The adolescent brain and depression: A neuroimaging
approach to understanding biological and psychosocial

risk factors

Niamh MacSweeney

THE UNIVERSITY
of EDINBURGH

Doctor of Philogphy
The University of Edinburgh
2022



ThesisAbstract

Adolescence is a period afsificant neurodevelopment and increased vulnerability to the

onset of depression. However, the neural underpinnings of depression during adolescence
and the associated risk factors are not well understood. The aim of this PhD research was to
fill this krowledge gap by examining biological and psychosocial factors associated with the

emergence of depression during adolescence.

Using a large, populatiebased sample, the Adolescent Brain Cognitive Development (ABCD)
Study, my doctoral work found that degssion in early adolescence is associated with similar
neuramaging findinggcortical and white mattemicrostructuil featureg to those seen in

adult depression samples. Furthéng work in this thesis demonstrated thagtrlier pubertal

timing isassotated with anincreased risk for later depressiam adolescenceWhile earlier

pubertal timing waslso related to structural braifeatures, brain structure was not found to

mediate the observed associatiofbetween early pubertal timing and later depréess
symptoms.This findinghighlights the important role that otheaspectsof | & 2 dzy' 3 LJS N& 2

biology, psychology and social world may pkaydshould be explored in future work

This thesis alsovestigatedhow dynamic functional brain networkselate to irritability in
adolescent depression using apmduced youthresearcher design. In this pilot study, I first
worked with young people to develop a novel fMRI irritability task that reflected the social
nature of irritability in adolescence. Usiagocal sample of youth with depressive symptoms,

| found that dynamic functional brain networks differed between the irritability task and a
standard resting state scamvhich provides preliminary evidence for validation of this novel
task. Finally my work demonstratedthat properties of dynamic brainetworksrelated to
emotion regulation and cognitive control were associated with youth depressive symptoms

and irritable mood.

Taken together, the findings of this thesis suggest that neuroanatomicatehifes may be
present early in the disease course of depression and that biological factors, seehlyas

pubertal development, relate to depression risk. Moreover, thik provides preliminary



evidence to suggest thalterations indynamic brain netwrk properties are associated with
depressive symptoms and irritability in adolescence. Further, this doctoral redeigidights

the importance of ceproduced study designs in developmental cognitive neuroscience. This
work makes anmportant contribution to our understandingf the factors associated with
the emergence of depression during adolescendsich lay a strongoundation upon which

to base future longitudinalesearch



Lay Summary

Adolescence is a time of immense change for our biolagychmlogy, and social world. These
changes bring with them both opportunities and risks. On one hand, they allow young people
to move away from childhood and carve their own identities as independent adults. On the
other hand, adolescence is also a timeemhmental health problems, like depression, are
most likely to emerge. However, how the brain is associated with the onset of depression and
its associated risk factors during adolescence is not well understood. If we can understand
how aspects of our biogy and behaviour are associated with the emergence of depression
during adolescence, we might identify better targets and timings for the treatment and

prevention of depression.

In this thesis, | used brain imaging (MRI) data from volunteers in apamdation study of
adolescents (The Adolescent Brain Cognitive Development Study). My first aim was to
examine how brain structure is associated with depression in early adolescence. | found that
differences in brain structure, especially in regions imedl in emotion regulation and
cognitive control, were associated with higher levels of depwessymptomsn youth aged

9-11 years. Overall, the brain structural alterations that were related to adolescent
depression were like those observed in adultshwitepression. However, there were also
some differences in brain structure specific to adolescent depression. This suggests that brain
structural alterations may be present early in the disease course of depression and that some

of these differences may b&pecific to adolescerbnset depression.

The second aim of this thesis was to examine whether earlier pubertal timing is associated
with an increased risk for depression in adolescence, and how brain structure might affect
this relationship. Pubertal iy 3 NBFSNE (2 Iy AYRAGARdzZ f Q&
their sameage, samesex peers. Previous research has found that earlier pubertal timing is
associated with an increased risk for depression in both males and females but the role of
brain strwcture in this associatiohad remainedunclear. | replicated previous research using

a large, demographically diverse sample and found that individuals, agéd $6ars, who

began puberty before their peers were more likely to report higher levels ofetson two
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years later,when they wereaged 1213 years. | also explored whether specific aspects of
brain structure played a role in th&ssociationput | did not find that this was the cas@his
highlights theneed to explore the role thabther biolagical (e.g.genetics, brain function),
psychological (e.g., sedsteem), andsocial factors (e.g., peer and family relations) may play
in the association between earlier pubertal timing and increased depressionimrisk

adolescence.

The final aim of ths thesis was to explore how brain function was associated with irritability
in adolescence, and how this related to depressive symptoms. Irritability is a core symptom
of adolescent depression and an early indicator of emotion regulation difficulties. \owe
existing research on irritability typically overlooks the social nature of adolescence. Therefore,
| worked with young people to design an irritability task tla&ned toreflect the experience

of irritability as a young person today. | then recruited independent sample of young
people who underwent a functional MRI scan while performing our novel irritability task. The
task involved reading a series of irritating scenarios and mmagfpeing in those situations as
vividly as possible. To validatee task, | first investigated whether patterns of brain activity
differed between the irriability task and a scan whehe brain is at rest (i.e., the participant
looks at a cross on a screen for the duration of the scan). | found that the patternaiof br
activity differed across the two conditions, and a brain network involved in cognitive control
and goaloriented behaviour was more likely to be occupied during the irritability task. This
suggests that our novel task may induce a state of mind relatessmotion regulation] also
found thatcertainpatterns of brain activityvere associated with depressive symptoms and
irritable mood, which may provide insight into hoalterations in brain activity could

contribute to the emergence of depression incdelscence.

Ultimately, the work in thighesishas advanced our understandingj the features of brain
structure and functiorthat maybe associateavith depression in adolescence, and how other
aspects osocial behaviourd.g.,irritable mood) relate ® mental health difficulties. To further
developour understanding, we need to examine theagsociations over time tdistinguish
the factors that shape positive developmental patterns (engental wellbeing) and those

that increase risk for maladaptiverajectories, such as the onset of depressioie



overarching aim of this research is to identifyouth that divergefrom a positive
developmental trajectory at the earliest stage possible so that we can divem away from

ill-healthtowards wellbeing.
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restrictions in November 2020, | began recruitment and data collection for the pilot
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The burden of depression falls heavily on youttiolescence is a jad time for the emergence
of depressive disorders and the rates of adolescent depression are risavgever,why
depression is more likely to emerge during this peraodl who it is most likely taaffect, is
not well understood Adolescence is also a tineé immense biologicalpsychologicaland
socialchange A0 A a Iy &St dhEsoilyIaddtly berapirariated aKalunique
developmental period that bridges childhood anduéttiood. The dynamic nature of our
biology, psychologyand social wrld during this phase of lifeender it botha challenging and
opportunistic area of research. On one hanahravelling the complex intpfay of change
GoKSNBE ff Aad 620Sy Ayl2 IyR 27 ikipa@fSyftak f A
The changes during adolescence occan multiple levels (e.g., neuronal, hormonal,
behavioural) andn a variety ofsettings (home, schoobheer, and parent relationships
Converselythe dynamic nature ofhis period alsacreates myriad opportutiesto devdop
interventions that targemultiple levels of change so that we careatean optimal world in

which adolescents can thrive.

The advent of neuroimaging techniques has provided unparalleled insight into the structural
and functional development of thadolescent brairt the cornerstone othe adolescent

(and humankxperienceWith 100 billion neurons and 100 trillion synapsthe human brain

is arguably the most complex biological system in existddoderstanding hovthe structure

of the braint neurons, synapses, and associated cafld molecilest translates tobrain
function andin turn, behaviour and how thisis influenced bybiologicaland environmental

factors,is the overarching mission tie field ofcognitive neuroscience.

TodatetheF A St R KIFa RSOSt 2 LJSR d Ydraidas afirgt Rep kowerdls & S & €
bettering our understandin@f brain structure and functionHowever, to understandhow
developmental outcomes, especially maladaptive ones like depression, emerge from these
maps and atlasewe must move beyond them. To do so, a holistic framework that studies
brain developmentwithin the transactional interplay ofonairrent biological psychological,

and social change eeded Consideringhis, and the heightened vulnerality to depression

during adolescencgeghe overarchingaim of thisthesiswasto contribute tothis collective aim
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by investigatng biological and psychosocial factors associated with depression during

adolescence.

Specifically, the firsiwo aims of this thesiswereto use a large developmental cohort study
to examinehow brain structure is associatedith the emergence of depression during
adolescenceand how this relates to other biological factors such as pabedvelopment
Using these datal first assessed how corticalmeasuresand white matter microgucture
relate to depres®n in early adolescence usingports from both caregives and youth
themselves. then examine how earlier pubertal timing is associated with later depression
risk, andwhether certainaspects obrain morphomety mediate this relationship. Thiird
and fourth aims of this thesisrelate to examining dynamic functional brain networks
associated with depression during adolescence, and how this is associated with psyethologi
factors like irritabilityIn this pilot study] first validated a novel fMRI tastargeting irritability
that wasco-produced with young people. | then examabow dynamic brain states relate

to behavioural measures, such as depressive symptomsratadble mood.

In Chapter 1) introduceadolescenceand thebiological, psychological, and social changes
that characterise this developmental periddhendiscus$howthese changes are interwoven
and contribute to the increased risk ftire onset ofdepression during adolescendeurther,

| discuss the motivation fatudying brain structurefunction, andpubertal developments
ways tobetter our understanding of adolescent depression &hehtify tractabletargets for
intervention.| also providean overview othe constructsof interest in the current thesidn
Chapter 2] describe the cohort studysedin Chapters 3 & 4 dahis thesis:The Adolescent
Brain Cognitive Development (ABCD) Study Chapter 3, investigate brain structures
associted with depression in early adolescend® Chapter 4, | examint@ow earlier pubertal
timing relates tolater depressiorduring adolescence, and whethbrain structure mediates
this association. In Chapter Bprovide a narrative literature review @he neural correlates
of irritability in adolescence and highlight the need foeuroimagingstudy designs that
reflect the social nature of adolescence. | théiscuss the motivatiorior adopting a ce
produced youthresearch desigrfor our pilot fMRI study.In Chapter 6,1 describethe

charaderistics of our pilot study anthe methodology employedn Chapter 7 luse a data

XX\



driven approach texplore the dynamic funmnal brain networks associated with our novel
fMRI task, andvhether characteristics offtese brain states relate to behavioural measures.
Finally, in Chapter 8,discuss the main findings of this thesmnsideringts limitations and

highlightdirections for future work.
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1| General Introduction

1 Generallntroduction

1.1 Outline

A substantive body ofresearch has shwn that a series ofdevelopmental processes
contribute tothe heightenedvulnerability to theonsetand maintenancef depression during
adolescenceSpedically, these include genetic riskheuromaturation, hormonal changes,
andsocial developmentvhichinteract with environmental factorso confer varying degrees
of risk. In this chapter, | first describe thperiod of adolescencéefore outlining the
epidemiology oflepression during thidevelopmental phasand its associatedisk factorsl|
then disass typical structural and functionabrain development,and the neuroimaging
paradigms used to examine thesdomains.| also provide an overview opubertal
developmentand how this relates to neuromaturation. Finallydiscuss the evidence that
links deviations from normative developmentin these domainsto depressionduring
adolescence which provides the rationale for the current thesis. | end this chapter by

outlining themainaimsof thisdoctoral work.

1.2 Thedynamic world of adolescence

Adolescencea life phase spanning the ages-24, is the developmentaberiod that bridges
childhood and adulthoodSawyer et al., 2018}t is characterised by immense biological
growth and significant social role transitiotigat allowyouth to moveawayfrom the security

of childhoodand begin to forge theirwn identities as adultdn many ways,Hhis state of flux
mirrors the foundational growth, learning, and neuromaturation that occurs in the first few
years of life(Shonkoff et al., 2012Yhe importance of early life experiences in shaping later
developmental outcomes is widely recognised and has shaped global palicpractice
(Black & Hurley, 2014However, it is only in recent years that adolescence has been
NEO23ayAaSR | a | a@®ankeyar 2018) Ke/early chiddbsd, thaRiphAndcR ¢
nature of adolescence meansthat & 2 dzy 3 LISNE 2y Qa f{thpostivedrdy |j dziA C
negative directionsThus, thigriticalperiod of developmenis atime when interventiongnd

policy changegould have a ptent effect and allow young people to put their best foot



1| General Introduction

forward as they enter the world of adulthood.signifi@ant barrier toyoung peoplénavingan
active and meaningful role in society during adolescence is mental health disosdetsas

depression

1.3 Depressionn adolescence

Globally, depression is a leading cause of illness and disadiliyis associated \h
significant personal, societal and economic sofBlobal Burden of Diseases, 2018)
Depression in adolescendég of particular concern due to its recurrent disease course and
association withan increased risk for comorbid physical and mental health conditions, as well
asconcurrent and latepsychaocial difficultiegMalhi & Mann, 2018)Depressioncan be
defined as avariety of mood relatedsymptomsand behaviourghat exist along a spectrum
(seeFigurel.l; Thapar et al., 2022At one end of this continuum, we have symptoms that
are anormative responseo life eventst for example feeling sad ohavingconcentration
difficultiesisanormalreaction torelationship difficultieor academicstress.These reactions
are often adaptive andan everenable effective copindHowever, as we move furthetong

this spectrum, we encountermood and behavioural stateshat fall ouside normative
fluctuations a transition to which is associatedth functional impairment and degree of

coping(Foulkes, 2022; Thapar et al., 2022)

Low mood  Subthreshold depression Depressive disorder
Low mood and additional depressive Persistent low mood and Persistent, recurrent,
symptoms (eg, loss of interest, enjoyment  additional depressive or psychotic depression
but not reaching diagnostic threshold) symptoms
Coping Distress and concern Interference with daily Severe or chronic
life impairment

Risks including self-harm, suicide, and self-neglect

Figurel.1l ¢ The spectrum of depressidrigure taken from Thapar et a022(CopyrightElsevier Ltd

Depressive symptoms that do nteet full criteria formajor depressivedisorder(MDD)are

referred to assubthresholddepressiofdepressive symptors) which can negatively impact
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quality of life and are a risk factor for a later depressive disofBertha & Balzs, 2013)
Depressive disordefall at the other end offte spectrum and are characterisedrnpod and
behaviours that are longer lasting arsignificantly impair daily functioningspecifically,
accordingly to lhe Diagnostic and StatisicManual of Mental Disorders (Fifth Edition) (DSM
5), a diagnosis oMDDis definedby depressed moodor irritable mood in adolescent MDD)
that is present nearly everglay for most of the dayor a marked diminishednterest or
enjoyment(termed anhedora) in all, or almost allactivities every day for most of the day
for a period of at least 2 week&.range of other symptoms accompany thesee symptoms
(seeFigurel.2). To meet diagnostic criteria for MDBve of these symtoms, including at
least one cardinal symptomnust be presentand interfere with daily life functioning
(American Psychiatric Association, 2013bhile thesediagnostic criteriacan be helpful in
both clinical and research settings is evideh that depression is a highly heterogenous

condition (Fried, 2015Fried & Nesse, 2015)

Core clinical symptoms of major depressive disorder
- Low mood, or irritablenood in adolescents
- Diminished interest or pleasure in all, or almost all, activities
- Significant weight loss or gain, or decrease or increase of appetite
- Insomnia or hypersomnia
- Psychomotor agitation or retardation
- Loss of energy or fatigue
- Excessive fdings of guilt or worthlessness
- Diminished ability to think or concentrate, or indecisiveness

- Recurrent thought of death, suicidal ideas, or suicide attempt

Figurel.2 ¢ Core clinical symptoms of depression (according to the-B)SM

There is growing appreciation that depression is not a single disomdeich has resulted in
the emergence of research on depression subtypesined by features such aprimary
symptoms(e.g., low mood alongside sleep difflties),age of onsefe.g., adolescencesysus
adulthood) nature of onset (e.g., after a stressful life evemthetherit isa single episoder

recurrent/chronic, and treatment response(Harald & Gordon, 2012While promising,
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subtyping depressiohas not yet revealed differential causes and treatment responBeis.
could be due toseveral factors includingoverlapping subtypest adolescent onset
depression is more likglto be recurrent, for example as well as the current tools used to
measure depression. Existing depression measures have come under increasing waatutiny
some researcherssuch as Eiko Fried and colleagussjuing for aradical overhaul of the
theoretical and methodologicdbundations ofdepression measuremerso thatthey reflect
the developmentsmadein our understanding of depressiasver recent decadeée.g.,the
importance of depression subtypegFried et al., 2022)Although it is important to
acknowledge the heterogeneity of deession, and thehallenges that are therefore inherent
to researching depressiorthe focus ofdepression withinthis thesisis na on subtyping
depressionnor examining depressive disordepexifically Instead,l adopt a dimensional
approach to studyig depressiorthat emphasises symptom severitgnging from lowmild,
moderate through to severe decision that was shaped the sample characteristics of both

the cohort study andocally collectedsample used in this thesis.

The dataused inthis thesiscomprises youth in the early to mgtages of adolescence (age
9¢ 13 yearsthe ABCD Study samplas well as the later stagestbfs developmental period
(ages 120 years; our locally collected sampld. recent largescale metaanalysis of
epideniological studiefound that the peakage of onset for depressiwksorders is 20.5 years
(Solmi et al., 2022)siven that ABCD ispopulationbasedrather than a clinicesample the
proportion of young people with a diagnosis of MBikely to berelatively low Qur local
study was also a communitypased samplaghat aimed to recruit youth with a range of
depressive symptomsAdopting a dimensional approach to the study of adolescent
depressionallows us to capture greater variation in depressiyenptomst an important
considerationfor this age range given that it is a periadhen the early signs admotional
distress are likely to emergé&his can then lay a strong foundationdieartthe trajectories of
depressive symptomsvhether they ramit or insteadrecurand transition from sukthreshold
depression to a depressive disordenportantly, the dynamic nature of adolescence, both in
termsof biological and social factors, means that it is an ideal winafompportunity in which

to intervene befae depression becomes chronic and young people becembeddedin a

life trajectory withanincreased risk for poorer developmental outcomes.
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1.4 Risk factors for depressian a briefoverview

Although the aetiology of depression remainsinclear, there is a relatively good
understanding of the multipléactors thatl F F SO0 | yriskifof dRepreésaidr.dzrutiaila
there is no single factor that determin@gethera person will develop depression. Rather,
is likely thatmyriad risk factors, each with ¢ir own probabilistic risk effectnteract with
each otherover timeto determinethe degree of depression rigBoyce et al., 20205uch
risk facbrs operate athe individuaillevel, the family and peerlevel,and at the population

level

1.4.1 Individuatlevel factors

Evidence from twirstudiessuggestghat around 40% of the variande depression risk is
accounted for by genetic facto®Icintosh et al., 2019)Recent genome wide association
studies in adult®ave identified ovea hundredgeneticvariants each with a small effect size,
that contributeto risk for dgression. Thesgenes were associated with synaptic structure
and naurotransmission, especially in prefrontal brain regig®ward et al., 2019)Genetic
risk is also important in adolescent depressiemecially in terms of symptom severity and
rate of changgJami et al., 2022; Kwong et al., 20219pwever,a complex genenvironment
interaction is also at play here becaugmnetic vulnerabilityto depression igorrelated with
exposure to environmental stressfRutter, 2010)This means that individuals with a higher
geneticrisk are more likely to be exposed to social stressors, whicis createsadditional
depression riskOther aspects of our biolggsuch as pubertal timingan plaean individual
at an increasedisk fordepressio. Specifically, youtthat begin puberty ahead of their peers
are more likely to experience depression in adolescence, comoptr those that begin
puberty around the same time as their peefSlisperger & Nikolas, 2017)his risk effect is
likely due to a combination of biological apdychasocial factors and their interaction with
each other(Pfeifer & Allen, 2021)

There are many othandividuatevelrisk factorsassociatedvith depression some of which
includethinking stylesand behavioural traits such asumeticism(Hakulinen et al., 2015w

positiveemotionality (Khazanov & Ruscio, 201&nd rumination(CanelLopez et al., 2022)
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Unsurprisingly, hesemodifiablefactorshave been the focus gisychological interventions
for depressionMoreover,a number of comorbid mental and physical health difficultiesy
increase risk for depression such ashistory of anxiety (Rice et al., 2017and irritability
(VidalRibas & Stringaris, 2021 childhood a diagnosis o& neurodevelopmental disorder
(Hollocks et al., 2019; Meinzer et al., 201d)g., attention deficit hyperactivity disorder
(ADHD) and autism), a history of a chronic physical ilingesing the central nervous system
(Pinquart & Shen, 201%k.g., migraineor epilepsy), obesitfRao et al., 2020&nd sleep
disruption(Marino et al., 2021)ike genetidactors,the variancen depression riskxplained
by each of these risk factors is smalhdsomeof these association&.g.,sleep disturbance

and obesity)nay be bidirectional or explained by confounding fact@ao et al., 2020)

1.4.2 Familyleveland peetlevel risk factors

Having a family history of depressioroise of themost common risk factors for depression.
Indeed, approximately 40% of individuals who have a parent with depression will develop
depression themselveand this risk is greatest for those with a history of mgknerational,
chronig and earlyonset depession (Maciejewski et al.,, 2018)The transmission of
depression across generans is likely due to a combination génetic andenvironmental
mechanisms, such as offspribging exposedo current parental depressiofMcAdams et

al., 2015) Importantly, there are a number of reghcepromoting factors that can mitigate

this riskmany of which pivot aroundtrong sociatonnectedness high quality relationships

with other family members and friends, and participationsichool andsporting activities
(Collishaw et al., 2016; Stein et al., 2012 the other handnegative social experiencdsmve

been associated with later adolescent depression. Tises&l stressors often relate to early

life adversitiegLeMoult et al., 2020; Norman et al., 2018uch as neglect, abusstressful

life events (e.g., death dbved one orexperiencimg aserious illness)ullying(Moore et al.,

2017) and ocid isolation(Achterbergh et al., 2020Although there has been much research
recentlyon the association between adolescent soom@dia use and depression, findings are
currently inconclusive suggesting that although there may be some benefits (e.g., increased
perceived social support), they are accompanied by risks, such as damaging social

comparison, cyberbullying, and addicti@imie et al., 2020)
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1.4.3 Populationlevel risk factors

A common threadlinking the social stressors mentioned above is poverty and social
deprivation which are undeniably # most widely studied communiigvel stressors
associated with depressiofstirling et al., 2015)ndividuals whogrow up in poverty orin
neighbourhoodswith a high crime rateare homeless, omare a refugeeor displeced dueto
war, are at a much higher risk for developing psychiatric disordeduding depression
(Kessler et al., 2010, recentlongitudinalrandomised control triaby Sheridan et al. (2022)
that useddata from the Bucharest Early Intervention Projelegmonstrated the causal impact
of early deprivation {n this case, institutional careniearly childhood) orcortical brain
developmen across middle childhooand adolescence, particularly in prefrohtagions and
in white matter tracts connectingrefrontal and parietal regionSheridan et al., 2022y hese
findingsprovide a possible neurobiological explanation for #reluring impact of exposure
to adversity early in life omultiple developmental outcomes, such as increases#t for

psychopathology

Although adifferent line of researchit isimportant to notethe almostglobalexperience of
the Covid19 pandemidn 202021, during which the prevalence of depression and anxiety in
young people doubledespecially in older adescents and femalesfompared with pre
pandemic emates (Racine et al., 2021Thesestressorswere found todisproportionally
affect minority ethnic/racial and gender/seamlity groups, whichn part may berelated to
racem and peer victimisationand the increased social deprivatioand stressthat often
accompanies such prejudicédmos et al., 2020Moving forward,it will be interesting to
examine theimpact ofa stressful life event like a global panderit the developmenal
trajectoriesof childrenand young people todayAlthoughthere are several challenges in
addressingsuch a research question (e.garying Coviell9 restrictions within countries,
disruption of datacollection, and the differential impact of Cowvigstrictions on family life),
cohort studies like ABCidntinued to ollectdataduringand afterthe pandemi¢ whichwill

allow theprospective longitudinahvestigation ofa natural experiment like Cowitb.
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1.4.4 Linking risk factors toiblogy

Together theseseparate findings highlight thahanyrisk factors operatecumulativelyto
exert deleterious effects on adolescent mental healthutcomes. However, @spite this
evidencemost researclhhas tended to examinthese risk factorindependently It hasbeen
suggested thathere is great promise in a mulevel integrative approdt that combines
epidemiological and aetiological reseatchidentify modifiablerisk factors that caprevent
the onset of youth mental health problem$hese cathen be used as treatment targets for
youth already experiencing difficulties well as iprevention andnterventionefforts (Allen
& Dahl, 2015; Pfeifer & Allen, 202To this end,research should aimot move beyond
describing thee risk factorsand instea attempt to unravelthe developmental and
neurobiological mechanismhat may transmit the effects ofthese myriad isk factorsto

depression during adolescence

One next step for researdb tothus investigatehow features of the developing adolescent
brain relate tothe emergence otlepression andinderstand howrisk factors such as early
pubertal timing and irritable moochaycontribute todepressive problems during this period.
Research from lamyscale neuroimaging studies Yedemonstraed robust brain structural
alterations in adultdepression. However, the temporal origins of thes@rphometrical
differences earliein developmentremain unclear.Adolescencéhas a biological beginning
with the onset of pubery, an eventthat is infusedwith significance for mental health risk.
The increased vulnerability to internalising difficulties from puberty onwaedpecially for
females,paired with the substantive body of evidence linking earlier ptddetiming and
increased risk for depressiohighlight the potential prominent role of puberiy advancing
our understandingof the aetiology ofadolescent depressiomNonetheless, the role of brain
structure in understanding the association between eaupubertal timing and increased risk
for depressionis not well understood. In addition to biologidalctors, rritable mood is a
hallmark of adolescent depression and an early sign of emotion regulation difficulties.
However, existing research on theural correlates of irritability typically overlook the social
nature of adolescenceConsideringhis, thefocus of this thesis wibe onexamining hovthe
adolescent brainand its association witpubertal timingand irritability, relate to depression

riskduring this key developmental period.
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1.5 Thedeveloping brain

Animal studies provided the first evidence tredrly indevelopmentthe brainundergoes a
period of synaptic proliferatiorwhereby there is deluge obynapse formation such that the
symaptic density (hnumber of synapses per unit volume of brain tissumarkedly higher than
the adult brain(Lund et al., 1977; Rakic et al., 1988) seea similar pattern in humasit
brain size increases fodiold between birth and preschool age, and is approximately 80%
adult brain volume by the age of six yef8siles& Jernigan, 2010)he brainthen undergoes
a protracted period of synaptic prunirduring childhood anddolescencégHuttenlocher &
Dabholkar, 1997)which relates to changes in greynatter (brain tissuecontaning the
neuronal cell bodieshite matter (brain tisse comprising myelinated nerve fibres), as well
as functional rerganisation(Stiles & Jernigan, 2010)nportantly, these changeselate to
developmental milestones in behavigusuch aghe development ofmotor skills(Hadders
Algra, 2018)and higherorder cognitive functionslike theory of mind(Richardson et al.,
2018)

The emergence afieuroimagingmethods, such as magnetic resonance imaging (Mias$)
equipped researchers withninvaluable tooto advanceour understanding ostructural and
functional brain developmenMRIallowsthe in vivoquantificationof myriadbrain properties

in a noninvasive mannefLerch et al., 2017Here, | provide an ovegiew of neuroimaging
methods used to quantify brain structure and function and discuss the associated literature
on typical structural and functional brain development during adolescence. This will help
situate our understanding of how deviations from tyal development can relate to

depression during adolescence.

1.5.1 Grey matter development during adolescence
Sructural MRI can be used tmeasureaspects of brain morphometry, including cortieald
subcortical volume, cortical thicknessurface area, andulcal depth Methods used to
measurecortical volumevaryacross softwar¢ools andare usuallywoxel (e.g., FSlJenkinson
et al., 2012)or surfacebased (e.g., FreeSuef; Dale et al., 1999; Fischl et al., 2002)

approache. The former involvesounting the number of voxela the brain (orin aparticular
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brain structurg. On the other handthe surfacebased approachwhich is used in the ABCD
Study,cdculates the volume inside thaial surfacethe border between cortical grey matter
and cerebrospinal fluidninus the volume inside the white surfa¢de boundary between
grey matter and whitematter) minusthe tissue volumgvoxel count)of subcorticalareas
Cortical thickness and Hacearea are the substrates of cortical uole. Cortical thickness is
measured by calculating thesrtexwiseclosest distancéetween the white and pial surface
(SeeFigurel.3; Fischl & Dale, 2000fhe measurement ofastical surface are&s baseckither
on the white surfaceor pial surface which is mapped onto a template braj@hen et al.,
2012) The amaint of expansion 002 Y i N} Ot A2y YSSRSR FT2NJ Iy Ay
successfully onto the template brain is used as a measure ofenexwise cortical surface
area Finally,sulcal depth an indicator of the shape of the cortical surfacadefined as the

distancebetween the central cortical surface and its conteld relative toa mid-surface that

crosses the cortical surfa¢Eischl et al., 1999; Yun et al., 2013)

Pial surface
/(GM/CSF boundary)

/ Cortical thickness

White surface
(GM/WM boundary)

Figurel.3t lllustration of cortical thickness measureme@ortical thicknesis the vertexwise closest distance
between the white and pial surface of the bra@®M = grey matter; WM = white matter; CSF = cerebrospinal
fluid. Hgure createdwith BioRendercom.

Longitudinal developmental neuroimaging studiesvhanade a remarkable contribution to
our understanding ofirey matte development across childhood and adolesceniaegether,
this work has shown that grey matter change® nonlinearand vary across brain regions
(for recent review seeNorbom et al, 2021) Early longitudinal workfrom the National
Institute of Mental Health in the U&ported that cortical volume developmeim the first

two decades of life followed anvertedU-shaped trajectorywith frontal and parietal regions

10
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reaching peak volume in early adolescenc¢around age 12 yearsyhile the volume of
temporal regionspeaked laterin mid-adolescencgGiedd et al., 1999; Gogtay et al., 2004,
Lenroot et al., 2007; Raznahan et al., 20H9wever,more recentwork in independent
longitudinalsamples(aged 8to 30 yeas (N =391, scans 852)and 7 to 23 year¢N = 135,
scans = 202found that cortical volume decreases monotonouslyn a nonlinear manner
across childhood and adolescendéese results gigest thatcortical volunetric reductions

begin much earlier than previously reportédills et al., 2016; Wierenga et al., 2014)

As mentioned, cdical thickness and surface area give rise to cortical voliHoeever, these
morphometric featureshow a degree of genetic distinctigWinkler et al., 2010and follow

different developmental trajectorieéLyall et al., 2015; Tamnes et al., 2017; Wierenga et al.,

2014) LikechanggsA Y G KS FTASt RQ&a dzy R & NBrticdl fiiekhegsdalse T 02 N

considered to peaknuch earlieiin developmen(i.e., early childhood)Lyall et al., 2015han
previously though{Raznahan et al., 201, Bndthen follow a monotonic decreasing trajectory
throughout mid-childhood adolesence and beyond(Frangou et al., 2022; Tamnes et al.,
2017; VidalPineiro et al., 2020; Wierenga et al.,, 2014urther, cortical thinning
demonstrates spatiotemporalariation across brain regions itlh association cortices
demonstrating a more protracted period of maturatioompared to sensory regions
(Norbom et al., 2021; Tamnes et al., 2Q17)

Cortical surface area @®xhibits this pattern of developmemthereby sensory areas expand
greatly in the first two years of liféLi et al., 2013)which is followed by the continued
expansion ofhigherorder cortical regionsthat peakin late-childhoodearly adolescence
before stabilising by middolescence, and slightly decreasing thereafteucharme et al.,
2016; Tamnes et al., 2017; Wierenga et al., 20$4)eralneurobiologicalprocesseshave
been put forward to explain the developmentadtternsin cortical thhningand surface area
seen in MRI studiesnéludingreorganisation oflendriticarbour and increasedntracortical
myelinaton (Natu et al., 2019; Patel et al., 2018pportantly, the observedmorphometric
developmentis likely the product of several overlapping neurobiological mechanism
(Norbom et al., 2021 Although thedirect studyof these cellular processes difficult due to

the smallnumber ofpostmortem histological studies in this age rangagle et al., 2022)

11
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emergingbraintranscriptomic workPatel et al., 2020gndlongitudinalresearch focused on
individual differencesin neuromaturation (albeit requinng samples withthousands of
individuals) (Marek et al., 2022)may help elucidate theneurobiological processes

underpinning the observed MRI finags(Norbom et al., 2021)

Recent collaborative work on brain charts for the human lifeqj@athlehem et al., 2022jas
offered insightinto the neurodevelopmental milestones across the lifesgaeeFigurel.4),

which will undoubtedly be a valuable resource figture research

Mid-late Neonatal Late Early Late Adolescence Young Middle Late
fetal infancy childhood childhood adulthood adulthood adulthood
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Figurel.4 t Neurodevelopmentainilestones across the lifesparThis figureis a graphical summarpf the

findings fromBethlenem et al. (2022)Thenormative trajectories of thenedian(50" centile) for each global MRI
phenotypeas a function of age (legcaled)are shown.Circles depict the peak rate of growth milestoferseach

phenotype. Triangles depict the peak volumeadh phenotypeFigure taken from Bethlehest al. (2022) and
figure caption adapted from the original paper.

The work by Bethlehem and colleagues (2028ygests thatsubcortical brain volume
demonstrates an overall nelmear increase across childhoadd adolescence but has a later
volumetric peak in michdolescence compared to cortical volume (roldldhood). However,
there are regional and sex associated differences in the developmental patterns of subcortical
brain areas. For example, findings fram international collaborative proje¢Herting et al.,
2018) comprising three independent longitudinal datasets, suggest that the volume of

subcortical regions related to sensory, motor, and cognitive fonate.g., caudate, thalamus,

12
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putamen, and nucleus accumbens) decreases subtly across this developmental period, while

amygdala volume demonstrates a modest increase.

Regarding sex differences, malesre found todemonstratea steeper increase in amygdala
volume compared to femalesvhile females showed a decrease in nucleus accumbens and
putamen volumebut males showed no or little change across this age r¢higeting et al.,
2018) Although these resultsra mostly consistent with previous wotkenroot et al., 2007,
Raznahan et al., 2014; Wierenga et al., 20$8)ne studies have found conflicting results,
such as minimal change or decrease in amygdala volume across adoled@emcison et al.,
2013; Wierenga et al., 201,8and an increase in putamen volunfi@ierenga et al., 2018)
Further, even withirthe collaborative study bilertingand colleagues (20)8nconsistencies

were found across samples in terms of the pattern of change (i.e., whether a linear, qoadrati
or cubic model best fied the development trajectoriesf these brain regions), which may be
due to differences in population characteristics, sampling stiiasand scanning protocsl
¢23SUKSNE (KSasS TFTAYRAYy3IaA dzaARS\NGhAmESMIB tol K S
developmental science (e.g., harmonised study protocols, where possible, and analysis
pipelines)(Zanolie et al., 2022)s well as a shift in perspective to focus on the pattemn,(i.
stability/rate and directiof of change rather than trying to fit a specific model tefiderting

et al., 2018)

13
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1.5.2 White matter development duringdolescence
Diffusiontensorimaging(DTI)measures thaliffusivity of water moleculesvithin braintissue,
providing insight into the white matter microstructureand structural connectivity ofhe
brain. Unlike grey matter, which hagredominantlyisotropic water diffusion(i.e., water
diffusion occurs equaliy all directiongseeFigurel.5a), white matter tractshaveanisotropic
diffusion, whereby water diffusion occuong thedirection of the fibre(seeFigurel.5b).
From this measurement of theestrided diffusionof water moleculescertainscalarscan be

derived such amean diffusivity (MD) anftactional anisotropy (FAMDrefers to the average
amount of diffusionalong the threemain diffusion ags (—— ). FAis ameasureof the

degree of diffusion in the principal direction comparedhe two orthogonaldirections and
is therefore ascalarvalue between O (i.e., equal diffusion in all directicasdl 1 {.e., diffusion

occurs in one direction only).

Isotropic Anisotropic
Figurel.5t lllustration of isotopic (A) and anisotropic (B) water diffusion
Up until elatively recently, higher FA valueand lower MD valuesvere thought to reflect
greater white matter densitywith some known exceptionat crossing white matter fites

(e.g., at the junction of the corpus callosum armtona radiata(Tuch et al., 2003Wwhere this

interpretation was reognised as problematitmportantly, the biophysicalinderpinnings of
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thesewhite diffusionmeasuresareinfluenced byfactors such as fibre diameter, fibre density,
myelination and membrane permeabiliBeaulieu, 2002)This biophysical complexity has
gained more attention in recent years and highlightethe possible oversimplified
inteNLINS Gl GA2Yy 2F 6KIG 6S Oy AYFSNI Io2dzi GKS
these DTI measurgdamnes, Roalf, et al., 2018)ith some researchers arguing against the

use of this term entirelyJones, et al., 2013yVhile nore advancedliffusion MRI method,

such asheurite orientation dispersion and density imaging (NODXbiang et al., 2(), were

beyond the scope of the current thesis, these technigeeesprovide more finegraineddetail

about white matter microstructural propertieand will be important for research going

forward.

Althoughthe precise neurobiological mechanisms thateyiseto DTI metricsare not fully
understood,a substantive body aktsearch hashownwidespread increasan white matter
volume during childhood and adolescencsuggestingincreased myelination and axonal
packing (fora recent review sed.ebel & Deoni, 2018)his wite matter microstructural
maturation is thought to serve thelevelopmentand refinement ofhigherorder cognitive
processede.g., inhibitory controlSimmonds et al., 2014However there is a paucity of
longitudinal researchand findings from crossectional studies have been inconsistent
(Goddings et al., 2021Nonetheless, lere isevidence to support thénypothesisthat FA
increases and MD decreases acrosglbloibd and adolescencégfore plateauing byyoung
adulthood Like grey mattedevelopment,these microstructuralchangesare thought to be

non-linear (Lebel et al., 2019; Lebel & Deoni, 2018; Pohl et al., 2016)

1.5.3 Functional brain development during adolescence
FunctionaMRI(fMRI)guantifieshemodynamic changes the brain viaablood-oxygenlevel
dependent (BOLD) signathich is used as a proxy measurebrain activity with temporal
and spatial resolutionn secondsand millimetres respectively.fMRI is used teexamine
fluctuations in brain activity duringpecifictasks (e.g., working memory meward processing
tasks) or while the brain is at reswhich is known as restirgiate fMR. Within the domain
of restingstate fMR] which is theperspectivetakento study brain functionin the current

thesis, furctional connectivity (FC) is the most common property of the bemalysed.
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Restingstate FGefers topatterns ofco-activationin different brain regions at resend is a

measureof the correlation of activity in distinct brain are@ver time(Friston, 2011)

From tis work,parcellationsof the brain asa dynamic system ofunctionallydistinct but
compkmentary networks have emerge(e.g.,Yeo et al., 2011Due to their role intypical
and atypical development, some of the most widelydied brainfunctional networks
include 1) the default mode network (DMNwhich includesthe ventromedial prefrontal
cortex, posterior cingulée cortex, and precuneQsand plays a key role in seffirected
thought, including introspection and autobiographl memory(AndrewsHanna et al., 2014)
2) the fronto-parietal network (FPNwhich consis of the dorsdateral prefrontal cortexand
posterior parietakortex)andsupportsgoatdirected behaviour, such as cognitive control and
decision makingZanto & Gazzaley, 2013nd 3)the salience network (SMomprising the
insula anddorsalanterior cingulate cortex) and is involvedattending to salient stimuli in
2y SQa Sy @ NEBpoiiRyyHeresponse to suchtisnuli by rdaying information
between the DMN and FP(Corbetta et al., 2008)

Historically prain function has been stuelil from a static perspective, in which an average FC
measure iscalculatedacross the entire timeeries of therestingstate scan.While this
approachha8 NB I G f @8 RS@Sf 2 LISR (i thé&fungtibndlicdRertomedizg.R S NE& (0 |
0KS 0 NI Avgetof fuddidnél &anaction@iswal et al., 2010; Yeo et al., 20kttic

FC methods do not capture the instantaneous waxing andirgaof brain network activity
over time (Iraji et al., 2021)The past decade has thus seem emphasis on developing
methods that capture thanherent dynamicnature of functional braimetworks, termed
dynamic FC (dEFCabral, Kringbach, et al., 2017; Calhoun et al., 201Akhough many
different methods comprise this line of researcuch as the sliding window approa@llen

et al., 2014; Handwerker et al., 2012p-activation attern analysigKarahané&lu & Van De
Ville, 2015; Liu et al., 2013; Tagliazucchi et al., 2@t®)phasecoherence pattern analysis
(Cabal, Vidaurre, et al., 2017; Glerean et al., 2012; Hellyer et al., 201E5e studies have
collectively shown thalrain activity involves tim&arying,reoccurring configurationsof the
coupling and uncoupling of brain regionfhese spatiotemporapatterns have revealed

important information thatcan assist our understanding of the processes underlyipigal
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and atypical behavioufCabral, Vidaurre, et al., 2017; Iraji et al., 2021; Saket al., 2010;
Zalesky et al., 2014)

Indeed, studying the brain through a netwoisr systemslens is important from a
developmental perspectivegiven that disruptions towidespreadbrain connections are
strongly associated with psychopatholo@anes & Nosarti, 2022gxes & Bullmore, 2015)
Although thereis a paucity ofongitudinalresearch on typical functional developme(rnst

et al., 2015) relative to how this is drupted in atypical developmer{e.g., mental health
disorderg, the extant evidencesuggestghat brain function becomes moréntegrated and
efficient across developmeriBassett & Spom) 2017; Ernst et al., 2015; Kundu et al., 2018)
There seems to be a genesdlift fromdocdé (i.e., anatomicallproximal) connectios, which
dominate during childhoodand early adolescenge (2 | Y 2 NBfundtiehala G NR 6 d
architecturefrom young aulthood onwards wherebydistalconnections strengthe(Edde et
al.,2021; Fairetal., 20099 KA &4 NBTFTAYSYSyld 2F (KS OoNIAyQa 7d:
support the development of cogmie processessuch as emotion regulaticand inhibitory
control(Ernst et al., 2015 hese longange connections comprise many of the known resting
state networks (e.g., DMN, RPSN)and research suggests that regions within these networks
become more conected across developmerieor examplea large crosssectional study by
TrueloveHill et al. (2020) founen increase ithe connectivitywithin several networks across
adolescence such as the DMNN-Bnd SNTrueloveHill et al., 202Q)Longitudinalwork also
providesevidence that connectivity between functionallglated brain regions strengthens
during development, such as the subcortsabcortical connections (e.g., between the
hippocampus, amygdala, nucleus accumbens and putar@hyortico-cortical connections
(e.g.,ventral anterior cingulate, dorsal anterior cingulate, fralmedial, and subcallogdian

Duijvenvoorde et al., 2019)

While the existing researchbroadly supports theidea that within-network connections
strengthen across developmerayur understanding of betweenetwork connectivityis less
clear. ®meresearchsuggests that functional netwoskbecome more segregated over time
such tha networks involved in affectivenotivational processes e(g., fronto-limbic

connections)function in an increasingly independent manng@fareri et al., 2015; van
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Duijvenvoorde et al., 2016, 201$owever,work by Marek et al. (2015uggests thre is an
increase inbetweennetwork connectivity aross adolescencéas well as a concurrent

decrease in withimetwork connectivityMarek et al., 2015)

Talen together, hese findings highlight the compleature ofstructural andfunctional bain
developmentduring adolescencand underscore the need for further work in this ar@ae
multi-modal nature of the methods employed in the current thesis make a direct and timely
contribution to this body of research. Before discursg how brain strudure and function
relate to depression during adolescence, our attention now turnthéckey biological event,

or ratherthe seriesof events, thatpropelayoung pesonaway from childhood into the flux

of adolescence puberty.

1.6 Puberty: The biologicahtalyst of adolescence

Although puberty can be regarded as a biological event, it is infused with personal and social
significanceThe sirge in hormones that characterighe beginning of adolescenqday a
central role in a seriebroaderbiological,psychological, and social changes that prepare
young person for reproductive maturifrone & Dahl, 2012Alongside thghysicachanges
typically associated wittpuberty (see Figure 1.6a), this period of development is also
characterised bghanges to motivation and desires, changes in sleep patterns and circadian
rhythm, as well as myriad other social, behavioural and emotional changes, such as influential

peer relationshipsindromantic relationshipgAndrews et al., 2021; Crone & Dahl, 2012)

From a biological perspectiyvas illustrated irFigurel.6b, pubertal development consists of
two phases: adrenarche and gonadarche, which are triggered by the hypothaamitary-
adrenal(HPA)and hypothalamigituitary-gonadal(HPG)axes, respectivel{for reviews see
Abreu & Kaiser, 2018nd Crone & Dahl, 2012Adrenarche represents the earliest signs of
pubertal development, usually occurring between the agel)§ears(earlier for females)
and is characterised by théncreased secretion of the androgetiehydroepiandrosterone
(DHEARBNd its sulphate (DHEA®pm the zona reticularis of thedrenal glandBiroet al.,

2014) DHEA levelgontinue to increase until the early 20s amage responsible for the
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development of a number of secondary sex characterigtickiding,pubic hair growthand

changes in body odour and skin features (e.g., afiHayelock et al., 2004)

The second phase of pubertal development, gonadar@isy occursearlier in females,
typically between the ages of®4 years, while the onset for males is usually betweer13.0
years of agéMcAnarney, 1992fsonadarcheénvolves the production of sex steroid hormones
(gonads) such asestrogen and testosterone, via thaulsatle release of gonadotrophin
releasing hormone (GnREYm the hypothalamugduringsleep) whichthen stimulates the
release offollicle stimulating and lutenising hormones (FSH and LH) from the pituitary.gland
The HPG axis is firattive in the prenatal and early postnatal life but is treade dormant

by inhibitory inputs from the Wypothalamus Although theprecise mechanisms that +e
awaken the HPG axis amet fully understoodijt is thought that it ariseshroughinteractions

with neural systems implicated in metabolisrenergy storage,and sleep regulation
Important agents identied include the hormone leptin and kisspeptins, a family of
neuropeptides(Abreu & Kaiser, 2016)lestosterone andestrogen enable reproductive
maturity and are responsible for the development of additional sex characteristiosh as
testicular development and voice deepening in males, and breast development and
menstruation in femalesA third neuroendocrine axis thas part of pubertal maturation is

the release of growth hormonéGH)from the pituitary gland, which is responsible for the

rapid physical growth that characterises adolescence.
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Figurel.6 T The physical andormonal changes that characterise pubery.Physical changes associated with
puberty for males and females; BHormonal changesthat occur during puberty. DHEA =
Dehydroepiandrosterone; FSH = Follicle stimulating hormone; LH = Lutenising hormo@p@&th hormone.

The gold standard measurement of pubertal development is via physical examination by a
clinician, as selfeported pubertal development measures can be subject to bigShastcliff

et al., 2009) In research settingsespecially in large scale studies like ABCD, a physical
examination may not always be possible. Therefgrabertal developments frequently
assessedia self (or parent) report, such as th@ubertal Development SealPDSPetersen

et al., 1988)or the Tanner ScaléMarshall & Tanner, 1969, 197(nd also vidhormonal
measures (Goddings et al., 2019)it is important to note that questionnairebased
assessment®f puberty (e.g., PDS)an conflatethree distinct(but related)neuroendocrine
processesa nuance that should becknowledgedvhen attempting to unravel how pubertal
development relates to other aspects of adolescence, such as brain developrmemental

health risk.

Although all individuals pgress through thesame stagesof puberty, there are marked
individual differencesn the timing and pattern (i.e., tempo) of pubertal maturatiohhere
are a number of factors thatre associated witpubertal onset including genetics, nutritional

status, adoptionand emotiond wellbeing (for a recent review sedancini et al., 2022)
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