds range between −.10 to −.14 across regions), but no differences 

in surface area (Schmaal et al., 2017a). A second meta-analysis examining only cortical 

thickness identified somewhat consistent findings; while MDD was similarly associated with 

significantly thinner bilateral OFC and left pars opercularis region of the PFC, reduced 

cortical thickness was also identified in the occipital region of the left calcarine fissure/

lingual gyrus, and thicker cortex was noted in the parietal region of the supramarginal gyrus 

(Suh et al., 2019). Taken together, meta-analyses in adults implicate similar regions (frontal, 

temporal) across metrics, and most often find that MDD is associated with reductions in 
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cortical thickness and grey matter volume. However, the directionality and localization of 

differences in cortical thickness are more variable (e.g., reductions thickness in the occipital 

lobe, increases in the parietal lobe). Meta-analytic differences in surface area and cortical 

folding patterns have not yet been reported, likely owing to a limited number of studies.

Individual studies in adults have additionally considered the contribution of age of onset 

to cortical structural differences associated in MDD. An array of studies have examined 

cortical structural differences between adults with MDD onset in youth and in adulthood. 

In adults, onset before age 25 has been shown to be associated with reduced cortical 

thickness in frontal (frontal pole, Jaworska et al., 2014; precentral gyrus, Truong et al., 

2013), parietal (post central gyrus) and occipital (lingual gyrus) regions (Truong et al., 

2013), as well as increased cortical thickness in the transverse temporal cortices (Jaworska 

et al., 2014). However, another study comparing individuals with late adolescent onset (18–

23 years) and adult onset MDD (>24 years) did not differ on frontal cortical grey matter 

(Botterton et al., 2002). These limited yet complex findings highlight the need for further 

study of experiences of depression across development, and emphasize the relevance of 

developmentally focused study in understanding the cortical structural correlates of MDD 

seen in adulthood.

Section 2 – Depression and the Developing Brain: Findings in Children 

and Adolescents

In contrast to the wealth of studies in adults, the study of cortical structure and depression 

in children and adolescents is a newer and smaller literature. Over the past two decades, 

a quickly increasing body of cross-sectional and longitudinal work has examined cortical 

structural correlates of depression in childhood and adolescence.

2.1 – Meta-Analyses in Youth with Depression.

To date, no comprehensive meta-analytic studies of neurostructural differences in MDD in 

child/adolescent populations have been conducted. The ENIGMA working group included 

both adolescents and adults in their voxel-wise meta-analysis of grey matter volume, cortical 

thickness, and surface area. Whereas adults with MDD demonstrated reduced cortical 

thickness in multiple frontal and temporal cortical regions, no such differences in cortical 

thickness were found between adolescents with and without MDD (Schmaal et al., 2017a). 

Additionally, while no significant differences in cortical surface area were observed in 

adults with and without MDD, adolescents with MDD exhibited lower overall surface area 

compared to healthy controls. Adolescents with MDD demonstrated reduced grey matter 

volume in the medial OFC and superior frontal gyrus of the PFC, which is consistent with 

volumetric findings observed in adult populations. Regional grey matter reductions were 

also observed in primary and higher order visual, somatosensory, and motor areas.

2.2 – Cross-Sectional Studies of Brain Structure and Depression in Youth.

Cross-sectional studies of the relationship between depression and brain structure in 

childhood and adolescence have examined whether the structural differences in MDD 

described in adults replicate in younger populations. While cross-sectional studies are by 
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design limited in their ability to inform the directionality or possible underlying causal 

mechanisms, they evince associations between brain structure and depression and highlight 

unique features of these relationships at different developmental stages. Reviewed studies 

are summarized in Table S1.

Grey Matter Volume.—Similar to the adult literature, there is some evidence that MDD 

in youth is associated with reduced grey matter volume in frontal cortical regions. A 

number of cross-sectional volumetric studies in adolescents have found reduced grey matter 

volume in youth with MDD compared to healthy controls in the ACC (Pannekoek et 

al., 2014; MacMaster, Carrey, Langevin, Jaworska, & Crawford, 2014), the frontal lobes 

(Shad, Muddasani, & Rao, 2012; MacMaster et al., 2014), and the superior and middle 

temporal gyri (Shad et al., 2012). However, some studies have failed to identify significant 

associations between cortical grey matter volume and adolescent MDD (Redlich et al., 2018; 

Chen et al., 2008).

Other cross-sectional studies incorporated additional factors, such as age, symptom severity, 

and comorbid psychopathology, into their work to explain mixed findings. Hagan and 

colleagues (2015) examined whether age moderated the associations between MDD and 

cortical structure. The authors reported a significant interaction between depression status 

and age on grey matter volume of the ACC, such that age was inversely associated with 

ACC volume for non-depressed adolescents, but no associations were found between age 

and ACC volume for depressed adolescents (Hagan et al., 2015).

Depression severity is another important factor to consider. In some cross-sectional studies, 

despite significant group differences in cortical structure between youth with and without 

MDD, youth self-reported depressive symptoms were not significantly associated with 

cortical grey matter volume (Pannekoek et al., 2014; Hagan et al., 2015; Shad et al., 2012). 

However, in healthy youth, subclinical depressive symptoms have been found to be inversely 

correlated with grey matter volume of the rostral ACC (Boes, McCormick, Coryell, & 

Nopoulos, 2008). Additionally, severe symptoms of MDD such as suicidality have also been 

associated with grey matter volume. Youth with MDD who have a history of suicide attempt 

demonstrated reduced grey matter volume in the superior temporal gyrus (McLellan et al., 

2018) and more suicide attempts have been inversely associated with grey matter volume in 

the ACC (Goodman et al., 2011). While findings concerning severity and brain structure are 

mixed, there is some evidence to suggest that the severity of depressive symptoms, even at 

subclinical levels, is associated with the degree of cortical structural changes.

Depression is often comorbid with other psychiatric diagnoses (Merikangas et al., 2010; 

Angold, Costello, & Erkanli, 1999) and studies have begun exploring the influence of 

comorbid disorders on brain structure. In youth with comorbid MDD and borderline 

personality disorder, reduced grey matter volume in the ACC was inversely associated 

with borderline personality symptom severity and number of suicide attempts, but was not 
associated with depressive symptoms (Goodman et al., 2011). In a study comparing youth 

with MDD with and without comorbid anxiety disorders, youth with comorbid anxiety 

had reduced dorsolateral PFC thickness compared to youth with MDD alone (Wehry et 

al., 2015). Results from this small literature suggest that comorbidity may affect cortical 
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structure in youth with depression, though our understanding is limited by a limited number 

of studies in small samples.

Consistent with findings in adults, studies of associations between MDD and grey matter 

volume in children and adolescents generally identify reduced grey matter volume in frontal 

and temporal regions, with the ACC emerging as a strong ROI. In some studies, depression 

also moderated the effect of age on cortical structure and highlights the need for attending 

to how depression influences neural development. The severity of MDD, including symptom 

severity, suicidality, and comorbidity, may also influence cortical structure.

Surface Characteristics.—Consistent with the adult literature, the most frequently used 

surface-based index of cortical structure in studies of youth depression is cortical thickness. 

Whereas adults demonstrate a reasonably consistent pattern of reduced cortical thickness in 

frontal regions, particularly the OFC and ACC, findings in youth have been more variable. 

Studies have found that children with MDD have had decreased cortical thickness in the 

pericalcarine gyrus, postcentral gyrus, supramarginal gyrus and superior parietal gyrus, but 

increased cortical thickness in the temporal pole (Fallucca et al., 2011), the ACC, and rostral 

middle frontal gyrus of the PFC (Koenig et al., 2018). However, other studies have failed 

to identify differences between adolescents with MDD and healthy controls (Fradkin et 

al., 2017). In adolescents with MDD, Reynolds and colleagues (2014) found an interaction 

between MDD and age, such that for adolescents with MDD, but not healthy controls, there 

was a significant inverse association between age and cortical thickness of the left middle 

frontal gyrus.

Cortical morphology (e.g., curvature; sulcogyral folding patterns) is also associated with 

depression in adolescence. Specifically, differences in cortical morphology have been 

identified in adolescents with MDD compared to healthy controls (Ramezani et al., 2014) 

and have demonstrated associations with self-reported symptom severity (Ramezani et al., 

2014; Whittle, Bartholomeusz, et al., 2014). Cortical folding patterns have also distinguished 

between children with and without depression. Using support vector machine pattern 

classification modeling, cortical thickness, grey matter volume, and cortical folding patterns 

were able to successfully predict group membership with 78.4% accuracy, 76% sensitivity, 

and 80% specificity across children with MDD and demographically matched healthy 

controls (Wu et al., 2015).

Cross-sectional studies have begun to examine associations between cortical surface 

characteristics and symptoms of depression. In a large community sample of children and 

adolescents (ages 7–21), depressive symptoms were significantly inversely related to cortical 

thickness, but not surface area, in the ventromedial PFC/medial OFC (Merz, He, & Noble, 

2018). However, in a sample limited to adolescents, self-reported depressive symptoms 

were positively associated with ACC, right medial OFC, and frontal pole cortical thickness 

(Koenig et al., 2018).

In summary, youth with MDD show reduced cortical thickness compared to non-depressed 

youth, though null and opposite findings have also been identified. These effects are 

observed primarily in the ACC and frontal cortical regions, but have also been observed 
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in temporal regions associated with the limbic system, as well as parietal and occipital 

regions that are less frequently implicated in volumetric studies. Subclinical depressive 

symptoms also are associated with reduced cortical thickness and cortical morphology. 

Furthermore, surface-based features can be used to predict diagnostic classification of MDD 

with reasonable accuracy.

Conclusions.—Cross-sectional studies of MDD in youth are generally consistent with the 

adult literature in identifying structural differences between MDD and healthy adolescents. 

However, findings in youth are highly variable, with cortical thickness, surface area, and 

morphology demonstrating heterogenous direction and location of effects. The degree 

to which heterogeneity in findings may be explained by factors such as age, sex, and 

comorbidity is not well understood. The implications of these findings are also limited 

owing to the cross-sectional designs. While the results from cross-sectional designs provide 

initial evidence for associations, they do not inform directionality of effects. Longitudinal 

studies can help inform whether alterations in brain structure are causes, correlates, or 

consequences of depression.

2.3 – Longitudinal Studies of Brain Structure and Depression in Youth.

Prospective longitudinal studies of the development of depression in childhood and 

adolescence provide opportunities to examine the directionality of associations between 

the development and course of MDD and cortical structure. Studies including longitudinal 
assessments of depression and single assessments of brain structure evince depressive 

symptomology as a possible predictor and outcome of cortical structural differences, but 

remain unable to inform causal claims. A novel and limited body of studies including 

multiple assessments of both depression and brain structure is beginning to elucidate 

the interplay of emerging depression and cortical structure throughout childhood and 

adolescence. Reviewed studies are summarized in Tables S2 and S3.

Longitudinal Assessments of Depression, Single Assessment of Brain 
Structure.—In some studies, depressive symptoms in childhood have prospectively 

predicted cortical structure later in development (Figure 1: Path A). As part of a longitudinal 

study of depression, children who were preschool age (3–5 years old) at baseline completed 

multiple assessments of depressive symptomology over a 10-year follow-up period, as well 

as a single MRI assessment in middle childhood (6–12 years old; e.g., Marrus et al., 2015; 

Belden et al., 2015). Longitudinal analyses found that MDD symptoms and diagnosis were 

prospectively associated with surface-based (Marrus et al., 2015) and volumetric (Belden et 

al., 2015) structural characteristics. Children with a prior diagnosis of MDD demonstrated 

reduced cortical thickness in the ventromedial PFC (Marrus et al., 2015) and reduced grey 

matter volume in the insula (Belden et al., 2015) compared to children with no history 

of MDD. Furthermore, early childhood depressive symptoms (3–5 years old), independent 

of current/school age symptoms (6–12 years old), also significantly inversely predicted 

cortical thickness in the ventromedial PFC in this sample (Marrus et al., 2015). Depressive 

symptoms in childhood also prospectively predict brain structure in late adolescence: in 

a large male community sample, internalizing symptoms in childhood (7–13 years old) 

were inversely associated with grey matter volume and surface area in the superior frontal 
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gyrus, and positively associated with grey matter volume and cortical thickness in the 

precuneus, in early adulthood (18–21 years old; Jensen et al., 2015). These findings provide 

preliminary evidence to suggest that history of depressive symptoms may predict structural 

characteristics associated with MDD.

Studies have also examined whether brain structure predicts later depressive symptoms 

(Figure 1: Path B). Belden et al. (2015) found that reduced grey matter volume in the 

insula predicted a future diagnosis of MDD (OR = 0.96; 95% CI, 0.01–0.75) across a 

10-year follow-up period when controlling for past episodes. Other studies in adolescent 

samples have also found that cortical structure prospectively predicts future depressive 

symptoms (e.g., Vulser et al., 2015) and diagnosis of MDD (Foland-Ross et al., 2015b). In 

an adolescent community sample, grey matter volume in the ventromedial PFC and ACC 

was inversely associated with subclinical depressive symptoms at the time of a baseline 

MRI (14 years old) and at a follow-up assessment of depressive symptoms two years later 

(Vulser et al., 2015). Cortical thickness in early adolescence (10–15 years old) has also 

been shown to predict diagnosis of MDD across a 5 year follow up period with 70% 

accuracy in a support vector machine learning model, with the right medial OFC, right 

precentral gyrus, left ACC, and bilateral insula contributing most strongly (Foland-Ross 

et al., 2015b). However, other studies have failed to find associations between cortical 

thickness and depression. Specifically, in a sample of adolescents (15–20 years old) there 

were no significant predictions to depressive symptoms at 2-year follow up from cortical 

thickness at baseline (Busso et al., 2017). Similarly, Little and colleagues (2014) found that 

OFC volume at age 12 did not significantly predict onset of MDD in adolescence (13–19 

years old).

In sum, there is evidence supporting reciprocal longitudinal relationships between youth 

depression and grey matter volume and cortical thickness. However, a number of studies 

have also failed to identify links between depressive symptoms and cortical structure, with 

null findings appearing most frequently in older adolescent samples. Thus, the nature, 

directionality and causal mechanisms of the relationship between depression and brain 

structure remain unclear. The above studies are limited by the use of only a single measure 

of cortical structure and therefore provide preliminary evidence for bidirectional effects. 

Without longitudinal measures of cortical structure, claims about causality or directionality 

of associations between depression and cortical structure are unable to be substantiated.

Longitudinal Assessments of Depression and Brain Structure.—A number of 

longitudinal studies have examined associations between trajectories of cortical development 

and trajectories of depressive symptoms in youth (e.g., Bos, Peters, van de Kamp, Crone, 

& Tamnes, 2018; Schmaal et al., 2017b; Luby et al., 2016), as well as constructs strongly 

associated with depression, such as irritability (Pagliaccio, Pine, Barch, Luby, & Leibenluft, 

2018) and anhedonia (Luby et al., 2018). This emerging literature is beginning to elucidate 

the complex relationship between emerging depressive symptoms and neural structure.

Examination of the course of depressive symptomology throughout childhood and 

adolescence has revealed associations between emerging symptoms and brain structure. 

In Bos et al. (2018), a broad sample including children, adolescents, and early adults (8–
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25 years old) completed three MRI assessments over five years, as well as self-reports 

of depression. The authors found that, controlling for baseline symptoms, accelerated 

cortical thinning in the OFC and PFC was associated with depressive symptoms at the 

third assessment (Bos et al., 2018). Study samples focusing on more specific developmental 

periods offer some insight into the progression of these relationships across time.

Regarding childhood, the study with the earliest assessments involved a sample of children 

who were preschool age (3–6 years old) at baseline and completed three MRI assessments at 

three year intervals (Luby et al., 2018; Luby et al., 2016). Depression in early childhood was 

associated with accelerated cortical thinning and grey matter volume loss globally across 

the three MRI assessments (Luby et al., 2016). In the same sample, specific examination 

of trajectories of change in cortical thickness and volume in the OFC found that change 

in this region did not prospectively predict depression in adolescence (13–18 years old; 

Luby et al., 2018). Null findings have also been reported in a study examining associations 

between internalizing symptoms at ages 6 or 10 and changes in overall cortical volume 

from age 8 to 10, which found no significant associations between symptoms and structure 

(Muetzel et al., 2018). The limited studies in early and middle childhood highlight early 

depressive symptoms as a risk factor for accelerated cortical thinning and volume loss in 

later childhood. However, more studies are necessary to replicate these findings.

In contrast to childhood, more longitudinal studies of cortical development have focused 

on adolescence. Some studies restricted to adolescence have failed to identify associations 

between cortical development and depression. Specifically, in a sample of older adolescents 

and early adults (16–25 years old), changes in cortical grey matter volume over a two-year 

follow-up period were not associated with MDD symptoms and failed to predict onset of 

MDD (Nickson et al., 2016). Additionally, in a sample of adolescents at high familial risk 

for depression, change in cortical thickness in the PFC from age 12 to age 16 was not 

associated with the first onset of MDD before age 18 (Whittle, Lichter, et al., 2014b). 

Schmaal and colleagues (2017b) examined the association between cortical structural 

changes and depression symptom using group-based trajectory modeling. Adolescents were 

grouped based on symptom trajectory as low-stable (consistently low depressive symptoms), 

early decreasing (high symptom levels in early adolescence which decreased over time), 

or late increasing (early symptom levels in early adolescence which increased over time). 

While there were no main effect group differences in brain structure related to trajectories, 

significant group differences in surface area were moderated by sex. Females with early­

decreasing symptoms had less ACC and OFC surface area over time as compared to 

the other trajectory groups, while males with early-decreasing symptoms demonstrated 

an increase in surface area in the OFC. Given the well-documented emergence of sex 

differences in depression during adolescence (Hankin et al., 1998; Cyranowski, Frank, 

Young, & Shear, 2000), continued study of the effects of sex on relationships between 

brain structure and emerging depression will be critical to understand the interplay between 

these complex processes. Studies examining potential moderating factors, such as sex, of 

the associations between trajectories of depressive symptoms in adolescence and changes 

in brain structure may provide some insight into the increased variability of findings in 

adolescent populations compared to findings in children and adults.
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Constructs associated with depression (anhedonia; irritability) have also been studied in 

relation to emerging cortical structural differences. Anhedonia is a core symptom of 

MDD marked by a lack of interest and pleasure in enjoyed activities (DSM-5; American 

Psychiatric Association, 2013). Higher anhedonia ratings over time have been associated 

with steeper decline in OFC volume across childhood and early adolescence (Luby et 

al., 2018). Irritability is a criterion for depression in youth (Egger & Angold, 2006). In 

an examination of associations between group-based trajectories of irritability, depressive 

symptoms and cortical structure, children with elevated irritability (consistently high 

trajectory) demonstrated higher depressive symptoms and increased cortical thickness in 

the superior frontal and temporal gyri and the right inferior parietal lobule (Pagliaccio et al., 

2018). This finding is inconsistent with the prevailing pattern of decreased cortical thickness 

and volume in the context of depression.

A few studies have also identified positive associations between emerging depression and 

cortical structure, as opposed to the negative associations reported by the majority of studies 

in youth and adults. Ducharme and colleagues (2014) found that the directionality of 

associations between depressive symptoms and cortical thickness in the ventromedial PFC 

was moderated by age, such that anxious/depressed symptoms were negatively associated 

with cortical thickness in children (< 9 years old), but positively associated with thickness 

in older adolescents (15–22 years old). The change of direction in effects at different points 

in development noted by Ducharme and colleagues suggest that positive associations with 

cortical thickness emerge in older youth. This surprising effect may be secondary to a slower 

rate of cortical thinning in youth with higher levels of anxious/depressed symptoms. These 

results highlight the need to study the relationship between brain structure and depression at 

all points of development.

Conclusions.—Existing longitudinal data have yet to comprehensively examine the 

complex and dynamic relationship between brain structure and depression. Overall, there 

is evidence that trajectories of cortical development and depressive symptoms covary, but 

the directionality of effects is not clear. Findings from Ducharme et al. (2014) suggest 

the sign of the association between depression and cortical structure may change from 

negative to positive in middle childhood. Thus, depression and brain structure may have 

different relationships across neural development that may be reflected in the inconsistent 

findings across other studies. Despite these mixed results, implicated regions continue to be 

largely consistent with findings in the adult and cross-sectional literature (e.g., OFC, ACC, 

frontal cortical regions). Longitudinal studies confer more evidence that earlier depressive 

symptoms predict to later structure (Figure 1: Path A). Studies exploring predictions of 

structure to later onset of depression (Figure 1: Path B) more frequently reported null results, 

but were also fewer in number.

Taken together, the longitudinal studies directly examining changes in brain structure across 

development, as well as the developmental psychopathology of depression comprise a 

budding literature addressing the still unclear neural developmental pathways underlying 

MDD. There is preliminary evidence that the relationship between depression and cortical 

structure may be mediated and/or moderated by age and/or gender, but replication is 

needed. Preliminary evidence suggests that cortical structure may mediate the relationship 
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between past and future symptoms of depression. Vulser and colleagues (2015) found that, 

for girls only, the relationship between subclinical depressive symptoms at baseline and 

increased depressive symptoms at follow-up was mediated by lower grey matter volume in 

the ventromedial PFC. Continued longitudinal study that considers the differential effects 

of age and gender, and explores possible mediators and underlying mechanisms of these 

relationships, are indicated.

Section 3 – Associations between Family History, Single Nucleotide 

Polymorphisms (SNPs), and Cognitive Vulnerabilities as Risk Factors for 

Depression and Cortical Structure

The complex and heterogeneous findings in the developmental literature raise many 

questions about additional factors that influence the emergence of depression, altered brain 

structure, and the relationships between these outcomes. In order to clarify the nature of the 

relationship between depression and cortical structure, it is important to consider possible 

shared risk factors. The following section presents a selective review of the associations 

between cortical structure and known vulnerabilities to MDD, including genetic (Figure 1: 

Path C) and familial risk (Figure 1: Path D). and temperamental/cognitive traits (Figure 1: 

Paths E, F) known to confer vulnerability to MDD.

3.1 – Genetic Risk for Depression and Cortical Structure

Recent reviews of neuroimaging twin studies have begun to describe genetic influences on 

cortical structure broadly (Peper, Brouwer, Boomsma, Kahn, & Pol, 2007) and specifically 

within the context of MDD (Pigoni et al., 2018). A recent review of neuroimaging twin 

studies in MDD described a small number of adult studies with minimal conclusive findings 

(Pigoni et al., 2018). In the one study that describing differences in cortical structure, 

reduced grey matter volume in the fusiform gyrus was identified in monozygotic twin 

pairs with concordant MDD compared to healthy controls, but there were no intra-twin 

differences among twins discordant for MDD (Alemany et al., 2013). This is consistent with 

a genetically driven effect.

In addition to research in twins, there is great interest in identifying genetic risk factors 

for multiple processes related to the development of depression (Woody & Gibb, 2015), 

though evidence of contribution of genetic risk factors to depression remains limited (Dunn 

et al., 2015). While a large genome wide association study (GWAS) failed to identify any 

significantly different SNPs across 5763 adults with MDD and 6901 healthy controls (Wray 

et al., 2012), individual studies have identified associations between MDD and SNPs related 

to serotonin (Risch et al., 2009), BDNF (Verhagen et al., 2010), and immune responding 

(e.g., FKBP5 gene; Rao et al., 2016). A meta-analysis of studies of genetic risk and brain 

structure in the context of MDD found the BDNF Val66Met “Met” allele was associated 

with increased grey matter volume in the right middle frontal gyrus, though no other 

findings were statistically significant (Pereira et al., 2018). Additionally, individual studies 

in adults have found that variants of the FKBP5 gene associated with depression are also 

associated with reduced grey matter volume in the OFC (Hirakawa et al., 2016; Tozzi et al., 

2018). In the one existing study of genetic risk, brain structure, and MDD in adolescents, 
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increasing copies of the 5-HTTLPR “s” alleles were associated with reduced grey matter 

volume in the OFC (Little et al., 2014), but this association failed to prospectively predict 

the onset of MDD during adolescence.

These studies, though limited in number, suggest that genetic risk for depression, depressive 

symptomatology, and cortical structure are likely associated. Despite the dearth of main 

effects specifically relevant to MDD, genetic risk may contribute a more complex role in 

the associations between MDD and its related cortical structural characteristics; an emerging 

body of studies (reviewed in Section 5 below) indicate that genetic risk may moderate 

associations between environmental stressors and cortical structure in the context of MDD 

(Figure 1: Path I).

3.2 – Familial Risk for Depression and Cortical Structure.

Comparison of brain structure in individuals at high and low familial risk for depression 

find differences in cortical structure in both healthy and depressed populations. Comparisons 

in adults show that MDD and high-risk groups demonstrated similarly reduced grey matter 

volume in the insula (Opel et al., 2016), OFC (Opel et al., 2016), and dorsolateral PFC 

(Amico et al., 2011), as well as reduced cortical thickness in the left inferior frontal, 

parahippocampal, precentral, and fusiform gyri (Papmeyer et al., 2015) compared to low­

risk groups, though null findings have also been reported (Carballedo et al., 2012). Among 

adolescents with MDD, Nolan et al. (2002) found that those with a family history of MDD 

had reduced left prefrontal cortical grey matter volume. In a sample of both youth and 

adults (6–54 years old), healthy individuals at high familial risk for MDD demonstrated 

significantly reduced cortical thickness broadly across the right hemisphere (Peterson et 

al., 2009). Examinations of cortical structure in mothers with and without MDD and 

their healthy daughters have also identified associations between familial risk and cortical 

structure as indexed by both grey matter volume and cortical thickness. Mothers with MDD 

and their healthy daughters demonstrate reduced cortical thickness in the fusiform and 

inferior temporal gyri (Foland-Ross, Behzadian, LeMoult, & Gotlib, 2016) and reduced grey 

matter volume in the dorsomedial PFC as well as temporal and parietal cortical regions 

(Ozalay et al., 2016) compared to mothers/daughters without MDD.

More complex relationships between familial risk, dimensional symptoms of depression, 

and cortical structure have also been examined. Peterson and colleagues (2009) examined 

cortical thickness as a mediator of the associations between familial risk and MDD 

symptoms and cognitive functioning. In this study, cortical thickness was inversely 

associated with current MDD symptom severity and cognitive functioning (e.g., inattention 

and visual memory) and significantly mediated the associations between familial risk 

and symptoms/cognitive functioning. Familial risk has also been found to moderate the 

association between depressive symptoms and rostral ACC volume in a sample of youth 

(ages 7–17), such that high-risk youth demonstrated a stronger negative association than 

low-risk youth, who demonstrated a smaller, but still significant, negative association (Boes 

et al., 2008).

In conclusion, the brain structure of healthy individuals at high family risk of MDD mirrors 

patterns of cortical structural characteristics seen in those with MDD. Furthermore, youth 
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at high risk for MDD demonstrate associations between depressive symptoms/depressogenic 

stressors and cortical thickness in regions implicated in depression (e.g., ACC, insula), and 

these are similar to the associations seen in their depressed parents. Future research should 

continue to explore the specific mechanisms of family history of MDD on cortical structure 

and emerging depression in youth. Prior studies have suggested that changes to parenting 

behavior and parent-child relationships also contribute to the development of depression in 

offspring of depressed parents beyond the possible genetic risk associated with having a 

parent with MDD (for review see Franić et al., 2010).

3.3 – Cognitive Risk for Depression and Cortical Structure.

Depression is associated with deficits in a number of cognitive functions including executive 

functions (EF; Snyder, 2013), emotion regulation (Aldao, Nolen-Hoeksema, & Schweizer, 

2010), and certain maladaptive cognitive attributional and coping styles (Beevers, 2005). 

Many cognitive factors, particularly executive functions/cognitive control, are housed in 

the frontal lobe (Duncan & Owen, 2000). Thus, a working hypothesis is that frontal lobe 

structural abnormalities may give rise to cognitive deficits (Figure 1: Path E) that increase 

risk for depression (Figure 1: Path F).

A small number of studies in youth have examined associations between frontal cortical 

structure and depression-related cognitive processes (Figure 1: Path E). Studies of cognitive 

development and cortical maturation in healthy youth link changes in cortical thickness and 

grey matter volume with change in cognitive functions, particularly executive functions such 

as behavioral inhibition and working memory (for review see Paus, 2005). However, few 

studies have explicitly studied associations between cognitive functions and brain structure 

in the context of emerging depression. One related construct associated with frontal cortical 

structure is impulsivity, or the tendency to act prematurely (Dalley, Everitt, & Robbins, 

2011). In a large community sample of children and adolescents, impulsivity was associated 

with reduced cortical thickness in the medial OFC, frontal pole, rostral middle frontal gyrus, 

and pars orbitalis (Merz et al., 2018). Effortful control, a temperament dimension with 

close conceptual links to executive functioning (Zhou, Chen, & Main, 2012), was found 

by Vijayakumar and colleagues (2014) to significantly mediate the relationship between 

changes in cortical thickness and changes in depressive symptoms across a four-year period 

in early adolescence.

Emotion regulation skills are another domain of cognitive skills with close ties to executive 

functions (Ochsner & Gross, 2005) and neural bases in the frontal lobe (Ochsner, Silvers, & 

Buhle, 2012). Initial findings suggest that depression-related emotion regulation deficits are 

associated with frontal cortical structure. In psychiatrically healthy 8–12 year old children, 

smaller grey matter volume in the insula was associated with decreased self-reported 

emotion regulation skills (Pagliaccio, Luby, Luking, Belden, & Barch, 2014). Additionally, 

reduced cortical thickness in the ACC is associated with more difficulty managing negative 

emotions such as sadness in healthy female adolescents at high familial risk for depression 

(Foland-Ross, Gilbert, et al., 2015). These cross-sectional findings have been replicated 

in longitudinal designs. Pagliaccio et al. (2014) found that larger insula volumes were 

positively associated with emotion regulation skills at an 18 month follow up above and 
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beyond concurrent emotion regulation skills. Emotion regulation skills were also associated 

with increasing subclinical depressive symptoms over time, but formal tests of mediation 

were not conducted.

Further evidence for the relationship between cortical structure, cognitive functioning, and 

depressive symptoms comes from intervention studies targeting executive functioning. In 

a 15-week creative arts program of a small sample of healthy children (n=29), positive 

changes in measures of executive function (e.g., Wisconsin Card Sorting Task) and 

reductions in depressive symptoms following intervention were associated with increased 
cortical thickness in the left postcentral gyrus and superior parietal lobule compared to 

baseline (Park et al., 2015). These results suggest that cortical structural differences may be 

plastic in response to intervention.

A recent study by Fradkin and colleagues (2017) examined whether MDD moderates the 

relationship between cortical structure and cognitive functioning. MDD diagnosis moderated 

the association between cortical thickness of frontal cortical regions and self-reported 

impulsivity. Specifically, cortical thickness of the middle frontal gyrus was positively 
associated with impulsivity in healthy adolescents, but frontal cortical thickness was 

inversely associated with impulsivity for youth with MDD. This study suggests that the 

relationship between cortical structure and neurocognitive outcomes may differ in the 

context of MDD.

The studies above present a relatively clear pattern of effects in which deficits in cognitive 

control, emotion regulation, executive functions, and related cognitive risk factors for 

depression are associated with cortical structural differences also implicated in depression. 

Furthermore, emerging evidence suggests that resilient cognitive coping styles are associated 

with increased grey matter volume in the ACC (Holz et al., 2016). More studies in 

larger samples which examine a greater variety of neurocognitive functions will be critical 

to understanding the associations between brain structure, cognitive functioning, and 

depression.

Section 4 – Stress: Depressogenic Stressors and Cortical Structure

Associations between cortical structure and depressogenic stressors contribute to additional 

understanding of the relationship between cortical structure and depression. Stressors 

experienced both in the prenatal (Figure 1: Path G) and early developmental environments 

(Figure 1: Path H) are associated with cortical structure, though few studies have been 

conducted in youth populations. While some of these stressors (child abuse, maltreatment) 

have been well studied in adult populations, others (e.g. SES, peer victimization) have yet to 

be explored. The following section presents a selective review of depressogenic stressors and 

associations with cortical structure.

4.1 – Prenatal Environment.

An emerging body of literature has examined associations between prenatal risk factors 

for depression and later cortical structure (Figure 1: Path G), with study designs including 

retrospective cross-sectional and prospective longitudinal designs. Results of prospective 
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longitudinal studies have identified associations between maternal depressive symptoms 

during pregnancy and cortical thickness in preschool (2–5 years old; Lebel et al., 2016) and 

school age children (6–9 years old; Sandman, Buss, Head, & Davis, 2015; El Marroun et al., 

2016). Across studies, maternal depressive symptoms during the second trimester, but not 

the first or third, were inversely associated with cortical thickness in regions of the frontal 

cortex including the inferior PFC (Lebel et. al, 2016), superior PFC (Sandman et al., 2015; 

El Marroun et al., 2016), medial OFC (Sandman et al., 2015), frontal pole (Sandman et 

al., 2015). Furthermore, cortical thickness in these regions has been shown to mediate the 

relationship between prenatal maternal depressive symptoms and child externalizing, but not 

internalizing, symptoms (Sandman et al., 2015). The findings highlight the second trimester 

as a sensitive period for the effects of depression on the developing brain.

Peripartum depressive symptoms have demonstrated mixed associations with offspring 

cortical thickness, with inverse associations reported for the right superior frontal gyrus 

(Lebel et al., 2016) and a positive association between antenatal depressive symptoms and 

thickness in the left caudal middle frontal gyrus (El Marroun et al., 2016). In an isolated 

study, paternal depression was not significantly associated with offspring brain structure 

(El Marroun et al., 2016). The specificity of the effects on offspring cortical structure 

to depressive symptoms experienced by the mother during pregnancy, and particularly 

the second trimester, confer preliminary evidence for a possible biological or epigenetic 

mechanism.

In the one study (Jha et al., 2016) examining associations between prenatal exposure 

to depression and grey matter volume, no differences in grey matter volume at one 

month postpartum were identified across infants whose mothers experienced no depression, 

untreated depression, and depression treated with SSRIs during pregnancy. It is important to 

note that in this study brain structure was assessed in infancy, unlike the above studies in 

which brain structure was assessed in early or middle childhood.

In addition to prenatal exposure to depressive symptoms, studies in adults using 

retrospective reports and medical record reviews have documented associations between 

maternal stress during pregnancy and cortical structure. In adults, maternal stress assessed 

via retrospective self-reports (Mareckova et al., 2018) and medical record reviews (Favaro, 

Tenconi, Degortes, Manara, & Santonastaso, 2015) was found to be associated with reduced 

overall grey matter volume (Mareckova et al., 2018), as well as regional reductions in 

the frontal lobe (e.g., left dorsolateral PFC, right ACC, right precuneus; Mareckova et al., 

2018), and medial temporal lobe (Favaro et al., 2015). Furthermore, reductions in grey 

matter volume were in turn associated with greater mood dysregulation (Mareckova et al., 

2018) and depressive symptoms (Favaro et al., 2015), suggesting that cortical structure may 

mediate associations between prenatal stress and experience of depressive symptoms in 

adulthood.

The above studies suggest that exposure to maternal stress and depressive symptoms in utero 

is associated with cortical thickness and grey matter volume in offspring (Figure 1: Path 

G). These differences manifest at multiple developmental points, including early and middle 

childhood. Multiple studies suggest that the impact of depression is most significant during 
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the second trimester. Paternal depressive symptoms do not demonstrate these associations. 

However, it is unclear whether exposure to prenatal depression is the only agent of change 

in these relationships, as other factors present later in development may account for the 

relationship between prenatal exposure to depression and depressive cortical structural 

features. Additionally, no prospective studies to date of the effects of prenatal exposure 

to depressive symptoms on brain structure beyond middle childhood have been conducted; 

continued study of these effects into adolescence and adulthood are critical to understanding 

their stability across development.

4.2 – Early Life Environment.

Parenting.—A limited number of studies have examined the effects of negative parenting 

behaviors on cortical structure in the context of depression. In those that have explored 

these relationships, results suggest that adolescent children of parents who express 

infrequent positivity and frequent aggression tend to demonstrate disruptions to cortical 

and subcortical development and demonstrate greater risk for depression (Schwartz et 

al., 2017). Additionally, in a sample of pre-teens (11–13 years old), maternal aggressive 

behavior moderated the association between grey matter volume in the ACC and depressive 

symptoms such that at low levels of maternal aggression, ACC volumes were associated 

with depressive symptoms, but at high levels of maternal aggression no associations were 

observed (Yap et al., 2008). Results of these studies provide preliminary evidence that 

maladaptive parenting may not only affect cortical development, but may exacerbate risk for 

depression in the context of the cortical structural features often seen in MDD (e.g., reduced 

grey matter volume in the ACC).

Early Adversity.—Comparisons of youth who have experienced abuse/maltreatment in 

childhood and non-maltreated peers have found cortical structural differences including 

reduced grey matter volume in the OFC (De Brito et al., 2013) and medial temporal lobe (De 

Brito et al., 2013; Walsh et al., 2014). In longitudinal studies of youth, experience of adverse 

life events in early childhood (< 6 years old) was associated with reduced grey matter 

volume in the ACC (Jensen et al., 2015) and inferior frontal gyrus (Luby, Barch, Whalen, 

Tillman, & Belden, 2017), and increased grey matter volume in the precuneus (Jensen et al., 

2015). In adults with MDD, retrospective report of abuse in childhood was associated with 

reduced grey matter volume in the OFC (Ahn et al., 2016; Saleh et al., 2017; Dannlowski et 

al., 2012), ACC (Dannlowski et al., 2012; Malykhin, Carter, Hegadoren, Seres, & Coupland, 

2012), insula (Ansell, Rando, Tuit, Guarnaccia, & Sinha, 2012; Dannlowski et al., 2012), 

and frontal cortical regions more broadly (Yang et al., 2017; Frodl, Reinhold, Koutsouleris, 

Reiser, & Meisenzahl, 2010).

Preliminary studies also suggest that cortical structure may mediate the relationship between 

early adversity and depression. In a sample of youth at high risk for depression, reduced 

grey matter volume in the inferior frontal gyrus mediated the relationship between the 

experience of adverse events in early childhood and the severity of later depressive 

symptoms (Luby et al., 2017). Conversely, evidence also suggests that depressive symptoms 

may mediate the association between adversity and brain structure; in Jensen et al. (2015), 

stressful experiences in the first six years of life predicted internalizing symptoms in 
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adolescence, which were in turn associated with reduced grey matter volume in the ACC in 

early adulthood (Jensen et al., 2015). Other studies have failed to identify mediating effects 

(Kuhn et al., 2016). Thus, the relationship between early adversity, cortical structure, and 

depression remains poorly understood.

Some evidence suggests that stress and adversity may differentially effect cortical structure 

across development. In one sample of adolescents, while adversity in early childhood was 

associated with decreased grey matter volume in the medial temporal lobe, experience of 

negative/stressful life events in adolescence (14–17 years old) was associated with increased 
grey matter volume in the ACC (Walsh et al., 2014). In another sample of adolescents and 

young adults (17–24 years old), recent stress, but not abuse in childhood, was associated 

with reduced cortical thickness of the of the right rostral ACC (Paquola, Bennett, Hatton, 

Hermens, & Lagopoulos, 2017). Studies in adults confer additional evidence for early 

childhood as a critical period for stress exposure (Kuhn et al., 2016). While evidence to 

date suggests that early childhood events demonstrate effects that are more consistent with 

cortical structural characteristics of depression, they have also been more thoroughly studied 

than recent stressors. Continued studies are needed to clarify the effects of environmental 

stress in difference developmental periods on MDD and cortical structure.

Conclusions.—There is emerging evidence that exposure to environmental stress in 

childhood is associated with both volumetric and surface-based structural differences that 

persist into adulthood (Figure 1: Path H). In children, adolescents, and young adults, 

poor parenting and early childhood adversity demonstrates fairly consistent associations 

with reduced grey matter volume or cortical thickness in the ACC, OFC, and frontal 

and temporal cortical regions. In adults, retrospective reports of early childhood adversity 

also demonstrate fairly consistent associations with depression-related cortical structural 

outcomes, and are consistent with those seen in children and youth (with more proximal 

scans and non-retrospective assessment). Stress in adolescence may have different effects 

on structure than early childhood stress, with early childhood events being both more 

thoroughly studied and demonstrating effects that are more consistent with depressive 

cortical structural endophenotypes. Emerging evidence suggests that mediating and 

moderating relationships between early life stress, cortical structure, and depression likely 

exist and contribute to the neural and developmental processes underlying emerging 

depression, but the nature and directionality of these relationships remains to be elucidated. 

It is important to acknowledge that the impacts of environmental stress/early adversity 

on brain development has been widely studied, and broader reviews of this area (e.g., 

McLaughlin, Sheridan, & Lambert, 2014), highlight multiple impacts of adversity beyond 

the scope of those examined specifically in the context of MDD. Continued exploration 

of the diverse forms of early life adversity (e.g., socioeconomic status, adoption, parental 

psychopathology) and their contribution to the neurodevelopment of the neurostructural 

characteristics of depression is an important area in need of future study.
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Section 5:  Diathesis – Stress in Action: Interactions between Risk for 

Depression and Environmental Stressors

The previous two sections have explored the evidence from the literature examining genetic 

and familial risk factors and stressors to the development of depression and its associated 

cortical structure. However, there is no one clear risk factor or stressor that results in these 

outcomes (equifinality), nor are depressive symptomatology or depressive cortical structure 

the sole outcomes of any of these factors (multifinality). The following section presents 

a selective review of studies examining the interaction between risk factors (e.g., familial, 

genetic, and cognitive risk) and exposure to stressors (e.g., prenatal exposure to depressive 

symptoms, early life stress), which may inform when and for whom these outcomes are 

most likely to emerge (Figure 1: Path I).

The interaction of genetic risk factors and exposure to maternal depressive symptoms in 

utero has been found to predict cortical structure in offspring. Qiu and colleagues (2017) 

examined the interaction of prenatal exposure to depression and genetic risk for depression 

(indexed through a genomic risk score composed of multiple genetic markers) on cortical 

structure in 168 Asian and 85 American mother-child dyads. The interaction between 

maternal depressive symptoms during pregnancy and risk for depression significantly 

predicted cortical thickness of the OFC such that higher exposure to maternal depression 

in utero was associated with increased thickness of the OFC in infants at high, but not low, 

genetic risk for depression. These results suggest that the effects of prenatal exposure to 

depressive symptoms on the developing cortex and future risk for depression in youth may 

be exacerbated in those who carry high risk variants of genes associated with depression.

The interaction between a number of genetic risk factors and early childhood stress and 

maltreatment has also been found to predict depression-related cortical structural outcomes. 

Genes related to the modulation of serotonin (e.g., 5HTTLPR, HTR3A) have been shown 

to interact with environmental risk factors such as early childhood stress and maltreatment 

to predict frontal cortical structure in the context of MDD. In adults with MDD, only 

carriers of the serotonin transporter gene s allele showed inverse associations between 

retrospective report of childhood stress and grey matter volume in the PFC (Frodl, Reinhold, 

Koutsouleris, Donohoe, et al., 2010a). A similar effect has also been observed for the 

HTR3A serotonin receptor gene; only carriers of the CC allele who also reported early 

life stress demonstrated reduced grey matter volume in the frontal cortex (Gatt et al., 

2010). BDNF genotype also moderates the relationship between early adversity, depressive 

symptoms, and cortical structure in adults. Carriers of the Met allele of the BDNF gene who 

report early life stress have been found to demonstrate decreased grey matter volume in the 

lateral PFC (Gatt et al., 2009) and the ACC (Gerritsen et al., 2012). Other studies have also 

found that the val/val allele of the BDNF gene is associated with reduced cortical thickness 

in the OFC in the context of early life stress (van Velzen et al., 2016). Evidence that the 

FKBP5 genotype moderates the association between early life stress and cortical structure 

has also been found in adults with MDD; only those with the TT genotype demonstrate 

associations between childhood maltreatment and reduced grey matter volume in the insula 

(Grabe et al., 2016), ACC (Grabe et al., 2016), and OFC (Tozzi et al., 2018). Finally, familial 
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risk for depression has also been found to moderate the association between self-reported 

emotional abuse in early childhood and cortical structure such that adults at high, but not 

low, familial risk for depression demonstrated inverse associations between emotional abuse 

and grey matter volume in the dorsolateral PFC, ACC, and medial PFC (Carballedo et al., 

2012).

Taken together, these studies confer substantial evidence that genetic and familial risk 

factors for depression may moderate associations between environmental stressors and the 

pattern of cortical structural outcomes often seen in MDD. This literature is consistent 

with a diathesis-stress model, suggesting that carriers of specific genetic variants, as well 

as individuals at high familial risk for depression, are more likely to experience cortical 

structural differences and symptoms of MDD in the face of environmental stressors such as 

abuse or maltreatment. However, most of the existing studies are cross-sectional and in adult 

populations. It will be critical to continue to examine the interaction of depressive risk and 

stressors longitudinally, and in child/adolescent populations, to understand these effects in 

the context of neural development.

Conclusions and Future Directions

Overall, findings in the adult literature provide compelling evidence that depression in 

adulthood is associated with cortical structure. Though there is considerable heterogeneity 

in findings, study methodology, and sample characteristics across individual studies, large 

and comprehensive meta-analyses consistently document reductions in cortical grey matter 

volume and thickness in primarily frontal cortical regions including the OFC, ACC, and 

variable sub-regions of the PFC (e.g., Schmaal et al., 2017a; Bora et al., 2012; Koolschijn 

et al., 2009). While individual studies have detected differences across the brain, non-frontal 

areas of interest that emerge across multiple studies highlight regions including the insula 

and temporal lobes. These differences emerge when using both volumetric and surface 

based methods of analysis, but there may be more variability in surface-based characteristics 

(cortical thickness, surface area).

It is important to consider the variability in findings across grey matter volume, cortical 

thickness, and cortical surface area in the context of the neurobiological and developmental 

processes that underlie these metrics. Reductions in grey matter volume observed on an 

MRI are most commonly understood to reflect increased in synaptic pruning (Gogtay 

& Thompson, 2010), though it has also been suggested that encroaching myelination 

of white matter may also contribute to the changes in grey matter volume observed on 

MRI (Paus, 2005). Furthermore, grey matter volume represents a composite of cortical 

thickness and surface area, processes that are genetically distinct (Panizzon et al., 2009) and 

demonstrate different developmental trajectories (Raznahan et al., 2011). Cortical thickness 

has been understood to more specifically represent neuronal density, while surface area 

and other morphometric outcomes (e.g., curvature, shape, pose, folding type) describe 

the degree and pattern of gyrification and expansion of the cortex (Houston, Hertig, & 

Sowell, 2013). The robust cross sectional finding of reduced cortical thickness and grey 

matter volume in adults with MDD may indicate increases in synaptic pruning resulting in 

excessive cortical thinning/grey matter volume loss over time. However, the variability in the 
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developmental literature, as well as the increased findings related to surface area, suggest 

that the neurodevelopmental pathways to these outcomes are complex and likely influenced 

by distinct neurobiological maturation processes.

The past two decades has seen a proliferation of empirical studies examining cortical 

structural characteristics of depression in childhood and adolescence, and reveal an 

inconsistent set of findings that are complicated by the effects of age, severity, and 

comorbidity. Longitudinal findings have yet to clarify the directionality or possible causality 

underlying the relationships between depression and cortical structural outcomes. In general, 

earlier experiences of depression, as well as exposure to early life stressors, seem to be more 

robustly associated with cortical structure later in development (Figure 1: Path A). However, 

there is also some, but less robust, evidence that structure predicts depression course and/or 

onset (Figure 1: Path B). Some studies have also found that the directionality of the 

relationship between depressive symptoms and cortical structure may differ across age (e.g., 

Ducharme et al., 2014). Substantial future work will be needed to tease apart the emergence 

of cortical structural features of depression in the context of typical neurodevelopment and 

the numerous psychosocial and cognitive factors that are in flux throughout childhood and 

adolescence.

Familial and genetic risk for depression are also associated with MDD cortical structure 

endophenotypes (Figure 1: Path C, D), though main effect findings are highly variable. 

More consistently, familial/genetic risk factors significantly moderate associations between 

cortical structure and depressive symptoms, such that those at higher genetic/familial risk 

are more likely to demonstrate associations between cortical structure and depressive 

symptomatology (Figure 1: Path I). Additionally, cortical structural deficits, particularly 

in the frontal lobe, may confer further vulnerability to future depression via impacts on 

cognitive and emotion regulation skills that may make it harder for youth to cope effectively 

with stressors (Figure 1: Path E, F).

Furthermore, exposure to depressogenic environmental stressors including prenatal exposure 

to depression, poor parenting, and early life adversity are also associated with MDD cortical 

structure endophenotypes (Figure 1: Path G, H). There is evidence suggesting that genetic 

and environmental risk factors and environmental stressors likely interact and contribute 

to the cortical structure brain differences seen in depression. Numerous studies in adults 

with early child abuse and genetic and familial risk have begun to elucidate one way these 

mechanisms influence the relationship between brain structure and depression. However, 

studies in youth are needed to test the interplay of these factors longitudinally in samples 

of both healthy and depressed youth. Examination of dimensional as well as categorical 

measures of depression and associated constructs is also necessary to clarify these complex 

and dynamic associations, which likely differ across stages of neural, cognitive, and 

psychosocial development.

Thus, vulnerabilities to depression may be independently associated with depressive cortical 

structural features (e.g., healthy but high-risk youth still show similar features), but the 

experience of depressogenic stressors and/or depression symptoms may exacerbate cortical 

structural outcomes, possibly by interrupting typical cortical development or stimulating 
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excessive cortical thinning or gray matter volume loss. Biological processes such as cortisol 

(Treadway et al., 2009) or inflammation (Harrison, 2017) which may explain associations 

between MDDs and/or environmental stressors and structure should be a focus of future 

studies.

It is important to acknowledge that while the current review focused on depression, the 

pathways described may be transdiagnositically relevant. Diathesis-stress models have been 

broadly applied to understand the developmental processes contributing to multiple domains 

of psychopathology including schizophrenia (Pruessner, Cullen, Aas, & Walker, 2017) and 

anxiety (Gazelle & Ladd, 2003). Furthermore, consistent with the principle of multifinality, 

many of the risk and stress processes that were identified to be relevant to the cortical 

structural changes seen in MDD are additionally associated with multiple adverse outcomes 

and psychological symptoms/disorders (e.g., early life stress: Hoppen & Chandler, 2018; 

cognitive control: McTeague, Goodkind, & Etkin, 2016). Finally, while there is some 

evidence to suggest from case-comparison studies that the neurostructural characteristics 

associated with MDD are distinct from other DSM diagnoses (e.g., MacMaster et al., 2014; 

Fallucca et al., 2011), recent research examining associations between cortical structure 

and hierarchical models of psychopathology suggest that reductions in grey matter volume 

(Snyder et al., 2017) and cortical thickness (Romer et al., 2020) are associated with a general 

psychopathology factor. Continued study is needed to parse the transdiagnostic and domain 

specific effects and processes that contribute to the neurostructural changes associated with 

depression and other forms of psychopathology.

Additionally, this review focused solely on associations between cortical structure and 

depression. However, associations between subcortical development and depression have 

also been well established, and should be considered in order to fully understand the 

neurodevelopmental processes underlying depression. Evidence also suggests that the 

synchrony of cortical and subcortical development throughout in adolescence has important 

consequences for emerging depression. Vijayakumar et al. (2017) examined associations 

between change in amygdala volume and cortical thinning in a sample of adolescents (11–20 

years old) who underwent three assessments of depressive symptoms and brain structure. 

This study found that positive maturational coupling of the right amygdala and prefrontal 

and temporal cortical thickness was associated with reductions in depressive symptoms over 

time. These findings highlight the need to consider the synchrony of development across 

multiple neural systems when trying to understand the emergence of depression in the 

context of neural maturation.
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Highlights

• Adults with MDD demonstrate reduced cortical grey matter in the frontal 

cortex.

• Youth show associations from MDD to later brain structure and structure to 

later MDD.

• Moderators of effects remain unclear but may include sex, age and 

comorbidity.

• Relations between MDD risk factors and stressors and brain structure are 

reviewed.
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Figure 1. 
Conceptual Figure.
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Figure 2. 
PRISMA Flow Chart documenting the search results for the systematic review of studies 

examining cortical structure and depression in youth samples.
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