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ABSTRACT 

A wealth of research has reinforced the idea that supportive and connected social 

relationships have a positive effect on mental health. The association between social 

relationships and mental health is affected by top-down socioeconomic conditions and 

bottom-up biological factors, including the structure of the brain. These factors are not 

fixed; there is a dynamic, reciprocal interplay which affects a person’s mental health. This 

thesis aimed to 1) investigate those multiple levels in tandem to predict mental health, 2) 

understand the role of different points in the life course – adolescence and older age – and 

3) determine the role of sex differences in the role of those multiple factors to predict 

mental health. Study One tested a cross-sectional model investigating the role of functional 

aspects between peer and family relations, socioeconomic stress, and amygdala and 

ventromedial prefrontal cortex grey matter volume in predicting emotional symptoms in 

early adolescence. Study Two investigated the direction of the associations between peer 

and family relationships, emotional symptoms, and amygdala and ventromedial prefrontal 

cortex grey matter volume between ages 14 and 19 years. Study Three conducted both a 

cross-sectional and longitudinal analysis of data from older adults aged 60 years and above 

to investigate structural and functional aspects of social relationships in relation to 

psychological distress, socioeconomic status, and amygdala and ventromedial prefrontal 

cortex grey matter volume. Findings indicated that the functional aspects of social 

relationships changed together with emotional functioning in both early and late life, and 

the importance of adolescence as a sensitive period for structural brain plasticity according 

to the social environment was highlighted. To add, socioeconomic status and sex were 

implicated in social relationships, mental health, and regional brain structure, which 

contributed to differing effects in adolescence and older age. Altogether, the findings show 

the nuance between the role of social relationships, socioeconomic status, and brain 

structure in terms of specific facets studied, time point investigated, and individual 

characteristics. This thesis has implications for specificity in intervention approaches and 

methodological approaches for future research. For example, latent change score 

modelling, latent variable modelling, and measurement invariance testing should be more 

widely adopted to strengthen the ability to detect robust, directional effects, and to clarify 

the specific factors contributing to mental health across the lifespan. 
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CHAPTER ONE: INTRODUCTION 

Biopsychosocial View of Social Relationships 

We are born into a web of social connections that exist and evolve throughout our lives, 

including family, friends, peers, and the wider community in which we live. These 

relationships have a pervasive influence over our daily lives, providing us with a role, 

purpose, and support (Cohen & Wills, 1985). Intuitively, we know that good social 

relationships have a positive benefit on our wellbeing. This idea has been reinforced by 

decades of research, which demonstrates the importance of good social connections on 

both physical and mental health (Cohen & Wills, 1985; Hakulinen et al., 2016; Kawachi & 

Berkman, 2001; Lamblin et al., 2017; Santini et al., 2015; Schwarzer & Leppin, 1991). 

However, social relationships are only one factor in a complex world of social and 

biological factors; social relationships are entangled with wider socioeconomic conditions 

(Berkman & Krishna, 2014; Weyers et al., 2008) and individual brain structure (Bickart et 

al., 2012; Blumen & Verghese, 2019; Cotton et al., 2020; Kwak et al., 2018; Noonan et al., 

2018; Powell et al., 2012; Von Der Heide et al., 2013). These factors interact to both 

influence and be influenced by a person’s social environment and mental wellbeing.  

One of the earliest champions of a biopsychosocial view of human development was 

Bronfenbrenner, who proposed the Ecological Systems Theory (Bronfenbrenner, 1977) 

and Bioecological Model (Bronfenbrenner, 1995). He suggested that development is 

embedded within multiple levels of the environment, including the microsystem (family, 

peers, school) to the macrosystem (culture, society, and economic factors; Bronfenbrenner, 

1977). Rather than people being passive recipients to their environment, people play an 

active role in shaping their environment; there are active, reciprocal relationships between 

social factors and health which vary from person to person (Bronfenbrenner, 1977, 1995). 

Also, different levels of the system interact to have a cascading impact on a person’s health 

and development. For example, financial instability caused by societal economic factors 

(macro-level factor) can affect the parent-child relationship (micro-level factor), which can 

affect the emotional development of the child (Conger & Conger, 2002; Conger & 

Donnellan, 2007), thus showing how macro-level factors affect micro-level factors. 

But how do environmental factors get “under the skin” to impact the mental health of a 

person? The mechanisms for this are more precisely outlined in a conceptual model by 

Berkman and Krishna (2014). This model encompasses macro-level and micro-level 

systems but goes further to sub-divide social relationships into mezzo-level systems (e.g., 

social network structures) and micro-level factors (e.g., emotional and instrumental 
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support). This suggests that societal structures shape social networks, which go on to 

impact physical and mental through the support mechanisms that are in place (Berkman & 

Krishna, 2014). This model also extends to specific downstream pathways in which the 

person is impacted through the social environment. These include psychological pathways 

such as depression or distress, and physiological pathways, such as biological indicators of 

the stress response (Berkman & Krishna, 2014). Included in these biological indicators is 

the role of the brain, whereby through neuroplastic mechanisms, the brain changes its 

structure, function, and connections in response to environment stimuli (Berkman & 

Krishna, 2014; Cramer et al., 2011). However, as in Bronfenbrenner’s models, the brain 

does not receive passive input from the environment; rather, the structure and function of 

the brain gives rise to socioemotional skills and behaviours that shape a person’s social 

interactions and emotional experiences in the world. Through the lens of a person’s mental 

health, this model suggests that societal factors affect the structure of social networks, 

which affects availability of support, which goes on to have a downstream effect on a 

person’s mental distress and neurophysiology (see Figure 1.1). Within an individual, there 

is a reciprocal relationship between socioemotional experiences and neurophysiology, and 

these feedback to social relationships, showing the complex relationship between person 

and environment. 
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Figure 1.1 

The Interplay between Macro-, Mezzo-, Micro- and Individual-level Factors in Social 

Relationships and Mental Health 

 

Note. Adapted from Berkman & Krishna (2014, pg. 242)  

The following sections summarise the empirical evidence of the relationships between 

social relationships and mental health, and the macro- and micro-level factors that 

contribute to the association. 

Social Relationships and Mental Health 

Congruent with Berkman and Krishna (2014)’s model, research into the role of social 

relationships in mental health divide relationships into structural and functional 

components, with each conferring separate, but complementary benefits (Berkman & 

Krishna, 2014). Structural components of social relationships refer to quantitative 

dimensions, such as size and frequency of contact with social networks. This provides 

general benefits to wellbeing, bringing stability, a sense of identity, and sustained positive 

affect – also known as the ‘main effects hypothesis’ (Cohen & Wills, 1985; Thoits, 1995; 

Uchino et al., 2018). Functional components of social relationships capture qualitative 

dimensions, such as informational, instrumental, and emotional support (Taylor, 2011). 

Functional social relationships are linked to the ‘buffering hypothesis’, which suggests 

social support is most beneficial during stressful situations because it dampens the 

deleterious effect of stress on health (Cohen & Wills, 1985). Functional social relationships 
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may also confer general effects on mental wellbeing through everyday conversations and 

activities (the relational regulation theory; Lakey & Orehek, 2011). Within the wider 

model of the impact of social relationships on health, structural components provide the 

foundation for access to functional components of social relationships (Berkman & 

Krishna, 2014; Thoits, 1995); the qualitative aspects of relationships depend on a support 

network being in place. Despite this distinction, both structural and functional components 

of social relationships predict mental health outcomes longitudinally, suggesting each is 

needed for good mental health (Hakulinen et al., 2016; Santini et al., 2015). 

An issue with research in this area is that the broad distinction between structural and 

functional relationships fails to capture the contextual and idiosyncratic nature of social 

relationships and personal characteristics. The success of functional social relationships 

appears to depend on the source, type, and timing of the support (Sippel et al., 2015). 

Different sources of social relationships, and their interaction, are important to consider, 

particularly at different stages of the life course. Adolescence and old age are periods that 

are particularly sensitive to changes in social relationships, with increasing reports of 

loneliness at these stages of life (Lasgaard et al., 2016; Qualter et al., 2015). The structural 

and functional aspects of social relationships change in adolescence, with the social 

network widening to include new and deeper relationships with peers, whilst also still 

remaining connected to family members for support (Rothon et al., 2012; Rueger et al., 

2016). Conversely, in older age, the social network shrinks and more resources are put into 

functional aspects of relationships (English & Carstensen, 2014; Lansford et al., 1998). A 

systematic review found that the strongest social support source for a protective effect 

against depression varied across the lifespan – parental support for younger participants, 

and spouse support for older participants – which highlights the differences between life 

stages and sources of support in mental health (Gariépy et al., 2016). For adolescents, the 

transition into a larger network whilst maintaining ties with family may be important; for 

older age, the size of the network may matter less, and the functional aspects of close 

relationships may be what is key in mental wellbeing.  

Sex differences have also been observed in both the structure and function of social 

relationships, affecting positive and negative aspects of relationships at the individual 

level. The convoy model of social relations suggests that males and females have different 

relationship structures and functions (Antonucci, 2001). In adulthood and older age, 

females have a wider social network and are able to call on multiple sources for support 

compared to males (Antonucci, 2001; Antonucci & Akiyama, 1987). This means that there 

is resilience within women’s social structures, such that women can adapt to changes 
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within social relationships to meet their needs. However, this distributed network of 

relationships also has implications for exposure to negative aspects of relationships; there 

is more chance to be exposed to relationship conflict (Antonucci, 2001; Antonucci & 

Akiyama, 1987; Gurung et al., 2003). Men, on the other hand, have a more concentrated 

radius of support, with spousal support often cited as a strong predictor of wellbeing for 

older men (Gurung et al., 2003). Although this may mean men are less likely to be exposed 

to negative relationship experiences, it makes them vulnerable to changes in their social 

network, such as divorce or bereavement (Gurung et al., 2003; McLaughlin et al., 2010).  

Looking back to earlier in the lifespan, women’s stronger connections to friends and peers 

appear to start in late childhood and adolescence. Perceptions of social support are 

different according to sex during this time, with females reporting most support from 

friends, whilst males report most support from parents and teachers (Rueger et al., 2010). 

To add, girls report more positive connections with wider social contacts and more 

beneficial social behaviours such as greater communication, empathy and help-seeking 

behaviours compared to boys in childhood and adolescence (Sun & Stewart, 2007). 

Additionally, there appear to be differences in negative aspects of relationships, with 

females more affected by relational victimisation compared to males, who are more likely 

to be affected by a range of victimisation types (Hoglund, 2007; Paquette & Underwood, 

1999; Rose & Rudolph, 2006). Despite differences in support and victimisation, for both 

sexes, both peer and family support are protective against depression in adolescence 

(Rueger et al., 2016). This may reflect the unique social period in adolescence, where both 

sexes are transitioning from focusing primarily on family support, to integration with the 

wider peer network (Rothon et al., 2012; Rueger et al., 2016). This period could also signal 

the beginning of females becoming more engaged with wider social relationships 

compared to males. 

Taking all this together, the mental health benefits of good social relationships are highly 

dependent on context, and consideration needs to be made for sex differences and where a 

person is in their lifespan. In addition, different structural and functional components of 

relationships, including positive and negative aspects, must be considered to give insight 

into how to intervene to improve mental health (Hostinar, 2015).  

Social Relationships and Socioeconomic Status 

Individual social relationships are embedded within wider social conditions. 

Socioeconomic status (SES) shapes social networks, which goes on to impact functional 

relationship opportunities, such as emotional or informational support (Berkman & 
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Krishna, 2014). For example, low SES, measured by education and income, is related to 

fewer social networks and poorer social support (Steptoe et al., 2013; Weyers et al., 2008). 

Two proposed mechanisms for how SES affects social relationships are (1) through lack of 

resources and opportunities, and (2) through increased incidence of stress (Conger & 

Conger, 2002; Conger & Donnellan, 2007; Weyers et al., 2008). Lack of resources and 

opportunities are related to more objective measures of SES such as low income, 

education, and area-level deprivation. These factors stifle engagement with the wider 

community and reduce the ability to reciprocate to other people, which inhibits 

maintaining relationships (Offer, 2012; Weyers et al., 2008). Lack of resources and 

opportunities can also increase incidence of stress, which has a ripple effect on family and 

friends through negative interactions or lack of availability (Conger & Conger, 2002; 

Conger & Donnellan, 2007).  

Because of those mechanisms, SES also affects the benefits that people can gain from 

social relationships. As mentioned previously, a reduced ability to reciprocate due to 

limited resources can lead to fragmented relationships, which hinders access to the 

emotional and material benefits of social relationships (Belle, 1983; Offer, 2012). In a 

similar vein, it has been found that, among adolescents with socioeconomic disadvantage, 

social support has a weaker protective effect against mental health difficulties (Wight et 

al., 2006). SES also increases the likelihood of negative social experiences, such that 

individuals of lower SES are more likely to be bullied (Tippett & Wolke, 2014) and report 

experiences of loneliness (Algren et al., 2020). Therefore, SES has a pervasive effect on 

the relationship between social relationships and mental health; SES affects both the 

structure of social networks, their efficacy, and increases the likelihood of distressing 

social experiences. 

However, low SES does not have a global negative effect on social relationships. Instead, 

it has been proposed that people of lower SES have a more restricted radius of support and 

rely more on family and relatives (Weyers et al., 2008). People of lower SES have reduced 

contact with wider social relationships because they are unable to participate and 

reciprocate with social activities due to economic disadvantage  (Weyers et al., 2008). 

Conversely, people of higher SES have wider social networks, more distributed forms of 

relationships, and greater relationship satisfaction, but perhaps at the cost of maintaining 

close ties due to work and time obligations (Krause & Borawski-Clark, 1995; Marmot et 

al., 2014; Weyers et al., 2008). Thus, there is a trade-off between closer, more intimate 

relationships, and wider, more distributed relationships; the trade-off appears to be 



19 

 

impacted by SES. This has implications for how people get their social needs met in the 

structures that are available to them, and for how to intervene to maintain social contact. 

Social Relationships and Brain Structure 

The brain shapes and is shaped by experiences, including social relationships. Two of the 

general pathways that explain the neural mechanisms of the benefits of social relationships 

are the role of neural regions related to safety, such as the ventromedial prefrontal cortex 

(vmPFC), and regions related to threat, such as the amygdala (Eisenberger, 2013; 

Eisenberger & Cole, 2012).  

The vmPFC is in the ventral (underside) and medial (midline) part of the prefrontal cortex. 

Functional neuroimaging studies have found that the vmPFC is implicated in social 

behaviour, emotional regulation and decision making (Hiser & Koenigs, 2018; Motzkin et 

al., 2015). In particular, the vmPFC has been proposed to exert top-down control on 

activity in the amygdala (Hiser & Koenigs, 2018; Motzkin et al., 2015). The amygdala is a 

subcortical structure within the anterior medial temporal lobes, named due to its almond-

like appearance. The amygdala has been linked to detection, learning and experience of 

social behaviour and negative emotions (Hiser & Koenigs, 2018). Together, the structural 

and functional relationship of the amygdala and vmPFC has been implicated in both 

emotional regulation and social cognition (Hiser & Koenigs, 2018; Ioannidis et al., 2020; 

Motzkin et al., 2015; Schweizer et al., 2016). It is noted that the vmPFC is not a clearly 

defined structure with anatomical boundaries. There are overlapping definitions of the 

vmPFC (Hiser & Koenigs, 2018), such as the medial prefrontal cortex (mPFC) and 

orbitofrontal cortex (OFC), as in the studies mentioned in this section.  Relating this back 

to the wider model of macro- and micro-level factors contributing to the role of social 

relationships and mental health, structural changes in the amygdala and vmPFC may be a 

biomarker for how social factors affect a person’s risk to emotional problems. Because 

these regions are implicated in both social and emotional functioning (Hiser & Koenigs, 

2018), it may be that neuroplastic changes in response to the social environment have 

repercussions for emotional functioning as well. This section briefly reviews the literature 

on the association between the structure of the amygdala and vmPFC, and dimensions of 

social relationships. 

The structures of the amygdala and vmPFC have been consistently implicated in social 

relationships. The social brain hypothesis states that the species preference for size of a 

social group is related to the size of the neocortex (Dunbar, 1998). This has been extended 

to claims of causality. In a study that manipulated social network size in macaques, Sallet 
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and colleagues found increased grey matter density in regions such as the mPFC and 

amygdala with a larger social network size (Sallet et al., 2011). These changes were also 

correlated with levels of dominance in the social group, demonstrating that these areas of 

the brain are shaped by changes in the social environment, and that these structural brain 

changes are related to social functioning in the world. 

Human studies have also supported positive associations between structural social 

relationships – social network size and number of high contact social roles – and structural 

variation in the amygdala and the vmPFC/OFC (Bickart et al., 2012; Blumen & Verghese, 

2019; Kwak et al., 2018; Noonan et al., 2018; Powell et al., 2012; Von Der Heide et al., 

2013). There is also some evidence that functional social support is associated with 

structural variation in the amygdala (Sato et al., 2016), and with both the amygdala and 

OFC, however the latter was part of a set of distributed regions in a multivariate analysis 

(Cotton et al., 2020).  

However, there are some contradictory findings. For example, in a multivariate analysis of 

structural MRI correlates of structural social relationships, it was found that number of 

high contact social roles, but not social network size, was associated with amygdala 

structure (Blumen & Verghese, 2019). Furthermore, Sherman and colleagues found that 

amygdala volume was inversely related to size, complexity, and quality of relationships, as 

opposed to a positively relationship as found in previous studies (Sherman et al., 2016). In 

addition, other studies have failed to find an association between structural and functional 

social relationships and volume of the amygdala or vmPFC (Bittner et al., 2019; Che et al., 

2014; Spagna et al., 2018) or any brain region (Seider et al., 2016).  

The reason for those discrepancies may be due to the different dimensions of social 

relationships investigated and the different measures used for this. There are also large 

variations in covariates and controls in the models used. All studies controlled for age and 

gender, but others also included education, intracranial volume, or total grey matter 

volume (GMV), potentially contributing to differing results. Furthermore, the majority of 

the studies had small sample sizes of fewer than 100 participants, compromising statistical 

power and, thus, reducing the likelihood of finding a ‘true’ effect (Button et al., 2013b). 

For those reasons, there is a need to investigate the role of the vmPFC and amygdala in a 

large sample that considers the impact of different covariates, and to investigate to what 

extent different dimensions of social relationships – such as structural or functional, family 

or friend – relate to structural differences in these regions. This will have implications for 
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understanding the nuance in the associations between social relationships and brain 

structure. 

Further, investigation into how structural changes in the amygdala and vmPFC affect 

future social and emotional behaviour is warranted, given the hypothesis that brain 

adaptations support future socioemotional functioning. To date, most studies have been 

cross-sectional; longitudinal analyses are needed to discern longitudinal dynamics between 

social experiences, brain structure, and emotional functioning. Longitudinal analysis 

enables us to answer the questions of to what extent brain structure relates to changes in 

socioemotional functioning, and how socioemotional functioning relates to changes in 

brain structure (Kievit et al., 2018). This is important in providing evidence for potential 

causes and consequences in the links between social experiences, brain structure, and 

emotional functioning, which has implications for how to intervene to protect mental 

health. 

Although the focus of the current review is social relationships and mental health, it is 

important to consider research into the effect of SES on brain structure. SES has been 

found to affect brain structures such as the medial temporal and frontal lobes, which 

include areas such as the amygdala and vmPFC (Jednoróg et al., 2012; Raizada et al., 

2008). One proposed mechanism for the impact of socioeconomic factors on brain 

structure is through increased stress, which has been found to impact areas such as the 

amygdala and the prefrontal cortex (McEwen & Gianaros, 2010). However, studies that 

have examined indicators of SES – such as income or education – have had mixed findings 

with regard to whether amygdala volume is directly affected by those factors (Hanson et 

al., 2010; Luby et al., 2013; Noble et al., 2012). This may be because of the difference 

between objective measures of SES and the subjective impact of SES, such as increased 

stress (Conger & Conger, 2002; Conger & Donnellan, 2007). For example, a family may 

be classed as low income, but they may be economically stable and thus do not have 

increased stress because of this. To address this issue, both objective SES and the 

subjective impact of SES must be investigated, to assess the potential pathways that SES 

may affect individual brain structure. 

Unanswered Questions in the Literature 

Although there have been great strides in uncovering the mechanisms behind the positive 

mental health benefits of good social relationships, unanswered questions remain.  
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First, research often considers only part of the complex social and neuroanatomical factors 

contributing to the effect of social relationships on mental health. Most prior neuroimaging 

studies focus on immediate social networks and relationships, but those are embedded 

within, and influenced by, wider social structures (Berkman & Krishna, 2014; 

Bronfenbrenner, 1977, 1995). SES impacts the quality and efficacy of the benefits of social 

relationships, suggesting that social relationship interventions may be diminished in people 

who are in most need (Berkman & Krishna, 2014; Offer, 2012; Weyers et al., 2008). There 

is also evidence that SES and social relationships are associated with brain regions related 

to social ability and emotion (Cotton et al., 2020; Jednoróg et al., 2012; Noonan et al., 

2018; Raizada et al., 2008), although whether this is a uni- or bidirectional relationship 

remains unclear. This complex web of factors needs to be considered simultaneously, to 

understand the most important factors and how to intervene to improve social relationships 

and mental health.  

Previous research has also not considered social relationships across different parts of the 

lifespan, and how those are differentially affected by social and biological circumstances. 

Studies of social relationships often use young adult participants (aged between 18 and 40 

years), providing a perspective that is limited to that age range. In adolescence, peer 

support grows structurally and functionally over time, but the importance of parent support 

remains constant during this period (Rothon et al., 2012; Rueger et al., 2016). Furthermore, 

in older adulthood, more time and resources are invested in a reduced social network, 

leading to improvements in functional support (English & Carstensen, 2014). Overall, it is 

not always the case that more structural or functional support is beneficial; rather, different 

stages of the life course are associated with different transitions and sources of support, 

which must be considered in assessing its impact on mental health. 

Interpretation of neuroimaging findings also depends on the age of the population studied. 

Adolescence is a critical time in terms of brain maturation, with reciprocal relationships 

existing between brain development and social behaviour (Lamblin et al., 2017). The 

developmental mismatch hypothesis, also called the dual-systems model, states that 

subcortical affective systems mature faster than prefrontal regions related to cognitive 

control and mentalising, which manifests as differences in social and emotional 

functioning (Blakemore, 2008; Casey et al., 2008; Mills et al., 2014; Nelson et al., 2016). 

This means that exploration of how different types of social relationships affect maturation 

of regions related to social and emotion regulation is warranted. Conversely, ageing is 

associated with structural decline across the brain (Ritchie et al., 2017), but social support 

and engagement have been suggested to protect against age-related structural brain 
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changes (Fratiglioni & Wang, 2007). For example, social engagement was associated with 

whole-brain, temporal and occipital grey matter volumes in older adults (James et al., 

2012). Whilst social relationships may not reverse neural decline in older adults, it may 

buffer against or slow the rate of decline, which would be another avenue to assess the 

effectiveness of social interventions. To add, previous research has focused on brain 

regions related to cognition, but there is a need to consider the role of brain reserve in 

specific regions of interest to preserve emotional health in older age (Hachinski & Avan, 

2022). Overall, the reciprocal relationships between social relationships, neuroimaging 

measures, and mental health needs to be adapted and nested within the stage of the lifespan 

of interest. 

As alluded to in previous sections, there is a need to consider sex differences when 

investigating the factors affecting the association between social relationships and mental 

health. There are broad differences between males and females in the structure and 

function of relationships; females are more likely to have diverse, distributed sources of 

support compared to males (Antonucci, 2001), which may begin to manifest in early life 

(Rose & Rudolph, 2006). In addition, there are differences in structural brain development 

between sex, with the structure of female brains maturing faster than males’ (Goddings et 

al., 2014; Kaczkurkin et al., 2019). This has implications for identifying which specific 

components of social relationships are important in mental wellbeing for each sex, and 

identifying sensitive periods in brain development that may lay the foundation for a 

person’s social and emotional functioning throughout their life. 

In terms of methodology, longitudinal analyses are necessary to disentangle the 

bidirectional relationships between social and neuroanatomical factors. Whilst cross-

sectional studies are useful in building models and testing associations, they cannot 

determine whether neuroanatomical differences are the cause or consequence of 

differences in social relationships (Kievit et al., 2018). Previous cross-sectional studies also 

do not capture the dynamic changes of social relationships within individuals, such as with 

age or onset of mental health difficulties (Lamblin et al., 2017). Furthermore, as well as 

social relationships predicting mental health, mental health has been found to 

longitudinally predict structural and functional dimensions of social relationships 

(Hakulinen et al., 2016). Therefore, datasets that contain longitudinal social and 

neuroimaging information should be used to investigate these changes over time. 
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Thesis Aims 

The purpose of this research was to investigate how social relationships are associated with 

mental health, within a wider model that considers macro-level factors such as 

socioeconomic conditions, and individual micro-level factors such as regional brain 

structure. Individual research studies have shown how the different parts of the levels 

interact, however we have yet to understand the role of the multiple factors together. To 

add, this thesis investigated different parts of the lifespan that are characterised by both 

social and neural changes – adolescence and older age – and considered the role of sex 

differences in socioemotional behaviour and brain development. This allowed 

understanding of an individualised perspective of how social relationships are associated 

with mental health outcomes and what the potential socioeconomic and neuroanatomical 

correlates are to this. 

The aims of the thesis were as follows: 

1) To investigate the role of social relationships, socioeconomic conditions, and 

regional brain structure in mental health, both cross-sectionally and longitudinally 

2) To understand these relationships in different parts of the lifespan, by analysing 

data from an adolescent population and an older age population separately 

3) To investigate sex differences in the associations between social relationships and 

mental health, and the role of socioeconomic conditions and regional brain 

structure 

The following section outlines the analytic strategy to address the aims of the thesis.  

Analytic Strategy 

Structural Equation Modelling (SEM) and Latent Change Score Modelling (LCSM) were 

used for cross-sectional and longitudinal analyses respectively.  

Structural Equation Modelling 

SEM is a multivariate analysis framework that combines the strengths of latent variable 

modelling and regression analysis. Latent variables are constructs of interest that cannot be 

measured directly (Kline, 2016a). For example, we may be interested in the construct of 

‘emotional symptoms’, but this is something that cannot be measured directly due to the 

ephemeral nature of individuals’ thoughts and emotions. By asking about issues such as 

worrying, unhappiness, and somatic symptoms, we can model the underlying construct – 

the latent variable of emotional symptoms. The relationship between the latent variable and 
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the individual items is expressed as the factor loading. Observed variables can come in a 

range of forms – continuous, ordinal, categorical – but the distribution of the latent variable 

is continuous (Kline, 2016a). This modelling specifies that the latent variable causes 

variation in individual item responses, and any variation that is not explained by the latent 

variable is accounted for by the residual/error term (Kline, 2016a). Continuing with the 

example, there may be other reasons why a person often gets somatic symptoms that may 

be unrelated to emotional symptoms. By looking at the covariance between items related to 

emotional symptoms, we can separate out the latent variable with anything else that affects 

individual item variation – the residual/error term, which is partly due to measurement 

error. A simple latent variable diagram is depicted in Figure 1.2, with item loadings shown 

in red and residual/error variance shown in green. This distinguishes SEM from other 

statistical techniques such as multiple regression, as multiple regression uses observed 

variables which are prone to measurement error (Kline, 2016a). Latent variable modelling 

is not required in SEM, however, and observed variables can be included within models.  

Figure 1.2 

An Example of a Latent Variable Model 

 

Note. Factor loadings are in red and residual/error variance is shown in green. Circle 

reflects the latent variable; rectangles reflect the individual items. l1-l3 reflect individual 

factor loadings, and e1-e3 reflect individual residual/error variance. 

SEM goes further than standard multiple regression as it allows simultaneous specification 

of variables as both predictors and outcomes (Kline, 2016a). An explicit theoretical model 

is proposed, including hypothesised causal relationships, and the model fit is compared to 

the data. This allows us to consider complex relationships reflected in the real world. For 

example, family socioeconomic stress can be specified as a predictor of both family 
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support and emotional symptoms, along with family support as a predictor of emotional 

symptoms.  

An important caveat to consider is that, although a specific model is tested against the data, 

even if the model is a good fit to the data, this does not provide evidence of cause and 

effect (Kline, 2016a). If family support is found to be a statistically significant predictor of 

emotional symptoms, it may be that family support causes emotional symptoms, or that 

emotional symptoms cause family support. This is particularly true with cross-sectional 

data – data from one time point. Analysis of longitudinal data – such as with LCSM – can 

provide additional evidence of the proposed directionality of relationships by assessing 

how one variable changes with another over time.  

Latent Change Score Modelling 

LCSM is a class of SEM that allows investigation of between-group and within-person 

change, as well as disentangling of longitudinal dynamics between different variables over 

time (McArdle & Hamagami, 2001; McArdle & Nesselroade, 1994). 

The primary feature of LCSM is that the change between two time points is modelled as a 

latent variable. In its simplest form, LCSM mimics the classical change score, where time 

2 (T2) scores are expressed as time 1 (T1) scores plus change (McArdle, 2009). However, 

the advantage of modelling change as a latent variable is that is accounts for measurement 

error in observed change scores – thus accounting for the unreliability of measurement at 

both time points.  

To add, due to the specification in LCSM, we can estimate the variance of the change 

latent variable, which reflects the individual differences, or within-person differences, in 

change. This is alongside the estimation of the mean, which reflects average or between-

group differences (Kievit et al., 2018; McArdle, 2009). By including a regression or 

covariance parameter from T1 to the change score, we can also assess proportional change 

– the degree to which change is dependent on scores at T1. Thus, with a univariate latent 

change score model, three parameters of change can be estimated: average (mean) change, 

proportional change, and variance in change. A simplified version of this model is shown 

in Figure 1.3.  
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Figure 1.3 

An Example of a Simple Latent Change Score Model 

 

Note. Prop = proportional, var = variance. Paths to and from T2 are fixed to 1 to identify 

the latent change variable. Circles reflect latent variables, triangle reflects mean structure, 

blue reflects proportional change, and green reflects variance. Individual items are not 

shown for ease of reading.  

The inclusion of multiple latent change variables in one model allows investigation of 

other parameters of interest. For instance, if we are interested in the longitudinal dynamics 

between family support and emotional symptoms, LCSMs can specify the following: the 

baseline correlation between family support and emotional symptoms, whether initial 

values of family support predict change in emotional symptoms, whether initial values of 

emotional symptoms predict changes in family support, and whether there is correlated 

change between family support and emotional symptoms. The combination of these 

parameters is what sets apart LCSMs from other longitudinal models such as latent growth 

and multilevel models (McArdle & Hamagami, 2001). Parcelling out the directionality of 

longitudinal dynamics is important in testing hypotheses relating to potential causal 

mechanisms. 

Typical investigations into longitudinal dynamics between variables employ cross-lagged 

panel models or regression analyses. However, these methods have been criticised for their 

potential bias due to measurement error (Kröger et al., 2016), the conflation of within- and 

between-person change (Hamaker et al., 2015), and the failure to control for baseline 

correlation (Könen & Karbach, 2021). LCSMs address this issue by measuring change as a 

latent variable, which gives access to measurement error in change and specifies variability 

within the latent change parameter. 



28 

 

The random-intercept cross-lagged panel model (RI-CLPM) has been proposed as an 

extension to the traditional cross-lagged panel model as it characterises within-person 

change with the inclusion of a random-intercept parameter (Hamaker et al., 2015). 

However, RI-LCSM requires three waves of data for model identification (Hamaker et al., 

2015). This leads us to the second strength of LCSMs, in that they can be performed with 

two waves of data (Kievit et al., 2018). This is particularly attractive for datasets with 

neuroimaging variables, as the high costs of MRI scanning inhibit multiple waves of data. 

Chapter Summary 

This chapter outlined the background for the thesis and discussed previous theory and 

research into the associations between social relationships, mental health, socioeconomic 

status, and brain structure. The gaps in the research were then highlighted to provide the 

context of the aims of the thesis: consideration of an integrated view of the concurrent 

macro- and micro-level factors that influence mental health, investigation into early and 

later parts of the lifespan, and consideration of the role of sex differences. To achieve those 

aims, the strengths of SEM and LCSM were discussed, such as the ability to model 

complex associations and to account for measurement error. For LCSM specifically, the 

strengths of this technique were the ability to test potential directional associations between 

variables over time and the ability to be used with two waves of data. The next chapter 

outlines the structure of the thesis and how the thesis aims were investigated. 
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CHAPTER TWO: THESIS OVERVIEW 

This chapter provides an overview of this journal format thesis. It outlines the structure of 

the thesis, the author contributions, and then provides a summary of the rationale and aims 

for the three empirical studies, presented in Chapters Three to Five. Information on the 

datasets used for the secondary data analysis is also described in this section. 

Thesis Structure 

The thesis is presented in journal format. The main body comprises three empirical 

research studies that have been written for publication in peer-reviewed journals. Chapters 

Three and Four used data from the IMAGEN study and Chapter Five used data from UK 

Biobank (more information about these datasets are provided in the Datasets subsection). 

Each study contributes to the thesis aims.  

Chapter Three contains Study One, which is a cross-sectional study using data from 

adolescents aged 14 years that investigated the relationship between functional aspects of 

peer and family relations and emotional symptoms separately for sex. This study also 

looked at how these associations fit into a wider model of socioeconomic stress and 

amygdala and ventromedial prefrontal cortex (vmPFC) grey matter volume (GMV). 

Chapter Four contains Study Two, which is a longitudinal analysis that extended the 

findings from the cross-sectional analysis (Study One) to investigate the direction of the 

association between peer and family relationships, emotional symptoms, and amygdala and 

vmPFC GMV between ages 14 and 19 years. Chapter Five contains Study Three, which is 

both a cross-sectional and longitudinal analysis of data from older adults that investigated 

structural and functional aspects of social relationships in relation to psychological distress, 

and the role of socioeconomic status (SES), amygdala and vmPFC GMV, and white matter 

tract integrity of the uncinate fasciculus. The variables, data, and analyses used for these 

studies are presented in Table 2.1. Chapter Six is the discussion section, which considers 

the findings of the studies together in relation to the aims of the thesis. The strengths and 

limitations of the work is discussed, along with the implications and the directions for 

future research.  
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Table 2.1  

Overview of the Three Empirical Studies in the Thesis 

Study Variables Dataset Analysis 

One  

(Chapter Three) 

Peer problems, family support, socioeconomic 

stress, emotional symptoms, amygdala volume 

and vmPFC GMV 

IMAGEN (age 

14 years) 

Multi-group 

SEM (by sex) 

Two  

(Chapter Four) 

Peer problems, family support, socioeconomic 

stress, emotional symptoms, amygdala volume 

and vmPFC GMV 

IMAGEN (age 

14 to 19 years) 

Multi-group 

LCSM (by sex) 

Three  

(Chapter Five) 

Structural social relationships: Frequency of 

friend/family visits, living with others, living with 

partner, total number of social/leisure activities 

Functional social relationships: Family satisfaction, 

friend satisfaction, often feeling lonely, ability to 

confide in others 

Mental health outcome: Psychological distress 

Socioeconomic status: Degree education, 

equivalised household income, current 

employment status, skilled job, Townsend 

deprivation index quintiles 

Neuroimaging variables: Amygdala and vmPFC 

GMV, weighted-mean FA and MD in the uncinate 

fasciculus 

UK Biobank 

(age 60 years 

and above) 

Multi-group 

SEM and 

LCSM (by sex) 

Note. vmPFC = ventromedial prefrontal cortex, GMV = grey matter volume, FA = 

fractional anisotropy, MD = mean diffusivity, SEM = structural equation modelling, 

LCSM = latent change score modelling 

The thesis is presented in journal format because each study builds on one another in terms 

of extending the findings, such as testing the proposed directions of hypotheses from cross-

sectional analyses, and showing the progression of skills learned throughout the thesis. 

Cross-sectional SEM provided the basis for the more complex longitudinal LCSM, and 

both these analyses were applied to a new dataset in Chapter Five. Another reason for 

using journal format was to obtain experience with the peer-review process and to develop 

my academic writing skills, which will be instrumental to my continued research career. 

Empirical Chapters Author Contributions 

For Studies One, Two, and Three, Jessica Stepanous conceptualised and designed the 

studies with consultation with her supervisors, Dr Luke Munford, Prof Pamela Qualter, and 

Prof Rebecca Elliott. For Studies One and Two, Jessica Stepanous submitted a project 

proposal form to the IMAGEN Executive Committee, who approved the proposal and 

granted access to the IMAGEN dataset. For Study Three, Jessica Stepanous submitted the 
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project proposal for data access to UK Biobank. For all three Studies, Jessica Stepanous 

downloaded, cleaned, and analysed the data; her supervisors provided guidance throughout 

the process. Jessica Stepanous wrote the manuscripts and refined them based on feedback 

from her supervisors. Prof Tobias Banaschewski provided feedback on the manuscript for 

Study One and Prof Frauke Nees provided feedback on the manuscript for Studies One and 

Two. Prof Tobias Banaschewski and Prof Frauke Nees are part of the IMAGEN 

Consortium. All respective authors read and approved the final versions of the 

manuscripts. With consultation with her supervisors, Jessica Stepanous revised the 

manuscripts following the peer review process, where applicable. 

Empirical Chapters Rationale and Aims  

This section outlines the rationale and aims for the individual empirical chapters and shows 

how the individual studies link into the aims of the thesis.  

Study One: ‘Social environment and brain structure in adolescent mental health: A 

cross-sectional structural equation modelling study using IMAGEN data’ 

Study One is the following paper that was published in the journal PLOS ONE. The paper 

has been reformatted for this thesis. 

Stepanous, J., Munford, L., Qualter, P., Banaschewski, T., Nees, F., Elliott, R., & the 

IMAGEN Consortium. (2023). Social environment and brain structure in 

adolescent mental health: A cross-sectional structural equation modelling study 

using IMAGEN data. PLOS ONE, 18(1), e0280062. 

https://doi.org/10.1371/journal.pone.0280062  

The purpose of Study One was to test a cross-sectional model investigating the functional 

aspects between peer and family relations and emotional symptoms in early adolescence, 

separately for sex, and how these associations fit into a wider model of socioeconomic 

stress and amygdala and vmPFC GMV. This study addressed parts of all three aims of the 

thesis: cross-sectional analysis of the role of social relationships, socioeconomic conditions 

and regional brain structure in mental health, using data from an adolescent population, 

and investigating sex differences, through multi-group SEM.  

Investigation of peer and family relations were chosen specifically because early 

adolescence is a time of social transition; adolescents shift their social focus from family to 

peers, but both remain important to mental wellbeing (Rothon et al., 2012; Rueger et al., 

2016). Emotional symptoms were investigated to assess anxiety and depression symptoms 

https://doi.org/10.1371/journal.pone.0280062
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in early adolescence; a period that where mental health difficulties first begin to emerge 

(Kessler et al., 2007). Socioeconomic stress was included to directly assess whether 

specifically stress due to SES is a pathway where SES can affect mental health (Conger & 

Conger, 2002; Conger & Donnellan, 2007) and related brain structure (Piccolo et al., 

2016). The amygdala and vmPFC were chosen as regions of interest due to their role in 

social and emotional processing, and because of the hypothesis that developmental 

mismatch of these regions is an explanation for adolescence as a sensitive period for 

mental health difficulties (Mills et al., 2014; Somerville et al., 2010). 

The model tested assumptions put forward by Berkman and Krishna (2014), that 

socioeconomic stress affects peer and family relations, and peer and family relations affect 

emotional symptoms. The association between social environment variables and regional 

brain structure was also assessed, together with whether regional brain structure is 

associated with emotional symptoms. This model also explored whether socioeconomic 

stress was associated with regional brain structure and emotional symptoms. This would 

give evidence for additional pathways, other than through the impact on social 

relationships, that wider social structures may affect emotional health and associated 

neuroanatomy. The potential buffering effect of family relations on the association 

between peer relations and mental health was also able to be tested. Altogether, this model 

was an important first step in testing potential associations within a multidisciplinary 

framework, which could be further disentangled in subsequent studies. 

Another purpose of this study was methodological: to test the validity of latent variables 

for peer problems, family support, emotional symptoms, and socioeconomic stress, and to 

test whether the same constructs were measured between sex. The negative aspects of peer 

relationships were encompassed through a latent variable of ‘peer problems’, which was 

constructed using items related to issues with peer integration and victimisation. Similarly, 

the positive aspects of family relationships were distilled into the latent variable of ‘family 

support’, which included items related to supportive and affirming family behaviour 

towards the child. Within the SEM framework, the validity of the latent variables was able 

to be assessed, and the latent variables were used in regression analysis to test associations 

that were free of measurement error. The use of latent variables added to the body of 

previous research that primarily used observed variables to test for associations and 

assumed equality of construct between sex, thus providing a more rigorous analysis. Study 

One also provided a strong baseline for the more complex longitudinal analysis, which 

built on the cross-sectional latent variable and measurement invariance analysis by sex to 

include time as an additional parameter.  
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The specific aims of Study One were as follows: 

1) To investigate how social environment factors (socioeconomic stress, family 

support, peer problems) interact and are associated with emotional symptoms for 

males and females at age 14 years 

2) To assess whether family support buffers against any negative effect of peer 

problems on mental health 

3) To assess how regional brain structures (amygdala and vmPFC GMV) are 

associated with emotional symptoms, and whether social factors affect regional 

brain structure to have a cascading effect on emotional symptoms. 

Study Two: ‘Longitudinal associations between peer and family relationships, emotional 

symptoms, and regional brain volume across adolescence’ 

Study Two is a paper that has been accepted at Journal of Youth and Adolescence. The 

paper has been reformatted for consistency in this thesis. 

Stepanous, J., Munford, L., Qualter, P., Nees, F., Elliott, R., & the IMAGEN Consortium. 

(accepted). Longitudinal associations between peer and family relationships, 

emotional symptoms, and regional brain volume across adolescence. Journal of 

Youth and Adolescence.  

Study Two aimed to extend the findings of Study One. Study One added to our 

understanding of the macro-, mezzo-, and micro-level factors involved in adolescent 

emotional symptoms. However, due to the nature of cross-sectional analysis, it was 

impossible to clarify the direction or explanations for the associations found. For example, 

the model proposed the direction of the relationship to be that peer problems affects 

emotional symptoms. However, it may be that emotional symptoms cause changes in peer 

problems, or that both cause change in each other, for example. Therefore, in Study Two, 

longitudinal analysis of IMAGEN data was conducted to 1) validate and clarify the 

direction of statistically significant associations, 2) provide evidence for proposed 

explanations of associations by investigating within-person changes, and 3) explore 

whether associations that were not found could be unearthed by looking at within-person 

changes. Study Two again addressed parts of all three aims of the thesis: conducting 

longitudinal analysis of the role of social relationships, socioeconomic conditions, and 

regional brain structure in mental health, using data from an adolescent population, and 

investigating sex differences. 
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This study applied multi-group LCSM to IMAGEN data for participants aged 14 and 19 

years, split by sex. First, measurement invariance tests were conducted to investigate 

whether individual latent constructs – peer problems, emotional symptoms, amygdala 

GMV and vmPFC GMV, were the same between sex and across time. Next, univariate 

latent change scores were calculated for the individual variables, to examine change over 

time separately for each sex. Increasingly complex multivariate change score models were 

then tested, with the final models including covariates. Using this method, the direction of 

proposed relationships was tested. For example, baseline correlation between age 14 years 

peer problems and emotional symptoms, whether age 14 years peer problems predict 

change in emotional symptoms over time, whether age 14 years emotional symptoms 

predict change in peer problems, and whether there is correlated change between peer 

problems and emotional symptoms over time. For some variables – socioeconomic stress 

and family support – longitudinal data were not available, so only one direction of the 

relationship was tested, i.e., whether socioeconomic stress at age 14 years predicted change 

in emotional symptoms over time. This technique was able to test the direction of 

associations between multiple variables simultaneously, so it is suitable for further testing 

hypothesised associations that were non-significant in the cross-sectional model. By virtue 

of the longitudinal analyses, the structural developmental trajectory of the amygdala and 

vmPFC could be formalised, and the degree to which structural brain development is a 

cause or effect of social and emotional functioning could be tested.  

 

Study Two also improved on some of the statistical methodology used in Study One. First, 

instead of identifying and removing univariate outliers that were three standard deviations 

away from the mean, multivariate outliers were identified and removed using the 

Mahalanobi’s distance statistic. The Mahalanobi’s distance statistic compares whether a 

particular datapoint comes from the same population as the other datapoints (Kline, 

2016b). A statistically significant difference (at a stricter p < 0.001 level) means that the 

datapoint does not come from that population and is considered an outlier. Mahalanobi’s 

distance was used to calculate multivariate outliers for all neuroimaging variables. By 

assessing the shape of the data together, data points may have been subject to scanning 

errors could be assessed and the data preserved. In addition, coefficient omega were used 

to formalise reliability of latent variables, which specified the proportion of variance that is 

due to the latent variable (Flora, 2020). To add, negative life events and childhood trauma 

were included in this analysis to assess the impact of early life stress and abuse on brain 

development, emotional symptoms, and social relationships (Gorka et al., 2014; Hanson et 
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al., 2010). This accounted for the confounding effect of early life stress, thus strengthening 

confidence in the findings. 

The aims for Study Two were as follows: 

1) To test the longitudinal links between different aspects of the social 

environment (peer problems, family support, socioeconomic stress) and 

emotional symptoms, including testing the direction of effects 

2) To assess which aspects of the social environment affect amygdala and 

vmPFC GMV neuroanatomical development in adolescence, how these 

regions are affected, and whether this is different between sexes 

3) To test whether the amygdala and vmPFC GMV neuroanatomical 

modifications are associated with emotional symptoms in later adolescence. 

Study Three: ‘Structural and functional aspects of social relationships and 

psychological distress in older age: The role of regional brain structure, sex, and 

socioeconomic status’ 

Study Three is a version of the following article that will be submitted to the journal 

Ageing & Society. 

Stepanous, J., Munford, L., Qualter, P., & Elliott, R. (in preparation). Structural and 

functional aspects of social relationships and psychological distress in older age: 

The role of regional brain structure, sex, and socioeconomic status. Ageing & 

Society. 

Study Three looked more in depth at a range of structural and functional aspects of social 

relationships and how they are related to psychological distress in older age, separately for 

each sex. A range of objective socioeconomic factors were considered, including income, 

education, and area-level deprivation, to investigate precisely which types of 

socioeconomic resources are related to social relationships and mental health. As with the 

previous studies, the amygdala and vmPFC were brain regions of interest in this study, and 

the association between social environment factors and regional brain structure was 

investigated. This study also included measures of white matter integrity of the uncinate 

fasciculus, which is the tract connecting the amygdala and vmPFC (Von Der Heide et al., 

2013). 

One key difference between this study and Studies One and Two in the thesis was the age 

range studied: Study Three focused on older adults rather than adolescents. Older age is 
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associated with the shrinking of social networks to invest more into the quality of 

relationships (English & Carstensen, 2014), life events such as bereavement and 

retirement, and global structural decline of the brain (Ritchie et al., 2017). This 

reorientation in older age means that different pathways may be involved in mental 

wellbeing. A key question in this area is how the social environment builds brain reserve 

capacity to prevent deterioration of functioning in older age (Fratiglioni & Wang, 2007; 

Hachinski & Avan, 2022). Previous research has focused on cognitive preservation, 

however there is a need to consider the role of brain reserve in specific regions of interest 

to preserve emotional health in older age (Hachinski & Avan, 2022). To summarise, Study 

Three contributed to the aims of the thesis by: conducting both cross-sectional and 

longitudinal analysis of the role of social relationships, socioeconomic conditions, and 

regional brain structure in mental health, using data from an older age population, and 

investigating sex differences. 

There were two parts to the analysis of this study. First, cross-sectional analysis was used 

for model-building purposes and to identify key associations that could be validated in the 

longitudinal analysis. Multi-group SEM, split by sex, was used on the training dataset 

(30% of the sample) and the results were validated in the test dataset (70% of the sample). 

Only results that were statistically significant at the alpha level of 0.05 for both the training 

and test dataset were tested further in the longitudinal analysis. This was necessary to both 

strengthen the validity of the cross-sectional findings, and because the maximum number 

of latent change variables that could be included in a model at one time was four; all the 

macro-, mezzo-, and micro-level factors could not be included simultaneously. In a similar 

vein to Studies One and Two, because several indicators of structural and functional social 

relationships were available in the UK Biobank dataset, construction of individual latent 

variables for structural and functional social relationships were tested, and measurement 

invariance analyses between sex were conducted.  

Multi-group LCS models, split by sex, were then used in the longitudinal analysis to test 

research themes identified in the cross-sectional analysis. Like the approach in Study Two, 

univariate LCS models were used to characterise individual latent change in variables of 

interest, then multivariate LCS models were used to investigate the research questions of 

interest. Each LCS model included a version with covariates included and with SES 

predictors included. 

The aims of Study Three were as follows: 
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1) To use cross-sectional data to determine how structural and functional aspects of 

social relationships are associated with psychological distress in older age within a 

wider model that considers socioeconomic, neuroanatomical factors and sex 

differences 

2) To verify the cross-sectional model in a longitudinal model to provide stronger 

evidence for the direction of proposed relationships. 

Datasets 

The studies in this thesis are secondary analyses of data from two different research 

projects. This section provides information about the datasets used. 

Dataset 1: IMAGEN 

IMAGEN is a European multicentre study that collected genetic, neuroimaging, 

behavioural, neuropsychological, and environmental data to assess the interaction of these 

factors to explain adolescent development (Schumann et al., 2010). Participants were 

recruited from a diverse range of high schools across eight European sites (Dresden, 

Berlin, Mannheim, and Hamburg in Germany; London and Nottingham in the U.K.; 

Dublin in Ireland; and Paris in France). Local ethics research committees approved the 

study at each site and written informed consent was obtained from all legal guardians. 

Only participants of European origin were recruited for ethnic homogeneity in the genetic 

analysis. Four waves of data are available, with all participants the same age at each wave: 

baseline (age 14 years; 2010), follow-up 1 (age 16 years; 2012), follow-up 2 (age 19 years; 

2015) and follow-up 3 (age 21 years; 2017). Neuroimaging data was collected at age 14, 

19 and 21 years. Study One used baseline cross-sectional data at age 14 years. Study Two 

used data from ages 14 and 19 years. The analysis was complete before the full data at age 

21 years were made available, so this wave was not included in the current thesis.   

Dataset 2: UK Biobank 

UK Biobank is a cohort study of approximately 500,000 UK participants in middle and 

older age, containing various health, lifestyle and medical data through questionnaires, 

imaging, and cognitive and physical measures (Allen et al., 2012). Ethical approval was 

granted to UK Biobank by the North West Multi-Centre Research Ethics Committee (REC 

reference 11/NW/0382). All participants provided informed consent for their anonymised 

data to be used for research purposes. Four waves of data are available: initial assessment 

visit (2006-2010), first repeat assessment visit (2012-2013), imaging visit (2014 onwards) 

and first repeat imaging visit (2019 onwards). Study Three conducted both a cross-
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sectional and longitudinal analysis using data from the imaging visits. For the cross-

sectional analysis, data from UK Biobank participants who attended the assessment centre 

at instance 2 (2014 onwards) and who were aged 60 years and above were included. For 

the longitudinal analysis, data from participants who attended both instance 2 and instance 

3 (2019 onwards) and were aged 60 years and above at instance 2 were included. 

Chapter Summary 

This chapter gave an overview of the thesis structure, author contributions, and the 

rationale and aims of the research studies presented in Chapters Three to Five. The 

individual research studies are linked through their focus on the aims of the thesis: an 

integrated view of the macro- to micro-level factors implicated in social relationships and 

mental health, consideration of different parts of the lifespan, and investigation of sex 

differences. The datasets used in the thesis were also described to show their suitability to 

addressing the aims of the thesis. The following three chapters present the three empirical 

research in the thesis.  
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CHAPTER THREE: SOCIAL ENVIRONMENT AND BRAIN STRUCTURE IN 

ADOLESCENT MENTAL HEALTH: A CROSS-SECTIONAL STRUCTURAL 

EQUATION MODELLING STUDY USING IMAGEN DATA (STUDY ONE) 

 

This chapter contains Study One of the thesis. The published, open access version can be 

accessed using the link below. The version presented in the thesis has been reformatted for 

consistency and the discussion has been modified in line with comments from the 

examiners. 

 

Stepanous, J., Munford, L., Qualter, P., Banaschewski, T., Nees, F., Elliott, R., & the 

IMAGEN Consortium. (2023). Social environment and brain structure in 

adolescent mental health: A cross-sectional structural equation modelling study 

using IMAGEN data. PLOS ONE, 18(1), e0280062. 

https://doi.org/10.1371/journal.pone.0280062    

https://doi.org/10.1371/journal.pone.0280062
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Abstract 

Adolescent mental health is impacted by a myriad of factors, including the developing 

brain, socioeconomic conditions and changing social relationships. Studies to date have 

neglected investigating those factors simultaneously, despite evidence of their interacting 

effects and distinct profiles for males and females. The current study addressed that gap by 

applying structural equation modelling to IMAGEN data from adolescents aged 14 years (n 

= 1950). A multi-group model split by sex was tested with the variables of socioeconomic 

stress, family support, peer problems, and brain structure as predictors, and emotional 

symptoms as the main outcome. Findings indicated that, for both sexes, peer problems 

were positively associated with emotional symptoms, and socioeconomic stress was 

negatively associated with family support. Additionally, there were sex-specific findings 

within the full models: ventromedial prefrontal cortex grey matter volume was negatively 

associated with emotional symptoms for males when corrected for whole brain volume, 

and socioeconomic stress was negatively associated with whole brain volume for females. 

This study underscores the importance of the peer environment for early adolescent 

emotional symptoms in both boys and girls, but goes further to suggest distinct gender 

associations with socioeconomic factors and brain structure which provides a multi-level 

view of risk and resilience. Future research could exploit existing IMAGEN longitudinal 

data to strengthen causal claims and to determine the potential longstanding impact of 

social environment and brain development on adolescent mental health. 
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Introduction 

Adolescent mental health is influenced by a complex, dynamic interaction of biological 

and social factors. One such biological factor is the structure and development of the brain, 

which is rapidly maturing during adolescence and refining emotional regulation abilities 

(Mills et al., 2014, 2016). Those processes are embedded within an increasingly complex 

social environment, with adolescents becoming more sensitive to peer support and 

exclusion (Somerville, 2013). Encompassing these are wider socioeconomic factors that 

have a top-down effect on social relationships and biological processes (Conger & Conger, 

2002; Foulkes & Blakemore, 2018). Social and biological explanations independently 

provide different levels of explanation in understanding adolescent emotional symptoms, 

but it is clear that these levels interact to affect mental health risk and resilience (Whittle et 

al., 2014, 2017). This is further determined by sex differences in brain development 

(Goddings et al., 2014; Lenroot et al., 2007), family support (Cheng & Chan, 2004; Rueger 

et al., 2010), sensitivity to peer problems (Hoglund, 2007), and anxiety and depression 

symptoms (Altemus et al., 2014) resulting in different pathways to mental health risk and 

resilience according to sex. Therefore, there is a need to consider multiple levels of 

explanation to obtain a comprehensive view of adolescent mental health separately for 

males and females. This is important as retrospective reports show that half of all 

individuals experiencing adult mental health conditions showed symptoms by age 14 years 

(Kessler et al., 2007) and in the UK, 1 in 8 young people have at least one mental health 

problem (Sadler et al., 2018). Together, those studies show that early adolescence is a key 

period for individualised preventative measures and intervention. The current study 

provides insight into the role of both social and brain structure in adolescence for males 

and females separately, thus filling that gap in our understanding. 

Adolescence is a time of pronounced brain development, which coincides with advances in 

emotional and cognitive abilities. Maturation is not uniform across the brain; there is 

regional variation in structural brain development across adolescence. The developmental 

mismatch hypothesis posits that subcortical regions mature faster than cortical regions 

(Casey et al., 2008; Mills et al., 2014; Somerville et al., 2010). This pattern of development 

has been used to explain the high emotional salience of peer relationships in adolescence 

and the resultant effect on social behaviour (Lamblin et al., 2017; Somerville et al., 2010; 

Steinberg, 2005). Developmental mismatch has been shown in the amygdala and prefrontal 

cortex (PFC), with the amygdala increasing in volume from late childhood to late 

adolescence (age 16 years) before stabilising in the early 20s (Mills et al., 2014; Wierenga 

et al., 2014). On the other hand, PFC volume decreases steadily from early adolescence 
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into the early 20s (Mills et al., 2014). Furthermore, these broad growth trajectories have 

been found to be different according to sex. For females, amygdala volume has been found 

to peak in early puberty; for males it has been found to increase steadily through puberty 

(Goddings et al., 2014). Grey matter volume in frontal regions has also been found to peak 

earlier in females than males, and male brain structure has been found to change more 

during childhood and early adolescence compared to females (Lenroot et al., 2007). These 

dramatic changes in the adolescent brain have the potential to explain adolescence as a 

sensitive period for onset of mental health difficulties (Lamblin et al., 2017; Somerville et 

al., 2010; Steinberg, 2005). A systematic review looking at structural neuroimaging 

predictors of depression in childhood and adolescence found evidence for the role of 

reductions in prefrontal regions, however findings were not consistent. These 

inconsistencies were even more prevalent when looking other structures such as the 

amygdala (Toenders et al., 2019). One reason posited is due to a lack of consideration of 

sex differences in the studies. For example, one study found that onset of adolescent 

depression was associated with greater amygdala growth in females but attenuated growth 

in males between ages 12 and 16 years (Whittle et al., 2014). This reveals the importance 

of modelling brain development separately for males and females in adolescence, as 

distinct maturational profiles may be related to onset of mental health difficulties at this 

age. 

As well as the brain, the social environment undergoes rapid development in adolescence. 

Adolescents begin to engage in increasingly complex social behaviours and learn to 

navigate the adapting social landscape with peers and family. There is evidence that males 

and females have different perceptions of social support during adolescence, with females 

reporting higher levels of friend support compared to males (Cheng & Chan, 2004; Rueger 

et al., 2010). Within group, females reported receiving the most support from close friends, 

whilst males reported receiving the most support from parents and teachers (Rueger et al., 

2010). Despite such differences in perceptions, a meta-analysis found that, in terms of the 

effect of support on mental health, there are more sex similarities than differences: both 

peer and family support have a moderate protective effect against depressive symptoms for 

both males and females (Rueger et al., 2016). Altogether, these studies highlight the 

differences in perceptions of support between adolescent males and females, but also show 

that the beneficial mental health effects of support exist regardless of sex. In a similar vein, 

poor peer relationships and peer victimisation have been found to predict depressive 

symptoms during adolescence in longitudinal studies (Burke et al., 2017; Shin et al., 2016). 

Whilst it is debated whether there are sex differences in the amount of peer victimisation 
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(Hanish & Guerra, 2002), there is evidence that girls are more affected by relational 

victimisation than boys (Hoglund, 2007; Paquette & Underwood, 1999; Rose & Rudolph, 

2006). In addition, there is conflicting evidence regarding whether social support buffers 

against the negative effect of peer victimisation on mental health (Stadler et al., 2010; van 

Harmelen et al., 2016), or whether those forms of support protect against poor mental 

health independently of any buffering effect (Burke et al., 2017) including only female-

specific effects (Noret et al., 2020). Thus, it is important to clarify the pathways to 

understand how to target interventions to improve adolescent mental health. 

Social relationships are also embedded in wider contextual factors that can affect the 

availability and effectiveness of support. Low socioeconomic status (SES) has been widely 

cited as a predictor of adolescent mental health difficulties (Reiss, 2013; Wight et al., 

2006). One of the pathways for how SES affects mental health is through the effect on 

social relationships. SES has been found to negatively predict both emotional symptoms 

and peer problems in adolescence (Bøe et al., 2012). Additionally, SES affects the benefits 

of social support; the protective effect of social support against mental health difficulties 

has been found to be weaker in socioeconomic disadvantaged areas compared to 

advantaged areas (Wight et al., 2006). SES also affects adolescent mental health through 

lack of parental availability, increased family stress, and reduced family support (Bøe et 

al., 2012; Conger & Conger, 2002; Devenish et al., 2017; E. Goodman et al., 2005; Neppl 

et al., 2016). The existence of sex differences in the relationship between SES and mental 

health difficulties is debated, with a systematic review finding conflicting results (Reiss, 

2013). However, it could be argued socioeconomic status affects female mental health 

more than males due to their increased sensitivity to stress compared to males (E. 

Goodman et al., 2005). Therefore, it is important to disentangle the social pathways for 

how SES affects adolescent mental health, and whether females are more affected through 

the effects of stress.  

The social environment has a profound impact on brain development across adolescence, 

which shapes risk and resilience to mental health difficulties. Young people from low 

income families have steeper reductions in average cortical thickness between ages 4-20 

years compared to those from a high-income family (Piccolo et al., 2016). In terms of 

family support, higher frequency of positive maternal behaviours have been found to 

predict attenuated growth in the right amygdala and accelerated thinning in the 

ventromedial/orbitofrontal cortex across early adolescence (Whittle et al., 2014). Sex-

specific findings have been revealed, with neighbourhood socioeconomic disadvantage 

associated with greater volumetric increases in the amygdala from early to late adolescence 
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for males but not females (Whittle et al., 2017). Positive parenting also impacts the 

relationship between socioeconomic disadvantage on brain development of frontal regions, 

and family disadvantage affects development of the amygdala in males only (Whittle et al., 

2017). Taken together, it is clear that there is a nuanced relationship between sex, 

socioeconomic conditions, social relationships, and brain structure in mental health. The 

associations between socioeconomic stress, social relationships, brain structure, and mental 

health need to be examined for males and females separately, to determine whether there 

are distinct social and biological profiles for adolescent risk and resilience for males and 

females.  

The current study addresses this gap by simultaneously modelling socioeconomic stress, 

social relationships – family support and peer problems – and brain structure separately for 

males and females. This was achieved by applying structural equation modelling to a large 

dataset that contains rich information on adolescent development and mental health – the 

IMAGEN project (Schumann et al., 2010). Cross-sectional data were selected at age 14 

due to the importance of early adolescence in development of anxiety and depression 

symptoms (Kessler et al., 2007), and due to the availability of all variables of interest at 

this time point. We investigated the following: how social factors interact and are 

associated with emotional symptoms for males and females at age 14 years, whether family 

support buffers against any negative effect of peer problems on mental health, how 

regional brain structure is associated with emotional symptoms, and whether social factors 

affect regional brain structure to have a cascading effect on emotional symptoms. This 

provided insight into the link between the social environment and brain structure, and how 

this affects adolescent mental health for males and females. 

Hypotheses 

1) For social factors, peer problems and socioeconomic stress will positively predict 

emotional symptoms for both males and females at age 14 years. The effect size 

will be stronger for females compared to males due to the stronger negative effect 

of relational victimisation and stress on emotional symptoms. Socioeconomic stress 

will negatively predict family support, but there is no specific hypothesis about 

whether family support will directly predict emotional symptoms or not. In 

addition, no specific direction is predicted for the association between family 

support and peer problems, and thus whether family support mediates the 

relationship between peer problems and emotional symptoms. 
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2) There will be a significant association between amygdala and ventromedial 

prefrontal cortex (vmPFC) grey matter volume (GMV) and emotional symptoms, 

and this will be different between sex. Due to inconsistencies in the literature, no 

specific direction is predicted. 

3) Social factors will be associated with brain structure; there will be a significant 

association between socioeconomic stress and amygdala/vmPFC GMV. 

Amygdala/vmPFC GMV will mediate the relationship between socioeconomic 

stress and emotional symptoms, with sex-specific findings predicted. 
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Methods 

Data from the IMAGEN project were used. IMAGEN is a European multicentre study that 

contains biological, psychological, and environmental variables to assess development and 

behaviour in adolescence (Schumann et al., 2010). Four waves of data are available, with 

all participants the same age at each wave: baseline (age 14 years), follow-up 1 (age 16 

years), follow-up 2 (age 19 years) and follow-up 3 (age 21 years). The current analysis 

uses baseline cross-sectional data at age 14 years. 

Participants 

Participants were recruited from a diverse range of high schools across eight European 

sites (Dresden, Berlin, Mannheim, and Hamburg in Germany; London and Nottingham in 

the U.K.; Dublin in Ireland; and Paris in France). Only Caucasian participants were 

recruited for ethnic homogeneity in the genetic analysis. Written informed consent was 

obtained from all legal guardians. Local ethics research committees approved the study at 

each site, with specific information detailed in Appendix 1.01. 

Measures 

The main outcome measure was emotional symptoms. Models were split by sex at age 14 

years (male/female). Predictor variables included socioeconomic stress, family support, 

peer problems, and regional (amygdala and vmPFC) GMV. Separate latent variables were 

created for socioeconomic stress, family support, peer problems and emotional symptoms 

using the questionnaires and items presented in Table 3.1. 
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Table 3.1 

Information on the Items Used to Construct Latent Variables for Socioeconomic 

Stress, Family Support, Peer Problems and Emotional Symptoms 

Latent Variable Questionnaire Items Response Format 

Socioeconomic 
Stress 

Socioeconomic/Housing section of 
the Family Stresses Scale from the 
parent-reported DAWBA (R. 
Goodman et al., 2000) 

Do any of the following things 
currently make your family life 
stressful: 

• You or your partner are 
unemployed  

• Financial difficulties  

• Home inadequate for 
family’s needs  

• Problems with 
neighbours/ the 
neighbourhood  
 

Three-point Likert 
scale: 

• 0 = 
No/Does 
Not Apply 

• 1 = A little 

• 2 = A lot 

Family Support Affirmation section of the parent-
reported FLQ (Last et al., 2012) 

How well do these descriptions to 
(child’s name/your child’s life) in 
your family? 

• Gets love and affection 

• Praised and rewarded 

• Gets help and support 
when s/he’s stressed 

• Like and respected for 
who s/he is 
 

Four-point Likert 
scale: 

• 0 = Not at 
all 

• 1 = A little 

• 2 = A 
medium 
amount 

• 3 = A great 
deal 
 

Peer Problems Peer Relationship Problems section 
of the child-reported SDQ (R. 
Goodman, 1997) 

Please give your answers on the 
basis of how things have been for 
you over the last six months: 

• I am usually on my own. 
I generally play alone or 
keep to myself 

• I have one good friend or 
more (negative loading) 

• Other people my age 
generally like me 
(negative loading) 

• Other children or young 
people pick on me or 
bully me 

• I get on better with adults 
than with people my own 
age 
 

Three-point Likert 
scale:  

• 0 = Not 
True 

• 1 = 
Somewhat 
True 

• 2 = 
Certainly 
True 

Emotional 
Symptoms 

Emotional Symptoms section of the 
child-reported SDQ (R. Goodman, 
1997) 

Please give your answers on the 
basis of how things have been for 
you over the last six months: 

• I get a lot of headaches, 
stomach-aches or 
sickness 

• I worry a lot 

• I am often unhappy, 
down-hearted or tearful 

• I am nervous in new 
situations. I easily lose 
confidence 

• I have many fears, I am 
easily scared 
 

Three-point Likert 
scale:  

• 0 = Not 
True 

• 1 = 
Somewhat 
True 

• 2 = 
Certainly 
True 

Note. DAWBA = Development and Well-Being Assessment, FLQ = Family Life 

Questionnaire, SDQ = Strengths and Difficulties Questionnaire 
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Socioeconomic Stress 

Socioeconomic stress was measured by the parent-reported socioeconomic/housing section 

of the Family Stresses Scale from the parent-reported Development and Well-Being 

Assessment (DAWBA) (R. Goodman et al., 2000). Parents stated the degree to which 

unemployment, financial difficulties, home inadequacy, and neighbour problems made 

family life stressful, using a three-point Likert scale. 

Family Support 

Family support was measured using the affirmation section of the parent-reported Family 

Life Questionnaire (FLQ) (Last et al., 2012). Parents answered on a four-point Likert scale 

the degree to which their child gets love and affection, is praised and rewarded, etc.  

Peer Problems 

Peer problems were measured using the peer relationship problems section of the child-

reported SDQ (R. Goodman, 1997). Participants responded to items such as being alone, 

being liked by peers, and being bullied using a three-point Likert scale. 

Emotional Symptoms 

Emotional symptoms were measured using the emotional symptoms section of the child-

reported Strengths and Difficulties Questionnaire (SDQ) (R. Goodman, 1997). Participants 

noted the degree to which they had experienced various emotional symptoms such as 

somatic pains, worrying, and unhappiness in the last six months using a three-point Likert 

scale.  

Regional Grey Matter Volume  

Grey matter volume (GMV) of the amygdala and ventromedial prefrontal cortex (vmPFC) 

were regions of interest in the present study. Those regions were chosen due to their 

structural and functional significance in emotion and social relationships (Eisenberger, 

2013; Hiser & Koenigs, 2018; Kim et al., 2011) and to compare potential developmental 

mismatch of subcortical (i.e. amygdala) compared to cortical (i.e. vmPFC) regions in 

adolescent brain development (Mills et al., 2014).  

Structural MRI was performed on 3T scanners from different manufacturers (Schumann et 

al., 2010). A set of parameters was held constant across sites to address variations in 

image-acquisition techniques between scanners (Schumann et al., 2010). T1-weighted MR 

images were acquired using the magnetization prepared gradient echo sequence 

(MPRAGE) based on the Alzheimer’s Disease Neuroimaging Initiative (ADNI) protocol 
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(ADNI | MRI Scanner Protocols, n.d.; Schumann et al., 2010). More details of the MR 

scanning protocol is described in depth elsewhere (Schumann et al., 2010). T1-weighted 

images were processed using FreeSurfer 5.3.0 to automatically parcellate the brain, 

including regional GMV. Amygdala GMV comprised left and right amygdala GMV, and 

was extracted using the Aseg Atlas (Fischl et al., 2002). The vmPFC was defined as the 

combination of left and right medial orbitofrontal cortex GMV, in line with previous 

studies (e.g. (Powers et al., 2017)), and extracted using the Desikan-Killiany Atlas 

(Desikan et al., 2006). 

Both uncorrected regional GMV and whole brain volume (WBV) covariate corrected 

GMV were explored in separate models. The WBV correction is applied to control for 

differences in brain size, which affects regional GMV. WBV was chosen over intracranial 

volume, and the covariate method was chosen over the proportionate method, because they 

have been found to be more reliable correction methods in developmental samples (Mills 

et al., 2016). WBV was defined as the ‘BrainSegVolNotVent’ variable derived from 

FreeSurfer using the Aseg Atlas (Fischl et al., 2002). This variable contains the volume of 

all segmented brain regions including the cerebellum, but not including the ventricles, 

cerebrospinal fluid and dura (BrainVolume - Free Surfer Wiki, n.d.).  

Covariates 

Covariates in the models included psychiatric diagnosis, indicators for recruitment centre, 

and mean Pubertal Development Scale score.  Psychiatric diagnosis was a binary variable 

(Yes/No) determined from any DSM-IV or ICD-10 diagnosis from the DAWBA clinical 

rater, who made a diagnosis from the information provided in the DAWBA (Clinical 

Rating the Human Expertise at the Heart .Html, n.d.). Psychiatric diagnosis was added as a 

covariate to account for the potential effects on social, emotional, and neural measures. 

Recruitment centre was added as a covariate to control for potential variability in MR 

scanning (Schumann et al., 2010). Although the current sample are all aged 14 years, 

differences in pubertal status may affect factors such as brain development (Giedd et al., 

2006) and symptoms of anxiety and depression (Huerta & Brizuela-Gamiño, 2002). The 

Pubertal Development Scale (PDS) is a self-report measure of physical changes as a result 

of puberty, such as changes in height, body hair and skin, as well as male/female specific 

items (Carskadon & Acebo, 1993). Mean PDS scores were derived for males and females 

separately. Different items were available to males and females for the PDS items, such as 

facial hair for males and menarche for females, so these were specified accordingly. Only 

participants who answered all questions relevant to their sex had their mean score 
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calculated. Exogenous categorical variables were dummy coded when entered into the 

model (Error Messages Using Lavaan, n.d.), which included psychiatric diagnosis 

(reference category = no) and recruitment centre (reference category = Berlin).  

Analysis Strategy  

Out of the 2315 participants with data available for any variable of interest at age 14 years, 

1950 were used in the current analysis. The derivation of the sample is depicted in Figure 

3.1. Two participants were removed from the dataset due to data quality problems 

identified by IMAGEN. One twin sibling was removed from the dataset; the other twin 

was retained.  

The following structural equation modelling (SEM) assumptions were checked: no 

outliers, no missing data, and relative variances between variables (Kline, 2015). 

Multivariate normality is typically investigated, but the current analysis included ordinal-

level variables, thus weighted least squares mean- and variance-adjusted (WLSMV) 

estimation was used for all analyses instead of maximum likelihood (ML) estimation. 

WLSMV makes no assumptions about the distribution of the data and it uses diagonally 

weighted least squares (DWLS) to estimate the model parameters but uses the full weight 

matrix to calculate standard errors and a mean- and variance-adjusted test statistics (Li, 

2016; Rosseel, 2022). 

Univariate outliers – defined by the ‘rule of thumb’ of three standard deviations from the 

mean – were identified and removed from all neuroimaging variables to account for 

scanning inaccuracies and to ensure extreme values did not bias model findings. The 

number of outliers for each neuroimaging variable were as follows: WBV (n = 25), 

amygdala (n = 19), vmPFC (n = 21). Univariate and multivariate outliers were as follows: 

single variable (n = 21), WBV, amygdala and vmPFC (n = 4), amygdala and WBV (n = 3), 

vmPFC and WBV (n = 12), amygdala and vmPFC (n = 1). Multivariate outliers followed 

the same direction, i.e., if one value was three standard deviations below the mean, the 

other value also followed this.  

Then, participants with complete data available in all variables used in the model were then 

retained for the analysis, so that there was no missing data. Ninety-six cases had data 

missing in the following measures: missing parent-reported data (e.g. socioeconomic stress 

and family support), non-completion of the Pubertal Development Scale, missing SDQ 

items, and missing psychiatric diagnosis information. The final sample consisted of 1950 
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participants. The reason for using complete data was to allow models to be run on the same 

data and to allow for model comparison. 

In terms of relative variances between variables, amygdala GMV, vmPFC GMV and WBV 

were found to have variances over 1000 times larger than other variables in the model. 

This may be problematic as variables with large variances also have comparatively larger 

residual values, which means that more emphasis is placed on the larger-variance variables 

as the estimator calculates the parameters for the best-fitting model (Lavaan WARNING: 

Some Observed Variances Are (at Least) a Factor 1000 Times Larger than Others, n.d.). 

To address this, amygdala and vmPFC GMV values were divided by 1000, and WBV was 

divided by 1000000, so that the values were closer in magnitude to other variables in the 

model. 

Figure 3.1 

Flow Chart Showing the Derivation of the Sample Used for the Analysis  
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Next, measurement invariance analysis and structural equation modelling were conducted, 

with detailed information provided in the respective sections below. Analyses were 

conducted using the lavaan package (version 0.6-8) (Rosseel, 2012) in R (version 3.6.3) (R 

Core Team, 2012). Measurement invariance analysis also used the measEq.syntax function 

in the semTools package (version 0.5-3) (Jorgensen et al., 2021). As mentioned previously, 

WLSMV estimation was used for all analyses. Model fit was assessed by the robust chi-

square (χ2) fit statistic, robust root mean squared error of approximation (RMSEA) with 

90% confidence interval and robust comparative fit index (CFI). Rules of thumb were used 

to assess model fit: robust χ2 p-value > 0.05, robust RMSEA < 0.05 and robust CFI > 0.95 

(Kline, 2015) and were used as a guide rather than as strict rules. A statistically significant 

chi-square value is common in models with large sample sizes because there is strong 

statistical power to detect small differences (Kline, 2015). Therefore, less emphasis was 

placed on this statistic. 

Measurement Invariance 

Measurement invariance tests were conducted for all latent variables to assess whether the 

same constructs were measured for each sex. A multi-group confirmatory factor analysis 

was used to test sex invariance of parent-reported ‘family support’ and ‘socioeconomic 

stress’, and child-reported ‘peer problems’ and ‘emotional symptoms’ at age 14 years.  

First, the configural model specified the structural model of the latent variables, and freely 

estimated the item loadings, thresholds, and residual covariance. The latent and item 

variables’ means/intercepts were fixed to 0 and variance fixed to 1 for model identification 

(Wu & Estabrook, 2016). The following constraints were then tested in sequential models: 

sex equivalence of item thresholds, factor loadings (metric invariance), item intercepts 

(scalar invariance) and residual variances (strict invariance) (Wu & Estabrook, 2016).   

Equivalence of item thresholds refer to whether the boundaries between ordinal responses 

of an item are similar between groups. In the threshold invariance model, item thresholds 

are fixed to equality between groups and model fit is compared to the configural model. In 

order to do this, at least three degrees of freedom are required, which refers to four ordinal 

response categories per item (Wu & Estabrook, 2016). This was able to be done for the 

family support model, however, for the socioeconomic stress, peer problems and emotional 

symptoms models, items only had three response categories, therefore the fit of the 

threshold invariance model was equivalent to the configural model due to limited degrees 

of freedom. For this reason, threshold invariance was assumed between sex for the 



53 

 

socioeconomic stress, peer problems and emotional symptoms models, and this model was 

considered the baseline model (Wu & Estabrook, 2016). As with the configural model, the 

threshold model fixed the latent variables’ means/intercepts to 0 and variances to 1 for 

model identification; all item thresholds were fixed to equality between sex. Those 

threshold restrictions allowed unnecessary identification restraints to be freed; only the 

reference group (female) required the item intercepts fixed to 0 and variances fixed to 1 

whilst the male parameters were freely estimated (Wu & Estabrook, 2016).  

Comparative model fit was assessed by comparing the fit of nested, adjacent models 

through changes in fit statistics  (changes in CFI values ≥0.01 and RMSEA values of 

≥0.015 indicate poorer fit) (Chen et al., 2008) and the scaled robust chi-square difference 

test statistic (significant difference indicates significantly poorer fit between models). If 

there were significant changes in fit, partial invariance was tested by investigating the 

modification indices to determine which parameter to free if it was theoretically justified. 

The adjusted model was than compared to the previous best-fitting model, and parameters 

were sequentially freed until good model fit was achieved. Individual item loadings were 

inspected in each CFA model. Standardised loadings at least 0.5 have practical 

significance (Hair et al., 2010), which was implemented as a general rule of thumb. To 

assess changes in model fit without low loading items, a separate model was tested which 

constrained the low loading item path to zero. Chi-square difference tests were conducted 

and differences in fit statistics, particularly CFI value, compared to determine the best 

fitting model. Significant differences in chi-square values favours the model with 

additional parameters and a higher CFI value indicates a better fitting model (Comparing 

Non-Nested CFA Models with Estimator WLSMV (DWLS), n.d.). For comparison of factor 

means to be valid, equivalence of thresholds, loadings, and intercepts – also known as 

strong invariance – must be established at a minimum.  

Structural Equation Modelling 

Multi-group structural equation modelling (SEM) was used, with the analysis split by sex. 

A cross-sectional model of the effect of family support, peer problems, socioeconomic 

stress, and structural MRI measures on emotional symptoms was used (Figure 3.2). Model 

1 contained hypothesised relationships with the uncorrected volumes for amygdala and 

vmPFC grey matter volume. Model 2 included WBV into the model. WBV was specified 

as a predictor of amygdala and vmPFC GMV to control for differences in brain size. 

Furthermore, WBV was specified as a predictor of emotional symptoms, and predicted by 

socioeconomic stress, family support and peer problems. This was to interrogate whether 
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regional GMV associations in the model were indeed related to regional GMV or whether 

it was confounded by WBV. In both models, peer problems as a predictor of family 

support were tested to investigate the potential buffering effect of family support for peer 

problems and emotional symptoms. If there were a significant association between these 

variables, the buffering effect would be formally tested through a mediation analysis, with 

peer problems as the predictor, emotional symptoms as the outcome and family support as 

the mediator. 

First, model fit was assessed for each model individually. Then, to allow for model 

comparison, model 1 was nested within model 2 by fixing paths not present in the model 

(i.e., those including WBV) to zero. Nested models were compared using chi-square 

difference tests and comparing improvements in other fit statistics, such as CFI values 

(Comparing Non-Nested CFA Models with Estimator WLSMV (DWLS), n.d.).  
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Figure 3.2  

Path Diagrams of the Structural Equation Models Tested 

 

Note. vmPFC = ventromedial prefrontal cortex. Single-headed arrows show the hypothesised direction of the relationship. Double-headed arrows show 

covariance. Latent variables are presented in circles; observed variables are in squares. Separate models were run for males and females. Covariates and 

indicator variables for the latent variables are not shown for simplicity.  
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Results 

Descriptive Statistics 

Descriptive statistics for the continuous variables in the sample with complete data are 

shown in Table 3.2. There were slightly more females (n = 1001) than males (n = 949) in 

the sample, however this difference was not significant (χ2 = 1.387, df = 1, p = 0.239). The 

mean Pubertal Development Score was significantly greater for females compared to 

males. As expected, whole brain volume, amygdala and vmPFC GMV were significantly 

larger on average in males compared to females. Furthermore, amygdala and vmPFC GMV 

had a larger standard deviation in males compared to females.
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Table 3.2  

Descriptive Statistics for the Continuous Variables in the Sample with Complete Data, Separately for Males and Females (n = 1950) 

 
Males (n = 949) Females (n = 1001) 

Sex difference Welch 
Two Sample t-test 

Variable Mean (SD) Min Max Skew Kurtosis Mean (SD) Min Max Skew Kurtosis t (df) 

Mean PDS 
Score 

2.60  
(0.53) 

1.0 4.0 -0.48 0.13 3.19  
(0.43) 

1.4 4.0 -0.83 1.03 27.102 (1820.9)*** 

WBV  
(mm3) 

1230047.60 
(107322.70) 

797281.0 1528026.0 -0.57 1.38 1108494.43 
(93532.08) 

789834.0 1468714.0 -0.09 0.40 -26.603 (1880.5)*** 

Amygdala 
(mm3) 

3739.11  
(437.80) 

2105.7 5036.4 -0.11 0.14 3381.47  
(414.38) 

2136.4 4992.8 0.15 0.05 -18.505 (1925.5)*** 

vmPFC 
(mm3) 

11875.98  
(1451.97) 

6560.0 16035.0 -0.18 0.30 10840.78 
(1297.87) 

6887.0 15467.0 0.09 0.01 -16.567 (1896.5)*** 

Note. *** = means are statistically significantly different between sex, p < .001. PDS = Pubertal Development Scale, vmPFC = ventromedial prefrontal 

cortex, WBV = whole brain volume  
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Responses to categorical and ordinal-level items are detailed in Table 3.3. A higher 

proportion of females had a psychiatric diagnosis compared to males (χ2 = 5.945, df = 1, p 

= 0.015). Recruitment was fairly distributed; Dublin had a smaller proportion and 

Nottingham had a larger proportion of the sample, but this was the same for both sexes (χ2 

= 5.528, df = 7, p = 0.596). Most parents positively affirmed family support items. 

However, for the item “Liked and respected for who s/he is”, there was a significant sex 

difference (χ2 = 9.018, df = 3, p = 0.029). Parents of male adolescents were more likely to 

respond “A medium amount” (post-hoc residual = 2.994, p = 0.022) and less likely to 

respond “A great deal” (post-hoc residual = -2.811, p = 0.040) compared to parents of 

female adolescents. There were sex differences in responses to all emotional symptoms 

items (all χ2 ≥ 78.436, df = 2, ps < 0.001); males were more likely to answer “Not true” 

and less likely to answer “Somewhat True” and “Certainly True” (all post-hoc residuals ≥ 

±2.983, ps ≤ 0.017) compared to females. Peer problems responses were mostly similar 

across both sexes, although the item “I have one good friend or more” was different 

between sex (χ2 = 10.970, df = 2, p = 0.004), with males more likely to answer “Somewhat 

True” (post-hoc residual = 2.877, p = 0.024) and less likely to answer “Certainly True” 

(post-hoc residual = -3.290, p = 0.006) compared to females. Most parents responded 

“No/Does not apply” to socioeconomic stress items and the distribution was similar 

between sexes (all χ2 ≤ 4.459, df = 2, ps ≥ 0.108). 
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Table 3.3  

Count Data for the Categorical and Ordinal Variables Separately for Males and Females, Expressed as Both Frequency and Row Percentage 

 Males (n = 949) Females (n = 1001) 

Variables Response Options Response Options 

Psychiatric Diagnosis Yes No   Yes No   

 105 (11.06%) 844 (88.94%)   149 (14.89%) 852 (85.11%)   

Recruitment Centre Berlin Dresden Dublin Hamburg Berlin Dresden Dublin Hamburg 

 114 (12.01%) 124 (13.07%) 94 (9.91%) 111 
(11.70%) 

132 (13.19%) 120 (11.99%) 87 (8.69%) 134 
(13.39%) 

 London Mannheim Nottingham Paris London Mannheim Nottingham Paris 

 109 (11.49%) 100 (10.54%) 171 (18.02%) 126 
(13.28%) 

130 (12.99%) 114 (11.39%) 161 (16.08%) 123 
(12.29%) 

Family Support Indicators  Not at all A little A medium 
amount 

A great deal Not at all A little A medium 
amount 

A great deal 

Gets love and affection 1 (0.11%) 71 (7.48%) 382 (40.25%) 495 
(52.16%) 

1 (0.10%) 68 (6.79%) 390 (38.96%) 542 
(54.15%) 

Praised and rewarded 1 (0.11%) 18 (1.90%) 175 (18.44%) 755 
(79.56%) 

2 (0.20%) 17 (1.70%) 160 (15.98%) 822 
(82.12%) 

Gets help and support when s/he’s stressed 5 (0.53%) 34 (3.58%) 198 (20.86%) 712 
(75.03%) 

6 (0.60%) 32 (3.20%) 183 (18.28%) 780 
(77.92%) 

Liked and respected for who s/he is 2 (0.21%) 21 (2.21%) 149 (15.70%) 777 
(81.88%) 

2 (0.20%) 22 (2.20%) 111 (11.09%) 866 
(86.51%) 

Emotional Symptoms Indicators  Not true Somewhat 
true 

Certainly true  Not true Somewhat 
true 

Certainly true  

I get a lot of headaches, stomach-aches or sickness 686 (72.29%) 211 (22.23%) 52 (5.48%)  529 (52.85%) 382 (38.16%) 90 (8.99%)  

I worry a lot 461 (48.58%) 384 (40.46%) 104 (10.96%)  284 (28.37%) 484 (48.35%) 233 (23.28%)  
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I am often unhappy, down-hearted or tearful 787 (82.93%) 139 (14.65%) 23 (2.42%)  605 (60.44%) 330 (32.97%) 66 (6.59%)  

I am nervous in new situations. I easily lose confidence 507 (53.42%) 345 (36.35%) 97 (10.22%)  338 (33.77%) 466 (46.55%) 197 (19.68%)  

I have many fears, I am easily scared 746 (78.61%) 185 (19.49%) 18 (1.90%)  598 (59.74%) 343 (34.27%) 60 (5.99%)  

Peer Problems Indicators  Not true Somewhat 
true 

Certainly true  Not true Somewhat 
true 

Certainly true  

I am usually on my own. I generally play alone or keep 
to myself 

552 (58.17%) 321 (33.83%) 76 (8.01%)  609 (60.84%) 334 (33.37%) 58 (5.79%)  

I have one good friend or more (negative loading) 16 (1.69%) 91 (9.59%) 842 (88.72%)  9 (0.90%) 61 (6.09%) 931 (93.01%)  

Other people my age generally like me (negative 
loading) 

44 (4.64%) 432 (45.52%) 473 (49.84%)  40 (4.00%) 463 (46.25%) 498 (49.75%)  

Other children or young people pick on me or bully me 778 (81.98%) 138 (14.54%) 33 (3.48%)  852 (85.11%) 122 (12.19%) 27 (2.70%)  

I get on better with adults than with people my own age 540 (56.90%) 348 (36.67%) 61 (6.43%)  596 (59.54%) 342 (34.17%) 63 (6.29%)  

Socioeconomic Stress Indicators  No/Does not 
apply 

A little A lot  No/Does not 
apply 

A little A lot  

You or your partner are unemployed 861 (90.73%) 56 (5.90%) 32 (3.37%)  889 (88.81%) 79 (7.89%) 33 (3.30%)  

Financial difficulties 642 (67.65%) 248 (26.13%) 59 (6.22%)  665 (66.43%) 273 (27.27%) 63 (6.29%)  

Home inadequate for family’s needs 854 (89.99%) 75 (7.90%) 20 (2.11%)  891 (89.01%) 98 (9.79%) 12 (1.20%)  

Problems with neighbours/ the neighbourhood 891 (93.89%) 54 (5.69%) 4 (0.42%)  950 (94.91%) 43 (4.30%) 8 (0.80%)  
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Measurement Invariance 

Strict measurement invariance was achieved for parent-reported socioeconomic stress and 

family support, as well as child-reported peer problems and emotional symptoms. This 

showed that the same construct was being measured between sex and it allowed 

comparison of latent mean values between sex. Full results for the measurement invariance 

analysis are presented in Appendix 1.02 and 1.03. There was no significant difference in 

the latent mean values between sex for socioeconomic stress (estimate = 0.040, SE = 

0.075, p = 0.595) or family support (estimate = -0.083, SE = 0.066, p = 0.205). The mean 

value for males was larger for peer problems (estimate = 0.136, SE = 0.065, p = 0.036) and 

smaller for emotional symptoms compared to females (estimate = -0.926, SE = 0.075, p < 

0.001). There were some items with low standardised loadings (< 0.50) for both sexes in 

the measurement invariance models – ‘problems with neighbours/neighbourhood’ for 

socioeconomic stress and ‘I get a lot of headaches, stomach-aches or sickness’ for 

emotional symptoms. Fixing the loadings of these items to zero in a separate models 

resulted in significantly worse model fit (socioeconomic stress: Δχ2 = 28.561, Δdf = 1, p < 

0.001; emotional symptoms: (Δχ2 = 216.89, Δdf = 1, p < 0.001), therefore these items were 

retained in the model. Additional information on the potential impact of the number of 

non-zero data points for the socioeconomic stress latent variable is described in Appendix 

1.02. 

Structural Equation Modelling 

First, model 1 was assessed independently and this was an adequate fit to the data (robust 

χ2 = 986.381, p-value < 0.001, robust RMSEA = 0.026 [0.023, 0.029], robust CFI = 0.924). 

For both females and males, peer problems were a positive predictor of emotional 

symptoms (males β = 0.622, p <.001; females β = 0.495, p <.001), socioeconomic stress 

was a negative predictor of family support (males β = -0.187, p <.001; females β = -0.342, 

p <.001). Furthermore, there was evidence for sex-specific findings. For females, 

socioeconomic stress was a negative predictor of vmPFC GMV (β = -0.124, p = 0.008) and 

for males, socioeconomic stress was a negative predictor of emotional symptoms (β = -

0.115, p = 0.046) and amygdala GMV (β = -0.098, p = 0.033). Furthermore, there was 

significant covariance between amygdala and vmPFC GMV (males β = 0.303, p < 0.001; 

females β = 0.333, p < 0.001). Other relationships of interest were not statistically 

significant.  
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Next, model 1 was nested within model 2, which resulted in a poor fit to the data (see 

Table 3.4). Model 2 was a comparatively better fit in terms of the chi-square difference 

test and improvement in CFI value. The CFI value was just below the standard criteria of 

0.95 and the chi-square value was significant, indicating sub-optimal fit. However, the 

latter is common in models with large sample sizes (Kline, 2015).  

 

Table 3.4  

Robust Fit Statistics for the Nested Models, including Chi-Square Statistic, df, Chi-Square 

Difference Tests, CFI and RMSEA with 90% CI (n = 1950) 

Model χ2  df p Δχ2  Δdf p CFI RMSEA [90% CI] 

1 1925.773 656 <.001 - - - 0.777 0.045 [0.042, 0.047] 

2 1015.382 626 <.001 557.12 30 <.001 0.932 0.025 [0.022, 0.028] 

 

Statistics for the associations of interest for models 1 and 2 are depicted in Figure 3.3 for 

males, and Figure 3.4 for females. For the full regression statistics, see Appendix 1.04 for 

model 1 and Appendix 1.05 for model 2. In model 2, the associations between peer 

problems and emotional symptoms, and socioeconomic stress and family support, 

remained statistically significant for both males and females. Socioeconomic stress was 

again found to be a negative predictor of emotional symptoms in males only. However, the 

sex-specific associations between socioeconomic stress and amygdala/vmPFC GMV were 

non-significant in this model. Instead, after accounting for the strong association between 

WBV and regional GMV, for males vmPFC GMV was a negative predictor of emotional 

symptoms (β = -0.138, p = 0.022) and, for females, socioeconomic stress was found to 

negatively predict WBV (β = -0.127, p = 0.007). In all models, peer problems were not a 

significant predictor of family support in neither males nor females, therefore a mediation 

analysis was not conducted.
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Figure 3.3  

Results for Models 1 and 2 for the Male Sample 

 

Note. vmPFC = ventromedial prefrontal cortex. *** = p < .001, ** = p < .01, * = p < .05. Estimates are unstandardised path coefficients (standardised in 

parentheses). Amygdala and vmPFC values were divided by 1,000, and whole brain volume was divided by 1,000,000, so that the values were closer in 

magnitude to other variables in the model.
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Figure 3.4  

Results for Models 1 and 2 for the Female Sample  

 

Note. vmPFC = ventromedial prefrontal cortex. *** = p < .001, ** = p < .01, * = p < .05. Estimates are unstandardised path coefficients (standardised in 

parentheses). Amygdala and vmPFC values were divided by 1,000, and whole brain volume was divided by 1,000,000, so that the values were closer in 

magnitude to other variables in the model.
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Testing Sex Differences 

In model 2, there was no significant difference in model fit when coefficients were 

constrained to equality by sex for peer problems as a predictor of emotional symptoms 

(χ2 = 2.284, df = 1, p = 0.131) and for socioeconomic stress as a predictor of family support 

(χ2 = 2.675, df = 1, p = 0.102) which suggests no sex differences in the magnitude of the 

relationships.  

Sensitivity Analysis 

Parental education. 

To check the validity of the latent variable of socioeconomic stress, we investigated 

whether it was predicted by a more objective marker of socioeconomic status - parental 

education. The addition of parental education to the model also allowed us to test whether 

the significant associations found related to socioeconomic stress were explained by 

parental education. 

Parental education was added into model 2 as a predictor of: socioeconomic stress, 

emotional symptoms, family support, peer problems, WBV, amygdala GMV and vmPFC 

GMV. We hypothesised that parental education would be negatively associated with 

socioeconomic stress. We also predicted that the associations of interest would remain 

statistically significant as in model 2 with the addition of parental education. 

Parental education was comprised of both mother’s and father’s highest education (8-point 

scale, 1 = Professional qualification e.g., PhD, MD, Master’s, 8 = None) and the data were 

present for most participants in the sample (n = 1938). Values were reverse-scored and 

summed for both mother and father so that a higher score indicated higher combined 

educational achievement.   

The model was a good fit to the data: robust χ2 = 1019.611, p-value < 0.001, robust CFI = 

0.934, robust RMSEA = 0.024 [0.021, 0.027]. Regression results are found in Appendix 

1.06. 

As predicted, higher parental education was associated with lower socioeconomic stress 

(male/female β = -0.250/-0.241, p < 0.001), which provides evidence for the validity of 

socioeconomic stress.  

The other main findings are as follows: 
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• Peer problems positively predicted emotional symptoms for males (β = 0.623, p < 

0.001) and females (β = 0.494, p < 0.001). Parental education did not predict 

emotional symptoms for either sex. 

• Socioeconomic stress negatively predicted family support for males (β = -0.177, p 

= 0.001) and females (β = -0.314, p < 0.001). Parental education positively 

predicted family support for females only (β = 0.118, p = 0.010). 

• For females, socioeconomic stress negatively predicted whole brain volume (β = -

0.105, p = 0.027). Parental education positively predicted whole brain volume for 

both males (β = 0.148, p < 0.001) and females (β = 0.109, p = 0.002). 

• For males, vmPFC GMV negatively predicted emotional symptoms (β = -0.139, p 

= 0.019). Parental education did not predict vmPFC GMV. 

• However, for males, socioeconomic stress no longer significantly predicted 

emotional symptoms (β = -0.105, p = 0.071). 

The findings remained largely the same, which suggests that these effects are not due to the 

confounding effects of parental education. The only significant difference in results is that 

socioeconomic stress was no longer a statistically significant negative predictor of 

emotional symptoms for males.  

Psychiatric diagnosis. 

Psychiatric diagnosis was included as a covariate in the study, but sex biases in the 

frequencies of psychiatric disorders may have influenced the findings. The distribution of 

psychiatric diagnoses by sex are presented in Appendix 1.07. There were more males with 

an Attention Deficit Hyperactivity Disorder/Autism diagnosis than females, and more 

females with a mood or anxiety disorder compared to males. Information on main 

diagnosis was not available, so investigating the effect of dummy-coded diagnoses in the 

same model resulted in model non-convergence due to multi-collinearity of comorbid 

diagnoses. Instead, we ran two additional models: one that excluded participants with any 

psychiatric diagnosis (see Appendix 1.08 for regression output) and one that only 

investigated mood or anxiety disorder diagnosis instead of any psychiatric diagnosis (see 

Appendix 1.09), due to their high likelihood of comorbidity and given the focus on 

emotional symptoms in the current study.  

Both models showed good fit to the data. For the psychiatric diagnosis excluded model in 

Appendix 1.08, there were zero responses for males for the “Not True” option for the 

“Gets love and affection” item in the Family Life Questionnaire, therefore the responses to 

“Not True” and “Somewhat True” were merged in this model. In both models, main 
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associations of interest found in previous models remained statistically significant. 

Additionally, family support was negatively associated with emotional symptoms in 

females only in both models.
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Discussion 

The current study aimed to explore a multidisciplinary perspective of the influence of 

social factors and brain structure on emotional symptoms in early adolescence. The results 

indicated that, for both males and females, peer problems were positively associated with 

emotional symptoms, and socioeconomic stress was negatively associated with family 

support at age 14 years. Additionally, sex differences were observed: for males, vmPFC 

GMV was negatively associated with emotional symptoms, and, for females, 

socioeconomic stress was negatively associated with WBV. However, socioeconomic 

stress and family support were not associated with regional brain structure or emotional 

symptoms. Family support was negatively associated with emotional symptoms in females 

only in the sensitivity analysis, where models either did not include participants with a 

psychiatric diagnosis or only included participants with mood or anxiety disorders. Peer 

problems were not a significant predictor of family support: family support did not mediate 

the relationship between peer problems and emotional symptoms.  

Peer problems were a positive predictor of emotional symptoms. Subsequent analyses 

found that the strength of this relationship was similar for both males and females (see 

Results sub-section ‘Testing sex differences’), which underscores the importance of peer 

relationships for mental health at this age for both sexes. The finding, in line with previous 

research, showed peer exclusion and victimisation have a deleterious impact on adolescent 

mental health (Burke et al., 2017; Shin et al., 2016). Furthermore, this finding is related to 

the notion that good peer relationships are important in adolescence, and any threats to 

them affect mental health (Rueger et al., 2016; Somerville, 2013). Previous research 

suggested that female mental health may be more affected by relational victimisation than 

male mental health (Hoglund, 2007; Paquette & Underwood, 1999; Rose & Rudolph, 

2006), although the current study found that peer problems have a similar negative effect 

on both male and female adolescent mental health. This may be due to different 

conceptualisations of relational victimisation and peer problems. Bullying and 

victimisation was only one component of the latent variable of ‘peer problems’ in the 

current study; additional components included preference for being alone, having one good 

friend or more, etc. Therefore, peer problems were more broadly defined, and reflected 

issues with exclusion or disconnection along with victimisation. However, measurement 

invariance tests confirmed conceptual equivalence of peer problems between sexes, so this 

supports the idea that peer problems at its core affects mental health similarly for males 

and females at this age. 
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In addition, socioeconomic stress was a negative predictor of family support, even when 

parental education was factored into the model. This supports the Family Stress Model, 

which posits that socioeconomic difficulties result in decreased parental availability and 

support for their children (Bøe et al., 2012; Conger & Conger, 2002; Devenish et al., 2017; 

E. Goodman et al., 2005; Neppl et al., 2016). Initially in the WBV-included model, 

socioeconomic stress was a negative predictor of emotional symptoms in males, however 

this finding was non-significant when parental education was added into the model as part 

of the sensitivity analysis. Therefore, the relationship could be partly explained by parental 

education, which reflects parental status or resources. Interestingly, parental education was 

significantly positively associated with family support for females only. This suggests that 

parental education may be associated with support specific to gender-differentiated 

parenting practices. A meta-analysis found that parents used more autonomy-supportive 

strategies – which includes affirmation as used in the current study – towards girls rather 

than boys when looking at studies from the 1990s onwards. Before the 1990s, the effect 

was found in boys instead, which reflects cultural changes in parenting practices, and 

shows how notions of support are dependent on cultural norms (Endendijk et al., 2016). 

Socioeconomic stress and parental education were not directly associated with emotional 

symptoms for males and females. This was unexpected given the wealth of research 

linking low socioeconomic status with poor adolescent mental health for both males and 

females (Reiss, 2013; Wight et al., 2006). Because the current study uses cross-sectional 

data, we are unable to determine the temporality of socioeconomic factors and family 

support, and possible sex differences. Future longitudinal analyses will be able to untangle 

these relationships and whether there is an effect on adolescent emotional symptoms.  

Smaller vmPFC GMV, after correcting for WBV, was associated with greater emotional 

symptoms for males only at this age. Previous cross-sectional analyses found that onset of 

adolescent depression was associated with reduced volume of frontal regions, including the 

orbitofrontal cortex, which was used as the definition of the vmPFC in the current study 

(Schmaal et al., 2017). For males, the amygdala and vmPFC has a delayed maturational 

path compared to females (Goddings et al., 2014; Lenroot et al., 2007). A smaller vmPFC 

volume may reflect maturational delays compared to other males, which reflects an 

attenuated ability for frontal regions to downregulate subcortical regions, leading to 

increased emotional distress. However, due to the cross-sectional nature of our study, the 

maturational pattern of regions cannot be established, and those conclusions are tentative. 

This finding reveals the impact of absolute regional differences for male adolescents, but 
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that does not tell us whether the region has matured or is still maturing for a particular 

person.  

Another sex-specific finding was that socioeconomic stress was negatively associated with 

WBV in females only. Previous research has indicated that objective measures of 

socioeconomic status, such as family income, occupation, and education, are associated 

with WBV and total brain surface area (Marcus Jenkins et al., 2013; McDermott et al., 

2019; Noble et al., 2015). The current study also found that parental education predicted 

WBV in both males and females, but this study goes further to show that stress from 

socioeconomic conditions affect WBV, which is in line with studies reporting the 

deleterious effect of stress on the developing brain (Luby et al., 2013), and that has a 

stronger effect on females, which may be due to their increased sensitivity to stress 

compared to males (E. Goodman et al., 2005). Further research should clarify whether 

socioeconomic stress has a distributed effect on the female brain, or whether specific 

regions are impacted, and whether this affects other cognitive or emotional symptoms. 

Family support did not directly influence emotional symptoms in models that controlled 

for any psychiatric diagnosis, nor did it mediate the effect of peer problems on emotional 

symptoms in any model. In the sensitivity analysis, models that either did not include 

participants with a psychiatric diagnosis or only included participants with mood or anxiety 

disorders found that family support was negatively associated with emotional symptoms in 

females only. This suggests that the link between family support and emotional symptoms 

in females was previously obscured by the inclusion of participants who had psychiatric 

diagnoses other than mood or anxiety disorders. These findings contradict previous 

research that found that, similarly for both sexes, family support independently predicts 

mental health outcomes (Burke et al., 2017) and buffers against the effect of peer problems 

on mental health (Stadler et al., 2010; van Harmelen et al., 2016). Females may be more 

sensitive to general family support, or it may be that the type of support needs to be 

targeted to the problem for it to have an effect. Successful social support has been found to 

depend on the source, type, and timing of the support (Sippel et al., 2015), suggesting that 

general measures of family support may not be sensitive to determine a buffering effect for 

both sexes. In addition, previous studies measured adolescent perceptions of family 

support rather than parent perceptions as was the case in the current study. Parent reports 

may be biased because they may only report positive characteristics due to social 

desirability. This is congruent with the data, as many of the family support items were 

positively affirmed by the majority of parents. To test the buffering hypothesis further, 

future research should conduct a moderation analysis to test whether the association 
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between peer problems and emotional symptoms differed according to different levels of 

family support. 

We found no association between amygdala and vmPFC GMV, and family support, peer 

problems, or socioeconomic stress in the best-fitting model. The amygdala and vmPFC 

were chosen as regions of interest due to their involvement in emotional regulation (Kim et 

al., 2011) and their distinct maturational profiles across adolescence (Mills et al., 2014). 

The measures used or the design employed in the current study may not be able to uncover 

the effect of the social environment on the developing brain. The current data only 

provides a snapshot of the peer and family dynamics within an adolescent’s life; 

investigating changes over time may be more fitting to the protracted process of brain 

development. In addition, the current study highlights the importance of WBV correction 

when investigating regional brain differences. Socioeconomic stress was associated with 

amygdala GMV in males and vmPFC GMV in females when uncorrected for WBV, 

however this association was attenuated and not statistically significant when WBV was 

included as a covariate and a predictor in separate models.  

Strengths and Limitations 

One of the strengths of the current study is the use of a model with a multidisciplinary 

perspective that was tested in a large dataset. That allowed the investigation of three 

frames of reference: socioeconomic conditions, social relationships, and brain structure, 

providing an integrated view of adolescent mental health (Foulkes & Blakemore, 2018). 

The large sample size ensured that the study had the statistical power to detect robust 

effects that are less likely to be spurious (Wolf et al., 2013). Another strength is the use of 

analytic techniques such as measurement invariance and SEM. Establishing measurement 

invariance allowed us to formally specify that the same latent variables were measured 

between sex and that differences are not simply due to measurement error (Putnick & 

Bornstein, 2016). SEM which allows simultaneously modelling of complex relationships 

between variables (Stein et al., 2012). Considering factors in isolation may lead to a 

significant result, but this may be influenced by interactions with other factors when 

included in the model. Therefore, simultaneous modelling allowed us to determine the 

relative strength of effects in the presence of other variables, strengthening the validity of 

the results. 

Limitations of the study include the lack of child-reported measures for family support. 

Perceptions of support are strongly associated with mental health outcomes, even if there is 
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a weak association with objective indicators of support (Haber et al., 2007). Therefore, 

parents may report supportive behaviours, but it may not be perceived as supportive or 

helpful to the adolescent. Indeed, other measures of parent and child reports of family 

support have found discrepancies.  Correlations between parent and child reports of parent 

support are weak (Gaylord et al., 2003), with parents reporting themselves to be more 

supportive compared to child reports (Guion et al., 2009). Importantly, adolescents who 

reported poorer parent practices compared to parents were at higher risk of internalising 

symptoms (Guion et al., 2009); this discrepancy therefore reveals information about the 

adult-child relationship that has implications for mental health. Unfortunately, the Family 

Life Questionnaire in the current study is parent-reported only, and other measures of 

child-reported family support were not available in the IMAGEN dataset, so this could not 

be explored in the current study. Future studies should aim to assess discrepancies between 

parent and child reports of family support in different datasets.  

IMAGEN is a multi-centre study designed to maximise sample size. Different scanners are 

used at different sites for the neuroimaging assessment. To minimise variability between 

sites, a central protocol was used between sites and quality control and pre-processing 

procedures were implemented, explained in depth elsewhere (Schumann et al., 2010). 

Recruitment centre was included as a covariate in the analysis to further account for 

potential homogeneity. However, it is acknowledged that variability between sites could 

have affected the results in the current analysis. 

The use of cross-sectional data is also limiting because we were unable to investigate 

developmental trajectories over time. There are significant individual differences in brain 

development in terms of the intercept and slope of change over time (Mills et al., 2016). 

Environmental variables have been shown to affect the maturation of the brain across 

adolescence, such as parental support (Whittle et al., 2014) and socioeconomic factors 

(Piccolo et al., 2016; Whittle et al., 2017). Therefore, future research should look at brain 

development longitudinally, to detect individual differences in the developmental 

trajectory of the brain, the impact of environmental variables, and how this relates to 

emotional functioning. 

Sex differences were investigated in the current study, however we were unable to 

investigate the role of gender non-conformity due to this information not being available. 

Gender non-conformity could have influenced the study findings, due to effects on 

depressive symptoms and bullying victimisation (Roberts et al., 2013). Future studies 
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could look at both sex and gender differences in the role of social and neurobiological 

factors in emotional symptoms. 

Implications 

Peer problems influenced emotional symptoms in early adolescence, highlighting the need 

to promote social integration for good mental health. Schools can play a critical role in 

this, using programs to promote supportive peer relationships and to focus on social skill 

development (Barry et al., 2017).  

Additionally, socioeconomic stress was found to have a downstream effect on both family 

support for both sexes and WBV for females. This reveals the complex, often subtle 

relationships between variables and suggests that socioeconomic stress may be a target for 

intervention. Objective indicators of socioeconomic status such as parental occupation, 

income or education are difficult and timely to modify, however interventions to help with 

managing stress in relation to socioeconomic circumstances may be an achievable step in 

improving the family environment and resulting biological impact. For example, the 

Family Adjustment and Adaptation Response Model (Patterson, 1988) posits that family 

stress can be managed by using resources from multiple levels – individuals, family and 

community – to meet demands that are leading to stress. In this way, a multiple level 

approach can be used to deal with a multiple level problem. Cognitive-based interventions 

have demonstrable effectiveness in managing adolescent stress (Rew et al., 2014), 

therefore even in families with high socioeconomic stress and low support, there are 

person-centred avenues that can help protect adolescent mental health.  

Significance Statement 

Using structural equation modelling in a large dataset (IMAGEN), we investigated the 

nuanced associations between socioeconomic conditions, social relationships, and regional 

brain structure in predicting adolescent emotional symptoms, separately for each sex. 

Using this approach, we found significant associations that were common to both sexes, 

and associations that were sex specific. Future research should aim to verify the 

associations using longitudinal data, to assess the directionality of relationships of how 

both social and biological factors affect mental health in adolescence. 

Conclusion  

At age 14 years, problems with peers were significantly associated with emotional 

symptoms for both males and females. Family socioeconomic stress was related to family 
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support and female brain volume. Future longitudinal study should assess how 

socioeconomic conditions, social relationships, and brain structure interact prospectively to 

affect mental health. 
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CHAPTER FOUR: LONGITUDINAL ASSOCIATIONS BETWEEN PEER AND 

FAMILY RELATIONSHIPS, EMOTIONAL SYMPTOMS, AND REGIONAL 

BRAIN VOLUME ACROSS ADOLESCENCE (STUDY TWO) 

 

This chapter contains Study Two of the thesis. The paper has been accepted at the Journal 

of Youth and Adolescence. The paper has been reformatted for consistency across the 

thesis.  

 

Stepanous, J., Munford, L., Qualter, P., Nees, F., Elliott, R., & the IMAGEN Consortium. 

(accepted). Longitudinal associations between peer and family relationships, 

emotional symptoms, and regional brain volume across adolescence. Journal of 

Youth and Adolescence.  
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Abstract 

The period of adolescence brings with it a dynamic interaction between social context 

and behaviour, structural brain development, and anxiety and depressive symptoms. The 

rate of volumetric change in the ventromedial prefrontal cortex (vmPFC) and amygdala 

have been implicated in socioemotional development in adolescence; typically, there is 

thinning of grey matter volume (GMV) in the vmPFC and growth in the amygdala during 

this time. The directionality of the associations between social, emotional, and 

neuroanatomical factors has yet to be untangled, such as the degree to which social 

variables impact regional brain development, and vice versa. To add, the differences 

between sexes are still up for debate. In this study, longitudinal associations between peer 

problems, family support, socioeconomic stress, emotional symptoms, amygdala volume, 

and vmPFC GMV were investigated for both sexes using latent change score models. Data 

from a multi-site European study at baseline (mean (SD) age = 14.40 (0.38) years; % 

female = 53.19) and follow-up 2 (mean (SD) age = 18.90 (0.69) years, % female = 53.19) 

were used. Results revealed that peer problems did not predict emotional symptoms, rather 

they changed together over time. For males only, there was positive correlated change 

between vmPFC GMV, peer problems and emotional symptoms, indicating that slower 

vmPFC GMV thinning was associated with poorer social and emotional functioning. 

Additionally, greater family support at age 14 years was associated with slower growth of 

amygdala volume between ages 14 and 19 years for males; previous research has related 

slower amygdala growth to resilience to mental health disorders. The findings have 

extended understanding of mutual social, emotional and brain development, and avenues to 

protect mental health.  
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Introduction 

Concerted changes in social and neuroanatomical factors in adolescence have implications 

for vulnerability and resilience to anxiety and depression. However, the directionality of 

associations between specific social, emotional, and neuroanatomical factors has yet to be 

untangled in adolescence, such as whether aspects of the peer and family environment are 

longitudinally associated with changes in emotional symptoms and brain structure. To add, 

differences between sexes in these associations have seldom been considered. Previous 

studies in the field are limited in (1) the failure to probe specific directional and associative 

relationships between variables over time in the same model, and (2) the lack of 

consideration of measurement error (Kline, 2016a; Könen & Karbach, 2021). The current 

study addresses those problems by using latent change score modelling on a large 

adolescent dataset, to investigate the extent to which peer problems, family support, and 

socioeconomic stress predict emotional symptoms and the structural development of key 

brain regions of interest over time. 

The social network widens from middle childhood (around 6 to 8 years old), with the focus 

shifting away from family relationships to peer relationships (Rueger et al., 2016). Peer 

relationships are particularly salient at this time, with peer problems and threats to peer 

group membership predictive of anxiety and depression symptoms (Parr et al., 2020; 

Rueger et al., 2016; Shin et al., 2016). At the same time, family support remains important 

during adolescence, and it is reported as the strongest predictor of mental health 

outcomes (Rothon et al., 2012; Rueger et al., 2008, 2016).  Lack of parental warmth has 

been associated with greater psychological symptoms in adolescence, again underscoring 

the importance of positive parental behaviors in adolescent wellbeing (Muris et al., 2003). 

Overarching these interpersonal relationships is family socioeconomic status (SES; Bai et 

al., 2021), where low SES has been associated with lack of family support (Devenish et al., 

2017). The family stress model explains these associations in terms of increased stress, 

resulting in lower parental support and reduced involvement with the child, with 

subsequent increases in child emotional problems (Conger & Conger, 2002; Conger & 

Donnellan, 2007). One remaining question is whether stress from SES affects the child’s 

relationships outside of the family, for which there is some evidence (Devenish et al., 

2017). In one study, the child’s perceived stress found to mediate the relationship between 

SES and peer relationships, which again suggests that increased stress extends to other 

adolescent relationships (Bai et al., 2021). Thus, consideration of socioeconomic stress, 

family support and peer relationships together are needed to determine how these aspects 



80 

 

of the social environment affect each other, and to establish which factors are the strongest 

predictors of emotional problems in adolescence. 

Together with social factors, the brain undergoes rapid development in adolescence. The 

dual-systems model of brain development states that affective subcortical regions mature 

earlier than higher-level frontal regions in adolescence, which has implications for control 

over socioemotional processes and vulnerability to mental health problems (Blakemore, 

2008; Nelson et al., 2016). Subcortical regions such as the amygdala increase in volume 

from late childhood to late adolescence (age 16 years) before stabilising in the early 20s 

(Mills et al., 2014; Wierenga et al., 2014). On the other hand, the prefrontal cortex (PFC) 

decreases in grey matter volume (GMV) from early adolescence into the early 20s (Mills et 

al., 2014). This reduction in GMV is attributed to synaptic pruning to increase neural 

efficiency and refine cognitive control functions (Blakemore, 2008). This has been 

demonstrated in a specific region of the PFC known as the ventromedial prefrontal cortex 

(vmPFC), which has previously been defined as the anterior PFC, including the medial and 

orbital frontal cortex (mOFC; Hiser & Koenigs, 2018). Accelerated thinning in the vmPFC 

has been associated with fewer anxiety and depression symptoms in adolescence 

(Ducharme et al., 2014). In contrast, slower growth of the left amygdala was associated 

with resilience to psychopathology between early and mid-adolescence (Whittle et al., 

2013). When investigated together, maturational coupling of less growth in amygdala 

volume and greater thinning in the anterior PFC (including vmPFC) was associated with 

fewer depressive symptoms across adolescence (Vijayakumar et al., 2017). This shows that 

the pattern of development within these regions is predictive of mental health problems, 

and adolescence could reflect a sensitive period that lays the foundation for a person’s 

social and emotional trajectory throughout their life course (Lamblin et al., 2017). 

The connection between brain structure and socioemotional experiences is not 

deterministic; social experiences also shape the structure of the brain. Social network size 

has been positively associated with GMV in regions involved in emotional and social 

processing, including the amygdala and vmPFC/mOFC (Noonan et al., 2018). Social 

experiences have also been found to predict the developmental trajectory of 

socioemotional brain regions in adolescence. Increased adolescent social stress was 

associated with smaller decreases in GMV in prefrontal regions including the 

vmPFC/mOFC (Tyborowska et al., 2018). To add, positive parenting – defined as happy, 

validating and affectionate behavior during a family interaction assessment – has been 

associated with attenuated growth of the amygdala for boys and accelerated thinning of the 

mOFC for both sexes (Whittle et al., 2014). Left mOFC GMV has also been negatively 
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associated with peer problems for both sexes (Kelly et al., 2015), although this study was 

cross-sectional and focused on childhood maltreatment. Altogether, it is unclear the degree 

to which socioeconomic stress, family support, and peer problems predict the structural 

development of the amygdala and vmPFC/OFC when considered together, and whether 

there are specific effects due to sex.  

As alluded to in the previous point, sex is another factor that influences both neural 

development and social experiences. In terms of structural brain development, there is 

evidence that female brains mature faster than males’, with GMV peaking earlier and 

increasing more rapidly in females compared to males in regions including the amygdala 

(Goddings et al., 2014). This may explain neuroimaging findings mentioned previously, 

such as the relationship between positive parenting and slower growth of the amygdala for 

males in early adolescence (Whittle et al., 2014). Further, there are differences in social 

experiences between sex, with males more likely to interact with peers in larger groups 

(Rose & Rudolph, 2006), experience a range of peer victimization (Wang et al., 2010), and 

have less friend support compared to females (Rueger et al., 2008). These differences in 

social exposure/intimacy between the sexes could present unique opportunities where 

social experiences affect sensitive periods of brain development. 

Additional factors other than peer and family relationships have been associated with both 

internalizing symptoms and structural brain development. Early stressful life events have 

been associated with changes in brain volume, emotional symptoms, and social functioning 

(Gorka et al., 2014; Hanson et al., 2010). To add, pubertal status varies between person in 

adolescence, and has been implicated in brain development (Giedd et al., 2006) and 

symptoms of anxiety and depression (Huerta & Brizuela-Gamiño, 2002). Whole brain 

volume has also been shown to differ between sexes (Kaczkurkin et al., 2019), and thus 

must be included to compare sex differences in regional brain volume. Psychiatric 

diagnosis also affects social and emotional functioning directly and through stigma 

(Kaushik et al., 2016), and recurrent emotional problems has been associated with regional 

changes in GMV, including the amygdala and frontal lobe (Bora et al., 2012). To add, the 

effects of location and recruitment centre must be considered in multi-centre studies, 

particularly due to potential variability between MRI scanners (Schumann et al., 2010). 

Thus, these variables these must be included in a model to account for confounding effects 

when assessing the link between social, emotional and neuroanatomical factors. 
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 Current Study 

Questions remain regarding the links between different aspects of the social environment – 

peer problems, family support, and socioeconomic stress – and emotional symptoms, 

whether these social factors together predict amygdala and vmPFC structural development, 

whether both amygdala and vmPFC development is associated with emotional symptoms, 

and whether these associations differ between sexes. These ideas have been explored in 

separate studies, but a model that considers these aspects together is lacking. The current 

study filled that gap using a multi-center European dataset – IMAGEN – and by applying 

latent change score modelling to test the direction of relationships of interest whilst 

accounting for measurement error. The hypotheses were based on research outlined 

previously; the peer and family environment predicted emotional symptoms and structural 

developmental trajectory of the amygdala and vmPFC, i.e. negative social experiences 

predicted greater increase of the amygdala and smaller decrease of the vmPFC over time. 

Greater peer problems at age 14 years will predict a larger increase in emotional symptoms 

between age 14 and 19 years for both sexes (Hypothesis 1). Greater peer problems at age 

14 years will predict a larger increase in amygdala volume and smaller decrease in vmPFC 

GMV between age 14 and 19 years for both sexes (Hypothesis 2). Larger increases in 

amygdala volume and a smaller decrease in vmPFC GMV will mediate the relationship 

between higher peer problems and a larger increase in emotional symptoms between age 

14 and 19 years for both sexes (Hypothesis 3). Higher family support at age 14 years will 

predict a decrease in peer problems and emotional symptoms between age 14 and 19 years 

for both sexes. Higher family support will also predict a smaller increase in amygdala 

volume for males only and a larger decrease in vmPFC GMV for females only, due to 

differences in normative structural brain development between sexes (Hypothesis 4). 

Higher family socioeconomic stress at age 14 years will predict an increase in peer 

problems and emotional symptoms between age 14 and 19 years for both sexes. Higher 

family socioeconomic stress will also predict a larger increase in amygdala volume for 

males and a smaller decrease in vmPFC GMV for females, due to differences in normative 

structural brain development between sexes (Hypothesis 5).  
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Methods 

Participants  

Data from participants in the IMAGEN project were used (https://imagen-project.org/). 

IMAGEN is a European multicentre study that contains biological, psychological, and 

environmental variables to assess development and behaviour in adolescence (Schumann et 

al., 2010).  Participants were recruited from a diverse range of high schools across eight 

European sites (Dresden, Berlin, Mannheim, and Hamburg in Germany; London and 

Nottingham in the U.K.; Dublin in Ireland; and Paris in France). IMAGEN recruitment 

focused on diversity in socioeconomic status, academic achievement and 

behavioural/emotional functioning, and recruited people of European descent for 

homogeneity in the genetic analyses (Schumann et al., 2010). Local ethics research 

committees approved the study at each site and procedures were in accordance with the 

1964 Declaration of Helsinki and its later amendments or comparable ethical standards. 

Written informed consent was obtained from all legal guardians.  

The current analysis used data from participants who attended both the baseline (age 14 

years; 2010) and follow-up 2 (age 19 years; 2015) assessments. Data from follow-up 1 

(age 16 years; 2012) was not used in the current analysis as several measures were not 

available due to a lack of neuroimaging assessment. Of 2315 participants who had data 

from any variable of interest, 957 participants were included in the final sample. The 

reasons for removal of data were as follows: data quality issues identified by IMAGEN (n 

= 13, 0.6%), significant Mahalanobi’s distance outliers in the neuroimaging variables to 

account for scanning errors (n = 32, 1.4%), and complete data not available in variables of 

interest (n = 1313, 56.72%). The most common missing data patterns included missing all 

variables of interest at age 19 years (n = 532, 22.98%), missing Life Events Questionnaire 

data between 14 and 19 years (n = 173, 7.47%), all data missing except for ID, sex, and 

recruitment centre (n = 66, 2.85%), and missing Childhood Trauma Questionnaire data at 

age 19 years (n = 58, 2.51%). Differences between the sample where data quality issues 

were removed (n = 2302) and the complete-case sample (n = 957) are described in 

Appendix 2.01.  

Measures  

Data at age 14 and 19 years were available for peer problems, emotional symptoms, and 

regional brain volumes. Only data at age 14 years were available for family support and 

family socioeconomic stress. 
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Items from the peer problems and emotional symptoms scales were used to create latent 

variables. For regional brain volume, left and right volumes were used to create latent 

variables (left and right amygdala volume, and left and right vmPFC GMV). 

Peer problems.  

Peer problems were measured using the peer relationship problems section of the child-

reported Strengths and Difficulties questionnaire (SDQ; Goodman, 1997). Participants 

responded to items such as being alone, being liked by peers, and being bullied over the 

last six months using a three-point Likert scale. There were slight differences in the 

wording of the questions between the versions used for age 14 and age 19 years (see 

Appendix 2.02). The internal consistency of the peer problems scale has yielded 

Cronbach’s alpha values ranging from 0.15 (Essau et al., 2012) to 0.64 (Van Roy et al., 

2008). To further assess scale reliability, coefficient omega values were calculated, which 

is suggested to be more robust method when using latent variables with ordinal indicators 

(Flora, 2020). Coefficient omega values were as follows: age 14 years male = 0.575, 

females = 0.525; age 19 years males = 0.444, females = 0.412, which shows that 41-58% 

of total score variance was due to the latent variable. 

Emotional symptoms.  

Emotional symptoms were measured using the emotional symptoms section of the child-

reported SDQ (Goodman, 1997). Participants noted the degree to which they had 

experienced various emotional symptoms such as somatic pains, worrying, and 

unhappiness in the last six months using a three-point Likert scale. There were slight 

differences in the wording of one question between the versions used for age 14 and age 19 

years (see Appendix 2.02). The internal consistency of the emotional symptoms subscale 

has previously ranged between acceptable and good values (Cronbach’s alpha ranging 

from 0.61 (Van Roy et al., 2008) to 0.78 (Yao et al., 2009)). Coefficient omega values 

were as follows: age 14 years male = 0.614, females = 0.588; age 19 years males = 0.730, 

females = 0.717, which shows that 59-73% of total score variance was attributed to the 

latent variable. 

Family support.  

Family support was measured using the total score of the affirmation section of the parent-

reported Family Life Questionnaire (FLQ; Last et al., 2012). Parents answered on a four-

point Likert scale the degree to which their child gets love and affection, gets help and 

support when stressed, is praised and rewarded, and is liked and respected. These were 
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then summed to produce a total score. A total score was used instead of a latent variable to 

reduce model complexity and increase rates of convergence. The FLQ affirmation scale 

has demonstrated satisfactory internal reliability (Cronbach’s alpha = 0.64-0.70; Last et al., 

2012). 

Family socioeconomic stress.  

Socioeconomic stress was measured by the total score of parent-reported 

socioeconomic/housing section of the Family Stresses Scale from the parent-

reported Development and Well-Being Assessment (DAWBA; R. Goodman et al., 2000). 

Parents stated the degree to which unemployment, financial difficulties, home 

inadequacy, and neighbour problems made family life stressful, using a three-point Likert 

scale. As with the family support measure, a total score was produced by summing scores 

together to improve model convergence. Previous research has reported the Family 

Stresses Scale to have acceptable internal consistency (Cronbach’s alpha = 0.69; Lium, 

2017). 

Regional brain volume.  

Amygdala volume and vmPFC GMV were regions of interest in the present study due to 

their structural and functional significance in emotion and social relationships in previous 

studies (Hiser & Koenigs, 2018; Kim et al., 2011). T1-weighted images were processed by 

IMAGEN using FreeSurfer 5.3.0, to automatically parcellate the brain (Schumann et al., 

2010). Amygdala volume comprised left and right amygdala volume from the Aseg atlas 

(Fischl et al., 2002). The vmPFC was defined as the combination of left and right medial 

orbitofrontal cortex GMV using the Desikan-Killiany atlas (Desikan et al., 2006), in line 

with previous studies (e.g. Powers et al., 2017).  Inspection of the raw data showed 

significant negative skew, particularly in the vmPFC areas, which is prone to signal 

dropout (Juchem et al., 2010). Therefore, to account for potential errors in the 

neuroimaging data, multivariate outliers were identified and removed using Mahalanobi’s 

Distance (n = 32), as previously outlined. In the statistical models, amygdala volume and 

vmPFC GMV values were scaled (values divided by 1000), so that the values were closer 

in magnitude to other variables to allow for model convergence. 

Covariates.  

Covariates in the models at age 14 years included recruitment centre, psychiatric diagnosis, 

mean Pubertal Development Scale (PDS) score, total negative life events before age 14 
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years, and whole brain volume (WBV). Also included were total negative life events 

between age 14 and 19 years, and childhood trauma measured at age 19 years.  

Recruitment centre.  

Recruitment centre was added as a dummy-coded covariate (reference category = Berlin) 

to account for regional differences and potential variability in MR scanning (Schumann et 

al., 2010).  

Psychiatric diagnosis.  

Psychiatric diagnosis was a dummy-coded binary variable (reference category = no) 

determined from any DSM-IV or ICD-10 diagnosis from the DAWBA clinical rater. The 

clinical rating system has shown satisfactory inter-rater reliability (kappas ~ 0.70; 

Goodman et al., 1996). 

Pubertal development.  

The PDS is a self-report measure of physical changes as a result of puberty, such as 

changes in height, body hair and skin, as well as male/female specific items (Carskadon & 

Acebo, 1993). Cronbach’s alpha for PDS items has previously ranged between 0.67 to 0.70 

(Carskadon & Acebo, 1993). 

Whole brain volume.  

WBV was measured by the BrainSegVolNotVent variable in FreeSurfer. As with the 

amygdala volume and vmPFC GMV, WBV was scaled (values divided by 1000000) 

before entering it into the statistical models, to ensure variance was similar between 

variables. 

Negative life events.  

Total negative life events were measured using the Life Events Questionnaire (Newcomb 

et al., 1981). Participants reported whether they had experienced 39 life events from seven 

scales, the age it happened, and the perceived valence of the event. Only events reported as 

negative were included and summed. A total score for negative life events prior to age 14 

years was calculated using data from baseline (age 14 years); another total score for 

between ages 14 and 19 years was calculated using data from follow-up 1 (age 16 years) 

and follow-up 2 (age 19 years). Cronbach’s alpha for the LEQ scales has previously ranged 

from 0.36 to 0.58 (Newcomb et al., 1981).  

Childhood trauma.  
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Childhood trauma was measured using the Childhood Trauma Questionnaire (CTQ; 

Bernstein et al., 1994). This includes items related to experiences of physical and 

emotional abuse, emotional neglect, sexual abuse and physical neglect using a 5-point 

Likert scale. The current study used the total CTQ score obtained at follow-up 2 (age 19 

years) as an index of abuse and neglect in childhood. Cronbach's alpha ranged from 0.79 to 

0.94, indicating high internal consistency (Bernstein et al., 1994).  

Statistical Approach  

Analyses were conducted in R version 4.1.1 (R Core Team, 2012) using the lavaan 

package (Rosseel, 2012). Weighted least squares mean- and variance-adjusted (WLSMV) 

estimation was used for all analyses due to the presence of ordinal and categorical data 

(Brown, 2015). The standardized parameter estimates were reported using “std.all” in 

lavaan, which standardizes both the latent and observed variables (Rosseel, 2022). 

Measurement invariance.  

Measurement invariance tests were conducted to assess whether the same constructs were 

measured between sex and over time. Separate confirmatory factor analysis models 

were used to test invariance of the peer problems and emotional symptoms latent 

variables across two time points (age 14 and 19 years) and between sex (male and female).  

First, the configural model specified the latent variables at age 14 and age 19 years, and 

freely estimated the item loadings, thresholds, and residual covariance. The latent 

and item variables’ means/intercepts were fixed to 0 and variance fixed to 1 

for model identification (Wu & Estabrook, 2016). The following constraints 

were then tested in sequential models: sex and time equivalence of 

factor loadings, item intercepts,  and residual variances (Wu & Estabrook, 2016).  

If there were no significant changes in fit when applying successive constraints, full 

invariance was achieved. If there were significant changes in fit, partial invariance 

was tested by investigating the modification indices to determine which parameter to 

free, if it was theoretically justified. The adjusted model was than compared to the previous 

best-fitting model, and parameters were sequentially freed until good model fit was 

achieved. For comparison of factor means to be valid, equivalence of thresholds, loadings 

and intercepts must be established at a minimum.  

Latent change score models.  
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Latent change score models (LCSM; McArdle & Hamagami, 2001) were used to test 

hypotheses about individual change and the interplay between peer problems, emotional 

symptoms, amygdala volume and vmPFC GMV between age 14 and 19 years. The same 

approach was used to investigate how cross-sectional family support and family 

socioeconomic stress at age 14 years were related to longitudinal change in the above 

variables. 

LCSMs are a class of structural equation models that specify change as a latent variable, 

and thus account for measurement error in the observed difference between time points 

(Kievit et al., 2018). This approach brings with it the benefit of access to both group- and 

individual-level change parameters: group-level average change over time, individual 

variability in change, and the degree to which baseline values are related to the rate of 

change, all whilst factoring in baseline covariance (Kievit et al., 2018). LCSMs also allow 

for testing the proposed direction of relationships between variables over time. For 

example, one can test whether baseline peer problems affect change in emotional 

symptoms, whether baseline emotional symptoms affects change in peer problems, or 

whether there is correlated change between variables over time (Kievit et al., 2018). 

Furthermore, sex differences can be tested by fixing parameters to equality by sex and 

assessing changes in comparative model fit; significant changes in model fit provide 

evidence for sex differences. 

First, univariate LCSMs were constructed to quantify within-variable change for peer 

problems, emotional symptoms, amygdala volume and vmPFC GMV. The feedback 

parameter was specified as covariance rather than a regression parameter to interpret raw 

change scores. Guided by the measurement invariance results, invariant parameters were 

constrained to equality within the model, whilst non-invariant items were freed.  

To estimate the univariate LCSM, the following constraints were made: the latent change 

parameter was created by specifying the values at age 19 years as the indicator variable 

with a factor loading fixed to 1, the regression parameter between age 14 and age 19 years 

was fixed to 1 and the intercept and variance of age 19 were fixed to 0. This results in the 

latent change capturing the change between age 14 and 19 years and an estimate of the 

variance in the change factor. A regression parameter between age 14 years and the change 

parameter was also included to investigate the degree to which change depends on baseline 

values (Kievit et al., 2018).    

Next, to test the hypotheses, a bivariate model was run for peer problems and emotional 

symptoms, then separate trivariate models were run for peer problems, emotional 
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symptoms and amygdala volume, and peer problems, emotional symptoms and vmPFC 

GMV separately. To see how these relationships change with the addition of other 

variables, a multivariate model was then constructed, with the hypothesised relationships 

between peer problems, emotional symptoms, amygdala volume and vmPFC GMV (see 

Figure 4.1). The model was first tested without covariates, and then with the covariates 

specified previously. 

Figure 4.1 

Multivariate Latent Change Score Models Showing Within-Variable Regression, Cross-

Variable Coupling, Baseline Covariance and Correlated Change Between Age 14 Variables 

and Change between Ages 14 and 19 Years 

 

Note. vmPFC = ventromedial prefrontal cortex, GMV = grey matter volume. Circles are 

latent variables and squares are observed variables. All possible parameters are included 

but the depiction is simplified for clarity. 
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Model fit.  

Overall model fit was assessed by the robust chi-square (χ2) fit statistic, robust root mean 

squared error of approximation (RMSEA) with 90% confidence interval and robust 

comparative fit index (CFI). Rules of thumb were used to assess model fit. Good model 

fit was defined as robust χ2 p-value > 0.05, robust RMSEA < 0.06 (CI 0.00-0.08) and 

robust CFI > 0.95 (Hu & Bentler, 1999). A significant χ2 p-value is common in models 

with large sample sizes, so less emphasis was placed on this statistic. Comparative model 

fit was assessed by comparing the fit of nested, adjacent models through changes in fit 

statistics (changes in CFI values ≥-0.01 and RMSEA values of ≥+0.015 indicate poorer fit; 

Chen et al., 2008) and the scaled robust chi-square difference test statistic (significant 

difference indicates significantly poorer fit between models). Acceptable latent variable 

loadings were defined as at least 0.5 (Hair et al., 2010).   
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Results 

Descriptive Statistics  

Descriptive statistics for the continuous measures are shown in Table 4.1. The average age 

for both sexes was 14.40 years at the age 14 wave, and 18.90 years at the age 19 wave. 

There were slightly more females (509; 53%) compared to males (448; 47%) in the sample 

(χ2 (1) = 3.89, p = 0.04). Compared to males, females had significantly larger mean PDS 

score at age 14 years and greater total number of negative life events both before age 14 

years and between ages 14 and 19 years. Males had significantly larger volumes in all 

brain regions of interest at both age 14 and 19 years.  

Ordinal and categorical descriptive statistics are shown in Appendix 2.03. Recruitment site 

was not evenly split (χ2 (7) = 41.813, p < 0.001); more participants were recruited from 

places such as Dresden and Nottingham, however there was no difference in the 

recruitment centre split between sex. Around 10% of the sample had a psychiatric 

diagnosis, with again no significant difference between sex. The distribution of psychiatric 

diagnoses in the sample, split by sex, is presented in Appendix 2.04. Females were more 

likely to affirm greater emotional symptoms on all items at both ages 14 and 19. At age 14 

years, peer problems responses were similar for most items between sex, except females 

were more likely to respond ‘Certainly true’ to ‘I have one good friend or more’ (χ2 (1) = 

2.69, p = 0.04). At age 19 years, ‘I get along better with older people than with people my 

own age’ was different between sex, with females less likely to respond with ‘Not true’ 

compared to males (χ2 (1) = 3.35, p = 0.005). 
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Table 4.1 

Descriptive Statistics for Continuous Variables of Interest, Split by Age and Sex (n = 957) 

Time point Variable Males (n = 448) Females (n = 509) Sex Difference 
Test (F (1, 956)) 

  M (SD) Min Max M (SD) Min Max  

Age 14 years Age at assessment (years) 14.40 (0.383) 13.20 15.44 14.40 (0.382) 13.26 15.45 F=0.006 
 Mean PDS score 2.6 (0.541) 1 4 3.2 (0.413) 1.6 4 F=421.049*** 
 Family support 6.8 (1.513) 0 8 7 (1.325) 0 8 F=5.340 
 Family socioeconomic stress 0.6 (0.980) 0 6 0.5 (0.916) 0 5 F=1.482 
 LEQ total before age 14 5 (2.465) 0 13 5.5 (2.738) 0 16 F=10.010** 
 Whole brain volume (mm3) 1231347 (110543.553) 672637 1562514 1110175.6 (99191.488) 648827 1468714 F=34.104*** 
 Left amygdala volume (mm3) 1803.4 (228.592) 947 2708.6 1624.6 (227.235) 998.3 2386.1 F=0.925*** 
 Right amygdala volume (mm3) 1947 (269.733) 1018 3023.5 1756.1 (249.246) 902.3 2692.1 F=146.764*** 
 Left vmPFC GMV (mm3) 5816.8 (792.657) 3514 8001 5294.4 (781.009) 2987 8093 F=129.434*** 
 Right vmPFC GMV (mm3) 6028.4 (794.713) 2880 8034 5549.7 (744.618) 2603 7635 F=105.094*** 
Age 19 years Age at assessment (years) 18.90 (0.677) 17.80 21.20 18.90 (0.699) 17.90 22.44 F=0.712 
 LEQ total age 14-19 4.4 (2.916) 0 19 5.5 (3.096) 0 17 F=92.425*** 
 Total childhood trauma score 6.6 (6.749) 0 48 6.1 (7.718) 0 64 F=319.401 
 Left amygdala volume (mm3) 1888.908 (228.476) 1298.4 2695.3 1677.5 (216.830) 1125.3 2729.4 F=215.425*** 
 Right amygdala volume (mm3) 2025.356 (242.201) 1226 2804.6 1797.6 (237.788) 1181.7 2613.4 F=214.832*** 
 Left vmPFC GMV (mm3) 5519.324 (759.670) 3207 8011 4927.8 (668.496) 3349 7290 F=164.188*** 
 Right vmPFC GMV (mm3) 5729.364 (680.921) 4028 7769 5245.7 (647.921) 3410 7554 F=126.610*** 

Note. PDS = Pubertal Development Score, LEQ = Life Events Questionnaire, vmPFC = ventromedial prefrontal cortex, GMV = grey matter volume. 

Statistically significant difference between males and females: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Measurement Invariance 

Peer problems.  

Full loading invariance was demonstrated, however partial intercept invariance and partial 

residual invariance was achieved. Four intercepts and five residual variance parameters 

were freely estimated in the model. Overall measurement invariance model fit and 

comparative model fit is shown in Appendix 2.05.  

Four item intercepts were freely estimated in the model: ‘Other people generally like me’ 

for males and females, which had a greater mean at age 19 years compared to age 14 years 

and equality between sex, indicating that both males and females were equally more likely 

to affirm this item with older age. ‘Other people pick on me or bully me’ for males at age 

19 years had a smaller item mean compared to other groups, indicating that this group was 

less likely to affirm this item. Furthermore, ‘I get along better with older people than with 

people of my own age’ at age 19 years for females had a greater item mean compared to 

other groups, again indicating greater likelihood of affirmation. Freeing these parameters 

resulted in good model fit; the mean differences of the latent variables can be compared, as 

specific item mean invariance was accounted for. 

The residual variance for five parameters were freed: age 19 ‘I would rather be alone than 

with other people’ for males and females (with equality between sex), age 19 ‘I have at 

least one good friend’ for males, age 19 ‘Other people pick on me or bully me’ for females 

and age 19 ‘I get along better with older people than with people of my own age’ for 

males. The residual variance was <1 for these parameters, which shows that that these 

items are more closely related to the latent variable ‘peer problems’ at age 19 compared to 

age 14. Appendix 2.06 contains the item loadings from the strict invariance confirmatory 

factor analysis models. 

Emotional symptoms.  

Full loading invariance was achieved, and partial intercept invariance was established (see 

Appendix 2.07 for full output). The item intercepts for ‘I get a lot of headaches, stomach-

aches or sickness’ and ‘I have many fears, I am easily scared’ were smaller for age 19 

males, compared to age 14 males/females and age 19 females. Furthermore, the intercept 

for ‘I worry a lot’ was larger for age 19 females compared to age 19 males and age 14 

males/females. Full residual invariance was established so no additional constraints were 

made to the residual variance parameters.  
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Univariate Latent Change Score Models  

Full output from the results of the univariate latent change score models is shown in Table 

4.2. 

Amygdala volume.  

For model identification, the first loading for the age 14 and 19 amygdala latent variables 

(left amygdala) was set to 1 and the intercepts set to 0. As the data were continuous, the 

robust maximum likelihood estimator was used. The model for amygdala volume was an 

excellent fit to the data (Robust χ2 (10) = 12.530, p = 0.251; CFI = 0.999; RMSEA = 

0.023, 90% CI = [0.001, 0.058]). Amygdala volume at age 14 years was larger for males 

compared to females. There was significant individual variance in volume at age 14 years 

and the degree of variance was similar between sex. There was a mean-level increase in 

amygdala volume for both males and females, with evidence that males gained more than 

females. There were significant individual differences in change scores for both sexes, with 

some evidence that males showed greater change variance than females. As for 

proportional covariance, amygdala volume at age 14 years was negatively associated 

with change in volume between ages 14 and 19 years, with no significant difference 

between sex.  

The amygdala model was run again with the addition of WBV as a predictor of amygdala 

volume at age 14 years and latent change in amygdala volume. This was to determine 

whether sex differences were due to differences in WBV. The WBV-corrected amygdala 

model was a good fit to the data (Robust χ2 (14) = 30.264, p = 0.007; CFI = 0.992; 

RMSEA = 0.049, 90% CI = [0.025, 0.074]). This model found that there was a significant 

difference in the chi-square test between males and females in amygdala volume mean and 

variance at age 14 years. However, the changes in CFI and RMSEA between models did 

not reach the standard cut-off to conclusively show sex differences. This was also the case 

for the sex differences in the proportional covariance, change variance, and the degree to 

which amygdala volume was predicted by WBV. 

Ventromedial prefrontal cortex grey matter volume.  

Model specification was the same as with the amygdala model. The model for vmPFC 

GMV was a good fit to the data (Robust χ2 (10) = 20.307, p = 0.026; CFI = 0.993; 

RMSEA = 0.046, 90% CI = [0.015, 0.075]).  Mean vmPFC GMV at age 14 years was 

larger for males compared to females; there was significant individual variance, but this 

was comparable between sex. There was a mean-level group decrease in vmPFC GMV for 
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both males and females, with no difference between sex. There were significant individual 

differences in change scores for both sexes, with greater change variance for males 

compared to females. vmPFC GMV at age 14 years was negatively associated with change 

in volume between ages 14 and 19 years, with no difference between sex. 

As with the amygdala model, the vmPFC model was run again with the addition of WBV; 

this model was a good fit to the data (Robust χ2 (14) = 38.440, p < 0.001; CFI = 0.988; 

RMSEA = 0.061, 90% CI = [0.039, 0.085]). There was evidence that males had 

significantly greater change variance compared to females. Additional parameters had 

significant chi-square test statistics, but no significant differences in changes in CFI and 

RMSEA: age 14 vmPFC GMV, proportional covariance, and the degree to which WBV 

predicted vmPFC GMV at age 14 years.  
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Table 4.2 

Univariate Latent Change Score Model Parameters for Peer Problems, Emotional Symptoms, Amygdala Volume and vmPFC GMV (n = 957) 

 Males (n = 448)  Females (n = 509)  Comparative model fit - Sex differences 

 Univariate latent change score models  Est SE Std.all p  Est SE Std.all p  χ2 df p ΔCFI ΔRMSEA 

Peer problems                

Mean at age 14 years -0.135 0.044 -0.199 0.002  -0.202 0.041 -0.328 <0.001  1.188 1 0.276 0 0 

Variance at age 14 years 0.458 0.064 1.000 <0.001  0.378 0.054 1.000 <0.001  0.907 1 0.341 +0.001 0 

Mean change 14-19 years 0.277 0.061 0.448 <0.001  0.209 0.063 0.347 0.001  0.614 1 0.433 0 -0.001 

Proportional covariance -0.280 0.062 -0.668 <0.001  -0.261 0.050 -0.705 <0.001  0.089 1 0.766 +0.003  -0.001 

Change variance 0.382 0.078 1.000 <0.001  0.362 0.060 1.000 <0.001  0.088 1 0.767 +0.003 -0.001 

Emotional symptoms                

Mean at age 14 years -0.599 0.054 -0.646 <0.001  0.201 0.046 0.228 <0.001 *** 109.69 1 <0.001 -0.104 +0.056 

Variance at age 14 years 1.409 0.142 1.000 <0.001  0.772 0.085 1.000 <0.001  0.409 1 0.522 +0.001 -0.001 

Mean change 14-19 years 0.139 0.080 0.117 0.081  0.056 0.065 0.056 0.390  0.652 1 0.419 0 -0.001 

Proportional covariance -0.421 0.097 -0.383 <0.001  -0.190 0.073 -0.217 0.009  3.003 1 0.083 -0.001 +0.001 

Change variance 0.860 0.098 1.000 <0.001  0.993 0.106 1.000 <0.001  3.334 1 0.068 -0.001 +0.001 

 Amygdala volume                

Mean at age 14 years 1.807 0.011 9.375 <0.001  1.627 0.010 9.007 <0.001 *** 146.67 1 <0.001 -0.090 +0.148 

Variance at age 14 years 0.037 0.004 1.000 <0.001  0.033 0.003 1.000 <0.001  0.815 1 0.367 0 -0.003 

Mean change 14-19 years 0.081 0.009 0.589 <0.001  0.047 0.007 0.409 <0.001 ** 10.639 1 0.001 -0.006 +0.025 

Proportional covariance -0.013 0.002 -0.472 <0.001  -0.009 0.002 -0.451 <0.001  1.164 1 0.281 -0.001 0 

Change variance 0.019 0.002 1.000 <0.001  0.013 0.003 1.000 <0.001 * 4.063 1 0.043 -0.003 +0.011 

WBV-corrected amygdala volume                

Mean at age 14 years 0.831 0.118 4.523 <0.001  0.393 0.088 2.314 <0.001 ** 8.884 1 0.002 -0.005 +0.012 

Variance at age 14 years 0.026 0.003 0.776 <0.001  0.017 0.002 0.573 <0.001 *** 11.905 1 <0.001 -0.006 +0.013 

Mean change 14-19 years 0.290 0.100 2.242 0.004  0.262 0.088 2.314 <0.001  0.839 1 0.839 0 -0.003 

Proportional covariance -0.010 0.002 -0.482 <0.001  -0.006 0.001 -0.440 <0.001 * 4.257 1 0.039 -0.003 +0.003 

Change variance 0.016 0.002 0.978 <0.001  0.011 0.002 0.966 <0.001 * 4.798 1 0.029 -0.002 +0.005 
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Age 14 Amygdala volume ~ Age 14 WBV 0.788 0.095 0.473 <0.001  1.120 0.078 0.654 <0.001 ** 7.265 1 0.007 -0.004 +0.010 

ΔAmygdala volume ~ Age 14 WBV -0.174 0.081 -0.149 0.031  -0.198 0.082 -0.184 0.017  0.041 1 0.840 +0.001 -0.003 

 vmPFC GMV                

Mean at age 14 years 5.819 0.038 9.018 <0.001  5.293 0.033 8.531 <0.001 *** 116.22 1 <0.001 -0.079 +0.109 

Variance at age 14 years 0.416 0.043 1.000 <0.001  0.385 0.041 1.000 <0.001  0.343 1 0.558 +0.001 -0.004 

Mean change 14-19 years -0.311 0.031 -0.585 <0.001  -0.356 0.025 -0.938 <0.001  1.358 1 0.244 0 -0.001 

Proportional covariance -0.188 0.031 -0.548 <0.001  -0.145 0.028 -0.615 <0.001  1.096 1 0.295 0 -0.001 

Change variance 0.282 0.040 1.000 <0.001  0.144 0.029 1.000 <0.001 ** 8.926 1 0.003 -0.010 +0.022 

WBV-corrected vmPFC GMV                

Mean at age 14 years 0.190 0.241 0.303 0.431  -0.432 0.224 -0.720 0.054 * 3.976 1 0.046 -0.001 +0.002 

Variance at age 14 years 0.140 0.018 0.356 <0.001  0.099 0.016 0.275 <0.001  3.307 1 0.069 -0.001 +0.002 

Mean change 14-19 years 2.259 0.383 4.411 <0.001  2.045 0.314 5.582 <0.001  0.183 1 0.669 +0.001 -0.003 

Proportional covariance -0.064 0.016 -0.372 <0.001  -0.026 0.012 -0.279 0.027 * 3.952 1 0.047 -0.001 +0.001 

 Change variance 0.209 0.029 0.799 <0.001  0.089 0.020 0.662 <0.001 *** 14.251 1 <0.001 -0.008 +0.016 

Age 14 vmPFC GMV ~ Age 14 WBV 4.560 0.198 0.803 <0.001  5.159 0.203 0.852 <0.001 * 5.064 1 0.024 -0.001 +0.002 

ΔvmPFC GMV ~ Age 14 WBV -2.082 0.309 -0.449 <0.001  -0.026 0.012 -0.279 0.027  0.027 1 0.870 +0.001 -0.004 

Note. Est = estimate, SE = standard error, Std.all = standardized estimate (both latent and observed variables are standardized to have a variance of 1), CFI = 

comparative fit index, RMSEA = root mean square error of approximation, vmPFC GMV = ventromedial prefrontal cortex grey matter volume, ~ = 

predicted by. Statistically significant difference between males and females: * p < 0.05; ** p < 0.01; *** p < 0.001
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Multivariate Latent Change Score Models 

A series of increasingly complex multivariate latent change score models were tested: first 

a bivariate model for peer problems and emotional symptoms, then trivariate models, a 

quadvariate model, and finally a covariate-corrected quadvariate model. Measurement 

invariance constraints identified previously were included in all models. The significant 

parameters of interest for all models are shown in Table 4.3.  

Bivariate model. 

A bivariate latent change score was tested to investigate the relationship between peer 

problems and emotional symptoms between age 14 and 19 years. This model was a good 

fit to the data (χ2 (352) = 464.125, p < 0.001; CFI = 0.969; RMSEA = 0.026, 90% CI = 

[0.019, 0.032]).  

Parameter estimates are depicted in Figure 4.2. For both males and females, the cross-

domain coupling parameters were non-significant, indicating that there was no evidence 

that peer problems at age 14 years predicted change in emotional symptoms, or vice versa. 

However, even after accounting for significant baseline covariance, there was evidence for 

correlated change between peer problems and emotional symptoms (males std.all = 0.705, 

p < 0.001; females std.all = 0.762, p < 0.001). Fixing the correlated change parameter to 

equality between sex did not result in significantly worse fit, indicating no difference in the 

degree of correlated change between sex (χ2 (1) = 1.810, p = 0.179).
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Figure 4.2 

Bivariate Latent Change Score Model for Peer Problems and Emotional Symptoms 

 

 

Note. Indicator variables and mean structure have been omitted for clarity. Std.all parameters are presented in parentheses (standardized estimates; both 

latent and observed variables standardized to have a variance of 1). Statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001 



100 

 

Discussion of the trivariate models of peer problems, emotional symptoms and amygdala 

volume and peer problems, emotional symptoms and vmPFC GMV are presented in 

Appendix 2.08. Significant model parameters of interest are shown in Table 4.3. 

Quadvariate model. 

The quadvariate model that included peer problems, emotional symptoms, amygdala 

volume and vmPFC GMV was a good fit to the data (χ2 (680) = 858.009, p = 0.001; CFI = 

0.964; RMSEA = 0.023, 90% CI = [0.018, 0.028]). The only significant coupling 

parameter in this model was that peer problems at age 14 years predicted change in vmPFC 

GMV for females only (std.all = 0.261, p = 0.028). Amygdala volume did not predict 

change in peer problems as in the trivariate model. Correlated change was evident for peer 

problems and emotional symptoms (males std.all = 0.701, p < 0.001; females std.all = 

0.765, p < 0.001), and amygdala volume and vmPFC GMV (males std.all = 0.325, p < 

0.001; females std.all = 0.404, p < 0.001). For males only, there was also correlated change 

with peer problems and vmPFC GMV (std.all = 0.176, p = 0.043) and correlated change 

with emotional symptoms and vmPFC GMV (std.all = 0.151, p = 0.028).  

Covariate-corrected quadvariate model. 

The additional covariates of interest of family support and family socioeconomic stress at 

age 14 years were included in this model, as well as recruitment center, mean PDS score at 

age 14 years, whether they had had a psychiatric diagnosis at age 14 years, and total 

number of negative life events before age 14 years. Total childhood trauma score and total 

negative life events between ages 14 and 19 years were also included. All covariates apart 

from total negative life events 14-19 years predicted the latent variables of interest at age 

14 years; all covariates predicted the latent variables for change scores.  

This model was an acceptable fit to the data (χ2 (1248) = 1614.117, p < 0.001; CFI = 

0.923; RMSEA = 0.025, 90% CI = [0.021, 0.028]). The sub-optimal CFI value may have 

been due to the large number of additional parameters estimated in the model that were not 

statistically significant and therefore did not improve the model fit to the data. Peer 

problems at age 14 years were no longer a significant predictor of change in vmPFC GMV 

for females. However, in this model, age 14 emotional symptoms predicted change in 

vmPFC GMV for females (std.all = -0.167, p = 0.044). Greater emotional symptoms at age 

14 years predicted a larger decrease in vmPFC GMV between ages 14 and 19 years for 

females. Stepwise addition of the covariates into the model revealed that this was driven by 

the addition of both total negative life events variables. Correlated change was evident for 
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peer problems and emotional symptoms (males std.all = 0.623, p < 0.001; females std.all = 

0.708, p < 0.001), and amygdala volume and vmPFC GMV (males std.all = 0.497, p < 

0.001; females std.all = 0.553, p < 0.001). For males only, there was correlated change 

between the vmPFC GMV and peer problems (std.all = 0.215, p = 0.011), and between the 

vmPFC and emotional symptoms (std.all = 0.166, p = 0.015). To add, family support at age 

14 years was found to predict change in amygdala volume in males (std.all = -0.138, p = 

0.023), but not females (std.all = 0.040, p = 0.421). Males with greater family support 

score at age 14 years had a smaller increase in amygdala volume over time compared to 

those with lower family support. Significant parameters of interest are shown in Table 4.3, 

with the covariate-corrected quadvariate parameters specifically shown in Figure 4.3. 

Regression and covariance output for the covariate-corrected quadvariate model is shown 

in Appendix 2.09. 

Sensitivity analyses. 

The relationship between family support at age 14 years and change in amygdala volume 

for males was verified in a separate analysis, which modelled family support as a latent 

variable. Full measurement invariance was achieved for the family support latent variable 

(see Appendix 2.10) and the latent change score model for family support as a latent 

variable and amygdala volume is described in Appendix 2.11. 

Due to convergence issues with inclusion in the full covariate-corrected model, a separate 

model included whole brain volume (WBV) at age 14 years as a covariate of amygdala 

volume and vmPFC GMV at age 14 years and change between age 14 and 19 years, along 

with covariates of interest of family support and socioeconomic stress. Model fit was 

acceptable, although the CFI value was below the pre-defined cut-off of 0.95 (χ2 (808) 

= 1188.588, p < 0.001; CFI = 0.919; RMSEA = 0.031, 90% CI = [0.028, 0.035]). WBV at 

age 14 years predicted both amygdala volume (males std.all = 0.464, p < 0.001; females 

std.all = 0.634, p < 0.001) and vmPFC GMV at age 14 years (males std.all = 0.798, p < 

0.001; females std.all = 0.843, p < 0.001). WBV at age 14 years predicted change in 

amygdala volume for both males only (males std.all = 0.265, p = 0.013). With the addition 

of WBV at age 14 years as a covariate, family support at age 14 years remained a 

significant predictor of change in amygdala volume for males (std.all = -0.112, p = 0.031). 

There was still correlated change between peer problems and emotional symptoms (males 

std.all = 0.714, p < 0.001; females std.all = 0.725, p < 0.001) and between amygdala 

volume and vmPFC GMV (males std.all = 0.328, p < 0.001; females std.all = 0.421, p < 

0.001). Again, for males only, there was correlated change between the vmPFC GMV and 



102 

 

peer problems (std.all = 1.335, p < 0.001), and between the vmPFC and emotional 

symptoms (std.all = 0.159, p = 0.033). 

Psychiatric diagnosis was used as a generic covariate in the analysis. To assess whether the 

range of psychiatric diagnoses present in the sample influenced the findings, additional 

analyses were conducted. Table S10 presents the distribution of psychiatric diagnoses in 

the sample, split by sex. A separate model tested whether results were similar if only mood 

or anxiety disorders were controlled for, instead of any psychiatric diagnosis, given the 

focus on emotional symptoms in the current study.  

Significant model parameters are presented in Appendix 2.12. Associations of interest 

were similar to the previous covariate-corrected quadvariate model, however, age 14 

emotional symptoms were no longer a significant predictor of change in vmPFC GMV for 

females (std.all = -0.146, p = 0.084). 
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Table 4.3 

Multivariate Latent Change Score Models with Statistically Significant Parameters of Interest (n = 957) 

 

 
Males (n = 448) Females (n = 509) 

Multivariate latent change score models Est SE Std.all p Est SE Std.all p 

Bivariate model – PP and ES          

Correlated change: ΔPP and ΔES 0.286 0.042 0.705 <0.001 0.251 0.032 0.762 <0.001 

Trivariate model – PP, ES, Amygdala         

 Coupling: Age 14 Amy Volume → ΔPP 0.471 0.239 0.134 0.048 0.004 0.215 0.001 0.984 

Correlated change: ΔPP and ΔES 0.270 0.042 0.699 <0.001 0.245 0.034 0.762 <0.001 

 Trivariate model – PP, ES, vmPFC         

  Coupling: Age 14 PP → ΔvmPFC GMV 0.094 0.058 0.136 0.104 0.130 0.059 0.259 0.027 

 Correlated change: ΔPP and ΔES   0.345 0.051 0.705 <0.001 0.306 0.040 0.765 <0.001 

Correlated change: ΔPP and ΔvmPFC GMV 0.045 0.022 0.180 0.038 -0.021 0.017 -0.150 0.213 

Correlated change: ΔES and ΔvmPFC GMV 0.062 0.028 0.155 0.024 0.017 0.020 0.075 0.409 

Quadvariate model – PP, ES, Amygdala, vmPFC         

Coupling: Age 14 PP → ΔvmPFC GMV 0.124 0.074 0.140 0.096 0.169 0.077 0.261 0.028 

 Correlated change: ΔPP and ΔES   0.256 0.038 0.701 <0.001 0.232 0.030 0.765 <0.001 

Correlated change: ΔAmy Volume and ΔvmPFC GMV 0.021 0.006 0.325 <0.001 0.014 0.003 0.404 <0.001 

Correlated change: ΔPP and ΔvmPFC GMV 0.034 0.017 0.176 0.043 -0.018 0.014 -0.163 0.177 

Correlated change: ΔES and ΔvmPFC GMV 0.058 0.026 0.151 0.028 0.016 0.003 0.075 0.410 

Covariate-corrected quadvariate model         

Coupling: Age 14 ES → ΔvmPFC GMV -0.032 0.053 -0.045 0.551 -0.089 0.044 -0.167 0.044 

Coupling: Age 14 Family support → ΔAmy Volume    -0.017 0.007 -0.138 0.023 0.004 0.005 0.040 0.421 

 Correlated change: ΔPP and ΔES   0.171 0.033 0.623 <0.001 0.230 0.034 0.708 <0.001 

Correlated change: ΔAmy Volume and ΔvmPFC GMV 0.026 0.004 0.497 <0.001 0.016 0.003 0.553 <0.001 

Correlated change: ΔPP and ΔvmPFC GMV 0.026 0.010 0.215 0.011 -0.017 0.012 -0.155 0.146 

Correlated change: ΔES and ΔvmPFC GMV 0.049 0.020 0.166 0.015 0.014 0.016 0.077 0.378 

Note. Ages are in years. PP = peer problems, ES = emotional symptoms, Amy = amygdala, vmPFC GMV = ventromedial prefrontal cortex grey matter volume, 

Est = estimate, SE = standard error, Std.all = standardized estimate (both latent and observed variables are standardized to have a variance of 1), Δ = change 

in
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Figure 4.3 

Significant Paths for the Covariate-Corrected Quadvariate Latent Change Score Model, Separate for Males and Females 
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Discussion 

Untangling the synergistic changes in social, emotional, and neuroanatomical factors in 

adolescence has implications for vulnerability and resilience to mental health problems 

such as anxiety and depression. To this end, the longitudinal interplay between peer 

problems, emotional symptoms, amygdala volume, and vmPFC GMV was examined 

across adolescence. Family support and socioeconomic stress in early adolescence were 

also investigated as predictors of change in the above variables of interest. Peer problems 

and emotional symptoms changed together for both sexes, but it was not the case that one 

affected the other. There were sex-specific findings: for males only, the vmPFC GMV 

changed together with peer problems and emotional symptoms, and family support 

predicted change in amygdala volume. Socioeconomic stress was not a predictor of change 

in peer problems, emotional symptoms, or regional brain volume for either sex. 

Exploration of the findings showed that greater total negative life events and higher levels 

of emotional symptoms predicted change in vmPFC GMV for females. This shows that 

there may be sex-specific interventions to promote brain development that supports 

socioemotional functioning. 

For the first hypothesis, a directional relationship was not observed between peer problems 

and emotional symptoms. Rather, there was baseline covariance between values at age 14 

years and correlated change between variables between ages 14 and 19 years. The 

magnitude of the relationship was similar between the sexes, and the relationship persisted 

even with the addition of covariates in the multivariate model. Previous research has found 

longitudinal links between peer relationships and internalizing problems across childhood 

and adolescence (Shin et al., 2016; Siegel et al., 2009; van Harmelen et al., 2016). The 

current study differed in the use of LCSMs, which simultaneously modelled different types 

of directional and associative relationships and allowed for a more robust detection of 

change that accounted for measurement error. Thus, previous research may have found 

correlated changes between peer problems and emotional symptoms, rather than a direction 

of the relationship. Indeed, more recent research using LCSMs supports this view; 

friendship quality did not predict subsequent resilient functioning across adolescence, 

rather these concepts changed together over time (van Harmelen et al., 2021). Modelling 

peer problems and emotional symptoms as latent variables included a range of indicators 

related to peer integration and victimization, such as having at least one good friend or 

being bullied. Other studies independently investigated different aspects of peer 

relationship problems that may have contributed to the differing results (e.g. peer 

victimization only, Siegel et al., 2009). Latent variable modelling and measurement 
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invariance tests accounted for measurement error and ensured that the same concept was 

measured between sex and over time. There was partial measurement invariance for both 

peer problems and emotional symptoms that resulted in adjustments to the model, so that 

the latent means could be meaningfully compared between groups. For example, the item 

related to being bullied was less likely to be affirmed by males at age 19 years compared to 

age 19 females and both sexes at age 14, but this was not related to the latent variable of 

“peer problems”. Therefore, previous associations in specific components of peer problems 

may have been due to sex or age differences. The current study suggests that the core 

concepts of peer problems and emotional symptoms change together across adolescence.  

In terms of the second hypothesis, there were originally some sex-specific findings: peer 

problems predicted change in vmPFC GMV for females only, and age 14 amygdala 

volume predicted change in peer problems for males only. However, these effects were not 

statistically significant when other predictors and covariates were entered into the model. 

Instead, there were unexpected findings which were found from the bidirectional 

investigation of relationships inherent to latent change score models. Emotional symptoms 

at age 14 years predicted change in vmPFC GMV for females, which was driven by the 

addition of negative life events before and after 14 years into the model, which also both 

predicted changes in vmPFC GMV. However, the effect of emotional symptoms on 

changes in vmPFC GMV was not found to be statistically significant when mood or 

anxiety disorders were controlled for. This may have been because the range of emotional 

symptoms were restricted; those with a mood or anxiety disorder had higher levels of 

emotional symptoms, which attenuated the association between emotional symptoms and 

change in vmPFC GMV. Together, this shows that both the presence of subjective negative 

life events and emotional distress in early adolescence affect the developmental trajectory 

of the vmPFC, which appears to trump the impact of peer problems. Associations between 

early life stress and regional prefrontal volume, including the vmPFC, have been found 

previously, with some studies suggesting that brain volume mediates the relationship 

between early life stress and emotional distress (Gorka et al., 2014; Hanson et al., 2010). 

Indeed, there is evidence to suggest that sex differences in the role of stress on the 

developing brain may be due to the interaction between sex-specific hormones and stress 

hormones, particularly in the PFC due to its protracted development into adolescence and 

adulthood (Shaw et al., 2020). This study shows that targeting the experience of negative 

life events and emotional distress may be necessary to buffer against the deleterious impact 

on vmPFC structural development in females. 
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For the third hypothesis, amygdala and vmPFC GMV did not mediate the association 

between peer problems and emotional symptoms; prior discussed results did not warrant 

mediation analyses. Instead, in the covariate-corrected multivariate model, there was 

correlated change between peer problems, emotional symptoms and vmPFC GMV for 

males. As with the previous finding of correlated change between peer problems and 

emotional symptoms, this was significant after accounting for baseline levels, changes 

within-variable, and changes between variables. Results from the univariate analysis in the 

current study found that males had a greater variance in change in vmPFC GMV compared 

to females during this age range. GMV in frontal regions have also been found to peak 

later and increase less rapidly in males compared to females, and male brain structure has 

been found to change more during childhood and early adolescence compared to females 

(Kaczkurkin et al., 2019; Lenroot et al., 2007). Taken together, this correlated change 

between peer problems, emotional symptoms, and vmPFC GMV may reflect a period of 

concerted change between social relationships, mental health, and frontal brain regions for 

males during this period rather than a specific direction of effect.  

The fourth hypothesis was partially supported; greater parent-reported family support at 

age 14 years predicted less amygdala volume increase in males only. This remained 

statistically significant after correcting for WBV and mean PDS score, and when family 

support was modelled separately as a latent variable. This is in line with previous research 

which found that higher frequency of positive maternal behaviour predicted attenuated 

growth in the right amygdala for males between the ages of 12 and 16 years (Whittle et al., 

2014). That previous research only found a significant effect in the right amygdala, 

however this study modelled amygdala volume as a latent variable using both left and right 

amygdala volume as indicators. This suggests that the findings were able to uncover the 

association between family support and whole amygdala volume when these variables 

were not obscured by measurement error. There is also previous evidence that the rate of 

growth of the amygdala is associated with psychopathology; experience of Axis-I DSM-IV 

psychopathology between early and mid-adolescence has been associated with faster 

growth of the left amygdala (Whittle et al., 2013). Thus, the attenuated growth of the 

amygdala through family support may show a protective effect against psychopathology. 

At age 14 years, boys may still be reorienting their social focus from family to peers, 

therefore it may be a time that is sensitive to the secure base of family support (Jenkins et 

al., 2002). Girls, on the other hand, may have already completed this social transition in 

early adolescence, and are further along in neural development, so the same associations 

are not found as for boys (Kaczkurkin et al., 2019; Rueger et al., 2008). Future research 
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should look at whether the patterns observed for males in this study are revealed earlier for 

females, such as in late childhood.  

For the fifth hypothesis, socioeconomic stress did not predict changes in peer problems, 

emotional symptoms, or amygdala and vmPFC GMV. This was surprising given that 

previous research has found that low socioeconomic status is associated with less family 

support (Devenish et al., 2017) and that greater adolescent social stress was associated with 

smaller decreases in vmPFC GMV (Tyborowska et al., 2018). The reason for these results 

may be that socioeconomic stress was parent-reported, and thus the level of stress that the 

adolescent feels from the socioeconomic circumstances is unknown. Future research 

should aim to discern whether the adolescent’s perspective predicts socioemotional and 

neuroanatomical outcomes. 

Strengths and Limitations  

The current study used the IMAGEN dataset, which is a rich, longitudinal dataset that 

contains social, psychological and neurobiological measures in adolescence (Schumann et 

al., 2010). The large sample size strengthened the ability to detect robust findings (Kievit 

et al., 2018). Additionally, IMAGEN participants were recruited from multiple European 

countries, which increases the generalizability of the findings. However, it must be 

highlighted that only participants of European descent were recruited in IMAGEN, which 

brings into question whether the interplay between peer and family relationships, mental 

health and neuroanatomy is similar in people of different ethnic backgrounds. Future 

research should explore this in a more diverse sample. 

This analysis employed techniques such as latent change score modelling, which allowed 

interrogation different parameters of change and the potential direction of effects (Kievit et 

al., 2018). Measurement invariance tests were conducted to assess whether the concepts of 

peer problems and emotional symptoms (both measured by the SDQ) are similar between 

sex and over time. This has implications for the interpretation of change over time such as 

whether there is true change or the result of measurement error. This was particularly 

important because, in the IMAGEN dataset, there were slight differences in the wording of 

the items for the SDQ versions used at age 14 years (11–17-year-old version) and at age 19 

years (17+ years version), for example 11-17 ‘Other people my age generally like me’ and 

17+ ‘Other people generally like me’. Measurement invariance tests revealed that the 17+ 

version was more likely to be affirmed compared to the 11-17 version for both sexes. This 

brings into question whether this was due to a difference with this age group or whether it 

was due to the wording of the item, which is broader. In this analysis, the item intercept 
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was adjusted due to noninvariance; previous research has found that not adjusting for 

noninvariance between groups produced significant bias in regression parameter estimates 

in SEM (Guenole & Brown, 2014). This would be a problem for other studies that would 

want to compare longitudinal scores from adolescent to adult sample. In addition, low 

coefficient omega values suggested sub-optimal reliability which was different between the 

different age versions of the SDQ used. This brings into question the suitability of the SDQ 

items for investigating the concepts of interest and highlights the need to use other 

measures to reinforce the findings. Previous research has indicated that the SDQ has good 

psychometric properties from a cross-sectional sample of child and adolescent versions (R. 

Goodman, 2001) and the psychometric properties between adolescent and adult versions 

have been found to be similar in a cross-sectional sample (Brann et al., 2018). However, 

there is limited research into the psychometric performance of the SDQ when measuring 

change from the adolescent and adult versions. This is important with the proliferation of 

multi-year population cohort studies that assess changes throughout adolescence and 

extending into adulthood.  

The correlated change observed in the current study can occur due to methodological 

issues or it may signify the presence of a third variable (Kievit et al., 2018; Könen & 

Karbach, 2021). This study attempted to address this by controlling for baseline scores and 

by including covariates that may be a common source of variance in the variables (Könen 

& Karbach, 2021). The covariate-corrected multivariate model included covariates such as 

stressful life events and psychiatric diagnosis, which had a minimal impact on the 

magnitude of the correlated change relationship between peer problems and emotional 

symptoms. It is possible, however, that variables not included in the study may have 

contributed to the change in both peer problems and emotional symptoms. Future research 

could investigate whether other aspects related to peer relationships, such as peer social 

skills (Nilsen et al., 2013; Segrin, 2000), explain the correlated change between peer 

problems and emotional symptoms for both sexes, and vmPFC GMV for males, during this 

age range. 

Implications 

The findings suggest that there is concerted change between peer problems and emotional 

symptoms for both sexes, and this extends to vmPFC GMV for males. Furthermore, greater 

negative life events and higher levels of emotional symptoms predicted change in vmPFC 

GMV for females; for males, family support predict change in amygdala volume. This 

shows that, whilst there are commonalities between sexes, there are differences that may 
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inform on the timing and targets for intervention – enhancing family support for males and 

protecting against negative life events and emotional symptoms for females. For the 

findings related to correlated change, it suggests that there is not a simple directional 

relationship between these variables, rather they are changing in concert. Further research 

is needed to elucidate whether these changes are being driven by a third variable not 

included in this study. This would have implications for where to direct potential 

intervention studies. For example, a social intervention targeted at reducing peer problems 

and increasing peer integration may show an association with change in emotional 

symptoms and vmPFC development, but that may have been driven by other factors, such 

as improving social skills rather than peer integration specifically. Such an understanding 

should lead to the development of more targeted approaches.  

Conclusion  

Concerted social, emotional, and neuroanatomical change in adolescence has implications 

for the development of mental health problems. The directions of these relationships – 

whether social relationships affect emotional symptoms, and whether it is mediated by 

structural development of specific brain regions – have been suggested by previous 

research. This study investigated these factors together using latent change score 

modelling. Rather than there being a specific direction of an effect between peer problems 

and emotional symptoms, these variables changed together during adolescence for both 

sexes. Sex-specific findings were evident: family support predicted amygdala volume for 

males longitudinally, and vmPFC GMV, peer problems and emotional symptoms also 

changed together. For females, the nature of the latent change score analysis resulted in an 

unexpected finding that, with the addition of negative life events in the model, emotional 

symptoms predicted vmPFC GMV longitudinally, which replaced the effect of peer 

problems. These findings have implications for sex-specific targets for intervention and 

opens avenues for untangling the role of structural brain development in social and 

emotional functioning in adolescence. Future research can build on this to further specify 

test potential directional findings, such as whether the correlated change observed is due to 

other social variables not considered in the current study. 
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CHAPTER FIVE: STRUCTURAL AND FUNCTIONAL ASPECTS OF SOCIAL 

RELATIONSHIPS AND PSYCHOLOGICAL DISTRESS IN OLDER AGE: THE 

ROLE OF REGIONAL BRAIN STRUCTURE, SEX, AND SOCIOECONOMIC 

STATUS (STUDY THREE) 

 

This chapter contains Study Three of the thesis. The paper is currently in preparation and a 

shortened version will be submitted to the journal Ageing and Society.  

 

Stepanous, J., Munford, L., Qualter, P., & Elliott, R. (in preparation). Structural and 

functional aspects of social relationships and psychological distress in older age: 

The role of regional brain structure, sex, and socioeconomic status. Ageing and 

Society. 
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Abstract 

The link between structural and functional aspects of social relationships and 

psychological distress in older age is embedded within a wider framework of 

socioeconomic conditions, neuroanatomical factors, and sex differences. Using data from 

UK Biobank, this study examined these factors together, assessing how specific structural 

and functional aspects of social relationships relate to psychological distress and 

socioemotional regional brain structure in people aged over 60 years. This study also 

sought to determine whether associations differed according to socioeconomic conditions 

and sex. Key findings were that, for females only, loneliness longitudinally predicted 

positive change in psychological distress, but this association was not statistically 

significant when income was included in the model. For both sexes, there was correlated 

change between family satisfaction and psychological distress, and, for females 

specifically, family satisfaction longitudinally predicted positive change in frequency of 

visits. There were positive associations between total activities and friendship satisfaction 

with regional brain volume cross-sectionally, but no longitudinal associations were found 

for either sex. Findings, thus, highlight similarities and differences between sexes in the 

targets for intervention to maintain social contact and emotional wellbeing in older age. 

Associations between social engagement and socioemotional brain structure may reflect 

between-person differences, rather than social experiences protecting against structural 

decline of the regions investigated. 
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Introduction  

The structure and function of social relationships in older age have been inextricably 

linked to mental wellbeing and psychological distress (Barnes et al., 2022; Barreto et al., 

2021; Gerst-Emerson & Jayawardhana, 2015). Structural aspects of social relationships 

(frequency of visits, living status) provide the foundation for functional aspects of social 

relationships (subjective quality and satisfaction), which subsequently has an effect on 

levels of psychological distress (Berkman & Krishna, 2014; Thoits, 1995). Both structural 

and functional aspects of social relationships predict mental health outcomes longitudinally 

(Hakulinen et al., 2016; Santini et al., 2015). However, the link between social 

relationships and psychological distress does not exist in isolation. Rather, it is embedded 

within a wider framework that includes the top-down effect of societal-level 

socioeconomic conditions and the bottom-up effect of individual-level brain structure, 

including the amygdala and ventromedial prefrontal cortex/orbitofrontal cortex 

(vmPFC/OFC; Berkman & Krishna, 2014; Bickart et al., 2012; Kawachi & Berkman, 

2001; Lewis et al., 2011; Powell et al., 2012; Sherman et al., 2016; Von Der Heide et al., 

2013). Overarching these factors are sex differences in socioeconomic conditions, social 

relationships, brain structure, and mental health, which contribute to differential impact of 

the mental health benefits of social relationships (Antonucci, 2001; Antonucci & Akiyama, 

1987; Gurung et al., 2003; Kiesow et al., 2020).  

Decades of research have linked social relationships with mental health (Cohen & Wills, 

1985; Hakulinen et al., 2016; Kawachi & Berkman, 2001; Santini et al., 2015; Schwarzer 

& Leppin, 1991; Steptoe et al., 2013). Although often separated in the literature, structural 

and functional dimensions of social relationships exist together. For example, societal and 

close relationship network structure provides the foundation for functional relationships 

(Berkman & Krishna, 2014; Thoits, 1995). These dimensions evolve as we age; 

socioemotional selectivity theory states that social networks shrink with older age, and 

more resources are put into the quality of close relationships (English & Carstensen, 2014; 

Lansford et al., 1998). This suggests that the size of social networks may be less important 

with age, although a foundation of social relationships would still be required to provide 

the basis for functional relationships.    

Social relationships exist within wider social structures (Berkman & Krishna, 2014; 

Kawachi & Berkman, 2001). Thus, socioeconomic conditions impact individual social 

relationships, and that effect appears to be cascading. For example, low socioeconomic 

status (SES), measured by education and income, has been related to poorer structural and 
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functional relationships (Berkman & Krishna, 2014; Steptoe et al., 2013; Weyers et al., 

2008). Older adults who are disadvantaged economically have been found to be at a higher 

risk for social isolation (Wethington & Pillemer, 2013), which in turn has a downstream 

effect on their ability to access functional aspects of relationships. Furthermore, individuals 

in a low socioeconomic position pay a greater relative cost for involvement in a social 

network without more benefits than those in a high socioeconomic position (Belle, 1983). 

The mechanism for this is proposed to be due to a lack of resources and opportunities, 

which make it more difficult for people of low SES to participate in organised social 

events and less able to reciprocate resources to members of their social group (Kawachi & 

Berkman, 2014; Weyers et al., 2008). But the associations are not as simple as low SES 

indiscriminately leading to poorer networks and relationships. For people of lower SES, it 

has been proposed that the social network and access to relationships is more concentrated 

to close ties, such as family or close neighbours (Weyers et al., 2008). Conversely, people 

of higher SES have wider social networks and more distributed forms of relationships, but 

perhaps at the cost of maintaining close relationships (Marmot et al., 2014; Weyers et al., 

2008). Overall, good social relationships can provide a buffer against the deleterious 

effects of SES on mental health. Higher levels of household income and higher education 

levels have been associated with lower depression risk longitudinally, and the relationship 

between SES and depressive symptoms was partially mediated by supportive social 

relationships (Zhou et al., 2021). Constructing a model that encompasses both 

socioeconomic factors and social relationships is crucial in providing a comprehensive 

view of the benefits of social relationships and avenues for intervention.    

Social relationships also have downstream associations with a person’s individual 

neurobiology. Research has shown that structural and functional aspects of social 

relationships are associated with differences in the structure and connectivity of the 

prefrontal cortex and limbic neural regions (Bickart et al., 2012; Eisenberger, 2013; 

Eisenberger & Cole, 2012; Noonan et al., 2018). In particular, the role of amygdala and 

vmPFC/OFC have been implicated in both structural and functional forms of social 

relationships (Bickart et al., 2012; Lewis et al., 2011; Powell et al., 2012; Sherman et al., 

2016; Von Der Heide et al., 2013). This has repercussions for mental wellbeing; the ability 

of the vmPFC/OFC to regulate amygdala activity has been associated with mood and 

anxiety disorders (Motzkin et al., 2015). Older age presents a unique time point as this is 

characterised by the structural decline of brain regions: decreases in brain volumes, 

decreases in white matter fractional anisotropy (FA) and increases in mean diffusivity 

(MD; Ritchie et al., 2017). Previous research using older age populations has found 
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associations between structural and functional social relationships and grey matter volume, 

including the amygdala and vmPFC, and white matter microstructure (James et al., 2012; 

Köhncke et al., 2016; Taebi et al., 2020). However, much of this research relies on cross-

sectional data, therefore it is unclear whether social relationships can protect against 

decline in fronto-limbic regions such as the amygdala and vmPFC/OFC in older age 

specifically. 

Sex differences have been observed in social relationships, socioeconomic factors, and 

brain structure, and so must be considered within the wider framework of social 

relationships and psychological distress. First, women have a more distributed network of 

social relationships and more intimate relationships compared to men’s, which has 

implications for both positive and negative aspects of social relationships (Antonucci, 

2001; Antonucci & Akiyama, 1987; Gurung et al., 2003). In addition, societal expectations 

of women may mean that they have a greater responsibility in social relationships, 

particularly with family, which can lead to greater psychological distress, particularly with 

those who have less economic resources (Kawachi & Berkman, 2001). In a similar vein, 

the mediation effect of social relationships in the association between socioeconomic 

factors and depressive symptoms was found to be larger for women compared to men 

(Zhou et al., 2021). To add, sex-specific brain volume effects have been found in the 

amygdala and vmPFC, which have been linked to social relationships (Kiesow et al., 

2020), and differential effects have been observed between sex depending on the 

dimension of social relationship investigated (Taebi et al., 2020). Therefore, there is a need 

to model males and females separately, to investigate the role of different social and 

neurobiological circumstances that affect the association between social relationships and 

psychological distress. 

The aim of this research was to determine how structural and functional aspects of social 

relationships affect psychological distress within a wider model that considers 

socioeconomic, neuroanatomical factors and sex differences. This was achieved using both 

cross-sectional and longitudinal data from UK Biobank, a large biomedical database of 

middle- and older-age adults (Allen et al., 2012). The first aim was to use the cross-

sectional data for model-building purposes using structural equation modelling (SEM). The 

second aim of the study was to verify the cross-sectional model in a longitudinal model, 

providing stronger evidence for the direction of proposed relationships. Latent change 

score (LCS) modelling separates out between- and within-person change within a variable, 

and also assess whether a relationship is directional, bidirectional, or whether there is 
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correlated change (Kievit et al., 2018). Altogether, this study aimed to elucidate how and 

for whom different aspects of social relationships are positively related to mental health in 

older age.     

Research Questions 

1) Which structural and functional aspects of social relationships are associated with 

psychological distress in older age?  

2) Which structural and functional aspects of social relationships are associated with 

amygdala volume and vmPFC GMV in older age? 

3) What is the direction of the associations? 

4) Do these associations differ between sex and with the addition of measures of SES? 
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Methods 

Participants 

Data were obtained from UK Biobank (study application ID: 54646), which is a large 

database containing a wealth of health, lifestyle and medical imaging data on around 

500,000 participants in middle age and later life (Allen et al., 2012). Ethical approval was 

granted to UK Biobank by the North West Multi-Centre Research Ethics Committee (REC 

reference 11/NW/0382). All participants provided informed consent for their anonymised 

data to be used for research purposes.  

For the cross-sectional analysis, data from UK Biobank participants who attended the 

assessment centre at instance 2 (I2; imaging visit - 2014 onwards) and who were aged 60 

years and above were included. For the longitudinal analysis, data from participants who 

attended I2 and instance 3 (I3; first repeat imaging visits - 2019 onwards) and were aged 

60 years and above at I2 were included. Participants with conditions such as dementia, 

multiple sclerosis, Parkinson’s disease, and stroke were excluded due to the confounding 

effects on neuroimaging data. 

Measures 

For questionnaire measures, “Do not know” and “Prefer not to answer” responses were 

specified as missing, unless stated otherwise. The questions were designed specifically for 

UK Biobank, unless stated otherwise. 

Structural social relationships. 

Frequency of friend/family visits.  

Participants were asked "How often do you visit friends or family or have them visit you?" 

Participants gave an average in the last year if it varied and were told to include places 

outside of the home. Responses were on a 7-point Likert scale ranging from “No 

friends/family outside household” to “Almost daily”.  

Total number of leisure/social activities. 

Data on leisure/social activities were used to produce a “Total number of leisure/social 

activities” score. Participants were asked to report which of the activities they attend once 

a week or more out of the following options: sports club or gym, pub or social club, 

religious group, adult education class, other group activity or none of the above. Options 

other than “None of the above” were summed to produce a total score; “None of the 

above” resulted in a score of zero. 
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Living with others.  

Participants were asked how many people were living together in their household, 

including themselves. Participants who were living in sheltered accommodation or care 

homes were not included in this data-field. A binary variable was produced where 

participants who answered “1” were categorised as “No”, whilst any answers above 1 were 

categorised as “Yes”.  

Living with partner. 

Data on marital status was not explicitly collected by UK Biobank. Instead, we used the 

data-field “How are people in household related to participant” to determine whether the 

participant lived with their partner. A yes/no binary “Living with partner” variable was 

produced where participants who responded that they lived with “Husband, wife or 

partner” were categorised as “Yes” whilst those who did not were categorised as “No”. 

Functional social relationships. 

Family satisfaction. 

Participants were asked to report on their general family relationship satisfaction on a 6-

point Likert scale, ranging from “Extremely unhappy” to “Extremely happy”. 

Friendships satisfaction. 

Participants were asked to report on their general friendship satisfaction on a 6-point Likert 

scale, ranging from “Extremely unhappy” to “Extremely happy”. 

Loneliness. 

A yes/no binary variable was available to measure loneliness, which was participants’ 

responses to the question “Do you often feel lonely?” 

Able to confide. 

Participants were asked “How often are you able to confide in someone close to you?” Six 

responses were available, ranging from “Never or almost never” to “Almost daily”.  

Psychological distress. 

Participants were asked about the following experiences over the last two weeks: feeling 

down, depressed or hopeless, having little interest or pleasure in doing things, feeling 

tense, fidgety or restless, and feeling tired or having little energy. Participants answered on 

a 4-point Likert scale, ranging from “Not at all” to “Nearly every day”. The questions to 
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measure psychological distress were designed by UK Biobank but they have since been 

validated and referred to as the Recent Depressive Symptoms-4 (RDS-4) scale (Dutt et al., 

2022). The RDS-4 scale has been shown to have high test-retest reliability (ICC = 0.88) 

and it is highly correlated with similar measures (PHQ-9 = 0.91, CES-D = 0.89; Dutt et al., 

2022). 

Socioeconomic status. 

Degree education. 

A yes/no binary variable for degree education was created from the Qualifications data-

field. Participants who reported having a “College or University degree” were categorised 

as “Yes”, whilst those who did not were categorised as “No”. 

Annual equivalised household income. 

Annual equivalised household income was derived from the “Average total household 

income before tax” data-field. Participants were asked to specify their household income in 

GBP using the following five bands, ranging from “Less than 18,000” to “Greater than 

100,000”. An equivalised measure was calculated to factor in household size. First, the 

mid-point of each band was calculated. The mid-point for the “Greater than 100,000” 

option was specified as “124,000”, in line with the “52,000 to “100,000” option. The mid-

points were then divided by the household size specified in the “Number in household” 

data-field. Household size was capped at 8 due to the large skew. The resulting data were 

again categorised into bands: “0-10,000”, “10,001-20,000”, “20,001-30,000” and 

“30,001+”. Participants who answered “Do not know” or “Prefer not to answer” to the 

income question were assigned to the “Do not know/Prefer not to answer” missing group. 

This group was included in the analysis to preserve participant data, but not interpreted due 

to ambiguity. 

Current employment status. 

Participants who responded to the “Current employment status” question as “In paid 

employment or self-employed" were categorised as “Employed”, those who responded 

“Retired” were categorised as “Retired” and the responses of “Unemployed”, “Looking 

after home and/or family”, “Unable to work because of sickness or disability”, “Doing 

unpaid or voluntary work” and “Full or part-time student” were categorised as 

“Unemployed” as the participants were not economically active. Participants who 

responded “None of the above” were coded as missing. 
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Skilled job. 

A yes/no binary variable denoting skilled job status was derived from data from the “Job 

code at visit” data-field. Participants were asked to report their current or most recent job 

title based on truncated version of the Standard Occupational Classification 2000 

(SOC2000). In line with previous papers (Harrison et al., 2021), codes between 1 and 5 

(Manager and Senior Officials to Skilled Trades Occupations) were classed as skilled jobs, 

whilst codes between 6 and 9 (Personal Service Occupations and Elementary Occupations) 

were classed as unskilled jobs. Participants with missing job code information and who 

were categorised as “Unemployed” or “Retired” outlined in the Current employment status 

section were categorised together as “Missing Unemployed or Retired”. This category was 

included in the analysis, but it not interpreted due to ambiguity. 

Townsend deprivation index quintiles. 

Townsend deprivation index score was calculated based on national census output areas 

based on participant’s postcode. The score was calculated prior to the participant joining 

UK Biobank. Quintiles were produced for this analysis based on the population cut-offs 

from the census data  (Yousaf & Bonsall, 2017). Quintile 1 indicates a more affluent area, 

whilst quintile 5 indicates a less affluent area. 

Neuroimaging variables. 

The neuroimaging scanner information is as follows: standard Siemens Skyra 3T running 

VD13A SP4 (as of October 2015), with a standard Siemens 32-channel RF receive head 

coil (Smith et al., 2020).  

Amygdala and vmPFC/OFC grey matter volume. 

Image-derived phenotypes (IDPs) produced by UK Biobank were used. From the T1 

structural image, FMRIB’s Automated Segmentation Tool (FAST; Zhang et al., 2001) was 

used to segment tissue-types and to produce volumes for each tissue. FAST grey matter 

segmentation was also used to generate grey matter partial volume estimates within regions 

of interest (ROIs). ROIs were derived from the Harvard-Oxford cortical and subcortical 

atlases and the Diedrichsen cerebellar atlas (Desikan et al., 2006; Diedrichsen et al., 2009; 

Frazier et al., 2005; Goldstein et al., 2007; Makris et al., 2006). The following ROI IDPs 

were extracted for the current analysis: volume of grey matter in the left amygdala, right 

amygdala, left frontal orbital cortex and in the right frontal orbital cortex. 

Whole brain volume normalised for head size. 
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Whole brain volume (WBV) was also derived from the FAST tissue segmentation. This 

was normalised for head size to produce the “Volume of brain, grey+white matter 

(normalised for head size)” variable that was included in the analysis. 

Weighted-mean FA and MD in uncinate fasciculus. 

White matter microstructure within the uncinate fasciculus (UF), a white matter tract 

connecting the amygdala and vmPFC/OFC (Goetschius et al., 2019; Von Der Heide et al., 

2013), was measured using fractional anisotropy (FA) and mean diffusivity (MD). 

Diffusion tensor imaging (DTI) measures were averaged according to specific tracts. FA is 

a measure of white matter integrity (greater values signify better integrity) and MD reflects 

the average strength of water diffusion (greater values signify worse integrity (Smith et al., 

2020)). Weighted-mean FA and MD values were generated by UK Biobank for each white 

matter tract using probabilistic tractography. The following variables were used: weighted-

mean FA in tract uncinate fasciculus (left), weighted-mean FA in tract uncinate fasciculus 

(right), weighted-mean MD in tract uncinate fasciculus (left) and weighted-mean MD in 

tract uncinate fasciculus (right). 

Demographics and covariates. 

Age. 

Age in years was obtained from the “Age when attended assessment centre” data-field. 

This was derived by UK Biobank from participants’ date of birth and the date of attending 

the assessment centre, truncated to the whole year. 

Sex. 

Information on sex was obtained by UK Biobank from the NHS central registry at 

recruitment. Binary female/male options were available. This was in some cases updated 

by the participant if they reported that it was incorrect. Information on the degree to which 

sex was self-reported was not available.  

Total stress in the last two years. 

Total stress in the last two years was derived from “Illness, injury, bereavement, stress in 

last 2 years”. Participants indicated whether they experienced illness or injury to 

themselves or close relatives, death of a close relative or partner, marital separation or 

divorce, financial difficulties, or none of the above. The number of events were summed to 

produce a score ranging from 0 to 5.  

Poor/fair health. 
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Responses to “Overall health rating” were dichotomised so that responses of “Poor” or 

“Fair” were categorised as “Yes” in this variable, whilst responses of “Good” or 

“Excellent” were categorised as “No”. 

Previously seen GP due to anxiety/depression. 

Previously seen GP due to anxiety/depression was derived from the “Seen doctor (GP) for 

nerves, anxiety, tension or depression” data-field. A binary yes/no option was available. 

Analytical Strategy 

Sample derivation. 

Respondents were included in the analysis sample for this study if they met all the 

following inclusion criteria: 60 years of age or older at I2, no brain or neurodegenerative 

disease, complete data available in all variables of interest. 

Model fit and specification. 

For the Confirmatory Factor Analysis (CFA), SEM and LCS models, overall model fit 

was assessed by the robust chi-square (χ2) fit statistic, robust root mean squared error of 

approximation (RMSEA) with 90% confidence interval and robust comparative fit index 

(CFI). Good model fit was defined as robust χ2 p-value > 0.05, robust RMSEA < 0.06 and 

robust CFI > 0.95 (Hu & Bentler, 1999). It is noted that a significant χ2 p-value is common 

in models with large sample sizes, so this was considered in the context of individual 

models. Comparative model fit was assessed by comparing the fit of nested, 

adjacent models through changes in fit statistics (changes in CFI values ≥-0.010 and 

RMSEA values of ≥+0.015 indicate poorer fit; Chen et al., 2008) and the scaled robust chi-

square difference test statistic (significant difference indicates significantly poorer fit 

between models). Acceptable latent variable loadings were defined as at least 0.5 (Hair et 

al., 2010). 

The weighted least squares mean- and variance-adjusted (WLSMV) estimator was used for 

models containing ordinal variables and the robust maximum likelihood (MLR) estimator 

was used for models with continuous variables only. Amygdala and vmPFC/OFC GMV 

values were divided by 1000 and normalised WBV values were divided by 1000000 to 

allow for similar variance between variables for model convergence.  

Cross-sectional Analysis 
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CFA was conducted on I2 data to assess the suitability of latent variables for structural 

social relationships, functional social relationships, socioeconomic status, psychological 

distress and individual measures of regional brain structure – amygdala grey matter volume 

(GMV), vmPFC/OFC GMV, weighted-mean UF FA and weighted-mean UF MD. 

Measurement invariance (MI) analyses were then conducted for structural relationships, 

functional relationships, socioeconomic status and psychological distress to test whether 

the same concept was being measured between sexes. 

Specification and results of the CFA and MI analyses are shown in Appendix 3.01. Most 

latent variables either showed poor fit in either the CFA or MI analyses; only the latent 

variables for psychological distress, amygdala GMV, vmPFC/OFC GMV and UF FA 

showed good fit. Thus, in subsequent models, individual indicators were used for structural 

social relationships, functional social relationships, socioeconomic status, and left and right 

UF MD variables.  

The theoretical model for the cross-sectional analysis is depicted in Figure 5.1. Multi-

group SEM, split by sex, was then used to test the model. The model was tested using a 

training dataset (30% of the sample) and the results were validated in the test dataset (70% 

of the sample). Results that were statistically significant at the alpha level of 0.05 for both 

the training and test dataset were tested further in the longitudinal analysis.  
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Figure 5.1 

Theoretical Model for the Cross-sectional Analysis  

 

Note. Circles indicate latent variables and squares indicate observed variables. Individual 

regional brain structure includes separate latent variables for amygdala GMV, 

vmPFC/OFC GMV, weighted-mean UF FA, and the observed variables for left and right 

weighted-mean UF MD, but these are grouped together in the diagram for simplicity. All 

variables included the covariates of age, total stress in the last two years, poor/fair health, 

and previously seen GP due to anxiety/depression. Residual variance was included for all 

groups of indicators, e.g., structural relationships indicators. 

The significant associations in the cross-sectional analysis for both the training and test 

datasets are shown in Appendix 3.02. Discussion of the key findings and the research 

themes explored in the longitudinal analysis are presented in Appendix 3.03. 

Longitudinal Analysis  

Longitudinal CFA and MI analyses were conducted for the latent variables identified in the 

cross-sectional analysis: psychological distress, amygdala GMV and vmPFC/OFC GMV. 

For the MI analysis, both sex and time invariance were tested simultaneously. 

LCS models were used to test the hypotheses generated from the cross-sectional analysis. 

First, univariate LCS models split by sex were used to characterise individual latent change 

in variables of interest between I2 and I3. Then, multivariate LCS models split by sex were 

used to investigate the research questions of interest. Models were divided according to the 

themes found in the cross-sectional analysis. Although a specific direction of effect was 
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hypothesised in individual models, the nature of LCS models allows us to look at both 

unidirectional, reverse directional and bidirectional pathways. 

Within the research themes, two models were tested, named model A and model B. Model 

A included time-varying covariates at I2 and I3 (age (years), total stress in last two years, 

poor/fair health (yes/no), previously seen GP due to anxiety/depression (yes/no)). I2 values 

were predictors of respective I2 values and latent change, whilst I3 values were predictors 

of latent change only. Previously seen GP due to anxiety/depression was included only at 

I2 to adjust for prior anxiety/depression and to limit multicollinearity with psychological 

distress. Living with partner was also included as a covariate of all main variables, to 

account for potential changes in social contact and psychological distress following 

bereavement or separation between I2 and I3. WBV was included as a covariate for 

amygdala and vmPFC/OFC GMV. Model B included I2 and I3 SES predictors in line with 

the results from the cross-sectional analysis following.   

In all models, the following specifications were made where applicable. For ordinal and 

binary variables (frequency of visits, loneliness, family satisfaction and friend satisfaction), 

item thresholds were set to equality between sex and across time. Exogenous variables 

(e.g., age) were treated as fixed, so the means, variances and covariances were fixed to 

their sample values. 

Research theme 1: What is the direction of the longitudinal association 

between frequency of friend and family visits, loneliness, and psychological 

distress for both sexes in older age? How are these relationships impacted by 

inclusion of socioeconomic variables? 

The tested and hypothesised models for research theme 1 are shown in Figure 5.2. Latent 

change for the loneliness variable was unable to be tested as it was a binary yes/no 

variable.   
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Figure 5.2 

Tested and Hypothesised Models for the Associations between Frequency of Visits, 

Loneliness and Psychological Distress 

 

Note. I2 = instance 2. Circles depict latent variables and squares depict observed variables. 

SES predictors are omitted for simplicity. Data were split by sex and the same model was 

tested on males and females. 

The hypotheses were as follows: 

• I2 loneliness will predict positive change in psychological distress for both sexes. 

• I2 frequency of visits will not predict change in psychological distress. 

• There will be baseline negative correlation between I2 frequency of visits and I2 

loneliness, and a baseline positive correlation between I2 loneliness and I2 

psychological distress. 

• In line with the cross-sectional findings, degree education will negatively predict 

loneliness for females, lower income will positively predict baseline and change in 

psychological distress for males only, and being employed will negatively predict 

baseline and change in frequency of visits for females only. 

 

Research theme 2: What is the direction of the longitudinal association 

between frequency of friend and family visits, family satisfaction, and 

psychological distress in older age? What is the direction of the longitudinal 

association between total number of leisure/social activities and psychological 

distress? Are these pathways specific to females? How are these relationships 

impacted by inclusion of socioeconomic variables? 

The tested and hypothesised models for research theme 2 are shown in Figures 5.3 and 5.4.  
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Figure 5.3 

Tested and Hypothesised Models for the Associations Between Frequency of Visits, Family 

Satisfaction and Psychological Distress  

 

Note. I2 = instance 2. Circles depict latent variables and squares depict observed variables. 

SES predictors are omitted for clarity. The tested model was applied to both sexes, but the 

hypothesised model is female specific. 

The hypotheses were as follows: 

• For females specifically, I2 frequency of visits will predict positive change in 

family satisfaction. I2 family satisfaction will predict negative change in 

psychological distress. 

• For females, there will be baseline positive correlation between I2 frequency of 

visits and I2 family satisfaction, and a negative baseline correlation between I2 

family satisfaction and I2 psychological distress. 

• Lower income will positively predict baseline and change in psychological distress 

for males only and being employed will negatively predict baseline and change in 

frequency of visits for females only.  

Related to research theme 2, but in a separate model, model 2Aii included latent change 

variables for total number of leisure/social activities and psychological distress.   
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Figure 5.4 

Tested and Hypothesised Models for the Association Between Total Number of 

Leisure/Social Activities and Psychological Distress 

 

Note. I2 = instance 2. Circles depict latent variables and squares depict observed variables. 

SES predictors are omitted for clarity. The tested model was applied to both sexes, but the 

hypothesised model is female specific. 

The hypotheses were: 

• For females only, I2 total activities will negatively predict change in psychological 

distress.  

• For females, there will be baseline negative correlation between I2 total activities 

and I2 psychological distress. 

• Degree education and higher income will positively predict total activities for both 

sexes. Lower income will positively predict baseline and change in psychological 

distress for males only. 

Research theme 3: What is the direction of the longitudinal association 

between total number of leisure and social activities, amygdala GMV, 

vmPFC/OFC GMV and friendship satisfaction in older age? For females, do 

total activities predict change in amygdala and vmPFC/OFC GMV? For 

males, does friendship satisfaction predict change in amygdala and 

vmPFC/OFC GMV, and do total activities predict change in friendship 

satisfaction? How are these relationships impacted by inclusion of 

socioeconomic variables? 

The tested and hypothesised models for research theme 3 are shown in Figure 5.5.  
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Figure 5.5 

Tested and Hypothesised Models for the Association Between Total Number of 

Leisure/Social Activities, Friendship Satisfaction, Amygdala GMV and vmPFC/OFC GMV 

 

Note. I2 = instance 2, vmPFC/OFC = ventromedial prefrontal cortex/orbitofrontal cortex. 

Circles depict latent variables and squares depict observed variables. SES predictors are 

omitted for clarity. The tested model was applied to both sexes, but the hypothesised 

models are sex specific. 

The hypotheses were: 

• For males, I2 total activities will predict positive change in friend satisfaction. I2 

friend satisfaction will predict less decrease (shown as a positive change parameter 

due to average decreases in brain volume) in amygdala and vmPFC/OFC GMV. 

For females, I2 total activities will predict less decrease (i.e. positive change) in 

amygdala and vmPFC/OFC GMV. 

• There will be a positive baseline correlation between I2 total activities and I2 friend 

satisfaction for males, and a positive correlation between I2 amygdala GMV and I2 

vmPFC/OFC GMV for both sexes. There will also be a negative baseline 
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correlation between I2 friend satisfaction and I2 amygdala and vmPFC/OFC GMV 

for males only. 

• There will be positive correlated change between amygdala GMV and vmPFC/OFC 

GMV for both sexes. 

• Degree education will positively predict baseline and change in total activities, 

amygdala GMV and vmPFC/OFC GMV for both sexes, and negatively predict 

baseline and change in friend satisfaction for males only. Higher income will 

positively predict baseline and change in total activities and amygdala GMV for 

both sexes, and baseline and change in vmPFC/OFC GMV for males only. Higher 

Townsend quintile will negatively predict baseline and change in vmPFC/OFC 

GMV for males only, and negatively predict baseline and change in total activities 

for females only.  
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Results 

Sample Derivation 

The flowchart for reasons for participant exclusion are depicted in Appendix 3.04. Of 3140 

participants with data available at I2, data for 1783 were included in the analysis.  

As with the cross-sectional analysis, separate missing categories were included to preserve 

data from participants with missing values in job code and income data (approximately 10-

20% missing in only these variables). The amount of missing data in the non-complete 

sample (n = 2898) for each variable is shown in Appendix 3.05. Most variables had less 

than 5% missing cases apart from neuroimaging GMV measures (I2: 5.2%, I3: 13.5%). 

The missing neuroimaging variables were due to either participants not attending the 

assessment, the scan not performed or completed, or issues with data quality control.  

As a form of sensitivity analysis, a separate dataset was derived with multivariate outliers 

removed from the neuroimaging variables using Mahalanobi’s distance. Cases that had a 

significant Mahalanobi’s distance value at the p < 0.001 level were identified and removed. 

In total, 59 outliers were removed (3.42%), reducing the sample size to 1724. 

Descriptive Statistics 

Descriptive statistics for continuous variables for males and females separately are shown 

in Table 5.1. There was no significant difference between the number of males and females 

in the sample (X2(1, 1783) = 0.014, p = 0.906). Compared to females, males were older and 

had larger left and right amygdala and vmPFC/OFC GMV at both I2 and I3. Females took 

part in more social activities and had larger WBV normalised for head size compared to 

males. There was no significant difference between sexes in total number of stressful life 

events in the last two years. 
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Table 5.1 

Descriptive Statistics for the Instance 2 and 3 Continuous Variables for the Complete-Case Sample, Split by Sex 

 Male (n = 889) Female (n = 894)  

Instance 2 Mean SD Min Max Mean SD Min Max F-Test 

Age (years) 67.45 4.63 60 80 66.44 4.48 60 80 F=22.166*** 

Total stressful life events in last two years 0.37 0.59 0 3 0.42 0.64 0 3 F=2.613 

Total number of leisure/social activities 1.19 0.87 0 4 1.39 0.94 0 4 F=20.275*** 

Left amygdala grey matter volume (mm3) 1877.96 234.37 1096.97 2736.30 1734.69 209.99 1009.06 2383.97 F=184.839*** 

Right amygdala grey matter volume (mm3) 2139.35 257.39 1146.10 3081.63 2001.19 239.05 1190.76 2802.27 F=137.935*** 

Left vmPFC/OFC grey matter volume (mm3) 6825.34 804.60 4801.55 10132.30 6202.03 721.26 4442.07 8890.84 F=296.725*** 

Right vmPFC/OFC grey matter volume (mm3) 6218.12 709.29 4333.66 9642.85 5668.45 637.82 3889.42 7966.44 F=296.106*** 

WBV normalised for head size (mm3) 1470591.29 65202.84 1276710 1682990 1485114.50 63327.39 1151700 1691310 F=22.762*** 

Instance 3          

Age (years) 69.87 4.59 61 82 68.84 4.50 61 82 F=22.764*** 

Total stressful life events in last two years 0.35 0.56 0 3 0.40 0.61 0 3 F=3.301 

Total number of leisure/social activities 1.13 0.88 0 4 1.34 0.94 0 4 F=24.803*** 

Left amygdala grey matter volume (mm3) 1845.02 237.89 895.67 2718.46 1706.94 209.08 1006.90 2381.52 F=169.530*** 

Right amygdala grey matter volume (mm3) 2095.67 259.88 1164.25 2884.37 1970.10 241.44 1086.90 2808.36 F=111.728*** 

Left vmPFC/OFC grey matter volume (mm3) 6732.95 791.70 4785.21 10237.70 6092.18 718.26 4368.64 8873.78 F=320.420*** 

Right vmPFC/OFC grey matter volume (mm3) 6119.74 700.70 4342.11 8931.96 5564.26 632.13 3698.44 8069.42 F=308.966*** 

WBV normalised for head size (mm3) 1452938.70 63836 1246110 1639280 1465095.74 63199.65 1250770 1654580 F=16.329*** 

Note. GMV = grey matter volume, vmPFC/OFC = ventromedial prefrontal cortex/orbitofrontal cortex, WBV = whole brain volume.  

Statistical significance markers: * p<0.05; ** p<0.01; *** p<0.001
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Descriptive statistics for ordinal and categorical variables for males and females are shown 

in Table 5.2. For family and friendship satisfaction items, the responses “Extremely 

unhappy” and “Very unhappy” were combined due to low response counts. For 

sociodemographic and health information, a higher proportion of females had previously 

seen their GP for anxiety or depression. More females were in the lower annual household 

equivalised income brackets or were more likely to answer ‘Do not know’ or ‘Prefer not to 

answer’ compared to males. Poor/fair health rating, employment status, degree education 

and Townsend quintile did not differ between sexes. For social relationships variables, 

females were more likely to visit or be visited by friends and family almost daily at I2 

compared to males. Females were less likely to live with a partner or with other people. 

More males responded that they never or almost never were able confide in someone at 

both I2 and I3. For friendships satisfaction, males were more likely to respond 

“Moderately happy”, whilst females were more likely to respond “Extremely happy” at I2. 

Females were more likely to feel lonely at both instances. For psychological distress items, 

females were more likely to report more tiredness and lethargy at both I2 and I3. Females 

also reported greater frequency of depressed mood at I3. 
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Table 5.2 

Descriptive Statistics at Instances 2 and 3 for Ordinal and Categorical Variables, Split by Sex, Including Chi-square Difference Tests between 

Sex and Post-hoc Tests 

 Instance 2  Instance 3  

 Female (n = 894) Male (n = 889)  Female (n = 894) Male (n = 889)  

Variable N % N % 
Chi-square Test  
(Post-hoc FDR  
p-value) 

N % N % 
Chi-square Test  
(Post-hoc FDR  
p-value) 

Poor/Fair Health Rating     χ2 =2.685     χ2=0.459 

... Yes 86 9.62% 108 12.15% 
 

112 12.53% 122 13.72%  

... No 808 90.38% 781 87.85%  782 87.47% 767 86.28%  

Previously Seen GP for Anxiety or Depression     χ2=31.012***      

... No 598 66.89% 700 78.74%       

... Yes 296 33.11% 189 21.26%       

Annual Equivalised Household Income (£)     χ2=54.85***     χ2=47.066*** 

… 0-10,000 147 16.44% 95 10.69% (p=0.002) 141 15.77% 89 10.01% (p=0.001) 

… 10,001-20,000 179 20.02% 236 26.55% (p=0.006) 179 20.02% 224 25.20% (p=0.045) 

… 20,001-30,000 277 30.98% 303 34.08% (p=0.813) 304 34.00% 311 34.53% (p=1.000) 

… 30,001+ 182 20.36% 215 24.18% (p=0.261) 164 18.34% 218 24.86% (p=0.004) 

… Do Not Know/ 
     Prefer Not to Answer 

109 12.19% 40 4.50% (p<0.001) 106 11.86% 48 5.40% (p<0.001) 

Employment Status     χ2=1.854     χ2=4.978 

... Unemployed 16 1.79% 11 1.24%  15 1.68% 6 0.67%  

... Retired 718 80.31% 702 78.97%  780 87.25% 769 86.50%  

... Employed 160 17.90% 176 19.80%  99 11.07% 114 12.82%  

Degree Education     χ2=0.405      
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... No 468 52.35% 451 50.73%       

... Yes 426 47.65% 438 49.27%       

Townsend Quintile     χ2=2.207      

... 1 (Low Deprivation) 508 56.82% 513 57.71%       

... 2 196 21.92% 209 23.51%       

... 3 115 12.86% 100 11.25%       

... 4 63 7.05% 54 6.07%       

... 5 (High Deprivation) 12 1.34% 13 1.46%       

Skilled Job     χ2=1.33     χ2=0.815 

... Unskilled Job 92 10.29% 82 9.22%  89 9.96% 78 8.77%  

... Skilled Job 710 79.42% 703 79.08%  687 76.85% 688 77.39%  

... Missing Unemployed/Retired 92 10.29% 104 11.70%  118 13.20% 123 13.84%  

Living with Partner     χ2=52.865***     χ2=46.223*** 

... No 269 30.09% 138 15.52%  272 30.43% 148 16.65%  

... Yes 625 69.91% 751 84.48%  622 69.57% 741 83.35%  

Frequency of Friend/Family Visits     χ2=31.743***     χ2=13.398* 

... None/Never or Almost Never 4 0.45% 11 1.24% (p=0.407) 13 1.45% 27 3.04% (p=0.144) 

... Once Every Few Months 29 3.24% 38 4.27% (p=1.000) 40 4.47% 54 6.07% (p=0.784) 

... About Once a Month 82 9.17% 108 12.15% (p=0.250) 83 9.28% 100 11.25% (p=1.000) 

... About Once a Week 248 27.74% 298 33.52% (p=0.049) 273 30.54% 284 31.95% (p=1.000) 

... 2-4 Times a Week 372 41.61% 342 38.47% (p=1.000) 351 39.26% 316 35.55% (p=0.630) 

... Almost Daily 159 17.79% 92 10.35% (p<0.001) 134 14.99% 108 12.15% (p=0.480) 

Family Relationship Satisfaction     χ2=9.159     χ2=9.494* 

... Extremely/Very Unhappy 11 1.23% 5 0.56%  6 0.67% 5 0.56% (p=1.000) 

... Moderately Unhappy 28 3.13% 39 4.39%  40 4.47% 30 3.37% (p=1.000) 
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... Moderately Happy 226 25.28% 184 20.70%  237 26.51% 196 22.05% (p=0.140) 

... Very Happy 441 49.33% 461 51.86%  442 49.44% 450 50.62% (p=1.000) 

... Extremely Happy 188 21.03% 200 22.50%  169 18.90% 208 23.40% (p=0.101) 

Friendships Satisfaction     χ2=20.288***     χ2=8.127 

... Extremely/Very Unhappy 1 0.11% 1 0.11% (p=1.000) 2 0.22% 1 0.11%  

... Moderately Unhappy 15 1.68% 14 1.57% (p=1.000) 11 1.23% 13 1.46%  

... Moderately Happy 192 21.48% 267 30.03% (p<0.001) 213 23.83% 254 28.57%  

... Very Happy 533 59.62% 496 55.79% (p=0.510) 518 57.94% 503 56.58%  

... Extremely Happy 153 17.11% 111 12.49% (p=0.030) 150 16.78% 118 13.27%  

Loneliness     χ2=6.878***     χ2=19.335*** 

... No 792 88.59% 821 92.35%  773 86.47% 826 92.91%  

... Yes 102 11.41% 68 7.65%  121 13.53% 63 7.09%  

Frequency of Depressed Mood in Last 2 Weeks     χ2=7.013     χ2=12.651** 

... Not At All 783 87.58% 811 91.23%  757 84.68% 802 90.21% (p=0.002) 

... Several Days 98 10.96% 67 7.54%  122 13.65% 77 8.66% (p=0.003) 

... More Than Half the Days 9 1.01% 6 0.67%  13 1.45% 8 0.90% (p=1.000) 

... Nearly Every Day 4 0.45% 5 0.56%  2 0.22% 2 0.22% (p=1.000) 

Frequency of Unenthusiasm/Disinterest in Last 2 
Weeks 

    χ2=6.173     χ2=4.642 

... Not At All 800 89.49% 807 90.78%  782 87.47% 796 89.54%  

... Several Days 82 9.17% 75 8.44%  100 11.19% 83 9.34%  

... More Than Half the Days 8 0.89% 1 0.11%  10 1.12% 5 0.56%  

... Nearly Every Day 4 0.45% 6 0.67%  2 0.22% 5 0.56%  

Frequency of Tenseness/Restlessness in Last 2 
Weeks 

    χ2=2.827     χ2=6.093 

... Not At All 743 83.11% 764 85.94%  738 82.55% 769 86.5%  
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... Several Days 138 15.44% 113 12.71%  147 16.44% 110 12.37%  

... More Than Half the Days 9 1.01% 8 0.90%  6 0.67% 6 0.67%  

... Nearly Every Day 4 0.45% 4 0.45%  3 0.34% 4 0.45%  

Frequency of Tiredness/Lethargy in Last 2 Weeks     χ2=8.648*     χ2=10.488* 

... Not At All 547 61.19% 572 64.34% (p=0.672) 534 59.73% 592 66.59% (p=0.011) 

... Several Days 285 31.88% 282 31.72% (p=1.000) 316 35.35% 252 28.35% (p=0.006) 

... More Than Half the Days 37 4.14% 18 2.02% (p=0.039) 25 2.80% 23 2.59% (p=1.000) 

... Nearly Every Day 25 2.80% 17 1.91% (p=0.874) 19 2.13% 22 2.47% (p=1.000) 

Note. FDR = false discovery rate. Statistical significance markers: * p<0.05; ** p<0.01; *** p<0.001
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Measurement Invariance Analysis  

Full MI was demonstrated for the latent variable of psychological distress. The item 

thresholds, loadings, intercepts, and residual variance were comparable between sex and 

between I2 and I3. Overall MI model fit and comparative model fit is shown in Appendix 

3.06. The latent variable of psychological distress showed good reliability. Coefficient 

omega values were between 0.67 and 0.73, which shows that 67-73% of total score 

variance was due to the latent variable (Flora, 2020; McDonald, 1999). The item loadings 

from the full residual invariance CFA model for the psychological distress latent variable 

is shown in Appendix 3.07. 

Univariate LCS Models  

Full output from the results of the univariate LCS models is shown in Table 5.3. All 

models showed good fit to the data, although fit statistics were not available for total 

number of leisure/social activities due to the model being just identified.  

Initial models showed that there was a group mean decrease over time for frequency of 

friend/family visits and family satisfaction for females only, for total number of 

leisure/social activities for males only, and for amygdala and vmPFC/OFC GMV for both 

sexes. There was statistically significant variance in change for all variables. Furthermore, 

there was statistically significant negative proportional covariance for all variables: score 

at I2 was negatively associated with change between I2 and I3. 

When examining sex differences, model fit was worse when fixing I2 friend satisfaction to 

equality between sexes, which indicates that females had higher I2 friend satisfaction 

compared to males. There was some evidence that I2 total activities mean, variance, 

proportional covariance and change variance were higher for females compared to males, 

although comparative CFI and RMSEA statistics were unavailable to allow for full model 

comparison. 

Males had higher I2 group mean amygdala GMV compared to females, and there was 

evidence that males had higher I2 amygdala variance and change variance compared to 

females. When correcting for WBV, there were no significant differences in I2 mean 

amygdala GMV, but there was still evidence for higher I2 variance and change variance 

compared to females. Fixing the mean change parameter to equality between sex in the 

amygdala and vmPFC/OFC GMV WBV-corrected models resulted in a negative estimate 

for both sexes (amygdala GMV estimate = -0.210, p < 0.001; vmPFC/OFC GMV estimate 
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= -0.212, p = 0.050) without a significant reduction in model fit, which suggests that there 

was a group mean decrease in the proportion of amygdala and vmPFC/OFC GMV to WBV 

over time for both sexes. 
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Table 5.3 

Univariate Latent Change Score Model Parameters for the Longitudinal Variables of Interest (n = 1783) 

 Males (n = 889) Females (n = 894) 
Model Fit /  

Sex Difference Comparative Model Fit 
 

 Univariate Latent Change Score 
Models 

Est SE p Std.all Est SE p Std.all χ2 df p CFI RMSEA [90% CI] 

Psychological Distress         74.579 70 0.332 0.999 0.009 [0.001, 0.022] 

Mean at I2 -1.041 0.094 <0.001 -0.787 -0.811 0.081 <0.001 -0.629 3.945 1 0.047 -0.001 +0.005 

Variance at I2 1.751 0.167 <0.001 1.000 1.662 0.151 <0.001 1.000 0.101 1 0.750 +0.001 -0.007 

Mean change I2-I3 -0.014 0.082 0.865 -0.019 0.108 0.074 0.141 0.125 1.234 1 0.267 0 0 

Proportional covariance -0.218 0.094 0.020 -0.230 -0.455 0.107 <0.001 -0.409 2.524 1 0.112 0 +0.002 

Change variance 0.512 0.087 <0.001 1.000 0.748 0.097 <0.001 1.000 2.695 1 0.101 0 +0.001 

Frequency of Friend Family Visits         5.431 7 0.608 1.000 0.001 [0.001, 0.035] 

Mean at I2 -0.080 0.033 0.017 -0.081 0.198 0.034 <0.001 0.193 30.204 1 <0.001 0 0 

Variance at I2 0.964 0.049 <0.001 1.000 1.061 0.056 <0.001 1.000 1.419 1 0.234 0 0 

Mean change I2-I3 -0.040 0.033 0.271 -0.041 -0.135 0.037 <0.001 -0.140 3.316 1 0.069 -0.001 +0.016 

Proportional covariance -0.336 0.034 <0.001 -0.349 -0.424 0.039 <0.001 -0.428 2.621 1 0.106 0 +0.008 

Change variance 0.958 0.039 <0.001 1.000 0.924 0.038 <0.001 1.000 0.330 1 0.566 0 0 

Family Satisfaction         5.629 4 0.229 0.999 0.021 [0.001, 0.058] 

Mean at I2 0.093 0.038 0.014 0.084 0.015 0.038 0.688 0.014 1.825 1 0.176 0 +0.005 

Variance at I2 1.216 0.069 <0.001 1.000 1.238 0.068 <0.001 1.000 0.041 1 0.839 +0.001 -0.017 

Mean change I2-I3 0.023 0.035 0.508 0.028 -0.069 0.034 0.046 -0.086 3.479 1 0.062 0 +0.009 

Proportional covariance -0.356 0.045 <0.001 -0.391 -0.360 0.044 <0.001 -0.405 0.002 1 0.962 +0.001 -0.009 

Change variance 0.684 0.040 <0.001 1.000 0.637 0.040 <0.001 1.000 0.663 1 0.415 +0.001 -0.003 

Friendships Satisfaction         3.433 4 0.488 1.000 0.001 [0.001, 0.047] 

Mean at I2 -0.075 0.041 0.064 -0.070 0.151 0.039 <0.001 0.137 15.446 1 <0.001 -0.009 +0.068 

Variance at I2 1.149 0.078 <0.001 1.000 1.231 0.080 <0.001 1.000 0.639 1 0.424 0 0 

Mean change I2-I3 0.043 0.035 0.223 0.056 -0.034 0.038 0.370 -0.041 2.204 1 0.138 0 +0.006 

Proportional covariance -0.299 0.045 <0.001 -0.360 -0.358 0.050 <0.001 -0.379 0.744 1 0.388 0 0 

Change variance 0.603 0.051 <0.001 1.000 0.722 0.053 <0.001 1.000 2.886 1 0.089 0 +0.014 

Total Leisure/Social Activities         N/A N/A N/A N/A N/A 

Mean at I2 1.193 0.029 <0.001 1.374 1.387 0.039 <0.001 1.470 20.482 1 <0.001 (0.966)^ (0.148 [0.096-0.207])^ 

Variance at I2 0.754 0.032 <0.001 1.000 0.890 0.039 <0.001 1.000 7.484 1 0.006 (0.989)^ (0.085 [0.033-0.154])^ 

Mean change I2-I3 -0.066 0.024 0.006 -0.092 -0.045 0.027 0.094 -0.056 0.360 1 0.549 (1.000)^ (0.001 [0.001-0.074])^ 

Proportional covariance -0.247 0.022 <0.001 -0.394 -0.324 0.029 <0.001 -0.430 4.610 1 0.032 (0.994)^ (0.064 [0.016-0.126])^ 
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Change variance 0.521 0.033 <0.001 1.000 0.638 0.039 <0.001 1.000 5.347 1 0.021 (0.993)^ (0.070 [0.030-0.117])^ 

Amygdala GMV         11.581 10 0.314 1.000 0.013 [0.001, 0.039] 

Mean at I2 1.880 0.008 <0.001 8.578 1.736 0.007 <0.001 8.933 447.74 1 <0.001 -0.042 +0.120 

Variance at I2 0.048 0.004 <0.001 1.000 0.038 0.003 <0.001 1.000 9.07 1 0.003 -0.002 +0.018 

Mean change I2-I3 -0.039 0.004 <0.001 -0.392 -0.029 0.003 <0.001 -0.400 3.270 1 0.071 -0.001 +0.006 

Proportional covariance -0.004 0.001 0.002 -0.192 -0.003 0.001 <0.001 -0.196 0.803 1 0.370 0 -0.002 

Change variance 0.010 0.002 <0.001 1.000 0.005 0.001 <0.001 1.000 10.392 1 0.001 -0.005 +0.029 

 WBV-corrected Amygdala GMV         22.077 14 0.077 0.998 0.027 [0.001-0.047] 

Mean at I2 0.878 0.175 <0.001 4.190 0.480 0.159 0.003 2.571 2.869 1 0.090 0 0 

Variance at I2 0.042 0.003 <0.001 0.955 0.032 0.002 <0.001 0.917 11.437 1 <0.001 -0.002 +0.010 

Mean change I2-I3 -0.350 0.090 <0.001 -3.690 -0.115 0.066  0.082  -1.638 4.437 1 0.035 0 +0.002 

Proportional covariance -0.004 0.001 0.003 0.435 -0.003 0.001 <0.001 -0.220 1.473 1 0.225 0 -0.002 

Change variance 0.009 0.001 <0.001 0.979 0.005 0.001 <0.001 0.997 9.610 1 0.002 -0.003 +0.016 

vmPFC/OFC GMV         9.914 10 0.448 1.000 0.001 [0.001, 0.036] 

Mean at I2 6.819 0.027 <0.001 10.025 6.213 0.024 <0.001 10.523 345.86 1 <0.001 -0.114 +0.175 

Variance at I2 0.463 0.034 <0.001 1.000 0.349 0.024 <0.001 1.000 10.154 1 0.001 -0.004 +0.032 

Mean change I2-I3 -0.099 0.008 <0.001 -0.448 -0.111 0.006 <0.001 -0.810 1.243 1 0.265 0 +0.004 

Proportional covariance -0.034 0.016 0.030 -0.224 -0.012 0.004 0.001 -0.153 2.933 1 0.087 -0.002 +0.021 

Change variance 0.049 0.016 <0.001 1.000 0.019 0.002 <0.001 1.000 16.099 1 <0.001 -0.024 +0.079 

WBV-corrected vmPFC/OFC GMV         16.287 14 0.296 0.999 0.014 [0.001-0.036] 

Mean at I2 3.329 0.556 <0.001 4.879 2.132 0.520 <0.001 3.600 2.553 1 0.110 0 +0.003 

Variance at I2 0.442 0.033 <0.001 0.949 0.320 0.021 <0.001 0.914 13.028 1 <0.001 -0.003 +0.021 

Mean change I2-I3 -0.349 0.172 0.043 -1.573 -0.142 0.135 0.292 -1.031 0.853 1 0.356 0 -0.001 

Proportional covariance -0.036 0.015 0.021 -0.242 -0.013 0.004 <0.001 -0.163 3.651 1 0.056 -0.001 +0.012 

Change variance 0.049 0.016 0.002 0.949 0.019 0.002 <0.001 1.000 15.750 1 <0.001 -0.017 +0.058 

Note. Est = estimate, SE = standard error, Std.all = both latent and observed variables are standardised to have a variance of 1, CFI = comparative fit index, 

RMSEA = root mean square error of approximation, CI = confidence interval, I2 = instance 2, I3 = instance 3, GMV = grey matter volume, vmPFC/OFC = 

ventromedial prefrontal cortex/orbitofrontal cortex, ^ = model fit statistics reported instead of comparative fit.
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Multivariate LCS Models 

Research theme 1. What is the direction of the longitudinal association 

between frequency of friend and family visits, loneliness, and psychological 

distress for both sexes in older age? How are these relationships impacted by 

inclusion of socioeconomic variables?  

There was good fit for model 1A (Robust χ2 (246) = 283.635, p = 0.050; CFI = 0.994; 

RMSEA = 0.013, 90% CI = [0.001, 0.020]). The full regression output for models 1A and 

1B is shown in Table 5.4. 

In line with the hypotheses: 

• I2 loneliness positively predicted change in psychological distress for females but 

not males (male std.all = -0.104, p = 0.623; female std.all = 0.247, p = 0.040). 

• I2 frequency of visits did not predict change in psychological distress for either sex 

(male std.all = -0.037, p = 0.568; female std.all = -0.035, p = 0.450). 

• For both sexes, there was significant negative baseline correlation between I2 

frequency of visits and I2 loneliness (male std.all = -0.158, p = 0.013; female std.all 

= -0.215, p < 0.001), and a positive baseline correlation between I2 loneliness and 

I2 psychological distress (male std.all = 0.679, p < 0.001; female std.all = 0.585, p 

< 0.001). In addition, specific to females, there was a negative baseline correlation 

between I2 frequency of visits and I2 psychological distress (female std.all = -

0.110, p = 0.012). 

Again, there was good fit for model 1B (Robust χ2 (438) = 459.347, p = 0.232; CFI = 

0.997; RMSEA = 0.007, 90% CI = [0.001, 0.014]). 

• Associations were similar to model 1A for both sexes. However, for females, I2 

loneliness was no longer a significant predictor of change in psychological distress 

(female std.all = 0.214, p = 0.062). Stepwise removal of socioeconomic predictors 

revealed that the inclusion of I3 income as a predictor of change in psychological 

distress attenuated the association between I2 loneliness and change in 

psychological distress.  

• In terms of SES predictors, degree education was also negatively associated with I2 

loneliness for females only (female std.all = -0.123, p = 0.043). I2 and I3 income 

did not significantly predict baseline or change in psychological distress for either 

sex. I3 employment predicted negative change in frequency of visits for males only 

(male std.all = -0.469, p = 0.003).
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Table 5.4 

Regression Output for Latent Change Score Models 1A and 1B, Split by Sex 

  Model 1A Model 1B 

 Male Female Male Female 

 Est SE p Std.all Est SE p Std.all Est SE p Std.all Est SE p Std.all 

Δ Psychological Distress ~                 
I2 Frequency of Visits -0.024 0.043 0.568 -0.037 -0.028 0.038 0.450 -0.035 -0.015 0.042 0.713 -0.021 -0.023 0.038 0.542 -0.028 

I2 Psychological Distress -0.147 0.118 0.213 -0.233 -0.423 0.075 <0.001 -0.564 -0.180 0.109 0.097 -0.276 -0.400 0.066 <0.001 -0.525 

I2 Loneliness -0.058 0.117 0.623 -0.104 0.173 0.084 0.040 0.247 -0.014 0.105 0.891 -0.026 0.142 0.076 0.062 0.214 

I2 Age (Years) -0.022 0.052 0.671 -0.146 0.071 0.061 0.242 0.371 -0.030 0.053 0.570 -0.197 0.070 0.059 0.234 0.380 

I2 Total Stress in Last 2 Years -0.066 0.088 0.452 -0.056 0.053 0.070 0.449 0.040 -0.057 0.087 0.513 -0.048 0.022 0.072 0.759 0.017 

I2 Poor/Fair Health (Yes) 0.044 0.165 0.787 0.021 -0.151 0.167 0.367 -0.052 0.004 0.167 0.982 0.002 -0.111 0.159 0.487 -0.040 

I2 Seen GP Anxiety Depression (Yes) 0.118 0.110 0.283 0.069 0.172 0.089 0.054 0.094 0.135 0.108 0.210 0.079 0.128 0.084 0.126 0.073 

I3 Age (Years) 0.046 0.060 0.443 0.302 -0.009 0.060 0.878 -0.048 0.048 0.061 0.432 0.316 -0.010 0.058 0.865 -0.054 

I3 Total Stress in Last 2 Years 0.304 0.098 0.002 0.246 0.242 0.081 0.003 0.173 0.316 0.098 0.001 0.254 0.250 0.082 0.002 0.186 

I3 Poor/Fair Health (Yes) 0.586 0.181 0.001 0.289 0.664 0.156 <0.001 0.257 0.599 0.185 0.001 0.294 0.603 0.150 <0.001 0.243 

I2 Living with Partner (Yes) -0.092 0.189 0.627 -0.048 -0.138 0.243 0.569 -0.074 -0.049 0.198 0.804 -0.025 -0.163 0.251 0.514 -0.091 

I3 Living with Partner (Yes) 0.029 0.246 0.907 0.015 0.127 0.205 0.537 0.068 -0.012 0.260 0.962 -0.007 0.189 0.210 0.369 0.106 

I2 Equivalised Income (10-20k)         0.095 0.222 0.670 0.060 -0.191 0.176 0.278 -0.093 

I2 Equivalised Income (20-30k)         0.132 0.206 0.524 0.089 0.035 0.188 0.853 0.020 

I2 Equivalised Income (30k+)         0.248 0.228 0.276 0.151 -0.153 0.221 0.488 -0.075 

I2 Equivalised Income (PNA/DNK)         0.107 0.279 0.702 0.032 -0.271 0.190 0.154 -0.108 

I3 Equivalised Income (10-20k)         -0.047 0.225 0.834 -0.029 0.040 0.199 0.840 0.020 

I3 Equivalised Income (20-30k)         -0.156 0.241 0.518 -0.106 -0.399 0.206 0.053 -0.230 

I3 Equivalised Income (30k+)         -0.183 0.267 0.495 -0.112 -0.112 0.254 0.659 -0.053 

I3 Equivalised Income (PNA/DNK)         -0.224 0.273 0.412 -0.072 -0.109 0.239 0.649 -0.043 

Δ Frequency of Visits ~                 
I2 Psychological Distress 0.026 0.113 0.820 0.026 0.030 0.065 0.644 0.034 0.061 0.094 0.513 0.067 0.039 0.058 0.505 0.045 

I2 Frequency of Visits -0.355 0.036 <0.001 -0.351 -0.373 0.038 <0.001 -0.388 -0.362 0.036 <0.001 -0.356 -0.381 0.039 <0.001 -0.396 

I2 Loneliness -0.069 0.121 0.565 -0.081 -0.031 0.078 0.696 -0.037 -0.103 0.101 0.305 -0.135 -0.028 0.068 0.686 -0.036 

I2 Age (Years) 0.031 0.044 0.478 0.134 -0.023 0.044 0.607 -0.100 0.036 0.045 0.417 0.170 -0.026 0.042 0.545 -0.122 

I2 Total Stress in Last 2 Years 0.076 0.073 0.298 0.042 0.064 0.055 0.248 0.040 0.047 0.071 0.509 0.028 0.075 0.054 0.165 0.051 

I2 Poor/Fair Health (Yes) -0.014 0.125 0.911 -0.004 0.012 0.158 0.941 0.003 -0.052 0.116 0.653 -0.017 -0.013 0.142 0.926 -0.004 
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I2 Seen GP Anxiety Depression (Yes) -0.060 0.094 0.522 -0.023 -0.040 0.081 0.623 -0.018 -0.046 0.088 0.600 -0.019 -0.032 0.076 0.677 -0.016 

I3 Age (Years) 0.007 0.043 0.876 0.028 0.010 0.052 0.850 0.043 0.003 0.041 0.949 0.012 0.004 0.048 0.937 0.018 

I3 Total Stress in Last 2 Years 0.071 0.085 0.402 0.037 -0.005 0.067 0.945 -0.003 0.066 0.077 0.393 0.038 0.004 0.062 0.943 0.003 

I3 Poor/Fair Health (Yes) -0.079 0.151 0.598 -0.025 -0.126 0.148 0.394 -0.041 -0.080 0.138 0.564 -0.028 -0.077 0.138 0.576 -0.027 

I2 Living with Partner (Yes) 0.458 0.176 0.009 0.154 0.092 0.202 0.648 0.042 0.407 0.176 0.021 0.149 0.030 0.201 0.880 0.015 

I3 Living with Partner (Yes) -0.384 0.192 0.045 -0.133 -0.201 0.193 0.298 -0.091 -0.363 0.189 0.055 -0.137 -0.230 0.187 0.219 -0.113 

I2 Employment Status (Employed)         0.584 0.346 0.091 0.236 0.369 0.379 0.329 0.151 

I2 Employment Status (Retired)         0.379 0.347 0.274 0.157 0.439 0.371 0.237 0.186 

I3 Employment Status (Employed)         -1.384 0.472 0.003 -0.469 -0.338 0.369 0.360 -0.113 

I3 Employment Status (Retired)         -0.915 0.470 0.052 -0.317 -0.105 0.340 0.757 -0.038 

I2 Psychological Distress ~                 
I2 Age (Years) -0.003 0.058 0.961 -0.012 -0.039 0.063 0.534 -0.155 0.005 0.058 0.926 0.023 -0.032 0.060 0.594 -0.134 

I2 Total Stress in Last 2 Years 0.070 0.088 0.428 0.037 0.077 0.073 0.292 0.043 0.040 0.089 0.653 0.022 0.081 0.074 0.275 0.048 

I2 Poor/Fair Health (Yes) 0.757 0.194 <0.001 0.223 0.927 0.192 <0.001 0.239 0.785 0.194 <0.001 0.239 0.862 0.189 <0.001 0.236 

I2 Seen GP Anxiety Depression (Yes) 0.792 0.130 <0.001 0.292 0.652 0.110 <0.001 0.269 0.769 0.134 <0.001 0.294 0.650 0.108 <0.001 0.284 

I2 Living with Partner (Yes) -0.594 0.262 0.024 -0.194 -0.149 0.255 0.560 -0.060 -0.588 0.263 0.025 -0.199 -0.069 0.258 0.790 -0.029 

I2 Equivalised Income (10-20k)         0.066 0.223 0.766 0.027 -0.088 0.187 0.636 -0.033 

I2 Equivalised Income (20-30k)         0.065 0.216 0.762 0.029 -0.041 0.194 0.832 -0.018 

I2 Equivalised Income (30k+)         -0.128 0.244 0.601 -0.051 -0.059 0.241 0.806 -0.022 

I2 Equivalised Income (PNA/DNK)         0.118 0.346 0.734 0.023 0.070 0.214 0.745 0.021 

I2 Frequency of Visits ~                 
I2 Age (Years) -0.034 0.046 0.467 -0.146 -0.004 0.045 0.934 -0.016 -0.033 0.043 0.448 -0.156 -0.011 0.042 0.796 -0.051 

I2 Total Stress in Last 2 Years 0.142 0.065 0.029 0.079 0.033 0.061 0.586 0.020 0.136 0.063 0.030 0.083 0.033 0.057 0.568 0.022 

I2 Poor/Fair Health (Yes) 0.004 0.136 0.979 0.001 -0.168 0.150 0.263 -0.047 -0.017 0.126 0.890 -0.006 -0.142 0.141 0.315 -0.043 

I2 Seen GP Anxiety Depression (Yes) -0.024 0.089 0.788 -0.009 0.091 0.082 0.269 0.040 -0.036 0.082 0.658 -0.015 0.081 0.076 0.290 0.039 

I2 Living with Partner (Yes) -0.040 0.201 0.843 -0.014 -0.238 0.164 0.146 -0.103 -0.080 0.191 0.676 -0.030 -0.359 0.158 0.023 -0.169 

I2 Employment Status (Employed)         -0.214 0.382 0.575 -0.088 0.001 0.295 0.996 0.001 

I2 Employment Status (Retired)         -0.129 0.376 0.731 -0.054 0.292 0.289 0.313 0.119 

I2 Loneliness ~                 
I2 Age (Years) 0.144 0.131 0.271 0.529 -0.147 0.068 0.031 -0.536 0.154 0.148 0.297 0.553 -0.149 0.071 0.037 -0.540 

I2 Total Stress in Last 2 Years -0.150 0.139 0.281 -0.070 -0.099 0.093 0.285 -0.052 -0.199 0.165 0.228 -0.091 -0.105 0.105 0.317 -0.054 

I2 Poor/Fair Health (Yes) 0.412 0.231 0.075 0.107 0.407 0.219 0.063 0.098 0.423 0.244 0.083 0.107 0.420 0.234 0.073 0.100 

I2 Seen GP Anxiety Depression (Yes) 0.562 0.157 <0.001 0.182 0.404 0.122 0.001 0.155 0.598 0.177 0.001 0.190 0.440 0.132 0.001 0.168 

I2 Living with Partner (Yes) -0.729 0.264 0.006 -0.209 -0.327 0.241 0.176 -0.122 -0.658 0.306 0.032 -0.185 -0.292 0.282 0.299 -0.109 

I2 Degree Education (Yes)         0.175 0.175 0.317 0.068 -0.303 0.150 0.043 -0.123 

                 
Covariances                 
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I2 Psychological Distress ~~  
I2 Frequency of Visits  -0.038 0.052 0.471 -0.036 -0.120 0.047 0.012 -0.110 -0.038 0.041 0.351 -0.042 -0.097 0.039 0.012 -0.105 
I2 Frequency of Visits ~~  
I2 Loneliness -0.166 0.067 0.013 -0.158 -0.227 0.058 <0.001 -0.215 -0.143 0.058 0.014 -0.149 -0.188 0.053 <0.001 -0.197 
I2 Psychological Distress ~~  
I2 Loneliness 0.677 0.074 <0.001 0.679 0.604 0.067 <0.001 0.585 0.638 0.072 <0.001 0.666 0.562 0.065 <0.001 0.577 
Δ Frequency of Visits ~~  
Δ Psychological Distress 0.013 0.046 0.770 0.022 -0.041 0.041 0.312 -0.062 0.001 0.037 0.991 0.001 -0.029 0.034 0.396 -0.052 

Note. Est = estimate, SE = standard error, Std.all = both latent and observed variables are standardised to have a variance of 1, ~ = predicted by, ~~ = 

covariance, Δ = change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, equivalised income comparison group = 0-10k, 

employment status comparison group = unemployed. 
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Research theme 2. What is the direction of the longitudinal association 

between frequency of friend and family visits, family satisfaction, and 

psychological distress in older age? What is the direction of the longitudinal 

association between total number of leisure/social activities and psychological 

distress? Are these pathways specific to females? How are these relationships 

impacted by inclusion of socioeconomic variables?  

Model 2Ai was generally a good fit to the data, although the chi-square statistic was 

statistically significant (Robust χ2 (261) = 310.743, p = 0.019; CFI = 0.994; RMSEA 

= 0.015, 90% CI = [0.006, 0.021]).  The full regression output is shown in Table 5.5. 

• For females specifically, the reverse relationship of what was hypothesised was 

found – I2 family satisfaction predicted positive change in frequency of visits for 

females only (female std.all = 0.091, p = 0.033), rather than I2 frequency of visits 

predicting positive change in family satisfaction (female std.all = 0.016, p = 0.662). 

I2 family satisfaction did not predict negative change in psychological distress 

(female std.all = -0.032, p = 0.549). Instead, there was a negative correlation 

between change in family satisfaction and change in psychological distress for both 

sexes (male std.all = -0.310, p < 0.001; female std.all = -0.284, p < 0.001). 

• For both sexes, there was a baseline positive correlation between I2 frequency of 

visits and I2 family satisfaction (male std.all = 0.160, p < 0.001; female std.all = 

0.161, p < 0.001), and a negative baseline correlation between I2 family satisfaction 

and I2 psychological distress (male std.all = -0.365, p < 0.001; female std.all = -

0.413, p < 0.001). As with model 1A, for females only, there was a negative 

association between I2 frequency of visits and I2 psychological distress (female 

std.all = -0.110, p = 0.011). 

Model 2Bi showed good model fit (Robust χ2 (513) = 522.396, p = 0.377; CFI = 0.999; 

RMSEA = 0.005, 90% CI = [0.001, 0.012]).  

• For both sexes, baseline and change associations were similar to the previous 

model.  

• Higher income (20-30k vs 0-10k) negatively predicted change in psychological 

distress for females (female std.all = -0.235, p = 0.049). 
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Table 5.5 

Regression Output for Latent Change Score Models 2Ai and 2Bi, Split by Sex 

 Model 2Ai Model 2Bi 

 Male Female Male Female 

  Est SE p Std.all Est SE p Std.all Est SE p Std.all Est SE p Std.all 

Δ Psychological Distress ~                 
I2 Frequency of Visits -0.022 0.044 0.617 -0.031 -0.055 0.040 0.164 -0.063 -0.019 0.042 0.651 -0.026 -0.044 0.037 0.229 -0.051 

I2 Psychological Distress -0.172 0.079 0.029 -0.275 -0.340 0.061 <0.001 -0.454 -0.180 0.080 0.025 -0.281 -0.335 0.056 <0.001 -0.445 

I2 Family Satisfaction 0.025 0.046 0.592 0.039 -0.023 0.039 0.549 -0.032 0.021 0.045 0.645 0.032 -0.024 0.038 0.526 -0.033 

I2 Age (Years) -0.029 0.047 0.541 -0.198 0.048 0.059 0.416 0.257 -0.033 0.049 0.504 -0.220 0.051 0.058 0.380 0.278 

I2 Total Stress in Last 2 Years -0.053 0.081 0.514 -0.046 0.032 0.069 0.645 0.025 -0.052 0.082 0.531 -0.044 0.005 0.073 0.947 0.004 

I2 Poor/Fair Health (Yes) 0.041 0.162 0.798 0.020 -0.164 0.162 0.311 -0.058 0.001 0.167 0.995 0.001 -0.118 0.157 0.455 -0.042 

I2 Seen GP Anxiety Depression (Yes) 0.111 0.106 0.298 0.067 0.176 0.088 0.045 0.099 0.130 0.107 0.228 0.077 0.137 0.085 0.105 0.079 

I3 Age (Years) 0.045 0.058 0.440 0.307 -0.009 0.058 0.873 -0.050 0.045 0.060 0.455 0.302 -0.009 0.058 0.873 -0.051 

I3 Total Stress in Last 2 Years 0.295 0.095 0.002 0.248 0.235 0.079 0.003 0.172 0.313 0.098 0.001 0.257 0.248 0.082 0.002 0.185 

I3 Poor/Fair Health (Yes) 0.568 0.176 0.001 0.291 0.644 0.152 <0.001 0.255 0.592 0.184 0.001 0.297 0.602 0.149 <0.001 0.243 

I2 Living with Partner (Yes) -0.072 0.184 0.694 -0.039 -0.175 0.237 0.461 -0.096 -0.047 0.202 0.817 -0.025 -0.203 0.251 0.419 -0.114 

I3 Living with Partner (Yes) 0.027 0.239 0.910 0.015 0.123 0.200 0.539 0.068 -0.010 0.258 0.971 -0.005 0.186 0.210 0.375 0.105 

I2 Equivalised Income (10-20k)         0.100 0.222 0.651 0.064 -0.183 0.180 0.308 -0.089 

I2 Equivalised Income (20-30k)         0.120 0.204 0.557 0.083 0.031 0.190 0.872 0.017 

I2 Equivalised Income (30k+)         0.246 0.223 0.270 0.153 -0.153 0.225 0.496 -0.075 

I2 Equivalised Income (PNA/DNK)         0.122 0.279 0.662 0.037 -0.285 0.190 0.134 -0.114 

I3 Equivalised Income (10-20k)         -0.041 0.226 0.855 -0.026 0.039 0.199 0.846 0.019 

I3 Equivalised Income (20-30k)         -0.135 0.239 0.570 -0.094 -0.406 0.206 0.049 -0.235 

I3 Equivalised Income (30k+)         -0.155 0.263 0.556 -0.098 -0.132 0.251 0.600 -0.062 

I3 Equivalised Income (PNA/DNK)         -0.231 0.276 0.402 -0.076 -0.111 0.239 0.643 -0.044 

Δ Frequency of Visits ~                 
I2 Psychological Distress -0.017 0.056 0.759 -0.019 0.044 0.043 0.298 0.054 -0.010 0.051 0.842 -0.011 0.051 0.041 0.211 0.061 

I2 Frequency of Visits -0.347 0.034 <0.001 -0.343 -0.379 0.037 <0.001 -0.394 -0.348 0.035 <0.001 -0.343 -0.389 0.037 <0.001 -0.404 

I2 Family Satisfaction 0.006 0.038 0.866 0.007 0.073 0.034 0.033 0.091 0.014 0.037 0.702 0.016 0.077 0.034 0.022 0.097 

I2 Age (Years) 0.019 0.036 0.591 0.093 -0.016 0.039 0.679 -0.080 0.019 0.038 0.614 0.092 -0.021 0.041 0.611 -0.102 

I2 Total Stress in Last 2 Years 0.079 0.061 0.194 0.049 0.051 0.048 0.288 0.036 0.064 0.063 0.309 0.040 0.064 0.051 0.206 0.046 

I2 Poor/Fair Health (Yes) -0.007 0.111 0.947 -0.003 0.003 0.140 0.986 0.001 -0.027 0.111 0.809 -0.009 -0.017 0.137 0.902 -0.006 
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I2 Seen GP Anxiety Depression (Yes) -0.055 0.083 0.511 -0.023 -0.033 0.072 0.645 -0.017 -0.048 0.084 0.570 -0.020 -0.023 0.073 0.756 -0.012 

I3 Age (Years) 0.006 0.038 0.876 0.028 0.009 0.046 0.850 0.043 0.007 0.040 0.870 0.031 0.003 0.046 0.954 0.013 

I3 Total Stress in Last 2 Years 0.063 0.075 0.402 0.037 -0.004 0.060 0.945 -0.003 0.065 0.075 0.385 0.038 0.005 0.060 0.929 0.004 

I3 Poor/Fair Health (Yes) -0.071 0.134 0.598 -0.025 -0.112 0.132 0.394 -0.041 -0.075 0.134 0.575 -0.027 -0.078 0.133 0.556 -0.029 

I2 Living with Partner (Yes) 0.427 0.153 0.005 0.161 0.071 0.179 0.691 0.036 0.417 0.164 0.011 0.158 0.007 0.193 0.972 0.003 

I3 Living with Partner (Yes) -0.341 0.171 0.045 -0.133 -0.178 0.171 0.298 -0.091 -0.363 0.183 0.047 -0.142 -0.220 0.180 0.221 -0.112 

I2 Employment Status (Employed)         0.563 0.332 0.090 0.235 0.342 0.365 0.348 0.145 

I2 Employment Status (Retired)         0.366 0.333 0.271 0.156 0.416 0.357 0.244 0.183 

I3 Employment Status (Employed)         -1.310 0.454 0.004 -0.459 -0.314 0.356 0.379 -0.109 

I3 Employment Status (Retired)         -0.873 0.452 0.053 -0.312 -0.089 0.328 0.785 -0.033 

Δ Family Satisfaction ~                 
I2 Frequency of Visits 0.026 0.036 0.477 0.029 0.014 0.031 0.662 0.016 0.023 0.036 0.525 0.026 0.013 0.032 0.690 0.015 

I2 Psychological Distress -0.052 0.046 0.258 -0.066 -0.047 0.039 0.229 -0.065 -0.051 0.042 0.228 -0.064 -0.069 0.039 0.079 -0.092 

I2 Family Satisfaction -0.314 0.049 <0.001 -0.396 -0.340 0.041 <0.001 -0.474 -0.308 0.051 <0.001 -0.385 -0.346 0.042 <0.001 -0.483 

I2 Age (Years) 0.057 0.037 0.123 0.314 -0.027 0.032 0.397 -0.151 0.057 0.039 0.140 0.311 -0.024 0.034 0.476 -0.134 

I2 Total Stress in Last 2 Years -0.014 0.049 0.778 -0.010 -0.010 0.050 0.840 -0.008 -0.025 0.051 0.628 -0.017 -0.023 0.053 0.663 -0.018 

I2 Poor/Fair Health (Yes) -0.072 0.138 0.602 -0.028 0.202 0.136 0.138 0.073 -0.085 0.143 0.554 -0.033 0.226 0.142 0.111 0.081 

I2 Seen GP Anxiety Depression (Yes) -0.033 0.081 0.688 -0.016 -0.004 0.070 0.951 -0.003 -0.035 0.084 0.676 -0.017 0.007 0.075 0.926 0.004 

I3 Age (Years) -0.034 0.042 0.415 -0.185 0.020 0.042 0.629 0.113 -0.036 0.043 0.397 -0.196 0.017 0.044 0.696 0.095 

I3 Total Stress in Last 2 Years -0.174 0.078 0.026 -0.116 -0.063 0.066 0.345 -0.047 -0.176 0.081 0.029 -0.117 -0.050 0.068 0.464 -0.037 

I3 Poor/Fair Health (Yes) -0.291 0.145 0.046 -0.119 -0.387 0.140 0.006 -0.158 -0.294 0.150 0.051 -0.119 -0.415 0.142 0.004 -0.168 

I2 Living with Partner (Yes) -0.077 0.171 0.654 -0.033 0.203 0.131 0.121 0.115 -0.058 0.174 0.738 -0.025 0.225 0.145 0.122 0.126 

I3 Living with Partner (Yes) 0.112 0.195 0.565 0.050 -0.262 0.150 0.081 -0.148 0.039 0.194 0.841 0.017 -0.209 0.163 0.200 -0.118 

I2 Psychological Distress ~                 
I2 Age (Years) -0.003 0.056 0.955 -0.014 -0.038 0.062 0.536 -0.154 0.010 0.058 0.860 0.044 -0.033 0.061 0.586 -0.138 

I2 Total Stress in Last 2 Years 0.067 0.086 0.433 0.037 0.075 0.071 0.294 0.043 0.043 0.088 0.623 0.024 0.083 0.075 0.266 0.049 

I2 Poor/Fair Health (Yes) 0.734 0.189 <0.001 0.223 0.904 0.188 <0.001 0.239 0.761 0.193 <0.001 0.232 0.863 0.190 <0.001 0.234 

I2 Seen GP Anxiety Depression (Yes) 0.769 0.127 <0.001 0.293 0.637 0.108 <0.001 0.269 0.769 0.135 <0.001 0.294 0.656 0.110 <0.001 0.284 

I2 Living with Partner (Yes) -0.577 0.255 0.024 -0.195 -0.145 0.249 0.560 -0.060 -0.598 0.263 0.023 -0.202 -0.058 0.257 0.822 -0.024 

I2 Equivalised Income (10-20k)         0.060 0.225 0.789 0.025 -0.101 0.189 0.592 -0.037 

I2 Equivalised Income (20-30k)         0.085 0.217 0.697 0.037 -0.038 0.198 0.849 -0.016 

I2 Equivalised Income (30k+)         -0.120 0.247 0.628 -0.048 -0.066 0.245 0.786 -0.025 

I2 Equivalised Income (PNA/DNK)         0.093 0.351 0.791 0.018 0.083 0.217 0.703 0.025 

I2 Frequency of Visits ~                 
I2 Age (Years) -0.030 0.041 0.467 -0.146 -0.003 0.040 0.934 -0.016 -0.035 0.042 0.395 -0.173 -0.011 0.041 0.793 -0.051 

I2 Total Stress in Last 2 Years 0.127 0.058 0.029 0.079 0.029 0.054 0.587 0.020 0.126 0.060 0.038 0.078 0.032 0.055 0.561 0.022 

I2 Poor/Fair Health (Yes) 0.003 0.121 0.979 0.001 -0.149 0.133 0.263 -0.047 0.004 0.122 0.977 0.001 -0.138 0.136 0.311 -0.043 
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I2 Seen GP Anxiety Depression (Yes) -0.021 0.079 0.788 -0.009 0.081 0.073 0.269 0.040 -0.038 0.080 0.630 -0.017 0.077 0.074 0.293 0.039 

I2 Living with Partner (Yes) -0.036 0.179 0.843 -0.014 -0.212 0.146 0.146 -0.103 -0.215 0.375 0.567 -0.091 -0.001 0.281 0.999 <0.001 

I2 Employment Status (Employed)         -0.068 0.184 0.712 -0.026 -0.345 0.153 0.024 -0.168 

I2 Employment Status (Retired)         -0.121 0.370 0.744 -0.052 0.279 0.276 0.311 0.118 

I2 Family Satisfaction ~                 
I2 Age (Years) -0.025 0.042 0.560 -0.107 0.008 0.047 0.858 0.033 -0.024 0.044 0.580 -0.106 0.009 0.048 0.850 0.036 

I2 Total Stress in Last 2 Years -0.053 0.065 0.413 -0.029 0.104 0.065 0.108 0.059 -0.041 0.067 0.537 -0.023 0.106 0.068 0.116 0.060 

I2 Poor/Fair Health (Yes) -0.082 0.148 0.579 -0.025 -0.265 0.167 0.112 -0.069 -0.080 0.148 0.587 -0.025 -0.235 0.174 0.177 -0.061 

I2 Seen GP Anxiety Depression (Yes) -0.306 0.093 0.001 -0.118 -0.323 0.089 <0.001 -0.134 -0.297 0.096 0.002 -0.114 -0.336 0.091 <0.001 -0.139 

I2 Living with Partner (Yes) 0.437 0.167 0.009 0.149 0.291 0.196 0.137 0.118 0.465 0.177 0.009 0.159 0.279 0.205 0.172 0.112 

                 
Covariances                 
                 
I2 Psychological Distress ~~  
I2 Frequency of Visits -0.033 0.045 0.467 -0.036 -0.104 0.041 0.011 -0.110 -0.038 0.041 0.348 -0.043 -0.094 0.037 0.012 -0.103 
I2 Frequency of Visits ~~  
I2 Family Satisfaction 0.155 0.035 <0.001 0.160 0.167 0.039 <0.001 0.161 0.158 0.035 <0.001 0.165 0.164 0.039 <0.001 0.159 
I2 Psychological Distress ~~  
I2 Family Satisfaction -0.365 0.058 <0.001 -0.365 -0.461 0.058 <0.001 -0.413 -0.357 0.056 <0.001 -0.361 -0.437 0.058 <0.001 0.398 
Δ Frequency of Visits ~~  
Δ Psychological Distress 0.013 0.039 0.735 0.025 -0.037 0.035 0.285 -0.064 0.005 0.036 0.889 0.009 -0.027 0.033 0.412 -0.049 
Δ Family Satisfaction ~~  
Δ Frequency of Visits 0.043 0.025 0.086 0.065 0.038 0.025 0.127 0.064 0.046 0.025 0.069 0.069 0.046 0.026 0.070 0.078 
Δ Family Satisfaction ~~  
Δ Psychological Distress -0.139 0.035 <0.001 -0.310 -0.142 0.035 <0.001 -0.284 -0.150 0.034 <0.001 -0.325 -0.132 0.033 <0.001 -0.278 

Note. Est = estimate, SE = standard error, Std.all = both latent and observed variables are standardised to have a variance of 1, ~ = predicted by, ~~ = 

covariance, Δ = change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, equivalised income comparison group = 0-10k, 

employment status comparison group = unemployed. 



152 

 

Model 2Aii showed good model fit (Robust χ2 (190) = 204.806, p = 0.219; CFI = 0.997; 

RMSEA = 0.009, 90% CI = [0.001, 0.018]). Full regression output for models 2Aii and 

2Bii is reported in Table 5.6. 

• Contrary to the hypothesis, I2 total activities did not predict change in 

psychological distress for either sex (male std.all = 0.022, p = 0.727; female std.all 

= 0.078, p = 0.127). 

• There was a negative baseline correlation between I2 total activities and I2 

psychological distress for females only (male std.all = -0.089, p = 0.056; female 

std.all = -0.138, p = 0.002). 

Again, there was good fit for model 2Bii when socioeconomic variables were included in 

the model (Robust χ2 (318) = 348.864, p = 0.113; CFI = 0.995; RMSEA = 0.010, 90% CI = 

[0.001, 0.017]).  

• Associations were similar to model 2. 

• Degree education positively predicted baseline total activities for females only 

(male std.all = 0.001, p = 0.975, female std.all = 0.168, p < 0.001) and change in 

total activities for females only (male std.all = -0.007, p = 0.838; female std.all = 

0.164, p < 0.001). Income did not predict I2 total activities or change in total 

activities for either sex (see Table 5.6). As with previous models, higher I3 income 

(20-30k vs 0-10k) predicted negative change in psychological distress for females 

only (female std.all = -0.222, p = 0.045). 
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Table 5.6 

Regression Output for Latent Change Score Models 2Aii and 2Bii, Split by Sex 

 Model 2Aii Model 2Bii 
 Male Female Male Female 

  Est SE p Std.all Est SE p Std.all Est SE p Std.all Est SE p Std.all 

Δ Total Activities ~                 
I2 Total Activities -0.335 0.025 <0.001 -0.399 -0.372 0.026 <0.001 -0.437 -0.334 0.025 <0.001 -0.398 -0.392 0.026 <0.001 -0.460 

I2 Psychological Distress -0.039 0.027 0.147 -0.065 -0.018 0.029 0.541 -0.028 -0.038 0.026 0.140 -0.065 -0.019 0.028 0.482 -0.031 

I2 Age (Years) 0.027 0.032 0.396 0.170 0.039 0.026 0.133 0.216 0.030 0.032 0.352 0.188 0.039 0.026 0.138 0.216 

I2 Total Stress in Last 2 Years 0.032 0.042 0.444 0.026 0.020 0.034 0.553 0.016 0.036 0.042 0.396 0.029 0.024 0.036 0.510 0.019 

I2 Poor/Fair Health (Yes) 0.033 0.087 0.700 0.015 0.250 0.098 0.010 0.092 0.034 0.090 0.706 0.015 0.228 0.096 0.018 0.083 

I2 Seen GP Anxiety Depression (Yes) -0.045 0.065 0.490 -0.025 -0.002 0.058 0.973 -0.001 -0.043 0.067 0.522 -0.024 -0.005 0.058 0.926 -0.003 

I3 Age (Years) -0.033 0.039 0.395 -0.208 -0.047 0.036 0.193 -0.260 -0.033 0.039 0.396 -0.210 -0.042 0.035 0.238 -0.233 

I3 Total Stress in Last 2 Years -0.001 0.055 0.984 -0.001 0.069 0.055 0.207 0.052 -0.002 0.055 0.965 -0.002 0.064 0.053 0.232 0.048 

I3 Poor/Fair Health (Yes) -0.247 0.118 0.037 -0.117 -0.442 0.125 <0.001 -0.181 -0.227 0.119 0.057 -0.107 -0.402 0.120 0.001 -0.165 

I2 Living with Partner (Yes) 0.008 0.095 0.932 0.004 0.088 0.097 0.367 0.050 -0.001 0.100 0.993 <0.001 0.092 0.105 0.385 0.052 

I3 Living with Partner (Yes) 0.028 0.119 0.812 0.014 -0.084 0.129 0.516 -0.048 0.057 0.125 0.649 0.029 -0.075 0.135 0.581 -0.043 

Degree Education (Yes)         -0.010 0.049 0.838 -0.007 0.264 0.051 <0.001 0.164 

I2 Equivalised Income (10-20k)         0.034 0.089 0.702 0.021 -0.062 0.094 0.513 -0.031 

I2 Equivalised Income (20-30k)         -0.029 0.089 0.749 -0.019 -0.018 0.091 0.841 -0.010 

I2 Equivalised Income (30k+)         -0.056 0.101 0.580 -0.033 -0.156 0.115 0.175 -0.078 

I2 Equivalised Income (PNA/DNK)         -0.042 0.147 0.775 -0.012 0.056 0.115 0.623 0.023 

I3 Equivalised Income (10-20k)         -0.014 0.145 0.921 -0.009 -0.048 0.127 0.708 -0.024 

I3 Equivalised Income (20-30k)         0.042 0.139 0.762 0.027 -0.028 0.120 0.814 -0.017 

I3 Equivalised Income (30k+)         0.119 0.152 0.434 0.071 -0.011 0.153 0.941 -0.005 

I3 Equivalised Income (PNA/DNK)         -0.090 0.205 0.661 -0.028 -0.023 0.160 0.886 -0.009 

Δ Psychological Distress ~                 
I2 Total Activities 0.019 0.054 0.727 0.022 0.077 0.051 0.127 0.078 0.014 0.056 0.799 0.015 0.067 0.049 0.177 0.064 

I2 Psychological Distress -0.179 0.073 0.014 -0.285 -0.318 0.058 <0.001 -0.423 -0.176 0.072 0.015 -0.272 -0.329 0.053 <0.001 -0.427 

I2 Age (Years) -0.033 0.053 0.537 -0.199 0.052 0.066 0.432 0.247 -0.040 0.057 0.485 -0.232 0.061 0.067 0.360 0.281 

I2 Total Stress in Last 2 Years -0.066 0.092 0.472 -0.051 0.031 0.076 0.689 0.021 -0.072 0.097 0.458 -0.053 -0.005 0.081 0.949 -0.003 

I2 Poor/Fair Health (Yes) 0.049 0.181 0.788 0.021 -0.173 0.185 0.348 -0.054 0.024 0.192 0.900 0.010 -0.162 0.186 0.383 -0.049 

I2 Seen GP Anxiety Depression (Yes) 0.125 0.119 0.295 0.068 0.183 0.100 0.067 0.091 0.132 0.123 0.280 0.068 0.163 0.099 0.100 0.078 
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I3 Age (Years) 0.050 0.065 0.446 0.302 -0.010 0.065 0.882 -0.046 0.061 0.070 0.388 0.352 -0.016 0.067 0.811 -0.073 

I3 Total Stress in Last 2 Years 0.333 0.107 0.002 0.248 0.266 0.089 0.003 0.172 0.354 0.110 0.001 0.251 0.278 0.091 0.002 0.174 

I3 Poor/Fair Health (Yes) 0.642 0.198 0.001 0.292 0.731 0.171 <0.001 0.256 0.682 0.207 0.001 0.296 0.699 0.173 <0.001 0.236 

I2 Living with Partner (Yes) -0.075 0.206 0.717 -0.036 -0.198 0.271 0.464 -0.096 -0.040 0.226 0.859 -0.018 -0.195 0.288 0.498 -0.091 

I3 Living with Partner (Yes) 0.032 0.269 0.905 0.016 0.140 0.225 0.534 0.068 -0.023 0.296 0.939 -0.011 0.223 0.240 0.353 0.105 

I2 Equivalised Income (10-20k)         0.087 0.234 0.710 0.048 -0.225 0.202 0.264 -0.092 

I2 Equivalised Income (20-30k)         0.166 0.224 0.459 0.099 0.005 0.212 0.982 0.002 

I2 Equivalised Income (30k+)         0.286 0.235 0.223 0.154 -0.227 0.252 0.367 -0.093 

I2 Equivalised Income (PNA/DNK)         0.114 0.314 0.716 0.030 -0.317 0.208 0.127 -0.106 

I3 Equivalised Income (10-20k)         -0.210 0.243 0.389 -0.115 0.052 0.227 0.820 0.021 

I3 Equivalised Income (20-30k)         -0.348 0.260 0.181 -0.208 -0.460 0.229 0.045 -0.222 

I3 Equivalised Income (30k+)         -0.390 0.286 0.174 -0.212 -0.093 0.285 0.745 -0.037 

I3 Equivalised Income (PNA/DNK)         -0.325 0.311 0.296 -0.093 -0.133 0.271 0.625 -0.044 

I2 Total Activities ~                 
I2 Age (Years) 0.013 0.034 0.699 0.070 0.029 0.035 0.399 0.138 0.010 0.034 0.763 0.056 0.030 0.034 0.383 0.142 

I2 Total Stress in Last 2 Years 0.047 0.051 0.356 0.032 -0.017 0.048 0.727 -0.011 0.048 0.052 0.360 0.032 -0.006 0.048 0.907 -0.004 

I2 Poor/Fair Health (Yes) 0.077 0.118 0.511 0.029 -0.233 0.124 0.059 -0.073 0.087 0.118 0.463 0.033 -0.221 0.124 0.074 -0.069 

I2 Seen GP Anxiety Depression (Yes) -0.096 0.072 0.180 -0.045 0.052 0.070 0.453 0.026 -0.106 0.072 0.142 -0.050 0.032 0.069 0.641 0.016 

I2 Living with Partner (Yes) -0.033 0.132 0.803 -0.014 0.106 0.134 0.429 0.051 -0.069 0.139 0.621 -0.029 0.128 0.141 0.362 0.062 

Degree Education (Yes)         0.002 0.062 0.975 0.001 0.317 0.065 <0.001 0.168 

I2 Equivalised Income (10-20k)         0.026 0.148 0.860 0.013 0.038 0.129 0.766 0.016 

I2 Equivalised Income (20-30k)         0.128 0.145 0.376 0.070 0.073 0.125 0.556 0.036 

I2 Equivalised Income (30k+)         0.058 0.161 0.718 0.029 -0.007 0.148 0.962 -0.003 

I2 Equivalised Income (PNA/DNK)         0.004 0.218 0.987 0.001 -0.117 0.145 0.419 -0.041 

I2 Psychological Distress ~                 
I2 Age (Years) -0.003 0.063 0.965 -0.011 -0.043 0.069 0.532 -0.155 -0.007 0.066 0.916 -0.027 -0.047 0.070 0.497 -0.167 

I2 Total Stress in Last 2 Years 0.077 0.096 0.425 0.037 0.085 0.080 0.291 0.043 0.080 0.101 0.429 0.038 0.104 0.086 0.223 0.053 

I2 Poor/Fair Health (Yes) 0.827 0.212 <0.001 0.224 1.020 0.211 <0.001 0.239 0.880 0.221 <0.001 0.234 1.009 0.213 <0.001 0.234 

I2 Seen GP Anxiety Depression (Yes) 0.864 0.143 <0.001 0.293 0.715 0.122 <0.001 0.267 0.870 0.152 <0.001 0.290 0.747 0.126 <0.001 0.277 

I2 Living with Partner (Yes) -0.648 0.286 0.023 -0.195 -0.163 0.280 0.560 -0.059 -0.685 0.300 0.022 -0.202 -0.165 0.293 0.573 -0.060 

I2 Equivalised Income (10-20k)         0.234 0.240 0.328 0.084 -0.075 0.213 0.726 -0.024 

I2 Equivalised Income (20-30k)         0.214 0.239 0.370 0.083 0.033 0.218 0.878 0.012 

I2 Equivalised Income (30k+)         0.074 0.265 0.780 0.026 0.028 0.276 0.920 0.009 

I2 Equivalised Income (PNA/DNK)         0.193 0.395 0.624 0.033 0.117 0.243 0.631 0.030 

                 
Covariances                 
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I2 Psychological Distress ~~  
I2 Total Activities -0.084 0.044 0.056 -0.089 -0.147 0.048 0.002 -0.138 -0.084 0.043 0.049 -0.089 -0.120 0.046 0.009 -0.115 
Δ Psychological Distress ~~  
Δ Total Activities 0.032 0.029 0.281 0.071 -0.036 0.033 0.272 -0.065 0.034 0.029 0.251 0.074 -0.030 0.031 0.330 -0.055 

Note. Est = estimate, SE = standard error, Std.all = both latent and observed variables are standardised to have a variance of 1, ~ = predicted by, ~~ = 

covariance, Δ = change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, equivalised income comparison group = 0-10k. 
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Research theme 3: What is the direction of the longitudinal association 

between total number of leisure and social activities, amygdala GMV, 

vmPFC/OFC GMV and friendship satisfaction in older age? For females, do 

total activities predict change in amygdala and vmPFC/OFC GMV? For 

males, does friendship satisfaction predict change in amygdala and 

vmPFC/OFC GMV, and do total activities predict change in friendship 

satisfaction? How are these relationships impacted by inclusion of 

socioeconomic variables?  

Due to model convergence issues, I3 normalised WBV was removed from the models as 

predictors of baseline and change regional GMV. Fit was good for model 3A (Robust χ2 

283.720, p = 0.002; CFI = 0.989; RMSEA = 0.018, 90% CI = [0.011, 0.024]). The full 

regression output for models 3A and 3B is shown in Table 5.7. 

• For males, I2 total activities did not predict change in friend satisfaction (male 

std.all = -0.005, p = 0.871). Again, for males, I2 friend satisfaction did not predict 

change in amygdala GMV (male std.all = -0.044, p = 0.264) or vmPFC/OFC GMV 

(male std.all = -0.024, p = 0.414). For females, I2 total activities did not predict 

change in amygdala GMV (female std.all = -0.036, p = 0.169) or vmPFC/OFC 

GMV (female std.all = -0.032, p = 0.369). 

• For males, but not females, there was a significant positive baseline correlation 

between I2 total activities and I2 friend satisfaction (male std.all = 0.076, p = 

0.042; female std.all = -0.027, p = 0.460). For both sexes, there was a positive 

correlation between I2 amygdala GMV and I2 vmPFC/OFC GMV (male std.all = 

0.534, p < 0.001; female std.all = 0.518, p < 0.001). Contrary to the hypothesis, 

there was a negative baseline correlation between I2 friend satisfaction and I2 

vmPFC/OFC GMV for both sexes (male std.all = -0.114, p = 0.008; female std.all = 

-0.171, p < 0.001). For females only, there was also a significant positive 

correlation between I2 amygdala GMV and I2 total activities (female std.all = 

0.079, p = 0.030). 

• There was positive correlated change between amygdala GMV and vmPFC/OFC 

GMV for both sexes (male std.all = 0.521, p < 0.001; female std.all = 0.404, p < 

0.001). 

Model 3B showed good model fit (Robust χ2 (392) = 434.282, p = 0.069; CFI = 0.993; 

RMSEA = 0.011, 90% CI = [0.001, 0.017]).  
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• Associations were similar to model 3A. Although, in this model, there was 

significant positive correlated change between total activities and friendship 

satisfaction for females only (female std.all = 0.098, p = 0.028). To add, the 

baseline correlation between amygdala GMV and total activities for females was 

not statistically significant in the model (female std.all = 0.052, p = 0.138), which 

suggests that this was confounded by SES predictors. 

• Degree education positively predicted I2 total activities, I2 amygdala GMV and I2 

vmPFC/OFC GMV for females but not males (see Table 5.7 for output). Degree 

education also negatively predicted I2 friend satisfaction for males (male std.all = -

0.142, p = 0.001). Degree education did not predict change in amygdala GMV, 

vmPFC/OFC GMV or friend satisfaction for either sex (see Table 5.7 for output), 

but it did predict change in total activities in females only (female std.all = 0.161, p 

< 0.001). 

• Income did not predict baseline total activities, amygdala GMV or vmPFC/OFC 

GMV for either sex. Higher I2 income (30k+ and 20-30k vs 0-10k) predicted 

positive change (i.e., less decrease) in amygdala GMV for males only, whilst higher 

I2 income (30k+ vs 0-10k) predicted positive change in vmPFC/OFC GMV for 

females only (see Table 5.7 for output). Income did not predict change in total 

activities for either sex.  

• Higher Townsend quintile did not negatively predict baseline or change in 

vmPFC/OFC GMV for neither males nor females (see Table 5.7). Regarding the 

associations between Townsend quintile and baseline and change in total activities, 

Townsend quintile 2 compared to 1 negatively predicted I2 total activities for males 

only (males std.all = -0.077, p = 0.032).
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Table 5.7 

Regression Output for Latent Change Score Models 3A and 3B, Split by Sex 

 Model 3A Model 3B 

 Male Female Male Female 

  Est SE p Std.all Est SE p Std.all Est SE p Std.all Est SE p Std.all 

Δ vmPFC/OFC GMV ~                 
I2 Normalised WBV 0.292 0.134 0.029 0.062 0.099 0.098 0.312 0.036 0.284 0.140 0.042 0.055 0.089 0.104 0.394 0.032 

I2 Total Activities -0.008 0.008 0.280 -0.024 -0.006 0.006 0.369 -0.032 -0.009 0.008 0.283 -0.022 -0.005 0.006 0.467 -0.025 

I2 Amy GMV -0.013 0.068 0.845 -0.008 0.076 0.049 0.123 0.072 -0.004 0.068 0.951 -0.002 0.096 0.049 0.049 0.090 

I2 vmPFC/OFC GMV -0.094 0.018 <0.001 -0.205 -0.049 0.017 0.004 -0.167 -0.099 0.016 <0.001 -0.195 -0.051 0.016 0.002 -0.171 

I2 Friend Satisfaction -0.008 0.010 0.414 -0.024 -0.010 0.007 0.150 -0.054 -0.009 0.011 0.410 -0.023 -0.012 0.007 0.104 -0.061 

I2 Age (Years) 0.019 0.008 0.015 0.287 0.034 0.008 <0.001 0.875 0.018 0.009 0.035 0.251 0.033 0.008 <0.001 0.846 

I2 Total Stress in Last 2 Years -0.009 0.015 0.553 -0.017 0.003 0.011 0.774 0.012 -0.007 0.016 0.655 -0.012 0.006 0.012 0.635 0.020 

I2 Poor/Fair Health (Yes) 0.022 0.045 0.617 0.024 0.023 0.027 0.402 0.039 0.020 0.046 0.661 0.019 0.024 0.027 0.385 0.040 

I2 Seen GP Anxiety Depression (Yes) 0.008 0.019 0.670 0.011 -0.030 0.013 0.022 -0.081 0.011 0.020 0.571 0.014 -0.029 0.014 0.035 -0.077 

I3 Age (Years) -0.058 0.026 0.029 -0.860 -0.052 0.025 0.034 -1.364 -0.062 0.027 0.019 -0.849 -0.051 0.025 0.042 -1.309 

I3 Total Stress in Last 2 Years -0.022 0.046 0.626 -0.041 -0.010 0.037 0.782 -0.036 -0.017 0.046 0.713 -0.028 -0.013 0.038 0.725 -0.046 

I3 Poor/Fair Health (Yes) -0.189 0.091 0.037 -0.212 -0.173 0.076 0.023 -0.333 -0.177 0.092 0.055 -0.181 -0.162 0.077 0.036 -0.305 

I2 Living with Partner (Yes) -0.017 0.043 0.693 -0.020 -0.046 0.035 0.187 -0.122 -0.012 0.045 0.797 -0.012 -0.032 0.037 0.385 -0.084 

I3 Living with Partner (Yes) -0.031 0.105 0.771 -0.037 0.148 0.092 0.110 0.394 -0.039 0.108 0.720 -0.043 0.119 0.097 0.221 0.310 

I2 Degree Education (Yes)         -0.008 0.015 0.618 -0.011 -0.002 0.012 0.898 -0.004 

I2 Equivalised Income (10-20k)         -0.008 0.036 0.827 -0.010 -0.008 0.027 0.764 -0.018 

I2 Equivalised Income (20-30k)         0.032 0.030 0.286 0.045 0.027 0.026 0.299 0.072 

I2 Equivalised Income (30k+)         0.032 0.035 0.356 0.041 0.061 0.028 0.031 0.140 

I2 Equivalised Income (PNA/DNK)         0.052 0.053 0.326 0.032 0.036 0.029 0.217 0.067 

I3 Equivalised Income (10-20k)         0.048 0.112 0.670 0.062 0.087 0.091 0.343 0.197 

I3 Equivalised Income (20-30k)         0.187 0.108 0.084 0.264 -0.007 0.091 0.940 -0.019 

I3 Equivalised Income (30k+)         0.130 0.122 0.290 0.166 0.076 0.103 0.460 0.167 

I3 Equivalised Income (PNA/DNK)         0.326 0.147 0.027 0.219 0.002 0.108 0.983 0.004 

Townsend Quintile 2         -0.011 0.028 0.698 -0.014 -0.007 0.015 0.614 -0.017 

Townsend Quintile 3         -0.045 0.031 0.151 -0.042 0.007 0.017 0.676 0.013 

Townsend Quintile 4         -0.037 0.041 0.357 -0.027 -0.031 0.025 0.221 -0.044 

Townsend Quintile 5         -0.080 0.111 0.469 -0.029 -0.025 0.054 0.648 -0.016 
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Δ Amy GMV ~                 
I2 Normalised WBV 0.262 0.059 <0.001 0.171 0.054 0.050 0.282 0.034 0.264 0.062 <0.001 0.160 0.061 0.053 0.250 0.037 

I2 Total Activities <0.001 0.004 0.918 0.003 -0.004 0.003 0.169 -0.036 -0.001 0.004 0.871 -0.005 -0.004 0.003 0.216 -0.033 

I2 Amy GMV -0.088 0.026 0.001 -0.165 -0.088 0.025 <0.001 -0.144 -0.095 0.031 0.002 -0.163 -0.119 0.027 <0.001 -0.188 

I2 vmPFC/OFC GMV -0.016 0.008 0.040 -0.110 0.001 0.007 0.857 0.007 -0.018 0.008 0.032 -0.110 0.007 0.007 0.337 0.039 

I2 Friend Satisfaction -0.005 0.004 0.264 -0.044 -0.006 0.004 0.102 -0.054 -0.007 0.005 0.122 -0.057 -0.005 0.004 0.169 -0.044 

I2 Age (Years) 0.012 0.005 0.018 0.577 <0.001 0.004 0.951 0.011 0.013 0.005 0.018 0.556 0.001 0.004 0.805 0.044 

I2 Total Stress in Last 2 Years 0.002 0.007 0.755 0.013 0.001 0.004 0.807 0.007 0.004 0.007 0.563 0.022 0.003 0.005 0.588 0.016 

I2 Poor/Fair Health (Yes) -0.015 0.012 0.226 -0.049 -0.027 0.014 0.057 -0.080 -0.016 0.013 0.239 -0.048 -0.026 0.015 0.075 -0.075 

I2 Seen GP Anxiety Depression (Yes) 0.014 0.009 0.130 0.057 -0.010 0.006 0.110 -0.046 0.014 0.010 0.139 0.054 -0.010 0.006 0.111 -0.045 

I3 Age (Years) -0.017 0.008 0.022 -0.804 -0.016 0.007 0.022 -0.705 -0.020 0.008 0.011 -0.845 -0.016 0.007 0.025 -0.675 

I3 Total Stress in Last 2 Years -0.013 0.012 0.281 -0.075 0.006 0.011 0.596 0.034 -0.013 0.012 0.286 -0.068 0.004 0.011 0.688 0.025 

I3 Poor/Fair Health (Yes) -0.070 0.023 0.002 -0.241 -0.035 0.022 0.108 -0.117 -0.065 0.023 0.006 -0.207 -0.036 0.022 0.105 -0.113 

I2 Living with Partner (Yes) -0.037 0.018 0.042 -0.135 -0.026 0.014 0.064 -0.116 -0.039 0.018 0.035 -0.131 -0.024 0.015 0.113 -0.103 

I3 Living with Partner (Yes) -0.041 0.031 0.182 -0.152 0.050 0.026 0.059 0.229 -0.038 0.030 0.215 -0.130 0.047 0.028 0.092 0.207 

I2 Degree Education (Yes)         -0.005 0.008 0.488 -0.024 0.004 0.006 0.548 0.017 

I2 Equivalised Income (10-20k)         0.027 0.016 0.090 0.113 -0.003 0.012 0.812 -0.011 

I2 Equivalised Income (20-30k)         0.038 0.013 0.005 0.166 0.019 0.011 0.093 0.083 

I2 Equivalised Income (30k+)         0.032 0.016 0.045 0.126 0.014 0.013 0.261 0.054 

I2 Equivalised Income (PNA/DNK)         0.043 0.021 0.042 0.083 0.005 0.014 0.736 0.015 

I3 Equivalised Income (10-20k)         -0.005 0.033 0.886 -0.019 0.021 0.024 0.388 0.080 

I3 Equivalised Income (20-30k)         0.016 0.032 0.605 0.072 0.007 0.023 0.778 0.030 

I3 Equivalised Income (30k+)         0.065 0.035 0.068 0.260 0.011 0.028 0.705 0.039 

I3 Equivalised Income (PNA/DNK)         0.032 0.042 0.442 0.068 -0.022 0.028 0.428 -0.070 

Δ Total Activities ~                 
I2 Total Activities -0.327 0.025 <0.001 -0.390 -0.374 0.026 <0.001 -0.440 -0.330 0.025 <0.001 -0.393 -0.393 0.025 <0.001 -0.463 

I2 Amy GMV 0.151 0.172 0.381 0.039 -0.035 0.214 0.871 -0.007 0.156 0.168 0.354 0.040 -0.052 0.202 0.796 -0.011 

I2 vmPFC/OFC GMV 0.007 0.048 0.884 0.006 0.065 0.063 0.303 0.047 0.005 0.047 0.916 0.005 0.036 0.060 0.543 0.027 

I2 Friend Satisfaction -0.022 0.028 0.438 -0.027 0.031 0.028 0.259 0.037 -0.025 0.029 0.385 -0.030 0.029 0.027 0.272 0.033 

I2 Age (Years) 0.028 0.031 0.378 0.176 0.044 0.025 0.078 0.246 0.028 0.032 0.386 0.179 0.047 0.025 0.059 0.264 

I2 Total Stress in Last 2 Years 0.025 0.042 0.551 0.020 0.018 0.034 0.600 0.014 0.032 0.042 0.451 0.026 0.027 0.036 0.458 0.021 

I2 Poor/Fair Health (Yes) 0.002 0.084 0.979 0.001 0.233 0.094 0.013 0.085 -0.014 0.089 0.870 -0.007 0.222 0.092 0.016 0.081 

I2 Seen GP Anxiety Depression (Yes) -0.084 0.061 0.172 -0.047 -0.008 0.055 0.881 -0.005 -0.079 0.063 0.207 -0.045 -0.012 0.056 0.833 -0.007 

I3 Age (Years) -0.033 0.039 0.392 -0.211 -0.046 0.035 0.190 -0.258 -0.028 0.039 0.475 -0.178 -0.047 0.034 0.173 -0.261 

I3 Total Stress in Last 2 Years <0.001 0.055 0.997 <0.001 0.073 0.055 0.182 0.055 0.001 0.056 0.982 0.001 0.074 0.053 0.162 0.056 

I3 Poor/Fair Health (Yes) -0.249 0.119 0.037 -0.118 -0.441 0.125 <0.001 -0.181 -0.186 0.118 0.115 -0.089 -0.409 0.120 0.001 -0.168 

I2 Living with Partner (Yes) 0.025 0.094 0.789 0.013 0.087 0.098 0.373 0.049 0.003 0.101 0.974 0.002 0.084 0.107 0.433 0.048 
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I3 Living with Partner (Yes) 0.030 0.119 0.798 0.016 -0.079 0.131 0.545 -0.045 0.059 0.125 0.636 0.030 -0.072 0.139 0.607 -0.041 

I2 Degree Education (Yes)         -0.016 0.050 0.744 -0.011 0.259 0.052 <0.001 0.161 

I2 Equivalised Income (10-20k)         0.015 0.091 0.874 0.009 -0.062 0.094 0.509 -0.031 

I2 Equivalised Income (20-30k)         -0.045 0.091 0.619 -0.030 -0.037 0.090 0.678 -0.021 

I2 Equivalised Income (30k+)         -0.063 0.103 0.540 -0.037 -0.159 0.114 0.162 -0.080 

I2 Equivalised Income (PNA/DNK)         -0.086 0.152 0.569 -0.025 0.037 0.114 0.744 0.015 

I3 Equivalised Income (10-20k)         -0.029 0.146 0.844 -0.017 -0.069 0.128 0.590 -0.034 

I3 Equivalised Income (20-30k)         0.020 0.139 0.886 0.013 -0.039 0.120 0.748 -0.023 

I3 Equivalised Income (30k+)         0.099 0.153 0.517 0.059 -0.010 0.152 0.949 -0.005 

I3 Equivalised Income (PNA/DNK)         -0.097 0.207 0.639 -0.030 -0.048 0.160 0.766 -0.019 

Townsend Quintile 2         -0.083 0.058 0.156 -0.048 0.013 0.059 0.832 0.006 

Townsend Quintile 3         -0.008 0.068 0.907 -0.003 -0.111 0.079 0.158 -0.046 

Townsend Quintile 4         -0.161 0.115 0.160 -0.053 -0.233 0.119 0.050 -0.074 

Townsend Quintile 5         -0.145 0.128 0.255 -0.024 -0.091 0.147 0.537 -0.013 

Δ Friend Satisfaction ~                 
I2 Total Activities -0.005 0.029 0.871 -0.006 0.025 0.031 0.421 0.032 -0.009 0.029 0.757 -0.011 0.028 0.030 0.342 0.038 

I2 Amy GMV -0.224 0.194 0.250 -0.059 0.278 0.266 0.294 0.062 -0.317 0.188 0.092 -0.086 0.326 0.252 0.196 0.075 

I2 vmPFC/OFC GMV -0.011 0.051 0.829 -0.010 0.001 0.073 0.985 0.001 0.005 0.050 0.927 0.004 -0.005 0.070 0.945 -0.004 

I2 Friend Satisfaction -0.242 0.080 0.002 -0.304 -0.273 0.072 <0.001 -0.351 -0.243 0.088 0.006 -0.313 -0.276 0.075 <0.001 -0.355 

I2 Age (Years) 0.082 0.033 0.014 0.528 0.053 0.032 0.097 0.325 0.083 0.033 0.012 0.563 0.053 0.031 0.094 0.329 

I2 Total Stress in Last 2 Years 0.027 0.047 0.557 0.023 0.080 0.054 0.141 0.070 0.024 0.047 0.606 0.021 0.074 0.054 0.171 0.066 

I2 Poor/Fair Health (Yes) -0.143 0.116 0.219 -0.065 0.033 0.138 0.811 0.013 -0.114 0.117 0.329 -0.055 0.055 0.135 0.683 0.023 

I2 Seen GP Anxiety Depression (Yes) -0.015 0.068 0.820 -0.009 -0.022 0.063 0.724 -0.014 -0.020 0.068 0.766 -0.012 -0.032 0.063 0.606 -0.021 

I3 Age (Years) -0.025 0.035 0.482 -0.160 -0.079 0.038 0.039 -0.484 -0.033 0.035 0.341 -0.225 -0.082 0.038 0.028 -0.517 

I3 Total Stress in Last 2 Years -0.074 0.063 0.243 -0.058 -0.058 0.061 0.342 -0.049 -0.088 0.063 0.159 -0.073 -0.047 0.061 0.442 -0.040 

I3 Poor/Fair Health (Yes) -0.135 0.122 0.269 -0.065 -0.170 0.136 0.212 -0.077 -0.160 0.123 0.195 -0.081 -0.172 0.141 0.221 -0.080 

I2 Living with Partner (Yes) 0.178 0.126 0.156 0.090 0.093 0.143 0.517 0.058 0.159 0.130 0.220 0.085 0.089 0.141 0.526 0.057 

I3 Living with Partner (Yes) -0.144 0.169 0.393 -0.075 -0.122 0.170 0.473 -0.076 -0.146 0.172 0.398 -0.080 -0.127 0.169 0.453 -0.081 

I2 Degree Education (Yes)         0.036 0.060 0.542 0.027 -0.106 0.065 0.102 -0.074 

I2 vmPFC/OFC GMV ~                 
I2 Normalised WBV 1.470 0.401 <0.001 0.143 2.117 0.376 <0.001 0.229 1.475 0.406 <0.001 0.145 2.172 0.379 <0.001 0.234 

I2 Age (Years) 0.002 0.027 0.929 0.017 -0.003 0.026 0.912 -0.022 0.008 0.027 0.770 0.056 -0.002 0.027 0.949 -0.013 

I2 Total Stress in Last 2 Years 0.056 0.044 0.195 0.050 -0.032 0.037 0.381 -0.035 0.061 0.044 0.169 0.054 -0.013 0.038 0.732 -0.014 

I2 Poor/Fair Health (Yes) -0.070 0.103 0.496 -0.034 0.075 0.092 0.411 0.038 -0.049 0.105 0.638 -0.024 0.078 0.093 0.401 0.039 

I2 Seen GP Anxiety Depression (Yes) -0.003 0.060 0.961 -0.002 -0.032 0.047 0.497 -0.025 0.010 0.060 0.864 0.006 -0.032 0.048 0.502 -0.026 

I2 Living with Partner (Yes) 0.001 0.119 0.993 0.001 -0.033 0.095 0.726 -0.026 -0.031 0.123 0.798 -0.017 -0.023 0.098 0.814 -0.018 

I2 Degree Education (Yes)         -0.001 0.052 0.988 -0.001 0.119 0.046 0.009 0.101 
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I2 Equivalised Income (10-20k)         0.074 0.105 0.484 0.049 -0.107 0.094 0.254 -0.073 

I2 Equivalised Income (20-30k)         0.030 0.102 0.770 0.021 -0.039 0.095 0.684 -0.031 

I2 Equivalised Income (30k+)         0.139 0.118 0.239 0.090 -0.042 0.107 0.697 -0.029 

I2 Equivalised Income (PNA/DNK)         0.118 0.155 0.446 0.037 -0.040 0.111 0.720 -0.022 

Townsend Quintile 2         -0.030 0.058 0.603 -0.019 0.094 0.055 0.089 0.066 

Townsend Quintile 3         -0.138 0.087 0.111 -0.066 -0.116 0.067 0.083 -0.066 

Townsend Quintile 4         -0.154 0.102 0.130 -0.056 -0.067 0.094 0.471 -0.029 

Townsend Quintile 5         -0.194 0.237 0.414 -0.035 -0.001 0.182 0.997 <0.001 

I2 Amy GMV ~                 
I2 Normalised WBV 0.265 0.106 0.012 0.092 0.554 0.103 <0.001 0.213 0.280 0.109 0.011 0.099 0.588 0.104 <0.001 0.225 

I2 Age (Years) -0.009 0.008 0.296 -0.219 0.008 0.007 0.312 0.206 -0.007 0.009 0.408 -0.178 0.008 0.008 0.294 0.215 

I2 Total Stress in Last 2 Years 0.011 0.012 0.351 0.036 0.001 0.010 0.897 0.005 0.012 0.012 0.330 0.038 0.003 0.010 0.787 0.011 

I2 Poor/Fair Health (Yes) -0.002 0.025 0.932 -0.004 0.002 0.025 0.941 0.003 0.009 0.026 0.721 0.016 0.003 0.025 0.913 0.005 

I2 Seen GP Anxiety Depression (Yes) -0.001 0.017 0.953 -0.002 -0.001 0.013 0.953 -0.002 -0.001 0.017 0.929 -0.003 -0.002 0.013 0.867 -0.006 

I2 Living with Partner (Yes) 0.076 0.033 0.023 0.146 -0.010 0.028 0.719 -0.028 0.065 0.034 0.051 0.129 -0.005 0.029 0.863 -0.014 

I2 Degree Education (Yes)         0.020 0.014 0.157 0.053 0.038 0.013 0.003 0.115 

I2 Equivalised Income (10-20k)         0.052 0.030 0.077 0.125 -0.021 0.024 0.386 -0.051 

I2 Equivalised Income (20-30k)         0.035 0.028 0.214 0.091 -0.030 0.024 0.211 -0.083 

I2 Equivalised Income (30k+)         0.021 0.033 0.512 0.050 -0.016 0.028 0.567 -0.039 

I2 Equivalised Income (PNA/DNK)         0.064 0.040 0.110 0.072 -0.015 0.028 0.591 -0.029 

I2 Total Activities ~                 
I2 Age (Years) 0.010 0.034 0.770 0.053 0.031 0.035 0.377 0.145 0.004 0.035 0.901 0.023 0.036 0.034 0.291 0.171 

I2 Total Stress in Last 2 Years 0.048 0.051 0.341 0.033 -0.017 0.048 0.721 -0.012 0.053 0.052 0.312 0.036 -0.006 0.049 0.900 -0.004 

I2 Poor/Fair Health (Yes) 0.069 0.117 0.559 0.026 -0.234 0.124 0.059 -0.073 0.051 0.118 0.664 0.019 -0.215 0.124 0.082 -0.067 

I2 Seen GP Anxiety Depression (Yes) -0.101 0.072 0.159 -0.048 0.052 0.070 0.457 0.026 -0.109 0.073 0.136 -0.052 0.036 0.069 0.598 0.018 

I2 Living with Partner (Yes) -0.030 0.133 0.820 -0.013 0.104 0.134 0.435 0.050 -0.080 0.141 0.568 -0.034 0.107 0.142 0.452 0.052 

I2 Degree Education (Yes)         -0.008 0.062 0.899 -0.005 0.316 0.065 <0.001 0.166 

I2 Equivalised Income (10-20k)         0.035 0.147 0.809 0.018 0.055 0.129 0.669 0.023 

I2 Equivalised Income (20-30k)         0.128 0.145 0.378 0.071 0.072 0.125 0.565 0.035 

I2 Equivalised Income (30k+)         0.059 0.162 0.716 0.029 -0.014 0.148 0.925 -0.006 

I2 Equivalised Income (PNA/DNK)         -0.017 0.222 0.938 -0.004 -0.127 0.146 0.387 -0.044 

Townsend Quintile 2         -0.156 0.073 0.032 -0.077 -0.018 0.080 0.822 -0.008 

Townsend Quintile 3         0.034 0.095 0.722 0.012 -0.192 0.103 0.061 -0.068 

Townsend Quintile 4         -0.120 0.140 0.390 -0.033 0.078 0.135 0.563 0.021 

Townsend Quintile 5         -0.158 0.220 0.474 -0.022 0.009 0.229 0.967 0.001 

I2 Friend Satisfaction ~                 
I2 Age (Years) -0.072 0.039 0.063 -0.369 0.038 0.039 0.322 0.183 -0.066 0.038 0.084 -0.352 0.039 0.039 0.319 0.187 
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I2 Total Stress in Last 2 Years -0.036 0.059 0.545 -0.023 0.035 0.062 0.571 0.024 -0.024 0.059 0.684 -0.016 0.035 0.062 0.572 0.024 

I2 Poor/Fair Health (Yes) -0.091 0.120 0.451 -0.033 -0.202 0.140 0.151 -0.063 -0.131 0.118 0.266 -0.049 -0.193 0.138 0.161 -0.062 

I2 Seen GP Anxiety Depression (Yes) -0.342 0.091 <0.001 -0.156 -0.177 0.079 0.025 -0.088 -0.329 0.092 <0.001 -0.155 -0.167 0.078 0.031 -0.085 

I2 Living with Partner (Yes) 0.171 0.130 0.188 0.069 0.028 0.180 0.875 0.014 0.163 0.136 0.233 0.068 0.001 0.177 0.995 0.001 

I2 Degree Education (Yes)         -0.248 0.077 0.001 -0.142 -0.083 0.073 0.254 -0.045 

                 
Covariances                 
                 
I2 vmPFC/OFC GMV ~~  
I2 Total Activities <0.001 0.020 0.992 <0.001 0.034 0.020 0.089 0.063 -0.002 0.018 0.934 -0.003 0.021 0.019 0.268 0.040 
I2 Amy GMV ~~  
I2 Total Activities -0.004 0.005 0.463 -0.026 0.012 0.005 0.030 0.079 -0.004 0.005 0.410 -0.028 0.008 0.005 0.138 0.052 
I2 Total Activities ~~  
I2 Friend Satisfaction 0.054 0.026 0.042 0.076 -0.023 0.032 0.460 -0.027 0.056 0.025 0.027 0.082 -0.013 0.029 0.654 -0.016 
I2 vmPFC/OFC GMV ~~  
I2 Amy GMV 0.063 0.005 <0.001 0.534 0.047 0.004 <0.001 0.518 0.061 0.005 <0.001 0.532 0.045 0.004 <0.001 0.502 
I2 vmPFC/OFC GMV ~~  
I2 Friend Satisfaction -0.062 0.023 0.008 -0.114 -0.090 0.025 <0.001 -0.171 -0.064 0.022 0.003 -0.124 -0.082 0.023 <0.001 -0.163 
I2 Amy GMV ~~  
I2 Friend Satisfaction -0.008 0.006 0.181 -0.053 -0.009 0.006 0.168 -0.059 -0.006 0.005 0.255 -0.043 -0.007 0.006 0.219 -0.051 
Δ Total Activities ~~  
Δ vmPFC/OFC GMV -0.003 0.005 0.539 -0.021 -0.002 0.005 0.704 -0.022 -0.004 0.005 0.440 -0.026 -0.002 0.005 0.679 -0.024 
Δ Total Activities ~~  
Δ Amy GMV <0.001 0.002 0.833 0.009 <0.001 0.002 0.887 -0.007 0.001 0.002 0.720 0.015 -0.001 0.002 0.509 -0.031 
Δ Total Activities ~~  
Δ Friend Satisfaction 0.009 0.015 0.547 0.023 0.036 0.021 0.088 0.076 0.013 0.014 0.352 0.036 0.044 0.020 0.028 0.098 
Δ vmPFC/OFC GMV ~~  
Δ Amy GMV 0.010 0.002 <0.001 0.521 0.003 0.001 <0.001 0.404 0.010 0.002 <0.001 0.504 0.002 0.001 0.010 0.266 
Δ Friend Satisfaction ~~  
Δ vmPFC/OFC GMV -0.008 0.006 0.228 -0.056 -0.006 0.005 0.316 -0.071 -0.010 0.006 0.126 -0.075 -0.004 0.006 0.534 -0.049 
Δ Friend Satisfaction ~~  
Δ Amy GMV <0.001 0.003 0.969 0.002 -0.003 0.003 0.306 -0.070 0.003 0.003 0.321 0.056 -0.003 0.003 0.310 -0.067 

Note. Est = estimate, SE = standard error, Std.all = both latent and observed variables are standardised to have a variance of 1, ~ = predicted by, ~~ = 

covariance, Δ = change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, Amy = amygdala, vmPFC/OFC = ventromedial 

prefrontal cortex/orbitofrontal cortex, GMV = grey matter volume, equivalised income comparison group = 0-10k, Townsend comparison group = 1. 
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Mahalanobi’s distance outlier removal. 

As a form of sensitivity analysis, models that included SES predictors (models 1B, 2Bi, 

2Bii and 3B) were re-run with Mahalanobi’s distance outliers removed. The output is in 

Appendices 3.08, 3.09, 3.10 and 3.11. 

For all models, the main associations remained statistically significant, and the output was 

similar to models where Mahalanobi’s distance outliers were retained. Some covariates 

were now statistically significant or non-significant, which have been highlighted in the 

Appendices 3.08, 3.09, 3.10 and 3.11.  

In terms of results that are related to the hypotheses, for models 2Bi and 2Bii with 

Mahalanobi’s distance outliers removed, higher I3 equivalised income (20-30k vs 0-10k) 

was no longer a significant predictor of change in psychological distress for females only 

(female std.all = -0.212/-0.203, p = 0.078/0.069). For model 3B, most of the differences 

were in line with the hypotheses: Higher I3 income (20-30k vs 0-10k) predicted positive 

change (less decrease) in vmPFC/OFC GMV in males (male std.all = 0.399, p = 0.038). 

Higher I2 income (10-20k vs 0-10k) predicted positive change in amygdala GMV for 

males only (male std.all = 0.156, p = 0.033). Higher Townsend quintile (4 vs 1) predicted 

negative change in total activities for females only (female std.all = -0.077, p = 0.047). 

However, contrary to the male-specific hypothesis, friend satisfaction negatively predicted 

change in vmPFC/OFC GMV for females only (female std.all = -1.128, p = 0.134). 

.
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Discussion 

The aim of the current study was to investigate the associations between structural and 

functional aspects of social relationships, psychological distress, and regional brain 

structure in people aged over 60 years. Models were fit separately for males and females, 

and the impact of SES variables was also considered. After building a model through the 

cross-sectional analysis, we tested the direction of proposed relationships through 

individual LCS models. 

For the first research theme, we tested the direction of the longitudinal association between 

frequency of friend and family visits, loneliness, and psychological distress for both sexes, 

and we assessed how the associations were impacted by inclusion of socioeconomic 

variables in a separate model. It was found that, for females only, loneliness positively 

predicted future psychological distress, but this was non-significant when socioeconomic 

predictors – specifically income at I3 – were included in the model. For both sexes, there 

was a negative baseline association between frequency of visits and loneliness, and a 

positive association between psychological distress and loneliness, as predicted. Thus, 

there are associations between frequency of visits, loneliness and psychological distress 

when looking at between-person differences, but there is a lack of evidence that within-

person change in one variable is related to within-person change in another during this age 

range (Curran & Bauer, 2011). I3 income explained some of the variance that was 

previously attributed to loneliness in explaining change in psychological distress for 

females. To add, degree education was negatively associated with loneliness at I2 for 

females; degree education may be reflective of wider social resources that can be used to 

maintain access to contacts to protect against loneliness (Heylen, 2010). Being employed 

negatively predicted change in frequency of visits for males only, which may be due to job 

time taking away from social time. Altogether, this shows the importance of considering 

both social and economic factors in mental health in older age, as a person’s social 

experiences can be restricted by their economic circumstances. 

These findings contradict previous work that found loneliness predicted depressive 

symptoms, regardless of sex and SES, over a 5-year period using cross-lagged panel 

models (Cacioppo et al., 2010). Similarly, loneliness predicted mental component score for 

quality of life for both males and females after 3 years (Boehlen et al., 2022). The reasons 

for the contrasting findings may be that LCS models were used in the current study, 

allowing us to separate individual components of change, such as directional effects as 

well as correlated change. Additionally, loneliness was defined as a binary variable in the 
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current study, whilst in other studies loneliness scales with multiple questions and response 

options were included, such as the Revised UCLA Loneliness Scale (Russell et al., 1980). 

The increased variance of responses in the latter may have allowed detection of subtle 

effects and the consideration of multiple types of loneliness, which may have contributed 

to the findings. However, as the authors did not use latent variable modelling, it may be the 

case that the findings were due to measurement error of the concept of loneliness (Kline, 

2016a). To add, those previous studies used different conceptualisations of mental health. 

The current study looked at psychological distress – both anxiety and depression – and 

modelled it as a latent variable, thus measurement error was minimised. Future research 

should aim to replicate the findings of this study using LCS models and multiple-item 

measures of loneliness and psychological distress, to combine the strengths of latent 

variable and LCS modelling. 

For the second research theme, we further investigated female-specific findings related to 

structural and functional dimensions of social relationships – frequency of visits, family 

satisfaction and total number of leisure/social activities – and psychological distress. The 

specific hypotheses were not supported. Indeed, the reverse direction was found for one of 

the associations and for females specifically: I2 family satisfaction predicted longitudinal 

change in frequency of visits. Previous research has found that structural social 

relationships longitudinally predicted functional social relationships, which in turn 

longitudinally predicted depression and anxiety symptoms in older adults (Santini et al., 

2020). In that study, reverse relationships were also found, where functional aspects of 

social relationships predicted structural aspects. The current study supported that finding in 

terms of specific functional (family relationship satisfaction) and structural (frequency of 

friend/family visits) social relationships, and specifically in females.  

A key point to highlight is that, although there may have been sex-specific statistically 

significant findings, this does not provide evidence for sex differences between males and 

females. The finding may be due to random variation; a statistically significant finding for 

one group may be apparent in the sample, but there is no difference at the population level. 

To explicitly test for sex differences, future research using the SEM framework could fix 

parameters between sex to equality and, if there is significant model misfit, this provides 

evidence for differences between sex (Kievit et al., 2018). 

For both sexes, there was correlated change between family satisfaction and psychological 

distress, indicating that these variables change together, rather than one enacting change in 

the other. This shows that family satisfaction and mental wellbeing are intertwined for both 
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sexes in older age. The finding that family satisfaction longitudinally predicts frequency of 

visits for females only may reflect random variation rather than sex differences, thus this 

must be validated in future research. However, relating this back to the theoretical 

framework, the convoy model of social relations suggests that women have a more 

distributed network of relationships – spouse, children, and friends – and women’s 

relationships are deeper and more intimate compared to men’s relationships (Antonucci, 

2001). The deeper and more distributed aspects of relationships are also specific to family 

relations as well, where older women call on their spouse, children, and extended family, 

whilst men rely primarily on their spouse (Gurung et al., 2003). Relating this back to the 

finding, it could be that women’s relationships are entangled with different members of the 

family, thus having good relationships with family precedes maintaining contact with them 

as they age. 

In a similar vein, for females only, I2 frequency of visits and total activities were 

negatively associated with I2 psychological distress, however, there was no longitudinal 

association between these variables. This shows that females who are more socially 

engaged tend to also have better mental wellbeing, but structural relationships do not 

predict changes in psychological distress, or vice versa. Relating this to the previous 

finding, it may be that positive subjective feelings towards a person’s relationships is the 

driving factor in maintaining contact and wellbeing for older female adults. This provides a 

new perspective to previous work which suggested that structural social relationships 

provide the foundation for functional relationships (Berkman & Krishna, 2014). As 

suggested by socioemotional selectivity theory, structural relationships shrink in older age 

and the focus shifts to deeper functional aspects of relationships (English & Carstensen, 

2014). Thus, a wide social network with frequent contact may not be necessary for positive 

relationships in older age; instead, the focus may be on maintaining established 

relationships. As mentioned previously, the female-specific finding may reflect random 

variation, thus this needs to be validated in future research to ascertain whether this 

association in specific to females only. This will bolster sex-specific claims, which can be 

used to design tailored intervention programmes to help people stay socially connected. 

For the third research theme, total leisure/social activities and friendship satisfaction did 

not predict change in amygdala and vmPFC/OFC GMV for females and males 

respectively, nor did total activities predict change in friendship satisfaction for males 

specifically. Instead, there were baseline correlations: for both sexes, friendship 

satisfaction was negatively associated with vmPFC/OFC GMV and, for males specifically, 

total number of activities was positively associated with friendship satisfaction, although 
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the latter may have been due to random variation. This suggests that these associations 

reflect between-person differences rather than within-person change (Curran & Bauer, 

2011). This may also be the case with previous research using UK Biobank data that found 

cross-sectional associations between social relationships and amygdala and vmPFC/OFC 

GMV (Taebi et al., 2020). Therefore, this does not support the idea that greater social 

engagement and satisfaction in older age slows the structural neural decline in the 

socioemotional brain regions investigated. 

In terms of the role of SES variables for the third research theme, higher I2 income 

predicted positive change (i.e., less decrease) in amygdala GMV for males, whilst higher 

I2 income predicted positive change in vmPFC/OFC GMV for females. This finding is 

related to research that found a link between income and amygdala GMV across the 

lifespan, and this link was partially mediated by stress (Lotze et al., 2020). It may be that 

greater availability of resources and the reduced likelihood of socioeconomic stress with 

higher income has a positive effect on structural brain changes in later life. For females, 

the inclusion of SES variables resulted in positive correlated change between total 

activities and friendship satisfaction. Again, this may be related to the idea that women 

have a more dynamic and distributed social network (Antonucci, 2001) and thus continue 

to remain socially active and maintain non-kin relationships into older age. To add, for 

females specifically, the importance of education and area deprivation was shown in the 

longitudinal association with total activities. This shows the socioeconomic barriers to 

social engagement for women in later life. It may be that social opportunities throughout 

the life-course due to a degree education translate to greater social engagement in older 

age, whilst living in a deprived area can inhibit social engagement due to a lack of area-

level resources. This emphasises the need to provide access and resources for social 

opportunities to women both prior to and during older age, so that there is a solid base to 

continue to nurture relationships into the later years. The proposed sex differences must be 

validated in future research so that this can be used to inform potential sex-specific 

interventions. 

Implications 

This research has implications for current policy on interventions for social relationships 

and mental health. In the UK, “Social Prescribing” is the current flagship policy in this 

area, where people who are in need of social and mental health support are partnered with 

a link worker, who works as their gateway to community groups and services for further 

support (NHS England » Social Prescribing, n.d.). This research adds to that policy with 
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the finding that nurturing the functional aspects of a person’s existing relationships with 

family and friends is necessary to keep them socially connected as they age. Indeed, 

recommendations from qualitative interviews with social prescribing service users 

concluded that, due to problems with signposting service users to other services, there 

could be more focus on developing relationships with existing friends and family (Foster et 

al., 2021). The current study goes further to suggest that this recommendation is not only 

useful in practical terms but is a key factor to consider in keeping older adults socially 

connected. 

Limitations 

The original plan for this research was to create latent variables for concepts such as 

structural and functional social relationships from a combination of indicator items. 

However, the CFA models did not fit well for most of the proposed models. Thus, the 

observed measures used in the study may be susceptible to measurement error. The 

majority of measures used were designed by UK Biobank, thus the reliability and validity 

of these measures have not been assessed. The questions used to measure psychological 

distress have shown to be reliable (Dutt et al., 2022), however, as only four questions were 

asked, this limits the range of responses to assess levels of psychological distress in the 

sample. To add, as mentioned previously, the loneliness variable had a binary yes/no 

response, thus it was unable to capture range in loneliness experiences. Individual people 

may interpret “often feeling lonely” differently, thus, again, it may be susceptible to 

measurement error. In a similar vein, the family satisfaction and frequency of friend/family 

visits items used in UK Biobank are broad. For family satisfaction, it does not parcel out 

satisfaction with spouse, children, and extended family members. Frequency of visits also 

included both visiting and being visited by others. These distinctions have implications for 

the types of relationships that may be important in older age and with how much control 

the person has in maintaining social connections. Future research should aim to 

differentiate these factors further, as it has important implications for intervention.  

Conclusion  

This study underscored the importance of sex, socioeconomic status, and regional brain 

structure in determining the longitudinal associations between different dimensions of 

social relationships and psychological distress in older age. Many associations appeared to 

be sex-specific, although sex differences need to be explicitly tested in future research. 

There was no evidence that social relationships predict longitudinal change in 

socioemotional regional brain structures, which did not support the idea that social 
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experiences protect against neural decline in those specific regions. Overall, this study 

shows that the background of the person must be considered when deciding how to 

intervene to keep older people socially connected and to maintain mental wellbeing.    
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CHAPTER SIX: DISCUSSION 

This final discussion chapter considers how the overall thesis contributes to knowledge in 

the context of both the thesis aims and previous research in the field. Chapters Three to 

Five included the individual research discussions and those discussion sections considered 

the results and implications of those specific findings. This chapter also discusses the thesis 

strengths, limitations, implications, and areas for future research. An overview of the 

empirical studies and their main results are presented in Table 6.1. 

The thesis aims were as follows: 

1) To investigate the role of social relationships, socioeconomic conditions, and 

regional brain structure in mental health, both cross-sectionally and longitudinally 

o Social relationships and mental health: the role of different types of social 

relationships (structural/functional, family/friend/wider community) 

o Socioeconomic conditions, social relationships, and mental health: the impact 

of stress due to socioeconomic status (SES) and objective measures of SES 

o Brain structure, social relationships, and mental health: associations with 

amygdala and ventromedial prefrontal cortex (vmPFC) grey matter volume 

(GMV) 

2) To understand these relationships in different parts of the lifespan, by analysing data 

from an adolescent population and an older age population separately 

3) To investigate sex differences in the associations between social relationships and 

mental health, and the role of socioeconomic conditions and regional brain structure 

The following sub-sections address how each study contributed to achieving the aims of 

the thesis in the context of previous research.
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Table 6.1 

Overview of the Three Empirical Studies in the Thesis with Key Results Included 

Study Variables Dataset Analysis Key Results 

One 
(Chapter 
Three) 

Peer problems, family support, 
socioeconomic stress, emotional 
symptoms, amygdala and vmPFC GMV 

IMAGEN 
(age 14 
years) 

Multi-group 
SEM  
(by sex) 

• Peer problems were a positive predictor of emotional symptoms 

• Socioeconomic stress was a negative predictor of family support 

• vmPFC GMV was a negative predictor of emotional symptoms (males only). 

• Socioeconomic stress was a negative predictor of WBV (females only). 
 

Two 
(Chapter 
Four) 

Peer problems, family support, 
socioeconomic stress, emotional 
symptoms, amygdala and vmPFC GMV 

IMAGEN 
(age 14 and 
19 years) 

Multi-group 
LCSM 
(by sex) 

• Positive correlated change between peer problems and emotional symptoms. 

• Positive correlated change between vmPFC GMV, peer problems and emotional symptoms 
(males only). 

• Higher family support at age 14 predicted negative change in amygdala volume between age 14 
and 19 years (males only). 

• Greater total negative life events after age 14 and higher emotional symptoms at age 14 
predicted negative change in vmPFC GMV between ages 14 and 19 years (females only). 
 

Three 
(Chapter 
Five) 

Structural social relationships: 
Frequency of friend/family visits, living 
with others, living with partner, total 
number of social/leisure activities 
Functional social relationships: Family 
satisfaction, friend satisfaction, often 
feeling lonely, ability to confide in others 
Mental health outcome: Psychological 
distress 
Socioeconomic status: Degree 
education, equivalised household 
income, current employment status, 
skilled job, Townsend deprivation index 
quintiles 
Neuroimaging variables: Amygdala and 
vmPFC GMV, weighted-mean FA and 
MD in the uncinate fasciculus 

Instance 2 
and 3 of UK 
Biobank 
(age 60 
years and 
above at 
instance 2) 

Multi-group 
SEM and 
LCSM  
(by sex) 

• Negative correlated change between family satisfaction and psychological distress. 

• Instance 2 loneliness predicted positive change in psychological distress, but this was non-
significant with the addition of income (females only). 

• Instance 2 family satisfaction predicted positive change in frequency of visits (females only). 

• Instance 2 total activities was positively associated with instance 2 amygdala volume and vmPFC 
GMV (females only). 

• Instance 2 degree education was positively associated with instance 2 and change in total 
activities (females only). 

• Instance 3 employment vs. unemployment predicted negative change in frequency of family and 
friend visits (males only).  

Note. vmPFC = ventromedial prefrontal cortex, GMV = grey matter volume, FA = fractional anisotropy, MD = mean diffusivity, SEM = structural equation 

modelling, LCSM = latent change score modelling 
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Contribution to Understanding the Role of Social Relationships, Socioeconomic 

Conditions, and Regional Brain Structure in Mental Health 

The first aim of the thesis was to investigate the role of social relationships, socioeconomic 

conditions, and regional brain structure in mental health. The context of the first aim is the 

conceptual model by Berkman and Krishna (2014), which suggested that societal and 

economic structures affect structural and functional social relationships, which affect 

mental health through both psychological and physiological pathways, such as emotional 

distress and regional brain structure, respectively. Although a directional pathway between 

social relationships and both mental health and brain structure was proposed, reverse 

pathways were also considered, due to the dynamic interaction between people and their 

environment. In line with the literature review in the introduction, the findings are divided 

into the following sections: Social Relationships and Mental Health, Social Relationships 

and Socioeconomic Status, and Social Relationships and Brain Structure.  

Social Relationships and Mental Health 

A common thread between the studies was that functional forms of social relationships – 

peer problems (Studies One and Two) and family satisfaction (Study Three) – were 

associated with mental health outcomes – emotional symptoms and psychological distress, 

respectively. Together, these findings suggest that, rather than social relationships causing 

changes in mental health outcomes, as suggested by the model proposed by Berkman and 

Krishna (2014), specific dimensions of these concepts change together over time. Because 

the measures included in the studies were self-reported, they reflect individuals’ subjective 

perceptions of the quality of relationships, which have been consistently identified as 

important in mental wellbeing compared to structural/objective indicators of relationships 

(Haber et al., 2007). Indeed, the latent change score (LCS) analysis in Study Three 

considered both structural and functional aspects of social relationships and did not find an 

association between structural aspects of social relationships and psychological distress 

over time. Altogether, this suggests that, for both adolescents and older people, functional 

aspects of social relationships are entangled with mental wellbeing; the way that people 

appraise their relationships goes hand-in-hand with the way that people feel (Haber et al., 

2007; Schwarzer & Leppin, 1991). In this thesis, the focus was on internalising symptoms 

such as anxiety and depression symptoms. Because both functional aspects of relationships 

and internalising symptoms are subjective perceptions, perhaps these factors could depend 

on common psychological mechanisms. This is in line with transdiagnostic, continuum-

based approaches to mental health, which suggests that categories of psychiatric disorders 
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can be specified in terms of core processes such as internalising and externalising 

dimensions (Krueger & Eaton, 2015). In a similar vein, when considering subjective 

perceptions of social and emotional factors, both could be considered as indicators of a 

person’s internal socioemotional experiences.  

Other types of social relationships showed different associations (or no association) with 

mental health outcomes across the three studies. Although classed as a functional aspect of 

social relationships, family support was not associated with emotional symptoms either 

cross-sectionally in Study One or longitudinally in Study Two. In the IMAGEN dataset, 

family support was parent-reported, therefore, unlike with peer problems, it did not capture 

the individual’s subjective feelings of support from the family. This is, therefore, still in 

line with the idea that perceived support is closely linked to mental health. To add, Study 

One investigated the idea that family support may buffer against the negative effect of peer 

problems on emotional symptoms. This was to be investigated using a mediation analysis, 

which was not conducted as family support did not predict emotional symptoms. However, 

future research should conduct a moderation analysis to test whether the association 

between peer problems and emotional symptoms differed according to different levels of 

family support. Additionally, in the UK Biobank analysis in Study Three, loneliness was 

longitudinally associated with psychological distress, but this may have been specific to 

females and confounded by income. This again supports the notion that subjective aspects 

of relationships – in particular, the gap between current and desired relationships (Peplau 

& Perlman, 1982) – play a predictive role in emotional functioning. However, this study 

adds to our understanding by highlighting that the context of the person needs to be 

considered, specifically with regards to socioeconomic differences, and potential sex 

differences must be verified in future studies that explicitly assess differences between 

males and females. 

Previous models have suggested that structural forms of social relationships provide the 

foundation for functional aspects of relationships to impact mental health (Berkman & 

Krishna, 2014). Subsequent studies have since highlighted the bidirectional association 

between structural and functional relationships (Santini et al., 2020). Study Three added to 

this body of knowledge by showing that functional aspects of relationships (family 

satisfaction) predict structural aspects (frequency of visits) over time. Although frequency 

of visits did not predict psychological distress directly, Study Three showed that functional 

aspects can provide the foundation for structural aspects of social relationships. Again, this 

reflects the importance of subjective quality of relationships in keeping people socially 

connected.  
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Social Relationships and Socioeconomic Status 

The thesis hypothesised a top-down effect of SES on structural and functional social 

relationships. Previous studies (Weyers et al., 2008) have postulated that lower SES is 

associated with a smaller radius of social relationships that are focused on support from 

close connections, and higher SES is associated with a wider, more distributed network.  

Study Three investigated a comprehensive set of objective markers of SES and their 

association with different indicators of structural and functional social relationships. In the 

longitudinal analysis, there was no evidence that indicators of lower SES (e.g., lower 

income, no degree education, and unemployment) predicted structural and functional 

aspects of close relationships (e.g., frequency of visits and family satisfaction). Degree 

education was positively associated with change in total activities for females only; those 

who were degree educated participated in more social activities at baseline and the number 

of activities engaged in decreased less over time compared to those who were not degree 

educated. Instance 3 employment vs. unemployment (separate from retirement) also 

predicted negative change in the frequency of visits by friends and family for males only. 

Taken together, those measures of SES were related to structural social relationships, 

specifically engagement with both wider and close social ties. Higher education has 

consistently been associated with an individual’s social capital, which has been defined as 

social trust and participation (Huang et al., 2009; Kawachi & Berkman, 2014). Therefore, 

this increase in social participation may start earlier in the person’s life when they attain 

their education and persist into older age where it manifests as greater engagement with 

community activities. Conversely, being employed in older age may inhibit a person’s 

available time for social engagement with friends and family. This shows that both 

previously established and current socioeconomic factors affect engagement with both 

close and wider ties in this period in life, although sex differences must be verified in 

future research. Another marker of SES – income – was shown to interact with functional 

aspects of social relationships. Income attenuated the relationship between loneliness and 

psychological distress for females; in some models, higher income was predictive of less 

psychological distress, but income was not predictive of loneliness. This finding shows the 

importance of considering social relationships and socioeconomic factors together in 

predicting mental health. The variance in mental health outcomes that are attributed to 

social connections may be partially explained by economic factors, which has implications 

for the target and efficacy of interventions. 
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An important point to consider is that many of the measures of SES used in Study Three 

are established earlier in the person’s life, such as being degree educated or previously 

having a skilled job. At the time of testing for UK Biobank, the person has reached a 

particular SES that would have little change due to the slowing down of economic activity 

in older age (Grundy & Holt, 2001). The cross-sectional findings at instance 2, therefore, 

may reflect the accumulation of opportunities and resources across the person’s lifespan up 

until that point. This is also considered within the context of the sample of UK Biobank, 

whose participants were less likely to live in economically deprived areas compared to the 

general population (Fry et al., 2017). This lack of range in area-level economic deprivation 

could have obscured potential associations with structural and functional aspects of social 

relationships.  

Study One also considered the role of one objective measures of SES – parental education 

– in functional aspects of social relationships and found that parental education was 

positively associated with family support for females. This suggests that, as well as 

education playing a role in the social relationships that people engage in, education also 

influences the functional support that people give, such as to their children. Formal 

education may equip people with the knowledge and tools for affirmative social 

interactions in parenting, or their social network may encourage this type of behaviour. 

This is again related to the association between education and social capital, as education 

allows learning of social norms and responsibilities, which contributes to wider social 

cohesion and development (Huang et al., 2009). The role of parental education in family 

support also relates back to the theoretical framework that the amount of control that 

people have in their relationships can be influenced by other people and their backgrounds 

(Bronfenbrenner, 1977, 1995), particularly with younger people who may still be 

dependent on familial relationships. 

Study One went further to test the specific pathway of stress in the link between 

socioeconomic factors and social relationships (Conger & Conger, 2002; Conger & 

Donnellan, 2007). Socioeconomic stress was a statistically significant negative predictor of 

family support, even when an objective measure of SES was included: parental education. 

The findings were partially in line with Berkman and Krishna (2014), providing evidence 

for the top-down effect of socioeconomic factors on relationships. This finding adds to this 

idea in the context of adolescence, where young people are typically still living with family 

and are subjected to the family’s socioeconomic circumstances. The young person is 

entangled with family life and has limited control with factors such as family 

unemployment, financial instability, parental stress and received support. This is perhaps 
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different at other stages in life such as adulthood, where there is more control over 

socioeconomic factors and managing relationships. 

Study Two considered whether age 14 socioeconomic stress longitudinally predicted 

change in peer problems between ages 14 and 19 years. The association with family 

support could not be investigated due to the lack of longitudinal family support data in the 

IMAGEN dataset. Socioeconomic stress did not predict change in peer problems. Previous 

research found that family economy and parental education were negatively associated 

with child peer problems (Bøe et al., 2012), although this was a cross-sectional study, as 

opposed to the longitudinal study conducted in Study Two. This lack of longitudinal 

association between socioeconomic stress and peer problems again may be reflective of the 

idea that family socioeconomic stress impacts family dynamics as opposed to wider 

relationships, such as with peers.  

Social Relationships and Brain Structure 

The thesis investigated the idea that the social environment modifies regional brain 

structure, in line with associations found in previous research (Bickart et al., 2012; Blumen 

& Verghese, 2019; Kwak et al., 2018; Powell et al., 2012; Noonan et al., 2018; Von Der 

Heide et al., 2013). The model by Berkman and Krishna (2014) posited that social 

relationships have a direct effect on mental health and physiology, which includes brain 

structure. Socioeconomic factors are suggested to influence mental health and brain 

structure indirectly through the effect on social relationships. In the statistical models, 

specific brain regions related to both social and emotional functioning were included – the 

amygdala and vmPFC (Eisenberger, 2013; Hiser & Koenigs, 2018) to assess whether 

neuroplastic mechanisms of the social environment on these regions also affect mental 

health. 

Studies One and Two investigated this from the perspective of structural brain 

development in adolescence; whether peer problems, family support, and socioeconomic 

stress are associated with baseline level and change in the amygdala and vmPFC GMV. 

Associations with WBV were also considered as a covariate with the relationship between 

regional structures.  

Common to Studies One and Two was the association between vmPFC GMV (corrected 

for whole brain volume (WBV)) and emotional symptoms for males only. Interestingly, 

there was a negative cross-sectional association in Study One, and positive longitudinal 

correlated change in Study Two. Although these results are different, they are compatible 
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given the focus on between-person differences and within-person change. The cross-

sectional analysis in Study One provided a snapshot of the between-person associations: 

those who tended to have larger vmPFC GMV relative to WBV at age 14 years tended to 

have fewer emotional symptoms. Study Two extended this to incorporate within-person 

change: a higher increase in change in vmPFC GMV relative to WBV was associated with 

greater change in emotional symptoms between age 14 and 19 years. Instead of there being 

a directional relationship, this analysis showed that these factors changed together. Study 

Two’s results must be interpreted with reference to the univariate change in vmPFC GMV: 

there was negative mean change over time, in line with prefrontal pruning (Blakemore, 

2008; Mills et al., 2014; Whittle et al., 2008; Wierenga et al., 2014). When looking at 

change over time adjusted for WBV, vmPFC GMV increased on average, may be 

reflective of less pruning in the vmPFC compared to the whole brain (Blakemore, 2008; 

Whittle et al., 2008). Thus, slower relative pruning in the vmPFC was tightly associated 

with an increase in change in emotional symptoms; the vmPFC has been implicated in 

skills such as cognitive control and emotional regulation (Hiser & Koenigs, 2018). Study 

Two also found positive correlated change with peer problems and both vmPFC GMV and 

emotional symptoms, which underscores the commonalities of these factors in the 

development of social and emotional skills and experiences in adolescence.  

There were differences between Study One and Two: Study One did not find associations 

between functional aspects of social relationships – peer problems and family support – for 

either regional or whole brain volume. Study Two, on the other hand, found that higher 

levels of family support were associated with slower growth of amygdala volume in 

adolescent boys. As with previous points, Study One may not have found a group-level 

association between variables at one time point; instead, Study Two found an association 

that was related to the structural developmental trajectory of the amygdala in males 

specifically. This finding also supports the findings from a previous study that found that 

higher frequency of positive maternal behaviour predicted slower growth in the right 

amygdala for adolescent boys (Whittle et al., 2014). The current study enhances the 

reliability of this finding due to the use of LCS models that characterised different types of 

change, the specification of the amygdala as a latent variable, and the use of a large 

dataset.  

Study Two also differed from Study One with its inclusion of negative life events as a 

confound in the association between social relationships and regional brain structure. This 

allowed us to assess the relative contribution of social factors compared to negative events, 

which have previously been implicated in structural brain development (Gorka et al., 2014; 
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Hanson et al., 2010). Although not an indicator of social relationships, life events reflect 

important social transitions, some of which were related to family and parents in the 

measure used in Study Two (Newcomb et al., 1981). Study Two found that greater number 

of negative life events and greater emotional symptoms were negatively associated with 

change in vmPFC GMV for females. Greater number of negative life events prior to age 14 

years was associated with positive change (i.e., less decrease) in vmPFC GMV whilst 

events after 14 years were associated with negative change in vmPFC GMV. This may 

reflect differences in structural maturational patterns of the PFC before and after puberty 

and differential effects due to environmental exposures; PFC volume shows little change in 

volume across childhood, and decreases after early adolescence (Mills et al., 2014).  

The findings of family support and negative life events with amygdala and vmPFC GMV 

respectively may be explained through the stress acceleration hypothesis (Callaghan & 

Tottenham, 2016b). This hypothesis states that environmental stress causes accelerated 

development of brain regions related to emotion, such as the medial prefrontal cortex 

(mPFC) and amygdala (Callaghan & Tottenham, 2016b). This acceleration has the benefit 

of increasing chance of survival and procreation. For example, in the context of the family 

environment, if a parent is not responding to a child’s needs, this would lead to stress for 

the child, who would need to learn to regulate themselves to allow for survival. However, 

this accelerated development has the drawback of limiting later neuroplasticity, which 

increases later risk to mental health problems (Callaghan & Tottenham, 2016b). 

Conversely, if a parent is supportive and responsive, this provides a scaffold for the child’s 

own emotional regulation, and the child’s affective systems undergo a protracted 

development to absorb information from the social environment (Callaghan & Tottenham, 

2016b). Relating this back to the findings from Study Two, family support may have been 

a specific environmental exposure for males at this age range which led to a protracted and 

adaptive development of the amygdala. On the other hand, stress from negative life events 

and emotional symptoms leads to accelerated development of the vmPFC for females, 

which is adaptive at the time, but may lead to mental health problems in adulthood. 

Although, as previously mentioned, the sex-specific finding may have been due to random 

variation, thus this must be explicitly tested in future research to verify sex differences in 

associations between the social environment and regional brain structure. Previous models 

have suggested that the sensitive period of parental availability and stress exposure is 

primarily during childhood (Callaghan & Tottenham, 2016a), however Study Two 

contradicts this to suggest that adolescence is also a key period in brain malleability to 

environmental exposures. 



179 

 

Studies One and Two did not find associations between socioeconomic stress and 

amygdala/vmPFC GMV, but Study One did find a negative association between 

socioeconomic stress and WBV for females. This suggests that socioeconomic stress is not 

associated with regional GMV in those specific regions, but there may be associations in 

other regions or across the whole brain. This must be clarified in future studies, together 

with the mechanisms behind how socioeconomic stress is associated with brain volume. In 

Study One, although socioeconomic stress was associated with family support, family 

support was not associated with regional GMV. This suggests that either aspects of social 

relationships other than family support are driving this association, or that SES affects 

brain structure through pathways other than social relationships. Families experiencing 

socioeconomic stress may be supportive to their child, however, stress may affect other 

parts of the relationship, such as parental anxiety or lack of availability (Conger & Conger, 

2002; Conger & Donnellan, 2007). Alternatively, family economic hardship can cause 

stress due to lack of resources and adverse conditions, such as poor housing and nutrition, 

which is separate from the impact on social relationships (Conger & Conger, 2002; Conger 

& Donnellan, 2007). Those stress-inducing factors have a direct impact on structural brain 

development through stress hormones and inflammation, the effects of which may be 

adaptive in the short-term to cope with the demands of the situation, but maladaptive in the 

long-term (Ioannidis et al., 2020; McEwen & Gianaros, 2010). 

Study Three investigated the role of structural and functional social relationships in 

slowing the structural decline of socioemotional regions of interest in older age. Just as 

social environmental variables have been proposed to impact the structural development of 

the brain, social engagement and support has been suggested to protect against age-related 

neuroanatomical changes (Fratiglioni & Wang, 2007; James et al., 2012). Study Three 

contributed to knowledge by focusing specifically on how brain regions related to social 

and emotional processing are impacted by social relationships (Hachinski & Avan, 2022). 

This study also went further to generate hypotheses from the large cross-sectional analysis 

and then tested the hypotheses in the longitudinal analysis, which combined the strengths 

of exploratory analysis and replicability. 

Most structural and functional social relationship variables that were investigated were not 

associated with amygdala and vmPFC/OFC GMV. Study Three also investigated the 

association between the white matter tract integrity of the uncinate fasciculus – the tract 

that connects the amygdala and vmPFC – and structural and functional social relationships. 

However, contrary to the hypothesis, no association was found for any of the social 

relationship variables. The only statistically significant finding was that total number of 
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social activities was associated with amygdala and vmPFC/OFC GMV for females cross-

sectionally but not longitudinally. This suggests that, whilst older females who engage in a 

greater number of social activities tend to have greater GMV in the amygdala and 

vmPFC/OFC, the evidence did not suggest that changes in degree of social engagement 

cause changes in regional GMV, nor was there any association with structural connectivity 

between these regions. This is in line with other cross-sectional studies that found an 

association with structural measures of social relationships (Blumen & Verghese, 2019; 

Kwak et al., 2018; Noonan et al., 2018; Powell et al., 2012), but goes further to suggest 

that social engagement does not predict structural decline in socioemotional brain regions. 

The cross-sectional finding may be reflective of the effect of prolonged or earlier 

engagement with social activities prior to the time range investigated. Indeed, previous 

research has found that people who engaged with enriching early life activities in 

childhood had greater amygdala volume in older age (Moored et al., 2020). Those who 

were exposed to activities in early childhood may also be more likely to have persisted 

with activities throughout the lifespan and up to the time point measured, which explains 

the cross-sectional association. Measures of SES, such as income, were also positively 

related to total number of social activities, which shows how economic resources is tied to 

wider social engagement. Thus, people with low childhood SES may have had a lack of 

access to social opportunities and resources from a young age, which was compounded 

throughout the lifespan, and those experiences negatively affected the structural 

development of the amygdala and vmPFC. This is in line with the cumulative risk model, 

which states that there is a compounding effect of SES on the life course (Kahn & Pearlin, 

2006), suggesting that this can have cascading impact on physical and mental health. 

Overall, the three studies in the thesis point to the idea that there may be periods in early 

life where GMV of the amygdala and vmPFC are sensitive to different social 

environmental exposures. In older age, there was no evidence that GMV in the amygdala 

and vmPFC were malleable to structural and functional social relationships. Future 

research should aim to investigate other brain regions that are implicated in social and 

emotional experiences, such as the anterior cingulate cortex (Hiser & Koenigs, 2018; 

Tyborowska et al., 2018), and assess whether social engagement in sensitive periods in 

childhood and adolescence affect brain volume in older age. 

Contribution to Understanding of Biopsychosocial Factors Across the Lifespan  

The second thesis aim was centred around differences between biopsychosocial factors in 

adolescence and older age. Early and late periods of life are characterised by different 
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social and neuroanatomical circumstances, which has implications for the impact of those 

factors on mental health. 

In adolescence, the social network widens and shifts the focus from family to peer 

relationships (Rueger et al., 2016). Conversely, in older age, the social network shrinks to 

focus on more qualitative aspects of social relationships (English & Carstensen, 2014). 

Evidence for the importance of peer relationships in adolescence was provided by Studies 

One and Two; peer problems were associated with emotional symptoms for both sexes. 

Although previous research suggested that family support is important for adolescent 

mental wellbeing (Rueger et al., 2016), this was not found in either Studies One or Two. 

Study Three supported the idea of the significance of functional aspects of social 

relationships in mental wellbeing. Structural aspects of social relationships did not predict 

psychological distress, but functional aspects did. There was negative correlated change 

between family satisfaction and psychological distress for both sexes, and loneliness 

predicted positive change in psychological distress. The role of family satisfaction, as 

opposed to friend satisfaction, may also signify a focus on close kin relationships to satisfy 

emotional needs. Overall, from the studies conducted in the thesis, the functional aspects of 

social relationships are tightly interwoven with one’s psychological wellbeing regardless of 

whether the person is in the lifespan. However, it may be the case that the broadening of 

social relationships from family to peers in early life and the focus on kin relationships in 

later life is entwined with mental wellbeing. 

In both adolescence and older age, SES appears to exert a top-down influence on 

relationships and wellbeing. However, these periods of life differ in terms of the potential 

control that the person has over their social and economic circumstances. Adolescents are 

reliant on the resources and conditions provided by their family, and stress from SES was 

shown to be associated with the parent-child relationship, as shown in Study One. In older 

age, SES reflects both a person’s starting SES, their degree of social mobility throughout 

life, and their current socioeconomic activity. For example, degree education was likely to 

have been attained earlier in the person’s life, and was positively associated with baseline 

and change in total activities for females. Conversely, being employed was associated with 

less frequent friend and family visits which is amenable to change depending on the 

person’s economic circumstances. Taken together, this helps our understanding of lifespan 

differences in the degree of control a person has over their SES and shows how later SES 

is embedded within the person’s earlier life experiences and circumstances. 
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As with social development, the brain develops rapidly in adolescence and declines in 

older age. A key question is to what extent the trajectory of structural brain change can be 

altered at earlier and later periods of the lifespan. It has been suggested that early life is a 

sensitive period where the brain is particularly malleable to environmental input 

(Blakemore & Mills, 2014; Fuhrmann et al., 2015). The brain has also been proposed to be 

malleable to experiences during older age as well, in that the social environment can 

protect against structural neuroanatomical losses (Fratiglioni & Wang, 2007; Hachinski & 

Avan, 2022; James et al., 2012). The results from the thesis supported the idea of the 

importance of early life as a sensitive period for brain plasticity in response to the social 

environment.  

Contribution to Understanding of Sex Differences in Biopsychosocial Factors  

Across the three studies, there were commonalities between sex, centred on the association 

between functional aspects of social relationships and psychological wellbeing. There were 

statistically significant findings for either males or females in relation to the associations 

between regional brain volume, particularly in Studies One and Two, which investigated 

the period of adolescence. Study Three found statistically significant findings for either 

males or females in areas primarily associated with social behaviour and SES in an older 

adult population. The sex-specific statistically significant findings do not provide evidence 

for sex differences between males and females as this may have been due to random 

variation. Future research using the SEM framework could fix parameters between sex to 

equality and, if there is significant model misfit, this provides evidence for differences 

between sex (Kievit et al., 2018). The following interpretation of the findings are presented 

in terms of the theoretical explanations for sex differences, but this must be verified 

further. 

Differences in normative brain development between the sexes have been suggested in 

previous studies, with female brains maturing faster than males’ (Goddings et al., 2014; 

Kaczkurkin et al., 2019). This difference is postulated to have implications for the sex 

differences in mental health disorders such as anxiety and depression (Kaczkurkin et al., 

2019) and to sensitive periods of brain malleability by environmental stimuli, driven by 

pubertal hormones (Piekarski et al., 2017). In Study Two, significant group average 

increases were found in the amygdala and decreases were found in vmPFC GMV for both 

sexes between age 14 and 19 years, with no average differences between sexes. However, 

there was evidence for variance in the degree of change for both sexes, and there was 

evidence that this change variance was greater for males. This does not support the idea of 
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average sex differences in structural brain development, but shows that there is within-

group, individual-level variation for males. This difference in variation may explain the 

male-specific finding of family support predicting change in amygdala volume. On the 

other hand, the uniformity of the pruning of the vmPFC GMV in females may reflect 

sensitivity to negative events and emotional symptoms. Relating this back to the stress 

acceleration hypothesis (Callaghan & Tottenham, 2016), negative environmental exposure 

may accelerate the stage of brain development that the person is at, which would be 

prefrontal pruning for females at that stage.  

Significant findings were found for only male or females in the older adult population, 

which were related to aspects of social relationships and SES. This may be apparent in this 

population as opposed to the adolescent population due to generational differences in 

gender roles and their association with social and economic experiences. Most sex-specific 

findings revolved around female social behaviour and intimacy, with differences found 

according to SES. Generally speaking, women have been found to have greater structural 

and functional social relationships compared to men (Antonucci, 2001; Antonucci & 

Akiyama, 1987; Gurung et al., 2003). This is in line with the findings that loneliness 

predicted change in psychological distress, and family satisfaction predicted change in 

frequency of visits. Thus, functional aspects of social relationships appear to be key drivers 

in psychological wellbeing and social contact for females in older age. Socioeconomic 

factors were implicated in the association with social relationships and psychological 

distress; degree education predicted total number of activities, and income partially 

explained variance in changes in psychological distress. This shows that a woman’s 

socioeconomic standing governs the degree that she can engage with wider social activities 

and determines the degree to which addressing loneliness improves psychological distress. 

For males, employment status was associated with less frequency of visits. This may be 

because males are more likely to be employed in higher-earning jobs compared to females 

(Office for National Statistics (ONS), 2022), so the responsibility may fall to the man to 

maintain income at this age, which affects the degree of social contact they are able to 

have. However, sex differences must be explicitly tested for in future studies in order to 

provide an individualised perspective to the key factors for males and females in social 

relationships and mental wellbeing. 

Thesis Strengths and Limitations 

One key strength of the thesis is the consideration of multiple factors that are involved in 

the pathways to mental wellbeing. The thesis considered different levels of the 
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environment and person (societal, social, and neuroanatomical), different parts of the 

lifespan, and potential differences between sexes. Previous work on social and 

neuroanatomical transitions has focused on average differences between groups, but there 

are vast individual differences between people in terms of the social environment and brain 

structure (Foulkes & Blakemore, 2018; Lamblin et al., 2017). For example, Study Two 

found that whilst there were average group differences in vmPFC GMV, there was also 

significant variance in the degree of change which varied between sex, and this change was 

associated with baseline vmPFC GMV. Therefore, vmPFC GMV change was not uniform; 

there were greater changes for some compared to others, and this variation was greater for 

males. Modelling individual differences helps to provide a more nuanced understanding of 

the role of different factors in change in a variable of interest. Study Three found that 

income explained some of the variation in psychological distress for females that was 

attributed to loneliness in a previous model. This was possible because both socioeconomic 

and social relationship factors were included in the model. Previous studies may have only 

considered one of these factors in isolation, which has different, and perhaps less effective, 

intervention recommendations. Whilst it is likely that there are other individual differences 

that may have contributed to psychological distress that were not considered in this thesis, 

such as an individual’s culture (Foulkes & Blakemore, 2018), this work shows an 

important step towards an individualised understanding of what affects mental health and 

for whom. 

Investigation of different factors was possible due to the methodology employed in the 

thesis. First, the large sample sizes of the IMAGEN and UK Biobank datasets had the 

statistical power to find associations across multiple factors and to investigate the role of 

individual differences (Button et al., 2013a; Foulkes & Blakemore, 2018). The large 

sample sizes also facilitated use of sophisticated analysis techniques, structural equation 

modelling (SEM) and latent change score modelling (LCSM), to test hypotheses from 

multiple explanatory levels (Ioannidis et al., 2020; MacCallum et al., 1996). This not only 

allowed us to test pre-specified hypotheses, but it also gave us the flexibility to test 

exploratory relationships that can be verified in future research. For example, in Study 

Three, we hypothesised that baseline family satisfaction would predict change in 

psychological distress for both sexes. Instead, a negative correlation in the change between 

family satisfaction and psychological distress was found. The analytic method used, 

LCSM, allowed us to test both directional and non-directional hypotheses, which has 

implications for theory and model building. In Study Two, it was suggested that previous 

studies’ directional findings may have been non-directional, and this was not detected due 
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to the failure of previous methods to account for measurement error and baseline 

covariance (Kline, 2016a; Könen & Karbach, 2021). Thus, the methods used in the thesis 

allowed investigation of multiple hypotheses, which contributed to understanding of which 

factors may or may not play a causal role in psychological wellbeing. 

Although there are strengths to using secondary datasets, there are limitations that must be 

acknowledged. First, the analysis was limited to variables that were available in the 

respective datasets. The purpose of these datasets was to collect a myriad of variables 

related to lifestyle, health, and medical imaging. The focus was not specifically on 

socioeconomic, social relationship or neuroanatomical measures, so there were limited 

variables available, and they were often not specific to the concepts of interest. For 

example, the Multi-dimensional Scale of Perceived Social Support (Zimet et al., 1988) is 

widely used in studies that investigate the impact of social relationships, but this was not 

available in either of the datasets studied. To add, some concepts were unable to be 

investigated due to the variable only being available to a limited number of participants. 

For example, originally measures of structural social relationships were going to be 

analysed in the IMAGEN dataset, which included items such as the number of friends the 

child often spends time with. But, once access to the dataset were obtained, data from these 

variables were only available to participants as part of the autism spectrum disorder 

screening. The use of secondary datasets has the trade-off between large amounts of data 

and a lack of researcher control on the measures and data that are available for analysis. 

The measures that are included may be different to those consistently used in other studies, 

which may prohibit a direct comparison between concepts. 

Similarly, the three Studies were limited in either the characteristics of the sample or the 

source of particular variables. As mentioned previously, the UK Biobank sample used in 

Study Three has been found to live in less economically deprived areas of the UK (Fry et 

al., 2017), which may have obscured associations with social relationships and mental 

health, and may limit generalisability. Studies One and Two only had parent-reported 

variables for measures such as socioeconomic stress and family support. Previous sections 

discussed the importance of subjective perception of support in predicting mental health 

outcomes (Haber et al., 2007). The use of parent-reported variables for indicators of stress 

and support does not give insight into the child’s feelings of these variables. For example, 

the parents may feel stress due to socioeconomic circumstances, but the child may be 

consciously unaware and therefore unaffected by this. Also, a parent may report giving 

support to their child, but the child may not interpret it as so. This limits the interpretation 

of these variables; although, it still provides valuable insight into the parent-child dynamic. 
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Study Two found that parent-reported family support predicted changes in amygdala 

volume for males, which suggests that a parent’s perception of their supportive behaviour 

and the environment that they create affects the developmental trajectory of the amygdala.  

Implications 

Intervention and Prevention  

The findings from Studies Two and Three suggest that social functioning needs to be 

considered concurrently with emotional functioning in adolescence and older age. This 

provides a new perspective to previous studies that found that peer and family relationships 

impact internalising symptoms (Newman et al., 2007; Parr et al., 2020; Rueger et al., 2016; 

Shin et al., 2016); an individual’s level of anxiety and depression can also affect social 

engagement and the degree of success in maintaining positive relationships. For example, 

anxiety and depressive symptoms may lead to a feedback loop of negative appraisal of 

social competency, anticipation of rejection, maladaptive social behaviours, victimisation 

and avoidance of social situations (Luchetti & Rapee, 2014; Qualter et al., 2015). In a 

similar vein, the stress generation hypothesis suggests that feelings of psychological 

distress may contribute to a stressful environment that is not amenable to support from 

social relationships (Hammen, 1991; Liu & Alloy, 2010). This may explain why 

interventions for mental health are effective for some compared to others: individuals with 

initial high levels of emotional distress may find it difficult to engage with and have 

sustained benefit from interventions that focus solely on social engagement. Thus, a two-

pronged approach is necessary: reducing social disengagement on an individual and 

community-wide level, whilst also working with those who find it difficult to engage 

socially due to high emotional distress. This is likely to have a more sustained effect on the 

trajectory of socioemotional functioning for the individual, creating a positive feedback 

loop of positive relationships and positive affect.  

The results also suggest that supportive family environments may be particularly important 

for males, although evidence for sex differences must be verified in future research. 

Affirmative support may be less likely to be given to adolescent boys due to perceived 

societal masculine ideals. Indeed, research has shown that parental support towards male 

and female children depend on societal cultural norms. A meta-analysis found that parents 

used more affirmation and supportive strategies towards girls rather than boys when 

looking at studies from the 1990s onwards. But, before the 1990s, the effect was found in 

boys instead, reflecting cultural changes in parenting practices, and shows how notions of 

support are dependent on cultural norms (Endendijk et al., 2016). Campaigns to encourage 
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supportive behaviour, particularly towards boys, may be fruitful in family support 

becoming more widespread, which would have positive ramifications for biological 

embedding of resilience to mental health problems. 

To add, an early focus on social mobility may address the proposed cumulative risk on 

social and brain reserve in older age. Upward social mobility has been found to benefit 

individuals in terms of both social participation and mental health (Chan, 2018). A 

governmental focus on social mobility would allow for a positive cascade of social 

engagement and associated neurobiological alterations throughout a person’s life that 

provides a social and brain reserve into older age. 

Methodological 

The thesis highlights the strengths of using both cross-sectional and longitudinal data to 

investigate the role of social relationships, SES, and brain structure in mental health. 

Cross-sectional data often has the benefit of collecting greater amounts of data compared 

to longitudinal data, which increases statistical power (Button et al., 2013b; MacCallum et 

al., 1996). Large sample sizes are needed for investigation of multi-group effects such as 

sex, as in all studies in the current thesis, as models are run independently for each group. 

Cross-sectional analysis also ensures inclusion of participants who may be vulnerable to 

attrition in longitudinal studies, such as those who have worse health and are socially 

isolated (Jacobsen et al., 2021), which has implications for investigations into the role of 

social relationships. Cross-sectional analyses were conducted for a large number of studies 

mentioned in the thesis, particularly those that included neuroimaging (e.g. Powell et al., 

2012). However, cross-sectional observational data cannot provide evidence for a 

directional effect. Even though techniques such as regression specify variables as 

predictors and outcomes, evidence for this can only be determined through time-varying 

data, to assess whether values in one variable predict the other over time. The thesis 

highlighted how, although the same associations between variables were found cross-

sectionally and longitudinally, the longitudinal analysis was instrumental in understanding 

the direction of the associations. In Study One, peer problems were found to be a predictor 

of emotional symptoms, but Study Two revealed correlated change rather than a 

directional effect. Methods such as LCSM are important in assessing the directionality of 

relationships, as this method accounts for baseline correlation, cross-variable coupling, and 

correlated change (Kievit et al., 2018), thus providing fine-grained evidence for potential 

causal mechanisms between variables over time. Study Three utilised the approach of 

combining the relative strengths of cross-sectional and longitudinal analysis, which can be 
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employed by future research. The large sample size at instance 2 allowed creation of 

training and test datasets, to explore associations between the large numbers of variables 

that were available. The results were validated, and the directions of relationships were 

then verified using the longitudinal analysis.  

The importance of validity and reliability of constructs was also underscored in the thesis. 

The studies used latent variable modelling and measurement invariance testing, to separate 

latent constructs with measurement error (Kline, 2016a), and to ensure that the same 

constructs were being measured between sex and across time. This is a pertinent issue with 

large, longitudinal datasets that use the same measures across time, and which extend to 

different parts of the lifespan. Study Two showed that there were differences in item 

wording between the adolescent and adult versions of the SDQ, and measurement 

invariance analysis showed that there were differences in how participants interpreted the 

question over time. This poses a significant threat to investigations into change over time, 

as change in the construct is confounded with change in interpretation. Thus, future studies 

must determine the longitudinal and between-group validity of measures used in large 

datasets, and partial measurement invariance can be used to account for differences in 

construct interpretation. 

Areas for Future Research 

There is a need to investigate correlated change simultaneously for functional aspects of 

functional social relationships and emotional distress. Correlated change signifies that 

variables change together rather than one exerting change over the other. Further research 

should rule out alternative explanations, such as whether a third variable can explain 

change in both functional social relationships and psychological distress. Factors such as 

neuroticism may explain individual differences in perceived quality of relationships and 

psychological distress (Dwyer et al., 2014; Vittengl, 2017). If this is the case, interventions 

could target neuroticism in treating mental health disorders. Although neuroticism has 

previously been thought to be stable personality trait, there is evidence for individual 

variation (Sauer-Zavala et al., 2017), although there are inconsistent results in the literature 

due to the conflation of neuroticism with psychological distress (Sauer-Zavala et al., 2017). 

This follows on from the next point of whether the observed correlated change can be 

explained by an underlying factor that governs variance within internal perception of 

feelings towards the self and others. This can be investigated by confirmatory factor 

analysis models that assess the fit of both one and two factor models for unified or distinct 

concepts. LCSM could then be used to assess change over time, and how other variables 
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affect the underlying factor(s). Another possible explanation is that the observed correlated 

change is limited to the specific variables used in the IMAGEN and UK Biobank datasets. 

As mentioned previously, simplified measures are often used in large-scale datasets, 

therefore replication with other valid and reliable measures are required to ensure that 

associations were not an artefact of the measures used.  

The thesis used datasets with two waves of neuroimaging data. Over time, more datasets 

with neuroimaging information will collect additional waves, which will allow for 

investigations into change over longer periods of time. Since conducting the analyses for 

the thesis, IMAGEN now has a third wave of data available where participants are 23 years 

old (Imagen Project, n.d.). Analyses which utilise this timepoint will be able to assess, for 

example, whether the slower growth of the amygdala from high levels of family support in 

adolescence for boys influences emotional symptoms in adulthood. LCSMs with three 

waves or more, also called dual change score models, include a latent slope parameter that 

captures global change over time as well as proportional change and cross-domain 

coupling that is specific between particular time points (Kievit et al., 2018). This can allow 

for modelling change in terms of more stable development social and neurodevelopment 

processes with individual variation between time points.  

Conclusion 

This thesis presented three research studies that addressed the gaps in the previous body of 

literature by 1) modelling the associations between social relationships, socioeconomic 

status, brain structure and mental health, 2) investigating early and later parts of the 

lifespan, and 3) considering the role of potential sex differences in the association between 

social and neuroanatomical factors in mental health. The thesis included the application of 

SEM to cross-sectional data to identify key associations which were subsequently tested 

using LCSM to clarify the directionality of the associations. This advanced understanding 

of the nature of associations found in previous research. For example, functional aspects of 

social relationships were found to change together with emotional functioning in both early 

and late life. The thesis also underscored the importance of adolescence as a sensitive 

period for structural brain plasticity according to the social environment. All the studies 

highlighted nuanced interrelationships between critical factors and suggested important 

directions for future research. 
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APPENDIX 1 

Supplementary Material for Study One: 'Social environment and brain structure in 

adolescent mental health: A cross-sectional structural equation modelling study using 

IMAGEN data'  

Appendices 1.01 to 1.09 are the supplementary materials for Study One. These were 

published as online resources in the version published in PLOS ONE (see link below). 

 

Stepanous, J., Munford, L., Qualter, P., Banaschewski, T., Nees, F., Elliott, R., & the 

IMAGEN Consortium. (2023). Social environment and brain structure in 

adolescent mental health: A cross-sectional structural equation modelling study 

using IMAGEN data. PLOS ONE, 18(1), e0280062. 

https://doi.org/10.1371/journal.pone.0280062  

  

https://doi.org/10.1371/journal.pone.0280062


219 

 

Appendix 1.01 

Information about Local Ethics Research Committee Approval at Each Study Site at 

IMAGEN  

London, England: Psychiatry, Nursing and Midwifery Research Ethics Subcommittee, 

Waterloo Campus, King’s College London; Nottingham, England: University of 

Nottingham Medical School Ethics Committee; Mannheim, Germany: Medizinische 

Fakultaet Mannheim, Ruprecht Karl Universitaet Heidelberg and Ethik-Kommission II an 

der Fakultaet fuer Kliniksche Medizin Mannheim; Dresden, Germany: Ethikkommission 

der Medizinischen Fakultaet Carl Gustav Carus, TU Dresden Medizinische Fakultaet; 

Hamburg, Germany: Ethics Board, Hamburg Chamber of Physicians; Paris, France: CPP 

IDF VII (Comité de protection des personnes Ile de France), ID RCB: 2007-A00778-45 

September 24, 2007; Dublin, Ireland: TCD School of Psychology REC; and Berlin, 

Germany: Ethics Committee of the Faculty of Psychology.  
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Appendix 1.02  

Results from Measurement Invariance Analysis  

Results from all measurement invariance tests for the latent variables of socioeconomic 

stress, family support, peer problems and emotional symptoms are presented in the table 

below. 

Measurement Invariance Models for Socioeconomic Stress, Family Support, Peer 

Problems and Emotional Symptoms Between Sex (n = 1950) 

 

 
 Robust χ2  

goodness of fit 
  

 Robust χ2  

difference test 

Model   χ2  df p CFI  RMSEA   χ2  df p 

Socioeconomic Stress Model           

Configural/Threshold Invariance  22.863 4 <.001 0.972 0.070   - - - 

Metric Invariance  27.209 7 <.001 0.970 0.054  3.258 3 0.354 

Scalar Invariance  33.909 10 <.001 0.965 0.050  5.880 3 0.118 

Strict Invariance  38.685 14 <.001 0.964 0.043  4.483 4 0.344 

Family Support Model           

Configural Model  3.393 4 0.494 1.00 <.001   - - - 

Threshold Invariance  2.685 8 0.953 1.00 <.001  0.728 4 0.948 

Metric Invariance  4.960 11 0.933 1.00 <.001  2.179 3 0.536 

Scalar Invariance  7.703 14 0.904 1.00 <.001  2.841 3 0.417 

Strict Invariance  12.069 18 0.844 1.00 <.001  4.166 4 0.384 

Peer Problems Model           

Configural/Threshold Invariance  28.577 10 0.001 0.977 0.044   - - - 

Metric Invariance  29.052 14 0.010 0.981 0.033  1.897 4 0.755 

Scalar Invariance  36.627 18 0.006 0.977 0.033  6.841 4 0.145 

Strict Invariance  47.168 23 0.002 0.970 0.033  9.189 5 0.102 

Emotional Symptoms Model           

Configural/Threshold Invariance   23.171 10 0.010 0.990 0.037   - - - 

Metric Invariance  34.691 14 0.002 0.984 0.039  9.248 4 0.055 

Scalar Invariance  43.438 18 0.001 0.981 0.038  8.106 4 0.088 

Strict Invariance  47.728 23 0.002 0.981 0.033  4.287 5 0.509 

 First, the configural/threshold invariance model for socioeconomic stress was an adequate 

fit to the data, although the RMSEA was larger than the cut-off of 0.05. Subsequent models 
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did not significantly differ in fit from the previous models – in fact, the RMSEA value 

improved with added equality constraints – therefore metric, scalar and strict invariance 

was achieved. This also allowed comparison of means between sex: there was no 

difference in parent-reported socioeconomic stress between parents of males compared to 

females (female to male estimate = 0.040, SE = 0.075, p = 0.595). In the strict invariance 

model, it was noted that the ‘problems with neighbours/the neighbourhood’ item had a 

weak loading for both males (β = 0.292) and females (0.320). Therefore, a separate model 

was tested which fixed these loadings to 0. This resulted in significantly worse model fit 

(Δχ2 = 28.561, Δdf = 1, p < .001), therefore this item was retained in the model.  

For each of the socioeconomic stress indicators, non-zero data points ranged between 5.1% 

(problems with neighbours/neighbourhood - females) to 33.56% (financial difficulties - 

females). There appeared to be a floor effect due to the nature of the items – for example, 

many families may not have had problems with their neighbours or neighbourhood. 

Nonetheless, the latent variable of socioeconomic stress had a good fit and measurement 

invariance was achieved (see Appendix 1.02). It was found that the ‘problems with 

neighbours/neighbourhood’ item had a low loading, which may have been due to the low 

non-zero options. However, it was retained in the model as removal of it resulted in worse 

fit. In terms of whether the model was affected by indicator items that were skewed 

towards zero values, the WLSMV estimator and robust fit statistics were used to address 

this. 

The configural model for family support was an excellent fit to the data. Thus, the analysis 

proceeded by applying parameter constraints in successive models. Threshold, metric, 

scalar and strict invariance were achieved, showing that the item loadings, intercepts and 

residuals were equal between sexes. This also allowed comparison of means between sex: 

this revealed that there was no difference in parent-reported family support between sex 

(female to male estimate = -0.083, SE = 0.066, p = 0.205). 
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The configural/threshold invariance model for peer problems was a good fit to the data. 

Threshold, metric, scalar and strict invariance were achieved, showing that the item 

loadings, intercepts and residuals were equal between sexes. In terms of mean difference 

between sex, males had significantly greater peer problems than females (female to male 

estimate = 0.136, SE = 0.065, p = 0.036).  

The configural/threshold invariance model for emotional symptoms was a good fit to the 

data. Threshold, metric, scalar and strict invariance were achieved, showing that the item 

loadings, intercepts and residuals were equal between sexes. In terms of mean difference 

between sex, males had significantly lower emotional symptoms mean score than females 

(female to male estimate = -0.926, SE = 0.075, p < 0.001). It was noted that the ‘somatic’ 

item had a weak loading for both males (β = 0.444) and females (0.422). Therefore, a 

separate model was tested which fixed these loadings to 0. This resulted in significantly 

worse model fit (Δχ2 = 216.89, Δdf = 1, p < .001), therefore this item was retained in the 

model. 

Item loadings for the measurement invariance CFA models are presented in Appendix 

1.03. 
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Appendix 1.03  

Item Loadings for the Individual Strict Invariance Confirmatory Factor Analysis Models, Including Estimate, Standard Error, Standardised Beta 

and p-Value (N = 1950) 

 Males (n = 949)  Females (n = 1001) 

Latent Variable  Indicators  Estimate  SE  β    p-value   Estimate SE β p-value 

Socioeconomic Stress  Unemployment  1.080 0.161 0.698 <0.001  1.080 0.161 0.734 <0.001 

  Financial  1.968 0.576 0.872 0.001   1.968 0.576 0.892 0.001 

  Home Inadequacy  0.609 0.074 0.482 <0.001   0.609 0.074 0.520 <0.001 

  Neighbourhood  0.338 0.070 0.292 <0.001   0.338 0.070 0.320 <0.001 

Family Support  Praised and rewarded  1.066  0.072 0.741 <0.001   1.066 0.072 0.729 <0.001 

  Gets love and affection  1.339  0.107 0.811 <0.001   1.339 0.107 0.801 <0.001 

  Gets help and support   1.018  0.074 0.725 <0.001   1.018 0.074 0.714 <0.001 

  Liked and respected  0.959  0.074 0.705 <0.001   0.959 0.074 0.692 <0.001 

Peer Problems  Loner  0.619 0.056 0.546 <0.001  0.619 0.056 0.527 <0.001 

  Friend  -0.597 0.078 -0.532 <0.001  -0.597 0.078 -0.513 <0.001 

  Popular  -0.699 0.056 -0.592 <0.001  -0.699 0.056 -0.573 <0.001 

  Bullied  0.911 0.099 0.691 <0.001  0.911 0.099 0.673 <0.001 

  Old Best  0.613 0.053 0.541 <0.001  0.613 0.053 0.523 <0.001 

Emotional Symptoms  Unhappy 0.987 0.076  0.724 <0.001  0.987 0.076 0.703 <0.001 
 

Worries 0.879  0.059  0.683 <0.001  0.879 0.059 0.660 <0.001 

  Somatic  0.465  0.040  0.444 <0.001  0.465 0.040 0.422 <0.001 

  Clingy  0.560  0.042 0.512 <0.001  0.560 0.042 0.489 <0.001 

  Afraid  0.727  0.054 0.612 <0.001  0.727 0.054 0.588 <0.001 
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Appendix 1.04  

Regression Statistics for Model 1, Nested Within Model 2 with WBV Paths Fixed to 0 

    Males (n = 949)  Females (n = 1001) 

Outcome Predictor Estimate 
CI 

lower 

CI 

upper 
SE β 

p-

value 
 Estimate 

CI 

lower 

CI 

upper 
SE β 

p-

value 

Emotional Symptoms 
Psychiatric Diagnosis 

(Yes) 
0.213 -0.117 0.544 0.169 0.052 0.206  0.743 0.460 1.026 0.144 0.210 <0.001 

 
Recruitment Centre 

(Dresden) 
-0.322 -0.746 0.102 0.216 -0.084 0.137  0.303 -0.087 0.693 0.199 0.078 0.128 

 
Recruitment Centre 

(Dublin) 
0.320 -0.171 0.811 0.250 0.074 0.201  0.498 0.087 0.908 0.209 0.111 0.017 

 
Recruitment Centre 

(Hamburg) 
-0.290 -0.698 0.118 0.208 -0.072 0.164  0.227 -0.139 0.593 0.187 0.061 0.224 

 
Recruitment Centre 

(London) 
0.618 0.196 1.040 0.215 0.153 0.004  0.252 -0.118 0.621 0.189 0.067 0.182 

 
Recruitment Centre 

(Mannheim) 
-0.443 -0.909 0.024 0.238 -0.106 0.063  -0.132 -0.544 0.281 0.211 -0.033 0.532 

 
Recruitment Centre 

(Nottingham) 
0.266 -0.122 0.654 0.198 0.079 0.179  0.003 -0.352 0.357 0.181 0.001 0.988 

 
Recruitment Centre 

(Paris) 
0.312 -0.135 0.759 0.228 0.082 0.171  0.281 -0.138 0.700 0.214 0.073 0.189 

 Mean PDS score -0.102 -0.289 0.085 0.096 -0.042 0.286  -0.045 -0.273 0.183 0.116 -0.015 0.697 

 Family Support 0.009 -0.112 0.130 0.062 0.008 0.889  -0.119 -0.246 0.007 0.064 -0.104 0.064 

 Peer Problems 0.718 0.571 0.866 0.075 0.622 <0.001  0.568 0.406 0.730 0.083 0.495 <0.001 

 Socioeconomic Stress -0.159 -0.316 -0.003 0.080 -0.115 0.046  -0.010 -0.153 0.133 0.073 -0.008 0.889 

 Whole Brain Volume  0 0.000 0.000 - 0 -  0 0 0 - 0 - 

 Amygdala GMV  0.133 -0.117 0.383 0.127 0.045 0.297  -0.037 -0.282 0.207 0.125 -0.012 0.765 

 vmPFC GMV -0.068 -0.144 0.007 0.039 -0.077 0.076  0.010 -0.068 0.088 0.040 0.010 0.807 

Family Support 
Psychiatric Diagnosis 

(Yes) 
-0.348 -0.646 -0.049 0.152 -0.095 0.023  -0.475 -0.748 -0.203 0.139 -0.155 0.001 

 
Recruitment Centre 

(Dresden) 
0.093 -0.283 0.469 0.192 0.027 0.628  -0.037 -0.423 0.350 0.197 -0.011 0.852 
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Recruitment Centre 

(Dublin) 
-0.086 -0.472 0.300 0.197 -0.022 0.662  -0.102 -0.498 0.295 0.202 -0.026 0.615 

 
Recruitment Centre 

(Hamburg) 
0.420 0.035 0.806 0.197 0.118 0.033  0.057 -0.290 0.404 0.177 0.018 0.747 

 
Recruitment Centre 

(London) 
-0.022 -0.404 0.361 0.195 -0.006 0.911  -0.245 -0.603 0.113 0.183 -0.075 0.180 

 
Recruitment Centre 

(Mannheim) 
0.301 -0.095 0.697 0.202 0.081 0.136  -0.186 -0.559 0.188 0.191 -0.054 0.330 

 
Recruitment Centre 

(Nottingham) 
-0.276 -0.615 0.062 0.173 -0.093 0.110  -0.453 -0.790 -0.116 0.172 -0.152 0.008 

 
Recruitment Centre 

(Paris) 
-0.418 -0.764 -0.072 0.176 -0.124 0.018  -0.400 -0.777 -0.023 0.192 -0.120 0.038 

 Mean PDS score 0.097 -0.079 0.274 0.090 0.045 0.280  0.090 -0.118 0.298 0.106 0.035 0.395 

 Peer Problems -0.081 -0.196 0.034 0.059 -0.079 0.167  0.008 -0.112 0.127 0.061 0.008 0.902 

 Socioeconomic Stress -0.230 -0.356 -0.104 0.064 -0.187 <0.001  -0.374 -0.505 -0.244 0.067 -0.342 <0.001 

Peer Problems 
Psychiatric Diagnosis 

(Yes) 
0.785 0.489 1.081 0.151 0.221 <0.001  0.923 0.659 1.186 0.134 0.299 <0.001 

 
Recruitment Centre 

(Dresden) 
0.456 0.079 0.833 0.192 0.138 0.018  0.545 0.182 0.908 0.185 0.161 0.003 

 
Recruitment Centre 

(Dublin) 
-0.480 -0.868 -0.092 0.198 -0.129 0.015  -0.382 -0.781 0.018 0.204 -0.098 0.061 

 
Recruitment Centre 

(Hamburg) 
0.027 -0.350 0.405 0.193 0.008 0.887  0.066 -0.299 0.432 0.186 0.021 0.722 

 
Recruitment Centre 

(London) 
-0.209 -0.578 0.160 0.188 -0.060 0.268  0.259 -0.097 0.614 0.181 0.079 0.154 

 
Recruitment Centre 

(Mannheim) 
0.157 -0.252 0.565 0.208 0.043 0.452  0.228 -0.134 0.591 0.185 0.066 0.217 

 
Recruitment Centre 

(Nottingham) 
0.048 -0.298 0.395 0.177 0.017 0.784  -0.038 -0.379 0.303 0.174 -0.013 0.827 

 
Recruitment Centre 

(Paris) 
-0.598 -0.993 -0.203 0.202 -0.182 0.003  -0.588 -0.975 -0.200 0.198 -0.175 0.003 

 Mean PDS score -0.065 -0.242 0.112 0.090 -0.031 0.474  0.071 -0.149 0.292 0.113 0.028 0.526 

 Socioeconomic Stress 0.072 -0.069 0.214 0.072 0.060 0.318  0.099 -0.017 0.216 0.060 0.090 0.095 

Whole Brain Volume 
Psychiatric Diagnosis 

(Yes) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(Dresden) 
0 

0 0 
- 0 -  0 0 0 - 0 - 
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Recruitment Centre 

(Dublin) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(Hamburg) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(London) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(Mannheim) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(Nottingham) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 
Recruitment Centre 

(Paris) 
0 

0 0 
- 0 -  0 0 0 - 0 - 

 Mean PDS score 0 0 0 - 0 -  0 0 0 - 0 - 

 Family Support 0 0 0 - 0 -  0 0 0 - 0 - 

 Peer Problems 0 0 0 - 0 -  0 0 0 - 0 - 

 Socioeconomic Stress 0 0 0 - 0 -  0 0 0 - 0 - 

Amygdala GMV  
Psychiatric Diagnosis 

(Yes) 
-0.019 -0.111 0.073 0.047 -0.014 0.688  -0.088 -0.166 -0.009 0.040 -0.075 0.029 

 
Recruitment Centre 

(Dresden) 
-0.025 -0.132 0.082 0.055 -0.019 0.651  0.040 -0.058 0.139 0.050 0.032 0.424 

 
Recruitment Centre 

(Dublin) 
0.062 -0.064 0.187 0.064 0.042 0.335  0.065 -0.038 0.167 0.052 0.044 0.214 

 
Recruitment Centre 

(Hamburg) 
0.059 -0.051 0.170 0.056 0.044 0.293  -0.016 -0.113 0.081 0.049 -0.013 0.743 

 
Recruitment Centre 

(London) 
-0.085 -0.201 0.031 0.059 -0.062 0.151  -0.251 -0.348 -0.154 0.049 -0.204 <0.001 

 
Recruitment Centre 

(Mannheim) 
-0.008 -0.111 0.095 0.052 -0.006 0.881  -0.104 -0.201 -0.008 0.049 -0.080 0.035 

 
Recruitment Centre 

(Nottingham) 
0.222 0.121 0.322 0.051 0.195 <0.001  0.225 0.133 0.317 0.047 0.200 <0.001 

 
Recruitment Centre 

(Paris) 
0.085 -0.026 0.196 0.057 0.066 0.133  0.047 -0.055 0.148 0.052 0.037 0.367 

 Mean PDS score 0.063 0.009 0.116 0.027 0.076 0.021  0.067 0.005 0.129 0.032 0.069 0.035 

 Whole Brain Volume  0 0 0 - 0 -  0 0 0 - 0 - 

 Family Support 0.002 -0.028 0.032 0.015 0.005 0.900  0.007 -0.026 0.040 0.017 0.018 0.682 

 Peer Problems -0.007 -0.045 0.031 0.019 -0.018 0.718  0.014 -0.020 0.049 0.018 0.038 0.411 
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 Socioeconomic Stress -0.046 -0.088 -0.004 0.022 -0.098 0.033  -0.032 -0.070 0.007 0.020 -0.076 0.109 

vmPFC GMV 
Psychiatric Diagnosis 

(Yes) 
-0.085 -0.376 0.206 0.148 -0.018 0.568  -0.090 -0.330 0.150 0.123 -0.025 0.463 

 
Recruitment Centre 

(Dresden) 
-0.647 -1.019 -0.274 0.190 -0.150 0.001  -0.120 -0.445 0.205 0.166 -0.030 0.469 

 
Recruitment Centre 

(Dublin) 
0.826 0.430 1.222 0.202 0.170 <0.001  1.245 0.914 1.575 0.169 0.270 <0.001 

 
Recruitment Centre 

(Hamburg) 
-0.100 -0.494 0.293 0.201 -0.022 0.617  -0.154 -0.458 0.150 0.155 -0.040 0.320 

 
Recruitment Centre 

(London) 
0.323 -0.050 0.696 0.190 0.071 0.089  0.189 -0.095 0.473 0.145 0.049 0.193 

 
Recruitment Centre 

(Mannheim) 
-0.673 -1.041 -0.304 0.188 -0.142 <0.001  -0.496 -0.810 -0.182 0.160 -0.121 0.002 

 
Recruitment Centre 

(Nottingham) 
0.482 0.135 0.830 0.177 0.128 0.007  0.531 0.233 0.828 0.152 0.150 <0.001 

 
Recruitment Centre 

(Paris) 
0.165 -0.254 0.584 0.214 0.039 0.441  0.119 -0.209 0.447 0.167 0.030 0.477 

 Mean PDS score 0.052 -0.113 0.217 0.084 0.019 0.538  0.039 -0.135 0.213 0.089 0.013 0.661 

 Whole Brain Volume 0 0 0 - 0 -  0 0 0 - 0 - 

 Family Support 0.096 -0.005 0.196 0.051 0.076 0.063  0.015 -0.092 0.122 0.055 0.012 0.787 

 Peer Problems 0.024 -0.093 0.141 0.060 0.019 0.683  -0.053 -0.156 0.050 0.053 -0.045 0.313 

 Socioeconomic Stress -0.080 -0.222 0.063 0.073 -0.051 0.274  -0.160 -0.278 -0.043 0.060 -0.124 0.008 

Covariance Amygdala and vmPFC 0.176 0.138 0.213 0.019 0.303 <0.001  0.155 0.126 0.185 0.015 0.333 <0.001 

Note. Statistically significant values (p < .05) are in bold for ease of reading. For recruitment centre, the reference category is Berlin. WBV 

values were divided by 1,000,000. Amygdala and vmPFC GMV values were divided by 1,000.  
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Appendix 1.05  

Regression Statistics for Model 2, with WBV Paths Freely Estimated 

  Males (n = 949)  Females (n = 1001) 

Outcome Predictor Estimate 
CI 

lower 

CI 

upper 
SE β p-value  Estimate 

CI 

lower 

CI 

upper 
SE β p-value 

Emotional Symptoms 
Psychiatric Diagnosis 

(Yes) 
0.237 -0.095 0.569 0.169 0.058 0.161  0.743 0.460 1.026 0.136 0.210 <0.001 

 
Recruitment Centre 

(Dresden) 
-0.305 -0.731 0.121 0.217 -0.080 0.161  0.304 -0.086 0.693 0.196 0.078 0.127 

 
Recruitment Centre 

(Dublin) 
0.306 -0.190 0.802 0.253 0.071 0.226  0.499 0.088 0.909 0.206 0.111 0.017 

 
Recruitment Centre 

(Hamburg) 
-0.253 -0.660 0.153 0.207 -0.063 0.222  0.227 -0.140 0.593 0.184 0.061 0.225 

 
Recruitment Centre 

(London) 
0.597 0.170 1.023 0.218 0.148 0.006  0.254 -0.116 0.625 0.184 0.068 0.178 

 
Recruitment Centre 

(Mannheim) 
-0.440 -0.907 0.027 0.238 -0.105 0.065  -0.131 -0.543 0.282 0.202 -0.033 0.535 

 
Recruitment Centre 

(Nottingham) 
0.301 -0.091 0.693 0.200 0.090 0.133  -0.001 -0.356 0.356 0.179 -0.001 0.999 

 
Recruitment Centre 

(Paris) 
0.300 -0.149 0.748 0.229 0.079 0.190  0.281 -0.137 0.700 0.207 0.073 0.188 

 Mean PDS score -0.114 -0.301 0.074 0.096 -0.047 0.235  -0.045 -0.273 0.183 0.113 -0.015 0.700 

 Family Support 0.007 -0.114 0.128 0.062 0.006 0.908  -0.119 -0.246 0.007 0.063 -0.104 0.065 

 Peer Problems 0.717 0.570 0.865 0.075 0.621 <0.001  0.568 0.405 0.730 0.080 0.495 <0.001 

 Socioeconomic Stress -0.159 -0.316 -0.003 0.080 -0.115 0.046  -0.011 -0.156 0.133 0.072 -0.009 0.877 

 Whole Brain Volume  1.194 -0.334 2.723 0.780 0.099 0.126  -0.106 -1.621 1.408 0.754 -0.008 0.890 

 Amygdala GMV  0.060 -0.210 0.329 0.137 0.020 0.664  -0.029 -0.298 0.240 0.134 -0.009 0.835 

 vmPFC GMV -0.122 -0.226 -0.019 0.053 -0.138 0.021  0.014 -0.085 0.113 0.050 0.014 0.784 

Family Support 
Psychiatric Diagnosis 

(Yes) 
-0.348 -0.647 -0.049 0.153 -0.095 0.023  -0.476 -0.749 -0.204 0.132 -0.155 0.001 

 
Recruitment Centre 

(Dresden) 
0.093 -0.283 0.470 0.192 0.027 0.627  -0.037 -0.424 0.350 0.197 -0.011 0.815 
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Recruitment Centre 

(Dublin) 
-0.086 -0.472 0.300 0.197 -0.022 0.662  -0.102 -0.499 0.295 0.203 -0.026 0.615 

 
Recruitment Centre 

(Hamburg) 
0.421 0.035 0.807 0.197 0.118 0.033  0.057 -0.290 0.404 0.177 0.018 0.747 

 
Recruitment Centre 

(London) 
-0.022 -0.405 0.361 0.195 -0.006 0.911  -0.246 -0.604 0.113 0.182 -0.075 0.179 

 
Recruitment Centre 

(Mannheim) 
0.301 -0.095 0.698 0.202 0.081 0.136  -0.186 -0.560 0.188 0.184 -0.054 0.329 

 
Recruitment Centre 

(Nottingham) 
-0.277 -0.616 0.062 0.173 -0.093 0.110  -0.454 -0.791 -0.116 0.173 -0.152 0.008 

 
Recruitment Centre 

(Paris) 
-0.418 -0.764 -0.072 0.177 -0.124 0.018  -0.400 -0.777 -0.022 0.193 -0.120 0.038 

 Mean PDS score 0.097 -0.079 0.274 0.090 0.045 0.280  0.090 -0.118 0.298 0.106 0.035 0.395 

 Peer Problems -0.081 -0.197 0.034 0.059 -0.079 0.167  0.008 -0.112 0.127 0.060 0.008 0.897 

 Socioeconomic Stress -0.230 -0.356 -0.104 0.064 -0.187 <0.001  -0.376 -0.507 -0.245 0.067 -0.343 <0.001 

Peer Problems 
Psychiatric Diagnosis 

(Yes) 
0.785 0.489 1.082 0.151 0.221 <0.001  0.923 0.659 1.186 0.125 0.299 <0.001 

 
Recruitment Centre 

(Dresden) 
0.456 0.079 0.833 0.192 0.138 0.018  0.545 0.182 0.908 0.183 0.161 0.003 

 
Recruitment Centre 

(Dublin) 
-0.480 -0.868 -0.091 0.198 -0.129 0.015  -0.382 -0.781 0.018 0.202 -0.098 0.061 

 
Recruitment Centre 

(Hamburg) 
0.027 -0.350 0.405 0.193 -0.008 0.887  0.066 -0.299 0.432 0.183 0.020 0.723 

 
Recruitment Centre 

(London) 
-0.208 -0.578 0.161 0.188 -0.060 0.268  0.259 -0.097 0.614 0.180 0.079 0.153 

 
Recruitment Centre 

(Mannheim) 
0.157 -0.251 0.565 0.208 0.043 0.452  0.229 -0.134 0.591 0.179 0.066 0.217 

 
Recruitment Centre 

(Nottingham) 
0.049 -0.298 0.395 0.177 0.017 0.783  -0.038 -0.379 0.303 0.172 -0.013 0.828 

 
Recruitment Centre 

(Paris) 
-0.598 -0.993 -0.203 0.202 -0.182 0.003  -0.588 -0.975 -0.200 0.194 -0.175 0.003 

 Mean PDS score -0.065 -0.242 0.112 0.090 -0.031 0.474  0.071 -0.149 0.292 0.111 0.028 0.526 

 Socioeconomic Stress 0.072 -0.070 0.214 0.072 0.060 0.320  0.100 -0.017 0.217 0.059 0.091 0.095 
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Whole Brain Volume 
Psychiatric Diagnosis 

(Yes) 
-0.025 -0.046 -0.004 0.011 -0.073 0.020  -0.006 -0.024 0.012 0.008 -0.021 0.540 

 
Recruitment Centre 

(Dresden) 
-0.045 -0.073 -0.018 0.014 -0.142 0.001  0.001 -0.023 0.025 0.012 0.003 0.935 

 
Recruitment Centre 

(Dublin) 
0.052 0.020 0.085 0.017 0.146 0.002  0.069 0.044 0.093 0.013 0.207 <0.001 

 
Recruitment Centre 

(Hamburg) 
-0.031 -0.060 -0.003 0.015 -0.094 0.032  -0.013 -0.036 0.010 0.012 -0.047 0.262 

 
Recruitment Centre 

(London) 
0.027 -0.001 0.056 0.015 0.081 0.063  0.014 -0.009 0.036 0.012 0.049 0.237 

 
Recruitment Centre 

(Mannheim) 
-0.033 -0.060 -0.006 0.014 -0.095 0.018  -0.019 -0.042 0.004 0.011 -0.066 0.099 

 
Recruitment Centre 

(Nottingham) 
0.006 -0.021 0.034 0.014 0.023 0.643  0.019 -0.004 0.041 0.011 0.074 0.100 

 
Recruitment Centre 

(Paris) 
0.023 -0.007 0.053 0.015 0.072 0.138  0.015 -0.009 0.040 0.012 0.054 0.214 

 Mean PDS score 0.016 0.004 0.028 0.006 0.079 0.011  0.011 -0.003 0.026 0.007 0.051 0.126 

 Family Support 0.006 -0.002 0.013 0.004 0.060 0.138  0.003 -0.005 0.010 0.004 0.034 0.445 

 Peer Problems 0.002 -0.007 0.010 0.004 0.016 0.719  -0.003 -0.011 0.005 0.004 -0.038 0.418 

 Socioeconomic Stress -0.007 -0.017 0.003 0.005 -0.059 0.177  -0.012 -0.021 -0.003 0.004 -0.127 0.007 

Amygdala GMV  
Psychiatric Diagnosis 

(Yes) 
0.026 -0.057 0.108 0.042 0.018 0.540  -0.075 -0.143 -0.007 0.032 -0.064 0.032 

 
Recruitment Centre 

(Dresden) 
0.057 -0.046 0.160 0.053 0.044 0.280  0.038 -0.053 0.129 0.046 0.030 0.415 

 
Recruitment Centre 

(Dublin) 
-0.033 -0.148 0.083 0.059 -0.022 0.581  -0.094 -0.186 -0.003 0.046 -0.064 0.042 

 
Recruitment Centre 

(Hamburg) 
0.116 0.007 0.225 0.056 0.085 0.037  0.014 -0.074 0.102 0.044 0.012 0.754 

 
Recruitment Centre 

(London) 
-0.134 -0.241 -0.027 0.054 -0.098 0.014  -0.283 -0.372 -0.194 0.045 -0.230 <0.001 

 
Recruitment Centre 

(Mannheim) 
0.052 -0.043 0.146 0.048 0.036 0.283  -0.059 -0.144 0.026 0.042 -0.046 0.171 

 
Recruitment Centre 

(Nottingham) 
0.210 0.119 0.300 0.046 0.184 <0.001  0.182 0.102 0.262 0.041 0.161 <0.001 
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Recruitment Centre 

(Paris) 
0.044 -0.057 0.145 0.052 0.034 0.394  0.011 -0.076 0.098 0.044 0.009 0.808 

 Mean PDS score 0.034 -0.016 0.084 0.025 0.041 0.179  0.041 -0.013 0.094 0.027 0.042 0.135 

 Whole Brain Volume  1.804 1.575 2.032 0.116 0.442 <0.001  2.325 2.108 2.542 0.108 0.633 <0.001 

 Family Support -0.008 -0.036 0.019 0.014 -0.021 0.558  0.001 -0.027 0.027 0.013 0.001 0.994 

 Peer Problems -0.010 -0.043 0.024 0.017 -0.025 0.566  0.022 -0.007 0.051 0.015 0.058 0.140 

 Socioeconomic Stress -0.034 -0.072 0.005 0.020 -0.072 0.086  -0.004 -0.037 0.028 0.016 -0.010 0.803 

vmPFC GMV 
Psychiatric Diagnosis 

(Yes) 
0.142 -0.077 0.361 0.112 0.031 0.205  -0.041 -0.225 0.142 0.086 -0.011 0.661 

 
Recruitment Centre 

(Dresden) 
-0.233 -0.520 0.053 0.146 -0.054 0.111  -0.129 -0.379 0.121 0.126 -0.032 0.331 

 
Recruitment Centre 

(Dublin) 
0.348 0.042 0.654 0.156 0.072 0.026  0.643 0.402 0.883 0.122 0.140 <0.001 

 
Recruitment Centre 

(Hamburg) 
0.187 -0.109 0.484 0.151 0.042 0.215  -0.040 -0.271 0.191 0.117 -0.010 0.736 

 
Recruitment Centre 

(London) 
0.075 -0.216 0.366 0.148 0.017 0.612  0.068 -0.152 0.289 0.112 0.018 0.543 

 
Recruitment Centre 

(Mannheim) 
-0.370 -0.645 -0.096 0.140 -0.078 0.008  -0.325 -0.562 -0.089 0.116 -0.080 0.007 

 
Recruitment Centre 

(Nottingham) 
0.423 0.146 0.701 0.142 0.112 0.003  0.366 0.133 0.598 0.118 0.104 0.002 

 
Recruitment Centre 

(Paris) 
-0.042 -0.369 0.284 0.167 -0.010 0.799  -0.016 -0.267 0.235 0.128 -0.004 0.899 

 Mean PDS score -0.093 -0.208 0.022 0.059 -0.034 0.111  -0.060 -0.191 0.072 0.067 -0.020 0.375 

 Whole Brain Volume 9.140 8.556 9.725 0.298 0.676 <0.001  8.783 8.172 9.395 0.307 0.633 <0.001 

 Family Support 0.045 -0.029 0.118 0.038 0.035 0.238  -0.012 -0.090 0.067 0.040 -0.010 0.774 

 Peer Problems 0.010 -0.074 0.093 0.043 0.008 0.817  -0.025 -0.102 0.053 0.039 -0.021 0.530 

 Socioeconomic Stress -0.018 -0.121 0.085 0.053 -0.012 0.732  -0.057 -0.145 0.030 0.044 -0.044 0.196 

Covariance Amygdala and vmPFC 0.003 -0.021 0.027 0.012 0.008 0.807  -0.008 -0.025 0.009 0.009 -0.026 0.372 

Note. Statistically significant values (p < .05) are in bold for ease of reading. For recruitment centre, the reference category is Berlin. WBV values were 

divided by 1,000,000. Amygdala and vmPFC GMV values were divided by 1,000.  
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Appendix 1.06  

Regression Statistics for Sensitivity Analysis with the Inclusion of Parental Education 

    Males (n = 948)  Females (n = 990) 

Outcome Predictor Estimate 
CI 

lower 

CI 

upper 
SE β 

p-

value 
 Estimate 

CI 

lower 

CI 

upper 
SE β 

p-

value 

Socioeconomic Stress Parental Education -0.070 -0.097 -0.043 0.014 -0.250 <0.001  -0.074 -0.103 -0.044 0.015 -0.241 <0.001 

Emotional Symptoms 
Psychiatric Diagnosis 

(Yes) 
0.238 -0.097 0.572 0.171 0.058 0.163  0.755 0.470 1.040 0.145 0.214 <0.001 

 Parental Education 0.020 -0.013 0.053 0.017 0.052 0.234  0.016 -0.015 0.047 0.016 0.043 0.312 

 
Recruitment Centre 

(Dresden) 
-0.347 -0.775 0.081 0.218 -0.090 0.112  0.273 -0.117 0.664 0.199 0.071 0.170 

 
Recruitment Centre 

(Dublin) 
0.281 -0.217 0.778 0.254 0.065 0.269  0.471 0.060 0.881 0.209 0.105 0.025 

 
Recruitment Centre 

(Hamburg) 
-0.275 -0.685 0.134 0.209 -0.068 0.188  0.209 -0.158 0.576 0.187 0.056 0.264 

 
Recruitment Centre 

(London) 
0.554 0.125 0.982 0.218 0.136 0.011  0.229 -0.145 0.602 0.190 0.061 0.230 

 
Recruitment Centre 

(Mannheim) 
-0.450 -0.917 0.017 0.238 -0.107 0.059  -0.143 -0.559 0.274 0.212 -0.036 0.502 

 
Recruitment Centre 

(Nottingham) 
0.286 -0.107 0.679 0.201 0.085 0.154  -0.030 -0.387 0.327 0.182 -0.009 0.869 

 
Recruitment Centre 

(Paris) 
0.204 -0.251 0.658 0.232 0.053 0.380  0.216 -0.207 0.640 0.216 0.057 0.316 

 Mean PDS score -0.111 -0.298 0.077 0.096 -0.045 0.247  -0.071 -0.300 0.157 0.117 -0.024 0.541 

 Family Support 0.005 -0.117 0.127 0.062 0.005 0.932  -0.120 -0.246 0.006 0.064 -0.105 0.062 

 Peer Problems 0.722 0.574 0.869 0.075 0.623 <0.001  0.566 0.404 0.729 0.083 0.494 <0.001 

 Socioeconomic Stress -0.144 -0.301 0.013 0.080 -0.105 0.071  0.001 -0.139 0.141 0.072 0.001 0.989 

 Whole Brain Volume  1.123 -0.406 2.652 0.780 0.093 0.150  -0.253 -1.769 1.263 0.774 -0.019 0.744 

 Amygdala GMV  0.066 -0.203 0.334 0.137 0.022 0.631  -0.013 -0.284 0.258 0.138 -0.004 0.925 

 vmPFC GMV -0.124 -0.227 -0.021 0.053 -0.139 0.019  0.016 -0.083 0.115 0.05 0.017 0.745 
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Family Support 
Psychiatric Diagnosis 

(Yes) 
-0.354 -0.651 -0.057 0.152 -0.097 0.020  -0.428 -0.698 -0.158 0.138 -0.139 0.002 

 Parental Education 0.015 -0.015 0.045 0.015 0.044 0.328  0.039 0.009 0.068 0.015 0.118 0.010 

 
Recruitment Centre 

(Dresden) 
0.055 -0.322 0.432 0.192 0.016 0.773  -0.085 -0.472 0.302 0.197 -0.025 0.665 

 
Recruitment Centre 

(Dublin) 
-0.112 -0.497 0.274 0.197 -0.029 0.570  -0.199 -0.600 0.201 0.204 -0.051 0.329 

 
Recruitment Centre 

(Hamburg) 
0.397 0.011 0.783 0.197 0.112 0.044  0.048 -0.297 0.393 0.176 0.015 0.786 

 
Recruitment Centre 

(London) 
-0.065 -0.449 0.318 0.196 -0.018 0.738  -0.295 -0.653 0.064 0.183 -0.090 0.107 

 
Recruitment Centre 

(Mannheim) 
0.288 -0.105 0.681 0.201 0.077 0.151  -0.116 -0.495 0.263 0.193 -0.033 0.550 

 
Recruitment Centre 

(Nottingham) 
-0.285 -0.623 0.053 0.172 -0.096 0.098  -0.469 -0.805 -0.133 0.172 -0.157 0.006 

 
Recruitment Centre 

(Paris) 
-0.506 -0.858 -0.154 0.180 -0.150 0.005  -0.558 -0.943 -0.174 0.196 -0.167 0.004 

 Mean PDS score 0.101 -0.075 0.277 0.090 0.047 0.261  0.070 -0.136 0.276 0.105 0.027 0.506 

 Peer Problems -0.076 -0.191 0.038 0.058 -0.075 0.190  0.010 -0.108 0.129 0.060 0.01 0.866 

 Socioeconomic Stress -0.213 -0.341 -0.085 0.065 -0.177 0.001  -0.336 -0.461 -0.211 0.064 -0.314 <0.001 

Peer Problems 
Psychiatric Diagnosis 

(Yes) 
0.786 0.490 1.082 0.151 0.221 <0.001  0.902 0.636 1.168 0.136 0.293 <0.001 

 Parental Education -0.025 -0.055 0.004 0.015 -0.076 0.096  -0.014 -0.045 0.016 0.015 -0.043 0.357 

 
Recruitment Centre 

(Dresden) 
0.487 0.109 0.866 0.193 0.147 0.012  0.580 0.216 0.944 0.186 0.172 0.002 

 
Recruitment Centre 

(Dublin) 
-0.457 -0.846 -0.068 0.198 -0.122 0.021  -0.344 -0.752 0.064 0.208 -0.087 0.099 

 
Recruitment Centre 

(Hamburg) 
0.046 -0.330 0.422 0.192 0.013 0.811  0.101 -0.267 0.469 0.188 0.031 0.591 

 
Recruitment Centre 

(London) 
-0.169 -0.538 0.201 0.188 -0.048 0.371  0.295 -0.063 0.654 0.183 0.090 0.107 

 
Recruitment Centre 

(Mannheim) 
0.163 -0.246 0.571 0.208 0.045 0.435  0.231 -0.134 0.597 0.186 0.066 0.215 
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Recruitment Centre 

(Nottingham) 
0.059 -0.288 0.405 0.177 0.020 0.740  -0.013 -0.356 0.330 0.175 -0.004 0.941 

 
Recruitment Centre 

(Paris) 
-0.524 -0.926 -0.123 0.205 -0.159 0.010  -0.510 -0.904 -0.116 0.201 -0.153 0.011 

 Mean PDS score -0.066 -0.243 0.111 0.090 -0.031 0.465  0.091 -0.129 0.312 0.112 0.035 0.416 

 Socioeconomic Stress 0.047 -0.099 0.192 0.074 0.039 0.530  0.091 -0.026 0.208 0.060 0.085 0.129 

Whole Brain Volume 
Psychiatric Diagnosis 

(Yes) 
-0.026 -0.046 -0.005 0.010 -0.075 0.015  -0.003 -0.021 0.015 0.009 -0.013 0.711 

 Parental Education 0.005 0.002 0.007 0.001 0.148 <0.001  0.003 0.001 0.005 0.001 0.109 0.002 

 
Recruitment Centre 

(Dresden) 
-0.051 -0.078 -0.023 0.014 -0.160 <0.001  -0.005 -0.028 0.019 0.012 -0.017 0.696 

 
Recruitment Centre 

(Dublin) 
0.049 0.017 0.081 0.016 0.136 0.003  0.062 0.038 0.087 0.013 0.187 <0.001 

 
Recruitment Centre 

(Hamburg) 
-0.034 -0.063 -0.006 0.015 -0.103 0.019  -0.014 -0.036 0.009 0.012 -0.049 0.246 

 
Recruitment Centre 

(London) 
0.021 -0.008 0.049 0.015 0.062 0.154  0.008 -0.014 0.031 0.012 0.030 0.478 

 
Recruitment Centre 

(Mannheim) 
-0.034 -0.061 -0.007 0.014 -0.097 0.015  -0.023 -0.046 0.000 0.012 -0.076 0.054 

 
Recruitment Centre 

(Nottingham) 
0.005 -0.022 0.032 0.014 0.017 0.734  0.015 -0.007 0.038 0.011 0.061 0.177 

 
Recruitment Centre 

(Paris) 
0.010 -0.021 0.041 0.016 0.031 0.540  0.003 -0.022 0.028 0.013 0.011 0.801 

 Mean PDS score 0.016 0.004 0.029 0.006 0.081 0.008  0.009 -0.006 0.023 0.007 0.040 0.231 

 Family Support 0.005 -0.002 0.012 0.004 0.054 0.170  0.002 -0.005 0.010 0.004 0.029 0.521 

 Peer Problems 0.003 -0.006 0.011 0.004 0.027 0.547  -0.002 -0.010 0.005 0.004 -0.029 0.523 

 Socioeconomic Stress -0.003 -0.012 0.007 0.005 -0.023 0.607  -0.010 -0.018 -0.001 0.004 -0.105 0.027 

Amygdala GMV  
Psychiatric Diagnosis 

(Yes) 
0.026 -0.055 0.108 0.042 0.019 0.526  -0.073 -0.141 -0.004 0.035 -0.063 0.038 

 Parental Education -0.003 -0.012 0.005 0.004 -0.025 0.464  0.005 -0.002 0.012 0.004 0.040 0.162 

 
Recruitment Centre 

(Dresden) 
0.059 -0.045 0.163 0.053 0.045 0.270  0.029 -0.063 0.120 0.047 0.023 0.535 
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Recruitment Centre 

(Dublin) 
-0.033 -0.150 0.084 0.060 -0.023 0.581  -0.098 -0.190 -0.006 0.047 -0.066 0.037 

 
Recruitment Centre 

(Hamburg) 
0.117 0.006 0.228 0.057 0.086 0.039  0.004 -0.084 0.092 0.045 0.003 0.926 

 
Recruitment Centre 

(London) 
-0.133 -0.241 -0.025 0.055 -0.097 0.016  -0.297 -0.386 -0.207 0.046 -0.241 <0.001 

 
Recruitment Centre 

(Mannheim) 
0.052 -0.042 0.146 0.048 0.037 0.276  -0.060 -0.147 0.026 0.044 -0.046 0.172 

 
Recruitment Centre 

(Nottingham) 
0.210 0.120 0.300 0.046 0.185 <0.001  0.177 0.097 0.257 0.041 0.158 <0.001 

 
Recruitment Centre 

(Paris) 
0.048 -0.058 0.154 0.054 0.037 0.374  -0.005 -0.094 0.085 0.046 -0.004 0.918 

 Mean PDS score 0.034 -0.016 0.083 0.025 0.041 0.183  0.037 -0.018 0.092 0.028 0.038 0.189 

 Whole Brain Volume  1.820 1.593 2.047 0.116 0.446 <0.001  2.313 2.098 2.529 0.110 0.522 <0.001 

 Family Support -0.007 -0.035 0.020 0.014 -0.019 0.596  -0.001 -0.028 0.025 0.013 -0.004 0.918 

 Peer Problems -0.010 -0.044 0.023 0.017 -0.027 0.540  0.025 -0.004 0.054 0.015 0.066 0.093 

 Socioeconomic Stress -0.034 -0.074 0.005 0.02 -0.075 0.086  0.001 -0.031 0.032 0.016 0.001 0.982 

vmPFC GMV 
Psychiatric Diagnosis 

(Yes) 
0.134 -0.085 0.352 0.112 0.029 0.231  -0.049 -0.233 0.135 0.094 -0.014 0.602 

 Parental Education 0.021 -0.002 0.043 0.011 0.048 0.071  -0.012 -0.031 0.007 0.010 -0.031 0.207 

 
Recruitment Centre 

(Dresden) 
-0.261 -0.557 0.034 0.151 -0.061 0.083  -0.116 -0.372 0.139 0.130 -0.029 0.371 

 
Recruitment Centre 

(Dublin) 
0.337 0.030 0.645 0.157 0.070 0.031  0.669 0.430 0.908 0.122 0.145 <0.001 

 
Recruitment Centre 

(Hamburg) 
0.173 -0.131 0.476 0.155 0.038 0.265  -0.019 -0.252 0.214 0.119 -0.005 0.871 

 
Recruitment Centre 

(London) 
0.050 -0.241 0.341 0.148 0.011 0.735  0.072 -0.152 0.296 0.114 0.019 0.527 

 
Recruitment Centre 

(Mannheim) 
-0.377 -0.654 -0.099 0.142 -0.080 0.008  -0.316 -0.556 -0.076 0.122 -0.077 0.010 

 
Recruitment Centre 

(Nottingham) 
0.416 0.139 0.693 0.141 0.110 0.003  0.380 0.147 0.612 0.119 0.108 0.001 

 
Recruitment Centre 

(Paris) 
-0.085 -0.423 0.254 0.173 -0.020 0.624  0.019 -0.243 0.282 0.134 0.005 0.884 
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 Mean PDS score -0.089 -0.206 0.028 0.060 -0.033 0.134  -0.055 -0.184 0.075 0.066 -0.018 0.408 

 Whole Brain Volume 9.050 8.470 9.630 0.296 0.669 <0.001  8.802 8.185 9.418 0.315 0.636 <0.001 

 Family Support 0.042 -0.031 0.116 0.037 0.033 0.257  -0.002 -0.081 0.076 0.040 -0.002 0.954 

 Peer Problems 0.014 -0.069 0.096 0.042 0.010 0.747  -0.021 -0.099 0.057 0.040 -0.018 0.593 

 Socioeconomic Stress -0.004 -0.109 0.101 0.054 -0.002 0.944  -0.053 -0.136 0.029 0.042 -0.042 0.207 

Covariance Amygdala and vmPFC 0.003 -0.020 0.027 0.012 0.008 0.793  -0.010 -0.027 0.008 0.009 -0.032 0.282 

Note. Statistically significant values (p < .05) are in bold for ease of reading. For recruitment centre, the reference category is Berlin. WBV values were 

divided by 1,000,000. Amygdala and vmPFC GMV values were divided by 1,000.  
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Appendix 1.07  

Distribution of Psychiatric Diagnoses by Sex, Separately for DSM-IV And ICD-10 

 DSM-IV   ICD-10   

Diagnosis Male n Female n Total n Male n Female n Total n 

Attention Deficit Hyperactivity Disorder/Autism 44 12 56 35 11 46 

Mood Disorder 32 96 128 33 95 128 

Anxiety Disorder 17 62 79 18 62 80 

Conduct/Oppositional Disorder 29 33 62 31 30 61 

Other Disorder 11 23 34 12 27 39 

Note. Attention Deficit Hyperactivity Disorder (ADHD)/Autism Categories: ADHD Combined, ADHD Hyperactive, ADHD Impulsive, ADHD Other, 

ADHD Any, Pervasive Development Disorder/Autism; Mood Disorder Categories: Emotional disorder, Major Depression, Mania/Bipolar, Other 

Depression; Anxiety Disorder Categories: Agoraphobia, Generalised Anxiety Disorder, Obsessive Compulsive Disorder, Other Anxiety Disorder, Panic 

Disorder, Post-traumatic Stress Disorder, Separation Anxiety, Social Phobia, Specific Phobia; Conduct/Oppositional Disorder Categories: Any 

Conduct/Oppositional Disorder, Conduct Disorder, Oppositional Defiant Disorder, Other Disruptive Disorder; Other Disorder Categories: Other Disorder, 

Eating Disorder, Tic Disorder. Some participants had more than one diagnosis, which is why the total is not equal to the psychiatric diagnosis variable. 
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Appendix 1.08  

Regression Statistics for the Sensitivity Analysis of the Exclusion of Participants with a Psychiatric Diagnosis 

  Males (n = 843)  Females (n = 841) 

Outcome Predictor Estimate 
CI 

lower 

CI 

upper 
SE β 

p-

value 
 Estimate 

CI 

lower 

CI 

upper 
SE β 

p-

value 

Socioeconomic Stress Parental Education -0.069 -0.099 -0.039 0.015 -0.234 <0.001  -0.075 -0.108 -0.042 0.017 -0.243 <0.001 

Emotional Symptoms Parental Education 0.028 -0.007 0.064 0.018 0.077 0.117  0.017 -0.017 0.051 0.017 0.048 0.326 

 
Recruitment Centre 

(Dresden) 
-0.429 -0.881 0.022 0.230 -0.122 0.062  0.219 -0.208 0.647 0.218 0.064 0.314 

 
Recruitment Centre 

(Dublin) 
0.342 -0.222 0.906 0.288 0.082 0.235  0.367 -0.111 0.846 0.244 0.088 0.132 

 
Recruitment Centre 

(Hamburg) 
-0.302 -0.757 0.153 0.232 -0.077 0.193  0.224 -0.191 0.640 0.212 0.063 0.290 

 
Recruitment Centre 

(London) 
0.512 0.057 0.968 0.232 0.134 0.027  0.030 -0.399 0.458 0.219 0.009 0.892 

 
Recruitment Centre 

(Mannheim) 
-0.495 -0.984 -0.006 0.249 -0.125 0.047  -0.219 -0.697 0.258 0.244 -0.059 0.368 

 
Recruitment Centre 

(Nottingham) 
0.200 -0.229 0.628 0.219 0.063 0.361  -0.167 -0.576 0.243 0.209 -0.053 0.424 

 
Recruitment Centre 

(Paris) 
0.182 -0.341 0.705 0.267 0.048 0.495  0.074 -0.418 0.565 0.251 0.021 0.769 

 Mean PDS score -0.126 -0.329 0.076 0.104 -0.055 0.222  -0.122 -0.371 0.126 0.127 -0.046 0.335 

 Family Support -0.012 -0.144 0.121 0.068 -0.010 0.864  -0.213 -0.354 -0.071 0.072 -0.196 0.003 

 Peer Problems 0.666 0.501 0.831 0.084 0.618 <0.001  0.537 0.357 0.717 0.092 0.496 <0.001 

 Socioeconomic Stress -0.187 -0.345 -0.029 0.081 -0.150 0.020  -0.061 -0.225 0.103 0.084 -0.054 0.465 

 Whole Brain Volume  0.860 -0.785 2.504 0.839 0.074 0.305  -0.232 -1.907 1.443 0.855 -0.018 0.786 

 Amygdala GMV  -0.003 -0.286 0.280 0.145 -0.001 0.984  -0.031 -0.341 0.278 0.158 -0.011 0.844 

 vmPFC GMV -0.116 -0.226 -0.005 0.056 -0.136 0.040  -0.011 -0.119 0.097 0.055 -0.012 0.842 

Family Support Parental Education 0.017 -0.014 0.049 0.016 0.052 0.276  0.032 0.001 0.064 0.016 0.100 0.045 
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Recruitment Centre 

(Dresden) 
-0.041 -0.428 0.347 0.198 -0.013 0.837  -0.089 -0.511 0.334 0.215 -0.028 0.681 

 
Recruitment Centre 

(Dublin) 
-0.204 -0.614 0.206 0.209 -0.054 0.330  -0.319 -0.774 0.136 0.232 -0.082 0.170 

 
Recruitment Centre 

(Hamburg) 
0.268 -0.150 0.686 0.213 0.075 0.209  0.085 -0.325 0.494 0.209 0.026 0.685 

 
Recruitment Centre 

(London) 
-0.211 -0.611 0.188 0.204 -0.061 0.300  -0.379 -0.795 0.038 0.213 -0.118 0.075 

 
Recruitment Centre 

(Mannheim) 
0.172 -0.240 0.584 0.210 0.048 0.414  -0.062 -0.493 0.369 0.220 -0.018 0.778 

 
Recruitment Centre 

(Nottingham) 
-0.336 -0.691 0.020 0.181 -0.116 0.064  -0.471 -0.857 -0.085 0.197 -0.161 0.017 

 
Recruitment Centre 

(Paris) 
-0.799 -1.179 -0.419 0.194 -0.232 <0.001  -0.563 -0.998 -0.127 0.222 -0.170 0.011 

 Mean PDS score 0.090 -0.096 0.275 0.095 0.043 0.344  0.060 -0.160 0.280 0.112 0.024 0.594 

 Peer Problems -0.077 -0.196 0.042 0.061 -0.079 0.202  0.049 -0.088 0.187 0.070 0.049 0.483 

 Socioeconomic Stress -0.190 -0.316 -0.063 0.065 -0.167 0.003  -0.317 -0.462 -0.173 0.074 -0.302 <0.001 

Peer Problems Parental Education -0.026 -0.059 0.007 0.017 -0.076 0.122  -0.002 -0.036 0.032 0.017 -0.006 0.915 

 
Recruitment Centre 

(Dresden) 
0.458 0.037 0.880 0.215 0.140 0.033  0.598 0.184 1.011 0.211 0.190 0.005 

 
Recruitment Centre 

(Dublin) 
-0.669 -1.113 -0.225 0.227 -0.174 0.003  -0.515 -0.976 -0.053 0.235 -0.133 0.029 

 
Recruitment Centre 

(Hamburg) 
0.043 -0.397 0.482 0.224 0.012 0.849  0.098 -0.342 0.539 0.225 0.030 0.662 

 
Recruitment Centre 

(London) 
-0.307 -0.717 0.103 0.209 -0.087 0.142  0.445 0.025 0.864 0.214 0.139 0.038 

 
Recruitment Centre 

(Mannheim) 
0.147 -0.303 0.597 0.229 0.040 0.522  0.335 -0.088 0.759 0.216 0.098 0.121 

 
Recruitment Centre 

(Nottingham) 
-0.007 -0.398 0.385 0.200 -0.002 0.974  0.033 -0.371 0.436 0.206 0.011 0.873 

 
Recruitment Centre 

(Paris) 
-0.696 -1.163 -0.230 0.238 -0.199 0.003  -0.491 -0.970 -0.012 0.244 -0.148 0.045 

 Mean PDS score 0.052 -0.142 0.247 0.099 0.024 0.599  0.217 -0.028 0.463 0.125 0.087 0.083 

 Socioeconomic Stress 0.148 -0.007 0.303 0.079 0.128 0.061  0.159 0.019 0.299 0.072 0.151 0.026 
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Whole Brain Volume Parental Education 0.005 0.002 0.007 0.001 0.149 <0.001  0.002 0.000 0.004 0.001 0.077 0.039 

 
Recruitment Centre 

(Dresden) 
-0.054 -0.082 -0.026 0.014 -0.178 <0.001  0.002 -0.024 0.027 0.013 0.006 0.901 

 
Recruitment Centre 

(Dublin) 
0.047 0.013 0.080 0.017 0.131 0.006  0.070 0.040 0.100 0.015 0.210 <0.001 

 
Recruitment Centre 

(Hamburg) 
-0.031 -0.062 -0.001 0.015 -0.094 0.041  -0.006 -0.031 0.019 0.013 -0.022 0.638 

 
Recruitment Centre 

(London) 
0.012 -0.018 0.042 0.015 0.038 0.420  0.008 -0.017 0.033 0.013 0.028 0.549 

 
Recruitment Centre 

(Mannheim) 
-0.040 -0.068 -0.012 0.014 -0.118 0.005  -0.020 -0.045 0.005 0.013 -0.070 0.109 

 
Recruitment Centre 

(Nottingham) 
0.004 -0.025 0.032 0.015 0.014 0.796  0.020 -0.005 0.044 0.012 0.078 0.115 

 
Recruitment Centre 

(Paris) 
0.010 -0.024 0.044 0.017 0.031 0.560  0.017 -0.012 0.046 0.015 0.060 0.256 

 Mean PDS score 0.019 0.007 0.032 0.006 0.098 0.002  0.013 -0.003 0.028 0.008 0.060 0.104 

 Family Support 0.004 -0.004 0.011 0.004 0.040 0.340  0.001 -0.008 0.008 0.004 0.003 0.943 

 Peer Problems 0.005 -0.004 0.014 0.005 0.051 0.315  0.001 -0.009 0.008 0.004 -0.002 0.964 

 Socioeconomic Stress -0.006 -0.016 0.004 0.005 -0.054 0.248  -0.015 -0.024 -0.005 0.005 -0.164 0.002 

Amygdala GMV Parental Education -0.001 -0.010 0.008 0.005 -0.006 0.860  0.006 -0.002 0.013 0.004 0.046 0.129 

 
Recruitment Centre 

(Dresden) 
0.072 -0.036 0.181 0.055 0.058 0.191  0.039 -0.063 0.140 0.052 0.032 0.457 

 
Recruitment Centre 

(Dublin) 
0.003 -0.124 0.130 0.065 0.002 0.960  -0.091 -0.193 0.010 0.052 -0.062 0.079 

 
Recruitment Centre 

(Hamburg) 
0.124 0.006 0.242 0.060 0.089 0.039  0.012 -0.089 0.112 0.051 0.009 0.818 

 
Recruitment Centre 

(London) 
-0.109 -0.226 0.007 0.059 -0.080 0.066  -0.283 -0.383 -0.183 0.051 -0.231 <0.001 

 
Recruitment Centre 

(Mannheim) 
0.066 -0.036 0.167 0.052 0.047 0.204  -0.055 -0.152 0.043 0.050 -0.042 0.271 

 
Recruitment Centre 

(Nottingham) 
0.230 0.134 0.327 0.049 0.203 <0.001  0.179 0.088 0.269 0.046 0.160 <0.001 

 
Recruitment Centre 

(Paris) 
0.100 -0.018 0.219 0.060 0.074 0.097  -0.010 -0.121 0.102 0.057 -0.008 0.863 
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 Mean PDS score 0.046 -0.008 0.099 0.027 0.056 0.093  0.047 -0.013 0.107 0.030 0.050 0.121 

 Whole Brain Volume  1.787 1.543 2.032 0.125 0.430 <0.001  2.289 2.041 2.536 0.126 0.515 <0.001 

 Family Support -0.007 -0.036 0.022 0.015 -0.018 0.641  -0.008 -0.037 0.020 0.015 -0.022 0.562 

 Peer Problems -0.006 -0.042 0.029 0.018 -0.017 0.723  0.026 -0.009 0.061 0.018 0.069 0.145 

 Socioeconomic Stress -0.037 -0.077 0.003 0.020 -0.082 0.073  -0.008 -0.045 0.028 0.019 -0.021 0.651 

vmPFC GMV Parental Education 0.019 -0.004 0.042 0.012 0.044 0.110  -0.008 -0.028 0.012 0.010 -0.020 0.450 

 
Recruitment Centre 

(Dresden) 
-0.240 -0.538 0.058 0.152 -0.058 0.115  -0.100 -0.376 0.177 0.141 -0.027 0.480 

 
Recruitment Centre 

(Dublin) 
0.417 0.099 0.735 0.162 0.086 0.010  0.683 0.392 0.973 0.148 0.148 <0.001 

 
Recruitment Centre 

(Hamburg) 
0.139 -0.174 0.451 0.160 0.030 0.385  0.004 -0.251 0.258 0.130 0.001 0.976 

 
Recruitment Centre 

(London) 
0.094 -0.202 0.390 0.151 0.021 0.533  0.053 -0.192 0.298 0.125 0.014 0.670 

 
Recruitment Centre 

(Mannheim) 
-0.357 -0.641 -0.072 0.145 -0.077 0.014  -0.310 -0.569 -0.051 0.132 -0.076 0.019 

 
Recruitment Centre 

(Nottingham) 
0.416 0.131 0.702 0.146 0.112 0.004  0.398 0.143 0.652 0.130 0.114 0.002 

 
Recruitment Centre 

(Paris) 
-0.027 -0.388 0.334 0.184 -0.006 0.882  0.031 -0.279 0.340 0.158 0.008 0.846 

 Mean PDS score -0.109 -0.228 0.011 0.061 -0.040 0.075  -0.045 -0.187 0.098 0.073 -0.015 0.539 

 Whole Brain Volume 9.097 8.439 9.755 0.336 0.665 <0.001  8.746 8.071 9.422 0.344 0.631 <0.001 

 Family Support 0.063 -0.014 0.139 0.039 0.049 0.108  -0.037 -0.122 0.049 0.044 -0.031 0.404 

 Peer Problems 0.030 -0.061 0.121 0.046 0.024 0.514  -0.023 -0.113 0.067 0.046 -0.019 0.616 

 Socioeconomic Stress -0.003 -0.110 0.105 0.055 -0.002 0.959  -0.036 -0.126 0.053 0.046 -0.029 0.427 

Covariance Amygdala and vmPFC 0.003 -0.022 0.028 0.013 0.007 0.825  -0.007 -0.027 0.013 0.010 -0.023 0.509 

Note. Statistically significant values (p < .05) are in bold for ease of reading. For recruitment centre, the reference category is Berlin. WBV values were 

divided by 1,000,000. Amygdala and vmPFC GMV values were divided by 1,000. Model fit: robust χ2 = 955.056, p-value < 0.001, robust CFI = 0.922, 

robust RMSEA = 0.025 [0.022, 0.028].
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Appendix 1.09 

Regression Statistics for Sensitivity Analysis of the Inclusion of Mood or Anxiety Disorder Instead of any Psychiatric Disorder 

  Males (n = 948)  Females (n = 990) 

Outcome Predictor Estimate 
CI 

lower 

CI 

upper 
SE β 

p-

value 
 Estimate 

CI 

lower 

CI 

upper 
SE β 

p-

value 

Socioeconomic Stress Parental Education -0.070 -0.097 -0.043 0.014 -0.250 <0.001  -0.075 -0.104 -0.046 0.015 -0.244 <0.001 

Emotional Symptoms 
Mood or Anxiety 

Disorder (Yes) 
0.822 0.306 1.338 0.263 0.114 0.002  1.367 1.040 1.694 0.167 0.312 <0.001 

 Parental Education 0.017 -0.017 0.051 0.018 0.043 0.334  0.018 -0.013 0.050 0.016 0.047 0.252 

 
Recruitment Centre 

(Dresden) 
-0.333 -0.765 0.098 0.220 -0.085 0.130  0.256 -0.137 0.648 0.200 0.064 0.202 

 
Recruitment Centre 

(Dublin) 
0.235 -0.276 0.745 0.260 0.053 0.367  0.396 -0.025 0.816 0.215 0.085 0.065 

 
Recruitment Centre 

(Hamburg) 
-0.257 -0.670 0.156 0.211 -0.062 0.223  0.184 -0.187 0.556 0.189 0.048 0.331 

 
Recruitment Centre 

(London) 
0.525 0.084 0.966 0.225 0.126 0.020  0.173 -0.198 0.543 0.189 0.044 0.361 

 
Recruitment Centre 

(Mannheim) 
-0.421 -0.895 0.052 0.242 -0.098 0.081  -0.161 -0.583 0.261 0.216 -0.039 0.455 

 
Recruitment Centre 

(Nottingham) 
0.254 -0.146 0.654 0.204 0.074 0.214  -0.059 -0.419 0.300 0.184 -0.017 0.746 

 
Recruitment Centre 

(Paris) 
0.155 -0.314 0.625 0.239 0.040 0.516  0.131 -0.298 0.561 0.219 0.033 0.549 

 Mean PDS score -0.101 -0.297 0.095 0.100 -0.040 0.311  -0.059 -0.288 0.171 0.117 -0.019 0.617 

 Family Support 0.003 -0.122 0.129 0.064 0.003 0.960  -0.154 -0.282 -0.026 0.065 -0.129 0.018 

 Peer Problems 0.709 0.555 0.862 0.078 0.596 <0.001  0.548 0.388 0.708 0.082 0.460 <0.001 

 Socioeconomic Stress -0.146 -0.310 0.017 0.083 -0.105 0.079  -0.008 -0.150 0.134 0.072 -0.006 0.914 

 Whole Brain Volume  1.036 -0.499 2.571 0.783 0.084 0.186  -0.196 -1.737 1.345 0.786 -0.014 0.803 

 Amygdala GMV  0.085 -0.185 0.355 0.138 0.028 0.537  0.001 -0.276 0.276 0.141 0.001 0.998 

 vmPFC GMV -0.123 -0.228 -0.018 0.053 -0.135 0.021  -0.006 -0.107 0.094 0.051 -0.006 0.899 
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Family Support 
Mood or Anxiety 

Disorder (Yes) 
-0.084 -0.635 0.468 0.281 -0.014 0.766  -0.080 -0.402 0.241 0.164 -0.022 0.625 

 Parental Education 0.014 -0.016 0.044 0.015 0.040 0.377  0.040 0.011 0.070 0.015 0.123 0.007 

 
Recruitment Centre 

(Dresden) 
0.107 -0.270 0.484 0.192 0.032 0.578  0.008 -0.372 0.387 0.194 0.002 0.969 

 
Recruitment Centre 

(Dublin) 
-0.111 -0.492 0.270 0.194 -0.029 0.567  -0.189 -0.589 0.210 0.204 -0.048 0.353 

 
Recruitment Centre 

(Hamburg) 
0.397 0.009 0.784 0.198 0.112 0.045  0.055 -0.290 0.400 0.176 0.017 0.754 

 
Recruitment Centre 

(London) 
-0.047 -0.429 0.335 0.195 -0.013 0.810  -0.246 -0.601 0.108 0.181 -0.076 0.173 

 
Recruitment Centre 

(Mannheim) 
0.313 -0.082 0.708 0.202 0.085 0.121  -0.078 -0.455 0.299 0.193 -0.022 0.686 

 
Recruitment Centre 

(Nottingham) 
-0.258 -0.596 0.080 0.173 -0.087 0.135  -0.444 -0.776 -0.112 0.169 -0.149 0.009 

 
Recruitment Centre 

(Paris) 
-0.519 -0.870 -0.168 0.179 -0.155 0.004  -0.566 -0.952 -0.179 0.197 -0.170 0.004 

 Mean PDS score 0.092 -0.084 0.269 0.090 0.043 0.304  0.046 -0.159 0.251 0.105 0.018 0.658 

 Peer Problems -0.098 -0.215 0.018 0.059 -0.096 0.098  -0.034 -0.153 0.086 0.061 -0.034 0.580 

 Socioeconomic Stress -0.226 -0.355 -0.097 0.066 -0.189 0.001  -0.344 -0.470 -0.219 0.064 -0.323 <0.001 

Peer Problems 
Mood or Anxiety 

Disorder (Yes) 
1.672 1.199 2.146 0.242 0.275 <0.001  1.025 0.723 1.327 0.154 0.279 <0.001 

 Parental Education -0.030 -0.059 0.000 0.015 -0.090 0.046  -0.015 -0.045 0.015 0.015 -0.046 0.330 

 
Recruitment Centre 

(Dresden) 
0.454 0.080 0.829 0.191 0.137 0.018  0.486 0.127 0.844 0.183 0.144 0.008 

 
Recruitment Centre 

(Dublin) 
-0.503 -0.883 -0.123 0.194 -0.135 0.009  -0.432 -0.839 -0.026 0.208 -0.110 0.037 

 
Recruitment Centre 

(Hamburg) 
0.083 -0.293 0.459 0.192 0.024 0.665  0.069 -0.299 0.437 0.188 0.021 0.714 

 
Recruitment Centre 

(London) 
-0.247 -0.611 0.117 0.186 -0.071 0.183  0.219 -0.137 0.575 0.182 0.067 0.229 

 
Recruitment Centre 

(Mannheim) 
0.160 -0.248 0.568 0.208 0.044 0.442  0.189 -0.171 0.549 0.184 0.054 0.303 
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Recruitment Centre 

(Nottingham) 
-0.016 -0.358 0.325 0.174 -0.006 0.925  -0.046 -0.387 0.296 0.174 -0.015 0.793 

 
Recruitment Centre 

(Paris) 
-0.559 -0.953 -0.165 0.201 -0.170 0.005  -0.561 -0.956 -0.165 0.202 -0.168 0.005 

 Mean PDS score -0.048 -0.223 0.126 0.089 -0.023 0.589  0.106 -0.113 0.326 0.112 0.041 0.341 

 Socioeconomic Stress 0.057 -0.089 0.203 0.075 0.048 0.446  0.099 -0.019 0.217 0.060 0.093 0.101 

Whole Brain Volume 
Mood or Anxiety 

Disorder (Yes) 
-0.009 -0.043 0.025 0.017 -0.016 0.602  0.004 -0.017 0.025 0.011 0.014 0.688 

 Parental Education 0.005 0.002 0.007 0.001 0.146 <0.001  0.003 0.001 0.005 0.001 0.110 0.001 

 
Recruitment Centre 

(Dresden) 
-0.048 -0.075 -0.021 0.014 -0.151 0.001  -0.004 -0.027 0.020 0.012 -0.013 0.761 

 
Recruitment Centre 

(Dublin) 
0.048 0.016 0.081 0.016 0.135 0.003  0.062 0.037 0.087 0.013 0.187 <0.001 

 
Recruitment Centre 

(Hamburg) 
-0.035 -0.064 -0.007 0.014 -0.106 0.015  -0.014 -0.036 0.009 0.012 -0.049 0.245 

 
Recruitment Centre 

(London) 
0.022 -0.007 0.050 0.015 0.064 0.137  0.009 -0.014 0.031 0.012 0.031 0.459 

 
Recruitment Centre 

(Mannheim) 
-0.033 -0.060 -0.006 0.014 -0.094 0.018  -0.022 -0.045 0.001 0.012 -0.074 0.060 

 
Recruitment Centre 

(Nottingham) 
0.006 -0.021 0.034 0.014 0.022 0.664  0.016 -0.006 0.038 0.011 0.062 0.164 

 
Recruitment Centre 

(Paris) 
0.008 -0.023 0.039 0.016 0.026 0.600  0.003 -0.022 0.028 0.013 0.011 0.814 

 Mean PDS score 0.016 0.004 0.028 0.006 0.078 0.011  0.008 -0.006 0.023 0.007 0.038 0.248 

 Family Support 0.006 -0.001 0.013 0.004 0.062 0.115  0.003 -0.005 0.010 0.004 0.030 0.502 

 Peer Problems 0.001 -0.007 0.010 0.004 0.012 0.787  -0.003 -0.011 0.005 0.004 -0.035 0.446 

 Socioeconomic Stress -0.003 -0.013 0.007 0.005 -0.028 0.535  -0.009 -0.018 -0.001 0.004 -0.105 0.030 

Amygdala GMV  
Mood or Anxiety 

Disorder (Yes) 
-0.010 -0.149 0.128 0.071 -0.004 0.885  -0.069 -0.147 0.009 0.040 -0.050 0.083 

 Parental Education -0.003 -0.012 0.006 0.004 -0.023 0.506  0.005 -0.002 0.012 0.004 0.040 0.164 

 
Recruitment Centre 

(Dresden) 
0.054 -0.049 0.158 0.053 0.042 0.301  0.038 -0.053 0.128 0.046 0.030 0.413 
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Recruitment Centre 

(Dublin) 
-0.031 -0.149 0.086 0.060 -0.021 0.601  -0.092 -0.184 0.000 0.047 -0.062 0.051 

 
Recruitment Centre 

(Hamburg) 
0.117 0.006 0.229 0.057 0.086 0.039  0.006 -0.082 0.095 0.045 0.005 0.888 

 
Recruitment Centre 

(London) 
-0.133 -0.242 -0.025 0.056 -0.097 0.016  -0.289 -0.378 -0.201 0.045 -0.235 <0.001 

 
Recruitment Centre 

(Mannheim) 
0.050 -0.044 0.145 0.048 0.035 0.296  -0.056 -0.142 0.030 0.044 -0.043 0.199 

 
Recruitment Centre 

(Nottingham) 
0.209 0.118 0.300 0.046 0.184 <0.001  0.181 0.102 0.261 0.041 0.162 <0.001 

 
Recruitment Centre 

(Paris) 
0.051 -0.055 0.157 0.054 0.039 0.348  0.001 -0.090 0.090 0.046 0.001 0.997 

 Mean PDS score 0.034 -0.015 0.084 0.025 0.042 0.172  0.035 -0.020 0.089 0.028 0.036 0.214 

 Whole Brain Volume  1.812 1.586 2.039 0.116 0.444 <0.001  2.318 2.103 2.533 0.110 0.523 <0.001 

 Family Support -0.008 -0.036 0.019 0.014 -0.022 0.546  0.002 -0.024 0.028 0.013 0.005 0.882 

 Peer Problems -0.008 -0.043 0.027 0.018 -0.020 0.655  0.023 -0.005 0.052 0.015 0.062 0.112 

 Socioeconomic Stress -0.032 -0.072 0.007 0.020 -0.070 0.108  0.001 -0.031 0.032 0.016 0.002 0.970 

vmPFC GMV 
Mood or Anxiety 

Disorder (Yes) 
-0.009 -0.324 0.306 0.161 -0.001 0.955  0.140 -0.063 0.343 0.104 0.032 0.177 

 Parental Education 0.021 -0.001 0.044 0.012 0.050 0.063  -0.011 -0.030 0.008 0.010 -0.029 0.240 

 
Recruitment Centre 

(Dresden) 
-0.280 -0.576 0.017 0.151 -0.065 0.064  -0.090 -0.344 0.164 0.130 -0.023 0.487 

 
Recruitment Centre 

(Dublin) 
0.341 0.034 0.648 0.157 0.070 0.029  0.660 0.419 0.902 0.123 0.143 <0.001 

 
Recruitment Centre 

(Hamburg) 
0.175 -0.128 0.479 0.155 0.039 0.258  -0.020 -0.254 0.214 0.119 -0.005 0.868 

 
Recruitment Centre 

(London) 
0.047 -0.244 0.338 0.149 0.010 0.752  0.080 -0.144 0.304 0.114 0.021 0.486 

 
Recruitment Centre 

(Mannheim) 
-0.384 -0.663 -0.106 0.142 -0.081 0.007  -0.303 -0.545 -0.061 0.123 -0.074 0.014 

 
Recruitment Centre 

(Nottingham) 
0.410 0.127 0.692 0.144 0.109 0.004  0.388 0.155 0.621 0.119 0.111 0.001 

 
Recruitment Centre 

(Paris) 
-0.075 -0.414 0.263 0.173 -0.018 0.663  0.009 -0.251 0.270 0.133 0.002 0.943 
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 Mean PDS score -0.086 -0.203 0.031 0.060 -0.031 0.150  -0.060 -0.189 0.068 0.066 -0.020 0.356 

 Whole Brain Volume 9.021 8.439 9.603 0.297 0.667 <0.001  8.793 8.177 9.409 0.314 0.635 <0.001 

 Family Support 0.038 -0.036 0.113 0.038 0.030 0.309  0.001 -0.076 0.079 0.039 0.001 0.974 

 Peer Problems 0.021 -0.064 0.106 0.043 0.016 0.626  -0.039 -0.116 0.038 0.039 -0.033 0.316 

 Socioeconomic Stress -0.001 -0.106 0.105 0.054 0.001 0.990  -0.053 -0.137 0.030 0.043 -0.043 0.212 

Covariance Amygdala and vmPFC 0.004 -0.020 0.027 0.012 0.009 0.766  -0.008 -0.026 0.009 0.009 -0.028 0.343 

Note. Statistically significant values (p < .05) are in bold for ease of reading. For recruitment centre, the reference category is Berlin. WBV values were 

divided by 1,000,000. Amygdala and vmPFC GMV values were divided by 1,000. Model fit: robust χ2 = 1006.579, p-value < 0.001, robust CFI = 0.935, 

robust RMSEA = 0.024 [0.021, 0.026]. 
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APPENDIX 2 

Supplementary Material for Study Two: ‘Longitudinal associations between peer and 

family relationships, emotional symptoms, and regional brain volume across 

adolescence’ 

Appendices 2.01 to 2.12 are the supplementary materials for Study Two. These were 

submitted along with the manuscript to Journal of Youth and Adolescence, where the paper 

has been accepted for publication.  

Stepanous, J., Munford, L., Qualter, P., Nees, F., Elliott, R., & the IMAGEN Consortium. 

(accepted). Longitudinal associations between peer and family relationships, 

emotional symptoms, and regional brain volume across adolescence. Journal of 

Youth and Adolescence. 
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Appendix 2.01 

Differences Between the Sample where Data Quality Issues were Removed and the 

Complete Case Sample 

To investigate potential bias in the sample, the complete-case sample (CC sample, n = 957) 

was compared to the sample where data were removed due to quality issues identified by 

IMAGEN (DQ sample, n = 2302). Groups were compared by dummy coding participant 

presence in the CC sample within the DQ sample dataset. 

First, two-sample t-tests were conducted to compare values between samples in the 15 

continuous variables described in the main manuscript (see table below), separately for 

males and females. For males, the DQ sample had a greater family socioeconomic stress 

score at age 14 years, greater total negative life events before age 14 years and greater total 

childhood trauma score compared to the CC sample. However, these differences were not 

statistically significant when False Discovery Rate (FDR) correction was applied. For 

females, the DQ sample had lower family support score at age 14 years, and greater family 

socioeconomic stress score at age 14 years, greater total negative life events before age 14 

years, greater total negative life events between ages 14 and 19 years and greater total 

childhood trauma compared to the CC sample. When applying the FDR-correction, family 

support, family socioeconomic stress and total childhood trauma score remained 

statistically significant. 

 

Statistically Significant t-test Differences Between the Data Quality (DQ) and Complete 

Case (CC) Samples, with False Discovery Rate Correction 

 Variable DQ Sample  CC sample t-test FDR-

corrected  

p-value (n = 

15 tests per 

sex) 

Males  n = 689 n = 448   

   M (SD) M (SD)   

 Family SocEc Stress 

score at age 14 years 

0.79 (1.19) 0.62 (0.98) t(1049.10) = 

2.545, p = 

0.011 

p = 0.083 

 LEQ negative total 

before age 14 years 

5.35 (2.65) 4.99 (2.47)  t(997.24) = 

2.278, p = 

0.023 

p = 0.114 

 Total childhood 

trauma score 

8.17 (7.75) 6.57 (6.75) t(353.22) = 

2.56, p = 0.011 

p = 0.083 

 Right vmPFC GMV 

at age 19 years 

5847.03 

(771.82) 

5729.36 

(680.92) 

t(426.83) = 

1.969, p = 

0.049 

p = 0.186 



249 

 

Females  n = 668 n = 509   

  M (SD) M (SD)   

 Family support score 

at age 14 years 

10.75 (1.57) 10.98 (1.33) t(1111.9) = -

2.683, p < 

0.001 

p = 0.037 

 Family SocEc stress 

at age 14 years 

0.89 (1.29) 0.55 (0.92) t(1083.7) = 

5.156, p < 

0.001 

p < 0.001 

 LEQ negative total 

before age 14 years 

5.90 (2.83) 5.52 (2.74) t(1079.1) = 

2.231, p = 

0.026 

p = 0.078 

 LEQ negative total 

age 14-19 years 

6.24 (3.43) 5.55 (3.10) t(241.51) = 

2.271, p = 

0.024 

p = 0.078 

 Total childhood 

trauma score 

9.09 (11.34) 6.12 (7.72) t(285.09) = 

3.456, p < 

0.001 

p = 0.005 

Note: CC = complete-case, DQ = data quality, FDR = false discovery rate, LEQ = Life 

Events Questionnaire, SocEc = socioeconomic 

Chi-square tests were conducted to investigate differences between samples in ordinal and 

categorical level variables (22 variables, see table below).  

For males, worries at age 19 years and recruitment centre distribution were different 

between samples after FDR correction. FDR-corrected post-hoc tests showed that, for 

worries at age 19 years, participants in the CC sample were more likely to answer “Not 

true” compared to the DQ sample (p < 0.001) whilst the DQ sample was more likely to 

answer “Somewhat true” compared to the CC sample (p = 0.023). For recruitment centre, 

in the DQ sample, a greater proportion of participants recruited from Berlin (p < 0.001) 

and Dublin (p = 0.028), whilst, for the CC sample, a greater proportion of participants was 

recruited from Dresden (p = 0.027) and Paris (0.041). 

For females, only recruitment centre distribution was different between samples after FDR 

correction. FDR-corrected post-hoc tests showed that a greater proportion of participants 

were recruited from Dresden in the CC sample compared to the DQ sample (p = 0.002). 

Statistically Significant Chi-Square Test Differences Between the Data Quality (DQ; Males 

n = 689, Females n = 668) and Complete Case (CC; Males n = 448, Females n = 509) 

Samples, with False Discovery Rate Correction 

 Variable Χ2 test FDR-corrected  

p-value (n = 22 

tests per sex) 

 Males Worries at age 19 years Χ2(2) = 15.297, p < 0.001 p < 0.001   

 Bullied at age 19 years Χ2(2) = 7.283, p = 0.026 p = 0.144 

 Psychiatric diagnosis at age 14 years* Χ2(1) = 7.283, p = 0.026 p = 0.144 

 Recruitment centre Χ2(7) = 45.159, p < 0.001 p < 0.001 
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Females Worries at age 19 years Χ2(2) = 8.441, p = 0.015 p = 0.108 

 Unhappy at age 19 years  Χ2(2) = 7.503, p = 0.023  p = 0.129 

 Old best at age 14 years Χ2(2) = 6.706, p = 0.035 p = 0.154 

 Friend at age 19 years Χ2(2) = 6.312, p = 0.042 p = 0.156 

 Old best at age 19 years Χ2(2) = 8.665, p = 0.013 p = 0.108 

 Recruitment centre Χ2(2) = 28.719, p < 0.001 p = 0.004 

Note: * = Yates’ continuity correction applied 
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Appendix 2.02 

Questionnaire Items for the UK Versions of Peer Problems and Emotional Symptoms 

Scales at Age 14 and 19 Years. Short Versions are Shown in Parentheses 

Questionnaire SDQ 11-17 years 

Peer Problems 

SDQ 17+ years 

Peer Problems 

SDQ 11-17 years 

Emotional 

Symptoms 

SDQ 17+ years 

Emotional 

Symptoms 

Age used 14 years 19 years 14 years 19 years 

Items I am usually on my 

own. I generally play 

alone or keep to 

myself* (Loner) 

I would rather be 

alone than with 

other people* 

(Loner)  

I get a lot of 

headaches, 

stomach-aches or 

sickness (Somatic) 

I get a lot of 

headaches, 

stomach-aches or 

sickness (Somatic) 

 I have one good 

friend or more* 

(Friend) 

I have at least one 

good friend* 

(Friend) 

I worry a lot 

(Worries) 

I worry a lot 

(Worries) 

 Other people my age 

generally like me* 

(Popular) 

Other people 

generally like me* 

(Popular) 

I am often 

unhappy, down-

hearted or tearful* 

(Unhappy) 

I am often 

unhappy, 

depressed or 

tearful* (Unhappy) 

 Other children or 

young people pick on 

me or bully me* 

(Bully) 

Other people pick 

on me or bully 

me* (Bully) 

I am nervous in 

new situations. I 

easily lose 

confidence 

(Clingy) 

I am nervous in 

new situations. I 

easily lose 

confidence 

(Clingy) 

 I get on better with 

adults than with 

people my own age* 

(Old best) 

I get along better 

with older people 

than with people 

my own age* (Old 

best) 

I have many fears, 

I am easily scared 

(Afraid) 

I have many fears, 

I am easily scared 

(Afraid) 

Note. * = Differences in wording between versions 
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Appendix 2.03 

Descriptive Statistics for Ordinal and Categorical Variables of Interest, Split by Age and Sex (n = 957) 

 Males (n = 448) Females (n = 509) 

 Response Options n (%) Response Options n (%) 

Age 14 

years 

 Berlin Dresden Dublin Hamburg Berlin Dresden Dublin Hamburg 

 Recruitment Centre 30 (6.7) 75 (16.7) 38 (8.5) 61 (13.6) 50 (9.8) 77 (15.1) 44 (8.6) 61 (12.0) 

  London Mannheim Nottingham Paris London Mannheim Nottingham Paris 

  51 (11.4) 53 (11.8) 71 (15.8) 69 (15.4) 77 (15.1) 60 (11.8) 72 (14.1) 68 (13.4) 

  Yes No   Yes No   

 Psychiatric Diagnosis 41 (9.2%) 407 (90.8%)   65 (12.8%) 444 (87.2%)   

  Not true Somewhat true Certainly true  Not true Somewhat true Certainly 

true 

 

 I get a lot of headaches, 

stomach-aches or 

sickness*** 

336 (75%) 92 (20.5%) 20 (4.5%)  273 (53.6%) 194 (38.1%) 42 (8.3%)  

 I worry a lot*** 221 (49.3%) 181 (40.4%) 46 (10.3%)  150 (29.5%) 255 (50.1%) 104 (20.4%)  

 I am often unhappy, 

down-hearted or 

tearful*** 

370 (82.6%) 68 (15.2%) 10 (2.2%)  309 (60.7%) 171 (33.6%) 29 (5.7%)  

 I am nervous in new 

situations. I easily lose 

confidence*** 

241 (53.8%) 161 (35.9%) 46 (10.3%)  175 (34.4%) 231 (45.4%) 103 (20.2%)  

 I have many fears, I am 

easily scared*** 

349 (77.9%) 92 (20.5%) 7 (1.6%)  298 (58.5%) 181 (35.6%) 30 (5.9%)   

 I am usually on my 

own. I generally play 

alone or keep to myself 

260 (58%) 150 (33.5%) 38 (8.5%)  298 (58.5%) 183 (36%) 28 (5.5%)  
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 I have one good friend 

or more (negative 

loading)* 

7 (1.6%) 43 (9.6%) 398 (88.8%)  4 (0.8%) 28 (5.5%) 477 (93.7%)  

 Other people my age 

generally like me 

(negative loading) 

18 (4%) 208 (46.4%) 222 (49.6%)  23 (4.5%) 225 (44.2%) 261 (51.3%)  

 Other children or young 

people pick on me or 

bully me 

373 (83.3%) 64 (14.3%) 11 (2.5%)  430 (84.5%) 63 (12.4%) 16 (3.1%)  

 I get on better with 

adults than with people 

my own age** 

262 (58.5%) 153 (34.2%) 33 (7.4%)  306 (60.1%) 179 (35.2%) 24 (4.7%)  

Age 19 

years 

 Not true Somewhat true Certainly true  Not true Somewhat true Certainly 

true 

 

 I get a lot of headaches, 

stomach-aches or 

sickness*** 

358 (79.9%) 76 (17%) 14 (3.1%)  274 (53.8%) 174 (34.2%) 61 (12%)  

 I worry a lot*** 208 (46.4%) 163 (36.4%) 77 (17.2%)  100 (19.6%) 252 (49.5%) 157 (30.8%)  

 I am often unhappy, 

depressed or tearful*** 

348 (77.7%) 86 (19.2%) 14 (3.1%)  286 (56.2%) 174 (34.2%) 49 (9.6%)  

 I am nervous in new 

situations. I easily lose 

confidence*** 

217 (48.4%) 181 (40.4%) 50 (11.2%)  177 (34.8%) 226 (44.4%) 106 (20.8%)  

 I have many fears, I am 

easily scared*** 

386 (86.2%) 56 (12.5%) 6 (1.3%)  308 (60.5%) 162 (31.8%) 39 (7.7%)  

 I would rather be alone 

than with other people 

221 (49.3%) 206 (46%) 21 (4.7%)  255 (50.1%) 234 (46%) 20 (3.9%)  

 I have at least one good 

friend (negative 

loading) 

3 (0.7%) 27 (6.0%) 418 (93.3%)  3 (0.6%) 36 (7.1%) 470 (92.3%)  
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 Other people generally 

like me (negative 

loading) 

7 (1.6%) 146 (32.6%) 295 (65.8%)  5 (1.0%) 147 (28.9%) 357 (70.1%)  

 Other people pick on 

me or bully me 

419 (93.5%) 26 (5.8%) 3 (0.7%)  467 (91.7%) 38 (7.5%) 4 (0.8%)  

 I get along better with 

older people than with 

people my own age*** 

207 (46.2%) 189 (42.2%) 52 (11.6%)  181 (35.6%) 250 (49.1%) 78 (15.3%)  

Note. Statistically significant difference between males and females: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Appendix 2.04 

Distribution of Psychiatric Diagnoses (DSM-IV or ICD-10) in the Sample, Split by Sex 

Diagnosis (DSM-IV or ICD-10) Male n Female n Total n 

Attention Deficit Hyperactivity Disorder /Autism 21 9 30 

Mood Disorder 11 47 58 

Anxiety Disorder 6 34 40 

Conduct/Oppositional Disorder 9 8 17 

Other Disorder 8 11 19 

Total 55 109 164 

Note. Attention Deficit Hyperactivity Disorder (ADHD)/Autism Categories: ADHD 

Combined, ADHD Hyperactive, ADHD Impulsive, ADHD Other, ADHD Any, Pervasive 

Development Disorder/Autism; Mood Disorder Categories: Emotional disorder, Major 

Depression, Mania/Bipolar, Other Depression; Anxiety Disorder Categories: Agoraphobia, 

Generalised Anxiety Disorder, Obsessive Compulsive Disorder, Other Anxiety Disorder, 

Panic Disorder, Post-traumatic Stress Disorder, Separation Anxiety, Social Phobia, 

Specific Phobia; Conduct/Oppositional Disorder Categories: Any Conduct/Oppositional 

Disorder, Conduct Disorder, Oppositional Defiant Disorder, Other Disruptive Disorder; 

Other Disorder Categories: Other Disorder, Eating Disorder, Tic Disorder. Some 

participants had more than one diagnosis, which is why the total is not equal to the 

psychiatric diagnosis variable. 



256 

 

Appendix 2.05 

Measurement Invariance Models for the Peer Problems Latent Variable Between Sex and 

Across Time 

 Robust model fit   
 Robust χ2  

difference test 

Model  χ2  df p CFI  
RMSEA  

[90% CI] 
χ2  df p 

Configural Invariance 73.162 58 0.087 0.981 
0.023  

[0.001-0.039] 
- - - 

Full Loading Invariance 85.604 70 0.099 0.980 
0.022  

[0.001-0.036] 
12.817 12 0.383 

Full Intercept Invariance 249.268 82 <0.001 0.788 
0.065  

[0.056-0.073] 
133.59 12 <0.001 

Partial Intercept 

Invariance 
99.962 79 0.056 0.973 

0.024  

[0.001-0.037] 
13.407 9 0.145 

Full Residual Invariance 171.309 94 <0.001 0.902 
0.042  

[0.031-0.051] 
61.525 15 <0.001 

Partial Residual 

Invariance  
117.490 90 0.027 0.965 

0.025  

[0.009-0.037] 
16.707 11 0.117 
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Appendix 2.06 

Item Loadings for the Individual Strict Invariance Confirmatory Factor Analysis Models, 

Including Estimate, Standard Error, Standardised Estimate (std.all) and p-Value (n = 957; 

Male n = 448, Female n = 509) 

Latent Variable   Indicators   Estimate   SE   Male 

std.all  

p      Female 

std.all  

p  

Age 14 Peer Problems   Loner  0.583 0.067 0.504 <0.001 

 

0.468 <0.001 

   Friend   -0.920 0.126 -0.677 <0.001 

 

-0.641 <0.001 

   Popular   -0.805 0.084 -0.627 <0.001 

 

-0.590 <0.001 

   Bullied   0.773 0.097 0.612 <0.001 

 

0.575 <0.001 

   Old Best  0.626 0.073 0.531 <0.001 

 

0.494 <0.001 

Age 19 Peer Problems Loner   0.500 <0.001  0.453 <0.001 

 Friend   -0.763 <0.001  -0.536 <0.001 

 Popular   -0.534 <0.001  -0.486 <0.001 

 Bullied   0.518 <0.001  0.649 <0.001 

 Old Best   0.386 <0.001  0.397 <0.001 

Age 14 Emotional Symptoms   Worries 1.013 0.087 0.712 <0.001  0.692 <0.001 

  Clingy 0.642 0.056 0.540 <0.001  0.520 <0.001 

   Somatic 0.456 0.048 0.415 <0.001  0.397 <0.001 

   Unhappy 1.008 0.096 0.710 <0.001  0.691 <0.001 

   Afraid 0.764 0.071 0.607 <0.001  0.586 <0.001 

Age 19 Emotional Symptoms Worries   0.794 <0.001  0.789 <0.001 

 Clingy   0.637 <0.001  0.631 <0.001 

 Somatic   0.506 <0.001  0.501 <0.001 

 Unhappy   0.792 <0.001  0.788 <0.001 

 Afraid   0.701 <0.001  0.696 <0.001 

Note. The estimate and SE are the same between sex and across time and so are only 

presented once.  



258 

 

Appendix 2.07 

Measurement Invariance Models for the Emotional Symptoms Latent Variable Between 

Sex and Across Time  

 Robust model fit   
Robust χ2  

difference test 

Model  χ2  df p CFI  RMSEA  χ2  df p 

Configural Invariance 81.849 58 0.021 0.990 
0.029 

[0.012-0.043]  
- - - 

Full Loading Invariance 100.255 70 0.010 0.988 
0.030  

[0.015-0.043] 
16.973 12 0.151 

Full Intercept Invariance 155.546 82 <0.001 0.971 
0.043  

[0.033-0.054] 
44.412 12 <0.001 

Partial Intercept 

Invariance 
109.448 79 0.013 0.988 

0.028 

[0.014-0.041] 
9.7638 9 0.370 

Full Residual Invariance 133.471 94 0.005 0.984 
0.030 

[0.017-0.041] 
22.70 15 0.091 
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Appendix 2.08 

Model Fit and Interpretation for the Trivariate Latent Change Score Models 

Peer Problems, Emotional Symptoms and Amygdala Volume – Trivariate Model 

This model was a good fit to the data (χ2 (506) = 650.154, p < .001; CFI = 0.966; RMSEA 

= 0.024, 90% CI = [0.018, 0.030]. Amygdala volume at age 14 years predicted change in 

peer problems for males only (std.all = 0.134, p = 0.048). In males with a low peer problems 

score at age 14 years, those with larger amygdala volume at age 14 years had a greater 

increase in peer problems score between age 14 and 19 years compared to those with a 

smaller amygdala volume at age 14 years. There was still correlated change between peer 

problems and emotional symptoms for males (std.all = 0.699, p < 0.001) and females (std.all 

= 0.762, p < 0.001). As there was no evidence that peer problems predicted either emotional 

symptoms or amygdala volume, mediation analysis was not conducted. 

Peer Problems, Emotional Symptoms and vmPFC GMV – Trivariate Model 

This model was a good fit to the data (χ2 (506) = 616.826, p = 0.001; CFI = 0.973; RMSEA 

= 0.021, 90% CI = [0.015, 0.027]. Peer problems at age 14 years predicted change in vmPFC 

GMV for females only (std.all = 0.259, p = 0.027). In females with larger vmPFC GMV at 

age 14 years, those with greater peer problems score at age 14 years showed smaller loss of 

vmPFC GMV compared to those with lower peer problems score at age 14 years. There was 

still correlated change between peer problems and emotional symptoms for males (std.all = 

0.705, p < 0.001) and females (std.all = 0.765, p < 0.001). There was also correlated change 

between vmPFC GMV and peer problems for males only (std.all = 0.180, p = 0.038), and 

vmPFC GMV and emotional symptoms also showed correlated change for males only 

(std.all = 0.155, p = 0.024). 
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Appendix 2.09 

Regression and Covariance Output for the Covariate-Corrected Quadvariate Model (n = 

957) 

  Males (n = 448) Females (n = 509) 

Parameters Est SE Std.all p Est SE Std.all p 

Age 14 ES ~         
Age 14 SocEc Stress -0.056 0.048 -0.072 0.239 -0.001 0.043 -0.002 0.977 

Age 14 Fam Supp -0.009 0.032 -0.018 0.774 -0.024 0.029 -0.044 0.402 

Recruit Dresden -0.023 0.237 -0.011 0.924 0.314 0.149 0.158 0.035 

Recruit Dublin -0.162 0.251 -0.059 0.519 0.320 0.155 0.126 0.039 

Recruit Hamburg -0.223 0.246 -0.100 0.364 0.216 0.161 0.099 0.178 

Recruit London 0.202 0.240 0.084 0.399 0.341 0.140 0.171 0.015 

Recruit Mannheim -0.188 0.253 -0.079 0.458 0.009 0.167 0.004 0.957 

Recruit Nottingham -0.035 0.235 -0.017 0.882 0.129 0.148 0.063 0.385 

Recruit Paris -0.231 0.245 -0.109 0.346 0.078 0.160 0.037 0.627 

Age 14 PDS Mean -0.147 0.085 -0.104 0.082 0.034 0.089 0.019 0.706 

Age 14 Psych Diag 0.347 0.155 0.131 0.025 0.706 0.115 0.331 <0.001 

Neg LE < Age 14 0.073 0.020 0.236 <0.001 0.049 0.015 0.188 0.001 

Total Child Trauma 0.011 0.007 0.095 0.129 0.009 0.005 0.102 0.054 

Age 14 PP ~         
Age 14 SocEc Stress -0.013 0.045 -0.021 0.764 0.015 0.040 0.024 0.707 

Age 14 Fam Supp 0.001 0.029 0.003 0.970 -0.002 0.028 -0.004 0.951 

Recruit Dresden 0.230 0.176 0.136 0.190 0.282 0.135 0.177 0.037 

Recruit Dublin -0.199 0.209 -0.088 0.342 -0.131 0.159 -0.064 0.409 

Recruit Hamburg -0.040 0.185 -0.022 0.830 0.088 0.148 0.050 0.551 

Recruit London -0.137 0.186 -0.069 0.462 0.236 0.141 0.148 0.093 

Recruit Mannheim 0.039 0.199 0.020 0.844 0.285 0.148 0.161 0.054 

Recruit Nottingham -0.077 0.174 -0.044 0.660 -0.009 0.143 -0.006 0.947 

Recruit Paris -0.557 0.194 -0.318 0.004 -0.342 0.162 -0.204 0.035 

Age 14 PDS Mean -0.131 0.074 -0.112 0.075 0.006 0.081 0.004 0.944 

Age 14 Psych Diag 0.528 0.137 0.241 <0.001 0.471 0.107 0.275 <0.001 

Neg LE < Age 14 0.036 0.017 0.142 0.028 0.040 0.013 0.190 0.003 

Total Child Trauma 0.008 0.006 0.083 0.218 0.010 0.005 0.137 0.038 

Age 14 Amy Volume ~         
Age 14 SocEc Stress 0.002 0.014 0.008 0.888 -0.003 0.013 -0.010 0.841 

Age 14 Fam Supp 0.001 0.010 0.003 0.952 0.001 0.009 0.004 0.932 

Recruit Dresden -0.005 0.062 -0.008 0.934 0.073 0.042 0.112 0.080 

Recruit Dublin 0.029 0.070 0.032 0.679 0.098 0.045 0.117 0.031 

Recruit Hamburg 0.098 0.062 0.134 0.114 0.056 0.046 0.078 0.226 

Recruit London -0.084 0.069 -0.107 0.221 -0.141 0.044 -0.216 0.001 

Recruit Mannheim -0.012 0.063 -0.015 0.851 -0.067 0.046 -0.093 0.144 

Recruit Nottingham 0.173 0.064 0.254 0.007 0.175 0.044 0.261 <0.001 

Recruit Paris 0.033 0.066 0.047 0.622 0.067 0.045 0.097 0.138 

Age 14 PDS Mean 0.028 0.024 0.061 0.248 0.067 0.029 0.118 0.019 

Age 14 Psych Diag 0.017 0.048 0.020 0.718 -0.075 0.033 -0.106 0.024 

Neg LE < Age 14 -0.001 0.006 -0.009 0.871 <0.001 0.004 -0.003 0.959 

Total Child Trauma 0.002 0.002 0.056 0.357 0.001 0.002 0.038 0.460 

Age 14 vmPFC GMV ~        
Age 14 SocEc Stress -0.020 0.033 -0.031 0.543 -0.046 0.035 -0.069 0.188 

Age 14 Fam Supp 0.029 0.023 0.068 0.204 -0.005 0.024 -0.010 0.841 

Recruit Dresden -0.460 0.140 -0.271 0.001 -0.272 0.116 -0.161 0.019 

Recruit Dublin 0.313 0.179 0.138 0.080 0.516 0.129 0.240 <0.001 

Recruit Hamburg -0.195 0.154 -0.106 0.203 -0.263 0.117 -0.142 0.025 

Recruit London -0.037 0.149 -0.019 0.802 -0.113 0.109 -0.067 0.299 
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Recruit Mannheim -0.551 0.146 -0.281 <0.001 -0.624 0.112 -0.333 <0.001 

Recruit Nottingham 0.018 0.150 0.010 0.904 0.168 0.121 0.097 0.167 

Recruit Paris -0.094 0.160 -0.053 0.560 -0.071 0.125 -0.040 0.569 

Age 14 PDS Mean -0.012 0.065 -0.010 0.854 -0.026 0.066 -0.018 0.695 

Age 14 Psych Diag -0.191 0.113 -0.087 0.091 -0.086 0.088 -0.047 0.333 

Neg LE < Age 14 0.004 0.014 0.014 0.797 -0.006 0.012 -0.025 0.637 

Total Child Trauma 0.001 0.006 0.013 0.824 0.005 0.004 0.063 0.251 

ΔES ~         
Age 14 ES -0.677 0.136 -0.526 <0.001 -0.254 0.123 -0.216 0.039 

Age 14 PP 0.262 0.166 0.168 0.114 -0.258 0.159 -0.176 0.105 

Age 14 Amy Volume 0.362 0.255 0.092 0.156 0.126 0.307 0.035 0.682 

Age 14 vmPFC GMV -0.062 0.104 -0.040 0.549 -0.010 0.128 -0.007 0.941 

Age 14 SocEc Stress 0.009 0.052 0.009 0.862 0.090 0.047 0.098 0.059 

Age 14 Fam Supp 0.039 0.035 0.060 0.262 0.019 0.035 0.029 0.593 

Recruit Dresden -0.248 0.259 -0.094 0.339 -0.020 0.185 -0.008 0.915 

Recruit Dublin 0.493 0.267 0.139 0.065 -0.132 0.192 -0.044 0.494 

Recruit Hamburg 0.202 0.240 0.070 0.399 -0.120 0.191 -0.046 0.531 

Recruit London 0.529 0.230 0.170 0.021 0.150 0.174 0.064 0.390 

Recruit Mannheim -0.010 0.256 -0.003 0.970 0.255 0.181 0.098 0.158 

Recruit Nottingham 0.371 0.225 0.137 0.099 -0.049 0.180 -0.020 0.787 

Recruit Paris 0.104 0.248 0.038 0.677 -0.112 0.196 -0.046 0.566 

Age 14 PDS Mean 0.057 0.103 0.031 0.582 -0.092 0.112 -0.045 0.414 

Age 14 Psych Diag 0.026 0.179 0.008 0.886 0.156 0.141 0.062 0.267 

Neg LE < Age 14 -0.034 0.024 -0.084 0.165 0.014 0.018 0.045 0.440 

Neg LE > Age 14 0.045 0.019 0.134 0.016 0.079 0.016 0.290 <0.001 

Total Child Trauma 0.040 0.009 0.274 <0.001 0.016 0.006 0.145 0.005 

ΔPP ~         
Age 14 ES 0.025 0.075 0.033 0.739 0.077 0.072 0.089 0.287 

Age 14 PP -0.630 0.111 -0.687 <0.001 -0.783 0.109 -0.730 <0.001 

Age 14 Amy Volume 0.207 0.147 0.089 0.161 0.068 0.185 0.026 0.714 

Age 14 vmPFC GMV -0.014 0.059 -0.016 0.807 0.011 0.084 0.011 0.899 

Age 14 SocEc Stress 0.035 0.034 0.059 0.299 0.043 0.043 0.063 0.318 

Age 14 Fam Supp -0.009 0.020 -0.023 0.662 -0.013 0.026 -0.028 0.610 

Recruit Dresden 0.024 0.161 0.015 0.884 -0.013 0.150 -0.008 0.929 

Recruit Dublin 0.022 0.181 0.011 0.904 -0.041 0.162 -0.019 0.801 

Recruit Hamburg -0.020 0.153 -0.012 0.896 -0.195 0.158 -0.103 0.216 

Recruit London 0.070 0.162 0.039 0.664 0.065 0.145 0.038 0.654 

Recruit Mannheim -0.193 0.179 -0.107 0.282 -0.028 0.165 -0.015 0.865 

Recruit Nottingham 0.024 0.158 0.015 0.878 0.079 0.149 0.045 0.597 

Recruit Paris 0.219 0.162 0.136 0.176 0.059 0.158 0.033 0.706 

Age 14 PDS Mean 0.158 0.062 0.147 0.011 -0.093 0.085 -0.063 0.273 

Age 14 Psych Diag -0.079 0.111 -0.039 0.474 0.154 0.112 0.084 0.171 

Neg LE < Age 14 -0.033 0.016 -0.140 0.036 -0.004 0.013 -0.019 0.751 

Neg LE > Age 14 0.015 0.013 0.077 0.238 0.031 0.012 0.154 0.012 

Total Child Trauma 0.021 0.006 0.246 <0.001 0.008 0.005 0.095 0.137 

ΔAmy Volume ~         
Age 14 ES -0.001 0.026 -0.005 0.962 -0.022 0.018 -0.106 0.241 

Age 14 PP -0.002 0.032 -0.006 0.955 0.011 0.026 0.043 0.678 

Age 14 Amy Volume -0.290 0.046 -0.391 <0.001 -0.229 0.047 -0.370 <0.001 

Age 14 vmPFC GMV -0.032 0.019 -0.109 0.091 -0.011 0.018 -0.046 0.533 

Age 14 SocEc Stress -0.009 0.011 -0.046 0.441 0.015 0.009 0.096 0.108 

Age 14 Fam Supp -0.017 0.007 -0.138 0.023 0.004 0.005 0.040 0.421 

Recruit Dresden -0.200 0.045 -0.404 <0.001 -0.147 0.031 -0.363 <0.001 

Recruit Dublin -0.096 0.053 -0.144 0.074 -0.028 0.037 -0.054 0.461 

Recruit Hamburg -0.112 0.044 -0.208 0.011 -0.046 0.034 -0.102 0.176 

Recruit London -0.140 0.046 -0.241 0.002 -0.044 0.034 -0.109 0.195 

Recruit Mannheim -0.205 0.046 -0.357 <0.001 -0.163 0.039 -0.363 <0.001 



262 

 

Recruit Nottingham -0.224 0.042 -0.442 <0.001 -0.114 0.034 -0.275 0.001 

Recruit Paris -0.081 0.045 -0.158 0.072 -0.012 0.032 -0.029 0.706 

Age 14 PDS Mean -0.030 0.017 -0.087 0.071 0.009 0.021 0.027 0.650 

Age 14 Psych Diag -0.030 0.037 -0.046 0.423 0.036 0.027 0.083 0.182 

Neg LE < Age 14 -0.004 0.004 -0.060 0.277 -0.002 0.003 -0.034 0.490 

Neg LE > Age 14 -0.004 0.004 -0.067 0.343 -0.005 0.004 -0.106 0.181 

Total Child Trauma -0.003 0.002 -0.105 0.068 0.001 0.001 0.043 0.385 

ΔvmPFC GMV ~         
Age 14 ES -0.032 0.053 -0.045 0.551 -0.089 0.044 -0.167 0.044 

Age 14 PP -0.018 0.072 -0.022 0.797 0.095 0.074 0.144 0.194 

Age 14 Amy Volume 0.113 0.121 0.052 0.349 0.039 0.119 0.024 0.746 

Age 14 vmPFC GMV -0.503 0.054 -0.588 <0.001 -0.381 0.059 -0.606 <0.001 

Age 14 SocEc Stress 0.001 0.021 0.001 0.969 -0.004 0.019 -0.010 0.825 

Age 14 Fam Supp -0.017 0.018 -0.046 0.370 0.001 0.015 0.005 0.929 

Recruit Dresden 0.362 0.096 0.250 <0.001 0.202 0.077 0.190 0.009 

Recruit Dublin 0.308 0.111 0.158 0.005 0.264 0.092 0.195 0.004 

Recruit Hamburg 0.002 0.093 0.001 0.985 0.171 0.080 0.146 0.034 

Recruit London 0.162 0.094 0.095 0.083 0.222 0.073 0.210 0.002 

Recruit Mannheim -0.120 0.103 -0.072 0.245 0.027 0.092 0.023 0.774 

Recruit Nottingham 0.057 0.089 0.038 0.525 0.136 0.081 0.125 0.092 

Recruit Paris -0.489 0.098 -0.325 <0.001 -0.201 0.083 -0.180 0.015 

Age 14 PDS Mean -0.042 0.045 -0.042 0.355 0.061 0.049 0.066 0.219 

Age 14 Psych Diag 0.118 0.095 0.063 0.217 -0.002 0.068 -0.002 0.975 

Neg LE < Age 14 -0.006 0.011 -0.029 0.558 0.014 0.007 0.102 0.042 

Neg LE > Age 14 -0.017 0.011 -0.091 0.112 -0.021 0.009 -0.169 0.016 

Total Child Trauma 0.002 0.003 0.026 0.533 <0.001 0.003 -0.002 0.974 

         
Covariances:         

 Est SE Std.all p Est SE Std.all p 

Age 14 Loner ~~  

Age 19 Loner 0.212 0.082 0.197 0.009 0.234 0.082 0.218 0.004 

Age 14 Friend ~~  

Age 19 Friend 0.011 0.066 0.023 0.865 -0.261 0.174 -0.238 0.133 

Age 14 Popular ~~  

Age 19 Popular 0.140 0.066 0.179 0.035 0.166 0.066 0.213 0.012 

Age 14 Bullied ~~  

Age 19 Bullied 0.149 0.121 0.202 0.218 0.416 0.149 0.506 0.005 

Age 14 Old Best ~~  

Age 19 Old Best 0.344 0.081 0.352 <0.001 0.401 0.083 0.367 <0.001 

Age 14 Worries ~~  

Age 19 Worries 0.277 0.097 0.297 0.004 0.277 0.075 0.297 <0.001 

Age 14 Clingy ~~  

Age 19 Clingy 0.298 0.068 0.381 <0.001 0.398 0.059 0.508 <0.001 

Age 14 Somatic ~~  

Age 19 Somatic 0.139 0.097 0.141 0.151 0.368 0.072 0.374 <0.001 

Age 14 Unhappy ~~  

Age 19 Unhappy 0.004 0.136 0.005 0.979 -0.085 0.094 -0.112 0.362 

Age 14 Afraid ~~  

Age 19 Afraid 0.344 0.105 0.457 0.001 0.260 0.074 0.345 <0.001 

Age 14 L Amy ~~  

Age 19 L Amy 0.005 0.002 0.414 0.001 0.005 0.001 0.390 <0.001 

Age 14 R Amy ~~  

Age 19 R Amy 0.008 0.002 0.414 <0.001 0.007 0.002 0.349 <0.001 

Age 14 L vmPFC ~~  

Age 19 L vmPFC 0.148 0.021 0.617 <0.001 0.109 0.017 0.453 <0.001 
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Age 14 R vmPFC ~~  

Age 19 R vmPFC 0.076 0.018 0.447 <0.001 0.075 0.016 0.444 <0.001 

Age 14 PP ~~  

Age 14 ES 0.237 0.038 0.593 <0.001 0.136 0.025 0.460 <0.001 

Age 14 PP ~~  

Age 14 Amy Volume 0.002 0.009 0.019 0.776 0.001 0.007 0.010 0.885 

Age 14 PP ~~  

Age 14 vmPFC GMV 0.016 0.022 0.050 0.454 -0.028 0.017 -0.112 0.092 

Age 14 ES ~~  

Age 14 Amy Volume 0.010 0.011 0.056 0.381 0.013 0.008 0.101 0.086 

Age 14 ES ~~  

Age 14 vmPFC GMV -0.039 0.026 -0.094 0.131 -0.003 0.020 -0.009 0.879 

Age 14 Amy Volume ~~  

Age 14 vmPFC GMV 0.060 0.008 0.435 <0.001 0.056 0.007 0.508 <0.001 

ΔPP ~~  

ΔES 0.171 0.033 0.623 <0.001 0.230 0.034 0.708 <0.001 

ΔAmy Volume ~~  

ΔPP 0.004 0.005 0.086 0.357 -0.001 0.005 -0.029 0.758 

ΔvmPFC GMV ~~  

ΔPP 0.026 0.010 0.215 0.011 -0.017 0.012 -0.155 0.146 

ΔAmy Volume ~~  

ΔES 0.014 0.008 0.122 0.091 0.005 0.007 0.053 0.513 

ΔvmPFC GMV ~~  

ΔES 0.049 0.020 0.166 0.015 0.014 0.016 0.077 0.378 

ΔAmy Volume ~~  

ΔvmPFC GMV 0.026 0.004 0.497 <0.001 0.016 0.003 0.553 <0.001 

Note. Ages are in years. Est = estimate, SE = standard error, Std.all = standardised estimate 

(both latent and observed variables are standardised to have a variance of 1), ES = 

emotional symptoms, SocEc = socioeconomic, Fam Supp = family support, Recruit = 

Recruitment Centre (dummy coded variables with baseline of ‘Berlin’), PDS = Pubertal 

Development Scale, Psych Diag = psychiatric diagnosis, Neg LE = negative life events, PP 

= peer problems, Amy = amygdala, vmPFC GMV = ventromedial prefrontal grey matter 

volume, Δ = change in, ~ = predicted by, ~~ = covariance.  

Statistically significant parameters at the p < 0.05 in bold.
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Appendix 2.10 

Measurement Invariance Models for the Family Support Latent Variable at Age 14 Years 

Between Sex 

 Robust model fit   
Robust χ2  

difference test 

Model  χ2  df p CFI  RMSEA  χ2  df p 

Configural Invariance 3.236 4 0.519 1.000 
0.001 

[0.001-0.063]  
- - - 

Full Loading Invariance 8.506 7 0.290 0.998 
0.021  

[0.001-0.063] 
4.614 3 0.202 

Full Intercept Invariance 16.754 10 0.080 0.993 
0.038  

[0.001-0.068] 
6.760 3 0.080 

Full Residual Invariance 133.471 94 0.005 0.984 
0.030 

[0.017-0.041] 
4.830 4 0.305 
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Appendix 2.11 

Statistically Significant Parameters of Interest from the Family Support (Latent Variable) and Amygdala Volume Latent Change Score Model 

 Males (n = 448)  Females (n = 509) 

Parameter Est SE Std.all p  Est SE Std.all p 

Family Support Age 14 Latent Variable           

Praised and Rewarded 1.276 0.126 0.737 <0.001  1.276 0.126 0.721 <0.001 

Gets Love and Affection 1.215 0.166 0.852 <0.001  1.215 0.166 0.840 <0.001 

 Gets Help and Support when Stressed 1.126 0.146 0.760 <0.001  1.126 0.146 0.745 <0.001 

Liked and Respected 1.259 0.192 0.806 <0.001  1.259 0.192 0.792 <0.001 

 Amygdala Volume Age 14 Latent Variable          

  Left Amygdala Volume Age 14 1.049 0.024 0.866 <0.001  1.049 0.024 0.853 <0.001 

 Right Amygdala Volume Age 14   1.103 0.027 0.840 <0.001  1.103 0.027 0.825 <0.001 

Amygdala Volume Age 19 Latent Variable          

  Left Amygdala Volume Age 19 1.049 0.024 0.847 <0.001  1.049 0.024 0.832 <0.001 

 Right Amygdala Volume Age 19   1.103 0.027 0.819 <0.001  1.103 0.027 0.802 <0.001 

Regression Parameters          

Coupling: Family Support → ΔAmygdala Volume -0.340 0.043 -0.459 0.005  0.010 0.009 0.072 0.232 

Note. Model fit (Robust χ2 (185) = 321.771, p < 0.001; CFI = 0.918; RMSEA = 0.039, 90% CI = [0.032, 0.046])  
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Appendix 2.12 

Covariate-Corrected Quadvariate Model with Statistically Significant Parameters of Interest, Controlling for Participants with a Mood or 

Anxiety Disorder Instead of any Psychiatric Diagnosis (n = 957) 

 Males (n = 448)  Females (n = 509) 

Statistically significant parameters of interest Est SE Std.all p  Est SE Std.all p 

Coupling: Age 14 ES → ΔvmPFC GMV -0.037 0.057 -0.049 0.516  -0.082 0.047 -0.146 0.084 

Coupling: Age 14 Family support → ΔAmy Volume    -0.016 0.007 -0.135 0.027  0.004 0.005 0.038 0.446 

 Correlated change: ΔPP and ΔES   0.163 0.032 0.604 <0.001  0.226 0.033 0.709 <0.001 

Correlated change: ΔAmy Volume and ΔvmPFC 

GMV 

0.026 0.004 0.486 <0.001  0.016 0.003 0.560 <0.001 

Correlated change: ΔPP and ΔvmPFC 0.027 0.011 0.210 0.014  -0.016 0.012 -0.145 0.176 

Correlated change: ΔES and ΔvmPFC 0.056 0.021 0.181 0.008  0.015 0.017 0.076 0.384 

Note. Ages are in years. PP = peer problems, ES = emotional symptoms, vmPFC = ventromedial prefrontal cortex, GMV = grey matter volume, 

Amy = amygdala, Δ = change in.  

Model fit: (χ2 (1248) = 1605.690, p < 0.001; CFI = 0.923; RMSEA = 0.024, 90% CI = [0.021, 0.028]
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APPENDIX 3 

Supplementary Material for Study Three: ‘Structural and functional aspects of social 

relationships and psychological distress in older age: The role of regional brain 

structure, sex, and socioeconomic status’ 

Appendices 3.01 to 3.11 are the supplementary materials for Study Three. This is currently 

in preparation for submission to the journal Ageing & Society. 

Stepanous, J., Munford, L., Qualter, P., & Elliott, R. (in preparation). Structural and 

functional aspects of social relationships and psychological distress in older age: 

The role of regional brain structure, sex, and socioeconomic status. Ageing & 

Society. 
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Appendix 3.01 

Cross-Sectional CFA and MI Analysis 

Structural social relationships latent variable 

The indicators for the CFA for the structural social relationships latent variable were: 

frequency of friends/family visits, total number of leisure/social activities, living with 

others, and living with partner. For ‘Frequency of friends/family visits’, the response 

options of 'No friends/family outside household’ and ‘Never or almost never’ were merged 

due to low numbers. The correlation between ‘Living with others’ and ‘Living with 

partner’ was almost 1 so, ‘Living with partner’ was removed as an indicator variable. 

Results revealed that the majority of factor loadings were below the 0.5 standardised 

loading apart from ‘Frequency of friends/family visits’ for females (0.604). The overall fit 

statistics were not available because the model was just-identified due to only having three 

indicator variables. In order to increase the degrees of freedom and try to obtain fit 

statistics, the structural social relationships and functional social relationships were 

modelled as separate latent variables in the same model, and structural social relationships 

was specified as a predictor of functional social relationships. However, the model did not 

converge.  

The decision was made to include the individual indicators of structural social relationships 

within the models to test the study research questions. This was due to the low loadings 

and the issues with model convergence when trying to specify a latent variable of structural 

social relationships.  

Functional social relationships latent variable 

The indicators for the functional social relationships latent variable were: Family 

Satisfaction, Friend Satisfaction, how often Able to Confide and loneliness. For ‘Friend 

Satisfaction’, the response options ‘Extremely unhappy’ and ‘Very unhappy’ were merged 

due to low responses for these options. 

CFA model fit was good, but the RMSEA value was above the acceptable value of 0.06 

(robust fit statistics: χ2 (4) = 104.641, p < 0.001, CFI = 0.984, RMSEA = 0.093 [0.078-

0.109]). All standardised factors loadings were above 0.5 except for ‘How often Able to 

Confide’ (males std.all = 0.379, females std.all = 0.405). This was removed from the 

model, however fit statistics were not available again due to model being just-identified. In 

order to increase the degrees of freedom and try to obtain fit statistics, the variable 
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‘Frequency of friend/family visits’ was included as a predictor of the Functional social 

relationships latent variable (males std.all = 0.265, p < .001; females std.all = 0.229, p < 

0.001). This resulted in good model fit (robust statistics: χ2 (4) = 11.743, p = 0.019, CFI = 

0.990, RMSEA = 0.026 [0.009-0.043]). 

Psychological distress latent variable 

The indicators for the psychological distress were: frequency of depressed mood, 

frequency of tenseness/restlessness, frequency of tiredness/unenthusiasm and frequency of 

unenthusiasm/disinterest in the last 2 weeks.  

The CFA model was a good fit to the data (robust statistics: χ2 (4) = 17.529, p = 0.002, CFI 

= 0.999, RMSEA = 0.032 [0.018-0.049] and standardised factor loadings for all indicators 

were above 0.5 (std.all = 0.646-0.939).  

Socioeconomic status latent variable 

The indicator variables for the socioeconomic status latent variable were: degree education, 

equivalised household income, current employment status, skilled job and Townsend 

deprivation index quintiles. ‘Current employment status’ and ‘Skilled job’ were non-

ordinal categorical variables, therefore they could not be included as indicator variables. 

‘Townsend quintiles’ had very low standardised loadings for both sexes (males std.all = - 

0.160, females std.all = -0.032). A latent variable of just degree education and equivalised 

household income did not converge. 

As with the structural social relationship indicators, the decision was made to look at 

socioeconomic status indicators separately. This also allowed inclusion of categorical 

variables such as ‘Current employment status’ and ‘Skilled job’. 

Amygdala GMV and vmPFC/OFC GMV 

Latent variables were specified for amygdala GMV and vmPFC/OFC GMV separately. 

The indicator variables for amygdala GMV and vmPFC/OFC GMV were the respective 

left and right hemisphere variables specified in the Measures section of the manuscript. 

Amygdala and vmPFC/OFC GMV variables were divided by 1000 so that variances were 

similar to other variables in later models to allow for model convergence.  

A model was created that included latent variables for both amygdala and vmPFC/OFC 

with correlations between them. The MLR estimator used as all variables were continuous. 

Model fit was good (robust statistics: χ2 (2) = 3.577, p = 0.167, CFI = 1.00, RMSEA = 
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0.016 [0.016-0.043]) and standardised factor loadings were above 0.5 (std.all = 0.787-

0.918). 

Weighted-mean UF FA and MD 

The indicator variables for weighted-mean UF FA and MD were the respective left and 

right hemisphere variables specified in the Measures section of the manuscript. FA values 

were multiplied by 10 and MD values were multiplied by 10,000 so that they were on a 

similar scale. 

The MLR estimator did not converge so used WLSMV estimator. Standardised loadings 

were good (std.all = 0.760-0.918) but model fit was suboptimal (robust statistics: χ2 (2) = 

449.104., p < .001, CFI = 0.902, RMSEA = 0.277 [0.256-0.299]).  

A separate model was created that included the FA and MD variables with the amygdala 

GMV and vmPFC/GMV latent variables, but this also resulted in suboptimal fit (robust 

statistics: χ2 (28) = 3356.591, p < 0.001, CFI = 0.837, RMSEA = 0.202 [0.196-0.208]). 

CFA model fit was good with latent variables for amygdala GMV, vmPFC/OFC GMV and 

weighted-mean UF FA and correlations between them, but not with the inclusion of the 

MD latent variable. The decision was to include FA as a latent variable, and left and right 

MD values as observed variables with a correlation between them.  

Measurement invariance – Functional social relationships 

Measurement invariance tests were conducted for the functional social relationships latent 

variable to assess whether the same construct was being tested between sex. First, 

threshold invariance was tested, and it was found that thresholds 1 and 3 for the Family 

Satisfaction indicator were different between sexes. These thresholds were allowed to vary 

between sexes in the model. Loading invariance was demonstrated but scalar invariance 

was not; item intercepts were not invariant as the friendship satisfaction and family 

satisfaction item means were lower for males compared to females. However, the adjusted 

intercept model had the same degrees of freedom as the loading invariance model so the 

model fit could not be assessed.  

There was also a problem with how the model treated the loneliness variable. Because it is 

binary, we were not able to test threshold/loading invariance, so the model would assume 

invariance. This was anticipated to have caused problems, however, as the raw data 

suggested that women are more likely to feel lonely.  
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Due to these problems in establishing measurement invariance of the functional social 

relationships latent variable, individual indicators of functional social relationship were 

used in the main models instead. 

Measurement invariance – Psychological distress  

Threshold and loading invariance were established for the psychological distress latent 

variable. However, item intercepts were not invariant – the intercepts for frequency of 

unenthusiasm/disinterest and tenseness/restlessness were higher for males compared to 

females, so these adjustments were made in the model. Furthermore, item residuals were 

not invariant – the residual variance for frequency of depressed mood was higher for males 

compared to female, so again this adjustment was made in the model. Following the 

parameter adjustments, the model was a good fit to the data (robust statistics: χ2 (15) = 

18.885, p = 0.219, CFI = 1.000, RMSEA = 0.009 [0.001-0.020]). 
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Appendix 3.02 

Regression Output for the Cross-Sectional Analysis for Both the Training (Total n = 6450) and Test (Total n = 15052) Datasets 

 TRAIN TEST TRAIN TEST 

 Male (n = 3142) Male (n = 7332) Female (n = 3308) Female (n = 7720) 

Variables Est SE p Std.all Est SE p Std.all Est SE p Std.all Est SE p Std.all 

Psychological Distress ~                 

Age (Years) 0.010 0.009 0.312 0.036 0.006 0.006 0.296 0.022 0.005 0.008 0.551 0.017 0.013 0.005 0.016 0.044 

Total Stress in Last 2 Years 0.100 0.050 0.045 0.046 0.174 0.035 <0.001 0.078 0.155 0.043 <0.001 0.072 0.190 0.029 <0.001 0.087 

Poor/Fair Health (Yes) 0.713 0.091 <0.001 0.190 0.620 0.059 <0.001 0.166 0.765 0.084 <0.001 0.178 0.723 0.055 <0.001 0.170 

Seen GP Anxiety Depression (Yes) 0.572 0.080 <0.001 0.174 0.514 0.054 <0.001 0.154 0.568 0.064 <0.001 0.185 0.573 0.042 <0.001 0.188 

Degree Education (Yes) -0.100 0.072 0.162 -0.037 -0.044 0.046 0.348 -0.016 0.098 0.066 0.138 0.034 0.041 0.042 0.333 0.014 

Skilled Job (Yes) 0.127 0.122 0.297 0.040 -0.042 0.079 0.597 -0.013 -0.213 0.101 0.035 -0.067 -0.089 0.067 0.185 -0.027 

Skilled Job (Unemployed or Retired) 0.047 0.148 0.751 0.012 0.018 0.093 0.849 0.005 -0.192 0.119 0.105 -0.051 -0.039 0.081 0.629 -0.010 

Equivalised Income (10-20k) 0.198 0.082 0.015 0.064 0.114 0.054 0.036 0.037 0.069 0.077 0.372 0.020 -0.010 0.051 0.851 -0.003 

Equivalised Income (20-30k) 0.023 0.071 0.749 0.008 -0.045 0.047 0.338 -0.016 0.016 0.065 0.804 0.005 -0.149 0.045 0.001 -0.048 

Equivalised Income (30k+) -0.079 0.082 0.336 -0.024 -0.123 0.056 0.028 -0.038 -0.083 0.083 0.315 -0.021 0.036 0.055 0.516 0.009 

Equivalised Income (PNA/DNK) -0.165 0.156 0.292 -0.028 -0.064 0.090 0.478 -0.011 -0.066 0.089 0.459 -0.016 0.208 0.057 <0.001 0.048 

Townsend Quintile 2 0.039 0.088 0.660 0.012 -0.042 0.056 0.450 -0.013 0.004 0.077 0.961 0.001 0.042 0.050 0.395 0.012 

Townsend Quintile 3 0.221 0.102 0.030 0.052 0.046 0.069 0.501 0.011 0.005 0.090 0.953 0.001 0.011 0.063 0.860 0.003 

Townsend Quintile 4 0.424 0.128 0.001 0.081 -0.106 0.080 0.181 -0.021 0.051 0.119 0.669 0.010 0.045 0.073 0.542 0.008 

Townsend Quintile 5 -0.729 0.310 0.019 -0.076 0.004 0.145 0.978 <0.001 0.107 0.217 0.621 0.012 0.246 0.139 0.077 0.023 

Employment Status (Retired) -0.311 0.216 0.149 -0.094 -0.169 0.155 0.276 -0.051 -0.288 0.194 0.138 -0.079 -0.373 0.144 0.010 -0.100 

Employment Status (Employed) -0.198 0.229 0.387 -0.059 0.003 0.160 0.984 0.001 -0.186 0.210 0.378 -0.048 -0.309 0.151 0.041 -0.079 

Frequency of Visits -0.019 0.029 0.517 -0.015 -0.003 0.019 0.890 -0.002 0.073 0.031 0.019 0.053 0.021 0.019 0.262 0.015 

Total Activities -0.026 0.039 0.500 -0.017 -0.033 0.026 0.203 -0.021 -0.071 0.033 0.033 -0.046 -0.124 0.022 <0.001 -0.080 

Living with Others (Yes) 0.613 0.283 0.030 0.163 0.095 0.168 0.572 0.025 -0.093 0.169 0.583 -0.028 -0.065 0.100 0.515 -0.020 

Able to Confide 0.054 0.042 0.195 0.042 0.008 0.027 0.757 0.007 -0.092 0.035 0.009 -0.068 -0.032 0.024 0.186 -0.023 

Family Satisfaction -0.074 0.046 0.109 -0.057 -0.041 0.029 0.159 -0.032 -0.153 0.040 <0.001 -0.113 -0.228 0.026 <0.001 -0.166 

Friend Satisfaction 0.002 0.048 0.964 0.002 -0.103 0.029 <0.001 -0.081 -0.064 0.040 0.108 -0.048 0.041 0.027 0.130 0.030 

Loneliness (Yes) 0.702 0.070 <0.001 0.565 0.681 0.042 <0.001 0.555 0.614 0.056 <0.001 0.475 0.651 0.037 <0.001 0.500 

Living with Partner (Yes) -0.355 0.266 0.182 -0.098 0.269 0.162 0.096 0.075 0.340 0.166 0.041 0.108 0.354 0.097 <0.001 0.113 

Amygdala GMV 0.366 0.248 0.141 0.056 0.028 0.161 0.864 0.004 -0.038 0.259 0.883 -0.005 -0.158 0.161 0.327 -0.019 

vmPFC/OFC GMV -0.009 0.067 0.898 -0.005 -0.072 0.046 0.117 -0.037 -0.001 0.066 0.988 <0.001 0.021 0.045 0.632 0.009 
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Weighted-mean FA UF 0.129 0.247 0.602 0.023 0.439 0.253 0.083 0.062 -0.243 0.263 0.356 -0.037 0.126 0.186 0.498 0.018 

Weighted-mean MD UF left 0.200 0.111 0.070 0.064 0.278 0.100 0.006 0.078 -0.140 0.125 0.264 -0.040 0.023 0.090 0.801 0.006 

Weighted-mean MD UF right -0.171 0.163 0.294 -0.042 -0.012 0.124 0.922 -0.003 0.128 0.140 0.362 0.030 0.109 0.089 0.222 0.026 

Amygdala GMV ~                 

Normalised WBV 0.460 0.062 <0.001 0.143 0.504 0.039 <0.001 0.163 0.520 0.051 <0.001 0.196 0.596 0.034 <0.001 0.223 

Age (Years) -0.013 0.001 <0.001 -0.318 -0.011 0.001 <0.001 -0.283 -0.009 0.001 <0.001 -0.254 -0.007 <0.001 <0.001 -0.194 

Total Stress in Last 2 Years 0.013 0.006 0.031 0.039 <0.001 0.004 0.955 0.001 0.002 0.005 0.632 0.009 -0.005 0.003 0.142 -0.017 

Poor/Fair Health (Yes) -0.030 0.011 0.006 -0.051 -0.032 0.007 <0.001 -0.057 -0.036 0.010 <0.001 -0.069 -0.027 0.006 <0.001 -0.051 

Seen GP Anxiety Depression (Yes) -0.002 0.010 0.841 -0.004 -0.002 0.006 0.792 -0.003 0.002 0.007 0.807 0.005 <0.001 0.005 0.952 -0.001 

Degree Education (Yes) 0.034 0.008 <0.001 0.082 0.037 0.005 <0.001 0.091 0.029 0.007 <0.001 0.083 0.025 0.004 <0.001 0.073 

Skilled Job (Yes) 0.016 0.013 0.235 0.032 0.030 0.008 <0.001 0.064 0.012 0.010 0.246 0.031 0.004 0.007 0.557 0.010 

Skilled Job (Unemployed or Retired) 0.033 0.016 0.044 0.057 0.050 0.010 <0.001 0.089 0.025 0.012 0.043 0.054 0.012 0.008 0.161 0.024 

Equivalised Income (10-20k) -0.011 0.009 0.228 -0.023 -0.010 0.006 0.098 -0.020 -0.004 0.008 0.619 -0.009 -0.016 0.005 0.003 -0.037 

Equivalised Income (20-30k) 0.004 0.008 0.627 0.009 0.009 0.005 0.073 0.021 0.008 0.007 0.202 0.022 0.009 0.004 0.053 0.023 

Equivalised Income (30k+) 0.027 0.009 0.003 0.055 0.019 0.006 0.001 0.040 0.019 0.008 0.017 0.040 0.013 0.006 0.017 0.028 

Equivalised Income (PNA/DNK) -0.012 0.014 0.399 -0.013 -0.013 0.010 0.176 -0.015 -0.004 0.008 0.626 -0.007 <0.001 0.006 0.985 <0.001 

Townsend Quintile 2 -0.002 0.010 0.875 -0.003 -0.008 0.006 0.206 -0.016 -0.010 0.008 0.213 -0.023 0.003 0.005 0.615 0.006 

Townsend Quintile 3 -0.015 0.012 0.212 -0.023 0.001 0.008 0.930 0.001 -0.017 0.010 0.089 -0.032 -0.001 0.006 0.937 -0.001 

Townsend Quintile 4 -0.003 0.015 0.852 -0.003 -0.005 0.009 0.581 -0.006 0.006 0.012 0.584 0.010 -0.003 0.008 0.713 -0.004 

Townsend Quintile 5 0.001 0.023 0.952 0.001 -0.015 0.016 0.367 -0.010 -0.032 0.019 0.096 -0.029 -0.027 0.016 0.097 -0.021 

Employment Status (Retired) -0.027 0.039 0.487 -0.053 0.015 0.025 0.551 0.030 0.001 0.020 0.952 0.003 0.006 0.015 0.675 0.014 

Employment Status (Employed) -0.040 0.040 0.311 -0.078 0.013 0.026 0.615 0.025 0.009 0.021 0.663 0.020 0.011 0.016 0.483 0.023 

Frequency of Visits 0.001 0.003 0.840 0.004 -0.001 0.002 0.581 -0.007 0.006 0.003 0.039 0.037 -0.001 0.002 0.781 -0.003 

Total Activities 0.004 0.004 0.400 0.016 <0.001 0.003 0.880 -0.002 0.007 0.003 0.029 0.039 0.007 0.002 0.002 0.036 

Living with Others (Yes) -0.048 0.029 0.097 -0.083 0.028 0.020 0.167 0.049 -0.006 0.017 0.734 -0.015 -0.003 0.012 0.816 -0.007 

Able to Confide -0.014 0.005 0.006 -0.071 -0.001 0.003 0.803 -0.004 0.004 0.004 0.277 0.024 0.003 0.003 0.307 0.015 

Family Satisfaction -0.001 0.006 0.835 -0.006 0.010 0.004 0.007 0.050 -0.002 0.005 0.737 -0.009 -0.007 0.003 0.014 -0.040 

Friend Satisfaction -0.021 0.006 <0.001 -0.109 -0.015 0.004 <0.001 -0.080 -0.006 0.005 0.215 -0.036 -0.002 0.003 0.527 -0.011 

Loneliness (Yes) -0.031 0.008 <0.001 -0.161 -0.006 0.005 0.240 -0.034 0.006 0.006 0.336 0.037 -0.001 0.004 0.801 -0.006 

Living with Partner (Yes) 0.053 0.027 0.054 0.095 -0.018 0.019 0.343 -0.033 0.024 0.017 0.147 0.064 0.019 0.011 0.080 0.049 

vmPFC/OFC GMV ~                 

Normalised WBV 2.031 0.225 <0.001 0.181 2.039 0.140 <0.001 0.194 1.857 0.190 <0.001 0.195 2.261 0.132 <0.001 0.234 

Age (Years) -0.035 0.003 <0.001 -0.240 -0.025 0.002 <0.001 -0.181 -0.020 0.003 <0.001 -0.159 -0.021 0.002 <0.001 -0.165 

Total Stress in Last 2 Years <0.001 0.022 0.995 <0.001 0.014 0.014 0.308 0.013 0.037 0.018 0.040 0.039 -0.010 0.012 0.394 -0.010 

Poor/Fair Health (Yes) -0.109 0.039 0.005 -0.054 -0.127 0.024 <0.001 -0.067 -0.036 0.035 0.309 -0.019 -0.078 0.023 0.001 -0.041 

Seen GP Anxiety Depression (Yes) <0.001 0.035 0.993 <0.001 -0.009 0.023 0.703 -0.005 0.036 0.026 0.164 0.027 -0.008 0.017 0.660 -0.006 
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Degree Education (Yes) 0.112 0.028 <0.001 0.077 0.069 0.017 <0.001 0.050 0.078 0.024 0.001 0.062 0.076 0.016 <0.001 0.060 

Skilled Job (Yes) 0.039 0.047 0.403 0.023 0.051 0.031 0.097 0.032 0.080 0.040 0.044 0.057 0.008 0.025 0.761 0.005 

Skilled Job (Unemployed or Retired) -0.027 0.057 0.638 -0.013 0.072 0.037 0.053 0.037 0.080 0.047 0.093 0.048 -0.027 0.031 0.393 -0.015 

Equivalised Income (10-20k) -0.037 0.032 0.240 -0.022 -0.052 0.020 0.011 -0.033 -0.046 0.030 0.121 -0.030 -0.020 0.019 0.295 -0.013 

Equivalised Income (20-30k) 0.022 0.028 0.437 0.014 0.015 0.017 0.387 0.010 0.011 0.025 0.641 0.008 0.041 0.017 0.014 0.029 

Equivalised Income (30k+) 0.067 0.033 0.044 0.038 0.069 0.020 0.001 0.042 0.089 0.030 0.003 0.052 0.029 0.020 0.152 0.017 

Equivalised Income (PNA/DNK) -0.094 0.055 0.087 -0.030 -0.011 0.035 0.762 -0.004 0.021 0.030 0.476 0.012 -0.040 0.022 0.062 -0.021 

Townsend Quintile 2 -0.031 0.034 0.360 -0.018 0.010 0.021 0.643 0.006 -0.013 0.028 0.652 -0.009 0.013 0.019 0.492 0.009 

Townsend Quintile 3 -0.011 0.043 0.797 -0.005 -0.010 0.028 0.710 -0.005 0.001 0.036 0.984 <0.001 <0.001 0.023 0.987 <0.001 

Townsend Quintile 4 -0.134 0.055 0.014 -0.048 -0.126 0.032 <0.001 -0.049 -0.013 0.045 0.769 -0.006 -0.010 0.028 0.735 -0.004 

Townsend Quintile 5 -0.047 0.093 0.614 -0.009 -0.121 0.063 0.054 -0.025 -0.116 0.074 0.119 -0.029 -0.035 0.055 0.525 -0.007 

Employment Status (Retired) -0.149 0.118 0.207 -0.084 0.123 0.084 0.143 0.072 -0.076 0.067 0.254 -0.048 -0.108 0.052 0.038 -0.066 

Employment Status (Employed) -0.246 0.121 0.043 -0.135 0.119 0.086 0.164 0.069 -0.013 0.073 0.860 -0.008 -0.088 0.055 0.112 -0.051 

Frequency of Visits 0.021 0.012 0.087 0.032 0.007 0.008 0.347 0.012 0.021 0.012 0.075 0.034 0.021 0.008 0.007 0.034 

Total Activities -0.003 0.015 0.821 -0.004 -0.013 0.010 0.178 -0.017 0.033 0.012 0.006 0.050 0.021 0.008 0.009 0.031 

Living with Others (Yes) -0.032 0.084 0.704 -0.016 0.062 0.067 0.357 0.032 -0.043 0.067 0.517 -0.030 0.021 0.041 0.602 0.015 

Able to Confide -0.030 0.019 0.109 -0.043 0.010 0.011 0.367 0.015 -0.006 0.013 0.653 -0.010 -0.002 0.010 0.861 -0.003 

Family Satisfaction -0.013 0.019 0.504 -0.019 0.005 0.013 0.666 0.008 0.016 0.017 0.341 0.027 -0.004 0.010 0.697 -0.007 

Friend Satisfaction -0.070 0.023 0.002 -0.101 -0.029 0.013 0.027 -0.044 -0.048 0.018 0.007 -0.081 -0.009 0.011 0.397 -0.015 

Loneliness (Yes) -0.060 0.032 0.060 -0.090 0.007 0.020 0.708 0.012 0.009 0.020 0.664 0.015 0.025 0.014 0.074 0.044 

Living with Partner (Yes) 0.113 0.079 0.154 0.058 0.013 0.062 0.840 0.007 0.072 0.064 0.260 0.052 0.020 0.039 0.603 0.015 

Weighted-mean FA UF ~                 

Normalised WBV 0.274 0.073 <0.001 0.075 0.226 0.041 <0.001 0.077 0.341 0.067 <0.001 0.102 0.353 0.042 <0.001 0.111 

Age (Years) -0.009 0.001 <0.001 -0.201 -0.007 0.001 <0.001 -0.197 -0.010 0.001 <0.001 -0.219 -0.008 0.001 <0.001 -0.193 

Total Stress in Last 2 Years -0.007 0.007 0.341 -0.018 0.004 0.004 0.287 0.014 -0.004 0.006 0.493 -0.013 0.004 0.004 0.300 0.013 

Poor/Fair Health (Yes) -0.009 0.012 0.438 -0.014 -0.017 0.007 0.020 -0.031 -0.024 0.013 0.068 -0.036 -0.017 0.008 0.033 -0.027 

Seen GP Anxiety Depression (Yes) 0.004 0.012 0.705 0.008 -0.006 0.007 0.388 -0.012 -0.007 0.010 0.469 -0.015 -0.009 0.006 0.134 -0.020 

Degree Education (Yes) 0.013 0.009 0.148 0.028 0.009 0.005 0.081 0.023 0.008 0.009 0.363 0.018 0.023 0.006 <0.001 0.055 

Skilled Job (Yes) -0.009 0.016 0.597 -0.015 0.014 0.009 0.123 0.032 0.008 0.014 0.563 0.017 0.007 0.009 0.396 0.015 

Skilled Job (Unemployed or Retired) -0.002 0.020 0.921 -0.003 0.008 0.011 0.462 0.015 0.009 0.017 0.615 0.015 -0.014 0.011 0.202 -0.024 

Equivalised Income (10-20k) -0.008 0.011 0.443 -0.015 -0.002 0.006 0.738 -0.005 0.006 0.010 0.584 0.01 -0.005 0.007 0.427 -0.010 

Equivalised Income (20-30k) 0.014 0.010 0.150 0.027 <0.001 0.005 0.979 <0.001 0.003 0.009 0.732 0.006 0.001 0.006 0.866 0.002 

Equivalised Income (30k+) -0.006 0.011 0.554 -0.011 0.005 0.006 0.446 0.010 0.002 0.011 0.892 0.003 0.003 0.007 0.635 0.006 

Equivalised Income (PNA/DNK) 0.006 0.019 0.732 0.006 0.004 0.011 0.695 0.005 -0.018 0.012 0.132 -0.028 0.010 0.008 0.187 0.016 

Townsend Quintile 2 -0.003 0.011 0.809 -0.005 -0.006 0.006 0.368 -0.012 -0.003 0.010 0.737 -0.007 0.001 0.006 0.860 0.002 

Townsend Quintile 3 -0.011 0.014 0.409 -0.015 0.006 0.008 0.467 0.010 -0.006 0.013 0.645 -0.009 -0.002 0.008 0.823 -0.003 



275 

 

Townsend Quintile 4 -0.019 0.017 0.267 -0.021 -0.006 0.010 0.568 -0.008 -0.006 0.015 0.687 -0.008 0.002 0.010 0.854 0.002 

Townsend Quintile 5 -0.012 0.028 0.664 -0.007 -0.003 0.019 0.888 -0.002 -0.008 0.025 0.757 -0.006 0.008 0.019 0.688 0.005 

Employment Status (Retired) -0.028 0.040 0.478 -0.049 -0.011 0.025 0.645 -0.024 0.021 0.028 0.447 0.038 -0.008 0.018 0.673 -0.014 

Employment Status (Employed) -0.018 0.041 0.660 -0.030 -0.001 0.026 0.972 -0.002 0.034 0.029 0.250 0.057 -0.005 0.019 0.806 -0.008 

Frequency of Visits 0.002 0.004 0.563 0.012 -0.004 0.002 0.080 -0.023 -0.003 0.004 0.489 -0.013 -0.002 0.003 0.478 -0.009 

Total Activities -0.007 0.005 0.172 -0.027 0.002 0.003 0.536 0.008 -0.002 0.005 0.665 -0.008 -0.001 0.003 0.823 -0.003 

Living with Others (Yes) 0.012 0.035 0.718 0.019 0.024 0.018 0.180 0.045 -0.031 0.025 0.207 -0.062 0.017 0.015 0.244 0.036 

Able to Confide -0.006 0.006 0.285 -0.028 -0.003 0.003 0.380 -0.016 0.007 0.005 0.186 0.032 -0.003 0.003 0.396 -0.014 

Family Satisfaction 0.002 0.006 0.774 0.008 0.004 0.004 0.279 0.023 0.006 0.006 0.317 0.03 -0.001 0.004 0.756 -0.005 

Friend Satisfaction 0.011 0.007 0.129 0.049 <0.001 0.004 0.914 -0.002 0.008 0.006 0.228 0.038 0.002 0.004 0.658 0.008 

Loneliness (Yes) 0.011 0.011 0.276 0.053 0.006 0.006 0.286 0.036 0.009 0.008 0.283 0.045 0.010 0.005 0.041 0.051 

Living with Partner (Yes) 0.004 0.033 0.901 0.006 -0.007 0.017 0.674 -0.014 0.033 0.023 0.160 0.068 -0.003 0.014 0.835 -0.006 

Weighted-mean MD UF left ~                 

Normalised WBV -0.463 0.139 0.001 -0.069 -0.429 0.071 <0.001 -0.074 -0.328 0.121 0.007 -0.053 -0.463 0.076 <0.001 -0.076 

Age (Years) 0.020 0.002 <0.001 0.236 0.019 0.001 <0.001 0.258 0.023 0.002 <0.001 0.272 0.020 0.001 <0.001 0.247 

Total Stress in Last 2 Years 0.013 0.013 0.323 0.019 -0.010 0.007 0.183 -0.016 -0.003 0.011 0.805 -0.004 <0.001 0.007 0.969 <0.001 

Poor/Fair Health (Yes) 0.055 0.023 0.018 0.046 0.043 0.012 <0.001 0.041 0.060 0.022 0.006 0.049 0.041 0.014 0.004 0.034 

Seen GP Anxiety Depression (Yes) -0.012 0.023 0.600 -0.011 0.008 0.011 0.472 0.009 -0.011 0.017 0.516 -0.013 0.002 0.010 0.814 0.003 

Degree Education (Yes) -0.025 0.018 0.163 -0.028 -0.013 0.009 0.141 -0.017 -0.006 0.016 0.704 -0.007 -0.025 0.010 0.011 -0.031 

Skilled Job (Yes) -0.006 0.029 0.842 -0.006 -0.020 0.016 0.206 -0.023 -0.002 0.025 0.950 -0.002 0.004 0.016 0.830 0.004 

Skilled Job (Unemployed or Retired) -0.064 0.036 0.078 -0.053 -0.045 0.020 0.023 -0.042 -0.033 0.031 0.281 -0.031 -0.015 0.020 0.472 -0.013 

Equivalised Income (10-20k) -0.001 0.019 0.975 -0.001 0.009 0.010 0.363 0.011 -0.004 0.010 0.723 -0.004 0.010 0.011 0.339 0.011 

Equivalised Income (20-30k) -0.014 0.017 0.422 -0.015 -0.005 0.009 0.542 -0.007 -0.014 0.015 0.352 -0.015 0.013 0.009 0.135 0.015 

Equivalised Income (30k+) -0.035 0.019 0.070 -0.033 -0.019 0.011 0.074 -0.021 0.002 0.018 0.931 0.001 -0.013 0.013 0.315 -0.012 

Equivalised Income (PNA/DNK) 0.049 0.026 0.064 0.026 0.014 0.018 0.422 0.009 0.047 0.018 0.009 0.039 -0.015 0.014 0.254 -0.013 

Townsend Quintile 2 -0.002 0.021 0.943 -0.001 0.015 0.011 0.165 0.016 0.014 0.018 0.444 0.014 0.014 0.012 0.242 0.014 

Townsend Quintile 3 0.011 0.028 0.698 0.008 0.005 0.014 0.718 0.004 -0.007 0.023 0.769 -0.006 0.011 0.015 0.451 0.009 

Townsend Quintile 4 0.026 0.033 0.424 0.016 -0.020 0.018 0.254 -0.014 0.020 0.027 0.456 0.013 0.006 0.019 0.759 0.004 

Townsend Quintile 5 0.007 0.052 0.894 0.002 -0.002 0.033 0.957 -0.001 -0.024 0.043 0.569 -0.009 -0.040 0.038 0.292 -0.013 

Employment Status (Retired) 0.057 0.074 0.443 0.054 -0.026 0.045 0.562 -0.028 -0.062 0.055 0.262 -0.059 -0.001 0.036 0.982 -0.001 

Employment Status (Employed) 0.024 0.077 0.757 0.022 -0.040 0.046 0.386 -0.042 -0.063 0.058 0.282 -0.056 -0.001 0.038 0.971 -0.001 

Frequency of Visits -0.003 0.006 0.584 -0.009 0.004 0.004 0.373 0.010 0.004 0.006 0.482 0.01 -0.004 0.004 0.428 -0.009 

Total Activities -0.004 0.010 0.685 -0.008 -0.005 0.005 0.290 -0.012 0.005 0.008 0.519 0.011 -0.008 0.005 0.122 -0.018 

Living with Others (Yes) -0.078 0.046 0.092 -0.065 -0.064 0.031 0.040 -0.060 -0.031 0.030 0.301 -0.033 -0.003 0.019 0.856 -0.004 

Able to Confide -0.006 0.008 0.493 -0.013 <0.001 0.006 0.978 <0.001 -0.009 0.007 0.191 -0.023 0.002 0.005 0.733 0.004 

Family Satisfaction -0.025 0.008 0.001 -0.061 -0.008 0.007 0.210 -0.023 -0.002 0.010 0.814 -0.006 0.001 0.005 0.859 0.002 
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Friend Satisfaction -0.003 0.012 0.793 -0.007 -0.003 0.007 0.679 -0.007 -0.001 0.009 0.878 -0.004 0.002 0.005 0.659 0.006 

Loneliness (Yes) -0.030 0.020 0.137 -0.075 -0.028 0.010 0.007 -0.081 0.007 0.014 0.617 0.019 -0.011 0.003 0.001 -0.030 

Living with Partner (Yes) 0.019 0.045 0.664 0.017 0.033 0.030 0.271 0.033 0.014 0.029 0.626 0.016 0.001 0.018 0.959 0.001 

Weighted-mean MD UF right ~                 

Normalised WBV -0.469 0.091 <0.001 -0.091 -0.481 0.061 <0.001 -0.092 -0.528 0.089 <0.001 -0.103 -0.408 0.061 <0.001 -0.079 

Age (Years) 0.019 0.001 <0.001 0.291 0.018 0.001 <0.001 0.272 0.017 0.001 <0.001 0.246 0.018 0.001 <0.001 0.266 

Total Stress in Last 2 Years <0.001 0.009 0.976 0.001 0.001 0.006 0.931 0.001 -0.002 0.009 0.854 -0.003 0.003 0.006 0.640 0.005 

Poor/Fair Health (Yes) 0.011 0.016 0.471 0.012 0.032 0.011 0.003 0.033 0.061 0.016 <0.001 0.061 0.015 0.011 0.184 0.015 

Seen GP Anxiety Depression (Yes) -0.006 0.015 0.695 -0.007 0.008 0.010 0.458 0.009 -0.004 0.013 0.744 -0.006 0.003 0.008 0.711 0.004 

Degree Education (Yes) -0.011 0.012 0.361 -0.016 -0.010 0.008 0.202 -0.015 -0.006 0.012 0.624 -0.009 -0.007 0.008 0.344 -0.011 

Skilled Job (Yes) 0.010 0.020 0.632 0.012 -0.013 0.014 0.359 -0.017 -0.016 0.019 0.387 -0.021 -0.008 0.013 0.544 -0.010 

Skilled Job (Unemployed or Retired) 0.018 0.024 0.468 0.019 0.011 0.017 0.542 0.011 -0.010 0.023 0.657 -0.011 0.002 0.015 0.884 0.002 

Equivalised Income (10-20k) -0.005 0.013 0.711 -0.006 0.001 0.009 0.904 0.001 -0.027 0.015 0.062 -0.033 0.004 0.009 0.688 0.005 

Equivalised Income (20-30k) -0.007 0.012 0.572 -0.010 -0.002 0.008 0.828 -0.002 -0.001 0.012 0.959 -0.001 0.006 0.008 0.438 0.009 

Equivalised Income (30k+) -0.008 0.014 0.546 -0.010 -0.002 0.009 0.871 -0.002 0.007 0.015 0.627 0.008 0.004 0.009 0.666 0.005 

Equivalised Income (PNA/DNK) 0.034 0.023 0.136 0.024 <0.001 0.016 0.998 <0.001 0.041 0.016 0.010 0.042 -0.006 0.011 0.593 -0.006 

Townsend Quintile 2 0.012 0.014 0.400 0.015 0.014 0.010 0.138 0.017 0.011 0.014 0.413 0.014 0.008 0.009 0.385 0.010 

Townsend Quintile 3 0.017 0.017 0.331 0.016 0.007 0.013 0.589 0.006 0.015 0.018 0.384 0.015 0.003 0.012 0.773 0.003 

Townsend Quintile 4 0.019 0.021 0.377 0.015 -0.010 0.016 0.545 -0.007 0.011 0.023 0.638 0.009 0.005 0.014 0.726 0.004 

Townsend Quintile 5 0.018 0.036 0.625 0.007 0.002 0.029 0.942 0.001 0.034 0.033 0.299 0.016 0.010 0.025 0.694 0.004 

Employment Status (Retired) 0.030 0.056 0.584 0.037 0.038 0.040 0.341 0.045 0.018 0.046 0.696 0.021 0.004 0.026 0.877 0.005 

Employment Status (Employed) 0.009 0.057 0.878 0.010 0.017 0.041 0.686 0.019 <0.001 0.048 1.000 <0.001 0.006 0.028 0.830 0.007 

Frequency of Visits -0.007 0.005 0.169 -0.024 0.002 0.004 0.584 0.006 -0.007 0.005 0.221 -0.020 -0.002 0.004 0.607 -0.006 

Total Activities -0.004 0.006 0.542 -0.010 -0.005 0.004 0.264 -0.013 0.008 0.006 0.168 0.022 -0.003 0.004 0.395 -0.009 

Living with Others (Yes) -0.025 0.041 0.541 -0.027 -0.042 0.026 0.111 -0.044 -0.035 0.030 0.246 -0.045 -0.016 0.021 0.450 -0.021 

Able to Confide <0.001 0.008 0.956 -0.001 0.003 0.005 0.532 0.010 0.004 0.007 0.610 0.011 -0.003 0.005 0.555 -0.008 

Family Satisfaction -0.016 0.008 0.045 -0.050 -0.006 0.006 0.348 -0.017 <0.001 0.009 0.999 <0.001 -0.004 0.005 0.431 -0.013 

Friend Satisfaction 0.011 0.009 0.238 0.034 -0.001 0.006 0.797 -0.005 -0.005 0.009 0.538 -0.017 0.003 0.006 0.610 0.009 

Loneliness (Yes) 0.007 0.013 0.584 0.024 -0.016 0.009 0.090 -0.051 0.014 0.011 0.207 0.046 -0.006 0.007 0.375 -0.020 

Living with Partner (Yes) 0.005 0.039 0.892 0.006 0.025 0.026 0.323 0.028 0.024 0.028 0.401 0.032 0.006 0.020 0.748 0.009 

Family Satisfaction ~                 

Age (Years) 0.011 0.004 0.015 0.053 0.005 0.003 0.083 0.024 <0.001 0.005 0.929 0.002 0.001 0.003 0.749 0.005 

Total Stress in Last 2 Years -0.044 0.031 0.154 -0.026 -0.071 0.021 0.001 -0.041 -0.015 0.029 0.601 -0.010 -0.032 0.019 0.092 -0.020 

Poor/Fair Health (Yes) -0.340 0.054 <0.001 -0.117 -0.353 0.036 <0.001 -0.120 -0.476 0.055 <0.001 -0.150 -0.400 0.035 <0.001 -0.129 

Seen GP Anxiety Depression (Yes) -0.243 0.047 <0.001 -0.095 -0.248 0.031 <0.001 -0.095 -0.300 0.041 <0.001 -0.133 -0.270 0.026 <0.001 -0.122 

Degree Education (Yes) -0.036 0.040 0.367 -0.017 -0.141 0.026 <0.001 -0.067 -0.073 0.041 0.075 -0.035 -0.111 0.026 <0.001 -0.053 
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Skilled Job (Yes) 0.008 0.067 0.899 0.003 -0.035 0.047 0.462 -0.014 -0.104 0.063 0.098 -0.044 -0.018 0.042 0.673 -0.007 

Skilled Job (Unemployed or Retired) -0.029 0.082 0.720 -0.010 0.036 0.056 0.521 0.012 -0.027 0.076 0.719 -0.010 -0.049 0.051 0.340 -0.017 

Equivalised Income (10-20k) 0.031 0.048 0.520 0.013 -0.062 0.034 0.067 -0.025 -0.057 0.050 0.256 -0.022 0.028 0.033 0.391 0.011 

Equivalised Income (20-30k) -0.060 0.041 0.144 -0.027 0.024 0.028 0.390 0.011 0.073 0.042 0.082 0.032 -0.001 0.028 0.970 <0.001 

Equivalised Income (30k+) 0.040 0.048 0.410 0.016 0.056 0.032 0.081 0.022 0.004 0.053 0.947 0.001 0.088 0.034 0.009 0.032 

Equivalised Income (PNA/DNK) 0.021 0.080 0.792 0.005 0.174 0.055 0.002 0.038 0.020 0.055 0.724 0.006 -0.029 0.037 0.424 -0.009 

Townsend Quintile 2 -0.002 0.049 0.969 -0.001 -0.018 0.033 0.577 -0.007 -0.022 0.049 0.648 -0.009 0.007 0.031 0.817 0.003 

Townsend Quintile 3 -0.011 0.065 0.872 -0.003 -0.060 0.042 0.150 -0.018 -0.144 0.059 0.014 -0.046 0.004 0.040 0.924 0.001 

Townsend Quintile 4 -0.032 0.074 0.666 -0.008 -0.082 0.050 0.101 -0.021 -0.026 0.075 0.729 -0.007 -0.052 0.048 0.280 -0.013 

Townsend Quintile 5 -0.397 0.147 0.007 -0.054 -0.245 0.092 0.008 -0.033 -0.145 0.134 0.280 -0.021 -0.172 0.083 0.038 -0.022 

Employment Status (Retired) 0.237 0.163 0.145 0.093 0.300 0.115 0.009 0.115 -0.067 0.108 0.536 -0.025 0.147 0.086 0.088 0.054 

Employment Status (Employed) 0.295 0.168 0.079 0.112 0.287 0.118 0.015 0.108 0.065 0.118 0.584 0.022 0.089 0.091 0.330 0.031 

Frequency of Visits 0.152 0.017 <0.001 0.160 0.135 0.011 <0.001 0.140 0.182 0.019 <0.001 0.180 0.145 0.012 <0.001 0.144 

Total Activities -0.036 0.023 0.119 -0.031 0.017 0.015 0.253 0.014 -0.019 0.020 0.342 -0.017 -0.025 0.013 0.057 -0.023 

Living with Others (Yes) -0.079 0.164 0.631 -0.027 0.162 0.097 0.095 0.055 0.013 0.109 0.902 0.006 0.052 0.073 0.475 0.022 

Living with Partner (Yes) 0.452 0.156 0.004 0.161 0.315 0.092 0.001 0.112 0.201 0.103 0.052 0.087 0.186 0.068 0.007 0.082 

Friend Satisfaction ~                 

Age (Years) 0.012 0.005 0.013 0.055 0.005 0.003 0.101 0.024 0.009 0.005 0.052 0.044 0.005 0.003 0.139 0.022 

Total Stress in Last 2 Years -0.024 0.033 0.465 -0.014 -0.026 0.020 0.205 -0.015 0.012 0.030 0.677 0.008 -0.005 0.019 0.780 -0.003 

Poor/Fair Health (Yes) -0.356 0.053 <0.001 -0.122 -0.400 0.037 <0.001 -0.135 -0.483 0.055 <0.001 -0.152 -0.394 0.036 <0.001 -0.127 

Seen GP Anxiety Depression (Yes) -0.179 0.047 <0.001 -0.070 -0.294 0.032 <0.001 -0.112 -0.192 0.042 <0.001 -0.084 -0.206 0.027 <0.001 -0.093 

Degree Education (Yes) -0.207 0.041 <0.001 -0.098 -0.262 0.027 <0.001 -0.124 -0.072 0.042 0.084 -0.034 -0.113 0.027 <0.001 -0.054 

Skilled Job (Yes) 0.016 0.071 0.817 0.007 -0.044 0.047 0.347 -0.018 -0.105 0.068 0.126 -0.044 -0.031 0.045 0.488 -0.013 

Skilled Job (Unemployed or Retired) 0.047 0.086 0.583 0.016 -0.029 0.057 0.613 -0.010 -0.113 0.081 0.164 -0.040 -0.027 0.054 0.613 -0.010 

Equivalised Income (10-20k) 0.054 0.047 0.255 0.022 -0.020 0.032 0.524 -0.008 -0.029 0.050 0.568 -0.011 0.002 0.033 0.950 0.001 

Equivalised Income (20-30k) -0.007 0.043 0.863 -0.003 -0.014 0.028 0.629 -0.006 0.025 0.043 0.558 0.011 0.021 0.028 0.463 0.009 

Equivalised Income (30k+) 0.008 0.050 0.872 0.003 0.014 0.032 0.654 0.006 -0.031 0.054 0.568 -0.011 0.029 0.035 0.400 0.011 

Equivalised Income (PNA/DNK) 0.109 0.086 0.206 0.024 0.153 0.058 0.009 0.033 0.057 0.057 0.318 0.019 -0.023 0.039 0.559 -0.007 

Townsend Quintile 2 0.044 0.051 0.387 0.017 0.028 0.033 0.405 0.011 0.032 0.050 0.521 0.013 -0.005 0.032 0.875 -0.002 

Townsend Quintile 3 -0.029 0.062 0.640 -0.009 -0.033 0.041 0.426 -0.010 0.003 0.061 0.965 0.001 -0.042 0.040 0.294 -0.014 

Townsend Quintile 4 0.086 0.081 0.288 0.021 -0.077 0.053 0.150 -0.019 -0.074 0.074 0.315 -0.019 -0.061 0.048 0.206 -0.016 

Townsend Quintile 5 -0.174 0.147 0.236 -0.023 -0.124 0.088 0.156 -0.016 -0.159 0.119 0.181 -0.023 -0.105 0.088 0.233 -0.014 

Employment Status (Retired) 0.146 0.161 0.364 0.057 0.148 0.121 0.220 0.056 -0.036 0.114 0.755 -0.013 0.088 0.087 0.313 0.033 

Employment Status (Employed) 0.165 0.168 0.328 0.062 0.174 0.124 0.161 0.065 0.089 0.125 0.477 0.031 0.088 0.092 0.343 0.031 

Frequency of Visits 0.200 0.018 <0.001 0.209 0.185 0.012 <0.001 0.191 0.222 0.020 <0.001 0.218 0.195 0.012 <0.001 0.194 

Total Activities 0.111 0.023 <0.001 0.092 0.103 0.015 <0.001 0.085 0.057 0.022 0.008 0.051 0.027 0.014 0.052 0.024 
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Living with Others (Yes) -0.090 0.151 0.552 -0.030 0.061 0.093 0.513 0.020 0.049 0.107 0.648 0.020 0.057 0.070 0.417 0.024 

Living with Partner (Yes) 0.066 0.144 0.647 0.023 0.026 0.088 0.766 0.009 -0.124 0.103 0.228 -0.053 -0.023 0.066 0.733 -0.010 

Able to Confide ~                  

Age (Years) <0.001 0.005 0.921 -0.002 -0.003 0.003 0.285 -0.016 -0.007 0.005 0.193 -0.031 -0.016 0.003 <0.001 -0.075 

Total Stress in Last 2 Years 0.029 0.034 0.401 0.017 0.043 0.023 0.058 0.025 0.023 0.030 0.439 0.015 0.022 0.020 0.266 0.014 

Poor/Fair Health (Yes) -0.201 0.056 <0.001 -0.069 -0.194 0.037 <0.001 -0.066 -0.121 0.060 0.044 -0.038 -0.176 0.038 <0.001 -0.057 

Seen GP Anxiety Depression (Yes) 0.014 0.052 0.781 0.006 -0.018 0.034 0.605 -0.007 -0.048 0.043 0.263 -0.022 -0.111 0.028 <0.001 -0.050 

Degree Education (Yes) 0.071 0.042 0.095 0.034 0.086 0.028 0.002 0.041 0.099 0.043 0.020 0.047 0.033 0.027 0.215 0.016 

Skilled Job (Yes) -0.013 0.073 0.862 -0.005 0.025 0.048 0.607 0.010 0.094 0.066 0.153 0.040 -0.043 0.044 0.330 -0.018 

Skilled Job (Unemployed or Retired) 0.036 0.088 0.680 0.012 0.071 0.059 0.226 0.024 -0.042 0.078 0.593 -0.015 0.043 0.053 0.423 0.015 

Equivalised Income (10-20k) -0.044 0.053 0.410 -0.018 -0.079 0.039 0.042 -0.033 -0.048 0.058 0.412 -0.019 0.009 0.038 0.810 0.004 

Equivalised Income (20-30k) 0.006 0.043 0.889 0.003 0.032 0.029 0.271 0.014 0.036 0.044 0.416 0.016 0.057 0.029 0.048 0.025 

Equivalised Income (30k+) -0.018 0.052 0.728 -0.007 0.035 0.035 0.318 0.014 0.076 0.056 0.174 0.026 0.027 0.034 0.434 0.010 

Equivalised Income (PNA/DNK) 0.125 0.085 0.142 0.028 0.157 0.056 0.005 0.034 -0.038 0.056 0.505 -0.012 -0.037 0.038 0.334 -0.012 

Townsend Quintile 2 0.051 0.053 0.335 0.020 0.061 0.035 0.078 0.024 -0.037 0.050 0.456 -0.015 -0.032 0.033 0.324 -0.013 

Townsend Quintile 3 -0.021 0.067 0.754 -0.006 0.087 0.045 0.051 0.027 -0.032 0.063 0.613 -0.010 -0.021 0.041 0.617 -0.007 

Townsend Quintile 4 0.085 0.085 0.318 0.021 0.020 0.053 0.710 0.005 0.054 0.082 0.509 0.014 0.019 0.052 0.716 0.005 

Townsend Quintile 5 -0.007 0.156 0.962 -0.001 0.100 0.099 0.315 0.013 0.097 0.132 0.460 0.014 -0.066 0.097 0.494 -0.009 

Employment Status (Retired) 0.151 0.193 0.435 0.059 0.090 0.133 0.499 0.035 -0.268 0.127 0.035 -0.100 0.134 0.096 0.163 0.049 

Employment Status (Employed) 0.099 0.199 0.618 0.038 -0.014 0.136 0.919 -0.005 -0.213 0.136 0.119 -0.075 0.134 0.101 0.186 0.047 

Frequency of Visits 0.122 0.018 <0.001 0.129 0.106 0.012 <0.001 0.110 0.166 0.019 <0.001 0.165 0.164 0.012 <0.001 0.162 

Total Activities -0.023 0.024 0.332 -0.020 0.011 0.016 0.505 0.009 -0.021 0.022 0.328 -0.019 0.037 0.014 0.010 0.032 

Living with Others (Yes) -0.095 0.193 0.623 -0.033 0.201 0.108 0.062 0.068 0.346 0.120 0.004 0.144 0.153 0.075 0.041 0.064 

Living with Partner (Yes) 0.721 0.183 <0.001 0.259 0.504 0.101 <0.001 0.181 0.223 0.113 0.049 0.097 0.348 0.070 <0.001 0.152 

Loneliness (Yes) ~                 

Age (Years) -0.010 0.009 0.236 -0.047 -0.006 0.005 0.264 -0.027 -0.013 0.007 0.074 -0.056 0.006 0.005 0.253 0.025 

Total Stress in Last 2 Years 0.111 0.052 0.032 0.064 0.137 0.034 <0.001 0.076 0.160 0.040 <0.001 0.096 0.126 0.028 <0.001 0.075 

Poor/Fair Health (Yes) 0.342 0.087 <0.001 0.113 0.430 0.057 <0.001 0.141 0.400 0.080 <0.001 0.120 0.376 0.051 <0.001 0.115 

Seen GP Anxiety Depression (Yes) 0.445 0.076 <0.001 0.168 0.538 0.050 <0.001 0.198 0.501 0.062 <0.001 0.211 0.518 0.039 <0.001 0.222 

Degree Education (Yes) 0.076 0.071 0.285 0.035 0.004 0.048 0.929 0.002 -0.216 0.064 0.001 -0.098 -0.159 0.040 <0.001 -0.072 

Skilled Job (Yes) -0.163 0.116 0.159 -0.065 -0.018 0.082 0.829 -0.007 0.031 0.103 0.762 0.013 0.010 0.065 0.872 0.004 

Skilled Job (Unemployed or Retired) -0.252 0.147 0.088 -0.083 0.014 0.100 0.888 0.005 0.102 0.123 0.406 0.035 0.026 0.079 0.746 0.008 

Equivalised Income (10-20k) 0.025 0.088 0.775 0.010 -0.024 0.059 0.690 -0.009 -0.017 0.084 0.842 -0.006 -0.030 0.055 0.579 -0.011 

Equivalised Income (20-30k) -0.067 0.071 0.346 -0.029 -0.023 0.049 0.633 -0.010 0.015 0.065 0.816 0.006 0.065 0.042 0.117 0.027 

Equivalised Income (30k+) 0.023 0.082 0.777 0.009 -0.038 0.057 0.502 -0.014 -0.039 0.081 0.627 -0.013 -0.088 0.052 0.087 -0.030 

Equivalised Income (PNA/DNK) -0.068 0.142 0.633 -0.014 0.093 0.094 0.322 0.020 -0.096 0.092 0.296 -0.030 -0.011 0.058 0.848 -0.003 
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Townsend Quintile 2 -0.041 0.087 0.640 -0.016 0.081 0.059 0.168 0.030 -0.100 0.076 0.188 -0.038 0.027 0.047 0.566 0.010 

Townsend Quintile 3 -0.012 0.111 0.917 -0.003 0.062 0.071 0.384 0.018 -0.004 0.092 0.965 -0.001 -0.054 0.060 0.371 -0.016 

Townsend Quintile 4 -0.271 0.143 0.058 -0.064 0.168 0.084 0.045 0.040 -0.118 0.120 0.323 -0.029 -0.046 0.074 0.531 -0.011 

Townsend Quintile 5 -0.073 0.235 0.757 -0.009 0.270 0.137 0.048 0.035 -0.252 0.182 0.168 -0.035 -0.314 0.151 0.038 -0.039 

Employment Status (Retired) -0.386 0.263 0.142 -0.145 -0.086 0.222 0.700 -0.031 -0.152 0.181 0.401 -0.054 -0.124 0.134 0.352 -0.044 

Employment Status (Employed) -0.356 0.274 0.194 -0.131 -0.019 0.227 0.933 -0.007 -0.201 0.197 0.307 -0.067 <0.001 0.140 0.998 <0.001 

Frequency of Visits -0.135 0.029 <0.001 -0.137 -0.107 0.021 <0.001 -0.106 -0.162 0.030 <0.001 -0.152 -0.146 0.018 <0.001 -0.137 

Total Activities -0.020 0.039 0.617 -0.016 0.008 0.027 0.760 0.007 -0.033 0.033 0.320 -0.028 0.005 0.021 0.807 0.004 

Living with Others (Yes) -0.424 0.197 0.031 -0.140 0.040 0.162 0.807 0.013 -0.164 0.158 0.298 -0.064 -0.149 0.101 0.142 -0.059 

Living with Partner (Yes) -0.328 0.189 0.083 -0.113 -0.740 0.155 <0.001 -0.253 -0.435 0.152 0.004 -0.179 -0.472 0.098 <0.001 -0.197 

Frequency of Visits ~                 

Age (Years) 0.006 0.005 0.175 0.028 0.001 0.003 0.741 0.004 -0.002 0.004 0.699 -0.008 0.004 0.003 0.214 0.017 

Total Stress in Last 2 Years 0.056 0.031 0.072 0.032 0.081 0.021 <0.001 0.045 0.055 0.027 0.045 0.035 0.075 0.018 <0.001 0.048 

Poor/Fair Health (Yes) -0.044 0.053 0.406 -0.014 -0.075 0.035 0.031 -0.025 -0.246 0.051 <0.001 -0.079 -0.120 0.034 <0.001 -0.039 

Seen GP Anxiety Depression (Yes) 0.005 0.048 0.913 0.002 -0.028 0.031 0.377 -0.010 -0.051 0.038 0.177 -0.023 -0.005 0.025 0.844 -0.002 

Degree Education (Yes) -0.060 0.040 0.133 -0.027 -0.075 0.026 0.004 -0.035 -0.117 0.038 0.002 -0.056 -0.013 0.024 0.594 -0.006 

Skilled Job (Yes) 0.095 0.065 0.142 0.037 -0.064 0.046 0.162 -0.025 0.040 0.058 0.493 0.017 -0.014 0.039 0.717 -0.006 

Skilled Job (Unemployed or Retired) 0.037 0.081 0.647 0.012 -0.100 0.055 0.070 -0.033 -0.059 0.070 0.406 -0.021 -0.072 0.048 0.133 -0.026 

Equivalised Income (10-20k) -0.050 0.044 0.254 -0.020 -0.052 0.029 0.078 -0.020 0.020 0.043 0.640 0.008 -0.023 0.028 0.413 -0.009 

Equivalised Income (20-30k) 0.047 0.042 0.263 0.020 0.072 0.027 0.008 0.031 -0.058 0.038 0.126 -0.026 0.048 0.025 0.061 0.021 

Equivalised Income (30k+) 0.093 0.049 0.058 0.035 0.037 0.031 0.232 0.014 0.056 0.050 0.269 0.020 -0.071 0.031 0.022 -0.026 

Equivalised Income (PNA/DNK) -0.037 0.076 0.630 -0.008 -0.040 0.052 0.443 -0.008 -0.152 0.050 0.002 -0.050 -0.102 0.034 0.003 -0.033 

Townsend Quintile 2 0.029 0.050 0.564 0.011 0.001 0.033 0.976 <0.001 0.039 0.045 0.390 0.016 0.001 0.029 0.976 <0.001 

Townsend Quintile 3 0.041 0.064 0.520 0.012 -0.012 0.040 0.754 -0.004 0.010 0.056 0.852 0.003 0.028 0.037 0.442 0.009 

Townsend Quintile 4 -0.202 0.069 0.004 -0.047 -0.020 0.046 0.662 -0.005 0.010 0.068 0.879 0.003 0.055 0.044 0.204 0.014 

Townsend Quintile 5 -0.087 0.125 0.488 -0.011 -0.025 0.088 0.772 -0.003 0.037 0.109 0.735 0.006 -0.252 0.080 0.002 -0.033 

Employment Status (Retired) 0.305 0.172 0.076 0.113 0.373 0.116 0.001 0.138 -0.242 0.111 0.029 -0.091 0.003 0.079 0.969 0.001 

Employment Status (Employed) 0.030 0.177 0.866 0.011 0.101 0.120 0.397 0.037 -0.558 0.119 <0.001 -0.197 -0.259 0.084 0.002 -0.092 

Total Activities ~                 

Age (Years) -0.001 0.004 0.771 -0.006 <0.001 0.002 0.915 -0.001 0.001 0.004 0.743 0.007 0.006 0.003 0.025 0.030 

Total Stress in Last 2 Years 0.023 0.024 0.328 0.017 0.040 0.016 0.013 0.028 0.011 0.024 0.651 0.008 -0.020 0.016 0.210 -0.014 

Poor/Fair Health (Yes) -0.183 0.045 <0.001 -0.075 -0.154 0.029 <0.001 -0.063 -0.258 0.051 <0.001 -0.092 -0.229 0.031 <0.001 -0.083 

Seen GP Anxiety Depression (Yes) 0.027 0.038 0.480 0.012 -0.001 0.026 0.982 <0.001 -0.008 0.034 0.808 -0.004 0.029 0.022 0.196 0.015 

Degree Education (Yes) 0.156 0.032 <0.001 0.089 0.152 0.021 <0.001 0.086 0.272 0.033 <0.001 0.146 0.298 0.021 <0.001 0.161 

Skilled Job (Yes) 0.028 0.056 0.612 0.014 0.086 0.039 0.030 0.041 0.098 0.056 0.079 0.047 0.077 0.035 0.030 0.037 

Skilled Job (Unemployed or Retired) 0.069 0.067 0.307 0.028 0.071 0.047 0.131 0.029 0.054 0.068 0.428 0.022 0.043 0.043 0.323 0.017 
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Equivalised Income (10-20k) -0.102 0.035 0.004 -0.050 -0.024 0.024 0.332 -0.012 0.017 0.039 0.661 0.007 -0.021 0.025 0.408 -0.009 

Equivalised Income (20-30k) 0.101 0.033 0.002 0.054 0.060 0.021 0.005 0.032 0.073 0.034 0.031 0.036 0.079 0.022 <0.001 0.039 

Equivalised Income (30k+) 0.013 0.037 0.726 0.006 0.031 0.025 0.207 0.015 0.019 0.043 0.656 0.008 0.004 0.027 0.872 0.002 

Equivalised Income (PNA/DNK) -0.101 0.064 0.116 -0.027 0.029 0.044 0.513 0.007 -0.071 0.047 0.127 -0.026 -0.029 0.031 0.355 -0.010 

Townsend Quintile 2 -0.034 0.040 0.392 -0.016 0.014 0.025 0.582 0.006 -0.059 0.039 0.131 -0.027 -0.048 0.026 0.066 -0.022 

Townsend Quintile 3 0.009 0.050 0.854 0.003 0.023 0.032 0.462 0.009 -0.091 0.050 0.068 -0.032 -0.064 0.031 0.041 -0.023 

Townsend Quintile 4 -0.162 0.064 0.012 -0.047 -0.059 0.042 0.163 -0.018 -0.017 0.061 0.782 -0.005 -0.075 0.040 0.059 -0.022 

Townsend Quintile 5 -0.167 0.109 0.126 -0.027 -0.053 0.077 0.490 -0.008 -0.225 0.112 0.045 -0.037 -0.170 0.079 0.030 -0.025 

Employment Status (Retired) 0.182 0.170 0.285 0.084 -0.064 0.103 0.536 -0.029 0.106 0.100 0.292 0.044 -0.014 0.077 0.858 -0.006 

Employment Status (Employed) -0.014 0.174 0.938 -0.006 -0.253 0.106 0.017 -0.113 -0.138 0.108 0.199 -0.054 -0.220 0.081 0.007 -0.087 

Living with Others (Yes) ~                 

Age (Years) 0.001 0.001 0.686 0.008 <0.001 0.001 0.983 <0.001 -0.015 0.002 <0.001 -0.174 -0.014 0.002 <0.001 -0.157 

Total Stress in Last 2 Years -0.014 0.010 0.161 -0.024 -0.016 0.007 0.015 -0.027 -0.033 0.011 0.003 -0.050 -0.027 0.008 <0.001 -0.041 

Poor/Fair Health (Yes) -0.023 0.017 0.189 -0.023 -0.028 0.011 0.012 -0.028 0.055 0.024 0.020 0.042 -0.002 0.014 0.897 -0.001 

Seen GP Anxiety Depression (Yes) -0.017 0.015 0.255 -0.020 -0.018 0.010 0.075 -0.020 -0.064 0.017 <0.001 -0.069 -0.054 0.012 <0.001 -0.058 

Degree Education (Yes) 0.015 0.013 0.260 0.021 0.014 0.008 0.094 0.020 -0.049 0.016 0.003 -0.056 -0.029 0.010 0.006 -0.033 

Skilled Job (Yes) 0.008 0.022 0.730 0.009 -0.004 0.014 0.783 -0.005 <0.001 0.026 0.993 <0.001 -0.019 0.017 0.272 -0.019 

Skilled Job (Unemployed or Retired) -0.028 0.026 0.278 -0.028 -0.008 0.018 0.658 -0.008 -0.036 0.030 0.238 -0.031 0.002 0.021 0.910 0.002 

Equivalised Income (10-20k) 0.207 0.044 <0.001 0.250 0.204 0.042 <0.001 0.248 0.302 0.054 <0.001 0.282 0.318 0.058 <0.001 0.301 

Equivalised Income (20-30k) -0.025 0.013 0.054 -0.033 -0.014 0.009 0.110 -0.018 -0.058 0.017 0.001 -0.061 -0.082 0.013 <0.001 -0.086 

Equivalised Income (30k+) -0.088 0.016 <0.001 -0.102 -0.099 0.012 <0.001 -0.116 -0.047 0.020 0.018 -0.040 -0.038 0.013 0.004 -0.033 

Equivalised Income (PNA/DNK) 0.021 0.026 0.412 0.014 0.028 0.018 0.119 0.018 0.157 0.031 <0.001 0.124 0.147 0.022 <0.001 0.112 

Townsend Quintile 2 -0.067 0.017 <0.001 -0.077 -0.028 0.011 0.009 -0.033 -0.084 0.021 <0.001 -0.081 -0.058 0.013 <0.001 -0.055 

Townsend Quintile 3 -0.127 0.022 <0.001 -0.113 -0.099 0.014 <0.001 -0.089 -0.143 0.027 <0.001 -0.110 -0.109 0.018 <0.001 -0.083 

Townsend Quintile 4 -0.167 0.026 <0.001 -0.120 -0.142 0.017 <0.001 -0.106 -0.174 0.033 <0.001 -0.107 -0.152 0.023 <0.001 -0.094 

Townsend Quintile 5 -0.304 0.044 <0.001 -0.120 -0.272 0.030 <0.001 -0.108 -0.259 0.052 <0.001 -0.092 -0.248 0.040 <0.001 -0.077 

Employment Status (Retired) 0.007 0.053 0.892 0.008 0.093 0.031 0.003 0.105 -0.038 0.050 0.445 -0.034 -0.014 0.039 0.725 -0.012 

Employment Status (Employed) 0.059 0.055 0.285 0.065 0.136 0.034 <0.001 0.151 -0.097 0.054 0.071 -0.082 -0.048 0.040 0.225 -0.041 

Living with Partner (Yes) ~                  

Age (Years) 0.001 0.001 0.354 0.019 0.001 0.001 0.425 0.010 -0.016 0.003 <0.001 -0.170 -0.015 0.002 <0.001 -0.157 

Total Stress in Last 2 Years -0.018 0.010 0.083 -0.030 -0.020 0.007 0.003 -0.033 -0.048 0.013 <0.001 -0.070 -0.037 0.009 <0.001 -0.054 

Poor/Fair Health (Yes) -0.028 0.018 0.108 -0.027 -0.032 0.012 0.006 -0.031 0.019 0.023 0.416 0.014 -0.003 0.015 0.839 -0.002 

Seen GP Anxiety Depression (Yes) -0.021 0.016 0.177 -0.023 -0.021 0.011 0.043 -0.023 -0.070 0.019 <0.001 -0.072 -0.057 0.012 <0.001 -0.059 

Degree Education (Yes) 0.024 0.014 0.083 0.032 0.021 0.009 0.018 0.028 -0.057 0.018 0.001 -0.062 -0.036 0.011 0.001 -0.039 

Skilled Job (Yes) -0.008 0.023 0.713 -0.010 0.008 0.015 0.566 0.010 0.030 0.026 0.252 0.030 -0.019 0.018 0.298 -0.018 

Skilled Job (Unemployed or Retired) -0.038 0.028 0.167 -0.037 0.007 0.018 0.705 0.007 0.002 0.031 0.941 0.002 0.003 0.022 0.906 0.002 
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Equivalised Income (10-20k) 0.194 0.031 <0.001 0.225 0.200 0.024 <0.001 0.229 0.284 0.042 <0.001 0.254 0.288 0.033 <0.001 0.260 

Equivalised Income (20-30k) -0.020 0.014 0.134 -0.026 -0.006 0.009 0.508 -0.008 -0.031 0.017 0.066 -0.031 -0.064 0.013 <0.001 -0.064 

Equivalised Income (30k+) -0.078 0.017 <0.001 -0.086 -0.090 0.012 <0.001 -0.100 -0.023 0.021 0.268 -0.018 -0.004 0.013 0.737 -0.004 

Equivalised Income (PNA/DNK) 0.019 0.028 0.495 0.012 0.009 0.018 0.631 0.005 0.125 0.030 <0.001 0.094 0.142 0.023 <0.001 0.104 

Townsend Quintile 2 -0.068 0.018 <0.001 -0.075 -0.038 0.011 0.001 -0.042 -0.093 0.022 <0.001 -0.087 -0.077 0.015 <0.001 -0.071 

Townsend Quintile 3 -0.132 0.023 <0.001 -0.113 -0.105 0.015 <0.001 -0.090 -0.158 0.031 <0.001 -0.116 -0.143 0.022 <0.001 -0.104 

Townsend Quintile 4 -0.184 0.028 <0.001 -0.127 -0.165 0.019 <0.001 -0.116 -0.229 0.041 <0.001 -0.134 -0.176 0.026 <0.001 -0.104 

Townsend Quintile 5 -0.369 0.050 <0.001 -0.140 -0.341 0.036 <0.001 -0.128 -0.350 0.065 <0.001 -0.119 -0.302 0.047 <0.001 -0.089 

Employment Status (Retired) -0.009 0.057 0.878 -0.010 0.132 0.035 <0.001 0.142 0.024 0.048 0.623 0.020 0.023 0.037 0.540 0.019 

Employment Status (Employed) 0.010 0.059 0.865 0.011 0.156 0.037 <0.001 0.165 -0.078 0.052 0.133 -0.063 -0.065 0.039 0.092 -0.052 

Equivalised Income (10-20k) ~                  

Employment Status (Retired) 0.062 0.078 0.422 0.059 0.017 0.051 0.746 0.015 0.070 0.052 0.178 0.068 0.105 0.042 0.012 0.098 

Employment Status (Employed) -0.044 0.080 0.579 -0.041 -0.064 0.053 0.227 -0.059 -0.037 0.055 0.495 -0.034 0.061 0.042 0.145 0.054 

Equivalised Income (20-30k)                 

Employment Status (Retired) 0.139 0.102 0.173 0.121 0.178 0.084 0.034 0.153 0.079 0.060 0.192 0.067 0.059 0.040 0.144 0.050 

Employment Status (Employed) 0.147 0.105 0.162 0.125 0.154 0.083 0.064 0.129 0.124 0.069 0.072 0.099 0.064 0.043 0.136 0.051 

Equivalised Income (30k+)                 

Employment Status (Retired) -0.075 0.066 0.254 -0.074 -0.020 0.049 0.674 -0.020 0.008 0.041 0.839 0.009 -0.011 0.030 0.711 -0.011 

Employment Status (Employed) 0.107 0.068 0.115 0.103 0.182 0.051 <0.001 0.172 0.137 0.044 0.002 0.138 0.123 0.032 <0.001 0.120 

Equivalised Income (PNA/DNK) ~                 

Employment Status (Retired) 0.006 0.041 0.882 0.011 0.028 0.041 0.488 0.050 -0.100 0.034 0.003 -0.114 -0.052 0.024 0.030 -0.061 

Employment Status (Employed) -0.008 0.043 0.861 -0.013 0.013 0.042 0.757 0.022 -0.129 0.039 0.001 -0.138 -0.099 0.027 <0.001 -0.109 

Note. ~ = predicted by, PNA = prefer not to answer, DNK = do not know, GMV = grey matter volume, vmPFC/OFC = ventromedial prefrontal 

cortex/orbitofrontal cortex, FA = fractional anisotropy, UF = uncinate fasciculus, MD = mean diffusivity. The reference categories for binary variables are 

“no”, the other reference categories for dummy variables are as follows: equivalised income = 0 to 10,000, Townsend quintile = 1, employment status = 

unemployed. Equivalised income was measured in GBP. Bold refers to predictors that were significant in both the training and test datasets. Employment 

status was included as predictors of equivalised income.
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Appendix 3.03 

Key Findings and Research Themes from the Cross-Sectional Analysis 

Key findings are reported below. Specific regression parameters are reported in Appendix 

3.02. 

1) Structural and functional relationship predictors of psychological distress 

• For both sexes, loneliness was positively associated with psychological distress. 

• For females only, total number of leisure and social activities and family 

satisfaction were negatively associated with psychological distress. Living with 

partner was positively associated with psychological distress. 

 

2) Structural relationship predictors of functional relationships 

• For both sexes, frequency of friend and family visits was positively associated with 

family satisfaction, friend satisfaction, and ability to confide in someone, and 

negatively associated with loneliness. Living with partner was positively associated 

with ability to confide in someone for both sexes. 

• For males only, living with partner was positively associated with family 

satisfaction. total number of leisure and social activities was positively associated 

with friend Satisfaction. 

• For females only, living with others was positively associated with ability to 

confide in someone. Living with partner was negatively associated with loneliness. 

 

3) Socioeconomic predictors of psychological distress 

• For males only, equivalised household income (10,001 to 20,000 compared to 0 to 

10,000) was associated with greater psychological distress. 

• For females, there were no significant socioeconomic predictors of psychological 

distress. 

 

4) Socioeconomic predictors of structural and functional relationships 

• For both sexes, being degree educated and having a higher equivalised household 

income (20,001 -30,000 compared to 0-10,000) was positively associated with total 

number of leisure and social activities. Living with others was negatively 

associated with higher equivalised household income. To add, living with 
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others/partner was negatively associated with a higher Townsend quintile for both 

sexes. 

• For males, Townsend quintile 5 compared to 1 was negatively associated with 

family Satisfaction. Degree education was negatively associated with Friend 

Satisfaction. Living with partner was negatively associated with higher equivalised 

household income. 

• For females, being employed (compared to unemployed) was negatively associated 

with frequency of friend and family visits. Townsend quintile 5 compared to 1 was 

negatively associated with total number of leisure and social activities. Degree 

education was negatively associated with loneliness.  

 

5) Structural and functional relationship predictors of regional brain structure 

• For females, total number of leisure and social activities was positively associated 

with amygdala and vmPFC/OFC GMV. 

• For males, Friend Satisfaction was negatively associated with amygdala and 

vmPFC/OFC GMV. 

 

6) Socioeconomic predictors of regional brain structure 

• For both sexes, degree education and equivalised household income (above 30,001 

compared to 0-10,000) were positively associated with amygdala GMV. Degree 

education was also positively associated with vmPFC/OFC GMV. 

• For males only, equivalised household income (above 30,001 compared to 0-

10,000) was positively associated with vmPFC/OFC GMV. Townsend quintile 4 

compared to 1 was negatively associated with vmPFC/OFC GMV. 

The following themes emerged from the cross-sectional analysis results. 

1) Associations between frequency of friend and family visits, loneliness, and 

psychological distress for both sexes 

Frequency of friend and family visits was negatively associated with loneliness, and 

loneliness was positively associated with psychological distress. 

There were some socioeconomic predictors for individual variables in these relationships, 

so these were included in the longitudinal analysis as SES predictors. SE covariates included 

degree education (predictor of loneliness), income (predictor of psychological distress) and 

employment status (predictor of frequency of visits).  
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2) Female-specific associations structural and functional relationship predictors 

of psychological distress 

For females only, frequency of friend and family visits was a positively predictor of family 

satisfaction. Family satisfaction and total number of leisure and social activities were 

negatively associated with psychological distress.  

Socioeconomic predictors for total number of leisure and social activities were degree 

education and equivalised household income for both sexes. Employment status also was 

associated with frequency of friend and family visits for females, and income was 

associated with psychological distress for males. These were included as variables of 

interest in the longitudinal analysis. 

3) Sex-specific associations between total number of leisure and social activities, 

friend satisfaction, and amygdala and vmPFC/OFC GMV 

For females, total number of leisure and social activities was positively associated with 

amygdala and vmPFC/OFC GMV. For males, there appears to be an indirect association 

through friend satisfaction: total number of leisure and social activities was positively 

associated with friend satisfaction, and friend satisfaction was negatively associated with 

amygdala and vmPFC/OFC GMV. 

There were commonalities in the SES associations with total number of leisure and social 

activities, and amygdala and vmPFC/OFC GMV. For both sexes, degree education was 

associated with amygdala GMV, vmPFC/OFC GMV and total number of leisure and social 

activities. Higher income was also positively associated with amygdala GMV for both 

sexes. For males only, higher income was positively associated with vmPFC/OFC GMV, 

whilst higher Townsend quintile was negatively associated with vmPFC/OFC GMV. For 

males, degree education was negatively associated with friendships satisfaction. For 

females, higher Townsend quintile was negatively associated with total number of leisure 

and social activities.
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Appendix 3.04 

Flowchart of Participant Inclusion and Exclusion 

 

Over 60 years old and instance 2 

and 3 data available 

(n = 3140) 

Analytical sample 

(n = 1783) 

Exclusions (total n = 1357) 

• ICD-10 diagnosis exclusions  

(n = 242) 

• Complete data not available  

(n = 1115) 
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Appendix 3.05 

Missing Count and Percent for Both Continuous and Categorical Variables at Instance 2 

and Instance 3 

Continuous variables n Missing n Missing % 

I2 Age (Years) 2898 0 0.0 

I2 Total Stress in Last 2 Years 2878 20 0.7 

I2 Total Activities 2879 19 0.7 

I2 Left Amygdala GMV (mm3) 2747 151 5.2 

I2 Right Amygdala GMV (mm3) 2747 151 5.2 

I2 Left vmPFC/OFC GMV (mm3) 2747 151 5.2 

I2 Right vmPFC/OFC GMV (mm3) 2747 151 5.2 

I2 Normalised WBV (mm3) 2747 151 5.2 

I3 Age (Years) 2898 0 0.0 

I3 Total Stress in Last 2 Years 2869 29 1.0 

I3 Total Activities 2868 30 1.0 

I3 Left Amygdala GMV (mm3) 2507 391 13.5 

I3 Right Amygdala GMV (mm3) 2507 391 13.5 

I3 Left vmPFC/OFC GMV (mm3) 2507 391 13.5 

I3 Right vmPFC/OFC GMV (mm3) 2507 391 13.5 

I3 Normalised WBV (mm3) 2507 391 13.5 

Categorical variables n Missing n Missing % 

ID 2898 0 0.0 

Sex 2898 0 0.0 

I2 Poor/Fair Health 2878 20 0.7 

I2 Previously Seen GP Anxiety Depression 2872 26 0.9 

I2 Equivalised Income 2881 17 0.6 

I2 Employment Status 2868 30 1.0 

I2 Degree Education 2876 22 0.8 

Townsend Quintile 2893 5 0.2 

I2 Skilled Job 2784 114 3.9 

I2 Living with Partner 2879 19 0.7 

I2 Frequency of Visits 2879 19 0.7 

I2 Family Satisfaction 2861 37 1.3 

I2 Friend Satisfaction 2855 43 1.5 

I2 Loneliness 2841 57 2.0 

I2 Frequency of Depressed Mood in Last 2 Weeks 2825 73 2.5 

I2 Frequency of Unenthusiasm/Disinterest in Last 2 Weeks 2843 55 1.9 

I2 Frequency of Tenseness/Restlessness in Last 2 Weeks 2833 65 2.2 

I2 Frequency of Tiredness/Lethargy in Last 2 Weeks 2831 67 2.3 

I3 Poor/Fair Health 2872 26 0.9 

I3 Previously Seen GP Anxiety Depression 2862 36 1.2 

I3 Equivalised Income 2873 25 0.9 

I3 Employment Status 2867 31 1.1 

I3 Degree Education 2866 32 1.1 

I3 Skilled Job 2820 78 2.7 

I3 Living with Partner 2871 27 0.9 

I3 Frequency of Visits 2862 36 1.2 

I3 Family Satisfaction 2854 44 1.5 

I3 Friend Satisfaction 2845 53 1.8 

I3 Loneliness 2839 59 2.0 

I3 Frequency of Depressed Mood in Last 2 Weeks 2804 94 3.2 

I3 Frequency of Unenthusiasm/Disinterest in Last 2 Weeks 2828 70 2.4 

I3 Frequency of Tenseness/Restlessness in Last 2 Weeks 2819 79 2.7 

I3 Frequency of Tiredness/Lethargy in Last 2 Weeks 2821 77 2.7 

Note. I2 = instance 2, I3 = instance 3, GMV = grey matter volume, vmPFC/OFC = 

ventromedial prefrontal cortex/orbitofrontal cortex, WBV = whole brain volume.
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Appendix 3.06 

Measurement Invariance Models for the Psychological Distress Latent Variable Between 

Sex and Across Time 

 
Robust χ2 test of 

model fit 
   

Robust χ2  
difference test 

Model  χ2  df p CFI  
RMSEA  
[90% CI] 

χ2  df p 

Configural Invariance 38.759 30 0.131 0.999 
0.018  
[0.001-0.033] 

- - - 

Full Threshold Invariance 52.249 42 0.134 0.998 
0.017  
[0.001-0.030] 

12.924 12 0.375 

Full Loading Invariance 51.589 51 0.451 1.000 
0.004  
[0.001-0.022] 

5.495 9 0.789 

Full Intercept Invariance 65.411 60 0.294 0.999 
0.010  
[0.001-0.023] 

12.373 9 0.193 

Full Residual Invariance 76.644 72 0.332 0.999 
0.009  
[0.001-0.022] 

11.880 12 0.455 
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Appendix 3.07 

Item Loadings for the Full Residual Invariance Confirmatory Factor Analysis Models 

(Male n = 889, Female n = 894) 

Latent Variable  Indicators  Estimate  SE  Male 
std.all     

p   

 

Female 
std.all  

p 

Instance 2 Psychological 
Distress   

Depressed  2.053 0.189 0.899 <0.001 

 

0.894 <0.001 

   Unenthusiasm  1.873 0.170 0.882 <0.001 

 

0.877 <0.001 

   Tenseness   1.158 0.090 0.757 <0.001 

 

0.748 <0.001 

   Tiredness  0.901 0.064 0.669 <0.001 

 

0.660 <0.001 

Instance 3 Psychological 
Distress 

Depressed    0.903 <0.001  0.885 <0.001 

 Unenthusiasm    0.886 <0.001  0.866 <0.001 

 Tenseness     0.764 <0.001  0.731 <0.001 

 Tiredness    0.677 <0.001  0.640 <0.001 

Note. SE = standard error, Std.all = both latent and observed variables are standardised to 

have a variance of 1, CFI = comparative fit index, RMSEA = root mean square error of 

approximation, CI = confidence interval. The estimate and SE were fixed to equality between 

sex and across time and so are only presented once.  
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Appendix 3.08 

Regression Output for Model 1B with Mahalanobi’s Distance Outliers Removed 

 Model 1B MD removed 

 Male Female 

  Est SE p Std.all Est SE p Std.all 

Δ Psychological Distress ~         
I2 Frequency of Visits -0.015 0.043 0.723 -0.021 -0.025 0.039 0.523 -0.029 

I2 Psychological Distress -0.185 0.112 0.099 -0.285 -0.400 0.066 <0.001 -0.523 

I2 Loneliness 0.022 0.103 0.830 0.042 0.136 0.076 0.074 0.204 

I2 Age (Years) -0.041 0.054 0.444 -0.279 0.069 0.059 0.247 0.372 

I2 Total Stress in Last 2 Years -0.046 0.087 0.597 -0.039 0.017 0.073 0.813 0.013 

I2 Poor/Fair Health (Yes) -0.028 0.161 0.861 -0.013 -0.095 0.162 0.557 -0.034 

I2 Seen GP Anxiety Depression (Yes) 0.158 0.108 0.141 0.094 0.121 0.085 0.152 0.069 

I3 Age (Years) 0.058 0.065 0.370 0.387 -0.007 0.059 0.901 -0.040 

I3 Total Stress in Last 2 Years 0.309 0.099 0.002 0.255 0.245 0.082 0.003 0.182 

I3 Poor/Fair Health (Yes) 0.648 0.193 0.001 0.321 0.627 0.153 <0.001 0.248 

I2 Living with Partner (Yes) -0.019 0.202 0.924 -0.010 -0.117 0.260 0.652 -0.065 

I3 Living with Partner (Yes) -0.036 0.261 0.890 -0.020 0.124 0.214 0.563 0.069 

I2 Equivalised Income (10-20k) 0.073 0.222 0.743 0.047 -0.187 0.178 0.293 -0.091 

I2 Equivalised Income (20-30k) 0.128 0.207 0.537 0.088 0.024 0.192 0.899 0.014 

I2 Equivalised Income (30k+) 0.279 0.227 0.218 0.174 -0.160 0.226 0.478 -0.078 

I2 Equivalised Income (PNA/DNK) 0.087 0.282 0.757 0.027 -0.268 0.191 0.160 -0.105 

I3 Equivalised Income (10-20k) -0.023 0.230 0.922 -0.014 0.063 0.200 0.752 0.031 

I3 Equivalised Income (20-30k) -0.181 0.246 0.463 -0.125 -0.359 0.209 0.086 -0.206 

I3 Equivalised Income (30k+) -0.208 0.275 0.450 -0.130 -0.049 0.257 0.849 -0.023 

I3 Equivalised Income (PNA/DNK) -0.252 0.275 0.360 -0.084 -0.129 0.240 0.592 -0.050 

Δ Frequency of Visits ~         
I2 Psychological Distress 0.063 0.099 0.522 0.068 0.038 0.059 0.520 0.044 

I2 Frequency of Visits -0.375 0.036 <0.001 -0.368 -0.375 0.040 <0.001 -0.389 

I2 Loneliness -0.083 0.104 0.429 -0.108 -0.019 0.069 0.788 -0.025 

I2 Age (Years) 0.029 0.046 0.532 0.135 -0.027 0.044 0.541 -0.129 

I2 Total Stress in Last 2 Years 0.035 0.072 0.625 0.021 0.082 0.056 0.142 0.056 

I2 Poor/Fair Health (Yes) -0.028 0.126 0.824 -0.009 -0.015 0.147 0.920 -0.005 

I2 Seen GP Anxiety Depression (Yes) -0.067 0.088 0.448 -0.028 -0.045 0.077 0.561 -0.022 

I3 Age (Years) 0.006 0.043 0.881 0.030 0.008 0.050 0.875 0.037 

I3 Total Stress in Last 2 Years 0.034 0.076 0.659 0.019 -0.006 0.063 0.921 -0.004 

I3 Poor/Fair Health (Yes) -0.128 0.148 0.385 -0.044 -0.089 0.143 0.532 -0.031 

I2 Living with Partner (Yes) 0.408 0.172 0.017 0.151 0.013 0.207 0.950 0.006 

I3 Living with Partner (Yes) -0.388 0.186 0.037 -0.148 -0.202 0.192 0.292 -0.099 

I2 Employment Status (Employed) 0.572 0.334 0.087 0.231 0.365 0.380 0.337 0.149 

I2 Employment Status (Retired) 0.380 0.333 0.253 0.157 0.430 0.372 0.247 0.183 

I3 Employment Status (Employed) -1.425 0.461 0.002 -0.483 -0.353 0.373 0.345 -0.119 

I3 Employment Status (Retired) -0.898 0.459 0.050 -0.311 -0.105 0.343 0.760 -0.038 

I2 Psychological Distress ~         
I2 Age (Years) 0.003 0.060 0.966 0.011 -0.034 0.061 0.578 -0.141 

I2 Total Stress in Last 2 Years 0.058 0.089 0.517 0.032 0.085 0.075 0.257 0.050 

I2 Poor/Fair Health (Yes) 0.804 0.203 <0.001 0.246 0.841 0.191 <0.001 0.229 

I2 Seen GP Anxiety Depression (Yes) 0.748 0.135 <0.001 0.289 0.650 0.110 <0.001 0.283 

I2 Living with Partner (Yes) -0.580 0.263 0.027 -0.200 -0.061 0.272 0.822 -0.026 

I2 Equivalised Income (10-20k) 0.099 0.223 0.658 0.041 -0.104 0.188 0.579 -0.039 

I2 Equivalised Income (20-30k) 0.088 0.215 0.681 0.040 -0.071 0.197 0.717 -0.031 

I2 Equivalised Income (30k+) -0.158 0.246 0.520 -0.064 -0.114 0.244 0.639 -0.043 

I2 Equivalised Income (PNA/DNK) 0.135 0.347 0.698 0.027 0.044 0.217 0.841 0.013 

I2 Frequency of Visits ~         
I2 Age (Years) -0.030 0.047 0.516 -0.145 -0.011 0.043 0.792 -0.053 

I2 Total Stress in Last 2 Years 0.141 0.064 0.028 0.086 0.042 0.058 0.474 0.027 

I2 Poor/Fair Health (Yes) 0.046 0.132 0.726 0.016 -0.123 0.145 0.395 -0.037 

I2 Seen GP Anxiety Depression (Yes) -0.039 0.085 0.646 -0.016 0.082 0.078 0.294 0.039 

I2 Living with Partner (Yes) -0.055 0.190 0.774 -0.021 -0.361 0.164 0.028 -0.170 

I2 Employment Status (Employed) -0.184 0.380 0.628 -0.076 0.015 0.296 0.961 0.006 

I2 Employment Status (Retired) -0.123 0.374 0.742 -0.052 0.290 0.291 0.318 0.119 

I2 Loneliness ~         
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I2 Age (Years) 0.156 0.149 0.295 0.559 -0.154 0.071 0.031 -0.554 

I2 Total Stress in Last 2 Years -0.167 0.169 0.323 -0.076 -0.117 0.106 0.270 -0.060 

I2 Poor/Fair Health (Yes) 0.531 0.280 0.058 0.134 0.382 0.237 0.107 0.090 

I2 Seen GP Anxiety Depression (Yes) 0.588 0.188 0.002 0.187 0.422 0.134 0.002 0.160 

I2 Living with Partner (Yes) -0.668 0.315 0.034 -0.189 -0.352 0.309 0.254 -0.130 

I2 Degree Education (Yes) 0.146 0.190 0.442 0.057 -0.307 0.150 0.041 -0.123 

         
Covariances         
         
I2 Psychological Distress ~~ I2 
Frequency of Visits -0.041 0.041 0.451 -0.034 -0.103 0.040 0.009 -0.110 
I2 Frequency of Visits ~~ I2 
Loneliness -0.142 0.058 0.015 -0.149 -0.195 0.054 <0.001 -0.204 
I2 Psychological Distress ~~ I2 
Loneliness 0.630 0.072 <0.001 0.667 0.561 0.066 <0.001 0.574 
Δ Frequency of Visits ~~ Δ 
Psychological Distress -0.016 0.035 0.655 -0.030 -0.031 0.035 0.374 -0.055 

Note. Model fit: Robust χ2 (494) = 507.481, p = 0.328; CFI = 0.998; RMSEA = 0.006, 90% 

CI = [0.001, 0.013]. Est = estimate, SE = standard error, Std.all = both latent and observed 

variables are standardised to have a variance of 1, ~ = predicted by, ~~ = covariance, Δ = 

change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, 

equivalised income comparison group = 0-10k, employment status comparison group = 

unemployed. 

In terms of results that are related to the hypotheses, for models 2Bi and 2Bii with 

Mahalanobi’s distance outliers removed, higher I3 equivalised income (20-30k vs 0-10k) 

was no longer a significant predictor of change in psychological distress for females only 

(model 2Bi findings: female std.all = -0.212, p = 0.078). 
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Appendix 3.09 

Regression Output for Model 2Bi with Mahalanobi’s Distance Outliers Removed 

 Model 2B MD removed 

 Males Females 

  Est SE p Std.all Est SE p Std.all 

Δ Psychological Distress ~         
I2 Frequency of Visits -0.023 0.042 0.584 -0.033 -0.046 0.037 0.214 -0.053 

I2 Psychological Distress -0.161 0.083 0.053 -0.254 -0.337 0.056 <0.001 -0.446 

I2 Family Satisfaction 0.027 0.045 0.548 0.044 -0.020 0.038 0.597 -0.028 

I2 Age (Years) -0.040 0.050 0.426 -0.278 0.049 0.058 0.395 0.271 

I2 Total Stress in Last 2 Years  -0.048 0.082 0.558 -0.043 -0.001 0.073 0.991 -0.001 

I2 Poor/Fair Health (Yes) -0.026 0.159 0.872 -0.013 -0.104 0.158 0.510 -0.038 

I2 Seen GP Anxiety Depression (Yes) 0.154 0.107 0.150 0.095 0.126 0.085 0.136 0.073 

I3 Age (Years) 0.054 0.063 0.391 0.372 -0.006 0.058 0.913 -0.035 

I3 Total Stress in Last 2 Years 0.301 0.097 0.002 0.258 0.240 0.082 0.003 0.181 

I3 Poor/Fair Health (Yes) 0.629 0.188 0.001 0.323 0.619 0.150 <0.001 0.248 

I2 Living with Partner (Yes) -0.027 0.202 0.894 -0.015 -0.162 0.259 0.532 -0.091 

I3 Living with Partner (Yes) -0.032 0.256 0.901 -0.018 0.120 0.212 0.572 0.067 

I2 Equivalised Income (10-20k) 0.077 0.221 0.729 0.051 -0.177 0.180 0.325 -0.087 

I2 Equivalised Income (20-30k) 0.113 0.203 0.579 0.081 0.024 0.193 0.903 0.013 

I2 Equivalised Income (30k+) 0.278 0.220 0.206 0.180 -0.155 0.227 0.494 -0.077 

I2 Equivalised Income (PNA/DNK) 0.106 0.282 0.708 0.033 -0.277 0.189 0.143 -0.110 

I3 Equivalised Income (10-20k) -0.014 0.227 0.952 -0.009 0.060 0.199 0.763 0.029 

I3 Equivalised Income (20-30k) -0.156 0.240 0.516 -0.112 -0.365 0.207 0.078 -0.212 

I3 Equivalised Income (30k+) -0.176 0.267 0.510 -0.114 -0.075 0.252 0.767 -0.035 

I3 Equivalised Income (PNA/DNK) -0.253 0.274 0.356 -0.087 -0.131 0.237 0.581 -0.052 

Δ Frequency of Visits ~         
I2 Psychological Distress 0.006 0.053 0.915 0.006 0.056 0.042 0.186 0.066 

I2 Frequency of Visits -0.363 0.035 <0.001 -0.357 -0.384 0.038 <0.001 -0.398 

I2 Family Satisfaction 0.018 0.038 0.638 0.019 0.079 0.035 0.022 0.099 

I2 Age (Years) 0.014 0.041 0.730 0.068 -0.023 0.043 0.586 -0.114 

I2 Total Stress in Last 2 Years 0.047 0.065 0.473 0.029 0.070 0.053 0.185 0.049 

I2 Poor/Fair Health (Yes) -0.012 0.122 0.920 -0.004 -0.019 0.143 0.894 -0.006 

I2 Seen GP Anxiety Depression (Yes) -0.067 0.086 0.432 -0.029 -0.034 0.074 0.647 -0.018 

I3 Age (Years) 0.012 0.041 0.769 0.058 0.007 0.048 0.889 0.033 

I3 Total Stress in Last 2 Years 0.035 0.075 0.641 0.021 -0.005 0.061 0.939 -0.003 

I3 Poor/Fair Health (Yes) -0.116 0.143 0.418 -0.041 -0.090 0.139 0.516 -0.032 

I2 Living with Partner (Yes) 0.417 0.162 0.010 0.158 -0.014 0.199 0.945 -0.007 

I3 Living with Partner (Yes) -0.391 0.182 0.031 -0.153 -0.196 0.186 0.294 -0.098 

I2 Employment Status (Employed) 0.554 0.323 0.087 0.229 0.341 0.369 0.355 0.143 

I2 Employment Status (Retired) 0.368 0.322 0.253 0.156 0.411 0.361 0.255 0.179 

I3 Employment Status (Employed) -1.352 0.447 0.002 -0.470 -0.329 0.363 0.364 -0.114 

I3 Employment Status (Retired) -0.859 0.444 0.053 -0.305 -0.088 0.333 0.792 -0.032 

Δ Family Satisfaction ~         
I2 Frequency of Visits 0.025 0.036 0.482 0.028 0.014 0.032 0.666 0.016 

I2 Psychological Distress -0.055 0.044 0.207 -0.068 -0.069 0.040 0.087 -0.091 

I2 Family Satisfaction -0.302 0.051 <0.001 -0.379 -0.348 0.042 <0.001 -0.484 

I2 Age (Years) 0.073 0.039 0.062 0.397 -0.030 0.035 0.396 -0.164 

I2 Total Stress in Last 2 Years -0.017 0.051 0.738 -0.012 -0.034 0.053 0.521 -0.027 

I2 Poor/Fair Health (Yes) -0.154 0.148 0.297 -0.059 0.217 0.146 0.138 0.078 

I2 Seen GP Anxiety Depression (Yes) -0.019 0.085 0.823 -0.009 0.003 0.076 0.964 0.002 

I3 Age (Years) -0.045 0.043 0.299 -0.244 0.026 0.045 0.565 0.143 

I3 Total Stress in Last 2 Years -0.174 0.081 0.032 -0.116 -0.051 0.068 0.456 -0.038 

I3 Poor/Fair Health (Yes) -0.251 0.156 0.108 -0.101 -0.413 0.148 0.005 -0.165 

I2 Living with Partner (Yes) 0.004 0.174 0.981 0.002 0.264 0.145 0.068 0.148 

I3 Living with Partner (Yes) 0.010 0.202 0.961 0.004 -0.245 0.164 0.136 -0.137 

I2 Psychological Distress ~         
I2 Age (Years) 0.010 0.060 0.866 0.045 -0.034 0.061 0.574 -0.143 

I2 Total Stress in Last 2 Years 0.061 0.088 0.484 0.035 0.086 0.074 0.246 0.051 

I2 Poor/Fair Health (Yes) 0.767 0.199 <0.001 0.238 0.834 0.190 <0.001 0.228 

I2 Seen GP Anxiety Depression (Yes) 0.741 0.135 <0.001 0.290 0.648 0.110 <0.001 0.283 

I2 Living with Partner (Yes) -0.587 0.261 0.024 -0.205 -0.048 0.268 0.857 -0.021 
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I2 Equivalised Income (10-20k) 0.086 0.223 0.697 0.036 -0.117 0.189 0.534 -0.044 

I2 Equivalised Income (20-30k) 0.104 0.215 0.626 0.047 -0.070 0.197 0.721 -0.030 

I2 Equivalised Income (30k+) -0.150 0.245 0.542 -0.061 -0.123 0.244 0.616 -0.046 

I2 Equivalised Income (PNA/DNK) 0.099 0.349 0.777 0.020 0.054 0.217 0.805 0.016 

I2 Frequency of Visits ~         
I2 Age (Years) -0.035 0.045 0.443 -0.171 -0.011 0.042 0.792 -0.053 

I2 Total Stress in Last 2 Years 0.130 0.062 0.036 0.081 0.041 0.057 0.469 0.028 

I2 Poor/Fair Health (Yes) 0.067 0.128 0.601 0.023 -0.120 0.141 0.393 -0.037 

I2 Seen GP Anxiety Depression (Yes) -0.043 0.082 0.602 -0.019 0.079 0.075 0.295 0.039 

I2 Living with Partner (Yes) -0.188 0.377 0.618 -0.079 0.010 0.285 0.973 0.004 

I2 Employment Status (Employed) -0.043 0.185 0.815 -0.017 -0.349 0.160 0.029 -0.169 

I2 Employment Status (Retired) -0.111 0.371 0.765 -0.048 0.278 0.279 0.319 0.117 

I2 Family Satisfaction ~         
I2 Age (Years) -0.038 0.045 0.398 -0.165 0.005 0.049 0.921 0.019 

I2 Total Stress in Last 2 Years -0.040 0.068 0.554 -0.022 0.112 0.068 0.102 0.063 

I2 Poor/Fair Health (Yes) -0.092 0.156 0.557 -0.028 -0.227 0.179 0.203 -0.059 

I2 Seen GP Anxiety Depression (Yes) -0.296 0.097 0.002 -0.114 -0.332 0.092 <0.001 -0.137 

I2 Living with Partner (Yes) 0.457 0.177 0.010 0.157 0.294 0.205 0.152 0.119 

         
Covariances         
         
I2 Psychological Distress ~~  
I2 Frequency of Visits -0.032 0.040 0.428 -0.037 -0.098 0.038 0.010 -0.108 
I2 Frequency of Visits ~~  
I2 Family Satisfaction 0.129 0.035 <0.001 0.136 0.166 0.039 <0.001 0.161 
I2 Psychological Distress ~~  
I2 Family Satisfaction -0.344 0.056 <0.001 -0.359 -0.430 0.058 <0.001 -0.396 
Δ Frequency of Visits ~~  
Δ Psychological Distress  -0.012 0.034 0.717 -0.025 -0.028 0.033 0.405 -0.051 
Δ Family Satisfaction ~~  
Δ Frequency of Visits 0.060 0.025 0.018 0.092 0.047 0.026 0.070 0.079 
Δ Family Satisfaction ~~  
Δ Psychological Distress   -0.145 0.034 <0.001 -0.331 -0.130 0.033 <0.001 -0.277 

Note. Model fit: Robust χ2 (513) = 511.211, p = 0.514; CFI = 1.00; RMSEA = 0.001, 90% 

CI = [0.001, 0.011]. Est = estimate, SE = standard error, Std.all = both latent and observed 

variables are standardised to have a variance of 1, ~ = predicted by, ~~ = covariance, Δ = 

change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, 

equivalised income comparison group = 0-10k, employment status comparison group = 

unemployed. 

In terms of results that are related to the hypotheses, for models 2Bi and 2Bii with 

Mahalanobi’s distance outliers removed, higher I3 equivalised income (20-30k vs 0-10k) 

was no longer a significant predictor of change in psychological distress for females only 

(model 2Bii findings: female std.all = -0.203, p = 0.069).
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Appendix 3.10 

Regression Output for Model 2Bii with Mahalanobi’s Distance Outliers Removed 

 Model 2D MD removed 

 Male Female 

  Est SE p Std.all Est SE p Std.all 

Δ Total Activities ~         
I2 Total Activities -0.341 0.025 <0.001 -0.402 -0.392 0.026 <0.001 -0.461 

I2 Psychological Distress -0.031 0.028 0.266 -0.050 -0.021 0.028 0.448 -0.033 

I2 Age (Years) 0.018 0.035 0.602 0.117 0.029 0.026 0.259 0.164 

I2 Total Stress in Last 2 Years 0.025 0.042 0.555 0.020 0.019 0.037 0.615 0.015 

I2 Poor/Fair Health (Yes) 0.044 0.095 0.641 0.020 0.227 0.097 0.019 0.083 

I2 Seen GP Anxiety Depression (Yes) -0.046 0.067 0.491 -0.026 -0.003 0.060 0.962 -0.002 

I3 Age (Years) -0.005 0.042 0.913 -0.029 -0.031 0.036 0.384 -0.173 

I3 Total Stress in Last 2 Years -0.005 0.055 0.921 -0.004 0.063 0.054 0.236 0.049 

I3 Poor/Fair Health (Yes) -0.218 0.121 0.071 -0.102 -0.390 0.123 0.002 -0.159 

I2 Living with Partner (Yes) -0.035 0.097 0.720 -0.017 0.072 0.111 0.518 0.041 

I3 Living with Partner (Yes) 0.080 0.125 0.521 0.041 -0.059 0.139 0.672 -0.034 

Degree Educated (Yes) -0.004 0.051 0.942 -0.003 0.262 0.052 <0.001 0.163 

I2 Equivalised Income (10-20k) 0.020 0.089 0.819 0.012 -0.068 0.096 0.477 -0.034 

I2 Equivalised Income (20-30k) -0.044 0.090 0.626 -0.029 -0.039 0.091 0.664 -0.023 

I2 Equivalised Income (30k+) -0.063 0.104 0.543 -0.037 -0.172 0.115 0.134 -0.086 

I2 Equivalised Income (PNA/DNK) -0.092 0.143 0.522 -0.026 0.016 0.114 0.887 0.007 

I3 Equivalised Income (10-20k) -0.012 0.147 0.936 -0.007 -0.053 0.129 0.683 -0.026 

I3 Equivalised Income (20-30k) 0.054 0.141 0.699 0.035 -0.042 0.121 0.726 -0.025 

I3 Equivalised Income (30k+) 0.110 0.154 0.477 0.065 -0.016 0.154 0.920 -0.007 

I3 Equivalised Income (PNA/DNK) -0.109 0.204 0.593 -0.034 -0.050 0.161 0.758 -0.020 

Δ Psychological Distress ~         
I2 Total Activities 0.005 0.056 0.929 0.006 0.056 0.048 0.246 0.055 

I2 Psychological Distress -0.157 0.074 0.033 -0.246 -0.334 0.053 <0.001 -0.433 

I2 Age (Years) -0.045 0.058 0.434 -0.274 0.058 0.067 0.385 0.269 

I2 Total Stress in Last 2 Years -0.069 0.097 0.474 -0.053 -0.011 0.080 0.889 -0.007 

I2 Poor/Fair Health (Yes) -0.015 0.180 0.934 -0.006 -0.150 0.185 0.418 -0.046 

I2 Seen GP Anxiety Depression (Yes) 0.157 0.120 0.192 0.084 0.150 0.098 0.126 0.073 

I3 Age (Years) 0.072 0.072 0.319 0.434 -0.013 0.066 0.844 -0.061 

I3 Total Stress in Last 2 Years 0.334 0.108 0.002 0.248 0.268 0.090 0.003 0.171 

I3 Poor/Fair Health (Yes) 0.720 0.210 0.001 0.321 0.708 0.173 <0.001 0.240 

I2 Living with Partner (Yes) -0.016 0.224 0.942 -0.008 -0.148 0.292 0.613 -0.070 

I3 Living with Partner (Yes) -0.050 0.292 0.864 -0.025 0.151 0.240 0.529 0.072 

I2 Equivalised Income (10-20k) 0.053 0.232 0.820 0.030 -0.222 0.200 0.266 -0.093 

I2 Equivalised Income (20-30k) 0.152 0.223 0.496 0.094 -0.009 0.212 0.968 -0.004 

I2 Equivalised Income (30k+) 0.315 0.230 0.171 0.176 -0.227 0.251 0.367 -0.095 

I2 Equivalised Income (PNA/DNK) 0.081 0.312 0.794 0.022 -0.312 0.204 0.125 -0.105 

I3 Equivalised Income (10-20k) -0.180 0.243 0.458 -0.102 0.074 0.224 0.741 0.031 

I3 Equivalised Income (20-30k) -0.368 0.261 0.159 -0.229 -0.414 0.228 0.069 -0.203 

I3 Equivalised Income (30k+) -0.409 0.289 0.157 -0.231 -0.028 0.283 0.920 -0.011 

I3 Equivalised Income (PNA/DNK) -0.341 0.307 0.266 -0.102 -0.158 0.267 0.555 -0.053 

I2 Total Activities ~         
I2 Age (Years) -0.011 0.037 0.767 -0.059 0.030 0.035 0.395 0.140 

I2 Total Stress in Last 2 Years 0.047 0.052 0.363 0.032 -0.028 0.051 0.582 -0.019 

I2 Poor/Fair Health (Yes) 0.161 0.123 0.190 0.061 -0.189 0.125 0.131 -0.059 

I2 Seen GP Anxiety Depression (Yes) -0.090 0.073 0.215 -0.043 0.023 0.070 0.745 0.011 

I2 Living with Partner (Yes) -0.043 0.140 0.756 -0.018 0.105 0.146 0.471 0.051 

Degree Educated (Yes) 0.014 0.063 0.818 0.008 0.320 0.066 <0.001 0.169 

I2 Equivalised Income (10-20k) 0.047 0.148 0.751 0.024 0.103 0.132 0.436 0.044 

I2 Equivalised Income (20-30k) 0.124 0.145 0.394 0.068 0.127 0.128 0.319 0.063 

I2 Equivalised Income (30k+) 0.052 0.162 0.750 0.026 0.029 0.151 0.846 0.012 

I2 Equivalised Income (PNA/DNK) 0.023 0.217 0.915 0.006 -0.059 0.147 0.687 -0.020 

I2 Psychological Distress ~         
I2 Age (Years) -0.013 0.068 0.846 -0.051 -0.046 0.069 0.505 -0.166 

I2 Total Stress in Last 2 Years 0.097 0.099 0.331 0.048 0.107 0.085 0.204 0.055 

I2 Poor/Fair Health (Yes) 0.887 0.224 <0.001 0.242 0.976 0.212 <0.001 0.231 

I2 Seen GP Anxiety Depression (Yes) 0.821 0.150 <0.001 0.283 0.731 0.126 <0.001 0.276 
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I2 Living with Partner (Yes) -0.666 0.293 0.023 -0.204 -0.157 0.302 0.604 -0.058 

I2 Equivalised Income (10-20k) 0.270 0.235 0.251 0.100 -0.083 0.210 0.693 -0.027 

I2 Equivalised Income (20-30k) 0.243 0.234 0.300 0.097 0.008 0.216 0.970 0.003 

I2 Equivalised Income (30k+) 0.053 0.261 0.838 0.019 -0.023 0.274 0.933 -0.007 

I2 Equivalised Income (PNA/DNK) 0.213 0.388 0.583 0.037 0.096 0.242 0.691 0.025 

         
Covariances         
         
I2 Psychological Distress ~~ I2 Total 
Activities -0.086 0.042 0.043 -0.094 -0.120 0.046 0.008 -0.117 
Δ Psychological Distress ~~ Δ Total 
Activities 0.017 0.029 0.545 0.040 -0.034 0.031 0.277 -0.062 

Note. Model fit: Robust χ2 (346) = 366.643, p = 0.213; CFI = 0.996; RMSEA = 0.008, 90% 

CI = [0.001, 0.015]. Est = estimate, SE = standard error, Std.all = both latent and observed 

variables are standardised to have a variance of 1, ~ = predicted by, ~~ = covariance, Δ = 

change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to answer/do not know, 

equivalised income comparison group = 0-10k. 

Differences compared to model 3B were in line with the hypotheses: Higher I3 income 

(20-30k vs 0-10k) predicted positive change in vmPFC/OFC GMV in males (male std.all = 

0.399, p = 0.038). Higher I2 income (10-20k vs 0-10k) predicted positive change in 

amygdala GMV for males only (male std.all = 0.156, p = 0.033). Higher Townsend 

quintile (4 vs 1) predicted negative change in total activities for females only (female 

std.all = -0.077, p = 0.047). However, contrary to the male-specific hypothesis, friend 

satisfaction negatively predicted change in vmPFC/OFC GMV for females only (female 

std.all = -1.128, p = 0.134).   
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Appendix 3.11 

Regression Output for Model 3B with Mahalanobi’s Distance Outliers Removed 

 Model 3B MD removed 

 Male Female 

  Est SE p Std.all Est SE p Std.all 

Δ vmPFC/OFC GMV ~         
I2 Normalised WBV 0.197 0.131 0.131 0.047 0.095 0.105 0.368 0.038 

I2 Total Activities -0.006 0.008 0.454 -0.018 -0.006 0.006 0.377 -0.035 

I2 Amy GMV -0.067 0.067 0.319 -0.045 0.101 0.048 0.034 0.108 

I2 vmPFC/OFC GMV -0.045 0.018 0.012 -0.109 -0.059 0.016 <0.001 -0.228 

I2 Friend Satisfaction -0.006 0.010 0.533 -0.020 -0.015 0.007 0.045 -0.086 

I2 Age (Years) 0.026 0.008 0.001 0.444 0.030 0.008 <0.001 0.870 

I2 Total Stress in Last 2 Years -0.005 0.014 0.716 -0.011 0.005 0.012 0.662 0.021 

I2 Poor/Fair Health (Yes) -0.013 0.036 0.724 -0.015 0.012 0.027 0.659 0.023 

I2 Seen GP Anxiety Depression (Yes) 0.015 0.017 0.392 0.022 -0.029 0.012 0.019 -0.088 

I3 Age (Years) -0.064 0.028 0.021 -1.085 -0.039 0.026 0.134 -1.128 

I3 Total Stress in Last 2 Years -0.028 0.046 0.542 -0.058 -0.023 0.038 0.545 -0.092 

I3 Poor/Fair Health (Yes) -0.124 0.096 0.195 -0.156 -0.124 0.079 0.118 -0.264 

I2 Living with Partner (Yes) -0.005 0.047 0.907 -0.007 0.015 0.026 0.566 0.044 

I3 Living with Partner (Yes) -0.020 0.109 0.853 -0.028 0.059 0.104 0.569 0.177 

I2 Degree Educated (Yes) 0.003 0.015 0.830 0.006 -0.006 0.012 0.636 -0.018 

I2 Equivalised Income (10-20k) 0.008 0.031 0.808 0.012 -0.010 0.026 0.694 -0.027 

I2 Equivalised Income (20-30k) 0.008 0.029 0.791 0.014 0.033 0.026 0.207 0.099 

I2 Equivalised Income (30k+) 0.002 0.034 0.942 0.004 0.070 0.028 0.013 0.183 

I2 Equivalised Income (PNA/DNK) 0.046 0.053 0.377 0.036 0.034 0.029 0.234 0.073 

I3 Equivalised Income (10-20k) 0.088 0.113 0.436 0.141 0.102 0.092 0.269 0.267 

I3 Equivalised Income (20-30k) 0.228 0.110 0.038 0.399 0.004 0.093 0.964 0.013 

I3 Equivalised Income (30k+) 0.153 0.124 0.218 0.243 0.080 0.104 0.441 0.201 

I3 Equivalised Income (PNA/DNK) 0.324 0.148 0.028 0.273 0.005 0.109 0.962 0.011 

Townsend Quintile 2 0.010 0.019 0.596 0.016 -0.012 0.015 0.394 -0.033 

Townsend Quintile 3 -0.038 0.031 0.214 -0.044 0.002 0.017 0.892 0.005 

Townsend Quintile 4 -0.010 0.032 0.762 -0.009 -0.035 0.025 0.152 -0.059 

Townsend Quintile 5 0.014 0.069 0.839 0.006 -0.028 0.054 0.611 -0.021 

Δ Amy GMV ~         
I2 Normalised WBV 0.226 0.062 <0.001 0.164 0.077 0.056 0.165 0.049 

I2 Total Activities -0.002 0.004 0.698 -0.014 -0.003 0.003 0.275 -0.031 

I2 Amy GMV -0.076 0.039 0.054 -0.155 -0.131 0.027 <0.001 -0.220 

I2 vmPFC/OFC GMV -0.013 0.009 0.163 -0.092 0.010 0.007 0.171 0.058 

I2 Friend Satisfaction -0.008 0.005 0.075 -0.080 -0.004 0.004 0.213 -0.042 

I2 Age (Years) 0.010 0.006 0.099 0.496 0.003 0.004 0.413 0.157 

I2 Total Stress in Last 2 Years 0.005 0.006 0.411 0.035 0.003 0.005 0.514 0.020 

I2 Poor/Fair Health (Yes) -0.010 0.014 0.459 -0.037 -0.025 0.015 0.088 -0.075 

I2 Seen GP Anxiety Depression (Yes) 0.013 0.009 0.174 0.059 -0.008 0.006 0.187 -0.039 

I3 Age (Years) -0.014 0.009 0.118 -0.708 -0.016 0.007 0.029 -0.743 

I3 Total Stress in Last 2 Years -0.015 0.012 0.205 -0.094 0.002 0.010 0.834 0.014 

I3 Poor/Fair Health (Yes) -0.066 0.024 0.007 -0.250 -0.038 0.023 0.100 -0.127 

I2 Living with Partner (Yes) -0.034 0.017 0.045 -0.140 -0.009 0.015 0.552 -0.041 

I3 Living with Partner (Yes) -0.042 0.029 0.148 -0.176 0.017 0.030 0.568 0.080 

I2 Degree Educated (Yes) -0.006 0.007 0.397 -0.035 0.003 0.006 0.650 0.014 

I2 Equivalised Income (10-20k) 0.032 0.015 0.033 0.156 -0.004 0.012 0.731 -0.017 

I2 Equivalised Income (20-30k) 0.036 0.013 0.004 0.194 0.018 0.012 0.127 0.084 

I2 Equivalised Income (30k+) 0.031 0.015 0.044 0.149 0.013 0.013 0.304 0.054 

I2 Equivalised Income (PNA/DNK) 0.048 0.019 0.012 0.113 0.006 0.014 0.680 0.019 

I3 Equivalised Income (10-20k) 0.007 0.032 0.820 0.036 0.026 0.024 0.274 0.108 

I3 Equivalised Income (20-30k) 0.023 0.032 0.467 0.123 0.009 0.024 0.708 0.042 

I3 Equivalised Income (30k+) 0.065 0.035 0.065 0.316 0.010 0.028 0.718 0.040 

I3 Equivalised Income (PNA/DNK) 0.034 0.040 0.395 0.087 -0.019 0.028 0.511 -0.061 

Δ Total Activities ~         
I2 Total Activities -0.338 0.025 <0.001 -0.398 -0.391 0.026 <0.001 -0.461 

I2 Amy GMV 0.138 0.187 0.462 0.034 -0.156 0.201 0.436 -0.032 

I2 vmPFC/OFC GMV -0.020 0.052 0.701 -0.018 0.041 0.059 0.486 0.030 

I2 Friend Satisfaction -0.025 0.029 0.400 -0.030 0.028 0.027 0.292 0.032 
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I2 Age (Years) 0.018 0.036 0.623 0.111 0.038 0.025 0.137 0.209 

I2 Total Stress in Last 2 Years 0.023 0.042 0.579 0.019 0.020 0.037 0.584 0.016 

I2 Poor/Fair Health (Yes) 0.002 0.094 0.987 0.001 0.221 0.093 0.018 0.081 

I2 Seen GP Anxiety Depression (Yes) -0.078 0.064 0.221 -0.044 -0.009 0.057 0.879 -0.005 

I3 Age (Years) -0.001 0.042 0.978 -0.007 -0.036 0.035 0.294 -0.204 

I3 Total Stress in Last 2 Years -0.001 0.055 0.989 -0.001 0.073 0.053 0.167 0.056 

I3 Poor/Fair Health (Yes) -0.193 0.121 0.110 -0.090 -0.397 0.124 0.001 -0.161 

I2 Living with Partner (Yes) -0.032 0.097 0.744 -0.016 0.073 0.112 0.515 0.042 

I3 Living with Partner (Yes) 0.085 0.124 0.495 0.044 -0.066 0.142 0.643 -0.038 

I2 Degree Educated (Yes) -0.012 0.052 0.820 -0.008 0.260 0.053 <0.001 0.162 

I2 Equivalised Income (10-20k) 0.007 0.092 0.942 0.004 -0.070 0.096 0.467 -0.035 

I2 Equivalised Income (20-30k) -0.055 0.093 0.551 -0.036 -0.055 0.090 0.538 -0.032 

I2 Equivalised Income (30k+) -0.064 0.107 0.550 -0.037 -0.170 0.113 0.132 -0.085 

I2 Equivalised Income (PNA/DNK) -0.125 0.149 0.402 -0.036 0.001 0.114 0.991 0.001 

I3 Equivalised Income (10-20k) -0.019 0.148 0.896 -0.011 -0.081 0.130 0.533 -0.041 

I3 Equivalised Income (20-30k) 0.036 0.141 0.801 0.023 -0.058 0.122 0.632 -0.034 

I3 Equivalised Income (30k+) 0.097 0.156 0.534 0.057 -0.019 0.153 0.899 -0.009 

I3 Equivalised Income (PNA/DNK) -0.107 0.207 0.604 -0.034 -0.076 0.162 0.639 -0.030 

Townsend Quintile 2 -0.084 0.060 0.165 -0.049 0.001 0.060 0.990 <0.001 

Townsend Quintile 3 -0.002 0.069 0.973 -0.001 -0.103 0.078 0.186 -0.043 

Townsend Quintile 4 -0.131 0.109 0.227 -0.043 -0.241 0.121 0.047 -0.077 

Townsend Quintile 5 -0.073 0.135 0.592 -0.011 -0.102 0.148 0.491 -0.015 

Δ Friend Satisfaction ~         
I2 Total Activities -0.009 0.029 0.766 -0.011 0.027 0.030 0.377 0.036 

I2 Amy GMV -0.276 0.195 0.157 -0.073 0.250 0.254 0.324 0.058 

I2 vmPFC/OFC GMV 0.002 0.051 0.976 0.001 0.009 0.070 0.893 0.008 

I2 Friend Satisfaction -0.232 0.090 0.010 -0.299 -0.276 0.076 <0.001 -0.358 

I2 Age (Years) 0.098 0.033 0.003 0.652 0.054 0.033 0.101 0.342 

I2 Total Stress in Last 2 Years 0.021 0.047 0.653 0.018 0.070 0.055 0.198 0.064 

I2 Poor/Fair Health (Yes) -0.152 0.114 0.185 -0.071 0.080 0.137 0.556 0.034 

I2 Seen GP Anxiety Depression (Yes) 0.001 0.068 0.991 <0.001 -0.029 0.063 0.649 -0.019 

I3 Age (Years) -0.041 0.036 0.254 -0.270 -0.077 0.038 0.044 -0.490 

I3 Total Stress in Last 2 Years -0.098 0.064 0.124 -0.080 -0.048 0.061 0.434 -0.042 

I3 Poor/Fair Health (Yes) -0.164 0.125 0.190 -0.081 -0.184 0.145 0.203 -0.085 

I2 Living with Partner (Yes) 0.161 0.132 0.221 0.085 0.134 0.144 0.350 0.087 

I3 Living with Partner (Yes) -0.146 0.174 0.401 -0.079 -0.171 0.177 0.333 -0.111 

I2 Degree Educated (Yes) 0.029 0.061 0.630 0.021 -0.101 0.066 0.126 -0.071 

I2 vmPFC/OFC GMV ~         
I2 Normalised WBV 1.656 0.407 <0.001 0.165 2.110 0.390 <0.001 0.220 

I2 Age (Years) 0.004 0.028 0.899 0.025 -0.011 0.027 0.685 -0.083 

I2 Total Stress in Last 2 Years 0.051 0.044 0.250 0.046 -0.011 0.038 0.774 -0.012 

I2 Poor/Fair Health (Yes) -0.013 0.104 0.902 -0.006 0.058 0.095 0.536 0.029 

I2 Seen GP Anxiety Depression (Yes) 0.011 0.059 0.850 0.007 -0.036 0.048 0.454 -0.029 

I2 Living with Partner (Yes) -0.071 0.122 0.557 -0.040 -0.018 0.103 0.861 -0.014 

I2 Degree Educated (Yes) 0.007 0.052 0.892 0.005 0.125 0.046 0.007 0.105 

I2 Equivalised Income (10-20k) 0.021 0.104 0.837 0.014 -0.104 0.095 0.277 -0.070 

I2 Equivalised Income (20-30k) 0.012 0.100 0.902 0.009 -0.042 0.097 0.663 -0.033 

I2 Equivalised Income (30k+) 0.135 0.116 0.248 0.089 -0.044 0.109 0.687 -0.030 

I2 Equivalised Income (PNA/DNK) 0.054 0.153 0.724 0.017 -0.053 0.112 0.638 -0.029 

Townsend Quintile 2 -0.048 0.059 0.417 -0.031 0.096 0.056 0.085 0.067 

Townsend Quintile 3 -0.166 0.087 0.055 -0.081 -0.101 0.069 0.143 -0.057 

Townsend Quintile 4 -0.188 0.102 0.065 -0.069 -0.076 0.095 0.427 -0.033 

Townsend Quintile 5 -0.317 0.264 0.231 -0.055 0.003 0.184 0.988 0.001 

I2 Amy GMV ~         
I2 Normalised WBV 0.240 0.109 0.028 0.085 0.520 0.109 <0.001 0.196 

I2 Age (Years) -0.010 0.009 0.253 -0.251 0.006 0.008 0.403 0.173 

I2 Total Stress in Last 2 Years 0.008 0.012 0.484 0.027 0.002 0.010 0.874 0.006 

I2 Poor/Fair Health (Yes) 0.006 0.026 0.805 0.011 0.001 0.026 0.970 0.002 

I2 Seen GP Anxiety Depression (Yes) -0.002 0.017 0.904 -0.004 -0.002 0.013 0.864 -0.006 

I2 Living with Partner (Yes) 0.057 0.033 0.083 0.113 0.006 0.030 0.851 0.016 

I2 Degree Educated (Yes) 0.017 0.014 0.234 0.047 0.042 0.013 0.001 0.128 

I2 Equivalised Income (10-20k) 0.038 0.029 0.185 0.092 -0.019 0.024 0.421 -0.048 

I2 Equivalised Income (20-30k) 0.030 0.028 0.277 0.079 -0.029 0.024 0.228 -0.082 

I2 Equivalised Income (30k+) 0.020 0.032 0.541 0.046 -0.010 0.028 0.732 -0.024 

I2 Equivalised Income (PNA/DNK) 0.050 0.038 0.195 0.057 -0.025 0.028 0.369 -0.050 
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I2 Total Activities ~         
I2 Age (Years) -0.017 0.037 0.641 -0.094 0.036 0.035 0.302 0.169 

I2 Total Stress in Last 2 Years 0.051 0.052 0.320 0.035 -0.025 0.051 0.622 -0.017 

I2 Poor/Fair Health (Yes) 0.128 0.123 0.300 0.048 -0.180 0.125 0.150 -0.056 

I2 Seen GP Anxiety Depression (Yes) -0.099 0.073 0.178 -0.047 0.027 0.070 0.700 0.013 

I2 Living with Partner (Yes) -0.054 0.141 0.703 -0.023 0.087 0.148 0.557 0.042 

I2 Degree Educated (Yes) <0.001 0.063 0.998 <0.001 0.316 0.066 <0.001 0.167 

I2 Equivalised Income (10-20k) 0.060 0.147 0.683 0.031 0.119 0.132 0.368 0.050 

I2 Equivalised Income (20-30k) 0.126 0.146 0.389 0.070 0.128 0.128 0.318 0.062 

I2 Equivalised Income (30k+) 0.056 0.163 0.732 0.028 0.023 0.150 0.876 0.010 

I2 Equivalised Income (PNA/DNK) 0.009 0.221 0.968 0.002 -0.069 0.148 0.639 -0.024 

Townsend Quintile 2 -0.167 0.074 0.024 -0.082 0.006 0.081 0.936 0.003 

Townsend Quintile 3 0.032 0.096 0.742 0.012 -0.190 0.104 0.067 -0.067 

Townsend Quintile 4 -0.136 0.139 0.329 -0.038 0.062 0.138 0.655 0.017 

Townsend Quintile 5 -0.076 0.225 0.736 -0.010 0.004 0.228 0.984 0.001 

I2 Friend Satisfaction ~         
I2 Age (Years) -0.079 0.041 0.057 -0.408 0.031 0.040 0.435 0.153 

I2 Total Stress in Last 2 Years -0.017 0.060 0.779 -0.011 0.028 0.062 0.657 0.019 

I2 Poor/Fair Health (Yes) -0.097 0.122 0.425 -0.035 -0.218 0.142 0.124 -0.070 

I2 Seen GP Anxiety Depression (Yes) -0.340 0.096 <0.001 -0.156 -0.167 0.078 0.033 -0.086 

I2 Living with Partner (Yes) 0.164 0.138 0.234 0.067 0.010 0.177 0.953 0.005 

I2 Degree Educated (Yes) -0.265 0.081 0.001 -0.149 -0.088 0.074 0.231 -0.048 

         
Covariances         
         
I2 vmPFC/OFC GMV ~~  
I2 Total Activities -0.006 0.018 0.733 -0.012 0.020 0.019 0.291 0.039 
I2 Amy GMV ~~  
I2 Total Activities -0.003 0.005 0.524 -0.023 0.009 0.005 0.097 0.059 
I2 Total Activities ~~  
I2 Friend Satisfaction 0.058 0.026 0.026 0.086 -0.014 0.029 0.616 -0.018 
I2 vmPFC/OFC GMV ~~  
I2 Amy GMV 0.060 0.005 <0.001 0.548 0.045 0.004 <0.001 0.496 
I2 vmPFC/OFC GMV ~~  
I2 Friend Satisfaction -0.060 0.022 0.005 -0.119 -0.086 0.024 <0.001 -0.171 
I2 Amy GMV ~~  
I2 Friend Satisfaction -0.006 0.005 0.253 -0.045 -0.008 0.006 0.177 -0.056 
Δ Total Activities ~~  
Δ vmPFC/OFC GMV -0.002 0.005 0.677 -0.018 -0.001 0.005 0.825 -0.013 
Δ Total Activities ~~  
Δ Amy GMV 0.001 0.002 0.545 0.032 <0.001 0.002 0.830 -0.010 
Δ Total Activities ~~  
Δ Friend Satisfaction 0.016 0.014 0.248 0.046 0.044 0.020 0.029 0.099 
Δ vmPFC/OFC GMV ~~  
Δ Amy GMV 0.007 0.001 <0.001 0.515 0.002 0.001 0.001 0.270 
Δ Friend Satisfaction ~~  
Δ vmPFC/OFC GMV -0.010 0.007 0.129 -0.102 -0.001 0.006 0.794 -0.021 
Δ Friend Satisfaction ~~  
Δ Amy GMV 0.002 0.003 0.435 0.052 -0.002 0.003 0.464 -0.048 

Note. Model fit: Robust χ2 (392) = 432.318, p = 0.078; CFI = 0.993; RMSEA = 0.011, 

90% CI = [0.001, 0.017]. Est = estimate, SE = standard error, Std.all = both latent and 

observed variables are standardised to have a variance of 1, ~ = predicted by, ~~ = 

covariance, Δ = change in, I2 = instance 2, I3 = instance 3, PNA/DNK = prefer not to 

answer/do not know, Amy = amygdala, vmPFC/OFC = ventromedial prefrontal 

cortex/orbitofrontal cortex, GMV = grey matter volume, equivalised income comparison 

group = 0-10k, Townsend comparison group = 1. 


