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Thesis Abstract 
 
Adolescence is a period of significant 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 knowledge gap by examining biological and psychosocial factors associated with the 

emergence of depression during adolescence.  

 

Using a large, population-based sample, the Adolescent Brain Cognitive Development (ABCD) 

Study, my doctoral work found that depression in early adolescence is associated with similar 

neuroimaging findings (cortical and white matter microstructural features) to those seen in 

adult depression samples. Further, the work in this thesis demonstrated that earlier pubertal 

timing is associated with an increased risk for later depression in adolescence. While earlier 

pubertal timing was also related to structural brain features, brain structure was not found to 

mediate the observed association between early pubertal timing and later depressive 

symptoms. This finding highlights the important role that other aspects of ŀ ȅƻǳƴƎ ǇŜǊǎƻƴΩǎ 

biology, psychology and social world may play, and should be explored in future work.  

 

This thesis also investigated how dynamic functional brain networks relate to irritability in 

adolescent depression using a co-produced youth-researcher 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. Using a local sample of youth with depressive symptoms, 

I found that dynamic functional brain networks differed between the irritability task and a 

standard resting state scan, which provides preliminary evidence for validation of this novel 

task. Finally, my work demonstrated that properties of dynamic brain networks related to 

emotion regulation and cognitive control were associated with youth depressive symptoms 

and irritable mood.  

 

Taken together, the findings of this thesis suggest that neuroanatomical differences may be 

present early in the disease course of depression and that biological factors, such as early 

pubertal development, relate to depression risk. Moreover, this work provides preliminary 
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evidence to suggest that alterations in dynamic brain network properties are associated with 

depressive symptoms and irritability in adolescence. Further, this doctoral research highlights 

the importance of co-produced study designs in developmental cognitive neuroscience. This 

work makes an important contribution to our understanding of the factors associated with 

the emergence of depression during adolescence, which lays a strong foundation upon which 

to base future longitudinal research.  
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Lay Summary 
 
Adolescence is a time of immense change for our biology, psychology, 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 time when mental 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 biology 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, I used brain imaging (MRI) data from volunteers in a large population 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. I found that 

differences in brain structure, especially in regions involved in emotion regulation and 

cognitive control, were associated with higher levels of depressive symptoms in youth aged 

9-11 years. Overall, the brain structural alterations that were related to adolescent 

depression were like those observed in adults with depression. 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 be specific to adolescent-onset 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 timƛƴƎ ǊŜŦŜǊǎ ǘƻ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǇǳōŜǊǘŀƭ ŘŜǾŜƭƻǇƳŜƴǘ ǊŜƭŀǘƛǾŜ ǘƻ 

their same-age, same-sex 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 structure in this association had remained unclear. I replicated previous research using 

a large, demographically diverse sample and found that individuals, aged 10-11 years, who 

began puberty before their peers were more likely to report higher levels of depression two 
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years later, when they were aged 12-13 years. I also explored whether specific aspects of 

brain structure played a role in this association, but I did not find that this was the case. This 

highlights the need to explore the role that other biological (e.g., genetics, brain function), 

psychological (e.g., self-esteem), and social factors (e.g., peer and family relations) may play 

in the association between earlier pubertal timing and increased depression risk in 

adolescence.  

 

The final aim of this 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. However, 

existing research on irritability typically overlooks the social nature of adolescence. Therefore, 

I worked with young people to design an irritability task that aimed to reflect the experience 

of irritability as a young person today. I then recruited an 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 imagining being in those situations as 

vividly as possible. To validate the task, I first investigated whether patterns of brain activity 

differed between the irritability task and a scan when the brain is at rest (i.e., the participant 

looks at a cross on a screen for the duration of the scan). I found that the patterns of brain 

activity differed across the two conditions, and a brain network involved in cognitive control 

and goal-oriented behaviour was more likely to be occupied during the irritability task. This 

suggests that our novel task may induce a state of mind related to emotion regulation. I also 

found that certain patterns of brain activity were associated with depressive symptoms and 

irritable mood, which may provide insight into how alterations in brain activity could 

contribute to the emergence of depression in adolescence.  

 

Ultimately, the work in this thesis has advanced our understanding of the features of brain 

structure and function that may be associated with depression in adolescence, and how other 

aspects of social behaviour (e.g., irritable mood) relate to mental health difficulties. To further 

develop our understanding, we need to examine these associations over time to distinguish 

the factors that shape positive developmental patterns (e.g., mental wellbeing) and those 

that increase risk for maladaptive trajectories, such as the onset of depression. The 
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overarching aim of this research is to identify youth that diverge from a positive 

developmental trajectory at the earliest stage possible so that we can divert them away from 

ill-health towards wellbeing.  
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LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ¢ƘŜǎƛǎ  
 

 

Where can it be found again, 

An elsewhere world, beyond 

 

Maps and atlases, 

Where all is woven into 

 

And of itself, like a nest 

Of crosshatched grass blades? 

 

 

- Seamus Heaney (Human Chain, 2010) 
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The burden of depression falls heavily on youth. Adolescence is a peak time for the emergence 

of depressive disorders and the rates of adolescent depression are rising. However, why 

depression is more likely to emerge during this period and who it is most likely to affect, is 

not well understood. Adolescence is also a time of immense biological, psychological, and 

social change τ ƛǘ ƛǎ ŀƴ άŜƭǎŜǿƘŜǊŜ ǿƻǊƭŘέ ǘƘŀǘ has only recently been appreciated as a unique 

developmental period that bridges childhood and adulthood. The dynamic nature of our 

biology, psychology, and social world during this phase of life render it both a challenging and 

opportunistic area of research. On one hand, unravelling the complex interplay of change 

άǿƘŜǊŜ ŀƭƭ ƛǎ ǿƻǾŜƴ ƛƴǘƻ ŀƴŘ ƻŦ ƛǘǎŜƭŦκ ƭƛƪŜ ŀ ƴŜǎǘ ƻŦ ŎǊƻǎǎƘŀǘŎƘŜŘ ƎǊŀǎǎ ōƭŀŘŜǎέ is no easy task. 

The changes during adolescence occur on multiple levels (e.g., neuronal, hormonal, 

behavioural) and in a variety of settings (home, school, peer, and parent relationships). 

Conversely, the dynamic nature of this period also creates myriad opportunities to develop 

interventions that target multiple levels of change so that we can create an optimal world in 

which adolescents can thrive.  

 

The advent of neuroimaging techniques has provided unparalleled insight into the structural 

and functional development of the adolescent brain τ the cornerstone of the adolescent 

(and human) experience. With 100 billion neurons and 100 trillion synapses, the human brain 

is arguably the most complex biological system in existence. Understanding how the structure 

of the brain τ neurons, synapses, and associated cells and molecules τ translates to brain 

function and in turn, behaviour, and how this is influenced by biological and environmental 

factors, is the overarching mission of the field of cognitive neuroscience.  

 

To date, the ŦƛŜƭŘ Ƙŀǎ ŘŜǾŜƭƻǇŜŘ άƳŀǇǎ ŀƴŘ ŀǘƭŀǎŜǎέ ƻŦ ǘƘŜ ƘǳƳŀƴ brain as a first step towards 

bettering our understanding of brain structure and function. However, to understand how 

developmental outcomes, especially maladaptive ones like depression, emerge from these 

maps and atlases we must move beyond them. To do so, a holistic framework that studies 

brain development within the transactional interplay of concurrent biological, psychological, 

and social change is needed. Considering this, and the heightened vulnerability to depression 

during adolescence, the overarching aim of this thesis was to contribute to this collective aim 
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by investigating biological and psychosocial factors associated with depression during 

adolescence.  

 

Specifically, the first two aims of this thesis were to use a large developmental cohort study 

to examine how brain structure is associated with the emergence of depression during 

adolescence, and how this relates to other biological factors such as pubertal development. 

Using these data, I first assessed how cortical measures and white matter microstructure 

relate to depression in early adolescence using reports from both caregivers and youth 

themselves. I then examined how earlier pubertal timing is associated with later depression 

risk, and whether certain aspects of brain morphometry mediate this relationship. The third 

and fourth aims of this thesis relate to examining dynamic functional brain networks 

associated with depression during adolescence, and how this is associated with psychological 

factors like irritability. In this pilot study, I first validated a novel fMRI task targeting irritability 

that was co-produced with young people. I then examined how dynamic brain states relate 

to behavioural measures, such as depressive symptoms and irritable mood.  

 

In Chapter 1, I introduce adolescence and the biological, psychological, and social changes 

that characterise this developmental period. I then discuss how these changes are interwoven 

and contribute to the increased risk for the onset of depression during adolescence. Further, 

I discuss the motivation for studying brain structure, function, and pubertal development as 

ways to better our understanding of adolescent depression and identify tractable targets for 

intervention. I also provide an overview of the constructs of interest in the current thesis. In 

Chapter 2, I describe the cohort study used in Chapters 3 & 4 of this thesis: The Adolescent 

Brain Cognitive Development (ABCD) Study®. In Chapter 3, I investigate brain structures 

associated with depression in early adolescence. In Chapter 4, I examine how earlier pubertal 

timing relates to later depression during adolescence, and whether brain structure mediates 

this association. In Chapter 5, I provide a narrative literature review of the neural correlates 

of irritability in adolescence and highlight the need for neuroimaging study designs that 

reflect the social nature of adolescence. I then discuss the motivation for adopting a co-

produced youth-research design for our pilot fMRI study. In Chapter 6, I describe the 

characteristics of our pilot study and the methodology employed. In Chapter 7, I use a data-



 

 xxv 

driven approach to explore the dynamic functional brain networks associated with our novel 

fMRI task, and whether characteristics of these brain states relate to behavioural measures. 

Finally, in Chapter 8, I discuss the main findings of this thesis considering its limitations and 

highlight directions for future work.  
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1 General Introduction 

1.1 Outline 

A substantive body of research has shown that a series of developmental processes 

contribute to the heightened vulnerability to the onset and maintenance of depression during 

adolescence. Specifically, these include genetic risk, neuromaturation, hormonal changes, 

and social development, which interact with environmental factors to confer varying degrees 

of risk. In this chapter, I first describe the period of adolescence before outlining the 

epidemiology of depression during this developmental phase and its associated risk factors. I 

then discuss typical structural and functional brain development, and the neuroimaging 

paradigms used to examine these domains. I also provide an overview of pubertal 

development and how this relates to neuromaturation. Finally, I discuss the evidence that 

links deviations from normative development in these domains to depression during 

adolescence, which provides the rationale for the current thesis. I end this chapter by 

outlining the main aims of this doctoral work.  

 

1.2 The dynamic world of adolescence 

Adolescence, a life phase spanning the ages 10-24, is the developmental period that bridges 

childhood and adulthood (Sawyer et al., 2018). It is characterised by immense biological 

growth and significant social role transitions that allow youth to move away from the security 

of childhood and begin to forge their own identities as adults. In many ways, this state of flux 

mirrors the foundational growth, learning, and neuromaturation that occurs in the first few 

years of life (Shonkoff et al., 2012). The importance of early life experiences in shaping later 

developmental outcomes is widely recognised and has shaped global policy and practices 

(Black & Hurley, 2014). However, it is only in recent years that adolescence has been 

ǊŜŎƻƎƴƛǎŜŘ ŀǎ ŀ ǎŜŎƻƴŘ άǎŜƴǎƛǘƛǾŜ ǇŜǊƛƻŘέ (Dahl et al., 2018). Like early childhood, the dynamic 

nature of adolescence means that ŀ ȅƻǳƴƎ ǇŜǊǎƻƴΩǎ ƭƛŦŜ Ŏŀƴ ǉǳƛŎƪƭȅ ǇƛǾƻǘ ƛƴ ōƻth positive and 

negative directions. Thus, this critical period of development is a time when interventions and 

policy changes could have a potent effect and allow young people to put their best foot 
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forward as they enter the world of adulthood. A significant barrier to young people having an 

active and meaningful role in society during adolescence is mental health disorders, such as 

depression. 

 

1.3 Depression in adolescence 

Globally, depression is a leading cause of illness and disability and is associated with 

significant personal, societal and economic costs (Global Burden of Diseases, 2018). 

Depression in adolescence is of particular concern due to its recurrent disease course and 

association with an increased risk for comorbid physical and mental health conditions, as well 

as concurrent and later psychosocial difficulties (Malhi & Mann, 2018). Depression can be 

defined as a variety of mood related symptoms and behaviours that exist along a spectrum 

(see Figure 1.1; Thapar et al., 2022). At one end of this continuum, we have symptoms that 

are a normative response to life events τ for example, feeling sad or having concentration 

difficulties is a normal reaction to relationship difficulties or academic stress. These reactions 

are often adaptive and can even enable effective coping. However, as we move further along 

this spectrum, we encounter mood and behavioural states that fall outside normative 

fluctuations, a transition to which is associated with functional impairment and degree of 

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

 

 

Depressive symptoms that do not meet full criteria for major depressive disorder (MDD) are 

referred to as sub-threshold depression/depressive symptoms, which can negatively impact 

Figure 1.1 ς The spectrum of depression. Figure taken from Thapar et al., 2022 (Copyright: Elsevier Ltd). 
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quality of life and are a risk factor for a later depressive disorder (Bertha & Balázs, 2013). 

Depressive disorders fall at the other end of the spectrum and are characterised by mood and 

behaviours that are longer lasting and significantly impair daily functioning. Specifically, 

accordingly to the Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition) (DSM-

5), a diagnosis of MDD is defined by depressed mood (or irritable mood in adolescent MDD) 

that is present nearly every day for most of the day, or a marked diminished interest or 

enjoyment (termed anhedonia) in all, or almost all activities, every day for most of the day, 

for a period of at least 2 weeks. A range of other symptoms accompany these core symptoms 

(see Figure 1.2). To meet diagnostic criteria for MDD, five of these symptoms, including at 

least one cardinal symptom, must be present and interfere with daily life functioning 

(American Psychiatric Association, 2013b). While these diagnostic criteria can be helpful in 

both clinical and research settings, it is evident that depression is a highly heterogenous 

condition (Fried, 2015; Fried & Nesse, 2015).  

 

 

There is a growing appreciation that depression is not a single disorder which has resulted in 

the emergence of research on depression subtypes defined by features such as: primary 

symptoms (e.g., low mood alongside sleep difficulties), age of onset (e.g., adolescence versus 

adulthood), nature of onset (e.g., after a stressful life event), whether it is a single episode or 

recurrent/chronic, and treatment response (Harald & Gordon, 2012). While promising, 

Core clinical symptoms of major depressive disorder 

- Low mood, or irritable mood 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 feelings of guilt or worthlessness  

- Diminished ability to think or concentrate, or indecisiveness 

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

Figure 1.2 ς Core clinical symptoms of depression (according to the DSM-5). 
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subtyping depression has not yet revealed differential causes and treatment responses. This 

could be due to several factors including overlapping subtypes τ adolescent onset 

depression is more likely to be recurrent, for example τ as well as the current tools used to 

measure depression. Existing depression measures have come under increasing scrutiny with 

some researchers, such as Eiko Fried and colleagues, arguing for a radical overhaul of the 

theoretical and methodological foundations of depression measurement so that they reflect 

the developments made in our understanding of depression over recent decades (e.g., the 

importance of depression subtypes) (Fried et al., 2022). Although it is important to 

acknowledge the heterogeneity of depression, and the challenges that are therefore inherent 

to researching depression, the focus of depression within this thesis is not on subtyping 

depression nor examining depressive disorder specifically. Instead, I adopt a dimensional 

approach to studying depression that emphasises symptom severity ranging from low-mild, 

moderate through to severe, a decision that was shaped by the sample characteristics of both 

the cohort study and locally collected sample used in this thesis.  

 

The data used in this thesis comprises youth in the early to mid-stages of adolescence (ages 

9 ς 13 years; the ABCD Study sample) as well as the later stages of this developmental period 

(ages 16-20 years; our locally collected sample). A recent large-scale meta-analysis of 

epidemiological studies found that the peak age of onset for depressive disorders is 20.5 years 

(Solmi et al., 2022). Given that ABCD is a population-based rather than a clinical sample, the 

proportion of young people with a diagnosis of MDD is likely to be relatively low. Our local 

study was also a community-based sample that aimed to recruit youth with a range of 

depressive symptoms. Adopting a dimensional approach to the study of adolescent 

depression allows us to capture greater variation in depressive symptoms τ an important 

consideration for this age range given that it is a period when the early signs of emotional 

distress are likely to emerge. This can then lay a strong foundation to chart the trajectories of 

depressive symptoms: whether they remit or instead recur and transition from sub-threshold 

depression to a depressive disorder. Importantly, the dynamic nature of adolescence, both in 

terms of biological and social factors, means that it is an ideal window of opportunity in which 

to intervene before depression becomes chronic and young people become embedded in a 

life trajectory with an increased risk for poorer developmental outcomes.  
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1.4 Risk factors for depression τ a brief overview 

Although the aetiology of depression remains unclear, there is a relatively good 

understanding of the multiple factors that ŀŦŦŜŎǘ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ risk for depression. Crucially, 

there is no single factor that determines whether a person will develop depression. Rather, it 

is likely that myriad risk factors, each with their own probabilistic risk effect, interact with 

each other over time to determine the degree of depression risk (Boyce et al., 2020). Such 

risk factors operate at the individual-level, the family- and peer-level, and at the population 

level.  

 

1.4.1 Individual-level factors 

Evidence from twin-studies suggests that around 40% of the variance in depression risk is 

accounted for by genetic factors (McIntosh et al., 2019). Recent genome wide association 

studies in adults have identified over a hundred genetic variants, each with a small effect size, 

that contribute to risk for depression. These genes were associated with synaptic structure 

and neurotransmission, especially in prefrontal brain regions (Howard et al., 2019). Genetic 

risk is also important in adolescent depression, especially in terms of symptom severity and 

rate of change (Jami et al., 2022; Kwong et al., 2021). However, a complex gene-environment 

interaction is also at play here because genetic vulnerability to depression is correlated with 

exposure to environmental stressors (Rutter, 2010). This means that individuals with a higher 

genetic risk are more likely to be exposed to social stressors, which thus creates additional 

depression risk. Other aspects of our biology, such as pubertal timing, can place an individual 

at an increased risk for depression. Specifically, youth that begin puberty ahead of their peers 

are more likely to experience depression in adolescence, compared to those that begin 

puberty around the same time as their peers (Ullsperger & Nikolas, 2017). This risk effect is 

likely due to a combination of biological and psycho-social factors and their interaction with 

each other (Pfeifer & Allen, 2021). 

 

There are many other individual-level risk factors associated with depression some of which 

include thinking styles and behavioural traits such as neuroticism (Hakulinen et al., 2015), low 

positive emotionality (Khazanov & Ruscio, 2016), and rumination (Cano-López et al., 2022). 
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Unsurprisingly, these modifiable factors have been the focus of psychological interventions 

for depression. Moreover, a number of comorbid mental and physical health difficulties may 

increase risk for depression such as: a history of anxiety (Rice et al., 2017) and irritability 

(Vidal-Ribas & Stringaris, 2021) in childhood, a diagnosis of a neurodevelopmental disorder 

(Hollocks et al., 2019; Meinzer et al., 2014) (e.g., attention deficit hyperactivity disorder 

(ADHD) and autism), a history of a chronic physical illness involving the central nervous system 

(Pinquart & Shen, 2011) (e.g., migraine or epilepsy), obesity (Rao et al., 2020) and sleep 

disruption (Marino et al., 2021). Like genetic factors, the variance in depression risk explained 

by each of these risk factors is small, and some of these associations (e.g., sleep disturbance 

and obesity) may be bidirectional or explained by confounding factors (Rao et al., 2020). 

 

1.4.2 Family-level and peer-level risk factors  

Having a family history of depression is one of the most common risk factors for depression. 

Indeed, approximately 40% of individuals who have a parent with depression will develop 

depression themselves, and this risk is greatest for those with a history of multi-generational, 

chronic, and early-onset depression (Maciejewski et al., 2018). The transmission of 

depression across generations is likely due to a combination of genetic and environmental 

mechanisms, such as offspring being exposed to current parental depression (McAdams et 

al., 2015). Importantly, there are a number of resilience-promoting factors that can mitigate 

this risk many of which pivot around strong social connectedness τ high quality relationships 

with other family members and friends, and participation in school and sporting activities 

(Collishaw et al., 2016; Stein et al., 2014). On the other hand, negative social experiences have 

been associated with later adolescent depression. These social stressors often relate to early 

life adversities (LeMoult et al., 2020; Norman et al., 2012), such as neglect, abuse, stressful 

life events (e.g., death of loved one or experiencing a serious illness), bullying (Moore et al., 

2017), and social isolation (Achterbergh et al., 2020). Although there has been much research 

recently on the association between adolescent social media 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 addiction (Ivie et al., 2020).  
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1.4.3 Population-level risk factors 

A common thread linking the social stressors mentioned above is poverty and social 

deprivation, which are undeniably the most widely studied community-level stressors 

associated with depression (Stirling et al., 2015). Individuals who grow up in poverty or in 

neighbourhoods with a high crime rate, are homeless, or are a refugee or displaced due to 

war, are at a much higher risk for developing psychiatric disorders, including depression 

(Kessler et al., 2010). A recent longitudinal randomised control trial by Sheridan et al. (2022) 

that used data from the Bucharest Early Intervention Project, demonstrated the causal impact 

of early deprivation (in this case, institutional care in early childhood) on cortical brain 

development across middle childhood and adolescence, particularly in prefrontal regions and 

in white matter tracts connecting prefrontal and parietal regions (Sheridan et al., 2022). These 

findings provide a possible neurobiological explanation for the enduring impact of exposure 

to adversity early in life on multiple developmental outcomes, such as increased risk for 

psychopathology. 

 

Although a different line of research, it is important to note the almost global experience of 

the Covid-19 pandemic in 2020-21, during which the prevalence of depression and anxiety in 

young people doubled (especially in older adolescents and females), compared with pre-

pandemic estimates (Racine et al., 2021). These stressors were found to disproportionally 

affect minority ethnic/racial and gender/sexuality groups, which in part may be related to 

racism and peer victimisation, and the increased social deprivation and stress that often 

accompanies such prejudices (Amos et al., 2020). Moving forward, it will be interesting to 

examine the impact of a stressful life event like a global pandemic on the developmental 

trajectories of children and young people today. Although there are several challenges in 

addressing such a research question (e.g., varying Covid-19 restrictions within countries, 

disruption of data collection, and the differential impact of Covid restrictions on family life), 

cohort studies like ABCD continued to collect data during and after the pandemic, which will 

allow the prospective longitudinal investigation of a natural experiment like Covid-19.  
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1.4.4 Linking risk factors to biology  

Together, these separate findings highlight that many risk factors operate cumulatively to 

exert deleterious effects on adolescent mental health outcomes. However, despite this 

evidence, most research has tended to examine these risk factors independently. It has been 

suggested that there is great promise in a multi-level integrative approach that combines 

epidemiological and aetiological research to identify modifiable risk factors that can prevent 

the onset of youth mental health problems. These can then be used as treatment targets for 

youth already experiencing difficulties as well as in prevention and intervention efforts (Allen 

& Dahl, 2015; Pfeifer & Allen, 2021). To this end, research should aim to move beyond 

describing these risk factors and instead attempt to unravel the developmental and 

neurobiological mechanisms that may transmit the effects of these myriad risk factors to 

depression during adolescence.  

 

One next step for research is to thus investigate how features of the developing adolescent 

brain relate to the emergence of depression and understand how risk factors such as early 

pubertal timing and irritable mood may contribute to depressive problems during this period. 

Research from large-scale neuroimaging studies have demonstrated robust brain structural 

alterations in adult depression. However, the temporal origins of these morphometrical 

differences earlier in development remain unclear. Adolescence has a biological beginning 

with the onset of puberty, an event that is infused with significance for mental health risk. 

The increased vulnerability to internalising difficulties from puberty onwards, especially for 

females, paired with the substantive body of evidence linking earlier pubertal timing and 

increased risk for depression, highlight the potential prominent role of puberty in advancing 

our understanding of the aetiology of adolescent depression. Nonetheless, the role of brain 

structure in understanding the association between earlier pubertal timing and increased risk 

for depression is not well understood. In addition to biological factors, irritable mood is a 

hallmark of adolescent depression and an early sign of emotion regulation difficulties. 

However, existing research on the neural correlates of irritability typically overlook the social 

nature of adolescence. Considering this, the focus of this thesis will be on examining how the 

adolescent brain, and its association with pubertal timing and irritability, relate to depression 

risk during this key developmental period.  
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1.5 The developing brain  

Animal studies provided the first evidence that early in development, the brain undergoes a 

period of synaptic proliferation, whereby there is a deluge of synapse formation such that the 

synaptic density (number of synapses per unit volume of brain tissue) is markedly higher than 

the adult brain (Lund et al., 1977; Rakic et al., 1986). We see a similar pattern in humans τ 

brain size increases four-fold between birth and preschool age, and is approximately 90% of 

adult brain volume by the age of six years (Stiles & Jernigan, 2010). The brain then undergoes 

a protracted period of synaptic pruning during childhood and adolescence (Huttenlocher & 

Dabholkar, 1997), which relates to changes in grey matter (brain tissue containing the 

neuronal cell bodies), white matter (brain tissue comprising myelinated nerve fibres), as well 

as functional reorganisation (Stiles & Jernigan, 2010). Importantly, these changes relate to 

developmental milestones in behaviour, such as the development of motor skills (Hadders-

Algra, 2018) and higher-order cognitive functions, like theory of mind (Richardson et al., 

2018). 

 

The emergence of neuroimaging methods, such as magnetic resonance imaging (MRI), has 

equipped researchers with an invaluable tool to advance our understanding of structural and 

functional brain development. MRI allows the in vivo quantification of myriad brain properties 

in a non-invasive manner (Lerch et al., 2017). Here, l provide an overview 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 typical development can relate to 

depression during adolescence.  

 

1.5.1 Grey matter development during adolescence 

Structural MRI can be used to measure aspects of brain morphometry, including cortical and 

subcortical volume, cortical thickness, surface area, and sulcal depth. Methods used to 

measure cortical volume vary across software tools and are usually voxel- (e.g., FSL; Jenkinson 

et al., 2012) or surface-based (e.g., FreeSurfer; Dale et al., 1999; Fischl et al., 2002) 

approaches. The former involves counting the number of voxels in the brain (or in a particular 
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brain structure). On the other hand, the surface-based approach, which is used in the ABCD 

Study, calculates the volume inside the pial surface (the border between cortical grey matter 

and cerebrospinal fluid) minus the volume inside the white surface (the boundary between 

grey matter and white matter) minus the tissue volume (voxel count) of subcortical areas. 

Cortical thickness and surface area are the substrates of cortical volume. Cortical thickness is 

measured by calculating the vertex-wise closest distance between the white and pial surface 

(See Figure 1.3; Fischl & Dale, 2000). The measurement of cortical surface area is based either 

on the white surface or pial surface, which is mapped onto a template brain (Chen et al., 

2012). The amount of expansion or ŎƻƴǘǊŀŎǘƛƻƴ ƴŜŜŘŜŘ ŦƻǊ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ōǊŀƛƴ ǘƻ ƳŀǇ 

successfully onto the template brain is used as a measure of the vertex-wise cortical surface 

area. Finally, sulcal depth, an indicator of the shape of the cortical surface, is defined as the 

distance between the central cortical surface and its convex hull relative to a mid-surface that 

crosses the cortical surface (Fischl et al., 1999; Yun et al., 2013).  

 

Figure 1.3 τ Illustration of cortical thickness measurement. Cortical thickness is the vertex-wise closest distance 
between the white and pial surface of the brain. GM = grey matter; WM = white matter; CSF = cerebrospinal 
fluid. Figure created with BioRender.com. 

 

Longitudinal developmental neuroimaging studies have made a remarkable contribution to 

our understanding of grey matter development across childhood and adolescence. Together, 

this work has shown that grey matter changes are non-linear and vary across brain regions 

(for recent review see Norbom et al., 2021). Early longitudinal work from the National 

Institute of Mental Health in the US reported that cortical volume development in the first 

two decades of life followed an inverted U-shaped trajectory, with frontal and parietal regions 
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reaching peak volume in early adolescence (around age 12 years) while the volume of 

temporal regions peaked later in mid-adolescence (Giedd et al., 1999; Gogtay et al., 2004; 

Lenroot et al., 2007; Raznahan et al., 2011). However, more recent work in independent 

longitudinal samples (aged 8 to 30 years (N = 391, scans = 852) and 7 to 23 years (N = 135, 

scans = 202) found that cortical volume decreases monotonously in a non-linear manner 

across childhood and adolescence. These results suggest that cortical volumetric reductions 

begin much earlier than previously reported (Mills et al., 2016; Wierenga et al., 2014).  

 

As mentioned, cortical thickness and surface area give rise to cortical volume. However, these 

morphometric features show a degree of genetic distinction (Winkler et al., 2010) and follow 

different developmental trajectories (Lyall et al., 2015; Tamnes et al., 2017; Wierenga et al., 

2014). Like changes ƛƴ ǘƘŜ ŦƛŜƭŘΩǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŎƻǊǘƛŎŀƭ ǾƻƭǳƳe, cortical thickness is also 

considered to peak much earlier in development (i.e., early childhood) (Lyall et al., 2015) than 

previously thought (Raznahan et al., 2011), and then follow a monotonic decreasing trajectory 

throughout mid-childhood, adolescence, and beyond (Frangou et al., 2022; Tamnes et al., 

2017; Vidal-Pineiro et al., 2020; Wierenga et al., 2014). Further, cortical thinning 

demonstrates spatiotemporal variation across brain regions with association cortices 

demonstrating a more protracted period of maturation compared to sensory regions 

(Norbom et al., 2021; Tamnes et al., 2017). 

 

Cortical surface area also exhibits this pattern of development whereby sensory areas expand 

greatly in the first two years of life (Li et al., 2013), which is followed by the continued 

expansion of higher-order cortical regions that peak in late-childhood/early adolescence 

before stabilising by mid-adolescence, and slightly decreasing thereafter (Ducharme et al., 

2016; Tamnes et al., 2017; Wierenga et al., 2014). Several neurobiological processes have 

been put forward to explain the developmental patterns in cortical thinning and surface area 

seen in MRI studies, including reorganisation of dendritic arbour and increased intracortical 

myelination (Natu et al., 2019; Patel et al., 2019). Importantly, the observed morphometric 

development is likely the product of several overlapping neurobiological mechanisms 

(Norbom et al., 2021). Although the direct study of these cellular processes is difficult due to 

the small number of post-mortem histological studies in this age range (Hagler et al., 2022), 
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emerging brain transcriptomic work (Patel et al., 2020) and longitudinal research focused on 

individual differences in neuromaturation (albeit requiring samples with thousands of 

individuals) (Marek et al., 2022) may help elucidate the neurobiological processes 

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

 

Recent collaborative work on brain charts for the human lifespan (Bethlehem et al., 2022) has 

offered insight into the neurodevelopmental milestones across the lifespan (see Figure 1.4), 

which will undoubtedly be a valuable resource for future research.  

 

 

 

Figure 1.4 τ Neurodevelopmental milestones across the lifespan. This figure is a graphical summary of the 
findings from Bethlehem et al. (2022). The normative trajectories of the median (50th centile) for each global MRI 
phenotype as a function of age (log-scaled) are shown. Circles depict the peak rate of growth milestones for each 
phenotype. Triangles depict the peak volume of each phenotype. Figure taken from Bethlehem et al. (2022) and 
figure caption adapted from the original paper.  

 

The work by Bethlehem and colleagues (2022) suggests that subcortical brain volume 

demonstrates an overall non-linear increase across childhood and adolescence but has a later 

volumetric peak in mid-adolescence compared to cortical volume (mid-childhood). However, 

there are regional and sex associated differences in the developmental patterns of subcortical 

brain areas. For example, findings from an international collaborative project (Herting et al., 

2018) comprising three independent longitudinal datasets, suggest that the volume of 

subcortical regions related to sensory, motor, and cognitive function (e.g., caudate, thalamus, 
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putamen, and nucleus accumbens) decreases subtly across this developmental period, while 

amygdala volume demonstrates a modest increase. 

 

Regarding sex differences, males were found to demonstrate a steeper increase in amygdala 

volume compared to females, while females showed a decrease in nucleus accumbens and 

putamen volume but males showed no or little change across this age range (Herting et al., 

2018). Although these results are mostly consistent with previous work (Lenroot et al., 2007; 

Raznahan et al., 2014; Wierenga et al., 2018), some studies have found conflicting results, 

such as minimal change or decrease in amygdala volume across adolescence (Dennison et al., 

2013; Wierenga et al., 2018), and an increase in putamen volume (Wierenga et al., 2018). 

Further, even within the collaborative study by Herting and colleagues (2018), inconsistencies 

were found across samples in terms of the pattern of change (i.e., whether a linear, quadratic, 

or cubic model best fitted the development trajectories of these brain regions), which may be 

due to differences in population characteristics, sampling strategies and scanning protocols. 

¢ƻƎŜǘƘŜǊΣ ǘƘŜǎŜ ŦƛƴŘƛƴƎǎ ǳƴŘŜǊǎŎƻǊŜ ǘƘŜ ƴŜŜŘ ŦƻǊ ŀ άǘŜŀƳ-ǎŎƛŜƴŎŜέ approach to 

developmental science (e.g., harmonised study protocols, where possible, and analysis 

pipelines) (Zanolie et al., 2022) as well as a shift in perspective to focus on the pattern (i.e., 

stability/rate and direction) of change rather than trying to fit a specific model term (Herting 

et al., 2018). 
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1.5.2 White matter development during adolescence 

Diffusion tensor imaging (DTI) measures the diffusivity of water molecules within brain tissue, 

providing insight into the white matter microstructure and structural connectivity of the 

brain. Unlike grey matter, which has predominantly isotropic water diffusion (i.e., water 

diffusion occurs equally in all directions (see Figure 1.5a), white matter tracts have anisotropic 

diffusion, whereby water diffusion occurs along the direction of the fibre (see Figure 1.5b). 

From this measurement of the restricted diffusion of water molecules, certain scalars can be 

derived such as mean diffusivity (MD) and fractional anisotropy (FA). MD refers to the average 

amount of diffusion along the three main diffusion axes (
   ). FA is a measure of the 

degree of diffusion in the principal direction compared to the two orthogonal directions and 

is therefore a scalar value between 0 (i.e., equal diffusion in all directions) and 1 (i.e., diffusion 

occurs in one direction only).  

 

Up until relatively recently, higher FA values and lower MD values were thought to reflect 

greater white matter density, with some known exceptions at crossing white matter fibres 

(e.g., at the junction of the corpus callosum and corona radiata) (Tuch et al., 2003), where this 

interpretation was recognised as problematic. Importantly, the biophysical underpinnings of 

Figure 1.5 τ Illustration of isotopic (A) and anisotropic (B) water diffusion. 
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these white diffusion measures are influenced by factors such as fibre diameter, fibre density, 

myelination and membrane permeability (Beaulieu, 2002). This biophysical complexity has 

gained more attention in recent years and highlighted the possible oversimplified 

inteǊǇǊŜǘŀǘƛƻƴ ƻŦ ǿƘŀǘ ǿŜ Ŏŀƴ ƛƴŦŜǊ ŀōƻǳǘ ǘƘŜ άƛƴǘŜƎǊƛǘȅέ ƻŦ ǿƘƛǘŜ ƳŀǘǘŜǊ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ŦǊƻƳ 

these DTI measures (Tamnes, Roalf, et al., 2018), with some researchers arguing against the 

use of this term entirely (Jones, et al., 2013). While more advanced diffusion MRI methods, 

such as neurite orientation dispersion and density imaging (NODDI; Zhang et al., 2012), were 

beyond the scope of the current thesis, these techniques can provide more fine-grained detail 

about white matter microstructural properties and will be important for research going 

forward.  

 

Although the precise neurobiological mechanisms that give rise to DTI metrics are not fully 

understood, a substantive body of research has shown widespread increases in white matter 

volume during childhood and adolescence, suggesting increased myelination and axonal 

packing (for a recent review see Lebel & Deoni, 2018). This white matter microstructural 

maturation is thought to serve the development and refinement of higher-order cognitive 

processes (e.g., inhibitory control) (Simmonds et al., 2014). However, there is a paucity of 

longitudinal research and findings from cross-sectional studies have been inconsistent 

(Goddings et al., 2021). Nonetheless, there is evidence to support the hypothesis that FA 

increases and MD decreases across childhood and adolescence, before plateauing by young 

adulthood. Like grey matter development, these microstructural changes are thought to be 

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

 

1.5.3 Functional brain development during adolescence  

Functional MRI (fMRI) quantifies hemodynamic changes in the brain via a blood-oxygen-level-

dependent (BOLD) signal, which is used as a proxy measure of brain activity with temporal 

and spatial resolution in seconds and millimetres, respectively. fMRI is used to examine 

fluctuations in brain activity during specific tasks (e.g., working memory or reward processing 

tasks) or while the brain is at rest, which is known as resting-state fMRI. Within the domain 

of resting-state fMRI, which is the perspective taken to study brain function in the current 

thesis, functional connectivity (FC) is the most common property of the brain analysed. 
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Resting-state FC refers to patterns of co-activation in different brain regions at rest and is a 

measure of the correlation of activity in distinct brain areas over time (Friston, 2011).  

 

From this work, parcellations of the brain as a dynamic system of functionally distinct but 

complementary networks have emerged (e.g., Yeo et al., 2011). Due to their role in typical 

and atypical development, some of the most widely studied brain functional networks 

include: 1) the default mode network (DMN; which includes the ventromedial prefrontal 

cortex, posterior cingulate cortex, and precuneus) and plays a key role in self-directed 

thought, including introspection and autobiographical memory (Andrews-Hanna et al., 2014); 

2) the fronto-parietal network (FPN; which consists of the dorsolateral prefrontal cortex and 

posterior parietal cortex) and supports goal-directed behaviour, such as cognitive control and 

decision making (Zanto & Gazzaley, 2013); and 3) the salience network (SN; comprising the 

insula and dorsal anterior cingulate cortex) and is involved in attending to salient stimuli in 

ƻƴŜΩǎ ŜƴǾƛǊƻƴƳŜƴǘ and supporting the response to such stimuli by relaying information 

between the DMN and FPN (Corbetta et al., 2008). 

 

Historically, brain function has been studied from a static perspective, in which an average FC 

measure is calculated across the entire time-series of the resting-state scan. While this 

approach has ƎǊŜŀǘƭȅ ŘŜǾŜƭƻǇŜŘ ǘƘŜ ŦƛŜƭŘΩǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ the functional connectome (i.e., 

ǘƘŜ ōǊŀƛƴΩǎ ŎƻƭƭŜŎǘƛve set of functional connections) (Biswal et al., 2010; Yeo et al., 2011), static 

FC methods do not capture the instantaneous waxing and waning of brain network activity 

over time (Iraji et al., 2021). The past decade has thus seen an emphasis on developing 

methods that capture the inherent dynamic nature of functional brain networks, termed 

dynamic FC (dFC; Cabral, Kringelbach, et al., 2017; Calhoun et al., 2014). Although many 

different methods comprise this line of research, such as the sliding window approach (Allen 

et al., 2014; Handwerker et al., 2012), co-activation pattern analysis (KarahanoƐlu & Van De 

Ville, 2015; Liu et al., 2013; Tagliazucchi et al., 2012), and phase-coherence pattern analysis 

(Cabral, Vidaurre, et al., 2017; Glerean et al., 2012; Hellyer et al., 2015), these studies have 

collectively shown that brain activity involves time-varying, reoccurring, configurations of the 

coupling and uncoupling of brain regions. These spatiotemporal patterns have revealed 

important information that can assist our understanding of the processes underlying typical 
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and atypical behaviour (Cabral, Vidaurre, et al., 2017; Iraji et al., 2021; SakoƐlu et al., 2010; 

Zalesky et al., 2014). 

 

Indeed, studying the brain through a network or systems lens is important from a 

developmental perspective given that disruptions to widespread brain connections are 

strongly associated with psychopathology (Vanes & Nosarti, 2022; Vértes & Bullmore, 2015). 

Although there is a paucity of longitudinal research on typical functional development (Ernst 

et al., 2015), relative to how this is disrupted in atypical development (e.g., mental health 

disorders), the extant evidence suggests that brain function becomes more integrated and 

efficient across development (Bassett & Sporns, 2017; Ernst et al., 2015; Kundu et al., 2018). 

There seems to be a general shift from άlocalέ (i.e., anatomically proximal) connections, which 

dominate during childhood and early adolescenceΣ ǘƻ ŀ ƳƻǊŜ άŘƛǎǘǊƛōǳǘŜŘέ functional 

architecture from young adulthood onwards, whereby distal connections strengthen (Edde et 

al., 2021; Fair et al., 2009). ¢Ƙƛǎ ǊŜŦƛƴŜƳŜƴǘ ƻŦ ǘƘŜ ōǊŀƛƴΩǎ ŦǳƴŎǘƛƻƴŀƭ ŀǊŎƘƛǘŜŎǘǳǊŜ ƛǎ ǘƘƻǳƎƘǘ ǘƻ 

support the development of cognitive processes, such as emotion regulation and inhibitory 

control (Ernst et al., 2015). These long-range connections comprise many of the known resting 

state networks (e.g., DMN, FPN, SN) and research suggests that regions within these networks 

become more connected across development. For example, a large cross-sectional study by 

Truelove-Hill et al. (2020) found an increase in the connectivity within several networks across 

adolescence such as the DMN, FPN, and SN (Truelove-Hill et al., 2020). Longitudinal work also 

provides evidence that connectivity between functionally-related brain regions strengthens 

during development, such as the subcortico-subcortical connections (e.g., between the 

hippocampus, amygdala, nucleus accumbens and putamen) and cortico-cortical connections 

(e.g., ventral anterior cingulate, dorsal anterior cingulate, frontal medial, and subcallosal) (van 

Duijvenvoorde et al., 2019). 

 

While the existing research broadly supports the idea that within-network connections 

strengthen across development, our understanding of between-network connectivity is less 

clear. Some research suggests that functional networks become more segregated over time, 

such that networks involved in affective-motivational processes (e.g., fronto-limbic 

connections) function in an increasingly independent manner (Fareri et al., 2015; van 
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Duijvenvoorde et al., 2016, 2019). However, work by Marek et al. (2015) suggests there is an 

increase in between-network connectivity across adolescence (as well as a concurrent 

decrease in within-network connectivity) (Marek et al., 2015). 

 

Taken together, these findings highlight the complex nature of structural and functional brain 

development during adolescence and underscore the need for further work in this area. The 

multi-modal nature of the methods employed in the current thesis make a direct and timely 

contribution to this body of research. Before discussing how brain structure and function 

relate to depression during adolescence, our attention now turns to the key biological event, 

or rather the series of events, that propel a young person away from childhood into the flux 

of adolescence τ puberty.  

 

1.6 Puberty: The biological catalyst of adolescence  

Although puberty can be regarded as a biological event, it is infused with personal and social 

significance. The surge in hormones that characterise the beginning of adolescence play a 

central role in a series broader biological, psychological, and social changes that prepare a 

young person for reproductive maturity (Crone & Dahl, 2012). Alongside the physical changes 

typically associated with puberty (see Figure 1.6a), this period of development is also 

characterised by changes 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 relationships and romantic relationships (Andrews et al., 2021; Crone & Dahl, 2012).  

 

From a biological perspective, as illustrated in Figure 1.6b, pubertal development consists of 

two phases: adrenarche and gonadarche, which are triggered by the hypothalamic-pituitary-

adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes, respectively (for reviews see 

Abreu & Kaiser, 2016 and Crone & Dahl, 2012). Adrenarche represents the earliest signs of 

pubertal development, usually occurring between the ages 6-10 years (earlier for females) 

and is characterised by the increased secretion of the androgen, dehydroepiandrosterone 

(DHEA) and its sulphate (DHEAS), from the zona reticularis of the adrenal gland (Biro et al., 

2014). DHEA levels continue to increase until the early 20s and are responsible for the 



1| General Introduction 

 19 

development of a number of secondary sex characteristics including, pubic hair growth and 

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

 

The second phase of pubertal development, gonadarche, also occurs earlier in females, 

typically between the ages of 9-14 years, while the onset for males is usually between 10-15 

years of age (McAnarney, 1992). Gonadarche involves the production of sex steroid hormones 

(gonads) such as oestrogen and testosterone, via the pulsatile release of gonadotrophin-

releasing hormone (GnRH) from the hypothalamus (during sleep), which then stimulates the 

release of follicle stimulating and lutenising hormones (FSH and LH) from the pituitary gland. 

The HPG axis is first active in the prenatal and early postnatal life but is then made dormant 

by inhibitory inputs from the hypothalamus. Although the precise mechanisms that re-

awaken the HPG axis are not fully understood, it is thought that it arises through interactions 

with neural systems implicated in metabolism, energy storage, and sleep regulation. 

Important agents identified include the hormone leptin and kisspeptins, a family of 

neuropeptides (Abreu & Kaiser, 2016). Testosterone and oestrogen enable reproductive 

maturity and are responsible for the development of additional sex characteristics, such as 

testicular development and voice deepening in males, and breast development and 

menstruation in females. A third neuroendocrine axis that is part of pubertal maturation is 

the release of growth hormone (GH) from the pituitary gland, which is responsible for the 

rapid physical growth that characterises adolescence. 
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Figure 1.6 τ The physical and hormonal changes that characterise puberty. A) Physical changes associated with 
puberty for males and females; B) Hormonal changes that occur during puberty. DHEA = 
Dehydroepiandrosterone; FSH = Follicle stimulating hormone; LH = Lutenising hormone; GH = Growth hormone.  

  

The gold standard measurement of pubertal development is via physical examination by a 

clinician, as self-reported pubertal development measures can be subject to biases (Shirtcliff 

et al., 2009). In research settings, especially in large scale studies like ABCD, a physical 

examination may not always be possible. Therefore, pubertal development is frequently 

assessed via self- (or parent-) report, such as the Pubertal Development Scale (PDS; Petersen 

et al., 1988) or the Tanner Scale (Marshall & Tanner, 1969, 1970), and also via hormonal 

measures (Goddings et al., 2019). It is important to note that questionnaire-based 

assessments of puberty (e.g., PDS) can conflate three distinct (but related) neuroendocrine 

processes, a nuance that should be acknowledged when attempting to unravel how pubertal 

development relates to other aspects of adolescence, such as brain development and mental 

health risk.  

 

Although all individuals progress through the same stages of puberty, there are marked 

individual differences in the timing and pattern (i.e., tempo) of pubertal maturation. There 

are a number of factors that are associated with pubertal onset including genetics, nutritional 

status, adoption, and emotional well-being (for a recent review see Mancini et al., 2022). 
































































































































































































































































































































































































































































































































































































