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GENERAL'SUMMARY'
“There will be little argument concerning the fact that man is a biosocial animal and that 

researchers are always dealing with an organism having both mental and physical 

dimensions inseparably intertwined. As physicists had to learn that they were dealing with a 

space-time continuum, psychologists will have to learn that they have to deal with a mind-

body continuum” (Eysenck (1997), p. 1124) 

 

The overreaching goal of this thesis is to delineate patterns of structural brain development 

from childhood to adulthood and probe how these changes are related to psychosocial traits 

and behavior. Given the striking individual differences in brain, cognition and behavior 

(Foulkes & Blakemore, 2018; Kanai & Rees, 2011), the thesis aims to bring the field of 

developmental cognitive neuroscience a step further by moving beyond mere group level 

differences and changes, and focusing on individual developmental differences within the 

normal range. More specifically, the goal is to illuminate how individual differences in 

structural brain development, as measured with magnetic resonance imaging (MRI), relate to 

differences in how adolescents think, feel and act. Based on existing literature on brain 

maturation across adolescence (Herting et al., 2018; Tamnes et al., 2017; Zhou, Lebel, Treit, 

Evans, & Beaulieu, 2015), we expect the transition from childhood to adulthood to be 

characterized by changes across different brain metrics: thickness and surface area of the 

cortex, as well as volumes of subcortical structures. The aim of the thesis is to join the 

growing body of literature (Becht & Mills, 2019; Giedd & Rapoport, 2010; Schnack et al., 

2014) that suggests that changes in underlying biology, rather than static measures, may be 

promising predictors of cognition and behavior. The tenet “journey as well as destination” 

illustrates the dynamic relations between brain and psychosocial traits and behavior (Giedd & 

Rapoport, 2010). 

At the psychosocial level, the thesis focuses on three concepts related to adjustment and well-

being in the developmental transition of adolescence: personality traits, prosocial behavior 

and emotion regulation (Aikins & Litwack, 2011; Caprara, Barbaranelli, Pastorelli, Bandura, 

& Zimbardo, 2000; Eisenberg, Cumberland, & Spinrad, 1998; Schneider, Ackerman, & 

Kanfer, 1996). These concepts are separately investigated in the three papers included in this 

thesis, all based on the same longitudinal research project; NeuroCognitive Development, 
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from the Department of Psychology, University of Oslo. Paper I uses data collected at two 

time points and explores the relations between the five broad dimensions of personality and 

change in regional cortical thickness and surface area, respectively. Papers II and III utilize 

data collected at up to three time points per individual. Paper II investigates how prosocial 

behavior relates to regional cortical thinning. Paper III examines how two different emotion 

regulation strategies, cognitive reappraisal and expressive suppression, relate to longitudinal 

development of cortical thickness and volume of selected subcortical structures. While the 

methods in paper I can only inform about rate of change in brain structure, papers II and III 

use advanced statistical models to provide hints about shapes of brain developmental 

trajectories and the associations between these dynamic (rather than static) measures of the 

brain, and psychosocial traits and behavior. 

The thesis suggests that dynamic indices of brain structure relate to psychosocial traits and 

behavior across adolescence, and that the associations are region-, and possibly timing- 

specific. Most importantly, the results also stress that studying within-person changes over 

time and individual differences is necessary to gain a more nuanced understanding of brain-

behavior relations during development. Specifically, paper I combines both cross-sectional 

and longitudinal analyses and finds that longitudinal indices of brain structural change are 

better predictors of parent-reported personality than static brain measures. For example, paper 

I implies that faster rate of cortical thinning relates to more adaptive personality profiles such 

as lower levels of neuroticism and higher levels of imagination and conscientiousness. Paper 

II links greater cortical thinning to higher levels of self-reported prosocial behavior. The 

results suggest that both rate (i.e. speed) and timing of cortical thinning (i.e. when in 

development greater/attenuated thinning is occurring) may be essential for understanding 

differences in prosocial behavior. Finally, paper III demonstrates that frequent use of 

expressive suppression relates to greater regional cortical thinning in both sexes. Cognitive 

reappraisal use is associated with greater cortical thinning in females and less thinning in 

males. The introductory chapter of the thesis concludes by discussing selected limitations and 

future directions. 

INTRODUCTION'
Developmental'psychology'meets'cognitive'neuroscience'
Despite their biological orientation, pioneering developmental theorists such as Sigmund 

Freud and Jean Piaget largely ignored brain maturation in their seminal works on 

development (Segalowitz & Rose-Krasnor, 1992). Yet, their contemporary, the prominent 
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developmental theorist Arnold Gesell suggested that any theory of development would be 

incomplete without integration of brain maturation (Gesell, 1929). Still, in the absence of 

sufficient knowledge of neurobiology and neurodevelopment, the integration of 

developmental psychology and neurosciences remained difficult for a long time. Fast-forward 

more than 100 years, we find ourselves in an era where knowledge of brain-behavior 

relations can inform developmental psychology and drive developmental theory (Segalowitz, 

2007). Arguably, knowledge of how brain and behavior “grow together” is especially 

informative. This progress can largely be attributed to the rapid technological advances in 

neuroimaging acquisition and analysis. Especially MRI, which, through the use of magnetic 

fields and radio waves allows us to generate images of internal organs and safely study in 

vivo age-related differences in brain structure and function. Despite thousands of studies 

aiming to link brain and behavior, our understanding of the psychosocial relevance of brain 

development is still very limited. The existing literature is dominated by studies from 

research projects with cross-sectional designs, which are not suitable to answer fundamental 

questions about temporal dynamics and causality (Kievit et al., 2018). Additionally, this 

approach is also not ideal in the study of developmental change because inferences about age 

are confounded by cohort and period (Glenn, 1976). Longitudinal designs with two and more 

observations are likely to provide better indices of true developmental change (Vijayakumar, 

Mills, Alexander-Bloch, Tamnes, & Whittle, 2018).  

The thesis rests on a framework proposed by Uta Frith and colleagues (Blakemore, Dahl, 

Frith, & Pine, 2011; Frith & Frith, 2003). Cognition, broadly defined as anything related to 

the mental domain (including psychosocial traits), sits between the biological level (brain, 

genes) and the behavioral level. In this framework, cognition constitutes a link between 

biology and behavior, and environment can exert influence on all three levels: the biological, 

the cognitive and the behavioral (Figure 1). The goal of this thesis is to target all three levels 

and examine how individual differences in structural brain development relate to differences 

in personality traits, prosocial behavior and emotion regulation. 
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Figure 1. A theoretical framework where the cognitive level (broadly referring to anything related to the mental 

domain, or the “mind”) links the biological level (e.g. brain and genes) and the behavioral level. The 

environment can influence each level. Adapted with permission from Uta Frith and colleagues (2011; 1991). 

Two approaches to understand development can be placed within this framework (Gottlieb, 

1992). The first is “deterministic epigenesist” which assumes unidirectional causal pathway 

from genes, to brain structure and to psychological function/behavior, such as the 

maturational viewpoint, e.g. Gesell (1929). The second one is “probabilistic epigenesist” 

which assumes dynamic and bidirectional interactions among genes, brain structure and 

psychological function or behavior, e.g. interactive specialization theory (Johnson, 2011, 

2015).  

Even though the study sample used in this thesis consists of healthy individuals, the thesis 

also aims to aid our understanding of the neurodevelopmental basis of mental health and 

well-being. Since mental disorders are increasingly understood as disorders of the brain (Insel 

& Cuthbert, 2015), are conceptualized as lying at extreme ends of continuum of symptoms 

(Costello, 1994; Widiger et al., 2019), and the vast majority of mental disorders emerge by 

young adulthood (Dalsgaard et al., 2019; Kessler et al., 2005; Kim-Cohen et al., 2003), it 

follows that basic knowledge of brain and psychosocial development is needed to identify 

abnormal patterns of development underlying mental health problems. Moreover, many 

mental disorders show sex- and age-specific incidence rates (Dalsgaard et al., 2019), and how 

these differences are reflected in brain and psychosocial development may ultimately inform 

prevention and early intervention programs. It is important to stress that the goal here is not 

to reduce complex problems to the level of brain mechanism, and downplay the role of 
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cultural, social and familial influences on the developing neural systems (Dahl, 2004). But 

basic knowledge of underlying biology may provide some clarity into the complex relations. 

The introduction of the thesis is organized as follows. First, a brief overview of historical and 

current theoretical perspectives on the adolescent period are introduced. Second, three 

psychosocial concepts (personality traits, prosocial behavior and emotion regulation) central 

to this thesis, are presented and set in a larger theoretical framework. Third, a brief 

description of the human brain and its development is provided. Fourth, methods suitable to 

study the relations between structural brain development and psychosocial traits and behavior 

are discussed. Following this introduction, the thesis research questions and hypotheses are 

presented. Results of the three papers are then summarized and discussed in a broader 

context. The thesis ends with thoughts on limitations and selected future directions. 

Defining'adolescence'
Adolescence has been defined as “that awkward period between sexual maturation and the 

attainment of adult roles and responsibilities” (Dahl (2004), p. 9). It is a transitional period, 

characterized by substantial physical, cognitive and social changes (Larsen & Luna, 2018). 

Anthropological studies suggest that adolescence is considered a distinct developmental stage 

by virtually every human society (Schlegel & Barry, 1991), making it an exciting subject for 

developmental psychology. It is important to note that what is conceived as adolescence may 

be subject to change. For example, there is evidence of a trend towards earlier onset of 

puberty in Western societies (Herman & Giddens, 2006). Similarly, there is a cross-cultural 

variation in when individuals are expected to assume adult roles (Dahl, 2004; Schlegel & 

Barry, 1991). For example, in Western societies where an increasing number of occupations 

require longer education, many individuals will attain adult roles as late as the mid-twenties. 

The current thesis therefore focuses on brain and psychosocial development across 

adolescence in a broad sense, as the transition from late childhood to young adulthood. 

On'theories'of'adolescence'
Despite attempts to formulate theories of adolescence by prominent developmental theorists, 

be it Freud’s theory of psychosexual development, Erikson’s theory of adolescent 

development or Piaget’s theory of formal operations, there was surprisingly little empirical 

research on adolescents until the 1980’s (Steinberg & Morris, 2001). Increased popularity of 

the ecological perspective on human development (Bronfenbrenner, 1979), with its focus on 

changes in context, rather than mere content of development, coupled with technological 

advances in measuring indices of puberty and neurobiology has resulted in extensive research 
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on adolescence. Initially, adolescence was conceptualized by G. S. Hall as a period of “storm 

and stress” (Arnett, 1999), and much focus has been placed on the study of disturbance and 

maladaptation, despite occasional attempts to de-dramatize this period (Steinberg & Morris, 

2001). Empirical data suggest that most adolescents go through this transitional period 

relatively smoothly, but there is evidence that a significant proportion of youth experience 

adolescence as a period of struggle and emotional turmoil (Dahl, 2004). It is therefore 

important to acknowledge and study the wide range of individual differences during this 

period. Some models also described adolescence as “raging hormones”, and explained 

behavioral and emotional changes across adolescence with hormonal changes; these models 

were ultimately deemed as too simplistic (Dahl, 2004).  

Contemporary neurobiological models of adolescent development acknowledge the impact of 

hormones on the onset of puberty (Crone & Dahl, 2012), but offer a more complex picture by 

also aiming to explain adolescent behavior with brain developmental changes and by 

emphasizing the role of the social context, e.g. presence of peers (Crone & Dahl, 2012; 

Guyer, Silk, & Nelson, 2016). One group of models known as the dual system models, 

consisting of i) the dual system model (Steinberg, 2008), ii) the maturational imbalance 

model (Casey, Getz, & Galvan, 2008) and iii) the driven dual system model (Luna & Wright, 

2016) all rest on the imbalance hypothesis. This hypothesis posits which posits that behaviors 

that characterize adolescence can be explained by the brain functional imbalance that 

emerges between a slowly developing cognitive control system and a rapidly developing 

socioemotional system, where greater imbalance equals higher incidence of undesirable 

behaviors (Meisel, Fosco, Hawk, & Colder, 2019; Shulman, Smith, et al., 2016). The 

different dual system models differ in terms of shapes of developmental trajectories of these 

two systems, see Figure 2.  

 

Figure 2. Alternative models explaining how patterns of brain development can account for adolescent 

decision-making and behavior (Shulman, Smith, et al., 2016). 
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For example, the dual system model and the maturational imbalance model both suggest that 

the cognitive control system increases linearly or near linearly across adolescence, but the 

former suggests an inverted-U shaped trajectory for the socioemotional system, while the 

latter proposes an early rapid increase followed by a plateau into adulthood. The driven dual 

systems model on the other hand suggests that the cognitive control system peaks by mid-

adolescence and then reaches a plateau, while the developmental trajectory of the 

socioemotional system follows an inverted-U shape. The models also differ in whether they 

propose that the development of the two systems is orthogonal (dual system model) or 

interdependent (maturational imbalance), (Shulman, Harden, et al., 2016; Shulman, Smith, et 

al., 2016). A number of other more complex models have emerged that extend these models 

(Ernst, 2014; Romer, Reyna, & Satterthwaite, 2017), and there is currently no single model 

that receives unequivocal empirical support (Meisel et al., 2019; Mills, Goddings, Clasen, 

Giedd, & Blakemore, 2014; van Duijvenvoorde, Achterberg, Braams, Peters, & Crone, 

2016). 

Adolescence'as'period'of'risks'and'opportunities'
Moving away from the overly negative understanding of adolescence as period of “storm and 

stress”, contemporary research describes adolescence as period of increased risks and 

vulnerabilities on one hand, and on the other hand as opportunities to learn, especially from 

the social-cultural context. Some have even coined adolescence a sensitive period, or a 

second “window” of opportunity (Fuhrmann, Knoll, & Blakemore, 2015; Larsen & Luna, 

2018). This view emphasizes the heightened plasticity during adolescence. Plasticity is an 

intrinsic property of the nervous system that allows changes to structure and function in the 

brain in response to influences from the environment, physiological changes and experiences 

(Pascual-Leone, Amedi, Fregni, & Merabet, 2005). Plasticity is seen as both a mechanism of 

learning and potentially a cause of pathology. 

For example, increased levels of risk taking and sensation seeking are normative in 

adolescence. On one hand, they may facilitate individualization, exploration of novel 

environments and learning. On the other hand, they may entail life threatening behaviors 

(Spear, 2000). Similarly, adolescence is a period of marked improvement in higher-order 

cognitive functions, including social cognition (Blakemore, 2008). This improved ability may 

help navigating the increasingly complex and novel social environments. But adolescence is 

also a period of increased vulnerability to social stress and rejection (Fuhrmann et al., 2015). 

In other words, adolescence is a period of prolonged plasticity which entails both opportunity 
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to learn and transition into independence, and vulnerability to environmental stress exposure 

(Tottenham & Galván, 2016). 

Personality,'prosociality'and'emotion'regulation:'markers'of'wellNbeing'in'adolescence'
Humans are a highly social species and relations with others beyond the closest family 

become particularly important during adolescence. Relationships with parents and peers 

undergo dynamic changes and restructuring, and the first romantic and sexual relationships 

bring about novel social experiences and demands (Guyer et al., 2016; Suleiman, Galván, 

Harden, & Dahl, 2017). Quality of these interpersonal relationships is associated with well-

being during this transitional period (Greenberg, Siegel, & Leitch, 1983). The current thesis 

focuses on three interrelated psychosocial traits and behavior, which each plays a role in 

personal well-being, as well as quality of interpersonal relationships or social competence 

(Aikins & Litwack, 2011; Caprara et al., 2000; Eisenberg et al., 1998; Schneider et al., 1996). 

1. Personality traits: defined as individual differences in how one typically thinks, feels, 

and acts, which are relatively stable across situations (McAdams & Pals, 2006). 

2. Prosocial behavior: defined as voluntary actions that intentionally benefit others 

(Eisenberg, Spinrad, & Knafo-Noam, 2015)  

3. Emotion regulation: conceptualized as processes that influence which emotions one 

has, as well as when and how they are experienced and expressed (Gross, 1998). 

Many mental disorders typically emerge during adolescence (Dalsgaard et al., 2019), and 

many of them have been linked to specific aspects of personality traits, prosocial behavior 

deficits, and dysregulated emotion (Aldao, Nolen-Hoeksema, & Schweizer, 2010; Eron & 

Huesmann, 1984; Hay, Hudson, & Liang, 2010; Widiger et al., 2019). For example, a long-

standing debate on the personality-psychopathology relations have yielded several 

explanatory models. In adolescence, two models receive most support (Tackett, 2006). The 

vulnerability/predisposition model posits that some personality traits may increase 

individual’s risk to develop certain forms for psychopathology. The other model, known as 

the spectrum model, suggests that personality and psychopathology are placed along a 

common continuum. Overall, high neuroticism, low conscientiousness and low agreeableness 

show the strongest links to psychopathology (Widiger et al., 2019). The spectrum model of 

personality is in line with the phenomenological view of psychopathology that posits that 

symptoms of psychopathology can be observed in broader population in less intense, 

debilitating and persistent, but not qualitatively different form (Costello, 1994). Similarly, 

prosocial behavior (or the lack of) may be placed along a continuum with conduct disorder at 
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the extreme end (Eron & Huesmann, 1984; Meehan, Hawes, Salekin, & Barker, 2019). 

Similarly, it is possible that deficits in emotion regulation exist in varying degrees in broader 

population, with related psychopathy such as major depression at the extreme end of the 

continuum. The increased appreciation for this dimensional view on psychopathology is 

reflected in the most recent version of the Diagnostic and Statistical Manual of Mental 

Disorders (APA, 2013).  

Both personality, prosociality and emotion regulation can be understood in context of the 

aforementioned model by Uta Frith and colleagues (Blakemore et al., 2011; Frith & Frith, 

2003). Genetic and environmental influences (including social norms) influence development 

and expression of these constructs, and brain structure is one possible mediator of these many 

influences (Eisenberg et al., 2015; Vukasović & Bratko, 2015). It is, however, worth noting 

that the brain is highly responsive to environmental influences particularly in childhood and 

adolescence (Mills & Tamnes, 2018). The causal directions of brain-behavior associations 

during development are likely complex and should not be understood in a reductionist or 

dualistic manner. 

There may also be overlap in higher cognitive functions underlying personality, prosociality 

and emotion regulation. For example, cognitive and behavioral control is at the core of both 

conscientiousness (Eisenberg, Duckworth, Spinrad, & Valiente, 2014), emotion regulation 

(McRae, Jacobs, Ray, John, & Gross, 2012; Schweizer, Gotlib, & Blakemore, 2020) and 

prosocial behavior (Steinbeis, 2018). Hence, an overlap in brain regions associated with these 

constructs is possible. Examining personality, prosociality and emotion regulation and their 

relations to structural brain development may inform about their unique but also common 

neurodevelopmental profiles.  

Organization'of'the'human'brain'
The human brain is arguable one the most complex known biological system, consisting of 

billions of neurons, cells that process and convey information, and glia cells with multiple 

support roles (Pakkenberg & Gundersen, 1997; Woolsey, Hanaway, & Mokhtar, 2008). 

Neurons are connected to each other forming information-processing-networks. Long-range 

axons, are often wrapped in myelin, a fatty substance that increases efficiency and precision 

of signal transmissions. Due to its color at fresh state, the part of the brain containing mainly 

glia and axons is known as white matter, while tissue rich in neurons, synapses (point of 

connection between two neurons) and glia is called gray matter (Stiles & Jernigan, 2010; 

Woolsey et al., 2008).  
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The cerebral cortex forms the outer layer of the brain and resembles a highly folded sheet 

characterized by peaks (gyri) and grooves (sulci) (Destrieux, Fischl, Dale, & Halgren, 2010). 

The cerebral cortex most distinctively sets humans apart from other species and it contains 

about three-quarters of all synapses (Rakic, 1988). One of the most prominent characteristics 

of the human cortex is its parcellation into architectonic areas with distinct structural and 

functional properties (Rakic, 1988). Both phylogenetically and ontogenetically, the cerebral 

cortex is considered a crown achievement of development and given its role in higher-order 

cognitive functions, it is frequently studied to understand both normal and abnormal human 

function (Walhovd, Fjell, Giedd, Dale, & Brown, 2016).  

 

Figure 3. Representation of cortical thickness, surface area and gray matter volume (Winkler et al., 2010).  

Cortical volume, thickness, surface area and folding (degree of gyrification) are 

macrostructural properties of the cortex typically measured in MRI studies (Hogstrom, 

Westlye, Walhovd, & Fjell, 2012). It is important to distinguish between these measures 

because they carry at least partially unique biological information. Cortical volume used to be 

the principal morphometric measure of the cortex. However, since it is the product of cortical 

thickness and surface area, most contemporary research instead considers these two measures 

separately (Raznahan et al., 2011; Winkler et al., 2010). Similarly, cortical folding is the 

product of surface area and the square root of cortical thickness (Mota & Herculano-Houzel, 

2015). Cortical thickness and surface area show different developmental trajectories (Tamnes 

et al., 2017), are genetically largely independent (Winkler et al., 2010), determined by 

different environmental influences (Jha et al., 2018), and formed by different biological 

events (Rakic, 1988). The Radial Unit Hypothesis (Rakic, 1988) posits that at the embryonic 

stage, the ventricular zone contains proliferative units which represent a proto-map of the 

prospective cytoarchitectonic areas. Each unit produces (mostly though asymmetrical 
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division) cohorts of cells that migrate along radial glial cells to form the cortical plate from 

the inside out, i.e. beginning with the deepest layers of the cortex. These stacks of neurons are 

known as columns. Conceptually, surface area is determined by the number of cortical 

columns, while cortical thickness is determined by number and size of cells within the 

columns. 

Cortical thickness and surface area is the focus of Paper I, and cortical thickness alone is 

central to Paper II and III. For a graphical representation of cortical thickness and surface 

area see Figure 3. 

Structural'brain'development'
The human brain undergoes a particularly protracted development with the most dramatic 

changes taking place prenatally and during the first few years of life. It begins three weeks 

after conception with the differentiation of the neural progenitor cells (Stiles & Jernigan, 

2010). Rudimentary structures of the brain and the central nervous system are established 

before the end of the embryonic period (8 weeks post conception). By the end of the fetal 

period, cortical and subcortical structures, as well as rudiments of major fiber pathways are 

formed, and the cortex starts to show patterns of gyral and sulcal folding. Proliferation and 

migration of progenitor cells, as well as their differentiation and maturation continues after 

birth and is likely to play crucial roles in maturation of the developing circuits (Kostović & 

Jovanov-Milošević, 2006; Stiles & Jernigan, 2010). Total brain volume reaches 90% of adult 

size by age 5 (Dekaban & Sadowsky, 1978). The white matter increases in size into 

adulthood in contrast to gray matter volume which starts decreasing in childhood (Lebel et 

al., 2012; Mills et al., 2016). Adolescence is also a period characterized by continued 

extensive morphological, functional and neurochemical development of the brain. This 

reorganization is thought to reflect increased efficiency and fine-tuning of the system 

(Keshavan, Giedd, Lau, Lewis, & Paus, 2014). Structural changes in the brain, although in 

lesser extent, continue throughout the lifespan (Grydeland et al., 2019; Storsve et al., 2014; 

Westlye et al., 2010). 

Cortical'development'
The thickness of the gray matter of the human cerebral cortex reflects size and number of 

cells within cortical columns (Rakic, 1988). A T1-weighted MRI images allows for the 

estimation of cortical thickness at any point, defined as the distance between the gray 

matter/white matter boundary, and the boundary between gray matter and cerebrospinal fluid. 

Longitudinal studies suggest that cortical thickness, after the first few years, monotonically 
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decreases over the lifespan (Fjell et al., 2015; Vidal-Pineiro et al., 2019). In adolescence, as 

shown in Figure 4, studies have observed faster rates of cortical thinning in comparison to 

adulthood, and possibly also in comparison to late childhood (Vidal-Pineiro et al., 2019; 

Zhou et al., 2015). The observed thinning is regionally specific, generally with greater 

thinning observed in association cortical areas than primary sensory areas (Whitaker et al., 

2016). A pattern of posterior-to-anterior development has also been described, with 

especially protracted development of prefrontal regions (Tamnes et al., 2013), and also their 

white matter connections (Lebel, Treit, & Beaulieu, 2019). 

 

Figure 4. a) Trajectory of average cortical thickness throughout the lifespan. Dots refer to observations, lines 

connecting dots reflect repeated observations for a participant and different colors represent data from different 

MRI scanners, b) cortical thinning across lifespan (first derivative) where the red dotted line represents zero 

change, negative values = thinning and positive values = thickening (Vidal-Pineiro et al., 2019). 

The microstructural mechanisms underlying the observed cortical thinning in MRI studies are 

not entirely clear (Natu et al., 2019), but three not mutually exclusive theories have been 

proposed: pruning, myelination and changes in cortical morphology.  

Pruning refers to a process of neural system specialization or optimization by loss or 

remodeling of neuronal material; dendrites, somas or synapses (Huttenlocher, 1979; 

Huttenlocher & Dabholkar, 1997; Rakic, Bourgeois, Eckenhoff, Zecevic, & Goldman-Rakic, 

1986). Surveillance and maintenance of the brain’s synapses by microglia cells (non-neuronal 
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cells) have been implicated in synaptic maturation in rodents. Deficits in microglia function 

was linked to delayed pruning, excess of dendritic spines, immature synapses and other 

indices of immature brain circuitry (Paolicelli et al., 2011). Such changes at the synaptic level 

are, however, on a too small scale to explain the reductions in cortical volume and thickness 

observed in developmental MRI studies. Speculatively, the synaptic changes may, together 

with a reduction in neuropil and an accompanying reduction in the number of cortical glial 

cells, be one underlying mechanism of cortical thinning (Mills & Tamnes, 2014). 

The second theory postulates that the observed cortical thinning can be explained by 

increased myelination, the increased growth of myelin sheaths along axons, without 

necessary implying any form of tissue loss (Sowell et al., 2004). Myelination is a process of 

normative brain development and is thought to underlie the increased speed, frequency and 

reliability of information transfer (Miller et al., 2012; Wake, Lee, & Fields, 2011). Increased 

myelination occur both within the cortical sheet, as well as in the underlying white matter. As 

the myelin content increases, the intensity of voxels in T1-weighted anatomical MR images 

also increases. This means that if the myelin content of a young brain increases, it will appear 

brighter. The gray matter/white matter boundary depends on intensity differences. As a result 

of increased brightness due to myelin, this boundary may shift deeper into what was 

previously gray matter, which now, due to myelination, has become white matter (Natu et al., 

2019; Norbom et al., 2019). This may appear as cortical thinning. Some authors have 

therefore argued that the term apparent cortical thinning would be more precise (Walhovd, 

Fjell, et al., 2016). 

The third theory suggests that mechanical forces that cause developmental changes in cortical 

folding and surface area may result in apparently thinner cortex (Garcia, Kroenke, & Bayly, 

2018; Hogstrom et al., 2012; Natu et al., 2019; Tallinen, Chung, Biggins, & Mahadevan, 

2014; Van Essen, 1997). It is, however, unclear how this theory fits with the developmental 

changes observed during adolescence, when surface area remains relatively stable compared 

to the childhood period (Amlien et al., 2016), as discussed below. 

Findings based on cross-sectional data (Whitaker et al., 2016) provide most support for the 

myelination theory. However, intracortical myelination and myelination of subadjacent white 

matter cannot fully explain the observed age-related changes in cortical thickness across 

adolescence. A recent longitudinal study suggests that at least in the visual cortex, the 

increased myelination changes the gray/white matter contrast in T1-weighted images and 
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results in apparent thinning (Natu et al., 2019). It is possible that the three processes (pruning, 

myelination and mechanical forces) all contribute to the observed cortical thinning, but their 

specific contributions are yet to be clarified, and may depend upon region, age and other 

factors. 

Surface'area'development'
Surface area is determined by the number of cortical columns (Rakic, 1988) and is estimated 

by assessing how much local distortion is needed to fit an individual’s brain to a standard 

atlas. This process creates a point-by-point map of surface area expansion or reduction 

(Fischl, Sereno, & Dale, 1999; Hogstrom et al., 2012). An interesting feature of human brain 

evolution is that surface area has expanded much more than cortical thickness in comparison 

to other species (Hofman, 1989). In theory, larger number of neurons could be evolutionary 

achieved by thickening the cortex, but computer modeling studies suggest that this would be 

a suboptimal solution (for review see White et al., 2010).  

In comparison to cortical thickness, fewer studies have investigated surface area 

development. With some exceptions (Vijayakumar et al., 2016), most existing studies suggest 

increases in surface area in childhood, followed by subtle decreases in early adolescence 

(Ducharme et al., 2015; Mills, Lalonde, Clasen, Giedd, & Blakemore, 2012; Raznahan et al., 

2011; Schnack et al., 2014; Tamnes et al., 2017; Wierenga, Langen, Oranje, & Durston, 

2014). 

Development'of'subcortical'volumes'
Our understanding of the anatomical development of subcortical structures lags behind our 

knowledge about the development of the cortical sheet (Raznahan et al., 2014). Emerging 

studies suggest heterogeneous developmental changes in subcortical structures (Dennison et 

al., 2013; Goddings et al., 2014; Herting et al., 2018; Narvacan, Treit, Camicioli, Martin, & 

Beaulieu, 2017; Raznahan et al., 2014; Østby et al., 2009), but the mixed results preclude 

general consensus on the precise developmental trajectories for each subcortical structure. 

Herting and colleagues (2018) compared developmental trajectories of subcortical structures 

across several independent samples and demonstrated for example curvilinear growth in 

amygdala and decreases in nucleus accumbens across adolescence. 

Sex'differences'in'brain'development'
Numerous MRI structural studies suggest existence of sex differences in brain structure and 

development both at a global and a regional level (Raznahan et al., 2014; Ruigrok et al., 

2014). For example, males have larger brains, and at the microscopic level they have about 
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16% more neocortical neurons than females (Pakkenberg & Gundersen, 1997). However, it is 

important to stress that number of neurons is unlikely related to behavioral or mental 

complexity (Williams & Herrup, 1988). Despite these observations of sex, it remains unclear 

whether sex differences exist in developmental changes and trajectories across childhood and 

adolescence (Herting et al., 2018; Mutlu et al., 2013; Vijayakumar et al., 2016). Additionally, 

intriguing recent results demonstrate that males show greater variability in brain structure, 

both in the lower and upper extremes of the distribution, than females and these sex 

differences in variability appear to be stable from early childhood to early adulthood 

(Wierenga et al., 2017). Hormonal surges occurring in two waves, in utero and during 

puberty, may contribute to the observed differences (Paus, Keshavan, & Giedd, 2008; Paus, 

Wong, Syme, & Pausova, 2017). 

Does this mean that women and men have qualitatively different brains? Empirical data reject 

the notion of two categorically different brains. Joel and colleagues (2015) demonstrate that 

despite existence of sex differences in brain structure, brains do not fall into 

“male”/”females” category and they are not alighted along a “male brain-female brain 

continuum” either. For example, their data suggest extensive overlap between distributions of 

females and males for all brain features assessed. The authors also show that brains can be 

best described as mosaics of features, some of which can be more common in males than 

females, the other way around or common in both males and females. Nonetheless, many 

mental disorders show sex differences in prevalence, onset, severity and course (Dalsgaard et 

al., 2019), and are conceptualized as disorders of the brain (Insel & Cuthbert, 2015). 

Therefore these sex differences in brain structure may be informative as to the etiology of the 

many mental disorders that emerge in development. Still, other factors such as social and 

cultural factors are also likely to play important roles in these complex relations (Paus et al., 

2008). 

Usefulness'of'MRI'to'understand'psychosocial'traits'and'behavior'
MRI employs different sequences to produce anatomical images of living organs by means of 

strong magnetic field, electric field gradients and radio waves. For example signal intensities 

and contrasts are used to distinguish between gray matter, white matter, cerebrospinal fluid, 

and different brain structures. After further off-line processing of the resulting images, one 

can qualify larger anatomical changes but the current resolution does not at this point provide 

details at the level of neurons and synapses (Mills & Tamnes, 2018). A major advantage of 
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the method is that it allows safe and repeated imaging of living individuals across different 

ages, including children.  

The considerable psychosocial changes observed during adolescence are the result of 

dynamically changing interactions between genes and environmental factors, and brain 

structure is considered one of the mediators of these relations (Keshavan et al., 2014). 

Specifically, the individual differences in brain structure has been conceptualized as proximal 

source of individual differences in thought, feelings and actions, and as a mediator of more 

distal influences such as genes and environment (Yarkoni, 2015). The relations between brain 

structure and psychosocial measures of interest may be assessed by combining neuroimaging 

techniques with behavioral or psychological measures. A review of brain correlates of 

cognitive measures across development suggests parallel developments of brain and 

cognition/behavior across childhood and adolescence (Walhovd, Tamnes, & Fjell, 2014). The 

relations brain and cognitive behavioral measures are moderate, dynamic and may differ in 

strength depending on age. 

On'the'importance'of'using'longitudinal'studies'
It has been suggested that neurobiological changes over time, rather than static measures 

from one point in time, may be promising predictors of cognition and behavior (Giedd & 

Rapoport, 2010; Schnack et al., 2014). Characteristics of neurodevelopmental age trajectories 

have shown promise in studies of mental disorders and symptoms of mental disorders (Bos, 

Peters, van de Kamp, Crone, & Tamnes, 2018; Shaw, Gogtay, & Rapoport, 2010). The basic 

idea is that such age trajectories can diverge from the “typical neurodevelopmental 

trajectory” in several ways (Shaw et al., 2010). First, it may have the same shape but the 

timing of local minimum or maximum may differ, for instance a certain peak may occur at 

later age (delay). Second, the trajectory may differ in tempo of change. This aspect may relate 

to the velocity (first-order derivative) or the acceleration/deceleration (second-order 

derivative) of change. Third, as shown in Figure 5, the trajectory may have a different shape. 

Examining whether differences in trajectories of brain structural development relate to 

various psychosocial traits and behavior is interesting in light of the extensive debate on 

dimensionality of mental disorders (APA, 2013; Widiger et al., 2019). For example, do 

individuals with major depression show aberrant neurodevelopmental trajectory? And do 

individuals with symptoms of depression, who do not meet diagnostic criteria, show similar 

trajectory but to lesser extent? 
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Figure 5. Hypothetical data showing healthy and pathological trajectories of cortical thickness development. A) 

Typical and atypical trajectories have same shape but differ in when a milestone (e.g. peak) is achieved, B) 

Typical and atypical trajectories have the same form but differ in velocity, C) Typical and atypical trajectories 

have different shapes (Shaw et al., 2010).  

On'the'importance'of'studying'individual'differences'
Both psychosocial development and structural brain development can be described as highly 

organized, that is, occurring for most individuals in a particular order. For example, infants’ 

emotion regulation is initially dependent on its caregiver, but with increasing age, the child is 

to a greater extent able to regulate his or her emotions (Eisenberg & Ulik, 2012). Similarly, 

deeper layers of the human cortex are formed before more superficial ones (Rakic & 

Lombroso, 1998). Group-level studies of psychosocial and brain development have been very 

useful as they have facilitated conclusions about average development, for example across 

adolescence (Becht & Mills, 2019; Foulkes & Blakemore, 2018). Despite the existence of 

these general developmental patterns, it is important to note that there are striking individual 

differences both in i) psychosocial and cognitive functions and their development (Dahl, 

2004; Fillmore, Kempler, & Wang, 2014), ii) brain structure and its development (Foulkes & 

Blakemore, 2018), and iii) the relationships between cognitive behavioral development and 

structural brain development (Walhovd et al., 2014). There is now an urgent need to advance 
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the field of developmental cognitive neuroscience by going beyond conclusions about 

average trends in brain and behavior to examine these individual differences and understand 

their sources. Longitudinal studies where the same individuals are tracked over time can 

answer questions such as how and why people differ in the way they develop (Kievit et al., 

2018; Mills & Tamnes, 2014), one of the most fundamental questions in developmental 

science. 

Main'research'objectives''
Both personality, prosocial behavior and emotion regulation have been linked to brain 

structure (Ahmed, Bittencourt-Hewitt, & Sebastian, 2015; Avinun, Israel, Knodt, & Hariri, 

2019; Riccelli, Toschi, Nigro, Terracciano, & Passamonti, 2017; Wildeboer et al., 2018), but 

for the most part, longitudinal studies of individuals across adolescence are lacking. The 

overreaching goal of this thesis was to address this knowledge gap and demonstrate that 

macrostructural brain developmental changes relate meaningfully to these psychosocial 

constructs that are central in the transition from childhood to adulthood. I hypothesized that 

individual differences in structural brain development would relate to measures of personality 

traits, prosocial behavior and emotion regulation. I also hypothesized that the observed 

relations would be region-specific, but that some degree of regional overlap could be 

expected since these psychosocial constructs depend on some of the same higher-order 

cognitive functions. Three broad research questions have been addressed by the three papers. 

1. Are personality traits related to longitudinal changes in cortical thickness and surface 

area across adolescence? 

2. Is prosocial behavior related to longitudinal development of cortical thickness in the 

transition from adolescence to adulthood? 

3. Are cognitive reappraisal and expressive suppression related to longitudinal 

development of cortical thickness and amygdala/nucleus accumbens volumes across 

adolescence? 

 

METHODS'
Design''
The thesis builds on data collected in NeuroCognitive Development, an accelerated 

longitudinal study (Ferschmann et al., 2019; Tamnes et al., 2013; Tamnes et al., 2009), where 

data were collected at three occasions over a 7-year-period. At each data collection wave, 
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participants underwent extensive neuropsychological testing and neuroimaging, and 

completed several questionnaires. 

Studying neurodevelopmental change poses numerous challenges (Vijayakumar et al., 2018). 

For example, maturation/age cannot be randomly assigned, making it a correlational or quasi-

independent variable. This opens for three types of research design: cross-sectional, complete 

or single-cohort longitudinal and accelerated longitudinal design, with the last one being used 

in the current project. Common weakness for these designs is the inability to draw directly 

causal relations between age and variables of interest, as confounding variables cannot be 

fully accounted for. 

The frequently used cross-sectional studies, where individuals at different ages are assessed 

at a fixed time, have additional weaknesses. Age-related change is indirectly estimated from a 

mix of different age cohorts, and is vulnerable to cohort effects, i.e. systematic differences 

between individuals born at different times, which may provide biased estimates of change 

(Galbraith, Bowden, & Mander, 2017).  

Complete longitudinal designs, e.g. yearly repeated measures of the same individuals as they 

age from childhood to adulthood, would be ideal for making the strongest inferences about 

developmental changes (Brown, 2017). However, this is rarely feasible due to potentially 

very lengthy data collection, cumulative testing effects and first and foremost attrition: only 

some participants would be willing to participate over long time (Estrada & Ferrer, 2019). 

Complete longitudinal designs are also vulnerable to changes in the methods that may 

happened during data collection, such as scanner upgrades. 

Accelerated longitudinal design represents a compelling alternative to these approaches; 

several cohorts sampled at different ages are assessed on multiple occasions. In the current 

project, participants aged 8-19 were recruited at wave 1 and then assessed again at wave 2 

and 3 over the next 7 years. The main advantage of this design is the ability to investigate 

relatively wide age range in relatively short time and this relatively short duration of data 

collection is less likely to be affected by attrition. This is because dropout is likely to increase 

as a function of the study’s length. However, this design is not entirely free of cohort effects 

(Galbraith et al., 2017). Still, the longitudinal nature of this design provides a major 

advantage of substantially increased power to detect even small effects (Steen, Hamer, & 

Lieberman, 2007). 
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Sample''
The data material presented in Papers I-III consist of highly overlapping samples. All 

participants were drawn from the same study NeuroCognitive Development, funded by the 

Research Council of Norway, approved by the Regional Committee for Medical and Health 

Research Ethics of South Norway, and conducted at Center for Lifespan Changes in Brain 

and Cognition (LCBC). 

In the project, cognitive and psychosocial measures were collected at one or all three data 

collection waves, varying for different measures, while multimodal neuroimaging data was 

acquired at all three occasions. Table 1 gives overview of data material used in Papers I-III. 

Table 1. Overview of data materials used in papers I, II and III 

 Data material Paper I Paper II Paper III 

 

 

Wave 1 

T1WI ! ! ! 

WASI ! ! " 

SDQ " ! " 

HiPIC ! " " 

SES ! ! ! 

 

Wave 2 

T1WI ! ! ! 

WASI " ! " 

SDQ " ! " 

SES " ! ! 

 

Wave 3 

T1WI " ! ! 

WASI " ! ! 

SDQ " ! ! 

ERQ " " ! 
Note. T1WI = T1 weighted image, WASI = Wechsler Abbreviated Scale of Intelligence, SDQ = Strengths and 
Difficulties Questionnaire, HiPIC = Hierarchical Personality Inventory for Children, SES = Socioeconomic 
status, ERQ = Emotion Regulation Questionnaire. 

 

Table 2. An overview of the characteristics of the specific samples included in papers I, II and III, respectively. 

Paper sample N Age 

(years) 

F IQ Parental 

education 

Parental 

income 

   Mean SD Range  Mean SD Range Mean SD Mean SD 

I C 99 14.2 3.3 8.3 – 19.7 54 109.7 10.6 87-141 3.2 0.7 4.1 1.2 

LW1 74 14.0 3.3 8.4 – 19.4 37 109.8 10.9 87-141 3.2 0.8 4.1 1.2. 
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LW2 74 16.6 3.3 10.8 – 21.9 37 112.9 10.3 88-136 3.2 0.8 4.1 1.2 

II LW1 74 15.83 2.35 12.0 – 19.3 40 110.8 10.6 88-141 3.2 0.71 4.2 1.29 

LW2 121 16.66 2.88 11.9 – 21.9 61 111.2 11.8 82-166 3.3 0.69 4.4 1.28 

LW3 106 20.13 3.27 13.8 – 26.1 

 

58 112.9 10.3 86-139 - - - - 

III LW1 61 13.7 3.2 8.4 – 19.4 31 111.1 10.1 91-141 3.2 0.8 4.0 1.1 

LW2 103 15.7 3.3 9.7 – 21.8 55 112.0 10.9 82-136 3.3 0.7 4.5 1.2 

LW3 108 20.1 3.3 13.8 -26.1 59 113.1 10.5 86-139 - - - - 

Note. C = cross-sectional sample, LW1-3 refers to longitudinal samples with data collected at waves 1, 2 or 3, N 
= sample size, SD = standard deviation, F = females. 

Recruitment'
At wave 1, children and adolescents aged 8-19 were recruited through newspaper 

advertisement and from local schools. At wave 2 and 3, the same participants were contacted 

again for follow-up data collection, and new individuals were recruited to compensate for 

attrition. At wave 3, the social media platform Facebook was used to recruit new participants. 

The newly recruited participants were scanned only on a different scanner and therefore not 

included in the longitudinal papers in this thesis. 

Consent'procedures'
The consent procedures were performed as follows: 1) all children under the age of 12 gave 

informed oral assent, 2) parents of children aged 16 or younger gave informed written 

consent and 3) informed written consent was obtained from all participants aged 12 or more. 

Eligibility'criteria'
In Papers I-III, the same eligibility criteria applied. At both baseline and follow-up 

assessments, eligibility was ascertained through standardized screening interviews with a 

parent or legal guardian of participants aged 15 years or less, and with participants 16 years 

of age or older. All participants had to fulfill the following criteria: term-birth (> 37 weeks of 

gestation), right-handedness, fluency in Norwegian, normal or corrected to normal hearing 

and vision, no history of injury or disease known to affect the central nervous system (CNS), 

no history of treatment for mental disorders, no current medication known to affect CNS 

function, and absence of MRI contraindications. At each wave, a senior radiologist evaluated 

the MRI data and only scans deemed free of serious condition or injury were included in the 

analyses. 

Attrition'
Attrition in longitudinal studies may pose a serious problems if individuals who continue in 

the study differ substantially from those who discontinue their participation. In such case the 

longitudinal sample may no longer be representative of the original sample (Salthouse et al., 
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2013). Papers I using data from two data collection waves, as well as Paper II using data from 

all three data collection waves, suffered from some degree of attrition. In both papers, there 

were no significant differences between “missing” and “non-missing” individuals on 

important characteristics, e.g. age, sex or estimated IQ. Paper III required all participants to 

have behavioral measures from the third and final data collection wave (the only wave during 

which emotion regulation strategies were assessed) and attrition analyses were therefore not 

conducted. 

Assessment'of'psychosocial'traits'and'behavior''
Personality'traits. In paper I, personality traits were assessed using the parent report version 

of the Hierarchical Personality Inventory for Children (HiPIC; (Mervielde & De Fruyt, 

1999)). This 144-item observer-based inventory has been deemed suitable for personality 

assessment in children and adolescents (Shiner & Caspi, 2003), and repeatedly shown to 

provide valid and reliable measurements (Mervielde & De Fruyt, 2002; Watt, Hopkinson, 

Costello, & Roodenburg, 2017), including in Norway (Vollrath, Hampson, & Torgersen, 

2016). The HiPIC has concurrent validity with the revised NEO Personality Inventory (De 

Fruyt, Mervielde, Hoekstra, & Rolland, 2000) and yields dimensional scores for traits that 

closely resemble the Five Factor Model; imagination (corresponding to openness), 

conscientiousness, extraversion, benevolence (similar to agreeableness), and emotional 

stability (corresponding to low neuroticism). Eighteen facets, each measured by eight 

questions, are hierarchically structured under these traits. Intellect, curiosity and creativity 

constitute the domain of imagination. Conscientiousness is formed by the following facets: 

achievement motivation, orderliness, concentration and perseverance. Low shyness, 

expressiveness, optimism, and energy comprise extraversion, while benevolence consists of 

the facets low egocentrism, low irritability, compliance, low dominance and altruism. Finally, 

low anxiety and self-confidence are structured under emotional stability. Each item of the 

HiPIC describes an overt behavior, making the questionnaire well-suited as an observer-

report instrument. For example, “[He or She] tends to cry over setbacks”. Each item is rated 

on a five-point Likert scale reaching from ‘barely characteristic’ to ‘highly characteristic’. 

General'cognitive'ability. General cognitive ability was estimated using the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) at each wave. At wave 1 and 

wave 2 of the study, the general cognitive ability score was based on four subtests: Block 

Design, Vocabulary, Matrix Reasoning and Similarities. At wave 3, only Vocabulary and 

Matrix Reasoning were used. In paper I, estimates from wave 1 were used. In paper II, 
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estimates from all three waves were used. Estimates from the last wave were used in paper 

III. 

Psychosocial'adjustment. Paper II and III provide measures of psychosocial adjustment using 

the self-report version of the Strengths and Difficulties Questionnaire (Goodman, 1997). In 

paper II, the SDQ’s subscale measuring prosocial behavior at all three data collection waves 

is used in analyses. Paper III uses data from four subscales of the SDQ collected at the third 

data collection wave: emotional symptoms, hyperactivity/inattention, peer relationships 

problems and conduct problem.  

Emotion'regulation. Emotional regulation was measured at wave 3 by means of the self-

report version of the Emotion Regulation Questionnaire (ERQ, Gross & John, 2003), a ten-

item measure assessing habitual use of cognitive reappraisal and expressive. To rate items 

such as “I control my emotions by changing the way I think about the situation I’m in” or “I 

control my emotions by not expressing them”, the questionnaire uses a 7-point Likert scale 

ranging from 1 (strongly disagree) to 7 (strongly agree). 

Socioeconomic'status. Two measures of socioeconomic status were assessed at wave 1 and 2: 

parental education and parental income. Parental education was defined as the highest 

educational level attained at the time of data collection, where 1 = 9 years of primary school, 

2 = 3 years of high school, 3 = up to 4 years at university/college level, and 4 = greater than 4 

years of higher education at university/college. Annual parental income at the time of data 

collection was indicated in Norwegian Crowns as follows: 1 = less than 200,000, 2 = 200,000 

– 299,999, 3 = 300,000 – 399,999, 4 = 400,000 – 499,999, 5 = 500,000 – 599,999, 6 = 

600,000 – 699,999, 7 = more than 700,000. In all three papers, average values of both parents 

were used when available, whereas the value of either parent’s education or income was used 

if a value for the other parent was missing. 

Neuroimaging'
Acquisition. All imaging data used in papers I, II and III were acquired on the same MRI 

scanner, using the same scanning parameters. Specifically, the same 12-channel head coil on 

the same 1.5 T Siemens Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) 

was used to collect MRI data at all 3 waves. The sequence used for morphological analyses at 

all three time points was a 3D T1-weighted magnetization prepared rapid gradient echo 

(MPRAGE). The following parameters were used across all three data collection waves: 

repetition time/echo time/time to inversion/flip angle = 2400 ms/3.61 ms/1000 ms/8°, matrix 
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= 192 x 192 x 160, sagitally acquired, field of view = 240 mm, bandwidth = 180 Hz/pixel, 

voxel size 1.25 × 1.25 × 1.2 mm. Acquisition time was 7 min, 42 seconds. A 25-slice coronal 

FLAIR sequence (TR/TE = 7000–9000/109 ms) was also acquired and used for radiological 

evaluation.  

Processing. FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.edu), a freely 

available tool described in detail elsewhere (Dale, Fischl, & Sereno, 1999; Fischl, 2012; 

Fischl, Sereno, & Dale, 1999), was used to estimate different indices of brain structure 

(cortical thickness, surface area and subcortical volumes). Version 5.3 was used in paper I, 

and version 6.0 in paper II and III. In all three papers, FreeSurfer was used to perform both 

cross-sectional and longitudinal processing of the anatomical data, as described in the 

following two paragraphs. 

Cortical thickness and surface area were estimated for each time point independently (cross-

sectional processing) on a point-by-point (vertex-wise) basis across the surface. Briefly, 

cortical reconstruction is performed in several stages. A method that combines watershed 

algorithms and deformable surface models is used to remove all non-brain tissue (for 

example eye sockets and dura) from the T1-weighted images (Ségonne et al., 2004). This is 

followed by Talairach transformation, white matter segmentation (whereby voxels are 

classified as white matter or not on basis of location, intensity and neighbor constrains), 

topology correction (Fischl, Liu, & Dale, 2001; Ségonne, Pacheco, & Fischl, 2007) and 

automatic correction for intensity non-uniformity (Sled, Zijdenbos, & Evans, 1998). A 

spherical atlas is used to generate an average folding pattern mapped to a sphere based on 

large number of individuals and each individual is aligned with this average. This spherical 

surface-based coordinate system facilitates point-to-point correspondence between subjects, 

takes into account the highly folded nature of the human cerebral cortex and enables 

improved localization of structural features of the brain (Fischl, Sereno, Tootell, & Dale, 

1999). The grey matter/white matter boundary and the grey matter/cerebrospinal boundary 

which corresponds to the pial surface (the outer boundary of the cortex) are identified, and 

both cortical thickness and area are then measured by reconstructing the grey matter/white 

matter and pial surfaces. The distance between these two surfaces yields the thickness of the 

grey matter at any point across the cortical mantel with submillimeter accuracy (Fischl & 

Dale, 2000). This method for assessing cortical thickness has been validated by comparing in 

vivo FreeSurfer estimations of cortical thickness with histological measurements (Cardinale 

et al., 2014). For surface area (white surface that follows the boundary between white matter 
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and gray matter), the triangular area at each point in native space was compared with the area 

of the analogous point in registered space to give an estimate of area expansion or contraction 

continuously along the surface (“local arealization”; Fischl et al., 1999). Subcortical 

formations were segmented using the standard segmentation procedure which relies on signal 

intensities and probabilistic information, and volume of each structure was estimated (Fischl 

et al., 2002). 

The longitudinal stream in FreeSurfer uses a within-subject template space and image, which 

is unbiased with respect to any time point, and is created by means of robust, inverse 

consistent registration. The longitudinal processing proceeds in several stages (Reuter, 

Schmansky, Rosas, & Fischl, 2012). The first step involves cross-sectional processing as 

described above, during which all time points of all subjects are processed independently. 

During the second stage, a within-subject template is created for each individual based on all 

time points and full segmentation and surface reconstruction is performed in order to estimate 

average subject anatomy. The third and final stage involves using information from both the 

within-subject template and the cross-sectional individual runs and each time point is 

processed longitudinally through a series of algorithms. This approach avoids bias often 

present in longitudinal image processing (Reuter & Fischl, 2011). Firstly, biased registration 

is avoided by applying a robust and inverse consistent registration, and by reducing the 

impact of outlier regions. A common approach to achieve spatial correspondence across time 

points is to register all follow-up scans to the baseline image. By using the baseline image as 

a reference frame, it will be treated differently than any other time point which may introduce 

bias, for example steeper slopes in the rate of change from baseline to time point 2 due to 

interpolation asymmetry. In contrast, FreeSurfer treats all time points identically and avoids 

this bias by creating a within-subject template which is based on all available time points. 

The final source of bias in longitudinal image processing relates to information transfer. 

Processing steps often involve a number of optimization problems, usually solved by iterative 

methods where the solutions depend on the choice of starting point. Starting later time points 

with the baseline results will inherently cause bias, again because baseline is treated 

differently than later time points. FreeSurfer avoids this bias by employing a within-subject 

template which can be used to initialize all the time points independently. 

Quality'control'of'MRI'data. An essential aspect of image data processing pertains to quality 

control of the anatomical data. It is known that head motion may introduce bias in 

morphological analyses, e.g. it may affect estimates of cortical thickness. If the effects of 
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head motion happen in a systematic fashion, e.g. head motion correlates with the variable of 

interest (e.g. age), this can pose a serious problem in developmental studies. For example, 

younger children are more prone to head motion than older children (Alexander-Bloch et al., 

2016; Reuter et al., 2015). It has also been observed that presence or absence of quality 

control has significant impact on the estimations of cortical thickness trajectories from 

childhood to adulthood. In the current project, quality of the anatomical data was emphasized 

both during and after image acquisition.  

During image acquisition, MRI images were thoroughly monitored as they were acquired by 

a trained individual at a graduate level. Re-scans within the same session were requested if 

the quality was insufficient. As illustrated in Figure 6, judgements of whether or not scans 

were of satisfactory quality were based on visual inspections. A participant could have up to 

four scans within the same session, the best one was chosen for subsequent processing and 

analyses. 
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Figure 6. Examples of images, showing different rates of motion artefacts that were used in quality control 

procedures. Rows represent: 1) No sign of movement, 2) Adequate quality, minor movement (examples of best 

rated quality 2 (2A) and worst rated quality 2 (2B) are included), 3) Substantial movement artifacts, 4) 

completely distorted image because of movement. Only images rated as 1 or 2 were included in analyses, 

Walhovd et al. (2016). 

It has been suggested that adaption of standard protocols for quality control would greatly 

improve transparency and reporting in manuscripts, as well as understanding of how different 

quality control methods impact estimates of developmental brain structural trajectories 

(Vijayakumar et al., 2018). In papers II and III, the same quality control procedure as in paper 

I was used to assure high quality anatomical data during image acquisition. After the images 

were acquired, however, the quality control was extended by thorough manual inspection of 

both raw and processed images following a stringent standardized quality control rating 
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procedure (Backhausen et al., 2016), adapted for longitudinal data. Images not meeting the 

required criteria were excluded from the analyses. Data from participants with one or more 

excluded scans were re-processed through the longitudinal pipeline, so as to re-create within-

subject templates that were independent of excluded data. Future studies could combine such 

standardized manual quality control procedures with automated quality control of data before 

(e.g. Esteban et al., 2017), and after (e.g. Klapwijk et al., 2019) data processing. 

Statistical'analyses'
Paper'I. Analyses in paper I were performed within FreeSurfer version 5.3 and SPSS for 

Windows, Release Version 22 (© SPSS, Inc., Chicago, IL). 

Considering the dearth of past studies on associations between personality traits and cortical 

structure in developmental samples, analyses were not restricted to a priori hypothesized 

regions, but instead, a whole-brain point-by-point approach across the cortical surface was 

applied to minimize Type II errors. Analyses were performed vertex-wise using general 

linear models (GLMs) in FreeSurfer. To minimize the risk of Type I error, all analyses on 

cortical measures (cortical thickness and surface area) were tested against an empirical null 

distribution of maximum cluster size across 10,000 iterations using Z Monte Carlo 

simulations in FreeSurfer (Hagler, Saygin, & Sereno, 2006; Hayasaka & Nichols, 2003), 

synthesized with a cluster-forming threshold of p < .05 (two-sided), yielding clusters fully 

corrected for multiple comparisons across the surfaces. Clusterwise corrected p < .05 (two-

sided) was regarded significant. Note however that clusterwise correction procedures around 

this time were heavily discussed in the literature (Eklund, Nichols, & Knutsson, 2016; Greve 

& Fischl, 2018), and the thresholds employed in our study, especially for surface area, might 

have might relatively liberal. 

First, cross-sectional analyses based on data collected at wave 1 were performed to 

investigate the relations between personality traits and cortical thickness and surface area. 

This step involved fitting separate GLMs of the effects of each personality trait on cortical 

thickness and surface area at each vertex, controlling for sex, age, and their interaction. To 

test whether brain–personality trait relations differed as a function of age, analyses were 

extended to include Age × Personality interaction term. 

However, since dynamic measures of brain anatomy, rather than static measures obtained at 

one time are the focus of this thesis, the next step involved using data from wave 1 and wave 

2 to investigate how changes in cortical thickness and surface area relate to personality traits. 
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Specifically, longitudinal change in cortical thickness and surface area were calculated on a 

point-by-point basis across the surface as the annual rate of change (APC) with respect to the 

average surface area and cortical thickness across the time points. The longitudinal analyses 

involved testing separate GLMs to examine the effects of each personality trait on APC of 

cortical thickness and surface area while controlling for age, sex, and their interactions. To 

test if effects were independent of cognitive ability, we reran these analyses with cognitive 

ability measured at TP1 as a covariate. Finally, to test whether brain–personality trait 

relations differed as a function of age, analyses were extended to include Age × Personality 

interaction term. 

Paper'II'and'III. The last two papers use somewhat overlapping statistical analyses and will 

therefore be presented together. In these papers, statistical analyses were performed using the 

nmle package (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2018) in R (R Core Team, 

2018), in Rstudio (www.rstudio.com) and Surfstat 

(http://www.math.mcgill.ca/keith/surfstat/), a toolbox created for MATLAB (The 

MathWorks, Inc., Nathan, MA). 

In contrast to paper I where longitudinal analyses are limited to data from two data collection 

waves, papers II and III build on data where participants were assessed on up to three 

occasions. As a result, both papers employ linear mixed models (LMM), a powerful approach 

for analyses of data with repeated measurements from the same individuals (Gibbons, 

Hedeker, & DuToit, 2010; Matuschek, Kliegl, Vasishth, Baayen, & Bates, 2017). Responses 

from one individual over multiple time points are likely to be correlated. Mixed-effects 

models deal with this form of dependency in the data, allow irregularly spaced measurements 

(Gibbons et al., 2010), and help to preserve power in case of missing data (Matuschek et al., 

2017). In all models, subject was entered as a random effect. In paper II and III, all models 

where psychosocial variables showed significant associations with structural development 

were reran with estimated IQ and measures of socioeconomic status (parental education and 

income) as covariates. 

Several statistical analyses were common for paper II and III. First, background analyses 

were conducted to assess the developmental trajectory of cortical thickness. The best-fit 

model for the developmental trajectory of cortical thickness was assessed in three steps 

whereby a cubic model was tested first, followed by a quadratic model, and a linear model. 

This top-down approach was chosen because the software used (Surfstat) does not allow for 
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selecting models on parsimony. This constitute a limitation because top-down approaches are 

prone to over-fitting (Vijayakumar et al., 2018). However, the aim of these analyses was not 

characterizing the shape of development for brain regions, but rather identifying a good 

enough (i.e., significant) model of brain development and then seeing if the developmental 

model would be impacted by psychosocial variables of interest (i.e. prosocial behavior and 

different emotion regulation strategies). Random field theory (RFT) corrections (p < 0.05, 

cluster-defining threshold 0.005) were used to account for multiple comparisons (Worsley, 

Taylor, Tomaiuolo, & Lerch, 2004). 

Second, after identifying a model of cortical thickness development, number of analyses were 

performed to examine whether psychosocial variables of interest would be related to cortical 

thickness development. Considering the lack of studies on both prosocial behavior and 

emotion regulation in relation to cortical thickness development, analyses were not limited to 

a priori selected regions of interests. Instead, whole-brain analyses across the cortical surface 

were performed to reduce the risk of Type II errors. Since the background analyses of cortical 

thickness identified both linear and quadratic changes with age (and the software did not 

allow to choose the best model on parsimony), all analyses of cortical thickness and 

psychosocial variables were repeated with both linear and quadratic age. 

In paper II, we tested whether there were interactions between prosocial behavior and age-

related cortical thickness development. In paper III, we tested main effects of emotion 

regulation strategies on cortical thickness. This was followed by testing two sets of models 

that examined the effects of emotion regulation strategies on cortical development: i) emotion 

regulation strategy × age and ii) emotion regulation strategy × age ×sex interactions on 

cortical thickness development. 

Some analyses were specific to paper II. Since prosocial behavior was measured repeatedly, 

linear mixed models were used to assess whether prosocial behavior changed a function of 

age. We began by first identifying the best fitting developmental model for prosociality by 

comparing linear, quadratic, and cubic effects of age, as well as the null model. Two 

commonly options are available for model selection (Zuur, Ieno, Walker, Saveliev, & Smith, 

2009): Akaike Information Criterion [AIC, (Akaike, 1974)] and Bayesian Information 

Criteria (BIC); both AIC and BIC contain a likelihood value which measures the model fit, 

and number of parameters that measure complexity. AIC equals twice the difference between 

the likelihood and the number of parameters (penalty for model complexity). In contrast, 
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number of observations is taken into account by BIC, making it more stringent model 

selection measure, i.e. larger increases in the likelihood value is required for larger datasets to 

label a model as a better fit. This likelihood-based approach to model selection gives indices 

of relative usefulness of a model to describe data in relation to another model (Vijayakumar 

et al., 2018). By doing so, it does not give information about the absolute worth of any given 

model, and findings are thus influenced by the set of models chosen to be tested. 

In paper II, model testing was performed using the likelihood ratio (LRT) test where models 

were fit by maximum likelihood (ML) estimation method. We considered both the LRT p-

values and AIC values during model selection, and a more complex model was only chosen if 

p < 0.05 and AIC value indicated better fit (value that was smaller by at least two). In the 

next step, we investigated whether inclusion of sex improved the “developmental model”, 

using the same model selection procedure. First, the main effect of sex was added to the 

model, followed by an interaction of age and sex. 

Paper III also examined whether emotion regulation strategies (cognitive reappraisal and 

expressive suppression) were associated with longitudinal development of amygdala and 

nucleus accumbens volumes. First, the effect of age on subcortical structural development 

was performed by comparing null, linear, quadratic and cubic age terms, to identify the best 

fitting age model. The LRT was used for significance testing where models were fit by ML 

estimation, as described in previous paragraph. After identifying the best fitting age model, 

we further tested whether the inclusion of i) sex as main effect and ii) sex by age interaction 

improved the model fit. When the best fitting developmental model was identified, we also 

tested whether inclusion of i) main effect of emotion regulation strategy, or ii) interaction 

with emotion regulation strategy, improved the model fit. 

Visual representation is an important tool to aid interpretation of data. Generalized additive 

mixed models (gamm) were used to visualize trajectories of structural development in paper 

II and III (Wood, 2006). While linear mixed models are a valid approach for rejecting the null 

hypothesis that the relationship is linear, the for example quadratic function should not be 

interpreted literally as the shape of true developmental trajectory. Inferring break points of 

age-trajectories based on quadratic models will be heavily influenced for example by age-

range of the sample. The nonparametric smoothing approach seems to be more robust to such 

influences. Thus, smoothing splines are recommended for interpreting the shapes of 

developmental trajectories, for a discussion see Fjell et al. (2010). 
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Note'on'normalization'of'MRI'volumes'
An important methodological consideration is whether one should normalize, and if so, how, 

MRI volumes. Males have both larger bodies and larger brains (Dekaban 1978), and these 

differences have been explained by overall growth differences (Beltz et al., 2013). To account 

for these differences, several potential covariates have been suggested for adult samples: 

body weight or height, or overall brain size. In developmental samples, the already complex 

topic becomes even more complex. There are currently two types of covariates that have been 

used in studies of children and adolescence; 1) intracranial volume (ICV), defined as the 

inner surface of the skull (Bjork, 2009) and 2) total brain volume (TBW). One method to 

correct for these measures is a covariate method, whereby ICV or TBW are entered into a 

model as a covariate, or the proportion method where regional brain volume is divided by 

ICV or TBW (Mills et al., 2016).  

In vertex-wise analyses in papers I, II and III, we did not correct for either ICV or TBW, in 

line with most research on non-volumetric measures, reviewed by Vijayakumar et al. (2018). 

Several issues have been raised as a reason for not controlling ICV/TBW in non-volumetric 

studies, for example the extent to which cortical thickness relates to brain size at all. 

Correcting for ICV/TBW is more common in analyses of regional brain volumes, still we 

chose to analyze raw amygdala and nucleus accumbens volumes in paper III due to a number 

of methodological issues discussed below.  

Normalization of MRI volumes is not straightforward, particularly in developmental studies. 

First, TBW and ICV continue developing across adolescence follow different trajectories and 

should therefore not be treated interchangeably (Mills et al., 2016). Regardless of method 

used (covariate or proportional), choosing ICV or TBW changes the shape of developmental 

trajectories of regional brain volumes, impacts observed sex differences and the choice can 

have major implications for how results are interpreted. At this point, there is no consensus if 

and how one should normalize MRI volumes in longitudinal studies of developing samples 

(Mills et al., 2016; Vijayakumar et al., 2018). Additionally, inclusion of covariates such as 

ICV and TBW may be unnecessary in longitudinal studies, where individual starting point 

(intercept) and change (slope) are modelled (Crone & Elzinga, 2015; Herting et al., 2018) 

because individual differences in head size are captured at individual level. Future studies 

should make careful and hypothesis-driven decisions as to whether and how to perform 

normalization. 
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Ethical'considerations'
The study was approved by the Regional Committee for Medical and Health Research Ethics, 

and conducted in accordance with the Norwegian law for medical and health research 

(https://lovdata.no/dokument/NL/lov/2008-06-20-44) which emphasizes that individual’s 

well-being and integrity takes precedence over scientific interests. The study was also 

conducted in line with core principles of the Guidelines for Research Ethics in the Social 

Sciences, Law and the Humanities (NESH, 2016) which states that children are entitled to 

special protection as they constitute a vulnerable group. Children are individuals under 

development, and as such, have different abilities and needs at different developmental 

stages. 

Voluntary informed consent, as defined by The Norwegian National Research Ethics 

Committees (https://www.etikkom.no/en/library/topics/data-protection-and-responsibility-

concerning-the-individual/consent/ ), requires the consent to be documentable, voluntary, 

explicit and informed; and participants must be capable of giving such content. 

Understanding the extent of such capability, for example the degree to which the child 

understands the nature of the research project may be difficult to assess. In this project, 

written informed consent was obtained from children over 12 years of age and parents of 

participants younger than 16 years of age. Oral informed assent was given by children under 

the age of 12 because Article 12 (NESH, 2016), specifies that in addition to consent from 

legal guardian, children’s own consent is required once they reach the age when they can 

express an opinion. Similarly, Article 12 of the United Nations Convention on the Rights of 

the Child (https://www.ohchr.org/en/professionalinterest/pages/crc.aspx) emphasizes the 

child’s right to form and express his or her opinions, and to be heard in any matter concerning 

his or her life. Therefore, throughout the data collection, inquiries were made as to whether 

the participant wishes to continue. Child’s refusal to undergo the procedure was taken very 

seriously even in situations when the legal guardian insisted that the child proceeded because 

children are more likely to obey authorities (NESH, 2016). 

Consent must be informed, i.e. research participants must be informed about the study and its 

consequences, about the ability to withdraw at any time and that participation is voluntary. At 

the time of recruitment as well as during data collection, participants and their legal guardians 

were provided with sufficient information about the study and reminded that they could 

withdraw from the study at any time. Attempts were made to provide information in age-

appropriate manner. 



40"
"

 

All participants were compensated with a fixed financial sum in addition to a gift card. 

International Ethical Guidelines for Health-related Research Involving humans 

(https://cioms.ch/wp-content/uploads/2017/01/WEB-CIOMS-EthicalGuidelines.pdf ), article 

13, states that research participants may be reimbursed for lost earnings, travel costs or other 

expenses, they may be paid or otherwise compensated; however, the compensation should not 

be too large or tempting as to induce prospective research participants to consent to 

participate in the study against their better judgment. Persuasion is ethically challenging 

because it compromises the ethical principle of respect by impacting individual’s ability to 

act freely and make their own reasoned decisions. Therefore, during recruitment, emphasis 

was made to refrain from persuading potential participants by highlighting the compensation.  

Neuropsychological tests as well as self-report and parent-reported questionnaires used in this 

study may lead to incidental findings that should not be ignored. The project employed 

several clinical psychologists that evaluated score sheets when necessary and who had the 

possibility to make referral for clinical follow-up. 

Even though MRI has been widely used in research and is considered safe (Holland et al., 

2014), it may entail some degree of discomfort (e.g. noise, secluded space). Therefore, at 

recruitment participants were asked whether they were claustrophobic and not included in the 

study if they were. Additionally, a trained radiologist went thought a safety checklist (to 

exclude pregnancy, metal implants etc.) prior to scan session to make sure that the session 

was safe and comfortable. At all times, the participant had access to a panic button and could 

contact the radiologist and stop the scan at any time.  

Even though a history of injury or disease known to affect the central nervous system 

constituted an exclusion criterion, incidental findings are not uncommon in MRI studies of 

normal populations (Morris et al., 2009). All participants underwent a clinical MRI sequence 

suitable to detect brain structural abnormalities. All clinical scans were assessed by senior 

radiologist and specialist follow-up was provided by the Oslo University Hospital in cases of 

incidental findings. 

All sensitive data were treated with confidentiality and stored in high security servers in 

accordance with the Norwegian Personal Data Act 

(https://lovdata.no/dokument/NL/lov/2018-06-15-38).  
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SUMMARY'OF'PAPERS'INIII'
Paper'I'
How personality traits relate to structural brain changes in development is an important but 

understudied question, which has the potential to provide personality psychology with 

explanatory models. The objective of the present study was to examine the associations 

between the Big Five personality traits and static measures of cortical thickness and surface 

area (derived from MRI), as well as annual percentage change in these indices of brain 

structure. The relations were investigated cross-sectionally in 99 participants aged 8–19 

years. Follow-up MRI data were collected after on average 2.6 years for the 74 individuals. 

The Big Five personality traits were related to longitudinal regional development of cortical 

thickness and surface area, while only limited cross-sectional relations were observed. 

Conscientiousness, emotional stability, and imagination were associated with more age-

expected cortical thinning over time. Mostly positive relations were found between surface 

area development and benevolence, extraversion and conscientiousness. The results suggest 

that the substantial individual variability observed in personality traits may partly be 

explained by cortical maturation across adolescence, implying a developmental origin for 

personality–brain relations observed in adults. 

Paper'II'
Prosocial behavior, that is, voluntary actions that intentionally benefit others, relate to 

desirable developmental outcomes such as peer acceptance. Lack of prosocial behavior has 

been associated with several neurodevelopmental disorders. Mapping the biological 

foundations of prosociality may thus aid our understanding of both normal and abnormal 

development. How prosociality relates to cortical development is largely unknown. Here, 

relations between prosociality, as measured by the Strengths and Difficulties Questionnaire 

(self-report), and changes in cortical thickness across the cortical mantle were examined 

using mixed-effects models. The sample consisted of 169 healthy individuals (92 females) 

aged 12-26 with repeated MRI from up to 3 time points, at approximately 3-year intervals 

(301 scans). In regions associated with social cognition and behavioral control, higher 

prosociality was associated with greater cortical thinning during early-to-middle adolescence, 

followed by attenuation of this process during the transition to young adulthood. 

Comparatively, lower prosociality was related to initially slower thinning, followed by 

comparatively protracted thinning into the mid-twenties. This study showed that prosocial 

behavior is associated with regional development of cortical thickness in adolescence and 
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young adulthood. The results suggest that the rate of thinning in these regions, as well as its 

timing, may be factors related to prosocial behavior. 

Paper'III'
The ability to regulate emotions is crucial for well-being and mental health, particularly in 

adolescence. This transitional period characterized by changes in emotionality and emotion-

related processes. Mental disorders related to dysregulated emotion often emerge during 

adolescence, making emotion regulation a principal developmental task. Concurrently, the 

brain undergoes large structural and functional changes. We investigated the relations 

between two commonly used emotion regulation strategies, cognitive reappraisal and 

expressive suppression, and longitudinal development of cortical thickness, as well as 

amygdala and nucleus accumbens volumes. A total of 112 participants (59 females) aged 8-

19 at inclusion were followed for up to 3 times over a 7-year-period, providing 272 

observations. Participants completed the Emotion Regulation Strategies Questionnaire 

(ERQ), yielding measures of cognitive reappraisal and expressive suppression. Relations 

between emotion regulation and brain development were analyzed using linear mixed 

models. Contrary to expectations, volumetric growth of amygdala and nucleus accumbens 

was not associated with either emotion regulation strategy. However, frequent use of 

expressive suppression was linked to greater regional cortical thinning in both sexes, while 

cognitive reappraisal was also associated with greater cortical thinning in females and less 

thinning in males. In contrast to the traditionally emphasized role of frontal control regions in 

emotion regulation, the results also imply involvement of regions associated with social 

cognition and semantics. 

GENERAL'DISCUSSION'
The overreaching goal of this thesis was to examine whether psychosocial traits and behavior 

known to impact well-being across adolescence relate to macrostructural changes in the 

brain. Emotional stability, imagination and conscientiousness in paper I, prosocial behavior in 

paper II and two commonly used emotion regulation strategies (cognitive reappraisal and 

expressive suppression) in paper III showed regionally specific relations with cortical 

thickness development. For the most part, more adaptive psychological and behavioral 

patterns were associated with greater cortical thinning. Additionally, paper I also 

demonstrated both positive and negative associations between Benevolence, 

Conscientiousness and Extraversion, and cortical surface area development. In paper III, no 
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associations were found between the two emotion regulation strategies (cognitive reappraisal 

and expressive suppression) and volumetric growth of amygdala and nucleus accumbens. 

In this section, several issues will be discussed. Firstly, to which degree do the results of this 

thesis contribute to the debate on dimensionality of mental health problems and disorders? 

Second, are the results informative for the current models of adolescent behavior? Third, is 

age the best indicator of maturation across adolescence? Fourth, to which extent are 

questionnaires used to measure psychosocial traits and behavior in the thesis informative? 

Finally, this section is concluded with reflection on the current state of theory in the field and 

a discussion of several promising approaches that could be pursued by future studies. 

Dimensional'view'of'mental'health'
Variation in psychosocial traits and behavior central to this thesis are related to and/or are 

even conceptualized as lying on a continuum with psychopathology. This view suggests that 

psychopathology is lying at the extreme end of the continuum, but elevations of 

characteristics also present in broader populations (Costello, 1994; Shaw et al., 2011; 

Walhovd, Tamnes, Østby, Due-Tønnessen, & Fjell, 2012; Widiger et al., 2019). Brain 

abnormalities observed in developmental psychopathology may also be regarded as extremes 

on a continuum of variation, and there may be neurobiological continuity between normal 

symptoms of problems and psychopathology (Walhovd et al., 2012). Since health and 

psychopathology have been related to differential structural brain developmental trajectories 

(Shaw et al., 2010), it is of interest to examine whether trajectories of anatomical changes can 

also be placed on a continuum. For example, is it the case that healthy individuals show a 

normative or typical trajectory of cortical thinning, while individuals with major depression 

show an atypical trajectory of thinning (e.g. different in velocity or shape), and those with 

depressive symptoms may show a trajectory similar to those with depression, yet not so 

clearly? An emerging body of literature has started to address this question. Shaw and 

colleagues (2011) compared a group of children with attention deficit hyperactivity (ADHD) 

disorder with healthy children (some of whom had subclinical symptoms of ADHD). The 

authors concluded that there is indeed neurobiological evidence for dimensionality of the 

disorder. However, an important conceptual question remains unresolved. Does delineating 

patterns of typical and atypical developmental trajectories ultimately provides understanding 

of how an individual develops (Pfeifer, Allen, Byrne, & Mills, 2018)? A study with high-

intensity repeated measures suggests that this might not be the case (Fisher, Medaglia, & 

Jeronimus, 2018). They found that the variance for correlations was up to four times larger 
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within individuals than within groups. The authors caution against using group-derived 

estimates to understand an individual. Such interpretation may have serious implication for 

theories in developmental science in terms of misleading assumptions about the nature of 

psychosocial traits, behavior, neural substrates and their interactions. This debate highlights 

the significance of individual differences in development. 

Rather than comparing different groups (for example healthy versus ill), a growing number of 

studies have examined individual differences in cortical thickness development in relation to 

different psychosocial traits and symptoms of mental disorders. Cortical thinning is 

considered a normative feature in development, and is particularly pronounced in adolescence 

(Vidal-Pineiro et al., 2019; Zhou et al., 2015). The observed cortical thinning may reflect 

different cellular processes depending on age, and is generally considered adaptive in 

development and maladaptive in aging (Vidal-Pineiro et al., 2019). However, studies aiming 

to link cortical thickness maturation with psychosocial traits and behavior have provided 

mixed support for the notion that cortical thinning reflects adaptive development in young 

samples. On one hand, more pronounced cortical thinning has been linked to positive 

outcomes, namely higher IQ (Schnack et al., 2014) and greater reduction in aggressive 

behavior (Vijayakumar, Whittle, Dennison, et al., 2014). Similarly, lower rate of cortical 

thinning has been linked to negative outcomes such as increased anxiety and depression 

symptoms (Ducharme et al., 2013), increases in externalizing and internalizing symptoms 

(Whittle, Vijayakumar, Simmons, & Allen, 2020) and more conduct problems (Oostermeijer 

et al., 2016). Together, these studies suggest that greater cortical thinning is optimal in 

development. On the other hand, more pronounced cortical thinning has also been related to 

symptoms of depression (Bos et al., 2018), irritability (Jirsaraie et al., 2019), more anhedonia 

(Luby et al., 2018), while reduced thinning was related to improved cognitive control 

(Vijayakumar, Whittle, et al., 2014a). This body of research suggests that greater thinning is 

linked to negative outcomes in development. For emotion regulation, there is little empirical 

data, but use of an adaptive emotion regulation strategy has been linked to greater thinning in 

females, but less thinning in males (Vijayakumar, Whittle, et al., 2014b). To further 

complicate the picture, Fandkova et al. (2017) demonstrated that an adaptive developmental 

profile (better metamemory development) may relate to regionally specific patterns of 

thinning and thickening. The results of this thesis support, for the most part, the idea that 

regionally specific cortical thinning is linked to positive developmental outcome in young 

samples. In paper I, more cortical thinning related to higher emotional stability, greater 
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imagination (a concept related to intellect) and greater conscientiousness. In paper II, more 

pronounced cortical thinning related to greater prosocial behavior. Results of paper III were 

more complex, but in line with the scarce existing literature (Vijayakumar, Whittle, et al., 

2014b). Specifically, an adaptive emotion regulation strategy (cognitive reappraisal) related 

to greater thinning in females and a less thinning in males, and a less adaptive emotion 

regulation strategy (expressive suppression) related to regionally specific thinning in both 

males and females. The results of this thesis thus suggest that differences in psychosocial 

traits and behavior within the normal range relate differentially to cortical thickness 

development.  

The discrepancies across literature may be related to different sample characteristics and 

methodological choices. However, the main issue remains that we do not know the specific 

spatial and temporal characteristics of a “typical and optimal” cortical thickness trajectory. 

As a result, discussions of the typical versus atypical cortical thickness trajectories across 

research papers depend on how the identified trajectories relate to the psychosocial traits or 

behavior in question. If more pronounced thinning is related to an adaptive trait or behavior, 

the results are interpreted as “age-expected”, “normative”, “more protracted” brain 

development. If, however, more pronounced thinning is related to maladaptive traits or 

behavior, the interpretation shifts to “delay in maturation” or “need to mature earlier” for 

example due to environmental stress. The existing literature thus suggests that the knowledge 

gap is still large. Relations between cortical thickness development and psychosocial traits 

and behavior are likely very complex and it would be overly simplistic to conclude that more 

cortical thinning is at all times, and in all cortical regions, adaptive across adolescence. 

The human cortex does not have the same properties in all locations, instead attempts have 

been made to divide the cortex into architectonic areas depending on various properties such 

as distribution of cell bodies in the gray matter, or presence of specific cell types and their 

arrangement (Zilles & Amunts, 2010). The structural organization of the cortex is thought to 

provide clues about its functional organization. A major drawback of in vivo MRI imaging is 

that it provides limited information on cellular composition of the imaged tissue, as compared 

to ex vivo techniques (Paus, 2018). As a result, we lack knowledge about how to interpret 

MRI-based phenotypes with regard to underlying neurobiology. Novel approaches such as 

“virtual histology” (Shin et al., 2017), which can assess contribution of different cell-types in 

a region-specific manner, may be a promising route for future research. Additionally, high-

resolution imaging methods may facilitate insights into changes at cortex layer levels (Duyn 
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et al., 2007). Together, these methods may illuminate regionally specific variations in cortical 

thickness and cortical thinning, and future studies could examine whether age-related changes 

in cortical thickness are cortical-layer specific (De Brabander, Kramers, & Uylings, 1998; 

Uylings & De Brabander, 2002) 

Still, the results of this thesis contribute with a piece of knowledge to a large puzzle, which 

will hopefully one day provide a more nuanced picture of specific patterns of cortical 

development that underlie continuums of i) normal personality profiles – personality 

psychopathology dimension, ii) conduct disorder – prosocial behavior dimensions and iii) 

adaptive emotional regulation – psychopathology related to dysregulated emotions. 

Examining these relations in more heterogeneous samples, including individuals with mental 

disorders related to personality characteristics, deficits in prosociality and dysregulated 

emotions may provide stronger evidence for the dimensional view of neurobiological 

continuity between normal traits/behavior and psychopathology. Additionally, more efforts 

should be made to examine the biological meaning of MRI-derived measures of brain 

structure. A metaphor from medical sciences may fit here: different diseases may have the 

same clinical presentation, but following appropriate physical examinations and tests, one can 

distinguish between these disorders (Achenbach, 2006). Similarly, to understand whether the 

observed cortical thinning is adaptive and which underlying processes it may reflect, we may 

need to use measures beyond cortical thickness and surface area, for example combining 

information from multiple quantitative neuroimaging methods (Natu et al., 2019; Van Essen 

et al., 2019; Walhovd et al., 2014). Since myelin (derived from micro-structural MRI 

measures) has a different growth trajectory than cortical thickness (Grydeland et al., 2019), 

milestones to such as age at peak growth or age at onset of stability, may illuminate the 

neurobiological properties underlying the observed cortical thinning. Combining information 

from different neuroimaging methods may illuminate when, at which rate and in which 

regions increased or decreased cortical thinning is adaptive. 

Current'models'of'adolescent'behavior'
The dual system accounts of adolescent behavior discussed in the Introduction have gained 

considerable influence, providing a theoretical framework for the empirical study of risk 

behaviors across adolescence, and have even shaped public policy (Meisel et al., 2019). 

These models have, however, been criticized, particularly for lack of specificity as they can 

be applied widely to explain almost any behavior (Pfeifer & Allen, 2012). Furthermore, 

number of methodological issues have been raised, for example that these models are 
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informative heuristics, rather than testable models (Meisel et al., 2019; Pfeifer & Allen, 

2016).  

Only three models have more specifically addressed emotional behavior in adolescence, yet 

the above mentioned critique applies to them too. A type of dual system model proposed by 

Somerville and colleagues (2010) suggests that adolescent behavior can be accounted for by a 

relative imbalance between structural and functional maturity between brain regions 

implicated in behaviors related to emotion and incentives (amygdala and ventral striatum) 

and regions implicated in cognitive and impulse control. The triadic model (Ernst, 2014) 

suggests three overlapping distributed networks that mature in a predetermined order and the 

equilibrium between these systems, or lack thereof, is thought to impact age-related changes 

in behavior across adolescence. The three neural systems are i) emotion/avoidance 

(amygdala), ii) reward/approach (striatum) and iii) regulation/control (PFC). The most 

complex models of emotional development (Casey, 2015; Casey, Heller, Gee, & Cohen, 

2019) suggest a cascade of hierarchical changes within and between cortical (lateral and 

medial PFC) and subcortical (amygdala, ventral striatum) networks. 

Histological studies and structural MRI brain studies are cited in support of the differential 

relative maturity of the limbic and cortical systems (Somerville et al., 2010). One structural 

MRI study tried specifically to test the mismatch hypothesis by testing whether i) subcortical 

structures involved in affect and reward processing matured earlier than cortical control 

regions and ii) whether this was related to retrospectively measured behavior typical for 

adolescents (Mills et al., 2014). This study found some support for earlier maturation of 

amygdala than PFC (note that PFC volume not thickness or area was measured), but failed to 

find support for the link between this maturational mismatch and reported behavior. 

One of the calls made to improve the scientific paradigms to test models of adolescent 

behavior emphasizes the need to increase the specificity or precision of neural inferences, 

also temporally and developmentally (Pfeifer & Allen, 2016). Paper III was not intended 

specifically to test the models of adolescent behavior. Still, the results of the paper may 

inform these models by providing more precise information on developmental trajectories of 

the structures assumed to account for adolescent behavior. For example, using a method well 

suited for interpreting shapes of developmental trajectories (Fjell et al., 2010), we 

demonstrate that, particularly for males, amygdala continues to mature into the twenties. This 

is in contrast to the work by Mills et al. (2014), where amygdala growth diminished after age 
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16. Additionally, Pfeifer and Allen (2016) suggest that models of adolescent behaviors must 

become more specific by differentiating between affective, social and motivational factors, 

and associated neural networks. The results of paper III suggest that models that specifically 

account for emotional behavior across adolescence should not be limited to the traditional 

frontal control regions, but also include analyzes of additional cortical regions. Finally, paper 

III failed to find an association between emotion regulation and development of amygdala 

and nucleus accumbens volumes, structures assumed to play central role in emotional 

behavior across adolescence (Casey, 2015; Ernst, 2014; Somerville et al., 2010). 

What'questionnaire'data'(will'not)'tell'us''
Psychosocial traits and behavior in this thesis were assessed by means of questionnaires, data 

in paper I were acquired using a parental report, while self-report was in used in papers II and 

III. All three questionnaires have good psychometric properties and are suitable for use in 

developing samples (Goodman, 2001; Gross & John, 2003; Mervielde & De Fruyt, 1999). 

Still, several issues need to be addressed. 

Both HiPIC and SDQ, assessing personality and psychosocial adjustment respectively, were 

available in a self-report form for individuals aged 12 and more, and in a parent-report form 

for participants under the age of 16. Paper I ended up using parent-report of HiPIC, while 

Paper II and III ended up using self-reports of SDQ. Final sample size as well as 

psychometric qualities of the measures were the main factors in deciding which questionnaire 

forms would be chosen for analyses. The idea to combine scores from self-reports and 

parental reports into one score was rejected as correlations between self-reports and parental 

reports were relatively low. These findings are not surprising in light of existing literature. 

Research on measures of personality traits and symptoms of mental disorders suggests that 

reports provided by different informants (e.g. adolescents and their parents) are far from 

identical (Achenbach, 2006; Laidra, Allik, Harro, Merenäkk, & Harro, 2006). Can we blame 

these discrepancies on the inability of younger individuals to report accurately on their 

psychosocial traits and behavior? This assumption is unlikely as i) young individuals 

repeatedly demonstrate ability to give sound reports of their personality traits and 

psychosocial functioning (Becker, Hagenberg, Roessner, Woerner, & Rothenberger, 2004; 

De Fruyt, Mervielde, & Van Leeuwen, 2002) and ii) low correlations among multiple 

informants are common also in studies of adults (Achenbach, 2006). Instead, there is growing 

agreement that informants may rely on different sources of information and therefore 

contribute with different and unique aspects of the person’s functioning (Achenbach, 2006; 
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Meyer et al., 2001). Value of contribution from different informants may vary with the type 

of psychosocial trait/behavior of interest, for example adolescents may be better sources of 

information on their emotional functioning (Becker et al., 2004; Hope et al., 1999). The 

results presented in this thesis must thus be interpreted in light of this knowledge. Since only 

self- or parental reports were used to assess personality traits, prosocial behavior, and 

emotion regulation, only limited aspects of these constructs were measured. With some 

notable exceptions (Thijssen, Ringoot, et al., 2015), very few studies examining psychosocial 

traits and behavior in relation to structural brain development have used data from multiple 

informants. Aggregating data from multiple informants provides more comprehensive 

measure of psychosocial traits and behavior, and should be used to greater extent in future 

studies.  

Additionally, questionnaires are not the only way to assess traits and behavior across 

adolescence, and other options should also be explored. It has been argued that behavior in 

adolescence is greatly context-dependent; for example level of arousal or presence of a peer 

may have impact on how a teenager behaves (Hartley & Somerville, 2015). In paper II, 

prosocial behavior is assessed with a short questionnaire that does not take context-

dependency into account. Alternative approach may include behavioral tasks previously used 

in fMRI studies that allow to manipulate context, for examples see Schreuders et al. (2019) or 

von Hoorns (2016).  

Age'as'marker'of'maturation'
Current biological models emphasize interaction between chronological age, genes, and 

environment and propose that these interactions shape developmental trajectories (Lenroot & 

Giedd, 2011). Chronological age, a distance from birth (Jarvik, 1975), is commonly used to 

characterize developmental changes in brain structure, as well as its relations to psychosocial 

traits and behavior (e.g. Riccelli et al., 2017), and has been conceptualized as key index of 

biological maturity (Brown et al., 2012). The popularity of chronological age in 

developmental sciences is likely due to easiness with which it can be measured with high 

validity and reliability, and because it provides a linear scale throughout lifespan, allowing 

comparison across different developmental groups (e.g. Tamnes et al., 2013).  

However, chronological age is an imperfect measure of maturation, particularly in 

adolescence (Pfeifer & Allen, 2016; Wohlwill, 1970). Large variation in physical maturation 

and puberty can exist among individuals of the same chronological age (Ellis, 2004; Mills et 

al., 2016; Mirwald, Baxter-Jones, Bailey, & Beunen, 2002). For example, individuals differ 



50"
"

in pubertal timing (chronological age at which they physically mature), pubertal tempo (pace 

of maturation) and pubertal synchrony (the degree to which different pubertal changes 

develop in concert) (Mendle, Beltz, Carter, & Dorn, 2019). An emerging body of longitudinal 

studies provide initial evidence for the link between cortical and subcortical development and 

pubertal maturation (Goddings, Beltz, Peper, Crone, & Braams, 2019; Herting & Sowell, 

2017). Going back to the definition of adolescence by Ronald E. Dahl (2004), that 

emphasizes both physical maturation and change in social roles, it is possible that greater 

understanding of the relations between brain and psychosocial traits and behavior across 

adolescence would be achieved if future studies employed measures of pubertal development, 

in addition to measures of sociocultural indicators of maturation and descriptions of social 

role transitions (Pfeifer & Allen, 2016). In this thesis, chronological age has been used in line 

with most comparable literature (Riccelli et al., 2017; Thijssen, Wildeboer, et al., 2015; 

Vijayakumar, Whittle, et al., 2014b), but the absence of other indicators of maturation may 

constitute a limitation. 

Towards'more'mature'science'
What is the current state of theories on neurobiological bases of psychosocial traits and 

behavior across adolescents? Hans J. Eysenck (1997) has proposed a framework that 

describes the emergence of psychological theory, and different methodologies required at 

different stages of theorizing. 

“Science begins with a hunch, acquired through observation and induction…If the hunch 

seems to work, psychologists construct small-scale hypotheses, for which they seek 

verification. If such verification is forthcoming in sufficient quantity, the level of theory is 

reached, and one may consider the demands of falsification…” (Eysenck, 1997, pp. 1225 – 

1226). 

It can be argued that at this point, most research in the field of developmental neuroscience is 

still in a verification stage which focuses on supporting evidence that is consistent with the 

hypothesis in question and there is a need to move beyond this stage (Pfeifer & Allen, 2016). 

For example, rather than just counting number of studies where cortical thinning is related to 

positive developmental outcomes, we need to progress to the falsification stage where we i) 

examine conflicting evidence and account for these inconsistencies and ii) put our hypotheses 

at a stronger risk of falsification by operating with more precise constructs. Inspired by 

suggestions proposed by Pfeifer and Allen (2016), we could move from vague hypotheses 

such as “cortical thinning is associated with adaptive developmental outcomes across 
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adolescence”, and strengthen the field by increased specificity of our hypotheses. The 

increased precision could be for example in relation to timing (when in development, for 

example in relation to onset of puberty), outcome variable (which psychosocial trait or 

behavior) or brain regions (in which regions)? These hypotheses should be ideally 

theoretically-driven and informed by the most recent knowledge of the underlying 

neurobiological processes. 

Another major issue relates to the extent to which we have tested or are able to test existing 

hypotheses. Many of the theories, presented in the Introduction, implicitly or explicitly 

suggest causal hypotheses about the direction of the relations between brain-behavior 

variables, e.g. temporal order of development and causal interactions between explanatory 

levels. However, most existing literature is based on cross-sectional data, which have limited 

possibilities to address so complex relations (Lindenberger, Von Oertzen, Ghisletta, & 

Hertzog, 2011). Even longitudinal approaches are not a panacea for answering the questions 

of causality in the study of human brain-mind relations (K. M. King et al., 2018; Salthouse, 

2011). A central endeavor in developmental psychology is to identify and describe causes 

behind observed age-related changes in behavior (Lindenberger et al., 2011). To examine 

causal relations, one would need experimental studies and this would be (in studies involving 

human brains) very difficult and hardly ethical (Salthouse, 2011). As a result, correlational 

studies are commonly used to study relations between indices of human brains structure, 

psychosocial traits and behavior and their development. Since correlation does not imply 

causation (Altman & Krzywinski, 2015), is it possible to test the hypotheses implying causal 

and temporal dynamics in e.g. models of adolescent behavior? It has been suggested that 

longitudinal studies may be more informative as they provide information about temporal 

precedence. For example they allow us to observe if a change in in a psychosocial trait is 

preceded by a change in a brain region of interest, or if a psychosocial trait and a brain region 

of interest are changing together (coupled changes) during the period of measurement (K. M. 

King et al., 2018; Salthouse, 2011). Still, longitudinal studies do not give the perfect solution 

to the question of causality. Even in case of coupled changes (i.e. a change in a psychosocial 

trait of interest relates to change in cortical thickness in a brain region of interest), we cannot 

exclude the possibility that causal influences on cortical thickness, the psychosocial trait or 

both, do not originate at any time in the past before the first assessment (Salthouse, 2011). 

Additionally, a temporal lag likely exists between changes in two sets of variables (e.g. 

cortical thickness and a psychosocial trait) and the interval between observations should 
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match the timing of these changes. This means that the relations would be missed if data 

collection interval captured change in cortical thickness in the brain region, but missed 

change in the psychosocial trait of interest (Salthouse, 2011). Future studies should make 

careful and theoretically driven decisions about temporal lags between assessments (D. W. 

King et al., 2006). At this time, there is not one single approach to test causal and temporal 

dynamics suggested by current theories in the field of developmental neuroscience, however, 

there is increasing number of available datasets with repeated measurements. This has led to 

increased interest in statistical approaches to study the dynamic “brain-mind” relations in 

longitudinal datasets (Becht & Mills, 2019; Kievit et al., 2018; K. M. King et al., 2018). At 

this point there is agreement that convergence between robust empirical evidence guided by 

theory (possibly validated by interventions) should be the source of inferences about 

causality, but more research is needed to fine-tune practices and inferences (Kievit et al., 

2018). 

“How and why individuals differ in the way they develop?” is probably the most fundamental 

question of developmental science (Kievit et al., 2018). The past 20 years of research in the 

field of developmental cognitive neuroscience have provided us with exciting knowledge 

about average developmental trends, also during adolescence (Foulkes & Blakemore, 2018). 

However, there is increasing re-orientation towards studying change within individuals across 

time to understand trajectories and mechanisms of typical development (Foulkes & 

Blakemore, 2018; Guyer, Pérez-Edgar, & Crone, 2018; Kievit et al., 2018; Pfeifer et al., 

2018). This is naturally followed by attempts to integrate methods from neuroscience with 

cutting edge statistical approach to modeling change over time (Becht & Mills, 2019; Kievit 

et al., 2018; Pfeifer et al., 2018). Two broad approaches have been suggested and 

demonstrated as suitable to study developmental trajectories in developmental cognitive 

neuroscience: linear-mixed models (LMM) and structural equation modelling (SEM), more 

specifically latent change score (LCS) and latent growth curve (LGM) models (Becht et al., 

2018; Becht & Mills, 2019; Kievit et al., 2018; Tamnes, Bos, van de Kamp, Peters, & Crone, 

2018), which allow testing variability in developmental change. These approaches have 

different strengths and weaknesses, and may provide answers to different questions about 

change over time; this needs to be taken into consideration when designing future studies 

(Becht & Mills, 2019; K. M. King et al., 2018; Serang, Grimm, & Zhang, 2019).  

In papers II and III, LMM were used to assess developmental trajectories of cortical thickness 

and amygdala/nucleus accumbens volumes. In LMM, individual differences can be indexed 
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by individual difference in i) starting point (intercept) and ii) slope magnitude (direction and 

magnitude of change), and are modelled as random intercepts and random slopes (Gibbons et 

al., 2010). Only random intercepts were modelled in paper II and III because only a subset of 

research participants had three time points, and a minimum of three time points is 

recommended to fit a linear trajectory, and more to fit more complex polynomials (K. M. 

King et al., 2018). While random intercept models can be criticized for being too simplistic 

because they assume that everyone changes at the same rate (Gibbons et al., 2010), including 

random slopes may lead to significant loss of power (Matuschek et al., 2017; Worsley, 2008). 

Since there is no one single agreed-upon way to set up these statistical models, future studies 

using LMM should take preferentially theory-driven decisions, and collect enough 

observations to have the possibility to include both random intercept and random slopes into 

their models.  

Most recent voices in the field suggest that individual differences (preferentially in both 

starting points and change) should be at the center of future studies (e.g. Becht & Mills., 

2019). A more practical question is then; what is the ideal number of observations per 

individual? While some have demonstrated promising SEM–related analytical approaches 

with only two time points (Kievit et al., 2018), in LMM models two time points have shown 

to provide unreliable estimates of individuals slopes (K. M. King et al., 2018). Generally, 

three and more time points seem to be warranted (Becht & Mills, 2019; Bollen & Curran, 

2006; K. M. King et al., 2018). However, more is not always better, as more may translate 

into unnecessarily lengthy and costly studies. Future studies should therefore try to find a 

balance between collecting sufficient amount of data within a realistic time frame where 

intervals between assessments are based on careful, theory-driven assumptions.  

Conclusion'
The overreaching goal of this thesis was to examine whether macrostructural changes in brain 

structure, as measured by MRI, relate to measures of psychosocial traits and behavior, known 

to play roles in well-being and mental health across adolescence. These relations have been 

demonstrated in papers I-III using data from a longitudinally assessed sample spanning from 

childhood to young adulthood. The longitudinal nature of this project facilitates better 

inferences about developmental changes than the traditionally used cross-sectional designs 

(Horga, Kaur, & Peterson, 2014; Kievit et al., 2018).  

More specifically, paper I demonstrates that the personality traits conscientiousness, 

emotional stability and imagination, are associated with more pronounced region-specific 
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cortical thinning. Both positive and negative associations were shown between benevolence, 

extraversion and conscientiousness, and region-specific development of cortical surface area. 

Paper II demonstrates a link between prosocial behavior and more pronounced cortical 

thinning in regions related to social cognition and decision-making, and provides indications 

of relative importance of both rate and timing of cortical thinning. Finally, paper III suggests 

that habitual use of cognitive reappraisal was associated with greater region-specific cortical 

thinning in females and less thinning in males, while expressive expression was related to 

greater thinning in both sexes. Contrary to expectations, no relations were identified between 

the two emotion regulation strategies and volumetric growth of amygdala and nucleus 

accumbens. 

Together, these results suggest that dynamic measures of individual differences in structural 

brain development show promise in the study of psychosocial traits and behavior across 

adolescence, and have the potential to inform developmental theories. Future studies should 

focus on interpreting MRI-based phenotypes such as cortical thinning with regard to 

underlying neurobiology, and more efforts should be made to employ cutting-edge 

longitudinal statistical approaches and models to include individual change in brain and 

psychosocial traits/behavior. At a broader level, understanding of individual differences at all 

three levels of analyses (biological, cognitive and behavioral) across development should be 

the target of future research endeavors. This can potentially deepen our understanding of 

which individuals are susceptible to specific environmental influences and help us build more 

optimal environment for growth, such as education, prevention and early intervention 

programs.  
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Prosocial behavior relates to the rate and timing of cortical thinning from 
adolescence to young adulthood 
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A B S T R A C T   

Prosocial behavior, or voluntary actions that intentionally benefit others, relate to desirable developmental 
outcomes such as peer acceptance, while lack of prosocial behavior has been associated with several neuro-
developmental disorders. Mapping the biological foundations of prosociality may thus aid our understanding of 
both normal and abnormal development, yet how prosociality relates to cortical development is largely un-
known. Here, relations between prosociality, as measured by the Strengths and Difficulties Questionnaire (self- 
report), and changes in thickness across the cortical mantle were examined using mixed-effects models. The 
sample consisted of 169 healthy individuals (92 females) aged 12–26 with repeated MRI from up to 3 time points, 
at approximately 3-year intervals (301 scans). In regions associated with social cognition and behavioral control, 
higher prosociality was associated with greater cortical thinning during early-to-middle adolescence, followed by 
attenuation of this process during the transition to young adulthood. Comparatively, lower prosociality was 
related to initially slower thinning, followed by comparatively protracted thinning into the mid-twenties. This 
study showed that prosocial behavior is associated with regional development of cortical thickness in adoles-
cence and young adulthood. The results suggest that the rate of thinning in these regions, as well as its timing, 
may be factors related to prosocial behavior.   

Prosociality refers to voluntary actions that intentionally benefit 
others (Eisenberg et al., 2015). Basic forms of prosociality emerge early 
in childhood, but prosocial behaviors continue to develop throughout 
childhood and adolescence and into early adulthood (Eisenberg et al., 
2002, 2015; Warneken, 2016). High prosociality has been associated 
with greater peer acceptance and academic achievement (Caprara et al., 
2000), and low prosociality with several developmental disorders, e.g. 

conduct disorder (CD; Hay et al., 2010). Mapping the brain correlates of 
prosociality may thus aid our understanding of the neurobiological 
foundations of both normal and abnormal development. 

Theoretical models suggest that prosociality may rely on several 
neural systems. Firstly, a major source of the increase in prosociality is 
development of social cognitive skills, e.g. Theory of Mind (ToM; 
Eisenberg et al., 2015; Kuhnert et al., 2017). Modest, but consistent 
associations between ToM and prosociality exist and increase in strength 
with age (Imuta et al., 2016). ToM also predicts prosocial behavior 
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prospectively (Caputi et al., 2012; Kuhnert et al., 2017). Secondly, in 
some situations, prosociality may be evolutionarily adaptive for func-
tioning in social groups (Nowak, 2006). However, excessive sharing and 
helping can also put a strain on individual’s resources and may thus be 
maladaptive. The costs of being prosocial must be weighed against the 
potential benefits, a process requiring value-based decision-making and 
behavioral control (Steinbeis, 2018). Third, adaptive prosociality may 
depend on the dynamic interplay of socio-cognitive (e.g. ToM) and 
socio-affective processes (e.g. empathy, compassion; Preckel et al., 
2018; Tusche et al., 2016). 

Functional and structural imaging studies support these theoretical 
models. From childhood to adulthood, functional studies have related 
prosocial behaviors, e.g. helping and sharing, to activity in regions 
involved in: (1) social cognition, e.g. medial prefrontal cortex (mPFC), 
tempo-parietal junction (TPJ), precuneus, superior temporal sulcus 
(STS; Schreuders et al., 2018; van der Meulen et al., 2016; Van Hoorn 
et al., 2016; Zanon et al., 2014), (2) behavioral control and decision 
making, e.g. dorso-lateral (dlPFC; Steinbeis et al., 2012; Telzer et al., 
2011), and (3) empathy, e.g. anterior cingulate cortex (ACC) and ante-
rior insula (AI; Hein et al., 2016; Hein et al., 2010). The ACC also con-
tains Von Economo neurons, known to be involved in social cognition 
(Allman et al., 2005). 

Two studies have examined prosociality and brain structure. In 
children aged 6–9 years, mostly positive associations were observed 
between prosociality and cortical thickness (CT) in regions involved in 
(1) social cognition, e.g. anterior temporal lobe, mPFC, cuneus and 
precuneus, (2) behavioral control, e.g. dlPFC, and (3) empathy, e.g. pars 
orbitalis (Thijssen et al., 2015; Wildeboer et al., 2017). These relations 
were predominantly identified in the right hemisphere for both males 
and females, except for a few regions where these associations were 
present in males alone (Thijssen et al., 2015). To our knowledge, no 
studies have examined prosocial behavior and structural change longi-
tudinally across adolescence. As adolescence is a period characterized by 
changes in social cognition and peer relations, and marked maturation 
of associated brain structure and function (Foulkes and Blakemore, 
2018), such longitudinal studies would arguably be highly informative 
for understanding the development of prosocial behaviors. 

The aim of the current study was to examine how prosociality relates 
to the longitudinal development of CT in adolescence and young 
adulthood. Normative cortical development from childhood to adult-
hood is characterized by regionally variable decreases in CT as derived 
from MRI (Tamnes et al., 2017; Vijayakumar et al., 2016; Wierenga 
et al., 2014; Zhou et al., 2015). Here, we used the terms cortical thick-
ness (CT) and cortical thinning, but it is in principle possible that the 
cortex in development is not thinning (further discussion in Supporting 
Information (S1.1)). Although thinning during development is not uni-
formly related to adaptive outcomes (Bos et al., 2018; Jirsaraie et al., 
2018; Luby et al., 2018; Rom�an et al., 2018), studies have associated 
greater cortical thinning in adolescence with reduced neuroticism and 
aggressive behavior, greater intellectual ability and more adaptive 
emotion regulation (Ferschmann et al., 2018; Shaw et al., 2006; 
Vijayakumar et al., 2014a, 2014b, 2014c). Moreover, delayed and 
slower rates of cortical maturation have been related to symptoms of 
anxiety and depression in healthy individuals (Ducharme et al., 2013), 
and ADHD (Shaw et al., 2011). Since the relations between CT trajec-
tories and developmental outcomes may be regionally specific (Fanda-
kova et al., 2017; Vijayakumar et al., 2014a) and since there is some 
evidence that the rate of CT change is not stable from childhood to 
adulthood (Zhou et al., 2015), it is possible that a crucial factor in 
explaining the effects of the rate of cortical thinning may be its timing. 

Taken together, we therefore hypothesized that 1) higher levels of 
prosociality would be associated with greater age-expected thinning as 
many studies linked this developmental pattern to adaptive behaviors, 
and 2) that the associations would be region-specific. More specifically, 
given the role of social-cognitive and social-affective processes in pro-
sociality, we also hypothesized that prosociality would be associated 

with regions implicated in ToM (Blakemore, 2012; Frith and Frith, 
2003): mPFC, temporal poles, posterior STS, and TPJ, as well as regions 
related to empathy, i.e. AI and ACC (Lamm et al., 2011). Moreover, 
given the crucial role of behavior control in prosociality, we hypothe-
sized that prosociality would be related to maturation of cortical regions 
associated with behavioral control (Hare et al., 2009; Steinbeis et al., 
2014), i.e. dlPFC and ventromedial prefrontal (vmPFC) cortices. 

The sample was drawn from (Tamnes 
et al., 2018, 2013; Tamnes et al., 2010), an accelerated longitudinal 
project with three waves, see Supporting Information (S2.1) for details. 
Table 1 describes the sample; 64 individuals provided data from one 
time point (TP), 78 from 2 TPs and 27 from 3 TPs. 

In total 301 observations were available for individuals who had at 
least one TP with MRI data of sufficient quality (see 2.4) and self- 
reported prosocial behavior. For each individual, we included only 
those TPs where both MRI and prosociality data were available. Table 2 
provides an overview of sample characteristics. Refer to Supporting 
Information for further detail, including attrition analyses (S2.1). 

Prosociality was assessed using the 5-item self-report prosocial sub-
scale of the Strengths and Difficulties Questionnaire (Goodman, 1997). 
The items assessing different aspects of prosociality (e.g. “I usually share 
with others”, “I often volunteer to help others”) are rated on a 3-point 
Likert Scale as “not true”, “somewhat true” and “certainly true”. Mean 
inter-item correlation for this scale was 0.23, a value within the rec-
ommended range (Briggs and Cheek, 1986). See Supporting Information 
(S2.2.1) for discussion of scale reliability. Mean prosocial score in this 
sample was 8.38 ( ¼ 1.41) 

The same 12-channel head coil on the same 1.5 T Siemens Avanto 
scanner (Siemens Medical Solutions, Erlangen, Germany) was used to 
collect MRI data at all 3 waves. The sequence used for morphological 
analyses at all three time points was a 3D T1-weighted magnetization 
prepared rapid gradient echo (MPRAGE), see parameters in Supporting 
Information (S2.3). 

Whole brain segmentation and cortical surface reconstruction was 
performed using FreeSurfer 6.0 (http://surfer.nmr.mgh.harvard.edu/) 

Demographics per data collection wave.   

N Sex 
Females/ 
Males 

Age 
Mean 
( ) 

Age 
Min- 
max 

Retained 
from 
previous 
waves 

Newly 
recruited 

Wave 
1 

101 53/48 15.8 
(2.35) 

12.0- 
19.7 

– 101 

Wave 
2 

121 61/60 16.7 
(2.88) 

11.9- 
21.9 

61 60 

Wave 
3 

106 58/48 20.1 
(3.27) 

13.8- 
26.1 

106 0 

Total 169 92/77 17.7 
(3.43) 

11.9- 
26.1   

Note: New participants were recruited at wave 1 and wave 2. Colum “Retained 
from previous waves” refers to individuals who participated at a time point 2 (or 
3) and also have data from wave 1 and/or 2. 

http://surfer.nmr.mgh.harvard.edu/


(Dale et al., 1999; Fischl, 2012; Fischl et al., 2002, 1999). CT, defined as 
the shortest distance between the gray/white matter boundary and the 
outer cortical boundary, was measured at each vertex across the surface. 
The longitudinal stream in FreeSurfer 6.0, used to deal with the longi-
tudinal nature of the data, (Reuter et al., 2012) as well as MRI quality 
control procedures are described in Supporting Information 
(S2.3/S2.3.1). CT was down-sampled to the 81,924 vertices of 

, and surface maps were smoothed with a Gaussian kernel of 
full-width at half-maximum of 10 mm. 

Development of prosociality over time was assessed using the nmle 
package (Pinheiro et al., 2018) in (R Core Team, 2018), in Rstudio 
(www.rstudio.com). This and subsequent models that were tested in 
mixed-effects models where subject was entered as a random effect to 
account for within-individual dependence, i.e. responses from one in-
dividual over multiple TPs are likely to be correlated. Mixed-effects 
models deal with this form of dependency in the data, allow irregu-
larly spaced measurements (Gibbons et al., 2010), and help to preserve 
power in case of missing data (Matuschek et al., 2017). We began by first 
identifying the best fitting development model for prosociality by 
comparing linear, quadratic, and cubic effects of age, as well as the null 
model. Model testing was performed using the likelihood ratio (LRT) test 
where models were fit by maximum likelihood (ML) estimation method. 
We considered both the LRT p-values and Akaike Information Criterion 
[AIC, (Akaike, 1974)] during model selection, and a more complex 
model was only chosen if p < 0.05 and AIC value indicated better fit 
(value that was smaller by at least two). In the next step, we investigated 
whether inclusion of sex improved the “developmental model”, using 
the same model selection procedure. First, the main effect of sex was 
added to the model, followed by an interaction of age and sex. Model 
equations are outlined in Supporting Information (S2.4.1). 

Considering the lack of studies on prosociality and CT development, 
analyses were not limited to a priori selected regions of interests. 
Instead, whole-brain analyses across the cortical surface were performed 
to reduce the risk of Type II errors. Background analyses were conducted 
to assess the developmental trajectory of CT using Surfstat (http://www. 
math.mcgill.ca/keith/surfstat/), a toolbox created for MATLAB (The 
MathWorks, Inc., Nathan, MA). Random field theory (RFT) corrections 
( < 0.05, cluster-defining threshold 0.005) were used to account for 
multiple comparisons (Worsley et al., 2004). The best-fit model for the 
developmental trajectory of CT was assessed in three steps whereby a 
cubic model was tested first, followed by a quadratic model, and a linear 
model (see (S2.4.2) for equations and (S3.1.1) for results). 

As the background analyses of CT identified quadratic changes with 
age (see Supporting Information (S2.4.2 and S3.1.1)), we next tested 
interactions between prosociality and quadratic age terms using mixed 
models in SurfStat (see (S2.4.3) for equations). While linear mixed 
models are a valid approach for rejecting the null hypothesis that the 
relationship is linear, the quadratic function should not be interpreted 
literally as the shape of true developmental trajectory (Fjell et al., 2010). 
While inferring break points of age-trajectories based on quadratic 
models are heavily influenced by the age-range of the sample, a 
nonparametric smoothing approach seems to be more robust to such 
influences (Fjell et al., 2010). Thus, smoothing splines are recommended 
for interpreting the shapes of developmental trajectories. Therefore, we 
extracted average CT of significant clusters from the linear mixed model 
and used generalized additive mixed models (GAMM) with a cubic 
spline basis in R (Wood, 2006) to visualize developmental trajectories. 
This methodological choice is further elaborated in Supporting Infor-
mation (S2.4.3). In a series of post hoc analyses, the model was rerun 
while controlling for estimated IQ, parental income, and parental edu-
cation, see Supporting Information (S3.1.2). 

Results showed main effects of age and sex for prosocial behavior, 
but no interaction between age and sex (see Supplementary Tables 1 and 
2 for model fit). There was an increase in prosocial behavior with age, 
and females reported themselves as more prosocial than males (Fig. 1). 

Analyses testing interactions between prosocial behavior and 
quadratic age-related cortical development yielded seven significant 
clusters within the following regions: 1) right posterior middle temporal 
cortex, 2) left dlPFC, 3) right inferior frontal gyrus (IFG), 4) right (d) 
mPFC, 5) right intraparietal sulcus, 6) right posterior superior temporal 
cortex and TPJ, 7) right dorsal (d)ACC. The clusters are shown in Fig. 2 
and further details are provided in Supplementary Table 3. Controlling 
for estimated IQ, parental education, and parental income did not sub-
stantially change the results (see Supporting Information (S3.1.2)). 

Additional sample demographics.   

Wave 1 Wave 2 Wave 3 All waves 

Parental education 3.2 (0.71) 3.3 (0.69)  3.24 (0.70) 
Parental education, 
range 

1 – 4 1 – 4  1 – 4 

Parental income 4.2 (1.29) 4.4 (1.28)  4.28 (1.26) 
Parental income, range 1 - 7 1 - 7  1 - 7 
WASI score 110.8 

(10.6) 
111.2 
(11.8) 

112.9 
(10.3) 

111.6 
(10.8) 

WASI score, range 88 - 141 82 - 166 86 - 139 82 - 166 
Years since last wave  2.6 (0.17) 4.2 (0.33)  

Note: Values are means ( ), unless otherwise specified. 
Parental education and income are based on values from both parents when 
available. New participants were recruited at wave 2. 

Developmental trajectory for prosocial behavior. Females are repre-
sented in pink and males are represented in blue. The shaded areas correspond 
to the 95 % confidence intervals. Significance testing was performed using 
likelihood ratio (LRT) test where models were fit by maximum likelihood (ML) 
estimation method. 

http://www.rstudio.com
http://www.math.mcgill.ca/keith/surfstat/
http://www.math.mcgill.ca/keith/surfstat/


To illustrate these relations between prosociality and CT develop-
ment, participants were divided into two groups depending on their 
prosocial score throughout the study: stable low or stable high, see 
Supporting Information (S2.4.3). Cortical development was plotted for 
each group to estimate the developmental trajectories (Fig. 3). Higher 
scores on prosocial behavior were associated with greater thinning be-
tween early and mid-adolescence, which then slowed to less thinning 
during the transition to young adulthood. Lower scores on prosocial 

behavior showed the reverse pattern of slower thinning at younger ages 
and greater thinning at older ages. This pattern was observed across all 
the identified significant clusters. Note that the low/high division was 
made for illustration purposes only and the statistical analyses were run 
with prosocial behavior as a continuous measure. 

To further probe the data, relations between prosociality, CT and age 
were visualized using contour plots (Fig. 4). The plots indicate that the 
relations between prosociality and CT were positive for the youngest and 

Regions where interactions between prosociality and age2 on cortical thickness were significant. Yellow-pink regions represent cluster level p-value map, 
green-blue regions represent vertex level p-value maps; both � 0.05, Random Field Theory (RFT) corrected. Note that the vertex-wise level correction is more 
stringent than cluster-based correction (Woo et al., 2014), thus resulting in less widespread effects. 

Cortical maturation for individuals with high and low prosociality. Individuals were classified as if they consistently rated themselves as high on 
prosociality throughout the study, and as if they consistently rated themselves as low (see Supporting Information (S2.4.3)). The plot shows mean 
cortical thickness from the clusters where interactions between prosociality and age2 were significant. The fits were produced using the following model: thickness ~ 
s(age, bs ¼ ‘cr’) þ sex by means of GAMM in R, bs ¼ ‘cr’ refers to splines with cubic spline basis (Wood, 2006). Note that the low/high division was made for 
illustration purposes only, while the statistical analyses were run with prosocial behavior as a continuous measure. 



the oldest group across all the identified significant clusters; in the 
youngest group high prosocial scores were related to thicker cortex 
(white/light pink) and lower scores with thinner cortex (pink), the same 
pattern was found for the oldest group where high prosocial scores were 
associated with thicker cortex (yellow/light green) and low prosocial 
scores with thicker cortex (dark green). 

The current study examined the relations between prosociality and 
longitudinal CT development in adolescents and young adults. Higher 
self-reported prosociality was associated with greater initial rate of 
regional thinning during early adolescence, followed by attenuation of 
this process during the transition to young adulthood in regions involved 
in social cognition and behavior control. In contrast, lower prosocial 
scores were related to initially slower thinning, followed by more 
maturation into the third decade of life. These results suggest that the 
rate of thinning and possibly its timing, are key factors in prosociality 
during development. 

Existing studies disagree on whether relatively greater thinning in 
development is adaptive (see e.g. (Bos et al., 2018; Vijayakumar et al., 
2014a, 2014b, 2014c)). Similarly, being prosocial is generally consid-
ered to be positive, but being too prosocial may be maladaptive 
(Steinbeis, 2018). In our sample, prosociality was i) negatively related to 
a number of maladaptive developmental outcomes (see supplementary 
analyses (S3.2.2)), and ii) associated with greater thinning in early 
adolescence and more attenuated thinning in young adulthood. 
Although highly speculative, these results may imply that greater 
cortical thinning is adaptive in younger ages, but may no longer be 
optimal in young adulthood. In other words, greater thinning may or 
may not be optimal depending on age. However, this notion should be 
scrutinized by future studies. Previous studies have linked interventions 
promoting prosociality to number of favorable developmental outcomes 
(Caprara et al., 2014). Although highly speculative, future studies could 
test a hypothesis that such interventions during this time of plasticity 
may have lasting impacts through their effect on neural development. 

Links between prosociality and longitudinal development of CT were 
identified in several regions and were in line with our hypotheses. First, 
anatomical locations previously associated with ToM, including TPJ, 
pSTS and posterior parts of mPFC, all in the right hemisphere were 
identified. The precise role of ToM in prosociality is not fully 

understood. Understanding one’s mental states may directly lead to 
prosocial behaviors (Eggum et al., 2011), but it is also possible to use this 
ability for both good (prosocial behaviors) and ill (e.g. antisocial 
behavior such as manipulation). Therefore, ToM should rather be 
viewed as an information-gathering tool serving various purposes 
(Eisenberg et al., 2001). ToM may also be related to prosociality by 
affecting empathic concern (Van der Graaff et al., 2018), sympathy and 
moral reasoning (Eisenberg et al., 2001). The role of social approval has 
also been emphasized (Lane et al., 2010): individuals proficient in 
perspective taking have the ability to consider how others will react to 
their behavior, and anticipation of these reactions may motivate pro-
social behaviors valued in one’s social environment, e.g. doing the right 
thing to make others proud of you. 

We also found an association between prosociality and cortical 
development in the right intraparietal sulcus, a part of the so-called 
mirror neuron system (MNS) in humans. This network is thought to 
aid understanding of others’ actions and the intentions behind these 
actions (Cattaneo and Rizzolatti, 2009). Importantly, the MNS has been 
implicated in a longitudinal link between childhood empathy and pro-
sociality in adolescence, albeit in more frontal components than in the 
current study (Flournoy et al., 2016). A large meta-analysis (Van 
Overwalle and Baetens, 2009) of functional neuroimaging studies sug-
gests that the ToM and MNS represent two separate, but complementary 
neural networks, that both serve to optimize aspects of social processing. 
Consistently, our findings suggest that both networks may also 
contribute to prosociality. 

Interestingly, these findings were located in the right hemisphere. 
There is some limited evidence of right hemispheric specialization for 
social emotions (Benowitz et al., 1983; Blonder et al., 1993), which may 
partially explain this finding. Additionally, Von Economo cells are more 
numerous in the right hemisphere (Allman et al., 2005), and studies on 
ToM have also emphasized this hemisphere (Scholz et al., 2009; Young 
et al., 2010). 

While systems supporting understanding others’ actions, intentions, 
thoughts and feelings, may be important contributors to prosociality, 
systems supporting strategic decision-making may also be critical. Pro-
social behaviors are vital for living in social groups, an arrangement that 
has been beneficial for humans throughout evolution, e.g. advantages 
such as resource sharing or group protection. Groups with larger number 
of prosocial individuals are more likely to succeed over groups con-
sisting mainly of selfish individuals, and therefore, at least under some 

Contour plots of relations between prosocial behavior, age and cortical thickness. The plots indicate that the relations between prosociality and CT were 
positive for the youngest and the oldest group across all the identified significant clusters. Such a relationship was not present in the middle of the age range (late 
adolescence). Each plot contains mean cortical thickness from the clusters where interactions between prosociality and age2 were significant. The green to white 
color scale indicates low to high cortical thickness values. 



circumstances, evolutionary mechanisms may have contributed to the 
emergence of prosocial behaviors in social groups (see Van Vugt and van 
Lange, 2006 for review). Not acting in a prosocial manner may cause 
retaliation and exclusion by group members (Axelrod and Hamilton, 
1981; Fehr and Gachter, 2000). On the other hand, acting excessively 
prosocially can put a strain on one’s resources and may place one in at a 
disadvantage in some situations. Considering these costs and benefits of 
being prosocial prior to engagement in such acts may thus be adaptive 
(Steinbeis, 2018). Our results showed that prosociality was associated 
with CT development in the left dlPFC, but not vmPFC, despite both 
regions supporting value-based decision-making (Sokol-Hessner et al., 
2012). The left dlPFC has previously been identified in behavioral 
control and implicated in strategic social behavior (Steinbeis et al., 
2012), and as a key structure involved in self-control (Hare et al., 2009), 
a function that impacts decisions to act prosocially (Joosten et al., 2015; 
Osgood and Muraven, 2015). Additionally, transcranial stimulation of 
this region has been associated with increased prosociality (Balconi and 
Canavesio, 2014), and bilateral dlPFC activation has been associated 
with sharing in the context of social norm compliance (Spitzer et al., 
2007). Taken together, prior findings implicate the dlPFC supporting the 
integration of emotional information in decision making in settings 
(Balconi and Canavesio, 2014), thus highlighting the potential role of 
this structure in prosocial behaviors. 

In line with our hypotheses, prosociality was also related to CT 
development of the right dACC, as region that has repeatedly been 
linked to cognitive control, performance-monitoring, motivation and 
reward-based decision-making (see Shenhav et al., 2016 for review). 
The overall expected value of control theory (EVC) integrates these 
findings and proposes that the dACC is involved in making decisions as 
to how much control is allocated based on cost/benefit analysis of 
estimated reward outcome and effort cost (Shenhav et al., 2016). This is 
in line with the notion that prosocial behaviors depend on thorough 
situational assessment and cost-benefit analysis. Additionally, this 
phylogenetically and ontogenetically late developing structure has 
repeatedly been implicated in empathy (Hein et al., 2016; Hein et al., 
2010) and contains Von Economo cells (Allman et al., 2005) that are 
involved in rapid assessment of complex situations and provide neces-
sary input to regions involved in ToM. 

Prior research on samples aged 6–9, have identified predominantly 
positive associations between prosociality and CT (Thijssen et al., 2015; 
Wildeboer et al., 2017). Our study differed by focusing on an older 
age-range, 12–26 years, and by employing a longitudinal design to test 
for associations with cortical development (i.e. changes in CT over 
time). Still, some of the same regions in superior medial and lateral 
frontal cortices were implicated in our study as well as by Thijssen et al. 
(2015) who used the same measure of prosociality. In line with these 
earlier findings, we also observed positive associations in the younger 
age range of our sample (see Fig. 4). Additionally, previous work on 
symptoms of CD based on data from the first wave of the current project 
found negative relations between symptoms of CD and CT, with the 
relation being strongest in the youngest individuals (Walhovd et al., 
2012). Prosocial and antisocial behaviors have by some been concep-
tualized as extreme ends of a continuum (Eron and Huesmann, 1984), 
although the relation is likely more complex (see Eisenberg et al., 2015 
for review). Nonetheless, Waldman et al. (2011) uncovered an overlap 
between genetic influences on CD and prosociality, and similar areas 
involved in regulatory processes and social-cognitive processing have 
been implicated in brain structural studies (see Walhovd et al., 2012). 
Considering our longitudinal and the cross-sectional results together, 
although speculative, it is possible that highly prosocial individuals 
differ from less prosocial individuals by having thicker cortices to begin 
with in early development, followed by differential pattern of thinning 
into young adulthood. 

While not a primary focus of this study, we found that prosociality 
showed subtle linear increases from age 12 to young adulthood. This is 
largely consistent with prior literature that has shown decreases in early 

adolescence followed by a rebound (Eisenberg et al., 2015). However, 
we failed to identify any associations between change in prosociality and 
changes in CT over adolescence, which likely relates to the moderate 
levels of rank-order stability in prosocial behaviors (see S3.2.1). Females 
also reported being more prosocial but the rate of increase over time was 
identical for both sexes. This is in line with existing research, demon-
strating less prosociality in males, particularly when self-report mea-
surement is used (Fabes and Eisenberg, 1998). These differences may 
reflect conceptions of what males and females are supposed to be like, 
rather than actual behaviors. Additionally, measures of prosocial 
behavior may include a disproportionate number of items on which girls 
are more likely to rate themselves as prosocial than boys (see (Fabes and 
Eisenberg, 1998) for review. However, we note that interactions be-
tween cortical development and prosocial behavior were not driven by 
these sex differences (see Supporting Information (S3.2.6) for further 
detail). 

Future studies should also employ more specific measures of proso-
ciality as different subtypes of prosociality, i.e. helping, sharing and 
comforting, may depend on different forms of social-cognitive under-
standing and show unique developmental trajectories (Dunfield, 2014). 
They may thus also relate to distinct cortical regions and patterns of 
cortical development. Self-report used in the current study should be 
supplemented by additional measures of prosociality provided by 
different observers in order to reduce the impact of social-desirability 
bias which may have influenced results in this study. Additionally, 
psychometric properties of the SDQ have not been tested for the entire 
age-range of the current sample. While this may constitute a possible 
limitation, the continuity of measures across time points was considered 
to be more important. Future studies could also compare cortical 
maturation in highly antisocial individuals to that of highly prosocial 
individuals to examine whether there is support for a dimensional view 
of prosocial-antisocial behaviors. Moreover, note that estimates of 
non-linear development in our study were driven by between-subject 
differences. Future studies with more time points are needed to model 
within-subject non-linear trajectories. Finally, future studies should 
include measures of pubertal maturation, a key factor driving individual 
differences in brain structural development (Herting and Sowell, 2017). 
This may provide further insight into the relations between cortical 
development and prosocial behavior. 

In conclusion, the longitudinal nature of the current study offers 
novel insight into the emergence of the links between prosociality and 
brain structure, specifically highlighting the moderating role of age; the 
association changed from positive to negative across early to late 
adolescence, and subsequently became positive again in young adult-
hood. These dynamic relations were observed in regions previously 
associated with social processing and behavioral control. The results 
emphasize that both the rate and the timing of cortical thinning may be 
related to prosocial behaviors during development. Given the study’s 
exploratory nature and limitations, the conclusions are speculative and 
should be interpreted with caution 
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Supporting Information 

Prosocial behavior relates to the rate and timing of cortical thinning from 
adolescence to young adulthood 

1. Introduction 

1.1.  Apparent cortical thickness. Here, we used the terms cortical thickness (CT) and cortical 

thinning, but it is in principle possible that the cortex in development is not thinning. It has been 

assumed that the observed decreases may partly reflect synaptic pruning and associated processes, 

and increased myelination in superficial white matter and the cortex (Bourgeois & Rakic, 1993; 

Huttenlocher & Dabholkar, 1997; Miller et al., 2012; Paus, 2010), and are likely to underlie 

developmental increased specialization and efficiency of neural networks (Lewis, 1997; Rutherford, 

Nelson, & Turrigiano, 1998). However, recent work combining multimodal imaging data and histology 

has linked thinning to intracortical myelination rather than pruning, i.e. myelination of the deeper 

layers of the cortex causes it to be segmented as white matter and therefore appears to be thinning 

on MRI-derived measures (Natu et al., 2018). Therefore, the terms CT and cortical thinning should be 

understood as MRI-derived measures that are only best current approximations (Walhovd, Fjell, 

Giedd, Dale, & Brown, 2017). Caution is thus warranted when interpreting these terms. 

2. Methods 

2.1.  Participants. The study was approved by the Regional Committee for Medical and Health 

Research Ethics. Initially, individuals aged 8-19 were recruited from local schools and through 

newspaper advertisements. At the second wave, new participants were recruited to compensate for 

attrition. Written informed consent was obtained from children over 12 years of age and parents of 

participants younger than 16 years of age. Oral informed assent was given by children under the age 

of 12. Eligibility was ascertained through standardized screening interviews with a parent of children 

aged 15 years or less, and with participants aged 16 years or older. The same eligibility criteria 

applied at all waves and included: fluency in Norwegian, normal or corrected-to-normal vision and 

hearing, absence of disease or injury known to affects the central nervous system (CNS), term birth 

(>37 weeks), no ongoing use of medication known to affect the CNS, and absence of MRI 

contraindications. Additionally, all MRI scans were evaluated by a senior radiologist and required to 

be deemed free of serious conditions or injury. Participants underwent extensive neuropsychological 

testing and neuroimaging on each occasion. 

Sixty-four individuals had data from only one TP, 77 had two TPs, and 28 had three TPs. Mean time 

interval between visits was 3.7 years (SD = 0.9 years, range = 2.4-5.4). Parental education and income 

were assessed at waves 1 and 2 of the study. To describe the socioeconomic status for each 

participant, average values from both parents were used when available. Information about parental 

education was available for 152 participants, while 138 individuals provided information on parental 

income. Parental education was defined as the highest educational level attained at the time of data 

collection, where 1 = 9 years of primary school, 2 = 3 years of high school, 3 = up to 4 years at 

university/college level, and 4 = greater than 4 years of higher education at university/college. 



Annual parental income at the time of data collection was indicated in Norwegian Crowns as follows: 

1 = less than 200,000, 2 = 200,000 – 299,999, 3 = 300,000 – 399,999, 4 = 400,000 – 499,999, 5 = 

500,000 – 599,999, 6 = 600,000 – 699,999, 7 = more than 700,000. The Wechsler Abbreviated Scale 

of Intelligence [WASI; (Wechsler, 1999)] was used to assess the general cognitive ability. At wave 1 
and wave 2 of the study, the estimated IQ score was based on four subtests: Block Design, 
Vocabulary, Matrix Reasoning and Similarities. Only Vocabulary and Matrix Reasoning were used at 
wave 3.   
 
The sample was divided into “non-missing” and “missing”, where “missing” had only one data 
collection time point, while “non-missing” had two or three data collection data points. Differences 
in age, sex, estimated IQ and prosocial score between “non-missing” and ”missing” were visualized 
by means of a bar graph and notched box plots. 

 

Supplementary Figure 1. A bar graph showing attrition in females and males 

 

 

Supplementary Figure 2. Notched box plots showing group differences between non-missing and 
missing in age, estimated IQ and prosocial score at time point 1. 

To further probe whether the groups differed in age, we performed T-tests to test group differences 
between “non-missing” and “missing”. Additionally, we used Chi-squared test with Yates’ continuity 
correction to assess whether attrition was related to sex. The T-test suggests that “non-missing” and 



“missing” did not significantly differ in mean age t(167) = 1.88, p = 0.063. No association was found 
between sex and staying or dropping out of the study, X2(1) = 1.36, p = 0.244. 
 
2.2.  The Strengths and Difficulties Questionnaire: The other subscales of the SDQ questionnaire 
contain following subscales: conduct problems, hyperactivity problems, emotional problems and 
peer problems.  

2.2.1.  Scale reliability. Cronbach’s alpha, the commonly used method for assessing scale 
reliability (Cronbach, 1951), has been on the low side in studies using the self-reported prosocial 
subscale of the SDQ in young samples (Goodman, 2001; Rønning, Handegaard, Sourander, & Mørch, 
2004; van de Looij-Jansen, Goedhart, de Wilde, & Treffers, 2011). The cause of these rather low 
values have likely been both the subscale’s length and width, two factors known to influence the 
magnitude of Cronbach’s value, see  Spiliotopoulou (2009) for extensive review. The subscale’s 
length of five items and width of three points are likely to yield low alpha estimate and therefore, the 
present study reported the mean inter-item correlation instead, a value independent of scale length 
(Spiliotopoulou, 2009). 

2.3.  MRI Processing and Acquisition. The data were collected at Rikshospitalet, Oslo University 
Hospital, using following parameters: repetition time/echo time/time to inversion/flip angle = 2400 
ms/3.61 ms/1000 ms/8°, matrix = 192 x 192 x 160, sagitally acquired, field of view = 240 mm, 
bandwidth = 180 Hz/pixel, voxel size 1.25 × 1.25 × 1.2 mm. Acquisition time was 7 min, 42 seconds. 

The longitudinal stream in FreeSurfer 6.0 (Reuter, Schmansky, Rosas, & Fischl, 2012) proceeds in 
several steps. First, data from each individual and from each TP are processed independently. 
Second, the longitudinal stream creates for each participant a within-subject template by means of 
robust and inverse registration, based on all available TPs, and estimates an average subject 
anatomy. Finally, information from the two first steps is used and each TP is processed longitudinally 
through a series of algorithms. This approach reduces the confounding effects of inter-individual 
morphological variability by using each participant as his/her control (Reuter & Fischl, 2011).  

2.3.1.  MRI quality control. Head motion may introduce bias in morphological analyses and 

is more likely to occur in younger participants (Alexander-Bloch et al., 2016; Reuter et al., 2015). To 

reduce the risk of such bias, images were carefully inspected during the scan session and sequences 

were re-run if needed and possible. More specifically, a trained individual at a graduate level 

monitored the MRI images as they were acquired during the scanning session and requested re-scans 

within the same session if the quality was insufficient. Judgements of whether or not scans were of 

satisfactory quality were based on visual inspections, as detailed (with example images) in Walhovd 

et al. (2016, PNAS).  Next, all raw and processed images were manually inspected following a 

stringent standardized quality control rating procedure (Backhausen et al., 2016), adapted for 

longitudinal data. Images not meeting the required criteria were excluded from the analyses (N = 4). 

Data from relatively few individuals were excluded due to poor quality because of very thorough 

procedures during the scan session. The remaining scans from participants with one or more 



excluded scans were re-processed through the longitudinal pipeline, so as to re-create within-subject 

templates that were independent of excluded data.  

2.4.  Main statistical analyses 

2.4.1.  Prosocial behavior development. We began by first identifying the best fitting 

development model for prosociality by comparing linear (Yprosociality = intercept + random (subject) + 
age + error), quadratic (Yprosociality = intercept + random (subject) + age + age2 + error), and cubic 

effects of age (Yprosociality = intercept + random (subject) + age + age2 + age3 + error), as well as the null 

model (Yprosociality = intercept + random (subject) + error). Significance testing was performed using the 

likelihood ratio (LRT) test where models were fit by maximum likelihood (ML) estimation method. 
We considered both the LRT p-values and Akaike Information Criterion [AIC, (Akaike, 1974)] during 

model selection, and a more complex model was only chosen if p < 0.05 and AIC value indicated 

better fit (value that was smaller by at least two). In the next step, we investigated whether inclusion 
of sex improved the model fit. First, the main effect of sex was added to the model (Y = intercept + 
random (subject) + β1 (age) + β2 (sex) + error), followed by an interaction of age and sex (Y = 
intercept + random (subject) + β1 (age) + β2 (sex) + β3 (age*sex) + error). 

2.4.2.  Cortical thickness development. The best-fit model for the developmental trajectory 

of CT was assessed in three steps. First, a cubic model was tested (Ythickness = intercept + b1Sex + b2Age 
+ b3Age2 + b4Age3 + random (subject) + error). In the next step, a quadratic model was tested (Ythickness 
= intercept + b1Sex + b2Age + b3Age2 + random (subject) + error). Finally, a linear model was assessed 

(Ythickness = intercept + b1Sex + b2Age + random (subject) + error). 

2.4.3.  Associations between prosocial behavior and cortical thickness development. As 

the background analyses of CT identified the models including the quadratic age term as superior 
(see results section), we decided to test quadratic interactions with prosociality using the following 

model: Ythickness = intercept + b1Sex + b2Age + b3Prosociality + b4Age*Prosociality + b5Age*Age + 
b6Age*Age*Prosociality + random (subject) + error. 

Existing literature (Fjell et al., 2010) suggests that smoothing splines are recommended when 

interpreting shapes of developmental trajectories, as inferring break points of age-trajectories based 

on quadratic models will be heavily influenced by age-range of the sample. The nonparametric 
smoothing approach seems to be more robust to such influences. The authors propose that using 

quadratic fits is a valid approach, i.e. testing significance of the quadratic term is a valid approach to 

reject the null hypothesis that a relationship is linear. But they stress that that the quadratic function 
should not be interpreted literally as the shape of true developmental trajectory. Therefore, plotting 

was performed using GAMM (Wood, 2006) with a cubic spline basis to facilitate interpretation of the 

shape of the developmental trajectory. 

To illustrate these relations, participants were divided into two groups depending on their prosocial 

score throughout the study. Since the distribution of prosociality scores was skewed to the left, 
individuals were classified based on median split as “stable low” if their score was in the range of 0-8, 

and “stable high” if their prosociality score was 9 or 10, and did not change category during the 

duration of the study (i.e. were classified as “low” or “high” across all time points). Individuals who 
changed category during the study’s duration were not included in the plots. Among these, 22 

individuals changed from low-to-high and 12 changed from high-to-low. 



As a result, thirty-four study participants were not included in the visual plots which have been used 
in interpretation of the significant interaction effects. To show that the illustration of the statistical 
interaction is not affected by the removal of these subjects, we plotted the data for all individuals. 
Median split was used to create “high prosociality” and “low prosociality” groups using average 
prosociality score across time points. Supplementary Figure 3 shows patterns similar to the ones 
identified by the original plotting (Figure 3). 

 

Supplementary Figure 3. Cortical maturation for individuals with high and low prosociality. 
Individuals were classified as high prosocial if they their overage score across time points was above 
8, and as low prosocial if their average prosocial score across time points was less than 8. The plot 
shows mean cortical thickness from the clusters where interactions between prosociality and age2 
were significant. The fits were produced using the following model: thickness ~  s(age, bs = ‘cr’)  + sex 
by means of GAMM in R, bs = ‘cr’ refers to splines with cubic spline basis (Wood, 2006). Note that the 
low/high division was made for illustration purposes only, while the statistical analyses were run with 
prosocial behavior as a continuous measure. 

2.5.  Supplementary statistical analyses 

2.5.1.  Intraindividual stability in prosocial behavior. In addition to the mixed model, we 
also investigated an individual’s relative position on prosociality in the sample over time (i.e. their 
rank-order stability) using Spearman coefficients. 

2.5.2.  Correlates of prosocial behavior. To assess the sample’s characteristics, Pearson’s 
bivariate correlations were used to assess the relations between prosocial behavior and the other 
subscales of the SDQ questionnaire. 

2.5.3.  Prosocial behavior and cortical thickness development. While Surfstat allows whole-
brain point-by-point analyses across the cortical surface, this software is limited to a top-down 
approach to model selection, i.e. a significant more complex model is chosen over a more 
parsimonious model even though the former may not improve model fit (Vijayakumar, Mills, 
Alexander-Bloch, Tamnes, & Whittle, 2017). Since Surfstat did not allow us to run model-fit 



comparisons on quadratic and linear cortical thickness development, we supplemented these brain-
behavior analyses with examination of prosociality by linear age on CT (the main analyses involved 
testing quadratic interactions with prosocial behavior). This equation was specified as follows: 
Ythickness = intercept + b1Sex + b2Age + b3Prosociality + b4Prosociality*Age + random (subject ID) + 
error.  

2.5.4.  Change in prosocial behavior and cortical thickness development.  Finally, since 
rank-order stability coefficients in prosociality were in the moderate range, post hoc analyses were 
performed to assess the associations between change in prosociality and change in CT over time. A 
change score in prosociality was calculated for each individual who had at least two measurements 
(238 observations) by subtracting the prosociality score measured at the most recent TP from the 
initial TP. As in the main analyses (associations between prosocial behavior and cortical 
development), both quadratic interactions with prosociality and prosociality by linear age on CT 
analyses were performed, in both cases using the change score in prosociality. The aim was to 
differentiate between individuals who demonstrate weak/substantial changes in prosociality and 
relate these differences to CT development. In the next step, we also included prosocial score from 
the initial time point as a covariate as change from 0 to 3 could have a different meaning than change 
from 5 to 8.  

2.5.5.  Prosocial behavior at initial time point and cortical thickness development. Main 
analyses were also repeated with prosocial score from the initial time point.  

3. Results 

3.1.  Main statistical analyses 

 3.1.1.  Cortical thickness development. Background analyses revealed negative quadratic 
effects of age on CT in widespread regions across the cortical surface (Supplementary Figure 4). 

 
Supplementary Figure 4. Quadratic model illustrating negative nonlinear effects of age on cortical 
thickness. Random field corrected p-values for clusters are represented in yellow-pink and corrected 
p-values for vertices are represented in green-blue. Note that the vertex map overlays the cluster 
map. 



3.1.2.  Controlling for IQ, parental education and parental income. The model testing 

quadratic interactions with prosociality (Ythickness = intercept + b1Sex + b2Age + b3Prosociality + 

b4Age*Prosociality + b5Age*Age + b6Age*Age*Prosociality + random (subject) + error) was extended 

in a series of separate (i.e. sequential) post hoc analyses by controlling for covariates of non-interest 

(specifically, estimated IQ (IQ score from each time point), parental education and parental income). 
Mean parental income and education, including both maternal and paternal values across time 

points was used in the analyses. Controlling for these variables did not substantially change the 

results. The number of significant vertices in the original model was 1672, as compared to 1735 when 

IQ was controlled for, 1670 when parental education was controlled for, and 1757 when parental 

income was controlled for, see Supplementary Figure 5.  

 

Supplementary Figure 5. The figure in the upper left corner represents regions where interactions 

between prosociality and age2 on cortical thickness were significant. Yellow-pink regions represent 

cluster level p-value map, green-blue regions represent vertex level p-value maps; both p ≤ 0.05, 
Random Field Theory (RFT) corrected. The other figures depicts results of the same analyses after 

inclusion of additional covariates, as specified in the figure. 

 

Estimated IQ was not associated with parental income (r = 0.01 , p = 0.859), but was positively 

related to parental education (r = 0.21 , p < 0.001), while parental income and education were 

positively related (r = 0.38, p < .001) . Prosocial behavior was not related to estimated IQ (r = 0.03, p =  

0.582), parental income (r = 0.07, p = 0.210), or parental education (r = 0.07  , p = 0.245). 

3.2.  Supplementary statistical analyses 



3.2.1.  Intraindividual stability in prosocial behavior. Rank-order stabilities between TPs 
were moderate (mean of .40), positive and significant (Supplementary Table 4), suggesting some 
degree of retaining an individual position on prosociality, relative to others, over time. 

3.2.2.  Correlates of prosocial behavior. Prosocial behavior was negatively correlated with 
conduct problems (r= -0.37, p < 0.001), hyperactivity problems (r= -0.26, p < 0.001), and peer 
problems (r= -0.21, p < 0.001). Correlation between prosocial behavior and emotional problems was 
not significant (r = 0.03, p = 0.646). 

3.2.3.  Prosocial behavior and cortical thickness development. Analysis testing 
age*prosociality on cortical thickness yielded four clusters, in the following brain regions: 1) left 
superior frontal, 2) right rostral middle frontal cortices, 3) right insula and 4) right anterior temporal 
cortices (Supplementary Figure 6). 

 

Supplementary Figure 6. Regions where interactions between prosociality and age on cortical 
thickness were significant. Yellow-pink regions represent cluster level p-value map, green-blue 
regions represent vertex level p-value maps; both p ≤ 0.05, Random Field Theory (RFT) corrected. 

To illustrate these relations, the results were plotted in the same manner as the main results 
(Supplementary Figure 7). 

 



Supplementary Figure 7. Cortical maturation for individuals with high and low prosociality. 
Individuals were classified as high prosocial if they consistently rated themselves as high on 
prosociality throughout the study, and as low prosocial if they consistently rated themselves as low. 
The plot show mean cortical thickness data from the clusters where interactions between 
prosociality and age on cortical thickness were significant. The fits were produced using the following 
model: thickness ~  s(age, bs = 'cr')  + sex by means of GAMM in R, bs = ‘cr’ refers to splines with 
cubic spline basis (Wood, 2006). 

3.2.4.  Change in prosocial behavior and cortical thickness development.  Analyses testing 
interactions between prosocial behavior and quadratic age-related cortical development, with a 
change score in prosociality rather than continuous variable as done in main statistical analyses 
yielded no significant findings. Including a prosocial score from the initial time point as a covariate 
did not yield any significant findings either. 

3.2.5.  Prosocial behavior at initial time point and cortical thickness development. 
Analyses testing interactions between prosocial behavior and quadratic age-related cortical 
development using prosocial score from the initial time point yielded a cluster in the right dlPFC. 
Interestingly, this is the same region identified in our main analyses and which shows the strongest 
effect. Supplementary Figure 8 suggests that individuals that were in the low prosociality group 
(score 0-8) showed slightly slower rate of cortical thinning as opposed those in the high prosociality 
group (score 9-10).  

 

Supplementary Figure 8. Prosocial behavior at initial time point and cortical thickness development. 
Regions where interactions between prosociality and age2 on cortical thickness were significant. 
Yellow-pink regions represent cluster level p-value map, green-blue regions represent vertex level p-
value maps; both p ≤ 0.05, Random Field Theory (RFT) corrected. 

 3.2.6.  Cortical thickness development and sex.  We plotted CT data from the identified 
clusters separately for males and females. Supplementary Figure 9 shows that the interactions 
between cortical development and prosocial behavior were not driven by sex differences in prosocial 
behavior. 



 

Supplementary Figure 9. Cortical maturation for individuals with high and low prosociality, upper 

row represents females and lower row represents males. Individuals were classified as high prosocial 
if they consistently rated themselves as high on prosociality throughout the study, and as low 
prosocial if they consistently rated themselves as low. The plot shows mean cortical thickness data 

from the clusters where interactions between prosociality and age on cortical thickness were 

significant. The fits were produced using the following model: thickness ~  s(age, bs = 'cr')  + sex by 

means of GAMM in R, bs = ‘cr’ refers to splines with cubic spline basis (Wood, 2006). 

4. Discussion 

4.1.  Change in prosocial behavior. Age-related changes in prosocial behaviors were observed in 

our sample. However, moderate rank-order stability coefficients for prosociality suggest that even 

though there was a slight increase in prosociality over time, there was also some degree of retention 

of individual’s relative placement on this trait over time. Based on these findings, the examination of 

change in prosociality and change in CT development was not a primary aim of this study. 

Nevertheless, follow-up analyses failed to identify any associations between change in prosociality 

and change in CT (see S3.2.4). We speculate that this may be related to lowered statistical power, as 

analyses were limited to individuals with a minimum of two time points in order to calculate change 

scores for prosociality. 

4.2.  Comparison of quadratic vs linear model. The current study used whole-brain analyses, 

which were limited to top-down model selection, and precluded model-fit comparisons of quadratic 

and linear CT development. As a result, quadratic models were the focus of this paper and linear 

models were included as supplementary analyses. Interestingly, comparison of both sets of results 

suggests very similar patterns of findings (see S3.2.3). Firstly, overlapping social-cognitive networks 

were implicated. Second, regardless of the approach used, highly prosocial individuals showed an 

attenuated pattern of thinning in the transition from adolescence to young adulthood. Finally, in 

both cases the least prosocial individuals demonstrated pronounced thinning into mid-twenties.  
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Supplementary Table 1. Prosocial behavior development: effect of age 

Model df AIC BIC logLik 
 

test L.Ratio 
 

p 

Null (1) 3 1046.79 
 

1057.93 
 

-520.40 
 

   

 
Linear (2) 

 
4 

 
1042.78 

 

 
1057.62 

 

 
-517.39 

 

 
(1) vs (2) 

 
6.02 

 
0.014 

 
 
Quadratic (3) 

 
5 

 
1043.91 

 

 
1062.47 

 

 
-516.96 

 

 
(2) vs (3) 

 
 

0.86 
 

 
0.353 

 

 
Cubic (4) 

 
6 

 
1045.91 

 

 
1068.17 

 

 
-516.95 

 
 

 
(3) vs (4) 

 
0.01 

 

 
0.930 

 

Note: Model comparison testing null, linear, quadratic and cubic models by means of the likelihood 
ratio (LRT) test, using maximum likelihood (ML) estimation method. 

  



 

Supplementary Table 2. Prosocial development: effect of sex  

Model df AIC BIC LogLik test L.Ratio p 
Linear (1) 4 1042.77 

 
1057.62 
 

-517.39 
 
 

   

Sex main effect (2) 5 1031.06 

 
1049.61 
 

-510.53 
 
 

(1) vs (2) 
 

13.71 
 
 

< 0.001 
 

Sex interaction (3) 6 1032.81 
 

1055.07 
 

-510.40 
 

(2) vs (3) 0.25 
 

0.614 
 

Note: model comparison testing a “main effect of sex model” against “sex*age intraction model” by 
means of the likelihood ratio (LRT) test, using maximum likelihood (ML) estimation method. 

  



Supplementary Table 3. Details on peak vertices within each identified cluster 

cluster id cluster p vertex p T stat coordinates 

1 0.001 0.574 3.8 54, -70, 6 
2 0.001 0.003 5.2 -20, 40, 50 
3 0.001 0.151 4.2 53, 6, 5 
4 0.005 0.174 4.2 2, 39 41 
5 0.006 0.073 4.4 32, -85, 33 
6 0.010 2.381 3.3 69, -40, 13 
7 0.040 0.099 4.3 1, 19, 41 

Note: Cluster ids 1-7 refer to clusters spreading across these regions 1) right posterior middle 

temporal cortex, 2) left dorsolateral prefrontal cortex (dlPFC), 3) right inferior frontal gyrus (IFG), 4) 

right dorsomedial prefrontal cortex (dmPFC), 5) right intraparietal sulcus, 6) right posterior superior 

temporal cortex and temporo-parietal junction (TPJ), 7) right dorsal anterior cingulate (dACC). 

  



 

Supplementary Table 4. Rank-order stability in prosociality over time 

Time point Stability coefficient (rs) p n 
TP1-TP2 0.37 < 0.001 46 
TP1-TP3 0.34 < 0.001 37 
TP2-TP3 0.49 < 0.001 78 
Mean level stability across time points 0.4   

Note. Spearman rho coefficients (rs) show rank-order stability in prosociality across time points 
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