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Abstract

Objective: A growing body of literature has focused on the neural mechanisms of depression.
Our goal was to conduct a systematic review on the white matter microstructural differences in
adolescents with depressive disorders vs adolescents without depressive disorders.

Method: We searched PubMed and PsycINFO for publications on August 3, 2022 (original
search conducted in July 2021). The review was registered on PROSPERO (registration

number; CRD42021268200), and the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines were followed. Eligible studies were original research
papers comparing diffusion tensor/spectrum imaging findings in adolescents with vs without
depression (originally ages 12—19 years, later expanded to 11-21 years). Studies were excluded if
they focused on depression exclusively in the context of another condition, used only dimensional
depressive symptom assessment(s), or used the same dataset as another included publication.

Results: The search yielded 575 unique records, of which 14 full-text papers were included

(824 adolescents with depression and 686 without depression). The following white matter regions
showed significant differences in fractional anisotropy in at least 3 studies: uncinate fasciculus,
cingulum, anterior corona radiata, inferior fronto-occipital fasciculus, and corpus callosum (genu
and body). Most studies reported decreased, rather than increased, fractional anisotropy in
adolescents with depression. Limitations include the possibility for selective reporting bias and
risk of imprecision, given the small sample sizes in some studies.

Conclusion: Our systematic review suggests aberrant white matter microstructure in limbic-
cortical-striatal-thalamic circuits, and the corpus callosum, in adolescents with depression.
Future research should focus on developmental trajectories in depression, identifying sources of
heterogeneity and integrating findings across imaging modalities.

Keywords
depression/depressive disorders; major depressive disorder; diffusion tensor imaging; adolescence

It has been estimated that 2.9 million adolescents between the ages of 12 and 17 years
have experienced 1 or more major depressive episode(s) during the prior year, according
to the 2020 National Survey on Drug Use and Health (NSDUH) survey, summarized

on the National Institute of Mental Health website.! Depression starting in childhood

or adolescence can have a significant impact on development, functioning, and adult
life, including increased risk of morbidity and mortality in adulthood (increased risk

of depressive and/or anxiety disorders,2 psychosocial impairement,3 and suicidality?).
Adolescent depression develops during an important period for brain maturation. Brain
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changes during adolescence in typical development include synaptic pruning, increased
myelination, and neurotransmitter changes,>® as well as increases in white matter volumes
and inverted U-shaped gray matter volume trajectories across different brain regions.” It has
been noted that many psychiatric disorders, including depression, emerge in adolescence.®
Furthermore, the clinical features of depression in children and adolescents can differ from
those in adults. For example, per the DSM-5,2 depressed mood or anhedonia (or both) are
required for diagnosis of major depressive disorder (MDD); yet, in children and adolescents
with MDD, the mood can be irritable (rather than depressed).

Prior studies have investigated the neural mechanisms of depression in adolescents and
have suggested structural and functional dysconnectivity,10-13 along with heterogeneity

in neuroimaging findings.14 Functional connectivity disruptions in adolescent depression
have been demonstrated between frontal lobe regions (dorsolateral prefrontal cortex,
ventromedial prefrontal cortex, orbitofrontal cortex) and temporal and/or limbic regions
(anterior cingulate, amygdala, insula).11-13 These regions are part of 3 larger resting-state
networks implicated in adolescent depression: the cognitive control network (CCN), the
salience network (SN), and the default mode network (DMN) (reviewed by Chahal et a/14).
Functional connectivity disruptions in adolescent depression have also been highlighted in
several reviews,13:15.16 including 2 systematic reviews.1516

In contrast to the emerging evidence on functional connectivity, less is understood about
white matter microstructural correlates of adolescent depression. One early systematic
review (from 2011)16 summarized studies using multiple imaging modalities including
diffusion tensor imaging (DT]I), although additional publications have emerged over the
last decade. Studies using DTI have shown alterations in white matter integrity/structural
connectivity of fronto-limbic connections (including the uncinate fasciculus, cingulum),
fronto-frontal (including the genu and body of the corpus callosum), and fronto-thalamic
(anterior thalamic radiation) white matter regions, as compared to those in typically
developing children (TDCs).17-21 A meta-analysis (using the ENIGMA DTI pipeline)
showed no white matter microstructural differences between adolescents with vs without
depression.22 However, notably, the authors had not used a systematic review approach

to identify and summarize prior published literature on the topic, and instead pooled

data across multiple research groups. A very recent systematic review and meta-analysis
described decreased fractional anisotropy (FA) in adolescents and young adults with MDD
(as compared to healthy controls [HC]) in 3 clusters, spanning the corpus callosum, left
anterior thalamic radiation (ATR), left corticospinal tract (CST), and the right frontal orbito-
polar tract (including portions of the right uncinate fasciculus [UNC] and right inferior
fronto-occipital fasciculus [IFO]). However, the authors did not focus exclusively on the
adolescence period but combined studies of adolescents and young adults.23 Although the
mean age for the MDD group across all studies was 23 years,23 the age range of some of the
included papers was fairly broad and outside ranges typically considered to be adolescence
(ie, age ranges of 18-50 years?4 or 20-41 years25).

The goal of our systematic review was to perform a comprehensive literature search and
to summarize the research on the white matter microstructural correlates of adolescent

JAACAP Open. Author manuscript; available in PMC 2024 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Radoeva et al.

METHOD

Page 4

depression. We reviewed the literature focusing on depression in the adolescent period and
using diffusion tensor imaging.

Inclusion Criteria

Our initial set of inclusion criteria focused on the age range for adolescence of 12 to 19
years. After an initial review of the literature, it was determined that several papers used an
expanded age range, and a decision was made to expand the age range using the definition
of the adolescent period (ages 11-21 years) of the American Academy of Pediatrics2®

to maximize the impact of the review. The resulting inclusion criteria for the articles for
this systematic review were the following: (1) human participant studies of adolescents
aged 11-21 years with any depressive disorder (as defined in DSM-5 or any prior DSM

or International Classification of Diseases [ICD] classification) vs adolescents without
depression (ie, without any depressive disorder); (2) neuroimaging method: diffusion tensor
imaging or diffusion spectrum imaging; (3) articles written in the English language; and (4)
primary, original data papers.

Exclusion Criteria

The exclusion criteria were as follows: (1) studies presenting combined data of adolescents
and young adults or combined data of adolescents and younger children, unless the results
for adolescents and adults or adolescents and younger children are presented separately; (2)
studies focusing on depression exclusively in the context of another specified psychiatric or
neurological condition such as bipolar disorder, traumatic brain injury, eating disorder(s),
posttraumatic stress disorder (on the other hand, co-occurring conditions would be allowed
as long as the primary inclusion criteria of the reviewed study was depression); and

(3) studies primarily using a dimensional assessment of depressive symptoms rather than
focusing on groups of adolescents with depression (based on formal clinical DSMor ICD
diagnosis) vs adolescents without depression.

Search Strategy

A combination of the following search terms were used: imaging of the white matter
(“diffusion” or “tensor” or “tractography” or “TBSS” or “tract-based spatial statistics™)

and depress*, and adolescen*. Per the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines,?’ 2 separate online databases were searched,
including PubMed and PsycINFO (Appendix 1). The search was originally conducted on
July 21, 2021, and was updated August 3, 2022, to incorporate the most recently published
literature. Records (abstract and title) were reviewed independently by 2 reviewers (P.R. and
V.M. for the initial search, and P.R. and C.L. for the updated search) who determined which
records met criteria for review of the full paper. The lists of full papers were compared and
discussed by the 2 reviewers, and any discrepancies were resolved.

Per the PRISMA guidelines,? the 2 reviewers independently reviewed the full papers
and determined whether these meet criteria for inclusion in the systematic review. The
reviewers compared their lists of articles to be included in the systematic review, and any
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discrepancies were resolved (if needed, by a third reviewer, D.P.D.). In addition, the 2
reviewers independently examined the reference lists of the selected full-text articles and
identified any additional references that might be relevant for the systematic review. The
reviewers discussed these lists and resolved any discrepancies; after independent assessment
of any additional selected full-text articles by the 2 reviewers, the 2 reviewers discussed

the finalized list of articles to be included in the systematic review and resolved any
discrepancies (if needed, by a third reviewer, D.P.D.).

Critical Appraisal

Initially, studies were classified into whole-brain studies (tract-based spatial statistics
[TBSS], whole-brain voxel-based studies) vs region of interest (ROI) studies/tractography,
although several additional types of analyses were identified (including TBSS-ROI and
connectome-based analyses). Our plan was that if a sufficient number of studies using
similar methodology were identified, a meta-analysis would be conducted (see Data
Collection and Synthesis section below), and publication bias would be assessed via funnel
plots for each studied brain region.

Data Collection and Synthesis

RESULTS

Data and results from the selected full-text papers were abstracted and summarized in tables,
focusing on differences in indices of white matter microstructural organization between
adolescents with MDD and HC. Only results reaching statistical significance (o < .05) were
summarized. Of note, we initially focused on fractional anisotropy (FA), as it is the most
widely reported measure, and later, in a post hoc fashion, summarized results for axial
diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) as well. If 4 or more
references using the same analysis type (eg, tractography for specific white matter tracts,

or whole-brain studies reporting the coordinates of clusters of voxels displaying statistically
significant differences between adolescents with depression vs without depression) were
identified, a meta-analysis of the tract or whole-brain data would be conducted. We selected
a goal of minimum of 4 papers because results from at least 4 studies would be needed

to conduct a sensitivity analysis (to determine whether a single study may be driving a
significant result in the meta-analysis).28

Search Results Summary

The search of PubMed and PsycINFO yielded 415 and 295 references, respectively (Figure
1 flowchart). After removal of identical references, 575 records remained. After independent
review of the title and abstract (by 2 reviewers) and discussion of the selection of records,
73 records were deemed to meet criteria for review of the full paper. After independent
review of the papers by the 2 reviewers and discussion of selections, 17 full-text papers
were initially determined to meet criteria for inclusion in the systematic review, although

3 records were excluded subsequently: one for reporting the measures of myelin imaging
but not DTI measures, and 2 for reporting results on the same dataset that was already
included in another selected report (by P.R. and D.P.D. consensus). Therefore, the results of
14 full-text papers were summarized in this systematic review. After independent review of
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the reference lists (by P.R. and V.M. for the initial search, or by P.R. and C.L. for the updated
search) of the selected full-text articles and discussion of the selected lists, no additional
references were identified. Table 11722.29-36 symmarizes the final list of records included in
the Systematic Review.

Demographic Characteristics and Diagnostic Classification

A total of 824 adolescents with depression and 686 without depression were included across
the 14 studies (Table 1). Several of the studies (6 of 13) included predominantly female
participants (two-thirds or more of the participants with MDD were female). Of note, few
reports (4 of 14 studies) explicitly described the race and ethnicity of their participants
(Table 1). Socioeconomic status (SES) was evaluated and reported in 3 of the 14 studies
(Table 1).

All included studies focused on diagnosis of MDD. The diagnosis was established through
the Schedule for Affective Disorders and Schizophrenia for School Age Children—Present
and Lifetime version (K-SADS-PL)37 in the majority of the studies (10 of 14); other studies
reported using clinical assessment (by child and adolescent psychiatrists) (n = 1); differing
methods across sites (including the K-SADS-PL for some of the sites in van Velzen et al.,22
n = 1); referenced participants meeting DSM-5 criteria for major depressive disorder (MDD)
(n = 1), or no description provided of diagnostic method (n = 1). Nine of the 14 papers
reported co-occurring psychiatric conditions (in addition to MDD); 1 study reported lack of
co-occurring psychiatric conditions, and 4 studies did not discuss whether participants had
co-occurring disorders.

Types of Neuroimaging Analyses

A diverse set of neuroimaging data analysis methods was used across studies (Table 2). Per
our protocol, a meta-analysis was planned if at least 4 studies using similar methodology
were identified for each white matter region (as including 4 or more studies could allow
for sensitivity analysis to be conducted as described in Aoki et a/28). However, for ROI or
tractography methods, there were no more than 4 studies using the same analysis method
(combination of Table 2 and Table 3). The TBSS method was used in more than 4 studies
but the way the data were presented in the papers did not allow for a meta-analysis of
reported coordinates (as the number of studies reporting coordinates of significant clusters
was deemed insufficient for analysis using GingerALE).38

Summary of the Results for FA of the Selected Full-Text Papers

The majority of the studies reported decreased FA in adolescents with depression across
many regions (Table 3, Table S1, available online). The last row of Table 3 summarizes the
number of studies that showed a difference in FA in each white matter region/tract (via any
analysis method) in adolescents with MDD vs controls. At least 3 of the 14 studies reported
the following regions: uncinate fasciculus (left and right), cingulum (CGC [left and right],
anterior corona radiata [right], inferior fronto-occipital fasciculus [right], and genu and body
of the corpus callosum) (Figure 2,3%40 Table 3). The results using a less stringent criterion
of 2 (or more) of 14 studies (reporting altered FA in the specific regions) are described in
the supplemental results (Supplement 1, available online). Notably, because of the disparate
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analysis methods, the results of a subset of the studies could not be summarized in the
format listed in Table 3 and are included in Table S1, available online.

Summary of the Results for AD, MD, and RD of the Selected Full-Text Papers

The majority of the papers (8 of 14) included in this review did not report results for AD,
RD, and MD (Tables S1-S4, available online). The last row of Tables S1-S4 (available
online), summarizes the number of studies that showed a significant difference in AD, RD,
or MD in each white matter region/tract in adolescents with MDD vs controls. At least 2 of
the 6 studies (focusing on additional DTI indices beyond FA) reported the following regions:
left and right uncinate fasciculus (for RD), and genu and body of the corpus callosum (for
RD and MD) (Tables S3 and S4, available online). Again, because of the disparate analysis
methods, the results of 1 study could not be summarized in the format listed in Tables
S2-S4, available online, and are included in Table S1, available online.

Associations of WM Indices With Biological Sex

The majority of the included papers did not evaluate whether the white matter correlates of
adolescent depression differ across male and female participants (n = 12 of 14 papers).
The paper by van Velzen et a/22 assessed diagnosis by sex interaction. The authors
reported a statistically significant difference (after multiple comparison correction) in the
uncinate fasciculus RD in adolescents with MDD vs controls that was found only in

male participants. Bessette er a/.1° described different patterns of MDD differences in
male vs female participants. Namely, female participants had lower FA in several regions,
including the right thalamus, right ATR, cerebellar tracts, left cingulum, corpus callosum,
bilateral orbitofrontal, left inferior frontal gyrus, and left UNC, whereas male participants
had decreased FA in the left thalamus, left inferior frontal pole, left inferior longitudinal
fasciculus (ILF), and right IFO. However, of note, the study of Bessette e a/1° included
only a small number of male participants with MDD (n = 7, along with 24 female
participants with MDD).

Critical Appraisal

All selected papers (n = 14) reported results for FA, but less than half of the publications

(6 of 14) reported results for at least 1 additional DTI measure (Table 2). The papers

used diverse analysis methods: whole-brain white matter analyses (eg, TBSS), region of
interest (ROI)-based analyses, TBSS-ROI, tractography, or connectome-based approaches,
with some of studies using more than 1 analysis method (Table 2). The results of the papers
that referenced white matter regions consistent with the nomenclature used in the MRI Atlas
of White Matter4! are summarized in Table 3. Please note that each region listed in columns
for white matter region may in fact represent different portions of the white matter region:
for example, the TBSS-ROI method would result in a few core voxels included for a WM
region, whereas tractography would summarize FA/DTI measures across the entire white
matter tract.
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Quality Control Procedures of Included Studies

The majority of the included papers described incorporating motion and/or eddy current
correction in their DT pre-processing methods (13 of 14, except for Lee er a/.2°).

Five studies explicitly discussed including an inhomogeneity correction.17:20.30.31.33 Three
studies used outlier detection and removal.17:20:33 Four studies explicitly described checking
the quality of the data or results (by visual inspection).19.20.29.33

Study Risk of Bias

Selective Reporting.—Selective reporting could be a limitation of the reports
summarized in the current systematic review. In general, statistically significant results may
be more likely to be reported or published. The majority of the summarized studies reported
a difference in FA of at least 1 white matter region between adolescents with depression as
compared to typically developed controls (10 of 14).

Risk of Imprecision.—In addition, there is a risk of imprecision in the context of
relatively low numbers of participants included in some of the summarized studies (eg,

less than 20 participants per group were noted in 2 of the 14 studies). Considering that our
systematic review did not focus on the study of interventions or clinical trials, other selective
bias domains such as allocation concealment, use of random sequence generation, blinding
of participants, outcomes assessment, or study attrition are not relevant.

Effect Size Multiplicity.—Of note, 2 of the studies had partial overlap of participants
(in both the MDD and control groups)17:33 (Tymofiyeva et a/.33 reported having 51 MDD
and 39 HC overlapping participants with LeWinn et a/17). This introduces the issue that
the 2 reports are not independent of each other, and if meta-analysis were to be carried
out on these data, multiplicity and statistical dependency would need to be recognized and
appropriately handled.#? It should be noted that because of the divergent analysis methods
that were used in the 2 papers,17-33 the data from the 2 reports could not be summarized
in the same format or using the same DT variables in Table 3: the majority of the papers,
including LeWinn et a/1” (but not Tymofiyeva et al.33) used similar enough approaches to
render summary in Table 3 (TBSS, ROI, tractography), whereas Tymofiyeva et a/.33 used
a connectome analysis approach. If future meta-analyses focus on the topic of interest of
the current systematic review, researches could consider using integrative approaches to
dealing with these reports with 2 overlapping samples, given the distinctness of reported
white matter regions or reports (see Lopez-Lopez et a/*2 for suggestions on approaches for
handling effect size multiplicity).

DISCUSSION

Our systematic literature search included 14 full-text papers for summary and discussion
(824 adolescents with depression and 686 without depression). All of the described papers
focused on MDD, and the majority of the studies demonstrated reduced fractional anisotropy
in adolescents with MDD as compared to adolescents without MDD. The reported specific
white matter tracts or regions varied across studies. At least 3 separate studies demonstrated
FA alterations in patients with MDD (as compared to HC) for the following limbic and
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cortical circuits: limbic system (uncinate fasciculus, cingulum); and long-range connections
to or from the frontal cortex (anterior corona radiata, inferior fronto-occipital fasciculus,
genu, and body of the corpus callosum).

The finding that the majority of the summarized studies reported reduced FA in adolescents
with MDD is not surprising, and supports the notion that dysconnectivity across brain
regions may be a feature of adolescent depression. Notably, a meta-analysis in adults

with MDD reported lower FA (as compared to that in controls) in a relatively widespread
set of white matter regions: cingulum, corpus callosum, corona radiata, inferior fronto-
occipital fasciculus, internal capsule, fornix, superior fronto-occipital fasciculus, and sagittal
stratum.22 These regions largely overlap with the white matter regions highlighted by the
current systematic review on white matter correlates of adolescent depression, suggesting
that adolescent depression may have structural connectivity alterations similar to depression
in adults. Yet, it should be noted that the same meta-analysis22 did not find differences

in white matter tracts in adolescents with MDD (discussed further below). Prior literature
has also pointed to aberrant limbic-cortical-striatal-thalamic circuit based on functional
connectivity in adolescent depression, including between regions in the frontal lobe
(dorsolateral prefrontal cortex, ventromedial prefrontal cortex, orbitofrontal cortex) and
temporal lobe and/or limbic regions (anterior cingulate, amygdala, insula).11-13

The majority of the summarized studies focused only on FA, although several studies
assessed additional DTI measures, including AD, MD, and RD. Additional measures can
be helpful in characterizing the nature of the microstructural white matter alterations. AD
reflects the diffusion along the direction of the fiber tract, whereas RD correlates with
diffusion perpendicular to the main orientation of the fiber tract. Of note, increased RD was
reported in 2 of the 3 studies that showed an alteration in the body of the corpus callosum
(BCC) (Table S4, available online), which could be suggestive of decreased myelination in
adolescents with MDD as compared to HC. Given the role of the corpus callosum as the
major white matter tract connecting the 2 hemispheres, it is possible that information is less
efficiently relayed across the hemispheres in adolescents with MDD.

One prominent feature across the included studies is the heterogeneity of sample
characteristics (age, co-occurring disorders), analysis methods, and reported results.
Although the age range for the systematic review was 11 to 21 years, the specific range
varied across studies: from fairly narrow (13-17 years) to a wider age range (12-21

years) (Table 1). Notably, the wider age range (12-21 years) spans a dynamic period of
development, and it is possible that using this wider age range may be 1 contributing factor
to the finding of a lack of statistically significant differences between adolescents with MDD
vs controls in van Velzen et al?2 (especially if the trajectories of MDD and TDC differ).

On the other hand, another meta-analysis focusing on an even wider age range (across
adolescents and young adults with ASD, with mean age across studies of 23 years, and a
maximum age in 1 of the included studies of 50 years) described decreased FA in MDD
(compared to HC in the corpus callosum, left ATR, and left CST, right frontal orbito-polar
tract (including portions of the right UNC and right 1FO).23 These WM regions were also
highlighted (among additional regions) by our current systematic review. Of note, our review
includes a more than 4-fold larger number of participants with MDD across studies (even
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though we have a narrower age range): 824 adolescents with MDD and 686 HC (in the
current review), as compared to 205 with MDD (adolescents and young adults) and 194

HC in Zhou et a/23 (which is likely secondary to Zhou et a/.23 not using robust methods

for systematic review such as following the PRISMA guidelines implemented in our current
review). Van Velzen et a/.,22 on the other hand, did not conduct a systematic review of
published literature, but instead pooled available data in adolescent and adult MDD across
multiple research groups.

The majority of the included studies reported that their participants with MDD had co-
occurring psychiatric disorders. The most frequently co-occurring disorders in adolescent
MDD are anxiety disorders; for example, generalized anxiety disorder (GAD) was found in
41% of the adolescents with MDD in Henderson et a/.?! and some adolescents with MDD
also had attention-deficit/hyperactivity disorder (ADHD) (eg, 6% in Henderson et a/.21;
9.6% in Lewinn et a/1’; 13.6% in Cullen et a/3%). The neural mechanisms of ADHD and
anxiety disorders also include altered connectivity, in partially overlapping albeit somewhat
distinct networks.4344 Thus, it is possible that when different studies of adolescent MDD
include varying proportions of adolescents with co-occurring disorders (eg, ranging from 0%
in Wu et a/18 to 13.6% with ADHD in Cullen et a/3% and 41% with GAD in Henderson

et al?1), divergent and/or not fully overlapping white matter regions would be implicated
across studies. Future research could focus on differentiating whether and how much of

the heterogeneity found across studies (including lack of finding of a difference between
participants with MDD and controls) may be at least partially associated with the neural
mechanisms of co-occurring psychiatric disorders.

In light of the heterogeneity of neuroimaging findings across studies (along with notable
heterogeneity of clinical symptoms of depression across individuals with MDD), 1 future
direction could be to classify youth with adolescent MDD into subgroups based on their
structural connectivity/patterns of alterations of microstructural organization in different
tracts and to compare the clinical symptoms of the subgroups of youth with MDD. Notably,
researchers have used resting-state functional magnetic resonance imaging (fMRI) to
identify clusters of subtypes of altered functional connectivity in adults with MDD, and have
explored how these subgroups differ in clinical characteristics.>47 For example, Drysdale
et al*® found that 4 distinct patterns of functional connectivity (in limbic and fronto-striatal
networks) corresponded to different clinical symptom subtypes of depression. Wang et a/*’
identified 2 subtypes of adults with MDD (insomnia-dominated vs anhedonia-dominated),
which in turn was associated with distinct neural patterns of connectivity alterations
(hyperconnectivity in the ventral attention network or hypoconnectivity in subcortical and
dorsal attention networks, respectively). Chahal et a/1* identified the approach of mapping
the correspondence between specific clinical features of depression and brain connectivity
patterns as an important step that could facilitate targeted prevention, assessment, and
treatment of adolescent depression in the future (ie, precision mental health).14

Yet, another recent body of literature should also be kept in mind when thinking about
heterogeneity of brain—psychiatric phenotype correlations. Challenges in reproducibility of
neuroimaging findings have been highlighted by a recent analysis conducted by Marek er
al*8 of neuroimaging data (specifically, resting state functional connectivity and cortical
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thickness measures) vs cognitive/behavioral/clinical phenotypes. The authors concluded that
thousands of participants may be needed to reliably detect brain-wide—psychiatric phenotype
correlations of small effect sizes. It is particularly important to highlight this work, as some
of the early studies (identified in our systematic review) have rather small sample sizes,
including 1 study with 14 participants in the MDD group and another with 17) (Table 1).
Small sample sizes, as discussed by Marek er al,*8 create the risk of inflated effect sizes.
Publication bias is another likely confounding factor, as publication bias can be associated
with overestimation of small effect sizes.#%50 Moreover, Marek et a/8 discussed that future
research should focus on within-participant study designs (including intervention studies)
rather than cross-sectional or observational study designs.

In addition, researchers have tried to classify participants into diagnostic groups (MDD vs
controls) based on brain cortical and subcortical measures (cortical thickness and surface
area, subcortical volumes), white matter microstructure, and/or functional connectivity, and
have found relatively low (or at-chance) accuracy of classification.?%-52 Some studies have
also attempted to tease apart contributions from demographic and clinical variables, such as
sex, age of onset of MDD, acute vs chronic MDD, medication use, and number of episodes,
and have similarly found very small effect sizes and/or low (or at-chance) classification
accuracy.®%-52 Although this research is an important initial step, it appears to be insufficient
in accounting for sources of variability in clinical and neural phenotypes. These studies
highlight further the challenges posed by heterogeneity as well as the importance of deep
phenotyping and multi-modal imaging.51:52

One notion (building upon clinical work and research) would be to try to create models

of pathways to health and disease. This idea would align well with what clinicians already
do when evaluating and creating treatment recommendations for individual patients with
MDD. For example, clinicians may create a “biopsychosocial formulation” for an individual
patient, considering risk and protective factors in the biological, psychological, and social
domains.>3 Biological factors may include family history of mood and anxiety disorders,
medical conditions such as hypothyroidism, vitamin D deficiency, insomnia, sleep apnea,
and substance use; psychological factors may include specific perceptions, thoughts, and
beliefs of the individual; and the social domain may include sociocultural factors, family,
and community supports for the patient. Protective factors may consist of support networks
available to the individual, engagement in meaningful activities, hopes and goals for

the future, exercise, and healthy diet. A thorough understanding of these factors for an
individual patient are therefore, in turn, important for creating specific recommendations
for care, including recommendations for psychotherapy, lifestyle modifications, additional
social supports, and medications.

Interestingly, meta-analyses of some of these risk and protective factors have shown
associations with white matter integrity.>*>7 For example, a recent meta-analysis
described correlation between physical activity, cardiorespiratory fitness, and exercise and
microstructural integrity of the corpus callosum, and the anterior limb of internal capsule,
with effect sizes of 0.345 and 0.198, respectively.>> Another meta-analysis found that
increased obesity measurements were related to reduced FA in the genu of the corpus
callosum.5” A meta-analysis of white matter correlates of relatives of patients with severe
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mental disorders (MDD, bipolar disorder, and/or schizophrenia) showed decreased FA in
the genu and splenium of the corpus callosum in relatives of patients as compared to
controls, although a specific effect size was not reported.>® Lim et a/>* concluded, in a
meta-analysis, that history of childhood maltreatment was associated with reduced FA in the
anterior corpus callosum, along with the fornix, anterior thalamic radiation, optic radiations,
the inferior longitudinal fasciculus, and inferior frontal-occipital fasciculus. Notably, these
regions are similarly implicated in MDD in our current systematic review.

A possible future direction for research could be a focus on deep phenotyping, in both
the clinical and neuroimaging domains of individuals.>1:52 Deep neuroimaging phenotyping
could include repeated measures of the same individual (eg, multiple measures during

an MDD episode, and during remissions), using multi-modal imaging modalities, along
with detailed assessments of current and past risk and protective factors associated with
depression in both individuals with MDD and healthy controls. This approach aligns well
with the within-participant study designs suggested by Marek et a/,*8 as well as the
important goal of bringing “results down to the level of the individual.”>® As pointed out
by White,8 different pathways may exist (leading to similar behavioral phenotypes), and
individuals have unique brains, shaped and influenced over time by genetic, epigenetic,
environmental, and random factors.

There are several limitations of the current systematic review. A relatively small number

of publications have focused on adolescent depression and met our inclusion criteria.
Moreover, many of the studies had relatively small sample sizes (as low as 14 or 17 in the
MDD group in some studies), which may have given rise to inflated effect sizes (in light of
the paper by Marek et a/*8) and are vulnerable to publication bias. Furthermore, the studies
included in the current systematic review used a variety of analysis methods, had different
sample characteristics (including different rates of co-occurring psychiatric disorders),

and focused on MDD. Future studies could consider longitudinal study designs, focusing
on developmental trajectories of depression (ie, separately focusing across childhood,
adolescence, and adulthood), taking into account biological sex and exploring sex-by-
diagnosis interactions. Such work, paired with careful tracking of co-occurring psychiatric
disorders, medical conditions, clinical characteristics (including distinct depression subtypes
and psychological factors), medication use, and genetic and environmental factors such

as diet, exercise, history of trauma, and childhood adversity) could do the following:

(1) lay the foundation for understanding microstructural organization across development
in detail in MDD (along with other co-occurring psychiatric disorders that may emerge
prior to or after the onset of MDD) as compared to typical development; (2) explore
contributions to variation within and across participants from biological, psychological, and
social risk and protective factors (such as diet, exercise, socio-economic status, medication
use, psychotherapy, co-occurring psychiatric disorders, medical conditions, and biological
sex); which, in turn (3) could help to establish personalized medicine approaches (for
example, as proposed/envisioned in Chahal et a/14), including guiding which treatment
approach may be optimal for a particular patient and predicting treatment response.
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Identification of studies via databases and registers

( Identification of studies via other methods

Records identified from:
Databases:
PubMed (n =415)
PsycINFO (n = 295)

Records removed before
screening:
Duplicate records
removed
(n=135)

Records identified from:
Citation searching (n=17)

!

Records screened

Records excluded
(n=502)

(n=575)
|

Reports sought for retrieval

Reports not retrieved
(n=0)

Reports sought for retrieval

Reports not retrieved:
(n=0)

(n="73)
}

Reports assessed for

Included [

eligibility

(n=173)
Studies included in review
(n=14)

Reports excluded:
1. Incorrect age range (n=
44)
2. No DTI/DSI (n=1)
3. No specified diagnosis
of depression (n = 4)
4. No control group (n =2)
5. Other* (n=8)

(n=17)
!

Reports assessed for
cligibility
(n=17)

FIGURE 1. Flow Chart of the Systematic Review
Note: Reports excluded for the following other reasons: paper on subthreshold depression (n

= 2); prospective prediction of depression based on baseline imaging data (n = 1); no results
of depressive diagnosis vs controls presented (n = 2); no DTI/DSI tract metrics presented
(n =1); and use of the same dataset as another already included publication (n = 2). The
template for the figure was adapted from the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.2’ “Identification of studies via other
methods” was created to comply with the PRISMA guidelines (see Method section), and
included search of the references of studies included in the review and of Zhou et al.23
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FIGURE 2. Visual Representation of Some of the White Matter Regions (Implicated in
Adolescent Depression in the Current Systematic Review) in a 12-Year-Old Girl With Major
Depressive Disorder (MDD)

Note: (A) Cingulum and uncinate fasciculus. (B) Inferior fronto-occipital fasciculus (IFO)
and anterior corona radiata (ACR). (Not visualized in this figure: genu and body of corpus
callosum). Neuroimaging data for this participant with MDD was acquired as part of a
project on irritability (RO1IMH111542, PI: Dr. Daniel Dickstein). MDD was diagnosed using
the Schedule for Affective Disorders and Schizophrenia for School-Age Children: Present
and Lifetime version (K-SADS-PL). Data were processed using FSL39 and QIT.40
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