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heterogeneity of depression in adolescence — a precision mental
health perspective
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Abstract

Background—Adolescence is a period of high risk for the onset of depression, characterized by
variability in symptoms, severity, and course. During adolescence, the neurocircuitry implicated in
depression continues to mature, suggesting that it is an important period for intervention.
Reflecting the recent emergence of “‘precision mental health’ — a person-centered approach to
identifying, preventing, and treating psychopathology — researchers have begun to document
associations between heterogeneity in features of depression and individual differences in brain
circuitry, most frequently in resting-state functional connectivity (RSFC).

Methods—In this review, we present emerging work examining pre- and post-treatment
measures of network connectivity in depressed adolescents; these studies reveal potential
intervention-specific neural markers of treatment efficacy. We also review findings from studies
examining associations between network connectivity and both types of depressive symptoms and
response to treatment in adults, and indicate how this work can be extended to depressed
adolescents. Finally, we offer recommendations for research that we believe will advance the
science of precision mental health of adolescence.

Results—Nascent studies suggest that linking RSFC-based pathophysiological variation with
effects of different types of treatment and changes in mood following specific interventions will
strengthen predictions of prognosis and treatment response. Studies with larger sample sizes and
direct comparisons of treatments are required to determine whether RSFC patterns are reliable
neuromarkers of treatment response for depressed adolescents. Although we are not yet at the
point of using RSFC to guide clinical decision-making, findings from research examining the
stability and reliability of RSFC point to a favorable future for network-based clinical
phenotyping.

Conclusions—Delineating the correspondence between specific clinical characteristics of
depression (e.g., symptoms, severity, and treatment response) and patterns of network-based
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connectivity will facilitate the development of more tailored and effective approaches to the
assessment, prevention, and treatment of depression in adolescents.

Keywords
depression; adolescence; connectivity; brain networks; heterogeneity; precision mental health

Depression in adolescence

The risk for experiencing Major Depressive Disorder (MDD) is highest during adolescence;
indeed, nearly 15% of 12- to 17-year-olds experience at least one episode of MDD
(Avenevoli, Swendsen, He, Burstein, & Merikangas, 2015). The adverse consequences of
developing MDD in adolescence persist well into adulthood, including experiencing anxiety
and recurrent episodes of depression, anxiety, and suicidal behaviors (Johnson, Dupuis,
Piche, Clayborne, & Colman, 2018). Given the significant psychosocial toll of adolescent
depression, there is an urgent need to identify and treat MDD as early in its progression as
possible. Unfortunately, however, MDD goes undetected in 40% of adolescents, and those
who do receive treatment often do not experience alleviation of symptoms (Michael &
Crowley, 2002; Stein & Fazel, 2015).

A major factor that has hindered progress in identifying and treating adolescent depression is
the considerable heterogeneity of this disorder. Depressed adolescents vary in the age at
which they experience the onset of the disorder (Breslau et al., 2017), the types of symptoms
with which they present (Chen et al., 2014), the course of their symptoms (Yaroslavsky,
Pettit, Lewinsohn, Seeley, & Roberts, 2013), and their response to treatment (Mojtabai,
Olfson, & Han, 2016). Adolescent females are at greater risk for the onset of depression than
are their male counterparts, and also tend to show more severe symptoms that are stable and
unremitting (Breslau et al., 2017). Forms of mood pathology in adolescent depression also
vary. While some depressed adolescents exhibit symptoms consistent with the DSM-5
criteria for MDD (e.g., anhedonia, changes in sleep patterns, diminished mood), other
depressed adolescents endorse diverse symptoms that are incongruous with traditional
diagnostic criteria for MDD (e.g., anxiety, body dysmorphia, and vegetative symptoms;
Blom et al., 2014). Comorbidity (e.g., with symptoms of anxiety) is an additional level of
complexity that warrants attention in understanding the heterogeneity of depression in
adolescence. In fact, 25-50% of adolescents with depression have been found to also meet
diagnostic criteria for an anxiety disorder (Axelson & Birmaher, 2001; Costello et al., 2003;
Garber & Weersing, 2010); further, an intervention that targets one psychiatric disorder may
reduce the efficacy of treatment for another disorder (Curry et al., 2006). Finally, an
estimated 20% of MDD patients go on to develop manic symptoms (Boschloo et al., 2014),
underscoring the need to identify endophenotypes that may have varying levels of
susceptibility to different types of symptoms and mood disturbances. Given this
heterogeneity, it is unsurprising that a “one size fits all” treatment approach has not been
effective for all depressed adolescents. For example, many adolescents receive
antidepressants to treat MDD (Soria-Saucedo, Walter, Cabral, England, & Kazis, 2016);
however, antidepressants alone are largely ineffective in treating their symptoms (Michael &
Crowley, 2002). We argue here that examining associations between variability in the types,
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severity, and course of depressive symptoms and in treatment response, and individual
differences in neurobiology (e.g., functional connectivity), will advance our knowledge of
the specific treatments that are best suited to, and most effective for, adolescents who are
experiencing MDD. This approach will also further our theoretical and empirical
understanding of the neurobiological mechanisms underlying MDD.

Precision mental health of adolescence

Precision medicine refers to the practice of precisely tailoring treatments to subcategories of
disease defined on the basis of differences in pathological components (e.g., observable
symptom types, underlying neurobiology; Ashley, 2015; National Research Council, 2011).
In precision medicine, data and analytics are used to classify heterogeneous individuals into
subpopulations that differ in their biological make-up (e.g., genetics), susceptibility to
disease (e.g., cancer), and response to treatment (e.g., chemotherapy). The broader goal of
these initiatives is to improve quality of care by guiding the selection of treatment that is
most effective for a given patient (Ginsburg & Phillips, 2018). Following this framework, we
propose that differences in the symptoms, severity, prognosis, and treatment of depression in
adolescents are associated with variation in the functional connectivity of brain networks.
Harnessing the power of measuring heterogeneity in brain network connectivity as it relates
to differences in characteristics of depression would advance the precision mental health of
adolescence.

Properties of functional networks —i.e., collections of brain regions that co-activate to
support shared functions — can be characterized using functional magnetic resonance
imaging (fMRI) during a task or at rest (i.e., in the absence of stimuli). Researchers have
posited that signal correlations between brain regions reflect a history of co-activation or
structural connectedness, evidenced by studies showing that task-evoked functional
connections are also detectable at rest (Dosenbach et al., 2007). We posit that measuring
resting state functional connectivity (RSFC) of brain networks is a promising method for
advancing the precision mental health of adolescence for several reasons. First, research
suggests that organizational properties of functional networks at rest are reproducible across
adolescents (Marek et al., 2019) and reflect stable, trait-like neurobiological signatures
(Jalbrzikowski et al., 2019). Second, variability in functional connectivity has been shown to
be largely attributable to individual difference characteristics and due less to day-to-day
changes or task states (Gratton et al., 2018), suggesting that RSFC patterns reflect neural
“fingerprints’ that can reliably reveal how adolescents differ from each other. Recent work
also shows that patterns of RSFC predict differences in adolescents’ brain maturity and
executive functioning (Cui et al., 2020). Finally, the intrinsic connectivity of particular brain
networks, measured by resting state fMRI, has been found to be uniquely related both to
specific symptoms (e.g., (Kihn et al., 2012) and to response to different forms of treatment
(Brakowski et al., 2017).

In this paper, we review studies of depression and RSFC of brain networks in order to
elucidate neurobiological factors that underlie differences in symptoms, course of disorder,
and treatment response. We begin by recognizing that, regardless of neuroimaging modality,
most studies examining neurobiological aspects of depression have used case-control
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designs in which (the mean of) a group of depressed persons on a particular metric is
compared to (the mean of) a group of typical/healthy persons. In this approach, within-group
heterogeneity is typically ignored or averaged; individual differences in symptoms and brain
characteristics are generally not examined. However, research with depressed adults
indicates that individual differences in RSFC can be used to identify specific neural patterns
associated with both variability in symptom profiles and treatment response (Hou et al.,
2018; Price, Gates, Kraynak, Thase, & Siegle, 2017a; Tokuda et al., 2018). Furthermore,
evidence is now emerging from studies of depressed adolescents indicating that assessing
variation in brain circuitry yields important information about different symptom types and
severity (e.g., Rzepa & McCabe, 2018), symptom course (e.g., Connolly et al., 2017), and
response to treatment (e.g., Klimes-Dougan et al., 2018a). These nascent findings suggest
that RSFC patterns transcend traditional diagnostic boundaries and elucidate brain-symptom
phenotypes that could be linked with tailored treatments, informing the precision mental
health of adolescence. Additional research is needed, however, to identify the patterns of
neural connectivity that predict which treatments will be successful for which subgroups of
depressed adolescents.

The purpose of this review is to describe how examining heterogeneity in both brain network
connectivity and depression can advance our understanding, and the person-centered
treatment, of adolescent depression. We begin by summarizing findings of neurobiological
alterations in adolescents with depression, typically reported in case-control studies. We first
review findings of depression-relevant patterns of regional brain activation engaged by tasks,
given that these studies provide foundational knowledge about the neurobiological and
behavioral correlates of depression. We then describe findings from studies of RSFC
indicating widespread alterations in neurocircuitry related to adolescent depression. We
focus on RSFC because it reflects stable patterns of intrinsic connectivity between regions
(Cole, Bassett, Power, Braver, & Petersen, 2014) and trait-like individual differences that are
related to personality and neuropsychiatric disorders (Gratton et al., 2018). We then present
emerging work examining pre- and post-treatment measures of network connectivity in
adolescents with depression; these studies reveal potential intervention-specific neural
markers of treatment efficacy. We also review findings from studies examining associations
between network connectivity and both types of depression symptoms and response to
treatment in adults and indicate how this work can be extended to the study of depressed
adolescents. Finally, we offer recommendations for research that we believe is necessary to
advance the science of precision mental health of adolescence in order to improve the well-
being of adolescents.

The neurobiology of adolescent depression

Findings from case-control studies of the neurobiology of adolescent depression

Depressed adolescents have been found to be characterized by aberrant cognitive, affective,
reward, and self-referential processing (e.g., Grahek, Shenhav, Musslick, Krebs, & Koster,
2019; Nejad, Fossati, & Lemogne, 2013). Researchers have used fMRI to elucidate
neurobiological correlates of the anomalous patterns of information processing that have
been documented in depressed individuals, although typically in case-control studies.
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Nevertheless, these group comparisons have provided important insights about region-
specific and network-wide alterations in brain function that may underlie cognitive and
behavioral deviations in depression. In this section, we first highlight key findings of
depression-associated differences in regional activation from task-based neuroimaging
studies of adolescents, and then discuss studies of RSFC that have assessed the intrinsic
coordinated activity of multiple brain regions implicated in depression.

Patterns of regional brain activation in adolescent depression

Converging findings indicate that depressed adolescents exhibit blunted neural response to
reward cues, evidenced by dampened striatal activation during the anticipation and receipt of
reward (O’Callaghan & Stringaris, 2019). Further, attenuated neural sensitivity to the receipt
of reward has been found to be associated with lower positive affect (Forbes et al., 2009) and
greater severity of symptoms (C. Insel et al., 2019) in depressed adolescents. Finally, high-
risk youth who are resilient to depression have been found to exhibit greater activation in
reward circuitry during anticipation of reward than do their counterparts who have
experienced this disorder (Fischer et al., 2019). While neural activation during both reward
anticipation and receipt has been shown to be altered in depressed adolescents, one meta-
analysis showed that the striatum, insula, thalamus, and amygdala are recruited during
anticipation of reward or loss, while orbitofrontal and prefrontal regions are recruited in
response to reward outcome (Oldham et al., 2018). Thus, both the neural systems supporting
motivational processes and those underlying value representations appear to be aberrant in
adolescent depression.

Investigators have also documented deficits in cognitive control in depressed adolescents
that contribute to dysregulated emotional reactivity, reduced processing speed, and
compromised executive functioning (Rudolph et al., 2017; Sommerfeldt et al., 2016).
Compared to healthy controls, depressed adolescents have been found to recruit cognitive
and attention-orienting (i.e., frontocingulate and occipitoparietal) regions to a greater degree
when they are required to inhibit responses in the presence of emotional distractors (Colich
etal., 2017). Greater required engagement of these regions when faced with affective
distractors suggests that depressed adolescents have insufficient top-down regulatory
abilities, contributing to difficulties in managing negative emotions and persistent
rumination (Joormann & Gotlib, 2010). Indeed, less engagement of prefrontal cortex (PFC)
regions during an emotion regulation task has been found to be associated with greater
severity of depressive symptoms in adolescents (Fitzgerald, Klumpp, Langenecker, & Phan,
2018). Depressed adolescents have also been found to exhibit abnormalities in the subgenual
and dorsal subregions of the anterior cingulate cortex (ACC). Whereas the subgenual ACC is
implicated in emotion regulation (Drevets et al., 2008), the dorsal ACC is posited to support
goal-driven actions and error-monitoring (Luna et al., 2015; Velanova et al., 2008). During a
stop-signal task, depressed adolescents exhibited greater subgenual ACC activity than did
their healthy peers (Yang et al., 2009). Conversely, subgenual ACC activity during the
viewing of fearful faces was inversely related to depression severity in adolescents (Hall et
al., 2014). Findings regarding subgenual ACC activity in depressed adolescents suggest that
atypical functioning is dependent on the context: whereas greater activity may be observed
in cognitive tasks, lower activity may be observed in socioemotional contexts. With respect
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to the dorsal portion of the ACC, young women with a history of depression showed
increases in both depressed mood and dorsal ACC activity following social evaluative
feedback (Dedovic et al., 2016), although depressed youth have been found to exhibit
hypoactivation in this region during executive functioning tasks (Miller et al., 2015). Unlike
the subgenual ACC, self-monitoring-related dorsal ACC activity may be heightened in social
contexts and lower in cognitive tasks in adolescent depression.

Depressed adolescents have also been found to exhibit aberrant neural responses to
emotionally salient stimuli (e.g., emotional faces, social evaluation). For example, relative to
healthy controls, depressed adolescents show greater activation in response to social
rejection in emotion-processing regions, such as the amygdala, subgenual ACC, and insula
(Silk et al., 2014). Depressed adolescents also show elevated amygdala activity to negative
facial expressions and reduced activity to positive stimuli during a face-matching task
(Redlich et al., 2018), suggesting that negatively valenced stimuli are particularly salient to
depressed youth. Importantly, greater amygdala reactivity to emotional stimuli (e.g., faces)
has been found to predict increases in the severity of adolescents’ depressive symptoms
(Mattson, Hyde, Shaw, Forbes, & Monk, 2016).

Finally, depressed adolescents have been found to show aberrant activity in brain regions
involved in self-referential processing and self-reflection, including the medial PFC (mPFC),
insula, and posterior cingulate cortex (PCC) (Vilgis et al., 2018). Specifically, compared to
their healthy peers, depressed adolescents exhibit greater activation in these regions,
collectively referred to as cortical midline structures (Northoff et al., 2006), during
rumination, a form of repetitive negative self-referential processing (Cooney, Joormann,
Eugene, Dennis, & Gotlib, 2010). Moreover, activation in these regions is correlated
positively with self-reported rumination and severity of depressive symptoms (Burkhouse et
al., 2017; Vilgis et al., 2018). Depressed adolescents are also less able than are their
nondepressed counterparts to suppress activity in brain regions involved in self-reflection in
the presence of external cognitive demands (Han, Kim, Bae, Renshaw, & Anderson, 2016).
Collectively, these findings highlight neural mechanisms that may contribute to the sustained
negative self-focus that characterizes depressed individuals.

Studies of task-based regional brain activation provide foundational knowledge about key
structures involved in the cognitive and affective anomalies generally exhibited by depressed
adolescents. However, there is a growing appreciation that cognitive and affective processes
are supported by the coordinated activity of multiple brain regions, or networks, rather than
by the response of discrete brain regions to specific cues (van den Heuvel & Sporns, 2013).
Thus, examining functional connectivity within and between networks in the absence of cues
has allowed researchers to probe large-scale neural disruptions that may be related to
depression broadly, as well as to specific symptoms (Bassett, Xia, & Satterthwaite, 2018).

Alterations in network connectivity in adolescent depression

Several resting-state networks have been identified in relation to adolescent depression. This
research extends findings from task-based studies of regional activation, reviewed above, by
linking behavioral manifestations of depression with alterations in networks, providing
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evidence of system-wide perturbations related to depression. We present findings from this
research below.

The reward network (RN) comprises fronto-striatal regions involved in the processing of
rewards (e.g., caudate, putamen, nucleus accumbens, and frontal regions) and is
characterized by age-related increases over adolescence in within-network functional
connectivity (Solé-Padullés et al., 2016). Although RN connectivity is lower in depressed
than in nondepressed adults (Bai et al., 2018), one study found that depressed adolescents
have higher RN RSFC than do nondepressed controls (Gabbay et al., 2013) and, in another
study of children, stronger functional connectivity of the RN predicted greater risk for
experiencing a depressive episode years later (Pan et al., 2017). Thus, depression-related
alterations in the RN may be age-dependent, but in most age groups these alterations have
been found to contribute to the anhedonia and loss of pleasure documented in MDD
(Heshmati & Russo, 2015).

The cognitive control network (CCN) encompasses frontoparietal regions engaged during
executive function and cognitive control processes (e.g., dorsolateral PFC, dorsal ACC,
parietal cortex), supporting such functions as decision-making, working memory, and
general top-down control (E. K. Miller & Cohen, 2001). Like the RN, the strength of
functional connectivity within the CCN increases over adolescence (Sherman et al., 2014),
supporting the integration of component processes involved in cognitive control, such as
inhibitory control and working memory (Luna et al., 2015). Indeed, reduced activation, but
increased coupling (i.e., co-activation or within-network connectivity), of CCN regions
during task has been found to be associated with better cognitive control performance on a
multi-source interference task in adolescents (Dwyer et al., 2014). Given the neurocognitive
impairments reported in depressed adolescents and adults (Maalouf et al., 2011), it is
plausible that the trajectory of CCN development is altered in the context of adolescent
depression. In fact, weaker CCN connectivity has been documented both in depressed
adolescents (Tang et al., 2018) and in adolescent daughters of depressed mothers (Clasen,
Beevers, Mumford, & Schnyer, 2014), implicating anomalous development of CCN
connectivity in the intergenerational transmission of risk for depression.

The affective limbic network (AN) includes brain regions involved in the processing and
regulation of emotions (e.g., amygdala, hippocampus, insula, orbitofrontal cortex (OFC),
and ventral ACC; Leppéanen & Nelson, 2009). Functional connectivity between affective
regions, such as the ACC and amygdala, during an emotion regulation task increases from
childhood to adulthood (Perlman & Pelphrey, 2011). Given the roles of AN regions in
emotion processing, it is not surprising that greater RSFC connectivity has been found
within this network in depressed relative to nondepressed adolescents, likely underlying the
negative mood and emotion dysregulation that characterizes this disorder (Pannekoek et al.,
2014).

Network studies have identified regions of the AN as part of a larger salience network (SN),
which, like the AN, shows protracted development in adolescence (Solé-Padullés et al.,
2016). The SN, composed primarily of the anterior insula, amygdala, ventrolateral PFC, and
dorsal ACC, is involved in external stimulus detection and task-switching, processing
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emotionally salient information, and generating emotional states (Seeley et al., 2007). As
has been found for the AN, the SN is altered in adolescent depression, and stronger
connectivity of SN regions predicts greater severity of depressive symptoms (Hulvershorn,
Cullen, & Anand, 2011).

The default mode network (DMN; Raichle & Snyder, 2007) comprises a group of brain
regions that show greater functional co-activity in the absence of stimuli, or during self-
reflective states (e.g., precuneus, PCC, mPFC, inferior parietal cortex). These regions
overlap with those referred to above as cortical midline structures. Activity in regions of the
DMN is associated with internalized experiences, such as autobiographical memory,
prospection, self-referential and introspective processing, and theory-of-mind reasoning
(Spreng & Grady, 2010) — processes that have been found to be altered in depression
(LeMoult, Kircanski, Prasad, & Gotlib, 2017). Importantly, researchers have documented
elevated functional connectivity among regions of the DMN in depressed adolescents, both
at rest and during an emotion identification task (Ho et al., 2015).

Finally, in addition to the depression-associated anomalies in within-network connectivity
described above, several studies have found alterations in between-network connectivity in
adolescent depression (Sacchet et al., 2016). For example, compared to healthy controls,
depressed adolescents exhibit weaker RSFC between the amygdala and frontal regions of the
CCN (Scheuer et al., 2017). This pattern of between-network RSFC in depressed
adolescents has been found to reflect a reduced ability of the PFC to modulate hyper-
responsivity of the amygdala (Perlman et al., 2012). Compared to healthy controls,
depressed adolescents also exhibit stronger connectivity between the DMN and both the
CCN and the SN (Sacchet et al., 2016). Given that decreased between-network connectivity
between the DMN and CCN is related to better cognitive control performance in
adolescence (Dwyer et al., 2014), and that increased connectivity between nodes of the CCN
and SN is associated with improvements in inhibitory control (Marek, Hwang, Foran,
Hallquist, & Luna, 2015), the atypical between-network connectivity patterns in depressed
adolescents may underlie cognitive deficits in affective conditions (Joormann & Gotlib,
2010; Maalouf et al., 2011). Together, these case-control studies suggest that patterns of
activation and co-activation (i.e., functional connectivity) of brain regions involved in
cognitive, affective, self-referential, and reward processing are important neural markers of
general and specific symptoms of adolescent (and adult) depression.

Heterogeneity of the neurobiology of adolescent depression—Although case-
control RSFC studies have provided important information about anomalous patterns of
neural connectivity associated with clinical features of depression, this approach assumes, at
least implicitly, homogeneity within groups and overlooks individual differences in
connectivity that may be associated with specific clinical features (Seghier & Price, 2018).
Importantly, in a study of brain structure in patients with schizophrenia and bipolar disorder,
Wolfers et al. (2018) found that no individual matched the “average patient,” and argued that
group-level differences masked biological and individual heterogeneity. These ‘group-
averaged’ approaches may explain why researchers have not yet reliably identified robust
biomarkers of the course of depression or response to treatment. Similarly, variations in
behavioral and symptom data are often overlooked, despite well-documented heterogeneity
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in the developmental course, symptom profiles, symptom severity, treatment response, and
biological correlates of depression in youth.

To date, only a small number of studies have examined the relation between functional
connectivity and individual differences in specific characteristics of depression in
adolescents. This emerging work suggests that variability in adolescents’ functional
connectivity relates to their current symptoms and the severity of their depression, as well as
to subsequent changes in their symptoms (i.e., prognosis). For example, RSFC between the
caudate (part of the RN) and dorsolateral PFC (part of the CCN), as well as within the
DMN, has been found to be positively correlated with symptom severity in depressed
adolescents (Ho et al., 2015). Patterns of RSFC have also been found to predict future
depressive symptoms. For example, adolescents with weaker initial AN-CCN connectivity
exhibit increasing severity of depressive symptoms over time (Scheuer et al., 2017); in
contrast, adolescents with higher baseline AN-DMN connectivity have greater reductions in
symptoms months later (Connolly et al., 2017).

Symptom-specific network alterations have also been found in adolescent depression. For
example, higher levels of anhedonia have been associated with lower DMN connectivity
with the CCN (Rzepa & McCabe, 2018), and higher levels of dysphoria have been linked
with lower connectivity between the amygdala (part of the AN) and hippocampus (of the
DMN) (Cullen et al., 2014) in depressed adolescents. Finally, RSFC patterns in depressed
youth vary as a function of the age of onset of depression: whereas earlier onset is associated
with greater amygdala (part of the AN) connectivity with the DMN, later onset is related to
greater amygdala connectivity with the CCN (Clark et al., 2018). In sum, examining
individual differences in RSFC within samples of depressed adolescents, rather than making
comparisons between groups of depressed adolescents and groups of control participants,
can yield insight both about the heterogeneity of the severity and course of depression, and
about profiles of symptoms in this disorder.

Emerging work and future directions: toward a precision mental health of

adolescence

Given the associations documented between patterns of RSFC and individual variation in
characteristics of depression (e.g., severity, symptoms, course), researchers are beginning to
harness the translational potential of network neuroscience, bridging basic research with
clinical applications, to identify brain connectivity signatures that may be associated with
various treatment responses. In this section, we describe nascent work linking initial levels
and changes in network connectivity in depressed adolescents with treatment effects. To
date, most studies of the associations among patterns of brain connectivity, subtypes of
depression, and treatment outcomes have been of adults. While a small number of studies
have examined baseline and post-treatment connectivity in adolescents, we do not yet know
whether depressed adolescents can be classified into subtypes based on their clinical
characteristics, brain network patterns, and treatment response. We describe results from the
few existing studies of adolescents below, followed by work with adults as examples of the
potential benefits of examining depression and brain network heterogeneity together in order
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to increase our understanding of, and improve the effectiveness of treatments for, adolescent
depression from the perspective of precision mental health.

Preliminary network-based translational research in adolescent depression

Although several metrics of connectivity may be informative (e.g., task-based functional
connectivity, diffusion imaging based structural connectivity), one approach to meet the
objective of precision mental health is to identify pre-treatment RSFC signatures that are
associated with effective interventions for subtypes of depression. As we describe below, a
small number of studies have focused specifically on amygdala connectivity; their findings
suggest not only that specific pre-treatment neural signatures can aid in predicting the
effectiveness of treatments for depression, but further, that different treatments lead to
changes in connectivity in among specific networks, and these changes in RSFC from pre- to
post-treatment are related to symptom improvement.

In one study, depressed adolescent patients completed a resting-state fMRI scan before and
after five sessions of Cognitive Behavioral Therapy (CBT; Straub et al., 2017). As expected,
relative to controls, patients initially exhibited stronger RSFC between the subgenual ACC
and amygdala (both regions of the AN) that weakened following successful CBT. Further,
depressed adolescents had weaker CCN-SN connectivity than did controls at baseline; RSFC
between these networks increased in the depressed adolescents following CBT. Importantly,
improvement in symptoms from pre- to post-CBT was correlated with changes in RSFC,
suggesting that this type of treatment in depressed adolescents leads to changes in
connectivity between the CCN and SN, as well as within the AN. In addition, pre-treatment
amygdala connectivity predicted response to CBT; specifically, depressed adolescents who
exhibited greater connectivity between the amygdala and the CCN or SN (i.e., neural
signatures more similar to those of healthy controls) had greater clinical improvement.
These findings suggest that in depressed adolescents, CBT alters aberrant connectivity
between the CCN and AN (i.e., emotion-regulatory processes), as well as anomalous
patterns of activation in regions within these networks. However, the study sample was small
(N=38) and composed primarily of females (N=30). Future studies with larger samples are
needed to clarify whether the documented network alterations are specific to CBT or,
alternatively, if these or similar changes also result from other forms of therapy and/or
medications.

Two studies have shown that connectivity between the AN and CCN in depressed
adolescents predicts response to selective serotonin reuptake inhibitors (SSRIs), a commonly
prescribed antidepressant medication. Klimes-Dougan et al. (2018) showed that adolescents
with stronger baseline RSFC between the amygdala (AN) and regions of the CCN exhibited
symptom improvement after eight weeks of treatment with an SSRI; in contrast, adolescents
with stronger connectivity between the amygdala and right precentral gyrus (i.e., two AN
nodes) did not improve. Similarly, Cullen et al. (2016) showed that response to SSRIs was
associated with increased connectivity between the amygdala and frontal cortex (i.e., AN-
CCN) and with decreased connectivity between the amygdala and precuneus (i.e., AN-
DMN) from pre- to post-treatment. These studies, while promising for the precision mental
health of adolescence, are limited by sample sizes with significant variability in age, lack of
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information about the type or dose of SSRIs, and no control or placebo groups to assess
whether changes in connectivity might be attributed to moderators and confounding
variables. Future studies should use randomized control treatment (RCT) designs with larger
samples to track the relation between changes in functional connectivity and treatment type
and dose.

Despite these limitations, both CBT and antidepressants have been shown to affect AN-CCN
connectivity; further, depressed adolescents with more ‘normative’ patterns of RSFC are
more likely to show symptom improvement following treatment. Although connectivity of
the AN, particularly the amygdala, may represent a neural signature that is not treatment-
specific, these studies suggest there are differential network changes that result from specific
treatments. For example, depressed adolescents showed improved (decreases in)
connectivity between the DMN and AN following CBT (Straub et al., 2017). While
amygdala-DMN connectivity was also shown to decrease following SSRI treatment, SSRIs
were further shown to improve (strengthen) connectivity between the amygdala and CCN
(Cullen et al., 2016). As we noted above, weaker amygdala-CCN connectivity predicts
increasing severity of depressive symptoms (Scheuer et al., 2017); treatment with SSRIs
may specifically target lower AN-CCN connectivity, strengthen regional coupling, and halt
the progression of symptoms. Thus, RSFC patterns, particularly those involving the
amygdala, may be neurobiological predictors of SSRI and CBT treatment-related
improvements in adolescent depression.

It is important that we understand which adolescents may be more or less amenable to
different types of treatments. To this end, we should work to identify subgroups of patients
that share biological markers that predict their response to particular treatments. To
accomplish this goal, researchers must develop comprehensive algorithms to describe
discrete brain-symptom phenotypes and examine whether these ‘neurophysiological’
subtypes of depression respond differentially to various types of treatment. Although
research examining these questions to date has been limited to adults, these studies serve as
examples for future research with depressed adolescents. We describe these studies below.

Network-based precision mental health research in depression: examples from adult
studies

By modeling network metrics from RSFC data, studies of depressed adults have not only
provided valuable information about the neural correlates of putative subtypes of this
disorder (e.g., Price, Gates, et al., 2017), but have also demonstrated that these subtypes
differ in subsequent clinical outcomes and response to treatment (e.g., Drysdale et al., 2017;
Tokuda et al., 2018). Brain network connectivity can be modeled to detect associations
between system-wide patterns of functional connectivity and dimensions of symptom sets.
For example, Maglanoc et al. (2018) clustered neural data from a large sample of depressed
adults based on types and severity of symptoms, and obtained five subtypes that differed in
connectivity of fronto-temporal regions and in symptom profiles. Interestingly, fronto-
temporal network connectivity was not associated with total severity of symptoms,
suggesting that different patterns of RSFC reflect specific characteristics of depression.
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Examining individual variation in network connectivity has the potential to provide
clinically relevant information about depression subtypes that is typically overlooked in
traditional between-group comparisons. For example, Price and colleagues (2017) identified
two subgroups of depressed individuals defined by the similarities in their patterns of RSFC
in brain regions documented in previous studies to be associated with depression (including
regions in the AN, CCN, and DMN). The larger subgroup was characterized by a pattern of
heightened DMN connectivity, consistent with findings from a previous study of depressed
adults (Sambataro, Wolf, Pennuto, Vasic, & Wolf, 2014). The smaller subgroup was
characterized by stronger functional connectivity between subcortical areas involved in
emotion processing and threat detection; this subgroup also had more females than males
and a higher proportion of patients with recurrent depression and comorbid anxiety (Price et
al., 2017b). Importantly, the two subgroups had unique patterns of functional connectivity
and clinical profiles (e.g., symptoms, etiology, severity), suggesting that brain networks
reflect the heterogeneity of depression and transcend diagnostic boundaries that typify case-
control comparisons. Of course, it is unclear whether these depression subgroups are
sample-dependent; it is possible in a larger sample that a greater number of subgroups with
varying brain-symptom phenotypes would be detected, or that no differentiated subgroups
would be found.

Research conducted with depressed adults shows that different patterns of RSFC are
associated not only with heterogeneous presentations of depression, but also with remission
from depression following treatment. One large study (N=1,188) identified four
neurophysiological subtypes of depressed adults based on different patterns of RSFC of
limbic (i.e., AN) and fronto-striatal (i.e., RN) networks (Drysdale et al., 2017). The four
subtypes shared a neuroanatomical presentation of alterations in connectivity of the insula,
OFC, ventromedial PFC, fronto-amygdala, RN, and various subcortical areas, regions that
have previously been implicated in depression (Greicius et al., 2007). They differed,
however, both in other patterns of RSFC and in their clinical symptom profiles. For example,
two subtypes exhibited stronger RN connectivity than did the other two subtypes, along with
higher levels of anhedonia and alterations in psychomotor behavior. Importantly, the four
subtypes also differed in their response to treatment with TMS; specifically, the subtype
characterized by reduced connectivity within fronto-amygdala and OFC areas showed the
greatest reduction in severity of depressive symptoms in response to TMS (Drysdale et al.,
2017). This significant interaction of neurophysiology-based depression subtype and
treatment may be due to the match of the location of the aberrant connectivity (among
frontal regions) and the TMS target (the dorsomedial PFC). The characterization of
depression biotypes in this study based on connectivity and the match between patients’
brain-symptom phenotypes and favorable treatment response illustrates the improvement in
therapeutics that is possible with a precision mental health approach. A recent attempt to
replicate this study (identifying distinct connectivity-based subtypes of depression),
however, was unsuccessful with a smaller sample (N=187) (Dinga et al., 2019); thus, the
validity of these biotypes of adult depression is unclear. Dinga and colleagues (2019)
recommended that researchers examine symptoms of depression in relation to continuous
measures of RSFC, rather than attempt to group patients into discrete biotypes, a
recommendation consistent with our view that testing group differences may mask important
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inter-individual variation in symptoms and neurobiology. Drysdale et al.’s findings
nevertheless underscore the heterogeneous presentation of depression at multiple levels (i.e.,
neurobiology and symptoms) and highlight the potential utility of examining RSFC in
developing more effective treatments.

Similar to Drysdale et al., (2017), Tokuda et al. (2018) clustered clinical and RSFC data in
depressed adults and found that functional connectivity between the angular gyrus (AG), a
hub of the DMN, and other DMN regions differed among the three identified depression
subtypes and predicted each subtype’s response to SSRIs. Specifically, depressed patients in
a subtype that exhibited lower AG-DMN connectivity showed reductions in depressive
symptoms following treatment with SSRIs; in contrast, patients in a subtype characterized
by higher AG-DMN connectivity did not show a reduction in symptoms. These findings
highlight the importance of considering alterations in functional connectivity of connector
hub regions, particularly in the DMN, in elucidating heterogeneous symptom profiles and
guiding specialized approaches to treatment. Like most research in the nascent field of
precision mental health, Tokuda and colleagues’ work characterizing disparate depression
subtypes was conducted with a relatively small sample of participants (N=134), and it is
possible that their findings will not replicate in future studies with larger samples.

Other findings in adults further support the formulation that examining RSFC patterns can
be useful in developing more effective treatments for depression. A recent review indicated
that connectivity within and between the CCN, AN, DMN, and visual networks predicts
response to TMS and antidepressants (Dichter, Gibbs, & Smoski, 2015). For example,
heightened DMN and reduced CCN connectivity was found to be associated with symptom
improvement following antidepressants, whereas greater subcallosal cortex connectivity was
associated with response to TMS. Similarly, lower RN connectivity and stronger anhedonic
symptoms have been shown to predict less responsiveness to TMS placed at the dorsomedial
PFC, suggesting that patients with greater RN dysfunction require either TMS that is
targeted to different locations or other forms of therapy altogether (Downar et al., 2014). In
addition, higher connectivity within the DMN and between the DMN and CCN has been
shown to predict response to sertraline, an antidepressant (Chin Fatt et al., 2019). Taken
together, these findings with depressed adults suggest that heterogeneous symptom profiles
are associated with variations in RSFC, and that specific neural markers may forecast
treatment effectiveness.

Placebos have been associated with symptom improvement (although to a lesser degree than
have antidepressants) in depressed adolescents (Locher et al., 2017) and adults (Cipriani et
al., 2018). As is the case with traditional treatments (e.g., antidepressants), researchers have
also found that neural heterogeneity is related to inter-individual variability in placebo
response. Greater recruitment of the lateral PFC has been shown to link depressed patients’
expectations of mood improvement to actual mood improvement following administration of
a placebo antidepressant (Pecifia et al., 2018). Greater baseline RSFC of the salience
network has also been shown to predict depressed patients’ responses to placebo (Sikora et
al., 2016).
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Many of the studies reviewed above (particularly those with adolescents) have relatively
small samples, and their findings may not be replicated at other sites. Research suggests that
resting state fMRI studies with fewer than 80 participants (or 40 per group) have minimal
power and a lower likelihood of obtaining results that reflect “true” effects (Chen et al.,
2018). Large sample sizes are required when attempting to identify subtypes of depression
and treatment-associated neural alterations, particularly when studying a developmental
sample given the madifications in neural circuitry described above that occur during
adolescence.

On the feasibility of network-based phenotyping

Despite promising initial findings, existing research attempting to link RSFC patterns with
symptoms and treatment outcomes continues to be limited in methodology and applicability.
Below, we outline hurdles in the study of RSFC patterns in the context of heterogeneity in
adolescent depression, and describe opportunities for effectively overcoming these
challenges.

Study design—As we noted above, most studies involve small numbers of participants
and do not test dose effects, other treatment modalities, or nonspecific treatment factors
(e.g., assessing patient expectations and adherence to treatment). However, large samples are
needed to detect individual differences in treatment response, particularly if multiple
treatments are being directly compared. Multi-site studies are critical in overcoming this
obstacle, although there are other difficulties to consider with this approach. For example,
recent work suggests that while findings concerning adolescents’ brain network patterns are
similar across sites, types of MRI scanners influence measures of connectivity in different
ways (Marek et al., 2019). In working to resolve these discrepancies, researchers have used
traveling-subject datasets to develop novel harmonization methods that reduce multi-site
bias (Yamashita et al., 2019). In addition, treatment protocols should be standardized across
sites to minimize inter-site heterogeneity in study procedures.

Data acquisition and processing—Several limitations should be considered in
evaluating the utility of resting fMRI in precision mental health. First, fMRI has good spatial
resolution but relatively low temporal resolution, limiting its ability to detect differences in
granular signal fluctuations that may be related to symptoms and treatment response.
Second, fMRI is prone to signal dropout and spatial distortion due to magnetic susceptibility
(e.g., at air and fluid interfaces with brain tissue) and motion caused by pulsation of
cerebrospinal fluid and blood, breathing, and general head movements (Duyn, 2013).
Although the majority of variation in RSFC measures across individuals has not been linked
to head motion, the effects of motion on network measures are systematic and wide-
reaching. Depending on the network, motion may artificially amplify or reduce connectivity
estimates (Van Dijk et al., 2012). Further, it is unclear what the best methods are for
correcting the impact of motion on quantitative estimates of RSFC (Parkes et al., 2018).
Fortunately, considerable progress is being made towards ensuring that neuroimaging
processing pipelines are becoming standardized and are rigorously tested for optimization
(Esteban et al., 2019; Pervaiz et al., 2020).

J Child Psychol Psychiatry. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chahal et al.

Page 15

Third, datasets with large numbers of participants afford the ability to identify subgroups
within samples and require relatively small amounts of data within persons (e.g., a 5-10
minute fMRI scan while at rest). However, the ability to reliably map /ndividual connectivity
patterns is dependent on the amount of data available within that individual (Gordon et al.,
2017). One study demonstrated improvements in reliability of individual data by collecting
more than 25 minutes of resting fMRI; further, the reliability of functional connectivity
fingerprints (i.e., divergence of an individual from the population) continued to improve
even after four hours of measurement (Anderson et al., 2011). Although individual mapping
improves within-person estimates of network measures, the time and financial costs of
collecting hours of resting fMRI makes this approach impractical, particularly in a clinical
setting. However, issues with individual-level reliability speak to the need for more
sophisticated methods of data acquisition, processing, and analysis that would improve the
signal-to-noise ratio in fMRI data (Welvaert & Rosseel, 2013). For example, recent work
suggests that removing volumes where subjects are sleepy (measured via physiological
recordings) robustly improves RSFC reliability (Wang et al., 2017). Currently, work using
densely sampled individuals may provide foundational insights to potential targets for
precision mental health (e.g., Sylvester et al., 2020); however, examining treatment effects in
larger datasets with less densely measured participants may reveal broader subcategories of
adolescent depression.

Reproducibility and implementation—Perhaps the largest obstacle to making progress
in the field of precision mental health involves the question of the reproducibility of
findings. Reproducible experiments and results ensure the credibility of research; they rely
on analytic transparency, standardized guidelines for research practice and analytic
approaches (especially for neuroimaging), and the use of adequately-powered samples
(Picciotto, 2018; Poldrack, 2019). We recommend that future studies follow standardized
methodological guidelines to examine pre-treatment neural signatures that may be
associated with baseline symptom characteristics, clearly state and/or share data processing
and analysis steps, and when possible, use large samples (or moderate sizes with multiple
time-points) of depressed individuals. In addition, it is important that findings from these
studies be replicated in independent samples in order to establish the usefulness of RSFC
measurements in planning tailored interventions. Certainly, attempts to replicate without
positive results should not be ignored; indeed, we believe that a comprehensive
understanding of the strengths and limitations of precision mental health must include
reports of both successful and unsuccessful replication attempts (e.g., Dinga et al., 2019).

Although we are not yet at the point of using RSFC to guide clinical decision-making, we
believe that findings from research examining the stability and reliability of RSFC point to a
favorable future for network-based clinical phenotyping. Large multi-dataset studies show
not only that the organization of functional networks is reproducible across studies (Marek
etal., 2019), but further, that individual differences are dominant sources of variance in
measures of connectivity (Gratton et al., 2018). By continuing to examine patterns of RSFC
in relation to symptom dimensions and treatment responses, we will increase our ability to
intervene effectively in adolescent depression. Characterizing developmental changes related
to symptoms and the brain are important first steps in achieving this goal.
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The future of the precision mental health of adolescence

Research with depressed adults has provided a critical foundation for precision mental
health, identifying and characterizing neurobiological features that are associated with
distinct treatment benefits. It is important to recognize, however, that depression-relevant
functional brain connectivity matures and becomes “re-wired” in adolescence (Solé-Padullés
et al., 2016); consequently, it is during this developmental period that we have the potential
to offset the emergence of depressive symptoms and minimize long-term abnormalities in
functional brain networks through targeted treatment should individuals manifest symptoms
Modeling metrics of brain connectivity in adolescents can help to refine a precision mental
health approach in order to improve assessment and treatment of adolescent depression
through a person-centered lens. At this time, we do not know how;, when, and for whom
alterations in neural networks emerge that are related to depressive symptoms. We urge
researchers to take a precision mental health approach to the study of depression in
adolescents; we believe that this approach will facilitate the development of more effective
tailored interventions for depression in this age group. Specifically, there is a need for
studies with adolescents that delineate the associations between specific neurobiological
signatures and associated profiles of depressive symptoms, and elucidate how adolescents
with varying brain-symptom phenotypes respond differentially to various treatments (Figure
1). Researchers have begun to address both of these goals with depressed adults; it is critical
that we extend these investigations to the study of depressed adolescents in order to create
tailored combinations of existing treatments or develop new pharmacological and
therapeutic interventions that target networks of interest.

The goal of parsing diagnostic groups to identify biomarkers that may aid in improving the
understanding and treatment of adolescent depression via precision mental health is aligned
with the National Institute of Mental Health’s Research Domain Criteria (RDoC) project
(Insel et al., 2010). Proponents of the RDoC have outlined the advantages of understanding
the pathophysiology of psychiatric disorders in order to guide diagnosis and treatment
selection, rather than relying solely on traditional symptom-based clinical decisions. In this
perspective, the ultimate goal of the RDoC is “precision medicine for psychiatry [...] based
on a deeper understanding of the biological and psychosocial basis” of disorders (page 396,
Insel, 2014). Research conducted using the RDoC framework could provide complementary
evidence for individual differences in brain networks and symptoms. For example, a study
seeking to identify the shared and unique neural patterns associated with depressive severity
and anhedonia (a variable of interest in the RDoC) found that RSFC of the dorsomedial PFC
dissociated these features (Rzepa & McCabe, 2018). As described above, Dichter and
colleagues (Dichter et al., 2015) found that connectivity within the CCN predicted response
to antidepressants and TMS. Atypical CCN connectivity may underlie anhedonia and relate
to treatment response for depressed individuals with anhedonia. We are now at the beginning
stages of precision mental health endeavors. Linking RSFC-based pathophysiological
variation with effects of different types of treatment and changes in mood following specific
interventions will eventually yield stronger predictions of prognosis and treatment response,
as envisioned by the RDoC.
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In particular, it is important to examine patterns of brain connectivity as they develop over
the course of adolescence in order to use precision mental health approaches to identify
vulnerable adolescents as early as possible. Adopting a longitudinal approach, we can
measure developing neurobiological signatures that may, over time, contribute to or be
shaped by depression (Gotlib & Ordaz, 2016; Guyer, Pérez-Edgar, & Crone, 2018); we can
also capture heterogeneity in depression as it emerges. At this point, despite a growing
recognition that depression is a disorder of brain circuits (Williams, 2017), there are few
longitudinal studies of the relation between within-person changes in network function or
structure and depression in adolescents. Although individuals with internalizing
psychopathology (e.g., depression and anxiety) have been found to have age-related
alterations in functional network connectivity (Burkhouse et al., 2019), researchers have not
yet related longitudinal within-person changes in connectivity to changes in symptoms of
depression over adolescence. One study showed that individual differences in RSFC patterns
are related to past and current internalizing symptoms in adolescents and also predict future
symptoms, suggesting that specific patterns of functional brain connectivity are a
vulnerability factor for depressive symptoms across this developmental period (Chahal et al.,
in review). In addition, Shapero et al. (2019) found that abnormalities in CCN and DMN
network connectivity predict the onset of depression in adolescence, suggesting that neural
anomalies associated with depression are present even before clinical symptoms appear.
With additional longitudinal research, we can advance our understanding of which
adolescents may require (and benefit from) early intervention, working to slow or halt the
progression of depression. Large, open-access fMRI databases, such as those available via
OpenfMRI (Poldrack et al., 2013) and the Human Connectome Project (Glasser et al., 2016),
could be used to understand network connectivity changes that signal the onset of symptoms
and whether certain neural signatures predict depression symptom trajectories. Data from
the Adolescent Brain and Cognitive Development study (Volkow et al., 2018) will be an
invaluable resource for benchmarking developmental deviations that predict depression and
represent biomarkers of subtypes based on a very large sample of youth assessed over time.
Indeed, precision mental health seeks to identify the most effective treatments at the optimal
time (Abrahams, 2008).

It is important to recognize that although we argue resting fMRI is at the forefront of
advancing precision mental health, we are not limited to RSFC in measuring variations in
brain metrics that may be associated with the heterogeneous symptoms, course, and
treatment response in adolescent depression. Other metrics that capture system-wide
function and structure in the brain could similarly be used to examine whether
neurobiological profiles in adolescent depression are associated with response to different
forms of treatments. For example, diffusion tensor imaging allows researchers to quantify
structural connectivity by examining the neuroanatomical WM tracts that connect brain
regions. In this context, microstructural properties of the cingulum bundle (a WM tract
traversing regions of the limbic system) have been found to predict remission following
antidepressant treatment in depressed adults (Korgaonkar, Williams, Song, Usherwood, &
Grieve, 2014). Further, variability in depression course throughout adolescence has been
shown to predict later differences in WM connectivity (Rajpreet Chahal et al., 2020). In
addition, task-based fMRI allows researchers to measure connectivity between brain regions
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and may be a useful supplement to RSFC in order to understand how brain regions co-
activate in the conditions that require cognitive and affective processes known to be affected
in psychiatric disorders. Indeed, pretreatment striatal activity during a monetary reward task
has been shown to be associated with levels of depression severity following CBT in
depressed adolescents (Forbes et al., 2010). Ultimately, multimodal approaches that examine
multiple sources of neural data (e.g., combined fMRI and EEG) will allow researchers to
more deeply phenotype associations among the brain, symptoms, and response to treatment.

The precision mental health approach can also be extended to a range of other mental health
difficulties that emerge in adolescence, such as anxiety, stress, or disruptive behavioral
disorders. Individual differences in RSFC in adolescents diagnosed with these psychiatric
conditions may be associated with response to treatment; to date, however, such brain-
treatment associations have been examined primarily in adults. For example, adults with
social anxiety disorder (SAD) who exhibited stronger negative RSFC between the amygdala
and ventrolateral PFC (e.g., AN-CCN) were more likely to respond to CBT (K. S. Young et
al., 2019). Similarly, response to CBT was predicted more accurately by amygdala RSFC
than by a clinical measure of the initial severity of SAD (Whitfield-Gabrieli et al., 2016).
Finally, researchers have identified changes in network connectivity that are related to
successful response to CBT for both panic disorder (Neufang et al., 2018) and bipolar
disorder (Ellard et al., 2018). Taken together, this work supports the formulation that
individuals diagnosed with neuropsychiatric disorders may be treated with greater precision
and more effectively by integrating measures of RSFC (or structural connectivity) with
profiles of clinical symptoms and by determining the optimal time in development to
administer targeted treatments.

One example of how understanding heterogeneous neural profiles may aid in the
development of more effective treatments is real-time fMRI neurofeedback. Depressed
participants are able to upregulate or dampen the activity and connectivity of regions
involved in emotional processing (e.g., amygdala) by focusing on memories or imagery
while viewing their fMRI signals. Following this technique, patients show reduced
depression symptoms and long-term changes in the brain (Young et al., 2018). Another
study found that depressed men exhibit greater functional connectivity between the
amygdala and prefrontal areas following neurofeedback training; further, this connectivity
change was positively associated with symptom improvement (Zotev 2011). Depressed
adults also show reductions in SN response to negative stimuli, accompanied by decreases in
negative emotional responses, following real-time neurofeedback (Hamilton et al., 2016).
Although neurofeedback may be an effective noninvasive neural intervention, it is not clear
whether certain connectivity signatures are predictive of regulation success. The ability to
focally target neural connections is a strength of neurofeedback training that could be
utilized to more effectively treat heterogeneous depressed patients in whom RSFC
architecture has been mapped.

Conclusions

In conclusion, patterns of RSFC show promise as neuromarkers that may one day guide the
prescription of optimally tailored treatments for depressed adolescents. To advance this
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potential, there are three main goals that we believe should guide the integration of network
neuroscience with precision mental health of adolescence. First, it is essential that we link
heterogeneous clinical symptom profiles with distinct signatures of brain connectivity in
order to identify meaningful and reliable subtypes, or continuous brain-symptom
associations, in adolescent depression. Second, it is important that we assess differential
treatment response of adolescents based on these heterogeneous brain-symptom indicators,
with the goal of guiding interventions and helping to predict adolescents’ prognoses. Finally,
it is critical that we measure the unfolding neurodevelopmental mechanisms of depression in
order to inform the optimal timing of interventions. Attaining these goals necessitates that
researchers use state-of-the-art statistical models, neuroimaging analysis programs, and
evidence-based treatments that will allow them to probe these questions. Measuring network
connectivity as it develops and determining when symptom-related alterations in networks
emerge are crucial next steps in developing more effective predictions of prognosis and
treatment. Adopting these approaches will allow us, ultimately, to improve the lives of
adolescents with mental health difficulties.
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Key points

Onset of depression peaks during adolescence; the disorder is heterogeneous
with respect to symptoms, course, severity, and response to treatment.

Emerging research suggests that differences in characteristics of adolescent
depression (e.g., symptoms and treatment response) are associated with
variations in neurocircuitry, particularly in resting state functional
connectivity (RSFC) of depression-relevant brain networks.

We argue that elucidating the concordance between RSFC of brain networks
and features of depression will facilitate the identification of biomarkers of
adolescent depression and expedite progress in developing more effective and
tailored approaches to assessment, prevention, and intervention for this
disorder.

We review emerging research that highlights the clinical and translational
potential of examining individual differences in network connectivity and
depression, and propose directions for research that will advance our
understanding and treatment of adolescent depression from a Precision
Mental Health perspective.
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Figure 1.
A schematic of precision mental health of adolescence

The goal of precision mental health of adolescence is to identify the optimal intervention(s)
for depressed youth by associating treatment response with neurophenotypes — for example,
based on brain network heterogeneity. Resting-state fMRI data may help us attain this goal.
Initial findings suggest that patterns of resting-state functional connectivity (RSFC) cross
traditional diagnostic boundaries and may elucidate brain-symptom phenotypes that could
inform tailored treatments. In this figure, we convey how depressed adolescents may differ
in patterns of RSFC, and how those neural signatures may elucidate individual differences in
response to various treatments (e.g., antidepressant medication, psychotherapy,
electroconvulsive therapy, transcranial magnetic stimulation, and other forms of treatment).
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