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Propositions

accompanying the public defense of Barbara Braams’ dissertation 

“Adolescent Risk Taking” on November 17, 2015

1. Neural responses to rewards are related to real life risk taking behavior  
(this thesis)

2. Ventral striatum responses are flexible and more complex than basic reward 
signaling (this thesis)

3. Social context is an important factor for ventral striatum responses to rewards 
(this thesis)

4. Longitudinal designs are a powerful method for investigation of individual 
differences (this thesis)

5. An important next step to better understand developmental differences is to 
investigate network connectivity in the developing brain

6. Due to the known influence of social context on adolescent behavior and brain 
responses, social context should be considered in study designs 

7. Risk taking is a normative aspect of adolescence and should not be problematized 

8. “All models are wrong, some are useful” - (George E.P. Box)

9. Careful communication of scientific knowledge is an important aspect of science. 
Learning to do so should be part of the PhD curriculum.

10. Cooperation and collaboration take you further than competition
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Chapter 1

General Introduction

This chapter is based on: Braams, B.R., Van Leijenhorst, L., & Crone, E.A. (2014). 
Risks, rewards, and the developing brain in childhood and adolescence. V.F. Reyna, 
V. Zayas (Eds.), The neuroscience of risky decision making, American Psychological 

Association, Washington DC , pp. 73–91
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10 | CHAPTER 1

Adolescence, defined as the transition phase between childhood and adulthood, 
is a time of many physical, cognitive and social-emotional changes. It is a natural time 
of exploring, thrill seeking, and for eventually setting long-term goals and aspirations 
(Crone & Dahl, 2012; Dahl, 2004; Steinberg, Albert, Cauffman, Banich, Graham, 
& Woolard, 2008). The first phase of adolescence (also defined as early- to mid-
adolescence) starts with the onset of pubertal maturation around age of 10-11 years 
(but approximately 1.5 years earlier for girls than for boys) and lasts until approximately 
ages 15-16 (Shirtcliff, Dahl, & Pollak, 2009). At the onset of puberty, a dramatic increase 
in the secretion of adrenal androgens, gonadal steroids, and growth hormone causes 
many changes in physical appearance (e.g., facial and physical changes) and changes in 
brain regions with high receptor density for gonadal hormones such as testosterone and 
estradiol (Scherf, Berman, & Dahl, 2012). Following pubertal maturation, the second 
phase of adolescence (also defined as mid-to-late adolescence) starts approximately 
at age 15-16 and lasts to age 21-22, during this phase adolescents gradually reach 
independence from parents and obtain mature social goals (Steinberg, et al., 2008; 
Steinberg & Morris, 2001). One of the most prominent findings in observational studies, 
(i.e. correlational studies) is that adolescents take more risks than children or adults 
(Beyth-Marom & Fischhoff, 1997; Boyer, 2006). The focus of this thesis is on adolescent 
risk taking behavior. The goal is to identify individual difference factors that are related 
to risk taking behavior and assess how these variables change over development. 

Risk taking in adolescence
Risk taking is defined as engagement in behaviors that are associated with 

potentially negative outcomes. Adolescents take more risks than children and adults 
(Beyth-Marom & Fischhoff, 1997; Boyer, 2006). For example, adolescents are more 
likely to have casual sexual partners, engage in binge drinking, get into car accidents 
and seem to act without thinking about the long term consequences of their actions 
(Eaton, Kann, Kinchen, Shanklin, Ross, Hawkins, Harris, Lowry, McManus, Chyen, 
Lim, Brener, & Wechsler, 2008; Steinberg, et al., 2008). In a striking juxtaposition, 
although adolescents are physically in the best condition of their lives, mortality rates 
go up by 200-300% compared to children (Dahl, 2004). This mortality is primarily due 
to preventable causes such as getting involved in accidents, driving under the influence 
and engaging in high-risk behaviors under pressure from peers/with friends. One 
example is driving with friends, which encourages reckless driving (presumably to 
show off and impress peers but the mechanisms are not fully understood; see Steinberg, 
2008).
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GENERAL INTRODUCTION | 11

Adolescents can assess risks and can reason logically when they are asked about 
risks or consequences (Boyer, 2006). For example, in a study using a risk taking task 
in which the demands on learning and working memory are minimized by making 
outcome values and associated probabilities explicit (Van Leijenhorst, Westenberg, & 
Crone, 2008), decision-making behavior did not differ from age 8 to 30 on this task. 
This suggests that from late childhood on participants are able to take both reward and 
probability information into account when making decisions.  The increase in risky 
decision making observed during adolescence is therefore most likely not only related 
to cognitive immaturities, but rather to a combination of cognitive, emotional and social 
factors that lead to increased risk taking behavior (Crone & Dahl, 2012; Steinberg, et 
al., 2008). In line with this, a recent meta-analysis revealed that adolescents take more 
risks than children and adults, but only in situations where there is no sure/safe option 
(Defoe, Dubas, Figner, & van Aken, 2014). Understanding which factors contribute 
to risk taking behavior is of great importance to eventually change behavior and for 
preventing adverse consequences of risk taking in the future. Behavioral studies have 
yielded important results, but do not inform us about the neural mechanisms behind 
risk taking behavior. Understanding the neural mechanism could provide important 
information on which adolescents are more predisposed to take risks. 

A neuroscientific model to understand risk taking in adolescence
From a neuroscientific perspective, several partly overlapping and partly 

complementary theoretical models have been proposed about how trajectories of 
brain maturation may explain behavioral changes in adolescence. Even though the 
models have broader goals than solely understanding risk taking in adolescence, they 
provide intriguing hypotheses with respect to the question of why adolescence may be 
a vulnerable period for risk taking. 

The model that is probably most explicit in hypothesizing about risk taking in 
adolescence is the imbalance model postulated by Somerville, Jones and Casey (2010). 
According to this model, there is an imbalance between the development of subcortical 
brain regions, such as the ventral striatum, and the pre-frontal cortex. The development 
of the ventral striatum precedes development of the pre-frontal cortex. The ventral 
striatum is involved in reward processing and decision-making based on incentives 
(Delgado, 2007). The pre-frontal cortex is involved with tasks such as planning, 
inhibition and cognitive control more generally (Miller & Cohen, 2001). The interplay 
between a not fully developed pre-frontal cortex, which is therefore not fully capable of 
executing control related functions, and further developed emotional areas such as the 
ventral striatum causes an imbalance resulting in a primarily emotion driven approach 
to rewards and risks in mid-adolescence. 
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12 | CHAPTER 1

To test this model, empirical studies available to date have mostly used functional 
Magnetic Resonance Imaging (fMRI). fMRI is a safe and non-invasive technique, 
which allows for the study of neural activation during specific phases of a task. These 
studies have focused on two task-related processes that are important for risk taking 
investigation: reward anticipation and responses to receiving a reward (although 
others have also distinguished between other phases, such as cue-related response 
and anticipation of outcome, see Geier, et al., 2010). In such neuroimaging studies, 
responses to anticipated and received rewards are usually investigated using tasks in 
which participants can receive an outcome that is favorable to them. Outcomes can be 
points, money or primary rewards such as juice (Delgado, 2007). A consistent finding 
in these studies is involvement of the ventral striatum/nucleus accumbens in response 
to receipt of rewards. In addition, the amygdala, anterior cingulate cortex (ACC), 
dorsolateral prefrontal cortex (DLPFC), ventromedial prefrontal cortex (VMPFC) and 
orbitofrontal cortex (OFC) are also found to be active, although these findings are not 
consistent across studies and possibly depend on specific task demands. In this thesis 
the focus will be on the developmental pattern in the ventral striatum specifically, as 
this region is most consistently activated in response to reward anticipation and reward 
processing. 

Ventral striatum responses to reward 
The striatum is part of the basal ganglia complex. The striatum receives synaptic 

input from cortical and subcortical regions, such as dopaminergic input from the 
substantia nigra. The striatum can be subdivided into the dorsal and ventral striatum. 
The dorsal parts of the striatum primarily include the caudate nucleus and the putamen. 
The ventral striatum includes the nucleus accumbens, and ventral parts of the caudate 
nucleus and putamen. The ventral striatum receives input from pre-frontal regions such 
as the orbitofrontal cortex. The ventral striatum is a key region for reward processing 
(Delgado, 2007). In reward studies both under- and over recruitment of the ventral 
striatum have been reported in adolescents compared to children and adults. The most 
prominent finding is an over recruitment of the ventral striatum in response to reward 
receipt for adolescents. These results have been found with different tasks and in a wide 
age range, including participants between 7-40 years of age, strengthening the credibility 
of the results (Christakou, Brammer, & Rubia, 2011; Ernst, Nelson, Jazbec, McClure, 
Monk, Leibenluft, Blair, & Pine, 2005; Galvan, Hare, Parra, Penn, Voss, Glover, & Casey, 
2006; Van Leijenhorst, Gunther Moor, Op de Macks, Rombouts, Westenberg, & Crone, 
2010a; Van Leijenhorst, Zanolie, Van Meel, Westenberg, Rombouts, & Crone, 2010b).

The tasks used in these studies often involve an aspect of gambling, passive or 
active. Passive gambling refers to paradigms in which the participant cannot influence 
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GENERAL INTRODUCTION | 13

the outcome, whereas an active task means that the participant can choose to take a 
risk or not. Two studies with passive gambling tasks support the hypothesis of over 
recruitment of the ventral striatum to reward in adolescence. Van Leijenhorst et al. 
(2010b) used a task in which participants are shown a slot machine that they can start 
with a button press. The slots can fill with three types of fruit. Only when all three slots 
show the same fruit, they win. Winning was associated with increased activation in the 
ventral striatum, and more so for mid-adolescents. Similarly, Galvan et al. (2006) used 
a delayed response two-choice task. In this task, participants are presented with a cue, 
after which they need to respond by indicating the location of the cue when prompted. 
Correct responses within the time interval set for the response are rewarded. Each cue 
is paired with a distinct reward amount. Again, winning was associated with increased 
activation in the ventral striatum, with a peak in mid-adolescence. 

Tasks with an active aspect of gambling, such as the wheel of fortune task (Ernst, 
et al., 2005) and the cake gambling task (Van Leijenhorst, et al., 2010a), similarly show 
greater activation of the ventral striatum in response to reward receipt. In the wheel of 
fortune task, participants are shown a circle divided into two colors. Only trials were 
analyzed in which both colors covered 50% of the circle in this case, but divisions and 
therefore probabilities of winning can differ. Participants choose one of the colors and 
if the computer randomly picks the same color, they win. The cake gambling task is a 
slightly modified version of the wheel of fortune task. To make the task more suitable 
for children, the wheel is explained as a cake with different flavors. Participants can 
choose which flavor they would like to bet on and if the computer picks the same 
flavor they win. Participants can choose between a low-risk gamble with a 66% 
chance of winning 1 euro, and a high-risk gamble with a 33% chance of winning 2, 4, 
6 or 8 euros. In these tasks, winning was associated with increased activation in the 
ventral striatum. Striatum activation showed a peak in mid-adolescence. This pattern 
of elevated ventral striatum response in mid-adolescence was further confirmed in 
other paradigms which have used reward conditions, such as a temporal discounting 
task (Christakou, et al., 2011), an anti-saccade task (Geier, Terwilliger, Teslovich, 
Velanova, & Luna, 2010; Padmanabhan, Geier, Ordaz, Teslovich, & Luna, 2011) and 
a juice delivery paradigm (Galvan & McGlennen, 2013). Smith et al. (2011) used 
a sustained attention task in which adolescents showed elevated ventral striatum 
responses to rewarded trials compared to adults, but not compared to the youngest 
group. The results from this set of studies seem to provide consistent evidence for 
enhanced activation in the ventral striatum in mid-adolescence. However, in work 
focusing on the anticipation of rewards, the results of some studies have been opposite 
to the pattern described above. Two studies have found under recruitment of the 
striatum in mid-adolescence. Both of these studies used the Monetary Incentive 
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Delay (MID) task (Bjork, Knutson, Fong, Caggiano, Bennett, & Hommer, 2004; 
Bjork, Smith, Chen, & Hommer, 2010). In the MID task, participants can win (or 
avoid losing) different amounts of money by pressing a button within a short interval 
after a target is presented. Failure to press within the response interval results in 
omission of gain (or loss), whereas pressing the button within the response interval 
results in winning (or avoidance of loss). 

As stated before, two general phases can be distinguished in reward paradigms; 
the anticipation of reward and the receipt of the reward (feedback). The apparent 
inconsistency of results might be a result of confounding anticipation of reward and 
receipt of reward. The MID task has two distinguished phases, separated in time to allow 
for fMRI analyses for both phases. As such it has been specifically designed to enable 
testing for differences in brain activation during anticipation, as well as receipt, of a 
reward. Both studies (Bjork, et al., 2004; Bjork, et al., 2010) found under recruitment 
of the right ventral striatum for adolescents, compared to an adult group, during gain 
versus non-gain anticipation. Activation during reward receipt, in contrast, did not 
yield any significant differences between the groups. 

Taken together, the imbalance model proposed by Somerville et al., (2010) 
provides a framework to understand risk taking behavior. However, empirical studies 
testing this model have yielded mixed results. These mixed results could be due to small 
sample sizes and different task demands (for a review see Richards et al, 2013). In this 
thesis one of the aims is to test whether ventral striatum responses to rewards show 
hypo- or hyperactivity in adolescence. To test this a large sample with a continuous age 
range was used and participants were tested using a new paradigm to assess reward 
processing. Furthermore, the imbalance model does not specify which individual 
difference factors might be related to ventral striatum responses. In this thesis the aim 
is to obtain more information about the ventral striatum responses to reward and its 
specificity in adolescence, and to identify individual difference factors that are related 
to the ventral striatum response to rewards. Individual difference factors of interest in 
this thesis are chronological age, pubertal development, hormone levels, personality 
and social context. 

Pubertal hormones 
Since adolescents go through major changes in hormone levels as well as in 

the social domain, this leads to the hypothesis that hormonal and social contextual 
factors may influence developmental sensitivities in ventral striatum responses to 
rewards. These factors will be discussed below, starting with the influence of pubertal 
hormones.
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The onset of adolescence coincides with the onset of puberty. Puberty is 
characterized by the development of secondary sexual characteristics, changes in 
behavior, accelerated growth and it eventually leads to reproductive capacity. Pubertal 
development occurs as a function of activation of the hypothalamic-pituitary-adrenal 
(HPA) and hypothalamic-pituitary-gonadal (HPG) axes. The HPG axis secretes 
gonadotropin-releasing hormone (GnRH) from the hypothalamus, luteinizing 
hormone (LH) and follicle-stimulation hormone (FSH) from the pituitary gland, and 
estrogen and testosterone from the gonads. Males and females both produce estradiol 
and testosterone, but in different ratios.  Both testosterone and estradiol have an effect 
on the brain through androgen and estrogen receptors. 

Puberty related hormonal changes do not only trigger reproductive development, but 
probably also influence social behaviors and interest in peers, such as sensation seeking, 
seeking of social status, fear of social rejection and a drive towards social acceptance (Dahl, 
2004; Nelson, Leibenluft, McClure, & Pine, 2005). The association between testosterone 
and risk taking in adults has been mainly studied through the measurement of naturally 
fluctuating hormone levels, but recently, exciting new advances in testosterone research 
have focused on the administration of testosterone in healthy (mostly female) adult 
participants. Administering small doses of testosterone, compared to placebo, resulted 
in increased risk taking a gambling task (van Honk, Schutter, Hermans, Putman, Tuiten, 
& Koppeschaar, 2004). In addition, administration of the same dose of testosterone 
in females resulted in enhanced activation in the nucleus accumbens during reward 
anticipation in the MID task (Hermans, Bos, Ossewaarde, Ramsey, Fernandez, & van 
Honk, 2010). One study used a slightly different approach and investigated the effects of 
single dose testosterone administration on approach-avoidance behavior in young female 
adults (Enter, Spinhoven, & Roelofs, 2014). Testosterone administration was related to 
a relative increase in approach tendency of potentially threatening stimuli (angry faces). 
Higher approach tendency might partly explain a higher tendency to take risks. 

The natural increase in testosterone during puberty is orders of magnitude larger 
than the increase due to administration of testosterone in the examples described 
above. Therefore, an intriguing question is whether hormone level increases are 
predictive of neural responses to risk and reward in pubertal adolescents. Two studies 
used this approach. A study by Op De Macks et al. (2011) found that boys and girls 
with higher natural testosterone levels also showed higher ventral striatum responses 
to reward receipt, thereby confirming prior studies which showed that testosterone 
administration in adults also leads to enhanced ventral striatal responses to reward 
(Hermans, et al., 2010). However, as described before, responses to reward anticipation 
and reward receipt may rely on different mechanisms. This is highlighted in a study 

35773 Braams.indd   15 07-10-15   18:36



16 | CHAPTER 1

by Forbes et al. (2010) in which testosterone levels correlated positively with striatum 
responses in boys during anticipation, but correlated negatively with striatum responses 
to reward receipt in both boys and girls. 

Taken together, these studies provide the first evidence for a role of testosterone on 
ventral striatum activity to rewards. However, the exact link between the two is unclear. 
In this thesis this link is further investigated by relating testosterone levels to ventral 
striatum responses to reward. 

The influence of social factors on reward processing
It is well known that peers have a large influence on the behavior of adolescents. 

Adolescence is a time when peers become very important (Dahl, 2004) and much risk 
taking behavior takes place in groups (Steinberg, 2004). When adolescents are asked to 
perform a task in the lab, they are usually alone or in the presence of an experimenter, 
not among their peers. The risk taking behavior that is observed in a natural setting 
may therefore not be captured in the standard laboratory environment. The influence 
of social factors on neural correlates of risk taking is a relatively new, but active area 
of research.

One of the first studies to use a social approach was an fMRI study investigating 
risk taking in a setting with peers for three age groups: adolescents, aged 14-18; young 
adults, aged 19-22 and adults, aged 24-29. In this study by Chein et al. (2011; see also 
Gardner & Steinberg, 2005), participants were asked to play a game in which they 
were driving a simulated car. Their goal was to drive from A to B as fast as possible. 
On the way, they encountered several crossings. On some of these crossings a stoplight 
turned orange, just when they approached. On each crossing they could decide to 
(continue to) go and take a risk, or stop. When they decided to take a risk, this could 
result in a crash, setting them back further than deciding to wait would have. In one 
condition, participants were told that they were performing this task alone and that 
no one would see what they did. In the other condition, however, their peers were 
physically present and watching them. All groups showed elevated risk taking in the 
peer-present condition, but adolescents took even more risks than young adults and 
adults. Intriguingly, adolescents also showed elevated ventral striatum responses in the 
peer present condition compared to the other age groups. 

This initial study has been followed up with other studies showing similar results 
and this effect is now known as the ‘peer effect’. To parse out relevant factors that 
contribute to the peer effect several follow-up studies have been done. Real life risk 
taking behavior often occurs under situations of unknown probabilities of negative 
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outcomes (e.g. running a red light, cycling without a helmet). A study by Smith et al, 
2014) showed that risk taking behavior is also influenced by peers in a situation in 
which the probabilities for winning and losing were explicitly provided. Participants 
who believed that they were observed by an unknown peer chose to gamble more often 
than participants who performed the task alone. 

To investigate whether peer observation influenced impulsive choice behavior, 
two studies used a delay discounting paradigm (O’Brien, Albert, Chein, & Steinberg, 
2011; Weigard, Chein, Albert, Smith, & Steinberg, 2014). In a delay discounting task 
participants are presented with the choice between a smaller, sooner or a larger, later 
reward. Higher proportion of choices for a smaller, sooner reward is indicative of more 
impulsive behavior. In one study participants were watched by two same age, same 
sex peers (O’Brien, et al., 2011) and in another study participants were watched by 
an anonymous peer (Weigard, et al., 2014). Participants in both studies showed an 
increased preference for smaller sooner rewards when observed by a peer. These results 
indicate that the peer effect is not restricted to friends, but is also seen when participants 
were observed by an anonymous peer. 

Taken together, these studies show that peer observation increases risky choice 
behavior in adolescence. However, which aspects of the social context interact with 
reward processing is unknown. Crucial questions are whether ventral striatum 
responses are also elevated when thinking about peers and what properties of the peer 
(liked vs disliked) are essential to this effect.  In this thesis I investigate the influence 
of social context on ventral striatum responses to rewards. More specifically, I assess 
whether neural responses to winning and losing money for friends and disliked others 
differs from neural responses to winning and losing for self. 

Real life risk taking
As stated in the beginning of the introduction, adolescence is related to increases 

in risk taking behavior in real life. Examples of real life risk taking behavior are alcohol 
use, substance abuse and delinquency (Steinberg, 2004). Many of the changes in risk 
taking behavior are thought of as normative transitions in explorative behavior and 
sensation seeking. However, in some situations risk taking behavior can have adverse 
effects, such as in the cases of excessive alcohol consumption. One of the goals of 
adolescent risk taking research in the lab is to explain and possibly predict which 
adolescents are prone to take potentially dangerous risks in real life. 

 It has been hypothesized that the peak in risk taking behavior observed in real 
life during adolescence and the peak in nucleus accumbens activation in adolescence 
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observed in experimental studies are related. Indeed, a relationship was found between 
nucleus accumbens activation in a reward task and the likelihood of engaging in risky 
behavior in the real world (Galvan, Hare, Voss, Glover, & Casey, 2007). Real world risk 
taking behavior is a complex construct and the literature on the relationship between 
nucleus accumbens activation and risk taking is sparse. This might indicate that nucleus 
accumbens activation is not the only factor, but that the interplay with other factors is 
important. Other factors that have been proposed to influence real life risk taking are 
pubertal development (Collado, MacPherson, Kurdziel, Rosenberg, & Lejuez, 2014) 
and social context (Chein, et al., 2011). The exact interplay between these factors and 
their contribution to risk taking behavior is currently unclear. In this thesis I investigate 
the link between pubertal development, neural responses to rewards and real life risk 
taking, in this case alcohol use. 

Longitudinal analysis
The most used study design is a cross-sectional design. Cross-sectional studies are 

a type of correlational studies. In this type of design, variables are measured once and 
the relationship between these variables is assessed. In cross-sectional studies many 
variables can be measured at little extra cost and effort, making this an ideal design 
for many studies. Relationships between variables are correlational. If a certain study 
would find a relationship between hormone levels and neural activation in a specific 
region, it cannot be concluded whether hormone levels cause neural activation or 
whether neural activation causes hormone levels. In other words, the directionality 
between variables cannot be determined. 

Longitudinal studies are optimized for testing directionality of relationships. In 
such a design a specific group, cohort, is tested multiple times and variables of interest 
are measured at each time point. Causal relationships between variables can be reliably 
tested. Cohorts are usually comprised of a homogeneous group, all aged 14, or all 
inhabitants of a certain region. In a strict longitudinal design with only one cohort it can 
take many years to collect all data, requiring patience and devotion from the researcher. 
Moreover, if participants drop out this poses serious problems for the data analysis. 

Combining a cross-sectional and longitudinal design into one, an accelerated or 
cohort-sequential longitudinal design, creates a design in which the benefits of both 
types of design are used. In such a design a group of a broad age range is measured 
multiple times. This design is optimized for testing both between (cross-sectional) as 
well as within (longitudinal) changes and is sensitive to changes in individual difference 
measures. 
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Objectives and approach
In summary, adolescent risk taking is an important avenue for research due to the 

possible adverse effects. Adolescence is associated with major changes in hormonal 
levels, brain function and social environment. Previous research investigated these 
changes and the relationship with risk taking behavior with promising results. However, 
some major questions remain unanswered. The first question concerns development 
of striatum responses during adolescence. In this thesis it is tested whether striatum 
responses are hypo- or hyperactive in adolescence and how testosterone levels are 
related to striatum responses to rewards. The second question concerns the influence of 
social context. Previous studies have shown that peers influence risky decision-making 
and striatum responses. However, exactly which aspects of social context interact 
with reward processing, and how social brain regions respond to social context over 
development is unknown. The last question is how changes in pubertal development, 
brain function and social environment together influence real life risk taking. The 
chapters in this thesis are centered around these main questions. 

To optimally dissociate between and within subject changes and investigate 
individual differences, data was collected from a large, cohort-sequential longitudinal 
study. In this study, called Braintime, 299 participants between 8-27 were measured 
twice with a two-year interval. A new task paradigm was developed, which was 
administered in the MRI-scanner on both time points. This task is optimized to not 
only investigate reward related neural responses, but also to investigate social factors. 
In this task, participants are told that the computer would flip a coin and they are 
asked to predict whether the computer would flip heads or tails. Participants could win 
and lose money for different beneficiaries. At the first time point they could win and 
lose money for themselves, their best friend and a disliked other. At the second time 
point, participants played the same task, but now they could win and lose money for 
themselves, their best friend and their mother. 

Outline of the chapters
The first two empirical chapters describe cross-sectional data in which the new 

paradigm is validated. The aim of these chapters is to disentangle the influence of 
affective and social brain regions on reward processing for different beneficiaries. 
Chapter 2 describes a study in which neural responses to rewards for different 
beneficiaries are investigated. In this study a sample of young adults, between 18-25, is 
used. In Chapter 3 a study is presented in which the same gambling task is administered 
to a large sample of participants between 8-25 years of age. In this study the aim is to 
answer two questions. The first question is how reward related neural regions develop 
with age and the second question concerns the influence of social brain regions on 
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reward processing.  Changes between and within subjects are the focus of Chapter 4. 
In this chapter I zoom in on reward related neural responses when playing for self. I 
describe longitudinal data and focus on the relationship between neural responses to 
rewards and age, pubertal development, testosterone level, and risk taking. The aim of 
this study is to investigate which individual difference variables are related to changes 
in neural responses to rewards. In Chapter 5 the focus is on development of social 
brain regions. I describe longitudinal data for playing for self and for a friend. Neural 
responses when playing for a friend are compared with neural responses when playing 
for self, irrespective of outcome. The aim of this study is to describe developmental 
changes in responsiveness of social brain regions. In the last empirical chapter I aim 
to link real life risk taking behavior to neural responses to rewards. In Chapter 6 it is 
investigated whether those participants who indicate higher alcohol use on a self-report 
questionnaire, are also the participants who have higher levels of testosterone and show 
higher responses to rewards for themselves in the gambling task. Finally, Chapter 7 
summarizes the results of the empirical chapters and discusses the findings in light of 
the objectives stated in the introduction.
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Chapter 2

Reward-Related Neural Responses 
are Dependent on the Beneficiary

 Published as: Braams, B. R., Güroğlu, B., de Water, E., Meuwese, R., Koolschijn, P. C., 
Peper, J. S., & Crone, E. A. (2013). Reward-related neural responses are dependent on 

the beneficiary. Social cognitive and affective neuroscience, nst077.
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Prior studies have suggested that positive social interactions are 
experienced as rewarding. Yet, it is not well understood how social relationships 
influence neural responses to other persons’ gains. In this study, we investigated 
neural responses during a gambling task in which healthy participants (N = 
31; 18 females) could win or lose money for themselves, their best friend or 
a disliked other (antagonist). At the moment of receiving outcome, person-
related activity was observed in the dorsal medial prefrontal cortex (dmPFC), 
precuneus and temporal parietal junction (TPJ), showing higher activity 
for friends and antagonists than for self, and this activity was independent 
of outcome. The only region showing an interaction between the person-
participants played for and outcome was the ventral striatum. Specifically, 
the striatum was more active following gains than losses for self and friends, 
whereas for the antagonist this pattern was reversed. Together, these results 
show that, in a context with social and reward information, social aspects are 
processed in brain regions associated with social cognition (mPFC, TPJ), and 
reward aspects are processed in primary reward areas (striatum). Furthermore, 
there is an interaction of social and reward information in the striatum, such 
that reward-related activity was dependent on social relationship.

2.1 Introduction

Humans are highly social, forming and maintaining close social relationships 
is one of the most important life goals. Positive interactions with close others are 
experienced as rewarding and are linked to happiness (Aknin et al., 2011). Despite the 
presumed positive and rewarding properties of close social relationships, it is not yet 
well understood how social relationships influence experience of others’ rewards and 
the associated neural processes. 

A brain region consistently found in studies examining the neural basis of self-
relevant reward processing is the ventral striatum (Delgado, 2007). The presumed 
specificity of the ventral striatum for reward processing is based on studies focusing 
on reward prediction and receiving rewards in a variety of gambling and risk taking 
tasks (for a review, see Haber and Knutson, 2010). These studies consistently show that 
striatum activation is modulated parametrically by reward magnitude, suggesting that 
the ventral striatum is highly responsive to self-relevant gain (Delgado et al., 2003). 
Intriguingly, prior studies have shown that not only primary reinforcers but also 
interactions with friends activate the striatum (Güroğlu et al., 2008; Izuma et al., 2008), 
suggesting that interacting with friends has a motivational or rewarding significance. 
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This assumption receives further support from social interaction studies, reporting 
that cooperation with unknown others results in activation in the striatum (Rilling et 
al., 2002; van den Bos et al., 2009). This neural response has been interpreted in terms 
of the possibly primary rewarding aspects of positive social interactions. For example, 
striatum activation when sharing with other people has been shown to depend on 
the relative closeness of the other person (Fareri et al., 2012). In this study, sharing 
outcomes with friends elicited significantly more striatum activation than sharing with 
a non-close confederate or a computer. 

Yet, a growing number of recent novel studies have demonstrated that interactions 
with others also result in activation in a set of cortical brain areas, also referred to as 
the ‘social brain network’. More specifically, these neuroimaging studies have revealed a 
network of brain areas related to mentalizing about other persons’ mental states, making 
judgments about others and thinking about other persons’ intentions (Frith and Frith, 
2012). This network includes, but is not limited to, the temporal parietal junction (TPJ) 
and cortical midline structures such as the medial prefrontal cortex (mPFC), anterior 
cingulate cortex (ACC) and precuneus (Blakemore, 2008; Van Overwalle, 2009; Young 
et al., 2010). For example, Young et al. (2010) previously showed that the TPJ and the 
precuneus are more active when reading stories about other people’s thoughts compared 
with reading about physical stories. In addition, Amodio and Frith (2006) showed that 
the anterior part of mPFC is more active when thinking about others compared to when 
thinking about self. Finally, Güroğlu et al. (2008) showed that thinking about friends 
result in activation in the ventral mPFC, more so than when thinking about neutral 
others. However, it remains to be investigated whether and how TPJ, precuneus and 
mPFC activation are sensitive to social relationships in a reward context. 

Taken together, although previous studies have examined both the neural correlates 
of self-relevant gain (Knutson et al., 2001) and more general aspects of social interaction 
(Izuma et al., 2008; Young et al., 2010), very few studies to date have explicitly tried to 
identify the influence of social relationships on reward processing. Although several 
studies have used innovative designs to examine how closeness and friendship are 
related to several types of reward processing (Mobbs et al., 2009; Fareri et al., 2012; 
Nicolle et al., 2012), it is not yet known whether gains and losses are processed differently 
for self and others with whom participants have different social relationships. We predict 
that rewards, in general, are processed in the ventral striatum, and playing for a different 
person than the self leads to activation in the social brain network (mPFC, precuneus 
and TPJ). A specific question, within a context where both social relationships and 
rewards are concerned, is whether ventral striatum responses to rewards are dependent 
on the beneficiary. 
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In this study, participants performed a gambling task in which they could win or 
lose money. To investigate the role of social relationships, we explained that on some 
trials participants would play for themselves, whereas on other trials, they would play 
for their best friend. To control for the possibility that neural regions would respond 
differently simply because participants played for another person (independent of the 
relationship), we included a third player. For this player, we aimed to create a more 
distant relationship. In order to make this condition most dissociable from the friend 
condition, we included a manipulation to make the participants dislike the third player 
(hereon referred to as ‘antagonist’). The antagonist was created using a social interaction 
game, based on previous studies showing that prior information about another person 
is related to reward responses on the neural level (Delgado et al., 2005; de Bruijn et al., 
2009). Specifically, the antagonist was manipulated by an unfair game strategy in an 
Ultimatum Game (UG) played before the start of the task. Previous work has shown 
that unfair offers in the UG elicit negative emotions (Pillutla and Murnighan, 1996; 
Sanfey et al., 2003). 

The gambling task involved an active choice for heads or tails on each trial, 
followed by gain or loss on each trial. This task structure was based on prior studies 
showing that active engagement and perceived control in the task elicits the strongest 
striatum response (Rao et al., 2008). This created a 2 x 3 design, in which participants 
could win or lose money for three different persons: themselves, their best friend and 
an antagonist. 

First, we expected a main effect of reward processing located in the striatum. 
Second, we expected that playing for friends and antagonists would result in activation 
in the social brain network (mPFC, precuneus and TPJ) compared with playing 
for self. Third, we expected an interaction effect of social relationship and reward 
processing. Based on previous research, which showed that striatum activation 
parametrically follows value of outcome (Delgado, 2007), we hypothesized that reward 
value of outcome would differ for different beneficiaries, such that winning for self 
would result in a higher neural response in the striatum compared with winning for 
friends, and this pattern was expected to be least prominent or possibly even reversed 
for antagonists. 
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2.2 Methods

Participants 
Participants were 34 right-handed adults. Three subjects were excluded, one due 

to attention deficit disorder (ADD) diagnosis and two due to excessive head movement 
(more than 3 mm in any direction). Data for 31 healthy adults (18 females) Mage=20.9 
yrs, SDage=1.95, range 18-26 yrs were used in the analyses. Participants were recruited 
through local advertisements. Approximation of IQ was determined by two subscales, 
similarities and block design, of the Wechsler Intelligence Scale for Adults (WAIS) 
(Wechsler, 1997). Estimated IQ for all participants fell within the average to high-
average range (MIQ=113.39, SDIQ=9.07).  This study was approved by the university 
medical ethical committee. Informed consent was obtained from all participants prior 
to the scan session. All participants were screened on MRI contra indications before the 
scanning session. Participants received €60,- for participation in a larger set of studies.

Experimental design 
Before the start of the experiment, participants were asked to make an UG offer to 

another participant in the study. They were explained that they could offer any number 
of coins out of 10 coins to another person in the experiment. The other person would at 
the next sessions have the opportunity to accept or reject the offer. If the other person 
accepted the offer, then the money would be divided as proposed, but if the other 
person rejected the offer, they would both receive nothing. The offers made by the 
participants ranged from two to seven with a median of five. In total, 22 participants 
offered five coins to the other player, 4 participants offered four coins, 2 participants 
offered six coins and 3 participants made a choice of two, three or seven coins. 

Participants were then told that they also received an UG offer from a prior 
participant of the study. Participants could accept or reject this offer. The offer 
participants received was the same for all participants, namely an unfair offer of 1 coin 
out of 10. In total, 26 participants rejected the unfair offer and 4 accepted the offer. Data 
from 1 additional participant were missing due to technical problems. All the analyses 
reported below were conducted for the full sample of 31 participants, and separately 
for the 26 participants who rejected the unfair offer. These analyses did not result in 
significantly different activation patterns. Therefore, below we report the results from 
the data set with 31 participants. 

Prior to the scan, participants were asked for the name of their best friend. While 
lying in the scanner, participants performed a gambling task in which they could win 
or lose money, see below for a task description. 
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Figure 2.1 - Example of a trial. On trial onset, participants were presented with a screen for 4000 ms 
indicating for whom they were playing (Self, Friend or Antagonist) and how many coins could be won or 
lost. During this time, participants chose to play heads or tails by pressing the corresponding button. After 
a 1000 ms delay, trial outcome was presented for 1500 ms. Participants won when the computer randomly 
selected the same side of the coin as chosen by the participant. 

The fMRI task 
The task comprised two event-related runs, both lasting ~7min. In total, 90 trials 

were presented: 30 for self, 30 for the best friend and 30 for the antagonist. The amount 
of coins that could be won or lost on each trial was varied to keep participants engaged 
in the task. Three variations were included: trials in which five coins could be won or 
two coins could be lost, trials on which three coins could be won or three coins could 
be lost and trials on which two coins could be won or five coins could be lost. Since the 
different trial types were not our primary interest, we averaged across these conditions 
to have a sufficient number of trials for each participant. 

Each trial started with a 4000 ms presentation of the stimulus on which the name 
of the player they were playing for (i.e. either ‘you’, ‘name of the best friend’ or ‘name of 
the antagonist’), and the coins at stake were presented. The choice to play for heads or 
tails was made within this time interval, by pressing the right index finger for heads and 
the right middle finger for tails. After the 4000 ms stimulus presentation screen, there 
was a fixed delay of 1000 ms during which a blank screen was presented, which was then 
followed by the outcome screen that displayed gain or loss. The outcome screen was 
presented for 1500 ms. The trial ended with a variable jitter of 1000-13 200 ms (average 
2298 ms) (Figure 2.1). Trial sequence and timing were optimized using OptSeq (Dale, 
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1999); http://surfer.nmr.mgh.harvard. edu/optseq/). Participants were explained that 
only one of the players, that is, self, friend or antagonist, received the total amount of 
money won for that person during the task and that the computer selected the winners. 
In reality, at the end of the experiment, in 50% of the cases participants received the gain 
for themselves, and in 50% of the cases their best friend received the gain. In all cases, 
the payment was a 5 euro gift card, in addition to the initial endowment. 

Procedure 
Participants were prepared for the testing session in a quiet laboratory. They were 

familiarized with the MRI scanner with use of a mock scanner as well as listening to 
recordings of scanner sounds. After explanation of the task, participants performed 
six practice trials. At the end of the scanning session, participants rated separately for 
friend and antagonist: (i) how pleasant they found it when they won or lost for their 
friend and for the antagonist and (ii) how much they thought the other players deserved 
to win. Ratings were made on a scale ranging from 1 to 10, with anchors ‘not at all’ and 
‘very much’. Only pleasantness (Question 1) was analyzed in this study. No differences 
were found for Question 2; therefore, this question was not further analyzed. 

MRI data acquisition 
Scanning was performed on a 3 Tesla Philips Achieva whole-body scanner (Best, 

The Netherlands) at Leiden University Medical Center, using a standard whole-head 
coil. The functional scans were acquired using a T2*-weighted echo-planar imaging 
sequence. The first two volumes were discarded to allow for equilibration of T1 
saturation effects (TR = 2.2 s, TE = 30 ms, sequential acquisition, 38 slices of 2.75 mm, 
field of view 220 mm, 80 × 80 matrix, in-plane resolution 2.75 mm). A high-resolution 
3D T1-weighted scan for anatomical reference was obtained TR = 9.751 ms, TE = 4.59 
ms, flip angle = 8°, 140 slices, 0.875 mm × 0.875 mm × 1.2 mm, and FOV = 224.000 × 
168.000 × 177.333). Visual stimuli were displayed onto a screen in the magnet bore and 
could be seen by the participant via a mirror attached to the head coil. Head movement 
was restricted by using foam inserts inside the coil. 

fMRI data analysis 
All data were analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 

London). Images were corrected for differences in rigid body motion. Structural and 
functional volumes were spatially normalized to T1 templates. Translational movement 
parameters never exceeded 1 voxel (<3 mm) in any direction for any participant or 
scan. The normalization algorithm used a 12-parameter affine transform together 
with a non-linear transformation involving cosine basis functions and resampled the 
volumes to 3 mm cubic voxels. Templates were based on the MNI305 stereotaxic space  
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(Cocosco et al., 1997). Functional volumes were spatially smoothed with an 8 mm full 
width half maximum (FWHM) isotropic Gaussian kernel. 

Statistical analyses were performed on individual subjects data using the general 
linear model in SPM8. Trial and feedback onsets (i.e. outcome processing) were modeled 
as events of interest. Trials on which the participants failed to respond were modeled 
separately and excluded from further analyses. The fMRI time series at trial onset were 
modeled as a series of zero duration events convolved with the hemodynamic response 
function (HRF) and its temporal derivative, which proved to be the most powerful 
model to detect differences in neural responses to different social relationships at trial 
onset. For outcome processing, time series were modeled for the full duration that 
the outcome was visible on the screen (1500 ms). The trial functions were used as 
covariates in a general linear model along with a basic set of cosine functions that high-
pass filtered the data, and a covariate for session effects. The least-squares parameter 
estimates of height of the best-fitting canonical HRF for each condition were used in 
pairwise contrasts. The resulting contrast images (condition vs fixation), computed on 
a subject-by-subject basis were submitted to group analyses.

At the group level, two ANOVAs were computed. To investigate responses to trial 
onset, we computed a one-way within-subject ANOVA with three levels (Self, Friend 
and Antagonist). To investigate responses related to outcome processing, we computed 
a 3 (Person: Self, Friend, Antagonist) by 2 (Outcome: Gain, Loss) repeated measures 
ANOVA on feedback onset. Task-related responses were considered significant 
when they exceeded an uncorrected threshold of p< 0.001 and consisted of at least 
10 contiguous voxels, to balance between Type 1 and Type 2 errors (Lieberman and 
Cunningham, 2009). To correct for multiple comparisons, we used small volume 
correction for the regions we identified in our a priori hypotheses, that is, striatum, 
TPJ, precuneus and mPFC. All regions reported with small volume correction survived 
family wise error (FWE) correction. 

We used the MarsBaR toolbox (Brett et al., 2002) (http://marsbar. sourceforge.
net/) for SPM8 to perform region of interest (ROI) analyses to further illustrate patterns 
of activation in the clusters found with whole-brain analyses. ROIs were based on 
functional activation. Average activation across the ROI was extracted and used to 
perform further analyses. To examine consistency in neural responses between different 
conditions, we calculated Pearson’s correlations for striatal responses to all conditions at 
the moment of outcome processing. Only correlations surviving Bonferroni correction 
are reported. 
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Figure 2.2. An ANOVA for Person, with levels Self, Friend and Antagonist, modeled at stimulus onset 
resulted in activation in (A) the right ventral striatum (peak voxel MNI 9, 15, 0) and (B) mPFC (peak 
voxel MNI -12, 42, -6) (p< 0.001, uncorrected for multiple comparisons, >10 contiguous voxels). Post hoc 
comparisons revealed that the striatum was more active when playing for Self and Friend, whereas the 
mPFC was selectively active when playing for Friend.

 
2.3 Results

Behavioral results 

Subjective ratings 
To test whether participants subjectively discriminated between the different 

outcomes for different persons, a repeated measures ANOVA on the subjective ratings 
of pleasantness was conducted with Person (two levels: Friend and Antagonist) and 
Outcome (two levels: Gain and Loss) as independent variables. There was a significant 
main effect of Outcome (F(1,30) = 18.99, p< .001) as well as interaction for Person 
x Outcome (F(1,30) = 72.88, p< .001). Gains for Friend were rated highest (M = 8.0, 
SD = 1.2), followed by losses for the Antagonist (M = 6.2, SD =1.9), followed by gains 
for the Antagonist (M = 5.0, SD = 1.8). The lowest pleasantness ratings were found 
for losses for Friend (M= 3.8, SD = 2.0). Follow-up paired samples t-tests showed 
that pleasantness ratings were significantly different from each other (all t’s(30) > 
2.36, p’s < .025). 

35773 Braams.indd   31 07-10-15   18:36



32 | CHAPTER 2

Table 2.1. Brain regions identified in the repeated measures ANOVA for Person, with levels Self, Friend and 
Antagonist modeled at trial onset (p< .001, uncorrected for multiple comparisons, > 10 contiguous voxels). 
MNI coordinates of the peak voxel are reported.

MNI
Region R/L x y z F(2,90) Voxels
Caudate Nucleus R 9 15 0 14.34 163
Insula Lobe R 42 9 -12 11.23 31
Dorsolateral Prefrontal Cortex R 42 51 -3 11.05 11
Medial Prefrontal Cortex L -12 42 -6 9.80 21
Postcentral Gyrus L -51 -30 51 9.97 11

fMRI results 
The fMRI results are presented in two parts. The analysis of neural responses to 

trial onset is presented first, followed by the analysis of neural responses to outcome 
processing. 

Trial onset 
To identify brain regions that respond differently when playing for different 

persons, a whole-brain one-way ANOVA with Person as within-subject factor (three 
levels: Self, Friend, Antagonist) was conducted. The ANOVA revealed a main effect of 
Person located in the right ventral striatum (Montreal Neurological Institute (MNI): 
9 15 0, F(2,90) = 14.3; p = 0.002 small volume corrected; Figure 2.2A) and the mPFC 
(MNI -12 42 -6, F(2,90) = 9.80, p = 0.006 small volume corrected; Figure 2.2B; see Table 
2.1 for a complete list of resulting brain regions).

To further visualize the different responses in the regions identified by the main 
effect of Person, ROI analyses were conducted to further investigate person-related 
activity in the ventral striatum and mPFC. These follow-up ROI analyses showed that 
the right ventral striatum responses to the Self and the Friend conditions were higher 
than for the Antagonist condition (respectively t(30) = 3.1, p = 0.004 and t(30) = 4.39, 
p< 0.001); activation for Self and Friend did not differ significantly (t(30) = 0.35, ns; see 
Figure 2.2A). The mPFC was relatively more active in the Friend condition than in the 
Self (t(30) = 3.1, p = 0.004) and Antagonist (t(30) = 3.7, p< 0.001) conditions, whereas 
Self and Antagonist conditions did not differ (all t’s (30) < 1, ns; see Figure 2.2B). To 
test whether the ventral striatum and the mPFC showed differential patterns of results, 
we tested the interaction between the two areas and the conditions. The interaction 
yielded a significant ROI x Person interaction (F(2,60) = 5.0, p = 0.01), indicating a 
dissociation between mPFC and ventral striatum function, such that mPFC activity 
was selectively active for friends, whereas ventral striatum activity was found for both 
self and friends relative to antagonists. 
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Figure 2.3. A - Brain regions showing a main effect of Person in the Person x Outcome ANOVA modeled 
at the onset of feedback presentation (p< 0.001, uncorrected for multiple comparisons, > 10 contiguous 
voxels). These regions included the left TPJ (MNI -48, -63, 39), precuneus (MNI -3, -60, 33) and the dorsal 
mPFC (MNI -9, 51, 36). Post hoc comparisons revealed more activation in these regions when receiving 
outcomes for Friend and Antagonist compared with receiving outcomes for Self, independent of the valence 
of the outcome. B - Figure showing an interaction effect of Person x Outcome modeled at the onset of 
feedback presentation in the bilateral ventral striatum (MNI 15, 24, 0 and -12, 21, 0). Post hoc comparisons 
on ROIs derived from this contrast revealed that the ventral striatum was more active when receiving gain 
compared with loss for Self and for Friend, whereas for the Antagonist, this pattern was reversed, such that 
losses for the Antagonist resulted in more striatum activation compared with receiving gain.

Outcome processing 
To investigate outcome-related brain responses, a second ANOVA was conducted. 

This whole-brain repeated measures ANOVA with within-subject factors Person (three 
levels: Self, Friend and Antagonist) and Outcome (two levels: Gain and Loss) yielded 
a main effect for both factors. A small volume correction was applied for predicted 
regions that did not survive whole-brain false discovery rate (FDR) correction. 

The main effect of Person revealed a network comprised of the left TPJ, precuneus 
and dorsal medial prefrontal cortex (dmPFC; Figure 2.3A, see Table 2.2 for MNI 
coordinates and a full listing of results). Follow-up ROI analyses showed that these 
three regions were more active during the Friend and Antagonist conditions than 
during the Self condition (all t’s > 3.2, p’s < 0.003). 

The main effect of Outcome was located in the right ventral striatum (MNI 9 15 0; 
see Table 2.2 for a full listing of results for active areas for the main effect of Outcome). 
This region overlaps with the region identified in the whole-brain contrast on trial 
onset (Figures 2.2 and 2.3). Directionality of the effect was such that winning resulted 
in relatively more activation than losing. 
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Table 2.2. Brain regions identified for the main effects of Person and Outcome and the interaction effect of 
Person x Outcome in the repeated measures ANOVA with factors Person, with levels Self, Friend and 
Antagonist, and Outcome, with levels Gain and Loss, modeled at outcome processing (p< .001, uncorrected 
for multiple comparisons, > 10 contiguous voxels). MNI coordinates of the peak voxel are reported. 

MNI
R/L x y z F(1,190) Voxels FDR* /  

FWE**
Main effect of Person

Temporo-Parietal Junction L -45 -63 39 18.71 112 */**
Precuneus L -3 -60 33 14.34 175 **
Dorsal Medial Prefrontal 
Cortex

L -9 51 36 10.15 20 *

Main effect of Outcome
Middle Occipital Gyrus L -21 -99 9 31.28 290 */**

R 30 -87 21 26.57 290 */**
Caudate Nucleus R 9 15 0 15.76 21 *
SupraMarginal Gyrus R 60 -30 27 16.39 41 *
Inferior Frontal Gyrus R 51 27 6 15.31 22 *

Interaction effect Person x 
Outcome

Caudate Nucleus R 15 24 0 14.98 123 */**
L -12 21 0 10.34 29

Superior Medial Gyrus L -12 66 9 12.12 18 *
SupraMarginal Gyrus L -54 -24 42 8.88 12
Superior Parietal Lobe L -24 -78 51 8.64 13
Anterior Cingulate Cortex L -6 45 0 8.33 10

* Survives FDR correction; ** Survives FWE correction

The whole-brain Person x Outcome interaction resulted in significant activation 
in the bilateral striatum (MNI 15 24 0; MNI -12 21 0, F(2,180) = 10.34, p = 0.015 small 
volume corrected; Figure 2.3B, see Table 2.2 for a full listing of results for active areas 
for the interaction effect of Person x Outcome). 

Post hoc paired samples t-tests on extracted ROI values based on this contrast 
showed that for both clusters (left and right striatum), there was significantly more 
activation for winning relative to losing for Self (all t’s (30) > 3.49, p’s < 0.002) and 
Friend (all t’s (30) > 3.25, p’s < 0.003), whereas for the Antagonist, losing was associated 
with higher striatum activation than winning (right striatum: t(30) = -2.44, p = 0.021 
and marginally significant in the left striatum: t(30) = -2.03, p = 0.051), see Figure 2.3B. 
Outcomes for Self and Friend were not significantly different, neither for winning (all t’s 
(30) < 1, ns) nor for losing (all t’s (30) < 1.3, ns). However, the pattern for outcomes for 
the Antagonist was significantly different from the pattern for Self and Friend. Winning 
for Antagonist differed significantly from winning for Self and Friend (all t’s (30)>2.2,  
p’s < 0.040), and losing for Antagonist was significantly different from losing for Self 
and Friend (all t’s (30) > 2.5, p’s < 0.020). 
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Figure 2.4. Correlation between neural responses to gains for Friend and losses for Antagonist in the right 
ventral striatum region (MNI 15, 24, 0; see figure 2.3).

Correlations 
Next, we performed analyses to examine whether there was consistency in neural 

responses to outcome processing for Self, Friend and Antagonist by correlating neural 
responses in the ROIs of the ventral striatum identified in the interaction effect of Person 
x Outcome described above. There were significant correlations between winning for Self 
and winning for Friend (Left VS: r = 0.52, p = 0.003), and between losing for Self and 
losing for Friend (Left VS: r = 0.74, p< 0.001, Right VS: r = 0.75, p< 0.001). There was also 
a significant positive correlation between winning for Friend and losing for Antagonist, 
such that those individuals who showed the largest ventral striatum response to winning 
for Friend also showed the largest ventral striatum response to losing for Antagonist (Left 
VS: r = 0.57, p = 0.001; see Figure 2.4). There was also a correlation between losing for Self 
and winning for Friend (Right VS: r = 0.55, p = 0.001), which is difficult to interpret and 
should be further tested in future studies. There were no correlations with the subjective 
pleasantness ratings that were collected after the scan. 
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2.4 Discussion

In this study, we used fMRI to test how social relationships influence neural 
processing of rewards that are self-relevant or relevant for others, such as friends and 
antagonists. We focused on several brain regions that have previously been associated 
with either one or both of these processes in prior studies, namely the ventral striatum, 
regions along the cortical midline (mPFC and precuneus) and TPJ. We showed here 
that the neural response in the ventral striatum to rewards was dependent on the 
beneficiary, whereas regions involved in thinking about others (mPFC and TPJ) were 
only responsive to the social relationship (friends and antagonists), independent 
of reward or loss. Thus, our results show that social relationships influence neural 
processing of rewards in a social context that involves rewards not only for the self but 
also for others. 

Behavioral ratings of pleasantness of winning 
Participants engaged in a gambling task in which they could win or lose money 

for three different beneficiaries: for themselves, their best friend and an antagonist. 
Behavioral ratings revealed that winning for a friend was rated higher on pleasantness 
than winning for an antagonist, whereas losing for a friend was rated as less pleasant 
than losing for an antagonist. These findings confirm that participants cared about the 
outcomes for friends, and that the experiment was successful in creating the antagonist 
based on the interaction in the prior economic exchange game (see Singer et al., 2006, 
for a similar approach). 

Neural responses in the ventral striatum and social brain network at trial onset 
At the moment of trial onset, when the participant did not yet know the outcome of 

the trial, there was a significantly higher neural response in the reward-sensitive ventral 
striatum when playing for self and friend than when playing for the antagonist. This 
indicates that anticipation of rewards is modulated by social relationship. Furthermore, 
at trial onset activation in the mPFC was higher for friends relative to self and antagonist. 
This region was previously found to be related to self vs other processing (Pfeifer et 
al., 2007). The current study shows that this neural response depends on the social 
relationship with the other person, such that it is higher for friends than for unfamiliar 
others (i.e. antagonists). The next question concerned whether the ventral striatum and 
mPFC also differed when processing outcomes. 

Ventral striatum response to self-relevant and other-relevant rewards 
At the moment of outcome processing, an initial comparison of winning for self 

relative to losing for self resulted in robust activation in bilateral ventral striatum. These 
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results have been reported in numerous other studies (for a review, see Haber and 
Knutson, 2010) and are consistent with the hypothesis that the ventral striatum is a 
crucial area for reward representation. 

The main question that was addressed in this study was whether a similar neural 
response would be observed when winning for friends. Indeed, ROI analyses of these 
regions confirmed that the ventral striatum showed a similar neural response to 
winning relative to losing for friends. These findings are consistent with prior studies 
indicating that social interactions with friends are experienced as rewarding (Güroğlu et 
al., 2008). These results complement previous studies that have shown that interactions 
with unfamiliar others in various economic games can also be rewarding (Rilling et al., 
2002; Fehr and Camerer, 2007; de Bruijn et al., 2009). 

In contrast to the neural patterns observed for self-relevant gain and friend-
relevant gain, the pattern of neural responses for gain and loss for the antagonist was 
reversed. Prior studies already showed that bringing individuals in a competition vs 
cooperation modus results in different responses in the ventral striatum, such that 
in a cooperation context, individuals show a larger ventral striatum response when 
an unfamiliar other wins money, whereas in a competition context, individuals show 
larger ventral striatum response when an unfamiliar other loses money (Delgado et 
al., 2005; de Bruijn et al., 2009). In the current study, there was a reversal of the neural 
pattern to reward and loss such that more striatum was observed when losing compared 
to winning for antagonists. Furthermore, a correlation was found between winning for 
friend and losing for the antagonist. These findings suggest that losing for an antagonist 
may be experienced as ‘rewarding’, possibly especially for those individuals who are 
competitive. These findings fit well with prior studies showing that the ventral striatum 
is also more active when hurting individuals who have previously treated you unfairly 
(Singer et al., 2006). Together, these findings provide evidence for the hypothesis that 
the ventral striatum response to rewards is dependent on the beneficiary. 

The social brain network response to social relationship at the moment of out-
come processing

The final question that was addressed was whether playing for friends and antagonists 
would result in different activation compared with playing for self in the social brain 
network. The whole-brain analysis on the moment of outcome processing suggested 
that regions within the social brain network, including the mPFC, precuneus and TPJ, 
were exclusively activated when receiving outcomes for others, relative to receiving 
outcomes for self. Prior studies suggested that the TPJ and precuneus are important 
for mentalizing about others, which was found to be specific to social information 
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and not to increased attention per se (Young et al., 2010). Previously, Güroğlu et al. 
(2008) contrasted neural activation when approaching personally familiar peers with 
when approaching personally unfamiliar others (i.e. celebrities) and they found that 
approaching peers resulted in more activation in TPJ, precuneus and mPFC. However, 
the striatum and ventral mPFC were specifically engaged during interactions with liked 
peers (i.e. friends). Thus, the current findings are consistent with prior studies showing 
that TPJ, precuneus and mPFC are sensitive to social information. 

It should be noted that prior studies have reported different results with respect 
to whether mPFC is more active for self or for others, and this seems to be dependent 
on the relative location within the mPFC (Denny et al., 2012). In the current study, the 
activation was more anterior in the outcome processing analyses (MNI -9 51 36), and 
a recent meta-analysis (Denny et al., 2012) confirmed that this region is important for 
other-related judgments (see also, Nicolle et al., 2012). One of the important questions 
for future research is whether the self vs other referential processing distinction in the 
mPFC is dependent on the timing and specific processing demands of the task. 

Limitations 
The current study aimed to examine whether social relationships influence neural 

responses to reward processing in contexts that involve both aspects, that is, outcomes 
that are relevant for self as well as for others. We show that the ventral striatum 
activation is outcome as well as beneficiary dependent, whereas the social brain 
network is exclusively dependent on whether you play for self or others, independent 
of outcomes. However, there are also several issues that cannot be disentangled in this 
study and which should be addressed in future research. 

First, in the current paradigm, the other players differed not only on valence, liked 
vs disliked, but also on the level of familiarity, familiar vs unfamiliar. When playing for 
a friend, previous interactions with the friend and the memories of this person might 
become activated (Güroğlu et al., 2008), and therefore the emotional response is likely 
to be stronger for this person than for a person that you only interacted with once. 
The level of familiarity with the interaction partner might therefore partly explain the 
difference in striatal activation. For example, a study by Mobbs et al. (2009) showed that 
similarity to another person might be the critical factor that may explain why striatal 
activation is more similar for friends than antagonists. A challenge for future studies 
will be to include real-life antagonists, for instance, determined by peer nominations. 

Second, the current paradigm is optimized for investigating brain activity. 
Participants were unable to avoid risks or in any way influence the outcome of the 
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trials. Possibly, levels of risk taking would be different when playing with own money 
compared with taking risks with other persons’ money. This level of risk taking might 
be modulated by the valence toward the other person, decisions for liked others might 
resemble decisions made with own money more than decisions for a disliked other. 
Future studies should investigate this using adaptive risk taking paradigms (Chein et 
al., 2011). 

Conclusions
To our knowledge, this is currently one of the few studies that directly aimed 

to investigate the interaction between reward processing and social relationships, by 
separating the beneficiaries of gains and losses. In prior studies that used economic 
games, such as a trust game or UG, the rewarding value of earned gains (i.e. money) 
and social interaction (e.g. reciprocity) were often confounded. That is to say, when the 
interaction partner reciprocates trust in a trust game, this does not only result in a social 
reward, but also monetary gain for the participant. Second, in previous studies, social 
interactions have mostly been investigated with unknown others, whose reputation is 
established based on few encounters or descriptions of interaction partners (Delgado 
et al., 2005; Singer et al., 2006), resulting in a less strong social relationships and less 
ecological validity than interactions with real-life friends. The current study aimed to 
control for these aspects and we showed based on pleasantness ratings for friends and 
ventral striatum responses that winning for friends, independent of own outcomes, is 
as rewarding as winning for self. 

Neural responses to rewards during outcome processing could be dissociated 
from activity in cortical brain regions, which have previously been associated with 
thinking about thoughts and intentions of other, such as the mPFC and TPJ. In the 
current study, these areas were not dependent on outcome, but only on social context. 
Only in the striatum, we found an interaction of social and reward information, such 
that reward-related activity was dependent on social relationship. 

This study provides important implications for real-life social interactions, such 
as observed in the peer context. A prior study in adolescents showed that risk taking 
increases when peers are present, and peer presence enhanced striatum activity when 
taking risks (Chein et al., 2011). Thus, it is likely that reward processing is sensitive to a 
variety of social contexts. It is well known that there are large individual differences in 
social status and popularity among peers in adolescence and young adulthood (Crone 
and Dahl, 2012), which can have large consequences for social well-being and health. 
This study brings us one step further toward unraveling the mechanisms of this high-
stake issue in healthy social development. 
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Adolescence is a time of increasing emotional arousal, sensation seeking 
and risk taking, especially in the context of peers. Recent neuroscientific studies 
have pinpointed to the role of the ventral striatum as a brain region which 
is particularly sensitive to reward, and to ‘social brain’ regions, such as the 
medial prefrontal cortex (mPFC), the precuneus, and the temporal parietal 
junction, as being particularly responsive to social contexts. However, no study 
to date has examined adolescents’ sensitivity to reward across different social 
contexts. In this study we examined 249 participants between the ages 8 and 
25, on a monetary reward-processing task. Participants could win or lose 
money for themselves, their best friend and a disliked peer. Winning for self 
resulted in a mid- to late adolescent specific peak in neural activation in the 
ventral striatum, whereas winning for a disliked peer resulted in a mid- to late 
adolescent specific peak in the mPFC. Our findings reveal that ventral striatum 
and mPFC hypersensitivity in adolescence is dependent on social context. 
Taken together, these results suggest that increased risk taking and sensation 
seeking observed in adolescence might not be purely related to hyperactivity of 
the ventral striatum, but that these behaviors are probably strongly related to 
the social context in which they occur. 

3.1 Introduction

Adolescence is a period of increased risk taking and sensation-seeking, especially 
in the presence of peers (Steinberg, 2004). Excessive risk taking can have adverse effects, 
such as injury due to risky driving or excessive alcohol use. An important component 
of risk taking involves anticipation and processing of rewards. It is well known that 
reward processing is associated with activation in the ventral striatum (VS) (Delgado, 
2007; Sescousse et al., 2013). Prior developmental studies have further shown that 
activity in the VS is elevated in adolescence (Ernst et al., 2005; Galvan et al., 2006; Van 
Leijenhorst et al., 2010a). However, these studies reported mixed results with respect 
to the specificity of the VS response to rewards, possibly due to different task demands 
and differences in selection of age groups (Richards et al., 2013). Especially the VS 
response to anticipation of rewards has yielded mixed findings. Although some studies 
have found elevated VS responses in adolescence in response to anticipation of gains 
(Galvan et al., 2006; Van Leijenhorst et al., 2010a), other studies have reported an under 
activation of the VS in response to anticipation of rewards (Bjork et al., 2004, 2010; 
Geier et al., 2010). 
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Adolescence is also a period of re-orientation towards the peer group, coupled with 
an increasing importance of friendships (Rubin et al., 2008). Despite the pronounced 
changes in this social orientation towards peers, less is known about how similar reward 
processing for self and others is. Telzer et al. (2010) previously showed that gaining 
money for family results in increased activation in the ventral striatum. This activity 
was stronger for those adolescents who derived greater fulfillment from helping their 
family. Thus, there seems to be a link between gaining for relevant others and activity 
in the VS. Also, Varnum et al. (2014) showed that when adult participants were primed 
for an interdependent self-construal, winning for friends resulted in as much striatum 
activation as when participants won for themselves. These findings led to the hypothesis 
that receiving rewards for friends would also result in VS activity and we tested whether 
this response was stronger in mid-adolescence relative to childhood and adulthood. 

Several previous studies have suggested that processing of rewards and thinking 
about friends depend on separate but interacting brain networks in adults (Braams et 
al., 2013; Fareri et al., 2012). Specifically, processing of rewards is associated with VS 
activation, whereas thinking about friends or significant others results in activation in 
a set of cortical midline structures (medial prefrontal cortex and precuneus) as well 
as the temporal-parietal junction (Güroğlu et al., 2008), regions also referred to as the 
‘social brain network’ (Blakemore, 2008; Van Overwalle, 2009; Young et al., 2010). In a 
neuroimaging study with adult participants, we found that the social brain areas were 
more active when playing a simple heads-or-tail gambling game for another person 
relative to playing the game for yourself, independent of the outcome of the game 
(reward or loss). In contrast, VS activity was dependent on the beneficiary, such that 
VS activity was higher when winning for self and friends, but not when winning for 
disliked others (Braams et al., 2013). Self-report ratings of how much participants liked 
to win and lose for the two other players exhibited the same pattern, with highest 
ratings for winning for friend, followed by losing and winning for the disliked other and 
lowest ratings for losing for the friend. Similarly, a study by Fareri et al. (2012) showed 
that sharing with a friend resulted in more VS activation compared to sharing with a 
confederate or a computer, suggesting that VS activation is dependent on social context. 
In this study, mPFC activation was also higher when sharing with a friend compared 
to the other two players. 

Developmental studies have reported differences in recruitment of the social 
brain areas in adolescence compared to adulthood. Adolescents appear to recruit the 
more anterior regions, such as mPFC, more than adults, whereas adults recruit more 
posterior regions, such as temporal regions, more than adolescents (Blakemore, 2008). 
Elevated activation in the mPFC has been found in mid-adolescence, in response to 
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socially demanding contexts, such as thinking about others’ intentions or distinguishing 
between social and basic emotions (Blakemore, 2008; Burnett et al., 2009; Goddings 
et al., 2012). However, it is not yet known whether mPFC activity decreases from 
childhood to adulthood or whether mPFC shows peak sensitivity in mid-adolescence. 

Based on developmental studies pointing out an elevated response in the striatum 
(Galvan et al., 2006; Van Leijenhorst et al., 2010a) and social sensitivity in adolescents 
(Chein et al., 2011), and findings from neuroimaging studies in adults pointing out 
the context sensitivity of the VS activity (Braams et al., 2013; Fareri et al., 2012), 
we examined adolescent specific differences in the VS when participants received 
rewards for themselves, their friend, and a disliked other (i.e. antagonist). First, we 
predicted that adolescents would show elevated VS responses to rewards when playing 
a gambling game in comparison to children and adults (replicating Galvan et al., 2006; 
Van Leijenhorst et al., 2010a). Second, we investigated the role of social factors on 
reward processing in the VS and how this changes during adolescence, by having the 
participants perform a gambling game for themselves, as well as for their best friend 
and an antagonist. Based on the prior neuroimaging study in adults showing higher 
VS activity when playing for self and friends relative to antagonists (Braams et al., 
2013), we predicted a similar pattern for the younger age groups. Furthermore, we 
expected self-report ratings indicating how much participants liked to win and lose 
for the different players to correspond with the VS activity. Given the importance of 
friendships in adolescence (Rubin et al., 2008), the current study had a special focus 
on the role of friendship quality on VS activity. Therefore, we examined the relation 
between self-reported friendship quality and VS responses to winning for friends. We 
predicted a stronger VS response to playing for a friend for participants who reported 
a better friendship quality. Finally, we tested whether the social brain network, which 
was previously found to be most active when playing for friends and antagonists in 
adults (Braams et al., 2013), would show hypersensitivity in adolescence. 

3.2 Methods

Participants 
Final inclusion consisted of 249 participants between the ages of 8 and 25 who were 

members of the general public, recruited through schools and local advertisements. An 
additional 14 participants were excluded for not finishing the task or technical problems 
during data collection, and an additional 36 participants were excluded for excessive 
head motion (more than 3 mm in any direction) which is common in developmental 
neuroimaging studies (approximately 12%) (Galvan et al., 2012; Poldrack et al., 2002). 
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When only participants who moved less than ½ voxel were included in the analysis, 
the results were comparable (see the supplemental material for a description of these 
results). Descriptives of the age and division of gender of the final sample can be found in 
Supplemental Table 3.1. For some of the analyses, indicated where appropriate, the total 
sample was divided into 9 age groups, such that each group represented participants 
of the same age in years. The 8- and 9-year-olds were grouped together because of the 
relatively smaller sample size of these age groups. Results of the adult group (ages 18-25) 
have been reported separately in an earlier study (Braams et al., 2013). 

An approximation of IQ was determined by two subscales, similarities and block 
design, of the Wechsler Intelligence Scale for Adults (WAIS-III) or the Wechsler 
Intelligence Scale for Children (WISC-III) (Wechsler, 1997). Estimated IQ for all 
participants fell within the normal range (MIQ = 109, SDIQ = 10). Informed consent 
from adult participants and from the parents of under aged participants was obtained 
before the start of the study. Participants were screened for MRI contra indications 
and were free of neurological and psychiatric disorders. All procedures were reviewed 
and approved by the university medical ethical committee. Participants received an 
endowment (€60 for adults, €25 for participants aged 12-17 and €20 for participants 
younger than 12) for their participation in a larger scale study. 

Experimental design 

Gambling task 
Participants performed a gambling task in which they could choose heads or tails 

and win (or lose) money when the computer selected the chosen (or not chosen) side 
of the coin. Therefore, probability of winning or losing was 50% on each trial. The 
number of coins that could be won or lost on each trial was varied. Three variations 
were included: trials in which five coins could be won or two coins could be lost, trials 
on which three coins could be won or three coins could be lost and trials on which 
two coins could be won or five coins could be lost. The reason for presenting three 
variations was to keep the participants engaged in the task (see also Braams et al., 2013). 
To maximize statistical power we collapsed across these variations. 

Before the start of the experiment, the participants were told that they would play 
the gambling task for themselves, for their same-sex best friend and for another 
participant from the study. The participant’s best friend and the other participant were 
person during the task. Care was taken that the participants understood that the money 
won during the game was not hypothetical. We asked the participants to fill out the 
Friendship Quality Scale about their best friend, prior to the experiment, and the name 
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of not present at the time of the experiment. Participants were explained that one of the 
three players (self, friend or other) would be paid the money that was earned for that 

Figure 3.1. Example of a trial. On trial onset, participants were presented with a screen for 4000 ms 
indicating for whom they were playing (Self, Friend or Antagonist) and how many coins could be won or 
lost. During this time, participants chose to play heads or tails by pressing the corresponding button. After 
a 1000 ms delay, trial outcome was presented for 1500 ms. Participants won when the computer randomly 
selected the same side of the coin as chosen by the participant.

the best friend was used in the best friend condition during the game. To manipulate the 
liking of the other participant that they would play the gambling game for, a cover story 
was used. This cover story was as follows: “You will play a game with another participant 
in the study, who will participate after you. You can divide 10 euros between yourself 
and the next participant. You can split the amount as you like, but the next participant 
will decide whether the division is accepted or not. If the division is not accepted, you 
will both receive nothing. [Participant makes offer]. You will now receive the offer 
from a prior participant and you can decide whether you want to accept the division or 
not. [Participant receives unfair division of 9 coins for the proposer and 1 coin for the 
participant, and makes a choice to accept or reject]. We will now practice the gambling 
game that you will play in the scanner. You will play this game for yourself, for [name 
of participant who made unfair offer] and for [name of best friend].” The average offer 
made by the participants in the division (also known as an Ultimatum Game) was 4.7 
euros out of 10 euros (SD = .08). The average rejection rate of the 9-1 offer made by the 
antagonist was 73%. One-way ANOVAs with age group as independent variable showed 
no significant differences between age groups, neither for the height of the offer nor for 
the rejection rate (all p’s > .05). This cover story with an unfair ultimatum game offer 
allowed us to create an antagonist as the third player (Braams et al., 2013; Sanfey et al., 
2003; Singer et al., 2006). To validate that the participants liked the antagonist less than 
their friend, we asked them to rate how much they liked the antagonist at the end of the 
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experiment. The ratings were average 4.9 (SD = 2.1) on a 10-point scale. Participants were 
told that at the end of the experiment one of the three players would be randomly selected 
to receive the total amount of money won for that player in the game. In reality, at the end 
of the experiment 50% of the participants received the gain for themselves, and 50% of the 
participants received the gain for their best friend. The amount earned was 4, 5 or 6 euros. 

The task (see Figure 3.1) consisted of two event-related runs, both lasting 
approximately seven minutes. In total 90 trials were presented, 30 trials for self, 30 
trials for the best friend and 30 trials for the antagonist. Each trial started with the 
presentation of the stimulus during which the name of the player and the coins at stake 
were presented for 4000 ms. The choice to play for heads or tails was made within this 
time interval by pressing the right index finger for heads and the right middle finger for 
tails. The stimulus was followed by a fixed delay of 1000 ms during which a blank screen 
was presented, followed by an outcome screen that displayed gain or loss. This screen 
was presented for 1500 ms. The trial ended with a variable jitter of 1000-13,200 ms. Trial 
sequence and timing was optimized using OptSeq (Dale, 1999); see also (http:// surfer.
nmr.mgh.harvard.edu/optseq/). Over all age groups participants chose on average to 
play half of the time for heads and half of the times for tails (Mchoice heads = 49.7%, SDchoice 

heads = 11.8%). There was no developmental difference in these choices. 

Ratings for winning and losing 
After the scan, participants rated how much they liked winning and losing for each 

player separately. Ratings were made on a scale from one to ten with anchors ‘not at all’ 
and ‘very much’. All participants provided a rating for winning and losing for the friend 
and the antagonist; the 8-17 year-old participants also provided a rating for winning 
and losing for themselves. 

Friendship quality 
To assess friendship quality with the best friend, participants filled out the 

modified version of the Friendship Quality Scale (FQS); (Bukowski et al., 1994) before 
the scanning session. The modified scale consisted of 20 items assessing positive, an 
example item is ‘I can trust and rely upon my friend’, as well as negative friendship 
quality, an example item is ‘My friend can bug or annoy me even though I ask him 
not to’. Participants were asked to indicate how true each item is for their relationship 
with the best friend by providing a rating on a 5- point scale ranging from (1) ‘not true 
at all’ to (5) ‘very true’. A total of 7 items were recoded; higher scores indicate higher 
friendship quality. Reliability of the scale was high (Cronbach’s alpha .80). The FQS is 
divided into two subscales that measure positive as well as negative friendship quality. 
The range of scores for the positive scale is between 13 and 65. The range of scores 
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for the negative scale is between 7 and 35. Mean score for the positive scale was 55.5 
(SD= 6.23), mean score for the negative scale was 11.4 (SD = 3.8). There were no age 
differences in friendship quality scores, neither for the positive scale (F(9,234) =.844, 
p = n.s.) nor for the negative scale (F(9,234) = 1.08, p = n.s.). 

Procedure 
Participants were prepared for the testing session in a quiet laboratory. They 

were familiarized with the MRI scanner with a mock scanner as well as by listening 
to recordings of the scanner sounds. Next, they provided and received the Ultimatum 
Game offer. After explanation of the task and the different players, participants 
performed 6 practice trials. At the end of the experiment, participants provided ratings 
for how much they liked winning and losing for each player (i.e. self, best friend, 
antagonist). Participants filled out the friendship quality scale online at home, before 
the test date. The WISC-III or WAIS-III was administered after the scanning session. 

MRI data acquisition 
Scanning was performed on a 3 Tesla Philips scanner, using a standard whole-head 

coil. The functional scans were acquired using a T2*-weighted echo-planar imaging 
(EPI). The first two volumes were discarded to allow for equilibration of T1 saturation 
effects (TR = 2.2 s, TE = 30 ms, sequential acquisition, 38 slices of 2.75 mm, field of view 
220 mm, 80 × 80 matrix, in-plane resolution 2.75 mm). A high-resolution 3D T1-FFE 
scan for anatomical reference was obtained (TR = 9.760 ms; TE = 4.59 ms, flip angle 
= 8°, 140 slices, 0.875 × 0.875 × 1.2 mm3 voxels, FOV = 224 × 168 × 177 mm3). After 
the functional runs, a high-resolution 3D T1-weighted anatomical image was collected 
(TR = 9.751 ms, TE = 4.59 ms, flip angle = 8°, 140 slices, 0.875 mm × 0.875 mm × 1.2 
mm, and FOV = 224.000 × 168.000 × 177.333). Visual stimuli were displayed onto a 
screen in the magnet bore and could be seen by the participant via a mirror attached 
to the head coil. Head movement was restricted by using foam inserts inside the coil. 

fMRI preprocessing and statistical analysis 
All data was analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 

London). Images were corrected for differences in rigid body motion. Structural and 
functional volumes were spatially normalized to T1 templates. Translational movement 
parameters never exceeded 1 voxel (3 mm) in any direction for any participant or scan. 
Average head movement was 0.91 mm. Movement was correlated with age such that 
younger participants moved significantly more than older participants (r = -.29, p< 
.001). However, all participants moved less than 3 mm (1 voxel) during the whole length 
of the experiment and the results did not change when using more strict inclusion 
criteria (see Supplement). The normalization algorithm used a 12-parameter affine 
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transform together with a nonlinear transformation involving cosine basis functions 
and resampled the volumes to 3 mm cubic voxels. Templates were based on the MNI305 
stereotaxic space (Cocosco et al., 1997). Functional volumes were spatially smoothed 
with an 8 mm FWHM isotropic Gaussian kernel. 

Statistical analyses were performed on individual subjects data using the general 
linear model in SPM8. The fMRI time series were modeled as a series of zero duration 
events convolved with the hemodynamic response function (HRF) and its temporal 
derivative. Trial onset and feedback onset were modeled as events of interest with null 
duration. Trials on which the participants failed to respond were modeled separately 
as covariate of no interest and were excluded from further analyses. The trial functions 
were used as covariates in a general linear model; along with a basic set of cosine 
functions that high-pass filtered the data, and a covariate for session effects. The 
least-squares parameter estimates of height of the best-fitting canonical HRF for each 
condition were used in pair-wise contrasts. The resulting contrast images, computed 
on a subject-by-subject basis, were submitted to group analyses. 

At the group level two ANOVAs were computed. To investigate responses on trial 
onset we computed a one-way within-subject ANOVA with three levels (Self, Friend, 
Antagonist). To investigate responses related to reward processing we computed 
on feedback onset a 3 (Person: Self, Friend, Antagonist) × 2 (Outcome: Win, Lose) 
repeated measures ANOVA. Task-related responses were considered significant when 
they exceeded a threshold of p< .05, FWE corrected, and consisted of at least 10 
contiguous voxels. In Supplemental Table 3.2 we report all coordinates for the analyses 
at trial onset and in Supplemental Table 3.3 for all analyses at feedback onset at the p< 
.05 FWE corrected threshold. The main effect of gender as well as interaction effects of 
gender with the other factors were tested on whole brain level both for stimulus onset 
and feedback onset and resulted in no significantly activated clusters. Therefore, gender 
is not taken into account in the main analyses. 

To test for specific patterns of neural responses related to age, regression analyses 
with age as independent variable were performed. On trial onset regression analyses 
were performed for the contrast person-baseline for each of the three persons separately. 
Baseline refers to the non-modeled fixation time. On feedback onset regression 
analyses were performed on the contrast winning-losing for each person separately. 
We hypothesized a quadratic regression pattern, based on previous literature (Galvan 
et al., 2006; Van Leijenhorst et al., 2010). The quadratic model was mean age centered 
(Mage = 15.0). We hypothesized that the peak in striatum activation would be around 
ages 14-16, based on prior studies by Galvan et al. (2006), Van Leijenhorst et al. (2010a, 
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2010b), for a review see Richards et al. (2013). In these whole brain analyses, we used an 
uncorrected threshold of p< .001 to avoid Type 2 errors (Lieberman and Cunningham, 
2009). To correct for multiple comparisons, we performed a small volume correction 
on the clusters identified in the whole brain analysis. Anatomical masks of the regions 
identified in the whole brain analysis were used as masks for the small volume correction. 
The threshold used for the small volume corrections was p< .05, FWE corrected. For 
exploratory reasons we also performed linear regression analyses, but these were not a 
specific focus of this study (see Supplemental Table 3.4). 

Region of interest analysis 
We used the MarsBaR toolbox (Brett et al., 2002) (http://marsbar. sourceforge.

net/) for SPM8 to perform region of interest (ROI) analyses to further illustrate patterns 
of activation in the clusters found with whole brain analyses. Functional regions of 
interest were masked with anatomical regions when appropriate (see below). Ventral 
striatum was masked with an anatomical mask of the caudate nucleus, except when 
otherwise specified. Greenhouse-Geisser corrected p-values for the ANOVAs are 
reported when appropriate. 

3.3 Results

Behavioral ratings 
To test whether the subjective pleasure values for winning and losing differed 

per condition a repeated measures ANOVA was conducted with two within-subjects 
factors: Person (three levels: Self, Friend, Antagonist) and Outcome (two levels: Win, 
Lose). Age groups were added as a between-subjects factor. 

The ANOVA showed significant main effects of Outcome (F(1205) = 365.67, 
p< .001, η2 = .62) and Person (F(2,410) = 25.47, p< .001, η2 = .10). Furthermore, the 
interaction effect of Person × Outcome was significant (F(2,410) = 214.13, p< .001, η2 = 
.51). Follow-up paired samples t-tests showed that all ratings were significantly different 
from each other (all t’s > 2.2, all p’s < .027). Winning for Self (M = 8.2, SD = 1.9) and Friend 
(M = 7.7, SD = 1.7) were rated as most pleasurable, whereas losing for Friend (M = 3.5, 
SD = 2.0) and losing for Self (M = 3.1, SD = 2.0) were rated lowest. Losing (M = 5.5, SD 
= 2.4) and winning for the Antagonist (M = 4.9, SD = 2.2) were rated intermediately (see 
Figure 3.5C). There was also an Outcome × Age group interaction (F(8,205) = 2.4, p = 
.018, η2 = .03), such that with increasing age, the difference between ratings for winning 
and losing decreased. However, there was no interaction between Outcome, Age and 
Person, showing that the Person differentiation was similar across ages. 
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Figure 3.2. Areas identified in the main effect of Person of the within person ANOVA with factor Person 
(three levels: Self, Friend, Antagonist) performed on trial onset. Graphs represent follow up ROI analyses 
performed on the right TPJ (MNI 51 -57 27), Precuneus (MNI 0 -57 24), mPFC (MNI -6 57 27) and Caudate 
(MNI 9 15 0) areas indicated with circles.

fMRI analyses 

Trial onset 
The first fMRI analysis concerned neural responses on trial onset, when the 

participant was informed of the person they were playing for on that trial and made 
a choice to play for heads or tails. A repeated measures ANOVA with within-person 
factor Person (three levels: Self, Friend and Antagonist) yielded a robust main effect of 
Person in the bilateral striatum (MNI 9 15 0; -12 12 -6), the bilateral TPJ (MNI 51-57 
27; MNI -51 -66 30), medial prefrontal cortex (MNI -6 57 27) and precuneus (MNI 0 
-57 24). To further investigate the direction of this activity under different conditions 
we performed ROI analyses on the regions derived from the ANOVA. Paired samples 
t-tests showed that bilateral VS was more active for self than for the friend and the 
antagonist (all t’s>5.3, all p’s < .001). Also, activation in both regions was higher for the 
friend than for the antagonist (all t’s>2.7, p’s < .006). The network of bilateral TPJ, mPFC 
and precuneus was more active in both the friend and the antagonist conditions than in 
the self condition (all t’s>2.9, all p’s < .004; see Figure 3.2). Activity for antagonist was 
higher in the mPFC (t(248) = 2.1, p = .034) and right TPJ (t(248) = 4.9, p< .001) than 
in the friend condition, whereas activity in the left TPJ and precuneus did not differ for 
friend and antagonist conditions (all t’s < 1.5, n.s.). 
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Figure 3.3. A - Whole brain quadratic regression on the contrast Self-Baseline, modeled at trial onset. 
B - Parameter estimates for 10 age groups for the whole brain quadratic regression on the contrast Self-
Baseline modeled at trial onset. 

Age related effects
To test for age related differences we used whole-brain regression analyses. 

Specifically, to test for an adolescent specific peak in activation a whole brain quadratic 
regression with age was performed for trials on which the participants played for 
themselves compared to baseline. A small volume correction on the resulting VS 
clusters was performed. The whole brain quadratic regression was significant in the 
left VS at an uncorrected threshold when testing whole brain (p< .001 uncorr, 10vox, 
MNI -6 9 -3, t(247) = 3.77) and at an FWE corrected threshold when using small 
volume correction (see Figs. 3.3A and 3.3B). No age related effects in activity in the VS 
were found for friend, also not at an uncorrected threshold. For antagonist a caudate 
cluster (p< .001 uncorr, 10vox, MNI -15 -3 6, t(247) = 3.72) was found at an uncorrected 
threshold, but this cluster did not survive small volume correction (see Supplemental 
Table 3.5 for a full description of resulting clusters). 
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Figure 3.4. Areas identified in the main effect of Person of the within person ANOVA with factors Person 
(three levels: Self, Friend, Antagonist) and Outcome (two levels: Win, Lose) performed on feedback onset. 
Graphs represent follow up ROI analyses performed on bilateral TPJ (MNI -51 -66 33; MNI 54 -63 33), 
mPFC (MNI -3 60 -3) and the precuneus (MNI -3 -57 36), indicated with circles.

Feedback onset 
The second fMRI analysis concerned neural responses to winning and losing 

at feedback onset. A repeated measures ANOVA with factors Outcome (two levels: 
Win, Lose) and Person (three levels: Self, Friend, Antagonist) revealed a main effect 
of Outcome in bilateral VS (MNI 9 12 -3; MNI -9 12 -3) and mPFC (MNI 0 51 -3) 
and a main effect of Person in bilateral TPJ (MNI -51 -66 33; MNI 54 -63 33), mPFC 
(MNI -3 60 -3) and the precuneus (MNI -3 -57 36) (see Figure 3.4). In addition to 
these main effects there was an interaction of Person × Outcome in the bilateral VS 
(MNI 15 18 -3; -12 15 -6; see Figure 3.5) and mPFC (MNI -9 48 -3) (see Supplemental 
Figure 3.1). 

To investigate directionality of the effects we performed ROI analyses on the areas 
described above. The VS, identified in the main effect of Outcome, was more active 
during winning than losing (all t’s (248) = 8.5, p< .001, η2 = .22). All areas in the 
network identified in the Main effect of Person were more active in the friend and 
antagonist conditions than in the self condition (all t’s (248) = 7.2, p< .001, η2 = .17),  
but friend and antagonist did not differ from each other in the precuneus, mPFC and 
left TPJ (t’s(248) < 1.4, n.s.). In the right TPJ there was more activation for antagonist 
than friend (t(248) = 3.1, p = .002, η2 = .04). 

 

35773 Braams.indd   53 07-10-15   18:36



54 | CHAPTER 3

Figure 3.5. A - Caudate clusters identified for the Person × Outcome interaction effect of the within person 
ANOVA with factors Person (three levels: Self, Friend, Antagonist) and Outcome (two levels: Win, Lose) 
performed on feedback onset. 
B - Follow up ROI analyses performed on the right caudate cluster identified in the Person × Outcome 
interaction. C - Self-report ratings for winning and losing for each of the persons. 

The ROI analyses performed on the VS identified in the Person × Outcome 
interaction on whole brain level showed a similar pattern for self and friend, with 
more activation of the VS during winning compared to losing (t’s(248)>7.8, p< .001, 
η2>.20). Playing for the antagonist showed a reversed pattern of results, significant at 
trend level, such that losing for the antagonist was associated with more activation of 
the VS  than winning (t(248) = 1.8, p = .07, η2 = .01) (see Figure 3.5). A similar pattern 
was found in the mPFC as for the VS (see Supplemental Figure 3.1). 
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Figure 3.6. A - Whole brain quadratic regression on the contrast winning>losing for Self, modeled at 
feedback onset.
B - Parameter estimates for winning>losing for Self for the right ventral striatum cluster derived from the 
whole brain quadratic regression in panel A. 
C - Whole brain quadratic regression on the contrast winning>losing for Antagonist, modeled at feedback onset. 
D - Parameter estimates for winning>losing for Antagonist for the mPFC cluster derived from the whole 
brain quadratic regression in panel C.

Age related effects
To test for adolescent specific peak in activation, we performed whole brain 

quadratic regression analyses. On the contrast winning > losing for self, there was a 
significant quadratic relationship between age and striatum activation for both the left 
and right VS (p< .001 uncorr, 10vox, VS Left: MNI -18 9 -6, t(247) = 3.83; VS Right: 
MNI 18 15 -9, t(247) = 3.85, significant at FWE threshold when using small volume 
correction, see Figs. 6A and B, and Supplemental Table 3.5). Whole brain quadratic 
regressions did not show significant clusters of activation for contrast values between 
winning > losing for friend. On the contrast winning > losing for antagonist, there was 
a significant quadratic relationship between age and activation in medial prefrontal 
cortex (p< .001 uncorr, 10vox, MNI -6, 36, 3, t(247) = 4.02; significant at FWE threshold 
when using small volume correction, see Figures 3.6C and 3.6D, and Supplemental Table 
3.5). This analysis shows that mPFC activation is elevated in mid- to late adolescence 
compared to children and adults when winning versus losing for the antagonist. 

Correlations with self-report measures 
To investigate how self-reported pleasure ratings of winning and losing were related 

to neural responses we performed correlation analyses on ROIs derived from the whole 
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brain Person × Outcome ANOVA on feedback onset. A positive correlation was found 
between the contrast value for winning-losing for self, derived from the VS clusters 
identified in the whole Person × Outcome ANOVA, and the difference on the ratings of 
the questions ‘how much did you like to win for yourself ’ and ‘how much did you like 
to lose for yourself ’ (r’s > .19, p’s < .006). A similar correlation was found for the contrast 
winning- losing for antagonist and the difference on the ratings for winning and losing 
for the antagonist (r’s > .20, p’s < .001). These findings confirm that the VS is implicated 
in the subjective feelings of pleasure when winning and losing money. For friend no 
such relationship was found. 

Correlation analyses for the FQS showed that positive friendship quality was 
positively related to the contrast value winning-losing for friend in bilateral caudate for 
females (r’s > .23, p’s < .01; see Supplemental Figure 3.2), but not for males (r’s < .05, n.s.). 
When males and females were collapsed, the correlation was not significant. 

3.4 Discussion

The current study aimed to investigate developmental patterns of neural 
responses to rewards in a social context in a large sample with a continuous age range 
between 8- and 25-years-old. Reward related neural responses have been associated 
with heightened risk taking behavior during adolescence (Galvan, 2010), which is 
hypothesized to be related to the social context (for instance peer presence) (Steinberg, 
2008). Here we investigated the social context related components of reward related 
activation. Our main findings are threefold: First, the results show that striatum 
responses to rewards are dependent on the beneficiary across age groups (see also 
Braams et al., 2013). Second, we found evidence for the hypothesized peak in striatum 
activation during adolescence, which was specific to playing for self (Somerville et 
al., 2010). Third, there was a mid- to late adolescent peak in medial prefrontal cortex 
activity when winning versus losing for antagonists. The discussion is organized in line 
with these three main findings. 

Consistent with earlier findings in the adult sample (Braams et al., 2013), the 
results show that striatum responses to rewards are dependent on the beneficiary 
across age groups. Responses to rewards for self and friend showed a similar pattern, 
all participants showed robust activation in VS when winning versus losing for self 
and best friend whereas responses for an antagonist showed a reversed pattern. 
Furthermore, striatum activation was positively correlated with self-report measures 
of pleasure of winning for self and antagonist, thereby confirming the assumed relation 
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between receiving rewards and pleasure responses in the ventral striatum (Delgado, 
2007). These results are in line with previous research showing that social information 
influences striatum responses (Braams et al., 2013; Fareri et al., 2012; Güroğlu et al., 
2008; Mobbs et al., 2009). Furthermore, the current findings concur with previous 
findings by Telzer et al. (2010) who showed that gaining for family also results in 
activity in the VS. Interestingly, Telzer et al. (2013) showed that those adolescents who 
had stronger activity in the VS when gaining for family showed larger declines in risk 
taking two years later, suggesting that activity in the VS to close other’s gains may be 
an indicator for positive development and may be protective against future risk taking. 

These findings set the stage for examining developmental differences in the 
ventral striatum and the social brain network in response to rewards for self, friends 
and antagonists. As in prior developmental studies (Galvan et al., 2006; Richards 
et al., 2013; Van Leijenhorst et al., 2010a), we found evidence for the hypothesized 
peak in striatum activation during mid- to late adolescence (Somerville et al., 2010). 
Importantly, this peak was not only found on feedback onset, but also on trial onset. 
This finding indicates that VS responses in adolescence are elevated for both receipt of 
rewards as well as anticipation of outcomes. 

However, the peak in VS responses was observed only when playing for self and 
not when playing for friends or antagonists, showing that this is a context dependent 
neural sensitivity. Given the importance of friendships in adolescence (Hartup and 
Stevens, 1997), we predicted that winning for friends would be more salient in mid-
adolescence. The results did not confirm an adolescent peak in reward responses for 
friends, but showed dependency on friendship quality. That is to say, for girls we found 
a positive relationship with the self-reported quality of the friendship with the friend 
they were playing for and neural activity in the ventral striatum when winning for their 
friend. However, this relationship was not found for boys. Possibly, girls experience 
friendships in a different way than boys (Dwyer et al., 2010). Previous studies have 
pointed out that girls tend to share and disclose more information with their best friend 
leading to more intimate friendships than boys. Boys are often more oriented towards 
a group of peers, whereas girls are more oriented towards the dyadic friendship (Rubin 
et al., 2008). Possibly this difference in friendship is reflected in striatal activity when 
gaining money for the best friend, but this question should be addressed in future 
studies. 

When examining developmental differences in the social brain network (medial 
prefrontal cortex, precuneus, TPJ), we found that this network was selectively more 
active when playing for friends and antagonists, but not when playing for self, 
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consistent with the notion that these areas are important for thinking about others 
(Blakemore, 2008). Additionally, the results revealed a mid- to late adolescent peak in 
the medial prefrontal cortex when winning versus losing for antagonists. Previously, 
this area has been implicated as being important when thinking about relevant 
others (Blakemore, 2008; Braams et al., 2014; Van Overwalle, 2009; Young et al., 
2010). Furthermore, activation in the medial prefrontal cortex has previously been 
implicated in mentalizing, or thinking about self relative to relevant others (Frith and 
Frith, 2012). According to one hypothesis, the ventral area of medial prefrontal cortex 
is important for evaluating self versus other-related information (Mitchell et al., 2005; 
Murray et al., 2012). Specifically, this area is more active when thinking about self and 
close others than distant unknown others (Murray et al., 2012). This hypothesis would 
indicate that rewards for disliked others are more relevant for self-other evaluation 
in mid-adolescence. Future studies should test this hypothesis in more detail. Yet, 
another hypothesis suggests that the ventral prefrontal cortex is active when there 
are higher cognitive demands for evaluating social information (Flagan and Beer, 
2013). This more social-cognitive information-processing hypothesis predicts that any 
information that requires more evaluation results in increased activation of ventral 
medial prefrontal cortex. This social-cognitive explanation suggests that the increased 
ventral medial PFC activation when gaining money for disliked others is related to 
increased social-cognitive evaluation in mid-adolescence. One possible explanation 
would be that in adolescence there is higher need for peer acceptance (Sebastian et 
al., 2011) and understanding intentions of others (Blakemore, 2008). This explanation 
concurs with a prior study by Somerville et al. (2013) that also showed peak activity in 
mid-adolescence (relative to children and adults) in ventral medial prefrontal cortex 
when participants felt that they were being evaluated by peers. Future studies should 
test whether it is more important for adolescents to be accepted by dissimilar others 
compared to children and adults. 

Our findings are consistent with results of Somerville et al. (2013) who also 
reported peak activity in medial prefrontal cortex activity. These are the first studies 
reporting adolescent specific activity in medial PFC, as previous studies that reported a 
developmental decrease in medial prefrontal cortex activity typically did not include a 
younger control group (Blakemore et al., 2007; Burnett et al., 2009). This peak activity 
pattern might suggest that social reorientation may have a unique effect on brain 
function not only in limbic areas, but also in higher social cognition areas, such as the 
medial prefrontal cortex. Previous work has shown that adolescents are influenced by 
their peers when taking risks. The current study provides new insights into how 
adolescents process rewards for friends and disliked others. However, real world risk 
taking usually takes place in a context in which adolescents are in the presence of

35773 Braams.indd   58 07-10-15   18:36



AFFECTIVE AND SOCIAL BRAIN REGIONS | 59

friends or where friend influence decisions directly (Steinberg, 2004). An interesting 
direction for future studies will be to investigate how the presence of friends influences 
neural responses to reward related outcomes for self and friends (Chein et al., 2011). 
Furthermore, the task used in this study is a passive gambling task in which the 
participants cannot actively take or avoid risks. Future studies could examine reward 
related neural responses to actively taking risks and assess whether participants 
distinguish between beneficiaries in level of risk taking. 

Conclusions
Taken together, this study shows that striatum activation peaks in mid-adolescence 

and that striatum activation is influenced by social context. In addition, we observed 
that medial prefrontal cortex shows a similar adolescent peak in sensitivity when 
playing for disliked others. This is the first study confirming the hypothesized peak 
in both striatum and social brain activation during adolescence in a large sample with 
a continuous age range spanning from childhood to early adulthood. These results 
have major significance given that risk taking is one of the main causes for injury 
in adolescence. Increased activation of the striatum has been proposed to be the 
mechanism behind this risk taking, whereas this study shows that the social context is 
most likely of equal importance. 
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Supplemental Figure 3.1. MPFC cluster identified for the Person x Outcome interaction effect of the within 
person ANOVA with factors Person (three levels: Self, Friend, Antagonist) and Outcome (two levels: Win, 
Lose) performed on feedback onset. Graph represents follow up ROI analyses performed on the mPFC 
cluster identified in the Person x Outcome interaction. 

 

Supplemental Figure 3.2. Correlation between friendship quality and caudate activation. There is a positive 
correlation, significant for girls, between the contrast values for winning for friend and losing for friend and 
the self-reported positive friendship quality. Caudate region derived from the Person x Outcome ANOVA 
with within subject factors Person (three levels: Self, Friend, Antagonist) and Outcome (Win, Lose) on 
feedback onset. 
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Supplemental Table 3.1. Total number of participants and percentage of females per age group.

Age Total N % Female
8/9 20 80.0
10 18 55.6
11 20 50.0
12 33 63.6
13 36 44.4
14 27 37.0
15 22 45.5
16 21 57.1
17 21 52.4
18-25 31 51.6
Total 249 53.0

Supplemental Table 3.2. Regions identified in the main effect of Person for the ANOVA with within person 
factor Person (three levels: Self, Friend, Antagonist) modeled at trial onset. All reported clusters survive 
FWE p< .05 correction.

MNI
R/L x y z F(2,744) Voxels

Medial Superior Frontal Gyrus L 0 60 -3 48.44 50
Middle Frontal Gyrus L -42 -3 45 25.68 138
Middle Frontal Gyrus R 3 0 66 18.86 37
Superior Frontal Gyrus L -6 57 27 22.05 129
Inferior Frontal Gyrus L -42 30 -12 20.21 21
Middle Temporal Gyrus L -60 -9 -15 42.82 35
Supramarginal Gyrus R 51 -66 30 30.44 124

R 51 -57 27 40.95 208
Precentral Gyrus R 45 -3 48 22.57 86
Inferior Parietal Gyrus L -30 -48 39 17.16 36
Middle Temporal Gyrus R 57 -9 -18 36.72 57

L -51 -51 -15 14.40 10
Inferior Temporal Gyrus R 48 -72 -3 20.36 100
Middle Occipital Gyrus L -24 -72 30 18.86 147
Caudate L 9 15 0 60.37 2564
Precuneus L 0 -57 24 70.95 393
Parahippocampal Gyrus R 21 -12 -21 20.90 15
Precuneus R 27 -66 48 18.91 268
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Supplemental Table 3.3. Regions identified in the ANOVA with within person factors Person (three levels: 
Self, Friend, Antagonist) and Outcome (two levels: Win, Lose) modeled at feedback onset. Regions identified 
in the main effect of Person, main effect of Outcome and interaction effect of Person x Outcome are reported. 
All reported clusters survive FWE p< .05 correction.

MNI
R/L x y z F(2,1488) Voxels

Main effect of Person
Middle Frontal Gyrus L -36 15 51 43.24 644
Middle Frontal Gyrus R 51 -3 45 22.13 60
Medial Frontal Gyrus L -3 60 -3 31.06 18
Medial Frontal Gyrus R 15 57 15 16.25 14

R 3 -30 60 23.49 109
Superior Frontal Gyrus R 15 30 54 21.98 38
Anterior Cingulate L 6 36 21 30.08 177
Angular Gyrus L -51 -66 33 85.54 492

R 54 -63 33 68.20 312
Parahippocampal Gyrus R 30 -54 -9 55.47 641
Lingual Gyrus L -27 -63 -9 36.67 746
Middle Temporal Gyrus L -60 -15 -12 21.98 15
Middle Temporal Gyrus R 36 -78 18 20.18 63
Precuneus R 27 -66 42 19.26 100

R 33 9 12 19.09 54
Precuneus L -3 -57 36 92.13 601
Insula R 42 12 -6 20.85 41
Caudate L -12 12 -6 20.05 33

R 9 12 -6 19.79 20
Main effect of Outcome

Cingulum Anterior L 0 51 -3 79.18 292
Superior Frontal Gyrus L -21 30 48 75.18 459
Middle Frontal Gyrus R 21 33 48 36.15 113
Inferior Parietal Lobule L -48 -69 39 58.06 183
Angular Gyrus R 48 -66 36 47.58 147
Inferior Temporal Gyrus R 60 -9 -18 33.69 11
Precentral Gyrus R -12 -30 69 40.17 233
Superior Parietal Lobule L -24 -75 45 14.66 10
Middle Occiptal Gyrus L -21 -93 18 55.78 327

R 30 -84 18 46.98 110
Caudate R 9 12 -3 140.65 825

L -9 12 -3
Precuneus L 0 -36 36 54.46 664

Interaction effect Person x Outcome
Superior Frontal Gyrus L -15 18 60 26.81 157
Middle Frontal Gyrus R 30 30 27 17.61 33
Postcentral Gyrus  R 42 -39 54 15.71 31
Medial Frontal Gyrus L -9 48 -3 14.77 21
Paracentral Lobule L -18 -27 57 21.65 253
Parietal Superior R 21 -60 54 21.19 150
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MNI
R/L x y z F(2,1488) Voxels

Superior Parietal Lobule L -24 -75 45 14.66 10
Precentral Gyrus R 24 -27 57 18.87 48
Cingulum Posterior L 0 -36 21 15.22 14
Inferior Occipital Gyrus R 42 -81 -9 23.77 538
Occipital Superior R 27 -72 30 14.37 11
Caudate R 15 18 -3 69.87 717
 L -21 -15 24 15.47 10
Thalamus R 0 -24 12 20.26 150
Precuneus L -18 -60 54 16.72 101
Putamen R 30 -12 9 15.69 12

Supplemental Table 3.4. Whole brain linear regression with age for self, friend and antagonist on trial onset 
and feedback onset

MNI
Region R/L x y z T(247) Voxels
Trial onset
Self > baseline

Medial Frontal Gyrus R 30 0 54 3.53 13
Inferior Frontal Gyrus R 30 33 -6 4.33 28
Supplemental Motor Area L -12 18 57 3.66 37
Cingulate Gyrus R -6 30 3 4.42 47
Precentral Gyrus L -36 -3 57 5.37 197
Postcentral Gyrus L -57 -18 39 6.02 599
Postcentral Gyrus R 54 -15 27 5.41 490
Middle Temporal Gyrus R 54 -66 3 3.86 19
Calcarine Gyrus L -9 -63 9 4.56 162
Occipital Gyrus L -51 -72 0 3.70 13
Insula R 39 -6 6 4.36 101
Putamen L -21 -3 6 4.04 73

Friend > baseline
Medial Frontal Gyrus R 30 0 54 5.37 173
Medial Frontal Gyrus L -24 45 9 4.31 78
Inferior Frontal Gyrus R 30 33 -6 4.83 142
Inferior Frontal Gyrus L -42 21 -3 4.66 118
Supplemental Motor Area L -12 18 48 4.82 125
Anterior Cingulate Gyrus L -9 33 0 4.66 49
Anterior Cingulate Gyrus R 12 36 0 4.50 105
Precentral Gyrus L -30 -3 57 5.41 336
Postcentral Gyrus R 51 -18 39 5.49 720
Medial Temporal Gyrus L -51 -33 -6 4.34 51
Medial Temporal Gyrus R 54 -63 -3 4.01 27
Inferior Temporal Gyrus L -51 -66 -6 4.12 38

Supplemental Table 3.3. Continued
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MNI
Region R/L x y z T(247) Voxels

Calcarine Gyrus R 15 -63 18 4.07 187
Inferior Parietal Cortex L -24 -57 54 5.66 770
Medial Occipital Gyrus L -24 -81 27 3.81 37
Thalamus L 3 -27 -3 4.23 42
Insula R 39 -9 9 4.72 163
Insula L -42 -6 3 4.64 151
Putamen L -18 3 0 4.49 102
Caudate R 15 12 3 4.28 75

Antagonist> baseline
Superior Frontal Gyrus R 30 33 -6 4.19 71
Medial Frontal Gyrus R 24 12 42 4.44 55
Medial Frontal Gyrus R 48 33 21 3.74 67
Supplemental Motor Area L -9 15 54 4.74 131
Precentral Gyrus L -48 9 36 5.43 568
Postcentral Gyrus R 57 -15 30 5.28 539
Inferior Parietal Gyrus L -36 -45 51 5.80 698
Medial Temporal Gyrus L -51 -33 -6 4.09 34
Inferior Temporal Gyrus L -51 -69 0 4.33 39
Calcarine Gyrus L -6 -66 9 3.73 18
Calcarine Gyrus R 9 -60 12 3.58 36
Insula R 39 -9 9 4.34 91
Putamen L -21 6 -3 4.20 84
Pallidum R 12 6 0 3.99 25

Feedback onset
Self winning > losing

Superior Temporal Gyrus L -39 -27 3 3.80 33
Superior Temporal Gyrus R 54 -6 3 3.69 17
Medial Temporal Gyrus L -48 -12 -15 4.04 34
Medial Temporal Gyrus L -66 -36 3 3.70 10
Medial Temporal Gyrus R 48 -69 -3 3.64 10
Angular Gyrus R 39 -63 45 3.90 38
Middle Occipital Gyrus L -45 -78 -3 3.36 17
Insula R 36 -24 15 4.46 185
Insula R 48 9 -12 3.85 36
Insula L -33 0 0 3.84 68

Friend winning > losing
No significant clusters

Antagonist winning > losing
No significant clusters

Supplemental Table 3.4. Continued
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Supplemental Table 3.5. Whole brain quadratic regressions with age for self, friend and antagonist at trial 
onset and feedback onset

MNI
Region R/L x y z T(247) Voxels
Trial onset
Self > baseline

Superior Frontal Gyrus R 15 51 30 3.86 11
Cingulum Gyrus R 6 33 33 3.82 61
Lingual Gyrus R 6 -84 -12 3.36 10
Cerebellum L 0 -39 -3 3.81 47
Cuneus R 9 -81 39 3.78 17
Caudate L -6 9 -3 3.77 19

Friend > baseline
Lingual Gyrus L -12 -45 -9 3.87 44

Antagonist> baseline
Superior Frontal Gyrus R 15 51 33 3.76 22
Medial Frontal Gyrus R 33 30 36 4.34 56
Inferior Frontal Gyrus L -42 18 -18 3.72 15
Parahippocampal Gyrus L -33 -30 -18 3.91 42
Lingual Gyrus L -12 -57 -24 4.33 257
Lingual Gyrus L -27 -87 -15 3.33 10
Lingual Gyrus R 15 -72 -6 3.75 73
Cuneus R 9 -81 36 4.26 38
Superior Occipital Gyrus L -18 -84 21 3.61 11
Thalamus R 24 -27 3 4.02 18
Hippocampus R 15 -6 -9 4.26 92
Caudate R 15 -3 6 3.74 22

Feedback onset
Self winning > losing 

Putamen R 24 0 15 3.85 34
Putamen R 18 15 -9 3.85 32
Putamen L -18 9 -6 3.83 38

Friend winning > losing 
No significant clusters

Antagonist winning > losing
Inferior Frontal Gyrus L -42 24 9 4.03 139
Medial Prefrontal Cortex L -6 36 3 4.02 258
Fusiform Gyrus L -39 -45 -9 3.34 10
Precuneus L -3 -54 21 3.29 13
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Prior studies have highlighted adolescence as a period of increased risk 
taking, which is postulated to result from an overactive reward system in the 
brain. Longitudinal studies are pivotal for testing these brain-behavior relations 
because individual slopes are more sensitive for detecting change. The aim of 
the current study was twofold: (1) to test patterns of age-related change (i.e., 
linear, quadratic, and cubic) in activity in the nucleus accumbens, a key reward 
region in the brain, in relation to change in puberty (self-report and testosterone 
levels), laboratory risk taking and self-reported risk taking tendency; and (2) 
to test whether individual differences in pubertal development and risk taking 
behavior were contributors to longitudinal change in nucleus accumbens 
activity. We included 299 human participants at the first time point and 254 
participants at the second time point, ranging between ages 8 -27 years; time 
points were separated by a 2-year interval. Neural responses to rewards, pubertal 
development (self-report and testosterone levels), laboratory risk taking (balloon 
analog risk task; BART), and self-reported risk taking tendency (Behavior 
Inhibition System/Behavior Activation System questionnaire) were collected at 
both time points. The longitudinal analyses confirmed the quadratic age pattern 
for nucleus accumbens activity to rewards (peaking in adolescence), and the 
same quadratic pattern was found for laboratory risk taking (BART). Nucleus 
accumbens activity change was further related to change in testosterone and self-
reported reward-sensitivity (BAS Drive). Thus, this longitudinal analysis provides 
new insight in risk taking and reward sensitivity in adolescence: (1) confirming 
an adolescent peak in nucleus accumbens activity, and (2) underlining a critical 
role for pubertal hormones and individual differences in risk taking tendency. 

4.1 Introduction

Adolescence is a natural time for explorative learning, risk taking, and sensation 
seeking (Dahl, 2004; Steinberg, 2008). Cross-sectional studies have demonstrated that 
the nucleus accumbens (NAcc), an important region in the brain’s reward circuitry 
(Delgado, 2007), shows peak activity in adolescence relative to childhood and adulthood 
when receiving rewards (Galvan et al., 2006; Braams et al., 2014), and this neural 
response correlates with self-report real-life risk taking behavior (Galvan et al., 2007). 
These studies led to the hypothesis that NAcc activity may be an important contributor 
to adolescent risk taking. However, the heightened NAcc response is not consistently 
found across studies (Bjork et al., 2004, 2010) and behavioral risk taking measures 
do not always show the expected adolescent peak in risk taking behavior (Defoe et 
al., 2015). In addition, few studies examined the relation between NAcc activity and 
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risk taking behavior directly (but see Galvan et al., 2007). Thus, despite the promising 
initial assumption that NAcc may be a biomarker for adolescent risk taking, the relation 
between NAcc activity and risk taking remains poorly understood. 

One potential factor explaining the relation between NAcc activity and risk taking 
behavior is the possible driving force of pubertal development, specifically testosterone 
levels (Nelson et al., 2005; Peper et al., 2013a; van Duijvenvoorde et al., 2014). A prior 
longitudinal study showed that changes in NAcc reactivity were related to changes in 
testosterone levels at the onset of puberty (Spielberg et al., 2014). A second factor, which 
may explain inconsistent results in prior studies, concerns individual differences in risk 
taking tendency (Urošević et al., 2012; van Duijvenvoorde et al., 2014). Longitudinal 
studies are pivotal for testing these questions, because when there is high variability 
between individuals, individual slopes are more informative for detecting change. 
Moreover, longitudinal analyses give information about how individual differences in 
neural activity covary with risk taking behavior over time (Crone and Elzinga, 2015).

The current study used a longitudinal design to test the relations between NAcc 
activity to rewards, pubertal development, and risk taking behavior. All participants 
performed a gambling task in which they could win or lose money (Braams et al., 
2014). In addition, participants completed the balloon analog risk task (BART), a well-
validated measure corresponding with real-life risk taking behaviors, such as substance 
use (Lejuez et al., 2003) and the Behavior Inhibition System/Behavior Activation 
System (BIS/BAS) questionnaire to assess self-reported risk taking tendency (Carver 
and White, 1994). Finally, all participants completed the Pubertal Development Scale 
(PDS; Petersen et al., 1988) and testosterone levels were collected from saliva (Peper 
et al., 2013a). For each variable, we tested, using nonlinear mixed models, linear 
(continuous rise (or fall) over development), quadratic (adolescent-specific U or 
inverted U shape), or cubic (adolescent emergent) developmental patterns (Ordaz et 
al., 2013; Somerville et al., 2013). Second, we tested whether changes in puberty and 
risk taking behavior contributed to the presumed peak in NAcc activity in adolescence 
(Spielberg et al., 2014). 

4.2 Methods

Participants 
The current study was part of a large longitudinal study, referred to as Braintime, 

conducted at Leiden University, the Netherlands. On the first time point (T1) data was 
collected from 299 participants (Mean age = 14.15 years; SD age = 3.56; Range age = 8.01- 
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Table 4.1. Analyzed data, after exclusion, for each measure on each time point.

Time point 1 Time point 2
N

(N males)
Age

Mean (SD) 
N

(N males)
Age

Mean (SD) 
PDS 236 (117) 13.18 (3.65) 205 (98) 14.23 (3.54)
Testosterone 285 (138) 13.97 (3.66) 273 (13) 15.83 (3.54)
BART 294 (143) 13.97 (3.81) 250 (119) 16.07 (3.54)
BIS/BAS 277 (131) 14.01 (3.65) 286 (135) 15.81 (3.54)
fMRI 249 (102) 14.74 (3.65) 238 (116) 16.77 (3.54)

25.95 years; 143 males). Approximately two-years later (Mean time difference = 1.99 years; 
SD time difference = 0.10; Range time difference = 1.66 - 2.47 years) all participants were invited 
for data collection for the second time point (T2). Thirteen participants indicated that 
they could not or did not want to participate again. Therefore, data were collected from 
286 participants (Mean age = 15.80 years; SD age = 3.54; Range age = 9.92 - 26.62 years; 
135 males). 

Of the 286 participants who took part at T2, 32 participants could not participate in 
the MRI session due to braces. For the group that was excluded from MRI participation, 
questionnaire measures and hormone samples were still collected. Sample sizes and 
reasons for exclusion for each measure (i.e., fMRI, PDS, testosterone, BART, and BIS/
BAS questionnaire) are mentioned in the text and available data after exclusion for 
each measure on each time point are summarized in Table 4.1. All participants were 
right-handed, reported normal or corrected-to-normal vision, and an absence of 
neurological or psychiatric impairments. Results from the first measurements were 
previously published by Peper et al. (2013), Braams et al. (2014), and Peters et al. (2014). 

Estimated intelligence scores were obtained using two subscales of the Wechsler 
Adult Intelligence Scale (WAIS) for participants aged 17 and older or the Wechsler 
Intelligence Scale for Children (WISC) for participants aged 16 and younger. At T1 
the subtests similarities and block design of the WISC/WAIS were administered, at 
T2 the subtests picture completion and vocabulary were administered. There was no 
correlation between estimated IQ scores and age on both time points (T1 (n=294, r=-
.041, p= .49); T2 (n=256, r=.045, p= .48)). All participants provided written informed 
consent for the study (parental consent and participant assent for children and 
adolescents) at both time points. All procedures were approved by local institutional 
review boards. Participants received an endowment for participation in a larger study. 
Adult participants received 60 euro on each time point, participants aged 12-17 years 
received 30 euro and participants younger than 12 years received 20 euro on each time 
point. In addition to this endowment participants could win 4, 5, or 6 euros in the fMRI 
task (see fMRI task). 
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Figure 4.1. Example of a trial. On trial onset, participants were presented with a screen for 4000 ms 
indicating for whom they were playing (Self, Friend or Antagonist) and how many coins could be won or 
lost. During this time, participants chose to play heads or tails by pressing the corresponding button. After 
a 1000 ms delay, trial outcome was presented for 1500 ms. Participants won when the computer randomly 
selected the same side of the coin as chosen by the participant.

Procedure
Participants were prepared for the testing session in a quiet room. They were 

familiarized with the MRI scanner with a mock scanner and by listening to recordings 
of the scanner sounds. Next, participants received instructions for the fMRI task 
(Braams et al., 2014 provides a detailed report of instructions) and performed six 
practice trials of this task. After the scanning session, participants were seated alone 
behind a computer in a quiet room where they filled out the PDS and performed 
the BART. Participants filled out the BIS/BAS questionnaire and collected saliva for 
testosterone assessment at home before the testing session. 

Experimental design and behavioral measures

fMRI task
 Participants played a heads or tails gambling game in which they could win or 

lose money (Braams et al., 2014a,b). On each trial participants guessed whether the 
computer would pick heads or tails and they won when the computer selected the 
chosen side of the coin. Each trial started with a trial onset screen (4000 ms) during 
which the participant indicated their choice to play for heads or tails. On the trial 
onset screen the participants also saw how much they could win or lose on that trial, 
explained in more detail below. The trial onset screen was followed by a fixation screen 
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(1000 ms) and a feedback screen, which showed whether participants won or lost on 
that trial (1500 ms). Trials ended with a variable jitter (1000 -13,200 ms; Figure 4.1). 
Trial sequence and timing was optimized using OptSeq. Probabilities for winning were 
50%. Three different distributions of coins were included; trials on which two coins 
could be won and five lost, trials on which three coins could be won or three lost and 
finally trials on which five coins could be won or two could be lost. These different 
distributions of coins were included to keep participants engaged in the task, but were 
not analyzed separately (Braams et al., 2014a,b). Participants were informed about the 
different distributions of coins and were familiarized with them during the practice 
task. Participants were explained that the coins won during the experiment translated 
to real money at the end of the experiment. Participants received 4, 5, or 6 euro’s at the 
end of the task. Unbeknownst to the participants, the total earnings on the task did not 
relate to the amount won during the task but were chosen at random. 

Participants played 30 trials in the gambling game for themselves, 30 trials for 
their best friend, and 30 trials for another person. The goal of the current study was to 
specifically assess neural responses to rewards for self, therefore for the current study 
only trials on which the participants played for themselves were included (Braams et 
al., 2014a,b provides a description of the data of the first time point for the full task). 

Pubertal development
PDS. Pubertal development was assessed with the PDS (Petersen et al., 1988). 

The PDS is a self-report questionnaire, which contains questions about secondary 
sexual characteristics. In total, the PDS is comprised of five questions assessing growth 
spurt, body hair, changes in the skin, and for boys a question about change in voice 
and facial hair and for girls a question about breast development and menarche. 
Participants indicated on a four-point scale whether a physical characteristic: (1) had 
not yet started to develop, (2) was showing the first signs of development, (3) was 
showing clear development, or (4) had already finished developing. An average score 
was calculated and used for analyses (Collado-Rodriguez et al., 2014). Participants aged 
17 and younger filled out the PDS. The PDS was administered to 265 participants on 
T1 and 217 on T2. Data from 29 participants on T1 and 12 participants on T2 were not 
usable for analyses due to computer problems. The final sample for the PDS in analyses 
was 236 on T1 and 205 at T2 (Table 4.1). 

Testosterone
Testosterone levels were assessed in morning saliva samples. Samples were 

collected by passive drool, directly after waking up, and before eating or brushing teeth. 
Females who had not yet reached menarche and males collected saliva on the day 
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of fMRI testing. To control for menstrual fluctuations, postmenarcheal females and 
females who used contraceptives with a stopping period collected saliva on the seventh 
day of their menstrual cycle. At the seventh day of the menstrual cycle hormone levels 
are less influenced by fluctuations in the cycle (Mihm et al., 2011; Peper and Dahl, 
2013). Females who used contraceptives without a stopping period, such as hormonal 
intrauterine devices, were excluded from testosterone assessment. 

Testosterone levels for all saliva samples were assayed at the Department of 
Clinical Chemistry of the VU University Medical Centre. The lower limit of detection 
was 4 pmol/L. Salivary testosterone was determined by isotope dilution - online solid 
phase extraction liquid chromatography - tandem mass spectrometry (Peper et al., 
2013). Intra-assay coefficients of variation were 11% and 4% at 10 and 140 pmol/L, 
respectively, and interassay coefficients of variation were 8% and 5% at 31 and 195 
pmol/L, respectively (de Water et al., 2013). Testosterone levels were not normally 
distributed; therefore, a log-transformed measure for testosterone levels was used in 
all analyses. Testosterone samples were collected from 292 participants on T1 and 274 
participants on T2. Testosterone levels from 25 participants on T1 and three participants 
on T2 fell below the detection limit of 4 pmol/L. These participants were excluded from 
further analyses. Seven participants on T1 and one participant on T2 did not collect 
sufficient amount of saliva for detection. The final number of participants for whom 
testosterone data were available was 285 on T1 and 273 at T2 (Table 4.1). 

BART
To assess laboratory risk taking behavior, we used the BART task (Lejuez et al., 

2003; Peper et al., 2013a). Participants were seated in front of a computer screen, 
which displayed a small balloon, a pump, an indication of total amount earned, and an 
indication of how much was earned on the last balloon, as well as a cash-out button. 
Balloons could be inflated by mouse clicks and for each click participants earned €0.05, 
which was stored in a temporary money bank that was not shown on the screen. At any 
moment, participants could decide to stop inflating the balloon and collect the money 
earned on that trial by clicking the cash-out button. The money was then transferred to 
the permanent bank and the amount earned was displayed on the screen. If participants 
overinflated the balloon, the balloon popped and all money earned during that trial 
was lost. 

The total task consisted of 30 trials with 10 orange, 10 yellow, and 10 blue balloons. 
Each color had a different average explosion point of 4, 16, or 64 pumps respectively. 
Participants were instructed to gain as much money as possible by pumping up balloons. 
They were explained that they could pump up balloons as far as they liked and they 
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could stop at any time. They were also explained that each balloon would pop at some 
point and that this explosion could occur anywhere between the first pump and the 
moment when the balloon filled the full screen. Participants were not informed about 
the different probabilities of exploding. The total number of explosions was used as the 
dependent variable in analyses for the BART (Peper et al., 2013a). 

The BART was administered during the laboratory visit. Therefore, only 
participants who participated in the MRI session performed the BART. In total 294 
participants at T1 and 250 at T2 completed the BART. No participants were excluded 
from analyses (Table 4.1). 

BIS/BAS questionnaire
To measure self-reported risk taking tendency participants completed the BIS/

BAS questionnaire (Carver and White, 1994), which refers to the BIS and the BAS. 
The BIS/BAS questionnaire consists of 24 items and is comprised of four scales, one 
that measures punishment sensitivity (BIS) and three that measure individuals’ risk 
taking tendency (BAS Drive, BAS Fun Seeking, and BAS Reward Responsiveness). 
BAS Drive measures persistence in the pursuit of goals, BAS Fun Seeking measures a 
desire for rewards and the willingness to approach potential rewards, and BAS Reward 
Responsiveness measures responses to rewards or anticipation of rewards. Participants 
were asked to indicate on a four-point scale (1: strongly agree to 4: strongly disagree) 
how well a statement described them. Higher scores indicated greater punishment or 
risk taking tendency. The final sample for BIS/BAS analyses was 277 on T1 and 286 at 
T2 (Table 4.1). 

MRI data acquisition 
Scanning was performed on a 3 Tesla Philips scanner, with a standard whole-head 

coil. The functional scans were acquired using a T2*-weighted echo-planar imaging 
(EPI) (TR= 2.2 sec, TE= 30 ms, sequential acquisition, 38 slices of 2.75 mm, field of 
view 220 mm, 80x80 matrix, in-plane resolution 2.75 mm). The first two volumes 
were discarded to allow for equilibration of T1 saturation effects. After the functional 
runs, a high-resolution 3D T1-weighted anatomical image was collected (TR= 9.751 
ms, TE=4.59 ms, flip angle= 8°, 140 slices, 0.875mm x 0.875mm x 1.2mm, and FOV= 
224.000x168.000x177.333). Visual stimuli were displayed on a screen in the magnet 
bore. A mirror attached to the head coil allowed participants to view the screen. Foam 
inserts inside the coil were used to limit head movement. MRI data acquisition was 
similar at the two time points (see also Braams et al, 2014).
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Figure 4.2. Win > Lose when playing for Self for T1 and T2 and the anatomical region of the nucleus 
accumbens used for analyses. All activation is Family Wise Error corrected at voxel level. A threshold of 10 
voxels was used as a cut off for display purposes only. All slices MNI Y=12.

fMRI preprocessing and statistical analyses
At T1 299 participants were included in the MRI session and at T2 254 par-

ticipants. For fMRI analyses, 36 participants on T1 and 10 participants on T2 
were excluded for moving >1 voxel. An additional 14 participants on T1, and 
six participants on T2, were excluded for not finishing the task, technical pro-
blems and/or artifacts during data collection. The final sample for fMRI analy-
ses was therefore 249 participants on T1 and 238 participants on T2 (Table 4.1).  
All data were analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 
London). Images were corrected for slice timing acquisition and differences in rigid 
body motion. Structural and functional volumes were spatially normalized to T1 tem-
plates. Translational movement parameters never exceeded 1 voxel (3 mm) in any di-
rection for any participant or scan. The normalization algorithm used a 12-parame-
ter affine transform together with a nonlinear transformation involving cosine basis 
functions and resampled the volumes to 3 mm3 voxels. Templates were based on the 
MNI305 stereotaxic space. Functional volumes were spatially smoothed with a 6 mm 
FWHM isotropic Gaussian kernel. Statistical analyses were performed on individual 
subjects data using the general linear model in SPM8. The fMRI time series were mo-
deled as a series of zero duration events convolved with the hemodynamic response 
function (HRF). On trial onset, events were modeled separately for playing for self, 
friend, and other. On feedback onset winning and losing for self, friend, and antago-
nist were modeled. This resulted in three conditions at trial onset (self, friend, other) 
and six conditions at feedback onset (self win, self lose, friend win, friend lose, other 
win, other lose). Trials on which the participants failed to respond were modeled se-
parately as covariate of no interest and were excluded from further analyses. The mo-
deled events were used as regressors in a general linear model, along with a basic set of 
cosine functions that high-pass filtered the data and a covariate for session effects. The 
least-squares parameter estimates of height of the best-fitting canonical HRF for each 
condition were used in pairwise contrasts. The resulting contrast images, computed 
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Table 4.2. Whole brain table for neural activation for the contrast win>lose when playing for self on the first 
and second time point. Reported clusters are Family Wise Error corrected at the voxel level. Only clusters of 
10 voxels or more are reported

Region MNI
R/L x y z T(1488) Voxels

Time point 1 
Caudate Nucleus L -12 14 -5 12.64 831

R 12 14 -5 12.64 831
Caudate Nucleus R 21 -16 25 5.82 43
Putamen L -24 -13 28 5.62 48
Anterior Cingulate Cortex L 0 50 -2 7.72 171
Superior Frontal Gyrus L -18 17 58 6.52 127

R 24 14 55 5.32 11
Middle Cingulate Cortex R 3 -34 37 6.49 350
Paracentral Lobule L -3 -28 58 5.67 36
Angular Gyrus R 48 -67 40 5.38 24
Angular Gyrus L -48 -67 43 5.34 35
Inferior Occipital Gyrus R 42 -79 -14 5.85 48

Time point 2 T(1422)
Caudate Nucleus R 15 14 -5 13.07 680

L -12 14 -5 13.07 680
Superior Frontal Gyrus L -21 35 49 7.05 235

R 21 32 52 5.43 29
R 15 32 52 5.32 12

Superior Medial Gyrus L -3 56 4 7.39 380
Middle Frontal Gyrus L -39 53 1 5.31 45
Paracentral Lobule L -3 -25 58 5.60 176
Postcentral Gyrus L -27 -34 58 5.51 32
Precuneus L -6 -58 10 6.24 125
Angular Gyrus L -48 -64 49 5.73 66
Cuneus R 3 -82 25 5.07 20
Cerebellum R 33 -85 -23 5.00 17

 
on a subject-by-subject basis, were submitted to random-effects group analyses. The 
contrast of interest was win x lose when playing for self, specified at the moment of 
feedback onset. 

ROI analysis 
We used the MarsBaR toolbox (Brett et al.,2002; http://marsbar.sourceforge.net/) 

for SPM8 to perform region-of-interest (ROI) analyses to extract patterns of activation 
in an a priori defined NAcc cluster. Average β-values, also known as parameter estimates, 
were used for ROI analyses. We used an anatomical mask of the left and right NAcc 
extracted from the Harvard-Oxford subcortical atlas, thresholded at 40%. In total, the 
mask for the left NAcc consists of 28 voxels and the mask for the right NAcc of 26 voxels. 
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We specifically focused on the NAcc, since previous studies have highlighted this part of 
the ventral striatum as a key region in reward-based processing (Delgado, 2007; Braams et 
al., 2014). Whole-brain analyses for the contrast win x lose yielded results in the bilateral 
ventral striatum, including the NAcc, on both time points (Figure 4.2; Table 4.2).

Mixed-model building procedure 
Analyses were performed using a mixed models approach in R (R Core Team, 2014) 

and package nlme (Pinheiro et al., 2013). Mixed models (also known as hierarchical 
linear modeling, multilevel modeling, or random-effects modeling) allow for data 
hierarchies as observed in longitudinal datasets. Time points within a longitudinal 
dataset are nested within participants and a mixed-models approach recognizes this 
type of data dependency. Mixed models were used to determine general patterns, i.e., 
grand mean trajectories, of age-related change (linear, quadratic, or cubic) and within 
these general patterns, assess individual variation in intercepts (i.e., starting points) 
and slopes (i.e., pattern of change over time). These goals concur with: (1) the inclusion 
of fixed effects that account for a grand-mean trajectory thereby capturing the mean 
developmental pathway of the full sample, and (2) random effects that can test for 
individual variation in intercepts and slopes. 

The first aim was to describe normative development of NAcc activity, self-
reported puberty, testosterone levels, BART (laboratory risk taking behavior) and 
BIS/BAS (self-reported risk taking tendency) in relation to age. These normative 
developmental changes were investigated by testing which pattern of age-related 
change (linear, quadratic, or cubic) best explained the relationship between age and 
each of the measures (NAcc activity, PDS, testosterone, BART, and BIS/BAS). For 
all analyses we examined whether sex explained additional variance, based on prior 
studies, which suggested that boys may be more sensitive to risk taking than girls 
(Peper et al., 2013). 

To test developmental effects, all mixed-models followed a formal model-fitting 
procedure. That is, we started with a null model that included a fixed and a random 
intercept, to allow for individual differences in starting points and account for the repeated 
nature of the data. The null model with random intercept was compared against three 
additional models that tested the grand mean trajectory of age. These models were created 
by adding three polynomial terms (linear, quadratic, and cubic; mean-centered) for age 
to the null model. Linear effects of age indicate a monotonic change over age, quadratic 
effects of age indicate an adolescent-specific effect, in which adolescent responses differ 
from those of children and adults, and finally cubic effects of age indicate an adolescent 
emergent pattern in which responses are stable in childhood, then rise in adolescence 
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and then stabilize in adulthood (Somerville et al., 2013). Akaike Information Criterion 
(AIC; Akaike, 1974) values as well as Bayesian Information Criterion (BIC; Schwarz, 1978) 
values were compared between the null model and each of the models with a polynomial 
term for age to test whether a null model, linear, quadratic or cubic model best explained 
the relationship between the dependent measure and age. AIC and BIC are standardized 
model-fit metrics that allows for comparison of models. Preferred models have lower AIC 
and BIC values. To formally compare whether models with lower AIC and BIC values were 
significantly better, we compared models differing one degree of freedom (i.e., null and 
linear, linear and quadratic, and quadratic and cubic) using a log likelihood ratio test. Note 
that the final model was only selected if the fixed age-term was also significant. 

The next step in the model-building procedure was to determine whether there were 
significant individual differences in the effects of age by adding a random-slope of age to 
each of the best-fitting models. A random-slope of age allows the inclusion of different 
β-coefficients for each subject. A significant random-slope term would indicate significant 
individual differences for the effect of age. The significance of the random terms was 
determined via AIC and BIC evaluation for improvement in model fit, as well as a log 
likelihood ratio test. Level of significant used for the log likelihood ratio test was p< 0.05. 
Only if a random slope significantly improved model fit as indicated by a log likelihood 
ratio test, the random slope was included in the last step. For none of the models, except 
for one model described below, a random slope improved model fit indicating that 
the effect of age did not differ between participants. Only for the model describing the 
relationship between age and total explosions on the BART a random slope improved 
model fit. Therefore, a description of the random slope is included for this model and not 
for the other models. 

In the last step, we added a fixed main effect of sex and an interaction between sex 
and age to the best-fitting model (i.e., with or without random slope of age). Sex was 
entered as a dummy variable with females coded as the reference group. Improvement 
of model fit was assessed with AIC and BIC values. Log likelihood ratio tests for the 
interaction with sex are not included because models with an interaction effect with sex 
differ more than one degree of freedom with models without an interaction with sex. 

All models were fit with full information maximum likelihood estimates. A fitted 
mixed-model with only a, mean-centered, linear term of age (referred to as Age Linear) 
reads in formal notation:
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Level 1:
Yti = π0i + π1i *(Age Linear)ti + eti

Level 2:
π0i = γ00 + r0i

π1i = γ10 + r1i

In which Yti represents, for instance, testosterone level at the t’th timepoint for the 
i’th individual. Substitution of the second level model into the first level model gives 
the intgrated model that was fitted to the data.

As age is mean-centered, the fixed intercept γ
00 represents grand mean testosterone 

level at the mean age of the sample. γ10 Represents the grand mean slope (main effect) 
of age (linear). The random intercept (r

0i
) captures between-participant variance in the 

intercept (e.g., individual differences in the mean testosterone-level at the mean age of 
the sample), and individual differences in the slope(r

1i
; i.e., the change in testosterone-

level over age). Finally, the variance of eti denotes within-participant variance. We fitted 
separate models for each measure of interest (NAcc activity, PDS, testosterone, BART, 
BIS/BAS) and describe the best fitting model for each measure in the results section. 

The code used to fit a linear model in R reads as follows:

library(nlme)

model name <- lme(name dependent variable ~ poly(Age,1), data=dataname, 
random = ~1|Subject, method = “ML”, na.action=na.exclude

To fit a quadratic model the poly term is replaced by ‘poly(Age, 2)’ and for a cubic 
term the poly term is replaced by ‘poly(Age, 3’. Including a random slope for age would 
be achieved by replacing ‘random=~1|Subject’ by ‘random=~Age|Subject’. Main and 
interaction effects are included by adding +Sex for a main effect of Sex or *Sex for an 
interaction effect, after the poly term. 

The second aim was to test how puberty (PDS and testosterone) and risk taking 
tendency (BART and BIS/BAS) explained variance in the presumed quadratic relation 
between NAcc activity and age. That is, we aimed to test a combined model of all 
measures, i.e., age, PDS, testosterone, BART score, and BIS/BAS, to account for NAcc 
neural activation. Our model-fitting procedure involved several steps. The first model 
was the best fitting-age model (linear, quadratic, or cubic term of age) for NAcc response  
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Table 4.3. Intra Class Correlations (ICC) for all variables between time point 1and time point 2.
Measure ICC
PDS 0.762
Testosterone 0.842
BART 0.557
BIS 0.644
BAS Drive 0.577
BAS Fun seeking 0.430
BAS Reward Responsiveness 0.502
NAcc L 0.327
NAcc R 0.219

for disliked others. This is the first study confirming the hypothesized peak in both striatum 
and social brain activation during adolescence in a large sample with a continuous age 
range spanning from childhood to early adulthood. These results have major significance 
given that risk taking is one of the main causes for injury in adolescence. Increased 
activation of the striatum has been proposed to be the mechanism behind this risk taking, 
whereas this study shows that the social context is most likely of equal importance. of 
model fit was assessed by evaluation of AIC values. If model fit improved, we tested 
which term (linear, quadratic, or cubic) explained most variance and higher terms 
were excluded. That is to say, if the linear term was significant, then the quadratic and 
cubic terms were omitted from the model. We then tested whether adding an additional 
measurement explained more variance until all measurements were added in a stepwise 
manner. This resulted in a model in which each included term explained unique variance 
in NAcc responses to rewards. We then tested whether significant differences in change 
over time existed for these measures by adding random slope terms for each measure.  
Again, model fit was assessed by evaluation of AIC and BIC values, and log likelihood 
ratio tests. Finally, the effect of sex was assessed by adding a fixed main effect of sex 
and an interaction term of sex. Evaluation of AIC and BIC values determined improved 
model fit. This model fitting procedure resulted in a most optimal model for explaining 
NAcc responses to rewards. Models were tested for neural responses to rewards in left, 
as well as right, NAcc. 

Correlations within and between measures
Intraclass correlations (ICC) can be used to describe how strongly correlated units 
within the same group are, and in longitudinal samples to describe homogeneity of the 
data. To test whether homogeneity of the data were sufficient for mixed model 
procedures, ICC between the first and second time point were calculated for all 
measures (neural activity, PDS, testosterone, BART, and all subscales of the BIS/BAS). 
ICCs were modeled with a two-way mixed model with absolute agreement. ICC values 
were determined using IBM SPSS Statistics for Windows, v21. Average ICC values are  
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Figure 4.3. Correlationmatrix of all variables on time point 1 and time point 2.

reported in Table 4.3. All values are >0.10, which indicates sufficient nesting of 
observations within individuals, necessary for mixed model fitting procedures (Lee, 
2000; Ordaz et al., 2013). When measures are highly correlated this might result in 
erratic changes in coefficient estimates, therefore it is important to assess the relation 
between all the measures included in the current study. To assess correlations between 
measures (and between time point 1 and time point 2), Pearson’s correlations were 
calculated. Correlations are reported in a colored correlation matrix in Figure 4.3. The 
correlation between age and PDS scores was high on both time points (T1: r=.78, p< 
.001; T2: r=.75, p< .001), as well as the correlation between left NAcc activity and 
right NAcc activity (T1: r=.81, p< .001; T2: r=.72, p< .001). Correlations between other 
measures were between r=-.28 and r=.57.

4.3 Results

Developmental effects 
We tested, for each measure separately, whether age showed a linear, quadratic, 

or cubic relationship with NAcc activity, pubertal development (PDS, testosterone), 
and risk taking tendency (BART, BIS/BAS). AIC and BIC values were used to guide 
which models were selected to characterize the relationship between age and each of 
the measures (see Mixed-model building procedure). A formal model comparison 
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Figure 4.4. A - Longitudinal graphic representation of age at both time points and contrast values for 
win>lose for the left nucleus accumbens on both time points. Individual subjects are represented by 
individual lines. Subjects measured only once are represented by points. Right nucleus accumbens, not 
represented in a figure, shows similar effects.
B - Predicted values for contrast values for win>lose for the left nucleus accumbens based on the optimal 
fitting model. Right nucleus accumbens, not represented in a figure, shows similar effects. Dotted lines 
represent 95% confidence interval.
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Table 4.4. AIC and BIC values for null, linear, quadratic and cubic models to describe the relationship with 
age and each of the measures reported in the table. Preferred models are highlighted in bold.

Measure Model
Null Linear Quadratic Cubic

AIC BIC AIC BIC AIC BIC AIC BIC

PDS 1033 1046 682 699 684 705 661 686
Testosterone 869 882 709 726 658 679 651 676
BART 2960 2973 2942 2959 2930 2952 2930 2956
BIS 2987 3000 2987 3004 2987 3009 2988 3014
BAS Drive 2426 2439 2427 2443 2428 2450 2428 2454
BAS Fun Seeking 2288 2301 2290 2307 2290 2312 2290 2316
BAS Reward 2278 2291 2279 2296 2280 2301 2280 2306
NAcc L 2249 2261 2250 2267 2239 2260 2241 2266
NAcc R 2279 2292 2281 2298 2271 2292 2273 2298

 
was done using a log likelihood ratio test. The AIC and BIC values for all null, linear, 
quadratic, and cubic models are listed in Table 4.4. 

Relationship between NAcc activity and age 
The relationship between NAcc activity (for both left and right NAcc) in response to 
rewards and age was best explained by a quadratic age-model. This model indicated that 
neural responses to rewards peak during adolescence (Figure 4.4 shows raw data and 
predicted data from the model). Significant individual variability existed in the intercept, 
indicated by a random intercept. This shows that individuals vary significantly  in the 
NAcc response. There was no main effect of sex or interaction between age (quadratic) 
and sex. See Table 4.5 for a full description of the model. 

Relationship between PDS and age 
The relationship between PDS score and age was best explained by a cubic 

age-model. This adolescent emergent effect indicates that PDS scores are stable in 
childhood, then rise steeply in adolescence, and then stabilize in adulthood (Figure 
4.5 shows the raw and predicted data from the model). For PDS, individual variability 
existed in the intercept. This indicates that individuals differ significantly in their 
PDS score. Adding a main effect and interaction of sex to the model resulted in 
lower AIC and BIC values, indicating improved model fit. The main effect of sex 
was significant, showing that girls had significantly higher PDS scores compared 
with boys. There was a significant interaction between age (linear) and sex, which 
indicates that girls showed a steeper increase in PDS scores compared with boys. 
In addition, the interaction between age (quadratic) and sex was significant. This 
interaction indicates that the quadratic fit is significantly different for boys and girls. 
The interaction of sex and age (cubic) was not significant, indicating that the cubic  
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Table 4.5. Variances, beta’s (β), p values and 95% confidence intervals (CI) for the best fitting models for age 
and Nucleus Accumbens activation (left and right), Pubertal Development Scale (PDS), testosterone levels, 
Balloon Analogue Risk Task (BART) and all scales of the Behavior Inhibition Scale/Behavior Activation 
Scale (BIS/BAS) questionnaire. Linear age terms are represented by Age1, quadratic age terms by Age2, and 
cubic age terms by Age3.

variance β p value 95% CI
lower upper

Nacc L
 Random effect Intercept 1.01 0.68 1.52
 Fixed effects Intercept 1.73 0.00 1.49 1.96

Age1 1.38 0.59 -3.67 6.43
Age2 -9.44 0.00 -14.42 -4.45

Nacc R
 Random effect Intercept 0.83 0.50 1.41
 Fixed effects Intercept 1.87 0.00 1.64 2.11

Age1 0.64 0.81 -4.48 5.76
Age2 -9.11 0.00 -14.18 -4.03

PDS
 Random effect Intercept 0.30 0.25 0.36
 Fixed effects Intercept 2.69 0.00 2.62 2.77

Age1 14.61 0.00 13.26 15.97
Age2 -1.52 0.02 -2.75 -0.29
Age3 -2.86 0.00 -3.98 -1.74
Sex -0.37 0.00 -0.48 -0.27
Age1 x Sex -2.10 0.04 -4.13 -0.08
Age2 x Sex 2.57 0.01 0.71 4.43
Age3 x Sex 1.07 0.23 -0.68 2.82

Testosterone
 Random effects Intercept 0.18 0.15 0.22
 Fixed effects Intercept 1.27 0.00 1.23 1.31

Age1 3.36 0.00 2.26 4.45
Age2 -1.41 0.03 -2.65 -0.17
Age3 1.58 0.00 0.51 2.65
Sex 0.74 0.00 0.68 0.81
Age1 x Sex 8.25 0.00 6.80 9.70
Age2 x Sex -5.32 0.00 -6.85 -3.79
Age3 x Sex -0.44 0.53 -1.81 0.93

BART
 Random effects Intercept 5.19 3.24 8.32

Age 0.33 0.20 0.54
 Fixed effects Intercept 11.26 0.00 10.90 11.62

Age1 17.57 0.00 8.44 26.69
Age2 -16.11 0.00 -24.94 -7.27

BIS
 Random effect Intercept 2.51 2.18 2.88
 Fixed effect Intercept 19.54 0.00 19.18 19.90
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variance β p value 95% CI
lower upper

BAS Drive
 Random effect Intercept 1.39 1.18 1.62
 Fixed effect Intercept 10.78 0.00 10.57 10.99
BAS Fun Seeking
 Random effect Intercept 0.97 0.79 1.19
 Fixed effect Intercept 11.70 0.00 11.53 11.88
BAS Reward
 Random effect Intercept 1.08 0.90 1.30
 Fixed effect Intercept 17.16 0.00 16.98 17.33

effect of age did not differ significantly between males and females (Table 4.5 shows a 
full description of the model).

Relationship between pubertal development (testosterone) and age
The relationship between testosterone and age was best explained by a cubic model. 
This adolescent emergent effect indicates that testosterone levels start low in childhood, 
then rise steeply in adolescence, and then stabilize in adulthood (Figure 4.6 shows raw 
and predicted data from the model). For testosterone, individual variability existed in 
the intercept. This indicates that individuals differ significantly in their testosterone 
levels. 

Adding a main effect and an interaction with sex significantly improved the model 
fit. Significance test showed a main effect of sex, in which boys had higher testosterone 
values compared with girls. The interaction between sex and age (cubic) was not 
significant, indicating that the cubic effect of age did not differ significantly between 
males and females.

Relationship between risk taking behavior (BART) and age 
The relationship between BART and age was best explained by a quadratic age-

model. This model indicates a peak in number of explosions on the BART during 
adolescence (Figure 4.7 shows raw data and predicted data from the model). For total 
number of explosions, individual variability existed in the intercept and the random 
slope term. These findings indicate that individuals differ significantly in their number 
of explosions, and that variability existed in the change in number of explosions. 
Adding a main effect and interaction effect of sex did not significantly improve model 
fit (Table 4.5 shows a full description of the model). 

 

Table 4.5. Continued
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Figure 4.5. A - Longitudinal graphic representation of age at both time points and PDS scores on both time 
points. Individual subjects are represented by individual lines Subjects measured only once are represented 
by points. 
B. -Predicted values for PDS scores based on the optimal fitting model. Dotted lines represent 95% 
confidence interval.
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Figure 4.6. A - Longitudinal graphic representation of age at both time points and testosterone values on 
both time points. Individual subjects are represented by individual lines Subjects measured only once are 
represented by points. 
B - Predicted values for testosterone values based on the optimal fitting model. Dotted lines represent 95% 
confidence interval.
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Relationship between risk taking behavior (BIS/BAS) and age 
For all of the BIS/BAS scales the best model was the null model. This means that for 
none of the scales there was a significant effect of age (Table 4.5 shows a full descrip-
tion of the model).

Unique contributions 
The analysis for unique contributions of testosterone, BART, and BIS/BAS to NAcc 

activity was performed twice; once for a model with age as the first predictor, and once 
for a model with PDS as the first predictor. The reason for performing these analyses 
twice is that age and PDS were highly correlated (T1: r = 0.78, p < 0.001; T2: r = 0.75, 
p < 0.001), therefore, adding them to the same model could result in erratic changes 
in coefficient estimates.

Relationship between NAcc responses, age, testosterone, BART, and BIS/BAS
The starting model was the model that best described the relationship between 

age and NAcc responses. This was for both left and right NAcc response a model 
with a quadratic age term, without a random slope term for age and no main or 
interaction effect of sex (left NAcc: AIC 1965, BIC 1985; right NAcc: AIC 2002, BIC 
2023). We then added linear, quadratic, and cubic terms for testosterone, BART, and 
BIS/BAS. The model comparisons resulted in the following outcomes: (1) model fit 
did not improve by adding testosterone values (left NAcc: AIC 1967, BIC 1999; right 
NAcc: AIC 2008, BIC 2040). (2) Model fit did not improve when BART scores were 
added (left NAcc: AIC 1969, BIC 2002; right NAcc: AIC 2007, BIC 2040). (3) Model 
fit improved when adding BAS drive to the model (left NAcc: AIC 1964, BIC 1996; 
right NAcc: AIC 2000, BIC 2033). Only the linear term was significant and a model 
with only a linear term for BAS Drive was significantly better than the null model 
(left NAcc: AIC 1961, BIC 1985; right NAcc: AIC 1997, BIC 2022). (4) Stepwise 
inclusion of the other subscales, BAS Reward Responsiveness (left NAcc: AIC 1965, 
BIC 2001; right NAcc: AIC 2002, BIC 2039), BAS Fun Seeking (left NAcc: AIC 1967, 
BIC 2003; right NAcc: AIC 2003, BIC 2039), and BIS (left NAcc: AIC 1966, BIC 
2002; right NAcc: AIC 2005, BIC 2036), did not result in improvement of model fit. 
(5) Finally, to test whether including sex improved the model fit, we added a main 
and interaction effect for sex. This resulted in a lower AIC value (left NAcc: AIC 
1960, BIC 1993; right NAcc: AIC 2001, BIC 2034), but both the main and interaction 
effect of sex were not significant, therefore we excluded sex from the final model. 
Together, the final model for both left and right NAcc comprised of a quadratic term 
for age and a linear term for BAS Drive. A description of the final model for both the 
left and right NAcc can be found in Table 4.6
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Figure 4.7. A - Longitudinal graphic representation of age at both time points and total number of explosions 
in the Balloon Analogue Risk Task (BART) on both time points. Individual subjects are represented by 
individual lines. Subjects measured only once are represented by points. 
B - Predicted values for total numbers of explosions in the Balloon Analogue Risk Task (BART) based on the 
optimal fitting model. Dotted lines represent 95% confidence interval.
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Table 4.6. Variances, beta’s, p values and 95% confidence intervals (CI) for best fitting models for nucleus 
accumbens (NAcc) responses (left and right separately) and age, and puberty development scale (PDS). 
Linear age terms are represented by Age1 and quadratic age terms by Age2. 

variance β p value 95% CI
lower upper

Age models
Nacc L
 Random effect Intercept 0.94 0.60 1.46
 Fixed effects Intercept 1.69 0.00 1.45 1.93

Age1 1.16 0.64 -3.77 6.10
Age2 -9.22 0.00 -14.11 -4.34
BAS Drive 5.83 0.02 0.97 10.70

Nacc R
 Random effect Intercept 1.01
 Fixed effects Intercept 1.89 0.00 1.63 2.14

Age1 -0.57 0.83 -5.75 4.62
Age2 -8.65 0.00 -13.77 -3.52
BAS Drive 6.72 0.01 1.63 11.82

PDS models
Nacc L
 Random effect Intercept 0.75 0.31 1.81
 Fixed effects Intercept 1.77 0.00 1.50 2.04

PDS1 2.77 0.29 -2.37 7.91
Testosterone 6.39 0.02 1.21 11.57
BAS Drive 5.04 0.04 0.22 9.86

Nacc R
 Random effect Intercept 1.01 0.72 1.60
 Fixed effects Intercept 0.89 0.00 1.63 2.14

BAS Drive 7.43 0.01 2.29 12.58

Relationship between NAcc responses, PDS, testosterone, BART, and BIS/BAS
A separate analysis was performed for left and right NAcc relations with PDS. 
Again, for this model we tested whether model fit improved when including a linear, 
quadratic, and cubic term for PDS, followed by testosterone, BART, and BIS/BAS. The 
model fitting procedure for left NAcc resulted in the following outcomes: (1) adding 
PDS resulted in a significantly better model fit compared with the null model based on 
evaluation of AIC values (null model left NAcc: AIC 1979, BIC 1988; PDS model left 
NAcc: AIC 1473, BIC 1496). Only the linear term for PDS was significant. (2) Adding 
testosterone to the model improved model fit based on evaluation of AIC values and a 
log likelihood ratio test (left NAcc: AIC 1470, BIC 1496). The linear term for testosterone 
was significant. (3) Adding BART to the model did not improve model fit (left NAcc: 
AIC 1472, BIC 1501). (4) Including BAS Drive significantly improved model fit (left 
NAcc: AIC 1466, BIC 1496). Only the linear term for BAS Drive was significant. (5) A 
stepwise inclusion of the other BIS/BAS scales did not result in improvement of model 
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fit (BIS left NAcc: AIC 1469, BIC 1502; BAS Fun Seeking left NAcc: AIC 1469, BIC 1503; 
BAS Reward Responsiveness left NAcc: AIC 1466, BIC 1500). (6) Finally, we assessed 
whether including a main and interaction effect of sex improved model fit. The main 
and interaction effects for sex were note significant for any of the measures (left NAcc: 
AIC 1470, BIC 1508). 

Together, the final model for left NAcc comprised of a linear term for PDS, a linear 
term for testosterone and a linear term for BAS Drive. No random slope terms and 
no main effect or interaction effect for sex improved the model. For the right NAcc a 
model with only a linear term for BAS Drive without a random slope term or main, 
and interaction effect of sex was the most optimal model. A description of both models 
can be found in Table 4.6.

4.4 Discussion

This study describes longitudinal changes in neural activity in NAcc in response 
to rewards across childhood, adolescence, and early adulthood. We investigated 
exploratory relations with pubertal changes, as measured with testosterone and self-
report, and risk taking behavior, as measured with the laboratory BART task and self-
reported risk taking tendency. The first goal of this longitudinal study was to examine 
age related changes in NAcc activity to rewards, pubertal development (PDS and 
testosterone levels), and risk taking behavior (laboratory risk taking and self-reported 
risk taking tendency) in a large sample with continuous age range between 8 and 27 
years. The second goal was to investigate the relationship between neural responses 
to rewards and age, pubertal development, and risk taking behavior. The discussion is 
organized to follow these objectives. 

Relationship between age and pubertal development, testosterone, risk taking, 
and reward sensitivity

The results of the longitudinal analyses confirmed the previously reported peak 
in NAcc activity in response to rewards (Ernst et al., 2005; Galvan et al., 2006; Van 
Leijenhorst et al., 2010; Braams et al., 2014). Given the longitudinal assessment, 
these changes cannot be attributed to cohort-effects and are consistent with a 
prior longitudinal study showing structural quadratic change in NAcc volume 
(Urošević et al., 2012). The same developmental change question was addressed for 
two complementary indices of pubertal development: self-reported puberty and 
testosterone levels. The results for self-reported pubertal changes concur with prior 
research on pubertal development showing that puberty starts earlier in girls than 
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boys (Carskadon and Acebo, 1993; Sisk and Foster, 2004; Shirtcliff et al., 2009). That 
is, the data patterns show that girls and boys are comparable in pubertal development 
until approximately age 12, after which girls show faster pubertal development, as 
measured with the PDS compared with boys. At approximately age 17, PDS scores 
for girls and boys are again at the same level (Dorn and Biro, 2011). Testosterone 
levels followed a pattern with a sharp increase of testosterone levels for boys and a 
more modest increase for girls starting at approximately age 10. For girls testosterone 
levels stabilized approximately age 15, whereas for boys stability was observed 
approximately age 18, suggesting not only a steeper, but also a prolonged trajectory of 
testosterone change in boys than in girls. These results are consistent with a previous 
study in boys showing that testosterone levels are low until approximately age 10, and 
then start to rise (Khairullah et al., 2014). 

Risk taking behavior was assessed in two separate ways by using a well-validated 
laboratory risk taking task (Lejuez et al., 2002, 2003, 2007; the BART) and using a 
self-report risk taking tendency questionnaire (BIS/BAS; Carver and White, 1994). 
Importantly, these two assessments followed different developmental trajectories. First, 
the laboratory risk taking task used in this experiment, the BART, followed a quadratic 
pattern with a peak in mid-adolescence. This pattern resembles observations from two 
earlier studies examining risk taking in the laboratory (Figner et al., 2009; Burnett et 
al., 2010), but also with trajectories of self-reported sensation seeking (Steinberg et 
al., 2008; Shulman et al., 2015) and real-life risk taking behavior (Eaton et al., 2012). 
In contrast, the self-assessment of risk taking tendency did not change over age. This 
could be indicative of an individual difference measure that is not related to age. This 
is also in line with a longitudinal study assessing changes and stability in BIS/BAS in 
adolescents and young adults. A previous study investigating BIS/BAS development 
found a peak in risk taking tendency across adolescence in a similar age range and with 
also two time points with a 2 year interval (Urošević et al., 2012). It is currently unclear 
what causes the differences in the current trajectory of risk taking tendency and the 
results reported by Urošević et al. (2012). One possibility is that the current study used 
age as a continuous variable, whereas in the Urošević et al. (2012) study participants 
were divided into age groups. Future studies should investigate BIS/BAS development 
in more detail. 

The correlation between BART performance and BIS/BAS scores was low with 
Pearson correlation coefficients ranging between r = -0.1 and r = 0.1, confirming that 
these two components of behavior capture different aspect of individual differences in 
risk taking behavior. Similar results have been reported for impulsivity and sensation-
seeking which also followed separable developmental trajectories (Steinberg et al., 
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2008). Possibly self-reported risk taking is more indicative of reflected risk taking 
tendency, which does not show an age-related change, whereas laboratory risk taking is 
more indicative of sensation-seeking (Steinberg et al., 2008) or “hot” decision-making 
(Figner et al., 2009), which peaks in mid-adolescence. 

Unique contributions of age, pubertal development, and risk taking behavior to 
NAcc change

The next question was whether the trajectories of pubertal development and risk 
taking could account for the peak in NAcc activity to rewards in mid-adolescence. 
This was tested in two separate models, the first assessed the unique contribution 
of testosterone and risk taking behavior above age on NAcc activity in response to 
rewards. The second tested the unique contribution of testosterone and risk taking 
behavior above self-reported puberty on Nacc activity in response to rewards. 

The first model found that individual differences in self-reported risk taking 
tendency, specifically BAS drive, accounted for variation in NAcc activity over time, 
showing that those individuals who showed a sharper increase in BAS drive scores over 
time also showed a sharper increase in NAcc activity, in addition to age-related change. 
These findings are similar to several other studies that examined relations with BAS 
scales and neural responses to images of food (Beaver et al., 2006) or monetary rewards 
(Costumero et al., 2013; van Duijvenvoorde et al., 2014). Thus, it is likely that individual 
differences in self-reported risk taking tendency fluctuate with neural activity in NAcc. 

Based on prior developmental models reporting increases in motivational value of 
rewards in adolescence (Nelson et al., 2005; Ernst et al., 2006; Somerville et al., 2010), we 
specifically addressed the question whether changes in testosterone and puberty accounted 
for changes in NAcc activity. Given that age and puberty were highly correlated, it was 
statistically challenging to dissociate these patterns; therefore, we tested for the relation 
between NAcc activity and puberty in a separate model in which age was not included. 
These analyses indicated that self-reported puberty was linearly related to NAcc activity. 
That is, we observed that increases in puberty were related to higher NAcc response to 
rewards. In contrast to the quadratic effects of age, we did not observe a peak in NAcc 
activation in mid-puberty. Puberty was assessed in participants of 17 years and younger. 
The peak in NAcc activity was found in mid-puberty, approximately age 15- 17. Therefore, 
a linear relationship between NAcc activity and puberty was expected in participants 
17 and younger. Testosterone was linearly related to NAcc activity as well, showing that 
those individuals with higher testosterone levels over time also showed higher NAcc 
activity to rewards. These findings are comparable to earlier longitudinal results by 
Spielberg et al. (2014) who reported in a small age range (11-13 years) that testosterone 
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change predicted NAcc change to observation of emotional faces, to a cross-sectional 
study that found positive correlations between testosterone levels and NAcc activity when 
playing a gambling task (Op de Macks et al., 2011), and a study showing a relationship 
between risk taking behavior on the BART and testosterone levels (Peper et al., 2013a). 
In addition, testosterone administration has been found to lead to increases in ventral 
striatum activity in a monetary anticipation task, suggesting a causal role of testosterone 
in reward responsiveness (Hermans et al., 2010). 

Together, the current findings show that in this adolescent sample, individual 
differences in pubertal development account for significant variation in the trajectory 
of NAcc activation. These findings fit well with the Social Information Processing 
Model of adolescent development (Nelson et al., 2005), which describes risk taking in 
terms of an overactive affective node, due to changes in hormone levels. 

One limitation of the current study is that we did not parametrically manipulate 
rewards and losses, and therefore we were not able to distinguish between trajectories of 
NAcc activity to wins and losses. In addition, in the current study we focused particularly 
on the contrast winning versus losing. In this way, we were unable to distinguish whether 
our results are driven by response to rewards or punishment. It is possible that the peak 
in NAcc activity is driven by a decreased response to losses rather than an increase in 
response to wins. The results should therefore be interpreted as a relative difference. 
Future studies should focus on including a neutral baseline to distinguish the different 
trajectories of NAcc activation to wins and losses. Furthermore, future studies should 
test differences in neural responses to expected value, outcome and reward prediction 
errors (van Duijvenvoorde et al., 2015). 

Conclusions
This study confirmed the hypothesis of a longitudinal peak in NAcc activity to 

rewards in mid-adolescence, but additionally showed that change in NAcc activity is 
associated with individual difference measures including a drive for rewards. Pubertal 
development was linearly related to NAcc activity suggesting a driving factor of puberty 
in the increased response to rewards (Crone and Dahl, 2012). An important direction 
for future research is to investigate which factors lead to stabilization of the response to 
rewards in early adulthood, which could potentially be related to reductions in NAcc 
volume with age (Urošević et al., 2012; Mills et al., 2014), top down control of prefrontal 
cortex over the NAcc (Peper et al., 2013), or environmental factors. Understanding 
the longitudinal patterns of brain responses to motivational events is key for future 
understanding of deviant developmental trajectories, such as substance abuse or crime 
(Steinberg, 2008; Spear, 2013). 
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Adolescence is an important time for social development, during which 
friendships become more intimate and more complex. In this study we tested 
how outcomes for self and friends are processed on the neural level across 
adolescent development. For this purpose, we used a longitudinal design in 
which participants between 8 and 27 years of age were tested twice with a 
two year difference between the first (N=299) and second (N=254) time point. 
Participants played a gambling game in the scanner in which they could win 
and lose money for themselves and their best friend. Results showed robust 
activity in the social brain network including temporal-parietal junction 
(TPJ), precuneus and ventral medial prefrontal cortex (mPFC) when receiving 
outcomes for friend, and in dorsal mPFC when receiving outcomes for self. 
Mixed linear models revealed a linear decrease in activity for Friend > Self over 
development in TPJ, precuneus and ventral mPFC. In contrast, dorsal mPFC 
showed a non-linear effect with a peak in mid-adolescence when processing 
outcomes for self. Activity patterns in these regions were modulated by self-
reported perspective taking and whether participants believed their friend 
deserved to win. Taken together, the results confirm linear and non-linear 
changes in the social brain network across age, and show that individual changes 
in self-reported perspective taking further moderate these neural changes. 

5.1 Introduction

Understanding others and inferring mental states of others is critical for forming 
close social bonds, which is often considered a fundamental human need (Williams, 
2007). Prior studies based on self-report questionnaires (Sumter, Bokhorst, Steinberg, 
& Westenberg, 2009), sociometric analyses (Cillessen, 2007) and laboratory tasks 
(Dumontheil, Apperly, & Blakemore, 2010) have reported that adolescence is an 
important transition period for social development, specifically for the ability to 
understand the intentions of others and consequences of actions for others (for a 
review, see Blakemore, 2008). Although there is much research on thinking about self 
and others (such as traits or intentions of others), it is currently not well understood 
how adolescents process outcomes for self and others. Yet, these outcomes, which are 
defined as the consequences of our own actions for others, are of great importance in 
many types of social interactions (Crone, 2013). Furthermore, despite the important 
changes in friendships during adolescence (Rubin, Fredstrom, & Bowker, 2008), 
research to date has often focused mainly on thinking about distant others. How 
adolescents process friend relevant outcomes is largely unknown (but see Braams, 
Peters, Peper, Güroğlu, & Crone, 2014; Fareri, Niznikiewicz, Lee, & Delgado, 2012; 
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Pfeifer, Masten, Borofsky, Dapretto, Fuligni, & Lieberman, 2009). The current study 
aimed to unravel these questions by testing neural responses to outcomes for self 
and friends, and investigate changes in these neural responses during adolescence by 
testing whether these patterns are linear or adolescent-specific (i.e., quadratic). 

Neuroscience studies on social information processing in adults have revealed a 
network of brain areas related to thinking about self and others (Van Overwalle, 2009). 
These studies have pointed out that this network of brain regions, also referred to as the 
social brain, includes the temporo-parietal junction (TPJ), superior temporal sulcus 
(STS) and midline structures including the precuneus and medial prefrontal cortex 
(mPFC). Even though these regions work in close concert, prior studies have related 
TPJ activity to perspective taking (Carter & Huettel, 2013; Young, Dodell-Feder, & Saxe, 
2010), whereas midline regions such as the precuneus and mPFC are more strongly 
related to self and other referential processing (Amodio & Frith, 2006; D’Argembeau 
& Salmon, 2012; Denny, Kober, Wager, & Ochsner, 2012). Within mPFC, ventral parts 
are often related to affective components of self-referential processing, whereas more 
dorsal parts are often related to cognitive self-evaluation or perspective taking (for a 
meta-analysis, see Van Overwalle, 2009), although this conceptualization is thought to 
change during adolescence (Blakemore, 2008; Pfeifer & Blakemore, 2012). 

Developmental neuroscience studies have compared thinking about self and 
others in a variety of paradigms. These studies showed that activity in all regions of 
the social brain network changes considerably during adolescence (for a review, see 
Blakemore, 2008). These findings fit well with reports that show that regions in the 
social brain network also develop structurally during adolescence (Mills, Lalonde, 
Clasen, Giedd, & Blakemore, 2014). Pfeifer et al. (2007; 2009) reported that thinking 
about traits of self versus traits of others resulted in activation in the dorsal mPFC, 
which was more pronounced in adolescents than in adults (see also Burnett, Sebastian, 
Kadosh, & Blakemore, 2011; van den Bos, van Dijk, Westenberg, Rombouts, & Crone, 
2011). The reverse contrast, thinking about traits of others versus traits of self, resulted 
in activation in the TPJ, precuneus, and ventral mPFC (Pfeifer, Kahn, Merchant, 
Peake, Veroude, Masten, Lieberman, Mazziotta, & Dapretto, 2013). Intriguingly, when 
following the same adolescents across two time points, it was found that the ventral 
mPFC was increasingly engaged when thinking about self relative to friend over time 
(Pfeifer, et al., 2013). 

Taken together, most studies in adults have reported robust activity in the social 
brain network (TPJ, precuneus, ventral mPFC) when thinking about others (Van 
Overwalle, 2009) and it was previously found that this network is more engaged 
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when thinking about close friends (Güroğlu, Haselager, van Lieshout, Takashima, 
Rijpkema, & Fernandez, 2008). Although, developmental studies have shown changes 
during adolescence in this network when thinking about self and others (Blakemore, 
2008; Burnett, et al., 2011), these prior studies have not yet addressed two important 
questions: 1) how does the social brain network process outcomes for self and others 
and 2) how does activation in the social brain network change over development when 
processing outcomes for self and friends, rather than for unknown others? 

The current study set out to test these questions by making two important 
modifications to the design in comparison to prior studies. Firstly, in the current 
study, participants played a gambling task in which the outcomes, i.e. winning or losing 
money, could be for different beneficiaries (Braams, Güroğlu, de Water, Meuwese, 
Koolschijn, Peper, & Crone, 2013; Braams, et al., 2014). Secondly, the outcomes in the 
gambling task could be for a best friend instead of an unknown other. Developmental 
changes for outcomes for friends specifically are not yet well understood (Braams, et al., 
2013). Participants in a continuous age range between 8 and 27 years of age were tested 
twice with a two-year interval. We previously found using the same task in a cross-
sectional sample that social brain regions, including TPJ, precuneus and mPFC, were 
most strongly engaged when processing outcomes for friend relative to self (Braams, 
et al., 2013). In the current study, we addressed the question of stability versus change 
in activity in this network of the brain by making use of a longitudinal, rather than a 
cross-sectional design. 

An important advantage of the longitudinal design is that this type of design allows 
us to relate changes in neural activity to changes in self-reported behavioral changes. 
Therefore, in addition to the fMRI task, friendship quality, ratings of how much the 
participant felt their friend deserved to win, and general perspective taking tendencies, 
were assessed at each time point. These reports were chosen because prior studies have 
reported links between friendship relation and ventral MPFC recruitment (Güroğlu, et 
al., 2008) and perspective taking and TPJ recruitment (Carter & Huettel, 2013; van den 
Bos, et al., 2011). We tested whether changes in these self-report measures showed a 
relationship with changes in neural activation during the task. The potential differential 
sensitivities to individual differences in friendship quality, the rating of how much the 
friend deserves to win, and perspective taking, speak to the question which brain region 
is most important for which aspect of social reasoning. 

A longitudinal design is optimized for the possibility to assess developmental 
trends over time. In line with major changes in social development during adolescence 
and structural changes in the social brain (Mills, et al., 2014), we expect to find 
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developmental changes in TPJ, precuneus and mPFC. As directionality of the effect is 
difficult to hypothesize based on previous work, we tested whether neural activation 
in these regions increases, decreases or shows a quadratic response over development. 
Prior developmental studies led us to predict that especially the mPFC is a brain 
region sensitive to non-linear changes, with heightened activation in mid-adolescence 
(Somerville, Jones, Ruberry, Dyke, Glover, & Casey, 2013; van den Bos, et al., 2011). 
Based on these studies, we hypothesized that mPFC would show age-related decreases 
(Blakemore, den Ouden, Choudhury, & Frith, 2007) or non-linear change (Somerville, 
et al., 2013). 

5.2 Methods

Participants 
On the first time point (T1) 299 participants participated in the study (Mean age = 

14.15 years; SD age = 3.56; Range age = 8.01-25.95 years; 143 males). Approximately two 
years later (Mean time difference = 1.99 years; SD time difference = 0.10; Range time difference = 1.66 - 2.47 
years) all participants were invited to participate again for data collection for the second 
time point (T2). Thirteen participants indicated that they could not or did not want 
to participate again. Therefore, data at T2 were collected from 286 participants (Mean 

age = 15.80 years; SD age = 3.54; Range age = 9.92 - 26.62 years; 135 males). Of the 286 
participants who participated at T2, 32 participants were unable to participate in the 
MRI session due to braces. Written informed consent for the study (parental consent 
and participant assent for children and adolescents) was provided by all participants at 
both time points. All participants were right-handed, reported normal or corrected-to-
normal vision and an absence of neurological or psychiatric impairments. 

Estimated intelligence scores were obtained using four subscales of the Wechsler 
Adult Intelligence Scale (WAIS) for participants aged 17 and older or the Wechsler 
Intelligence Scale for Children (WISC) for participants aged 16 and younger. At T1 
the subtests similarities and block design of the WISC/WAIS were administered, at T2 
the subtests picture completion and vocabulary were administered. Different subtests 
were used at both measurements to avoid carry-over or learning effects from the first 
measurement. IQ scores and age were not correlated on both time points (T1 r (294) = 
-.041, p = .49; T2 r (256) = .045, p = .48). 

Participants received an endowment for participation in the larger study. Adult 
participants received 60 euro on each time point, participants aged 12-17 received 30 
euro and participants younger than 12 received 20 euro on each time point. In addition 
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Figure 5.1. Example of a trial. On trial onset, participants were presented with a screen for 4000 ms indicating 
how many coins could be won or lost. During this time, participants chose to play heads or tails by pressing 
the corresponding button. After a 1000 ms delay, trial outcome was presented for 1500 ms. Participants 
won when the computer randomly selected the same side of the coin as chosen by the participant, see also 
(Braams et al., 2013). 

to this endowment participants could win 4, 5 or 6 euros in the fMRI task (see fMRI 
task description). All procedures were approved by local institutional review boards. 

Data for the current study were collected at Leiden University, The Netherlands 
as part of a large longitudinal study named Braintime. The procedure and task design 
has been described in detail previously in Braams et al. (2015). Results from the first 
measurements have previously been published in Braams et al. (2014), and a separate 
longitudinal report in Braams et al. (2015). 

Procedure
Participants were prepared for the testing session in a quiet room. They were 

familiarized with the MRI scanner with a mock scanner and by listening to recordings 
of the scanner sounds. Next, participants received instructions for the fMRI task and 
performed six practice trials of the task. Procedures were similar for the two sessions. 

Experimental Design and Self-Report Measures 

fMRI task
Participants played a heads or tails gambling game in which they could win or 

lose money (Braams et al., 2013; Braams et al., 2014; Braams et al., 2015). On each trial 
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participants guessed whether the computer would pick heads or tails and they won 
when the computer selected the chosen side of the coin. Each trial started with a trial 
onset screen (4000 ms) during which the participant made their choice to play for heads 
or tails. On the trial onset screen the participants saw how much they could win or lose 
on that trial. Probabilities for winning were 50%. Three different distributions of coins 
were included; trials on which 2 coins could be won and 5 lost, trials on which 3 coins 
could be won or 3 lost and finally trials on which 5 coins could be won or 2 could be 
lost. These different distributions of coins were included to keep participants engaged 
in the task, but were not analyzed separately (see also Braams, et al., 2013; Braams et al., 
2014). Participants were informed about the different distributions of coins and were 
familiarized with them during the practice task. The trial onset screen was followed by 
a fixation screen (1000 ms) and a feedback screen, which showed whether participants 
won or lost on that trial (1500 ms). Trials ended with a variable jitter (1000-13200 ms), 
see Figure 5.1. Trial sequence and timing was optimized using OptSeq (Dale, 1999); 
see also (http:// surfer.nmr.mgh.harvard.edu/optseq/). Participants were explained 
that the coins won during the experiment translated to real money at the end of the 
experiment. Participants received 4, 5 or 6 euros at the end of the task. Unbeknownst 
to the participants, the total earnings on the task did not relate to the amount won 
during the task.

Participants played 30 trials in the gambling game for themselves, 30 trials for their 
best friend and 30 trials for another person. The other person was a disliked other on 
the first time point, and their mother (or another primary caregiver for participants 
who were unable to play for their mother) on the second time point. Only the trials 
in which participants played for themselves and their best friend were administered 
at both time points and therefore only those trials are the focus of the current study. 

Self-report Measures

Friendship quality
Friendship quality was assessed by an adapted version of the Friendship Quality 

Scale (FQS; Bukowski, Hoza, & Boivin, 1994). Participants filled out the FQS about 
their best friend, at home before the scanning session. The adapted FQS is comprised 
of 20 questions and assesses both positive and negative friendship quality. An example 
item for the positive scale is ‘I can trust and rely upon my friend’ and an example item 
for the negative scale is ‘My friend can bug or annoy me even though I ask him not 
to’. Participants indicated on a 5-point scale how true this item is with (1) ‘not true at 
all’, to (5) ‘very true’. Separate scores were calculated for both the positive and negative 
friendship quality subscales. The positive subscale consists of 13 items, therefore total 

35773 Braams.indd   103 07-10-15   18:36



104 | CHAPTER 5

scores for the positive subscale can range between 13 and 65. Higher scores on the 
positive friendship subscale indicate more positive friendship quality. Mean score for 
the positive subscale was 55.45 (SD = 6.3; range = 37-65) at T1 and 55.97 (SD = 6.0; 
range = 36-65) at T2. The negative subscale consists of 7 items, total scores for the 
negative subscale can range between 7 and 35. Higher scores on the negative subscale 
indicate more negative friendship quality. Mean score for the negative subscale was 
11.5 (SD = 3.9; range = 7-26) at T1 and 12.0 (SD = 3.9; range = 7-25) at T2. In total 
friendship quality scores were available for 277 participants at T1 and 286 participants 
at T2. In total, combined fMRI and FQS ratings were available for 234 participants at 
T1 and 236 participants at T2. 

Self-report ratings
After the scanning session participants indicated how much they felt that their 

friend deserved to win. Ratings were made on 10-point scale ranging from (0) ‘not at all’ 
to (10) ‘very much’. The mean score for this rating was 8.12 at T1 (SD = 1.8; range = 0 - 
10) and 8.0 (SD = 1.8; range = 0 - 10) at T2. Ratings were available for 291 participants 
at T1 and 251 participants at T2. In total, combined fMRI and ratings were available 
for 243 participants at T1 and 233 participants at T2.

Perspective taking
Perspective taking was measured by the perspective taking subscale of the 

Interpersonal Reactivity Index (IRI; Davis, 1983). The perspective taking subscale 
constitutes of a total of 6 items. Each item was rated on a five point Likert scale ranging 
from 0 ‘does not describe me well’ to 4 ‘describes me very well’. The total score was 
calculated by adding up scores for all individual items. Higher scores indicate better 
perspective taking skills. The IRI perspective taking subscale was only assessed at 
T2. The mean score was 15.9 (SD = 3.9; range 2 - 24). IRI scores were available for 
286 participants at T2. In total, combined fMRI and IRI scores were available for 236 
participants at T2. 

MRI Data Acquisition
Scanning was performed on a 3 Tesla Philips scanner, with a standard whole-head 

coil. The functional scans were acquired using a T2*-weighted echo-planar imaging 
(EPI) (TR= 2.2 sec, TE= 30 ms, sequential acquisition, 38 slices of 2.75 mm, field of 
view 220 mm, 80x80 matrix, in-plane resolution 2.75 mm). The first two volumes 
were discarded to allow for equilibration of T1 saturation effects. After the functional 
runs, a high-resolution 3D T1-weighted anatomical image was collected (TR= 9.751 
ms, TE=4.59 ms, flip angle= 8°, 140 slices, 0.875mm x 0.875mm x 1.2mm, and FOV= 
224.000x168.000x177.333). Visual stimuli were displayed on a screen in the magnet 
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bore. A mirror attached to the head coil allowed participants to view the screen. Foam 
inserts inside the coil were used to limit head movement. MRI data acquisition was 
performed at the same scanner and all procedures were comparable at the two time 
points (see also Braams  et al., 2014).

fMRI Preprocessing and Statistical Analyses
At T1 299 participants were included in the MRI session and at T2 254 participants. 

For fMRI-analyses, 36 participants on T1 and 10 participants on T2 were excluded for 
moving more than 1 voxel. An additional 14 participants on T1, and six participants on 
T2, were excluded for not finishing the task, technical problems and/or artifacts during 
data collection. The final sample for fMRI analyses was therefore 249 participants on 
T1 and 238 participants on T2.

All data were analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 
London). Images were corrected for slice timing acquisition and differences in rigid body 
motion. Structural and functional volumes were spatially normalized to T1 templates. 
Translational movement parameters of the included sample never exceeded 1 voxel (<3 
mm) in any direction for any participant or scan. The normalization algorithm used 
a 12-parameter affine transform together with a nonlinear transformation involving 
cosine basis functions and resampled the volumes to 3mm cubic voxels. Templates were 
based on the MNI305 stereotaxic space. Functional volumes were spatially smoothed 
with a 6 mm FWHM isotropic Gaussian kernel. Statistical analyses were performed on 
individual subjects data using the general linear model in SPM8. The fMRI time series 
were modeled as a series of zero duration events convolved with the hemodynamic 
response function (HRF). On trial onset events were modeled separately for playing for 
self, friend and other. On feedback onset winning and losing for self, friend and other 
were modeled. This resulted in three conditions at trial onset (self, friend, other) and 
six conditions at feedback onset (self win, self lose, friend win, friend lose, other win, 
other lose). Trials on which the participants failed to respond were modeled separately 
as covariate of no interest and were excluded from further analyses. The modeled 
events were used as regressors in a general linear model, along with a basic set of 
cosine functions that high-pass filtered the data, and a covariate for session effects. The 
least-squares parameter estimates of height of the best-fitting canonical HRF for each 
condition were used in pair-wise contrasts. The resulting contrast images, computed on 
a subject-by-subject basis, were submitted to random-effects group analyses. 

The whole brain contrasts of interest were Friend > Self and Self > Friend. As we 
were specifically interested in effects related to processing outcomes for friend and 
for self, we combined winning and losing for friend and winning and losing for self 
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for these whole brain analyses. To test whether the activation patterns were related 
to winning or losing specifically, we performed whole brain analyses for winning for 
Friend > winning for Self and losing for Friend > losing for Self. These whole brain 
analyses resulted in highly similar clusters of activation as the whole brain contrast 
for Friend (win & lose combined) > Self (win & lose combined). Furthermore, the 
whole brain Person x Outcome interaction did not result in any above threshold 
activation in the social brain network, also not when the threshold was lowered to 
p< .001, uncorrected for multiple comparisons. Therefore, the subsequent analyses 
focused on the combined outcomes of winning and losing. 

Region of Interest Analysis
We used the MarsBaR toolbox (Brett, Anton, Valabregue, & Poline, 2002) (http://

marsbar.sourceforge.net/) for SPM8 to perform region of interest (ROI) analyses to 
extract patterns of activation in clusters active on both the first time point and the 
second time point. The ROIs were defined based on clusters of functional activity for 
Friend > Self and Self > Friend on the first time point because this allows us to test 
for change relative to a baseline time point. This procedure was also used in other 
studies (Koolschijn, Schel, de Rooij, Rombouts, & Crone, 2011). The regions of interest 
concerned the bilateral TPJ, precuneus, and mPFC (ventral and dorsal). 

Mixed Model Building Procedure
Analyses on ROI values were performed using a mixed models approach in R (R 

Core Team, 2014) and package nlme (Pinheiro, Bates, DebRoy, & Sarkar, 2013). Mixed 
models (also known as hierarchical linear modeling, multilevel modeling or random 
effects modeling) allow for data hierarchies as observed in longitudinal datasets. 
Time points within a longitudinal dataset are nested within participants and a mixed 
models approach recognizes this type of data dependency. Mixed models were used to 
determine general patterns, i.e. grand mean trajectories, of age-related change (linear 
or quadratic) and within these general patterns, assess individual variation in intercepts 
(i.e. starting points) and slopes (i.e. pattern of change over time). These goals concur 
with (i) the inclusion of fixed effects that account for a grand-mean trajectory thereby 
capturing the mean developmental pathway of the full sample and (ii) random effects 
that can test for individual variation in intercepts and slopes. 

To test developmental effects, all mixed-models followed a formal model-fitting 
procedure. That is, we started with a null model that included a fixed and a random 
intercept, to allow for individual differences in starting points and account for the 
repeated nature of the data. The null model with random intercept was compared against 
two additional models that tested the grand mean trajectory of age. These models were 
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created by adding two polynomial terms (linear and quadratic; mean-centered) for age 
to the null model. Linear effects of age indicate a monotonic change over age, quadratic 
effects of age indicate an adolescent-specific effect, in which adolescent responses 
differ from those of children and adults (Somerville et al., 2013). Akaike Information 
Criterion (AIC; Akaike, 1974) values as well as Bayesian Information Criterion (BIC; 
Schwarz, 1978) values were compared between the null model and each of the models 
with a polynomial term for age to test whether a null model, linear or quadratic model 
best explained the relationship between the dependent measure and age. AIC and BIC 
are standardized model-fit metrics that allow for comparison of models. Preferred 
models have lower AIC and BIC values. To formally compare whether models with 
lower AIC and BIC values were significantly better, we compared models differing one 
degree of freedom (i.e. null and linear, and linear and quadratic) using a log likelihood 
ratio test. Level of significance used for the log likelihood test was p< .05.

The next step in the model-building procedure was to determine whether there 
were significant individual differences in the effects of age by adding a random-slope 
of age to each of the best-fitting models. A random-slope of age allows the inclusion 
of different beta-coefficients for each subject. A significant random-slope term would 
indicate significant individual differences for the effect of age. The significance of the 
random terms was determined via AIC and BIC evaluation for improvement in model 
fit, as well as a log likelihood test. For none of the fitted models, a random slope was 
significant and random slopes are therefore not discussed further in the results section. 

All models were fit with full information maximum likelihood estimates. A fitted 
mixed-model with only a, mean-centered, linear term of age (referred to as Age Linear) 
reads in formal notation:

Level 1:
Yti = π0i + π1i *(Age Linear)ti + eti

Level 2:
π0i = γ00 + r0i

π1i = γ10 + r1i

In which Yti represents, for instance, neural activation in a region of interest at the 
t’th timepoint for the i’th individual. Substitution of the second level model into the 
first level model gives the intgrated model that was fitted to the data. As age is mean-
centered, the fixed intercept γ00 represents grand mean neural activation level at the 
mean age of the sample. γ10 represents the grand mean slope (main effect) of age  (linear). 
The random intercept (r0i) captures between-participant variance in the intercept 
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Figure 5.2. Whole brain activation for the contrasts Friend > Self and Self > Friend at time point 1 and time 
point 2. Whole brain results are corrected at FWE p< .05 at the voxel level. Note that for the Self > Friend 
contrast the threshold was lowered for display purposes only. 

(e.g., individual differences in the mean neural activation level at the mean age of the 
sample), and individual differences in the slope (r1i) (i.e., the change in neural activation 
level over age). Finally, the variance of eti denotes within-participant variance. We fitted 
separate models for each region of interest and describe the best fitting model for each 
region in the results section. 

5.3 Results

Whole Brain Analysis
We performed a whole brain analysis on the moment of feedback onset to test 

which regions were significantly more activated when processing outcomes for a friend 
compared to processing outcomes for self. As expected, the whole brain contrast Friend 
> Self resulted in significant activation in a wide network of regions including the right 
and left TPJ, the precuneus and the ventral mPFC on both time points, see Figure 5.2. 
Table 5.1 shows an overview of the full list of regions and coordinates. The reversed 
contrast, Self > Friend resulted in activation in the dorsal mPFC on both time points, 
see Figure 5.2. Table 5.2 shows an overview of all activation on both time points.
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Table 5.1. Whole brain table for neural activation for the contrast Friend > Self for time point 1 and time 
point 2. 

MNI
Region R/L x y z T(1488) Voxels
Time point 1 

Paracentral Lobule R 3 -28 61 5.41 13
Precuneus L -3 -58 34 12.59 601
Temporo Parietal Junction L -48 -64 31 11.09 506
Medial Prefrontal Cortex R 0 53 -8 9.91 212
Temporo Parietal Junction R 57 -64 31 9.53 326
Temporal Gyrus L -63 -16 -14 8.96 184
Superior Frontal Gyrus L -21 38 49 8.18 702
Middle Occipital Gyrus L -42 56 -2 6.08 33
Middle Temporal Gyrus R 63 -10 -20 6.07 35
Precentral Gyrus L -39 -22 61 5.65 57

Time point 2 T(1422)
Precuneus L -3 -55 34 9.57 365
Temporo Parietal Junction L -51 -70 34 8.58 423
Medial Prefrontal Cortex L -3 53 -8 7.65 93
Middle Temporal Gyrus L -60 -10 -20 7.30 113
Temporo Parietal Junction R 60 -67 25 6.74 153
Superior Frontal Gyrus L -15 29 52 6.24 115
Precentral Gyrus L -24 -16 58 5.64 25
Postcentral Gyrus L -36 -28 52 5.25 37

Table 5.2. Whole brain table for neural activation for the contrast Self > Friend for time point 1 and time 
point 2.

MNI
Region R/L x y z T(1488) Voxels
Time point 1 

Lingual Gyrus R 27 -52 -8 10.20 3262
Medial Prefrontal Cortex R 6 35 19  6.99 72
Inferior Frontal Gyrus R 42 29 4  6.79 304
Precentral Gyrus R 42 5 28  6.71 140
Superior Temporal Gyrus R 48 -25 -2  6.14 38
Cerebellum R 3 -34 -2  5.51 11
Superior Parietal Lobule L -24 -64 49  5.06 13

Time point 2 T(1422)
Superior Occipital Gyrus L -9 -97 4 8.59 1603
Inferior Frontal Gyrus R 48 29 22 8.01 398
Medial Prefrontal Cortex R 9 35 25 6.83 136
Middle Frontal Gyrus R 48 -4 64 6.63 87
Insula R 33 17 -5 6.54 113
Inferior Frontal Gyrus L -42 5 28 5.97 39
Thalamus R 3 -31 1 5.53 19
Calcarine Gyrus L -12 -73 10 5.49 34
Inferior Partietal Lobe L -24 -67 43 5.10 13
Cerebellum L -36 -64 -23 5.01 13
Precentral Gyrus L -57 -4 52 5.69 11
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Table 5.3. Intra Class Correlations for contrast values for regions of interest identified in the Friend > Self 
and Self > Friend contrasts. 

Region of Interest ICC
Friend > Self

Ventral mPFC 0.125
Precuneus 0.078
TPJ Left 0.090
TPJ Right 0.106

Self > Friend
Dorsal mPFC 0.033

ROI selection
In subsequent analyses we made use or regions of interest (ROIs) to test for time-

related stability vs change, developmental trajectories, and self-report relations. We 
extracted parameters estimates from the clusters identified in the whole brain analysis 
for Friend > Self and Self > Friend at time point 1 (FWE corrected, p< .05). This resulted 
in a total of 5 a priori hypothesized ROIs: left TPJ (MNI: -48 -64 31), right TPJ (MNI: 
57 -64 31), precuneus (MNI: -3 -58 34) and ventral mPFC (MNI: 0 53 -8) (Friend > 
Self); and dorsal mPFC (MNI: 6 35 19) (Self>Friend). These regions were based on the 
whole brain contrast across all participants and were therefore not biased towards a 
specific age group. 

Intra Class Correlations
Intra Class Correlations (ICC) over time were calculated to investigate stability of 

neural activity across time points. ICC values were calculated using SPSS with a two-way 
mixed effects model with absolute agreement. ICC values were low, ranging between 
0.033 and 0.125. Values below .4 are considered low in test-retest stability as described 
by Cicchetti (1981). Thus, these values indicate considerable change across time points 
in neural activity. All ICC values are reported in Table 5.3. 

Developmental Effects
We used a linear mixed modeling approach to test for grand mean trajectories 

of age for each ROI. We tested linear and quadratic effects of age for each of the ROIs 
separately. AIC and BIC values were used to guide model selection and a formal model 
comparison using a log likelihood ratio test was used to determine which model showed 
the best fit. 

Friend > Self
The developmental trajectories for all ROIs identified in the whole brain analysis 

Friend > Self: left and right TPJ, precuneus and ventral mPFC were all best described 
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Figure 5.3. A -Longitudinal representation of raw data for the contrast value for Friend > Self for TPJ left, 
TPJ right. Raw data is plotted for males in blue and females in red. 
B - The predicted values for the best fitting model for each region of interest. Dotted lines represent 95% 
confidence interval. 
C - Predicted values for the best fitting model for Friend > Fixation (grey line) and Self > Fixation (blue line) 
for each region of interest. Shaded areas represent 95% confidence interval.

by a negative linear relationship with age (see Figure 5.3 and 5.4 for raw and predicted 
model for each of the clusters, see Table 5.4 for an overview of AIC and BIC values 
and Table 5.5 for a description of the fitted models). This indicates that the difference 
in activation in these areas when processing outcomes for Friend versus Self decreases 
over age. To test if these changes were accounted for by Friend or Self changes, follow up 
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Figure 5.4. A -Longitudinal representation of raw data for the contrast value for Friend > Self for precuneus 
and ventral mPFC. Raw data is plotted for males in blue and females in red. 
B - The predicted values for the best fitting model for each region of interest. Dotted lines represent 95% 
confidence interval. 
C - Predicted values for the best fitting model for Friend > Fixation (grey line) and Self > Fixation (blue line) 
for each region of interest. Shaded areas represent 95% confidence interval.

comparisons for Friend > Fixation and Self > Fixation were performed. These analyses 
showed that separate developmental patterns were observed for these brain regions. 
First, for the precuneus, age related decreases were found for both Friend > Fixation 
and for Self > Fixation, but the developmental pattern was more pronounced for Friend 
> Fixation. Second, for both left and right TPJ, Friend > Fixation remained stable 
across age, but Self > Fixation activation increased across development. Thus, young  
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Table 5.4. AIC and BIC values for null, linear and quadratic models. Preferred models, based on AIC values, 
BIC values and a log likelihood ratio test, are highlighted in bold.

Model
Null Linear Quadratic

AIC BIC AIC BIC AIC BIC
Precuneus

Friend > Self 2316 2329 2310 2326 2309 2330
Friend > Fix 2424 2436 2406 2423 2408 2429
Self > Fix 2303 2315 2301 2317 2302 2323

TPJ L
Friend > Self 2047 2059 2043 2060 2045 2066
Friend > Fix 2090 2102 2092 2108 2093 2114
Self > Fix 2005 2018 2002 2019 2004 2025

TPJ R
Friend > Self 1959 1972 1952 1968 1953 1974
Friend > Fix 2075 2087 2076 2093 2077 2098
Self > Fix 2000 2012 1998 2015 1999 2020

Ventral mPFC
Friend > Self 2430 2443 2426 2443 2427 2448
Friend > Fix 2477 2490 2478 2494 2478 2499
Self > Fix 2405 2417 2406 2422 2407 2428

Dorsal mPFC
Self > Friend 2258 2270 2260 2276 2261 2282
Self > Fix 2313 2325 2309 2326 2307 2328
Friend > Fix 2268 2281 2264 2281 2263 2284

adolescents recruited TPJ more for outcomes for Friend, whereas adults recruited TPJ 
both for outcomes for Friend and for Self. For ventral mPFC the best model for Friend 
> Fixation and Self > Fixation was a null model, indicating no change in activation 
over development in these post hoc analyses. Thus, for ventral mPFC the negative 
developmental pattern was only found in the Friend>Self contrast. See Figure 5.3 and 
5.4 for predicted model plots for all areas. 

Self > Friend
The dorsal mPFC cluster identified in the whole brain analysis Self > Friend did not 

show a significant relationship with age. However, when the analyses were performed 
for Friend > Fixation and Self > Fixation separately, it was found that Friend > Fixation 
decreased linearly with age, whereas Self> Fixation showed a quadratic pattern, peaking 
in mid-adolescence, see Figure 5.5. 
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Figure 5.5. A -  Longitudinal representation of raw data for the contrast value Self > Friend for the dorsal 
mPFC. Raw data is plotted for males in blue and females in red. 
B - The predicted values for the best fitting model for dorsal mPFC. Dotted lines represent 95% confidence 
interval. 
C - Predicted values for the best fitting model for Friend > Fixation and Self > Fixation for dorsal mPFC. 
Shaded areas represent 95% confidence interval.
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Correlations with Self-Report Measures
The final question that was addressed was whether neural activity patterns were 

modulated by self-report measures. Firstly, we tested whether there was a relationship 
with age for self-report friendship quality as measured with the Friendship Quality 
Scale, the self-report ratings in which participants indicated how much they felt their 
friend deserved to win, and the self-report measures for perspective taking as measured 
with the IRI perspective taking subscale. Secondly, we used linear mixed models to test 
which variables showed a linear relationship with neural activation in left and right TPJ, 
precuneus and ventral mPFC (tested contrast Friend > Self), and dorsal mPFC (tested 
contrast Self > Friend). To correct for developmental effects each of these models was 
fitted with a linear term for age included, also when age effects were not significant. 

Friendship quality 
No relationships were found between the friendship quality scale, positive and 

negative, and age and neural activation in any of the clusters. 

Self-report rating 
The rating for how much a friend deserved to win did not show a relationship with 

age (β = 3.48, t(244) = 1.80, p = n.s.). This rating showed a positive linear relationship 
with the TPJ left (β = 4.48 , t(195)=2.7, p= .007), TPJ right (β = 3.94, t(195)=, p= .018), the 
precuneus (β = 4.73, t(195)= 2.88, p= .004) and the dorsal mPFC (β = -5.01, t(195)= 3.12, 
p= .002). In other words, those participants who indicated that they felt that their friend 
deserved to win most, also showed the highest activation when receiving outcomes for 
a friend compared to outcomes for self. Note that the beta value for the dorsal mPFC 
cluster is negative. This is the result of testing the contrast Self > Friend in this cluster. 
For ventral mPFC the relationship between the rating and neural activation was not 
significant.

Perspective taking 
For the IRI perspective taking subscale there was a positive relationship with age 

(β = 19.73, t(284)=5.22, p< .001), indicating that over development participants improved 
in perspective taking. On the neural level, the perspective taking scale showed a positive 
linear relationship with the precuneus (β =7.96, t(233)= 2.09, p= .038). This means that, 
corrected for age, participants who scored higher on the perspective taking scale, 
differentiated more in neural activation between playing for a friend and playing 
for self. For the TPJ, left and right, and the ventral and dorsal mPFC there was no 
relationship between neural activation and the perspective taking scale. 
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Table 5.5. Variances, beta’s, p values and 95% confidence intervals (CI) for best fitting models for the 
relationship between age and the regions of interest identified in the Friend > Self contrast, i.e. precuneus, 
mpfc, TPJ left and TPJ right, and the Self > Friend contrast, i.e. mpfc. Linear age terms are represented by 
Age1, quadratic terms are represented by Age2.

variance β p value 95% CI
lower upper

Precuneus
Friend > Self

 Random effect Intercept 0.82 0.39 1.71
 Fixed effects Intercept 1.43 .000 1.18 1.67

Age1 -7.82 .004 -13.13 -2.50
Friend > Fix

 Random effect Intercept 1.41 1.04 1.92
 Fixed effects Intercept 1.55 .000 1.26 1.83

Age1 -13.84 .000 -20.0 -7.70
Self > Fix

 Random effect Intercept 1.23 0.89 1.70
 Fixed effects Intercept 0.12 .345 -0.13 0.37

Age1 -5.64 .044 -11.1 -0.16

TPJ L
Friend > Self

 Random effect Intercept 0.53 0.21 1.37
 Fixed effects Intercept 0.99 .000 0.80 1.17

Age1 -4.71 .022 -8.71 -0.70
Friend > Fix

 Random effect Intercept 1.10 0.84 1.44
 Fixed effects Intercept 0.82 .000 0.61 1.03

Self > Fix
 Random effect Intercept 0.85 0.59 1.21
 Fixed effects Intercept -0.16 .092 -0.34 0.03

Age1 4.58 .025 0.59 8.58

TPJ R
Friend > Self

 Random effect Intercept 0.69 0.41 1.15
 Fixed effects Intercept 0.81 .000 0.63 0.98

Age1 -5.84 .002 -9.57 -2.11
Friend > Fix

 Random effect Intercept 1.24 1.00 1.53
 Fixed effects Intercept 0.86 .000 0.65 1.08

Self > Fix
 Random effect Intercept 1.16 0.94 1.43
 Fixed effects Intercept 0.06 .584 -0.14 0.25

Age1 4.12 .050 -0.02 8.35

Ventral mPFC
Friend > Self

 Random effect Intercept 1.25 0.84 1.87
 Fixed effects Intercept 1.39 .000 1.11 1.68

Age1 -7.66 .015 -13.81 -1.50
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variance β p value 95% CI
lower upper

Friend > Fix
 Random effect Intercept 1.77 1.40 2.24
 Fixed effects Intercept 0.04 .812 -0.28 0.36

Self > Fix
 Random effect Intercept 1.25 0.80 1.96
 Fixed effects Intercept -1.35 .000 -1.63 -1.07

Dorsal mPFC
Self > Friend

 Random effect Intercept 0.33 0.00 24.3
 Fixed effects Intercept 0.94 .000 0.71 1.16

Self > Fix
 Random effect Intercept 1.25 0.91 1.71
 Fixed effects Intercept 1.46 .000 1.20 1.71

Age1 -6.81 .016 -12.3 -1.29
Age2 -5.96 .032 -11.4 -0.55

Friend > Fix
 Random effect Intercept 0.85 0.41 1.77
 Fixed effects Intercept 0.51 .000 0.28 0.75

Age1 -6.31 .016 -11.4 -1.21

5.4 Discussion

In this study we tested developmental patterns of brain responses to processing 
outcomes for friends and self. Consistent with prior studies that tested neural 
patterns when thinking about traits and intentions of others, processing outcomes for 
friend resulted in more activation in the bilateral TPJ, precuneus and ventral mPFC 
(Blakemore, 2008; Van Overwalle, 2009). In contrast, processing outcomes for self 
resulted in more activation in the dorsal mPFC, which is consistent with prior studies 
showing that this region is active when monitoring self-relevant outcomes (van den 
Bos, et al., 2011). The mPFC cluster identified for processing outcomes for friends was 
more ventral than the cluster for processing outcomes for self. These findings fit well 
with several meta-analyses studies showing a functional gradient along the prefrontal 
midline structures for self versus other processing (Amodio & Frith, 2006; Denny, et 
al., 2012). Although self-referential processing is often related to more ventral, rather 
than dorsal mPFC activation (Denny, et al., 2012), prior developmental studies also 
reported self-related activation in dorsal mPFC (Pfeifer, et al., 2007; van den Bos, et 
al., 2011). These findings set the stage for examining developmental trajectories of 
these social brain regions. 

Table 5.5. Continued
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Developmental patterns
Although behavioral changes in social reasoning have been well documented 

in the past decades (Cillessen, 2007; Steinberg & Morris, 2001), only recently have 
studies reported extensive changes in neural activity of social brain areas during 
adolescence (Blakemore, 2008; Pfeifer & Peake, 2012). The current study provides 
a novel contribution to this growing literature by (1) investigating how adolescents 
process outcomes for others, (2) by focusing specifically on outcomes for best friends 
rather than distant or unknown others, and (3) by using a longitudinal design in a large 
study with age samples across the whole range of adolescence. 

It is important to note that even though the regions of interest in the social brain 
network (TPJ, precuneus, ventral and dorsal mPFC) were robustly activated across 
two time points, there was high variability in the extent to which these regions were 
recruited. That is to say, test-retest stability was considered low, and this stands in 
sharp contrast with studies using cognitive control paradigms which have reported 
fair to good test-retest across periods of months (Bennett & Miller, 2013) and years 
(Koolschijn, et al., 2011). To our knowledge, this is the first study reporting test-retest 
stability in a longitudinal study on social brain regions, and therefore an important 
question concerned the extent to which these changes over time were related to age and 
to self-report changes in how participants felt about their friends. Future studies should 
test reliability and stability of social brain activity also across shorter time intervals to 
assess how variable these activities are over time. 

The question to which variability in neural activity over time was attributed to 
age related changes was addressed using linear mixed models that tested for linear 
and non-linear trajectories of age (see also Braams, et al., 2015). Results show that in 
regions identified in the Friend > Self contrast, which were TPJ, precuneus and ventral 
mPFC, neural responses to outcomes for friends became more aligned with, or more 
similar to neural responses to outcomes for self with increasing age. In other words, 
in early adolescence there was a relatively large differentiation between outcomes for 
self and friend, which became smaller in late adolescence and early adulthood. These 
findings suggest that when adolescents are developing their self-concept and identity 
(Crocetti, Rubini, Branje, Koot, & Meeus, 2015; Pfeifer & Peake, 2012), possibly they 
distinguish more between consequences for self and others, whereas in adulthood best 
friends are possibly experienced as more similar to self. These findings fit well with 
prior research in which we showed that activity in the ventral striatum, often referred 
to as the reward center of the brain (Delgado, 2007), was more similar when winning 
for self and friends in adulthood (Braams, et al., 2014).
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Intriguingly, when tested against fixation baseline, different developmental 
patterns for TPJ, precuneus and mPFC were revealed. These analyses allowed us to 
test specific age-related changes for processing outcomes for friends and for self. In the 
precuneus neural activation for both self and friend decreased during adolescence, with 
a stronger decrease for friend compared to self. In a study by Saxbe et al. (2015) short 
video clips of parents and unknown peers were shown, more precuneus activation was 
found for the peer videos. The precuneus activation in this study was interpreted in 
light of the social reorientation of adolescents in which peers become more important. 
The decrease found in precuneus activation over age in this study would fit with this 
interpretation. 

In the bilateral TPJ, activation for friend remained stable across age, whereas 
activation for self increased with age. The age-related decrease for TPJ for Friend>Self 
seems inconsistent with prior research, which generally shows an increase in TPJ 
activity with increasing age (for a meta-analysis, see Crone & Dahl, 2012). However, the 
post hoc analysis shows that the results are consistent with these prior findings, but the 
increase is observed specifically for the self-condition. Possibly, all participants engaged 
in perspective taking when processing outcomes for friends, a function purportedly 
regulated by TPJ (Carter & Huettel, 2013; Mars, Sallet, Schuffelgen, Jbabdi, Toni, 
& Rushworth, 2012), which resulted in the absence of age differences in the friend 
condition. The age-related increase in TPJ activity in the self condition may indicate 
that during adolescence, participants engage in thinking about others when processing 
outcomes for self. Similar findings were previously reported in a Trust Game. In this 
study, when participants received trust from another player (a self-relevant outcome), 
TPJ was more active for adults compared to adolescents, and the extent of activation 
increased during adolescence (van den Bos, et al., 2011). 

In the dorsal mPFC we observed no change in activity for Self > Friend over age. 
However, when both conditions were tested against a fixation baseline we found a 
quadratic peak for Self > Fixation and a linear decrease for Friend > Fixation. Thus, the 
pattern for Self>Friend was probably more complicated than a simple linear of quadratic 
function, and could only be detected in these follow up analyses. The region where the 
peak in activation was found, was comparable to the dorsal mPFC which was found for be 
more active for 12-14-year-olds in a Trust Game (van den Bos, et al., 2011) and which was 
revealed as peak activity in a meta-analysis (Blakemore & Robbins, 2012). Even though 
several studies reported more activity in dorsal mPFC in mid-adolescence, few studies 
tested if this pattern is linearly decreasing or showing an adolescent peak. One prior study 
confirmed peak activity (Somerville, et al., 2013). In this study participants were told that 
a camera would record them and that peers would watch them via a monitor while they 
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were lying in the scanner. The mPFC was the only region that showed a peak in neural 
activation during adolescence. The current findings are consistent with this prior study 
and confirm that mid-adolescence is a time of heightened self-referential processing.

Finally, ventral MPFC also showed a linear age related decrease for Friend > 
Self, although this was no longer significant when testing the conditions relative to 
fixation baseline. Nonetheless, the pattern matches results previously reported in a 
longitudinal study by Pfeifer et al. (2013). In this study, participants were tested in a 
self-other attributes task at ages 10 and 13 years. This longitudinal design showed an 
increase in ventral mPFC for Self>Friend, which is the same pattern as the decrease 
for Friend>Self in the current study. The finding that the follow up comparisons 
were not significant, and the absence of brain-behavioral relations (see below) makes 
interpretation still challenging, but future studies should test the role of this region 
in more detail. 

Relationship with self-report measures
Changes in neural activation are difficult to interpret per se, i.e. when they are 

not related to a specific type of behavioral change. To better understand these changes, 
we tested the relationship between self-report measures and neural activation, and 
the longitudinal design provided an excellent opportunity to test these brain-behavior 
relations. For this purpose, we assessed friend relation information (friendship quality, 
and self-report ratings of how much participants felt that their friend deserved to win), 
and general perspective taking by self-report. 

Firstly, friendship quality was not related to age or neural activation in any of 
the clusters. Participants were all asked to play for their best friend, meaning that 
friendship quality was relatively high for all participants. Possibly, friendship quality 
is an interesting factor to take into account when playing for beneficiaries who vary in 
level of friendship quality. 

Secondly, how much participants felt that their friend deserved to win was positively 
related to neural activation in the bilateral TPJ, and precuneus. A study by Aue (2014) 
found more precuneus activation, when a desirable outcome was predicted compared 
to when an undesirable outcome was predicted. If participants think that their friend 
deserves more to win, this might reflect a more desired outcome and subsequently 
explains precuneus activation. The TPJ has previously been interpreted as an important 
region for perspective taking, and therefore this result may indicate social relevance 
(Schurz, Aichhorn, Martin, & Perner, 2013).
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Finally, it was found that perspective taking increased significantly with advancing 
age, consistent with prior studies (Hawk, Keijsers, Branje, Van der Graaff, de Wied, & 
Meeus, 2013). Furthermore, we found that those participants who showed higher scores 
on perspective taking showed larger precuneus activation, above the age changes that 
were observed. Research on the role of the precuneus in social interactions, including 
perspective taking, has yielded mixed results. Some studies find more activation for self 
compared to other (Cavanna & Trimble, 2006), whereas other studies find the reverse 
(Farrer & Frith, 2002). A study by Güroğlu et al (2008) showed more robust activation 
in the precuneus in relation to peers compared to celebrities, confirming the role of 
precuneus in social interactions. The exact role of the precuneus in social interaction 
remains unclear and it has been suggested that different parts of the precuneus may 
serve different goals (Petrini, Piwek, Crabbe, Pollick, & Garrod, 2014). This relation 
should be investigated in more detail in future studies, relating behavior to neural 
activity. 

Limitations and future directions
A limitation of the current paradigm is that we did not include a formal, non-

social baseline condition. A suitable baseline condition for future studies could be 
for instance receiving outcomes for a computer (Delgado, Frank, & Phelps, 2005). To 
describe the developmental trajectories in more detail, we tested patterns of change 
against a fixation baseline. Although these analyses provide important information on 
developmental change per condition, in a formal non-social baseline condition effects 
of receiving an outcome can be compared between social and non-social conditions. 
Future studies should test whether the developmental patterns as observed in the 
current study are also observed when tested against a non-social baseline condition.

Furthermore, future studies could focus on changing friendships in adolescence. 
As friendships and best friends change often in (Bowker, 2004), future work could 
test whether social processing is more related to friendship duration or friendship 
quality. In the current sample not all participants report that they have the same friend 
two years later. In such an experiment adolescents could be measured more often, to 
better capture the changing nature of their social environment. The current paradigm 
is a relatively simple task in which more automatic processing of social information is 
measured compared to the more deliberate processes on which other social tasks focus. 
As such it might be used to measure these automatic processes and compare those to 
more deliberate social processes. 
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Conclusions
Taken together, the current results confirm continuous changes in the social 

brain network across age, and show that social relations and perspective taking skills 
further moderate these changes. In other words, those participants who showed better 
perspective taking skills also showed higher differentiation in neural responses to 
outcomes for a friend compared to outcomes for themselves. The rating for how much 
a friend deserved to win showed a positive linear relationship with activation in left 
and right TPJ, and the precuneus. This means that those participants who indicated 
that they felt that their friend deserved to win most, also showed the highest activation 
when playing for a friend compared to playing for self.

Future studies should test how these patterns are related to daily life experiences 
of adolescents by using multiple sampling procedures. The current findings show first 
evidence in the direction that unraveling brain change-behavioral change relationships 
are important for understanding the dynamics of the social brain. In the long run, 
these longitudinal studies will prove to be important for understanding how neural 
development is influenced by positive and negative social experiences, such as having 
positive peer relations (Will, van Lier, Crone, & Guroglu, 2015), or experiencing 
positive parental affect (Tan, Lee, Dahl, Nelson, Stroud, Siegle, Morgan, & Silk, 2014). 
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During adolescence there is a normative increase in risk taking behavior, 
which is reflected in, for example, increases in alcohol consumption. Prior 
research has demonstrated a link between testosterone and alcohol consumption, 
and between testosterone and neural responses to rewards. Yet, no study to 
date tested how testosterone levels across adolescence and neural responses to 
rewards relate to and predict individual differences in alcohol use. The current 
study aimed to investigate this relationship by assessing alcohol use, testosterone 
levels and neural responses to rewards in adolescents between 12-26 years of 
age. Participants were measured twice with a two-year interval between testing 
sessions. Cross-sectional analysis showed that at the second time point higher 
neural activity to rewards, but not testosterone levels, explained significant 
variance above age in reported alcohol use. Predictive analyses showed that, 
higher testosterone level at the first time point, but not neural activity to rewards 
at the first time point, was predictive of more alcohol use at the second time 
point. These results suggest that neural responses to rewards are correlated with 
current alcohol consumption, and that testosterone level is predictive of future 
alcohol consumption. These results are interpreted in the context of trajectory 
models of adolescent development.

6.1 Introduction

Adolescence is an important developmental period characterized by increases in 
risk taking behavior, such as alcohol use, substance abuse and delinquency (Steinberg, 
2004). Many of the changes in risk taking behavior are thought to be normative 
transitions in explorative behavior and sensation seeking, which help adolescents 
to explore their environment, gain independence and develop individual social and 
personal goals (Crone & Dahl, 2012; Steinberg, 2008). However, in some situations 
these risk taking tendencies can have detrimental consequences, such as in the case 
of excessive alcohol consumption. It was recently reported that 32% of all emergency 
treatments resulting from alcohol poisoning in the Netherlands were targeted at 
adolescents between 15 and 19 years of age (Valkenberg, Van Leeuwen, Klein Wolt, 
& Goossens, 2012). Therefore, risk taking as reflected in alcohol consumption is an 
important facet of adolescent development. The neurobiological determinants and 
consequences of this behavior are not yet well understood. 

Researchers have previously examined how hormonal changes related to 
pubertal development coincide with changes in alcohol consumption. Puberty onset 
starts approximately around age 9-10, although on average about 1.5 years earlier for 
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girls than for boys, and it is marked by changes in both hormone levels and physical 
appearance (Susman & Rogol, 2004). Congruent with these changes, adolescents 
experience changes in the social, emotional and academic domains. Puberty specific 
change may instigate a transition not only in physical appearance, but also in social-
affective domains such as risk taking behavior, and specifically alcohol consumption. In 
a previous study we measured alcohol use in the last month and total lifetime use. We 
showed that in both boys and girls, more advanced puberty was associated with higher 
levels of alcohol consumption, while controlling for age. In addition, boys who had 
higher baseline levels of testosterone were also more likely to have consumed alcohol 
(de Water, Braams, Crone, & Peper, 2013). 

The psychological and hormonal changes in relation to puberty occur in 
conjunction with structural (Goddings, Mills, Clasen, Giedd, Viner, & Blakemore, 2014; 
Peper, Koolschijn, & Crone, 2013) and functional changes in the brain (Blakemore, 
Burnett, & Dahl, 2010), but few studies examined how social-affective brain reactivity 
and hormone levels relate to individual differences in alcohol consumption. One 
target region for social-affective brain reactivity in adolescence is the ventral striatum. 
Recent studies have shown that neural responses in the ventral striatum to rewards 
are heightened during adolescence, compared to childhood and adulthood (Braams, 
Peters, Peper, Güroğlu, & Crone, 2014; Galvan, Hare, Parra, Penn, Voss, Glover, & 
Casey, 2006; Van Leijenhorst, Zanolie, Van Meel, Westenberg, Rombouts, & Crone, 
2010). Especially the nucleus accumbens (NAcc), a key region for processing rewards, 
shows elevated responses during adolescence. Intriguingly, neural activity in the NAcc 
corresponded with testosterone levels in early adolescence (Forbes, Ryan, Phillips, 
Manuck, Worthman, Moyles, Tarr, Sciarrillo, & Dahl, 2010; Op de Macks, Gunther 
Moor, Overgaauw, Guroglu, Dahl, & Crone, 2011), and with self-reported risk taking 
tendencies (Galvan, Hare, Voss, Glover, & Casey, 2007). In a recent longitudinal 
study including 299 participants, we examined NAcc activity across the whole range 
of adolescence using a simple gambling task that could result in gains or losses. We 
confirmed the adolescent peak in NAcc activity to rewards at two time points (Braams, 
Van Duijvenvoorde, Peper, & Crone, 2015). The peak in neural activation in NAcc 
and the peak in risk taking behavior observed in adolescence are likely to be related. 
However, few studies have found a direct relationship between the two, possibly due to 
relatively small sample sizes of neuroimaging studies that assessed both neural reward 
sensitivity and alcohol consumption. 

The current study aimed to shed light on the relationship between NAcc responses 
to rewards, testosterone levels and self-reported alcohol use in a longitudinal sample. 
We made use of the neural activity data that were previously reported in Braams et al.  
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Table 6.1. Participants were selected when data was available for testosterone, alcohol questionnaire and 
fMRI measure at Time point 2. Of this group, available data for per variable at time point 1 and 2 is described 
in the table.

Time point 1 Time point 2
N Mean (SE) N Mean (SE)

Age 198 14.99 (.23) 198 16.98 (.23)
Testosterone 182 1.70 (.05) 198 1.88 (.04)
Left NAcc 184 2.01 (.19) 198 1.66 (.17)
Right NAcc 184 2.03 (.19) 198 1.94 (.19)

(2015). This longitudinal study examined neural activity to rewards during adolescence 
across two time points. In addition to the fMRI session, participants were asked to fill 
out an alcohol consumption questionnaire that tested three domains of alcohol use: 
average alcohol consumption per evening, alcohol consumption in the last month and 
total lifetime alcohol consumption. For a total of 198 participants between 12 and 26 
years of age complete data on all measures was available. We hypothesized that age 
and alcohol use would be positively correlated, replicating prior studies (Spear, 2013). 
In addition, we hypothesized that the participants who showed elevated responses to 
rewards during a gambling task in the scanner, would also report higher use of alcohol, 
consistent with the hypothesis that adolescent specific changes in social-affective 
neural activity is related to higher risk taking (Galvan, et al., 2007). Furthermore, we 
expect that higher levels of testosterone correspond with higher alcohol consumption 
(de Water, et al., 2013). Given the longitudinal design, we were able to test whether 
neural activity and testosterone merely coincide with higher alcohol use, or also predict 
alcohol use at the second time point. 

6.2 Methods

Participants
Participants were part of a larger, longitudinal study in which participants were 

included between 8 and 27 years of age. Participants were recruited through high 
schools and advertisement in local newspapers. Participants who participated in 
the fMRI session and for whom testosterone data and self-report alcohol data at the 
second time point were available were selected for the current study. In total, complete 
data from 198 participants was available at the second time point (102 males). For 
the longitudinal analyses complete data from a total of 169 participants (87 males) 
was available. A description of participant data at both time points can be found in 
Table 6.1. Data from the full sample has previously been published in Braams et al. 
(2014; 2015); Peters et al. (2014) and Peper et al. (2013). An approximation of IQ was 
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determined by two subscales, vocabulary and picture completion, from the Wechsler 
Intelligence Scale for children (WISC-III) or Wechsler Intelligence Scale for adults 
(WAIS-III) (Wechsler, 1997). Estimated intelligence scores fell within the normal 
range (MIQ=107.7, SEIQ=.73). Participants received an endowment for participation 
in a larger scale study. Participants aged 17 and below received € 30 and adults €60. 
Participants, or parents in the case of under aged participants, gave written informed 
consent prior to the start of the experiment. MRI scans for all participants were 
reviewed by a radiologist and checked for abnormalities. No abnormalities were 
reported.

Alcohol Questionnaire
Participants filled out a questionnaire in which they indicated how much they 

drink on average when they go out, how much they drank last month and total lifetime 
alcohol use (Ames, Grenard, Thush, Sussman, Wiers, & Stacy, 2007). The average 
number of glasses of alcohol per night was measured with a free response question. 
Past month alcohol use in number of glasses was measured using a 10-point scale  
(0, 1-2, 3-4, 5-6, 7-10, 11-15, 16-20, 21-30, 31-50, >50). Lastly, for lifetime alcohol use 
participants indicated the amount of glasses of alcohol they consumed in total during 
their lifetime. Responses were collected on an 11-point scale (0, 1-10, 11-20, 21-30, 31-
40, 41-50, 51-60, 61-70,71-80, 81-90, and >90). Participants were asked to count bottles 
or cans of alcohol as 1.5 glasses. Self-report measures of substance use have been found 
to show high test-retest reliability with r’s up to .86 (Brener, Kann, McManus, Kinchen, 
Sundberg, & Ross, 2002). 

Testosterone 
Testosterone collection has been described previously (Braams, et al., 2015; de 

Water, et al., 2013; Peper, et al., 2013; Peters, Jolles, Van Duijvenvoorde, Crone, & 
Peper, 2015). Testosterone levels were assessed in morning saliva samples. Samples 
were collected by passive drool, directly after waking up and before eating or brushing 
teeth. Females who had not yet reached menarche and males collected saliva on the 
day of fMRI testing. To control for menstrual fluctuations, post-menarcheal females 
and females who used contraceptives with a stopping period collected saliva on the 7th 
day of their menstrual cycle. At the 7th day of the menstrual cycle hormone levels are 
less influenced by fluctuations in the cycle (Mihm, Gangooly, & Muttukrishna, 2011; 
Peper & Dahl, 2013). Females who used contraceptives without a stopping period such 
as hormonal intrauterine devices were excluded from testosterone assessment. 
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Figure 6.1. Example of a trial. On trial onset, participants were presented with a screen for 4000 ms 
indicating for whom they were playing (Self, Friend or Antagonist) and how many coins could be won or 
lost. During this time, participants chose to play heads or tails by pressing the corresponding button. After 
a 1000 ms delay, trial outcome was presented for 1500 ms. Participants won when the computer randomly 
selected the same side of the coin as chosen by the participant.

Testosterone levels for all saliva samples were assayed at the Department of 
Clinical Chemistry of the VU University Medical Centre. The lower limit of detection 
was 4 pmol/L. Salivary testosterone was determined by isotope dilution—online solid 
phase extraction liquid chromatography—tandem mass spectrometry (Peper, et al., 
2013). Intra-assay coefficients of variation were 11% and 4% at 10 and 140 pmol/L, 
respectively, and interassay coefficients of variation were 8% and 5% at 31 and 195 
pmol/L, respectively (de Water, et al., 2013). Testosterone levels were not normally 
distributed, therefore a log transformed measure for testosterone levels was used in 
all analyses. Testosterone samples were collected from 292 participants on T1 and 274 
participants on T2. Testosterone levels from 25 participants on T1 and three participants 
on T2 fell below the detection limit of 4 pmol/L. These participants were excluded from 
further analyses. Seven participants on T1 and one participant on T2 did not collect 
sufficient amount of saliva for assessment. The final number of participants for whom 
testosterone data was available was 260 on T1 and 270 at T2. Note that only those 
participants for whom testosterone, alcohol and fMRI data was available at T2 were 
selected for this study. For a description of total participants see Table 6.1.

Experimental Task
Participants played a heads or tails gambling game in which they could win or 

lose money (Braams, Güroğlu, de Water, Meuwese, Koolschijn, Peper, & Crone, 2013; 
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Braams, et al., 2014). On each trial, participants guessed whether the computer would 
pick heads or tails and they won when the computer selected the chosen side of the 
coin. Each trial started with a trial onset screen (4000 ms) during which the participant 
indicated their choice to play for heads or tails. On the trial onset screen the participants 
also saw how much they could win or lose on that trial, explained in more detail below. 
The trial onset screen was followed by a fixation screen (1000 ms) and a feedback 
screen, which showed whether participants won or lost on that trial (1500 ms). Trials 
ended with a variable jitter (1000-13200 ms), see Figure 6.1. Trial sequence and timing 
was optimized using OptSeq (Dale, 1999); see also (http:// surfer.nmr.mgh.harvard.
edu/optseq/). Probabilities for winning were 50%. Three different distributions of coins 
were included; trials on which 2 coins could be won and 5 lost, trials on which 3 coins 
could be won or 3 lost and finally trials on which 5 coins could be won or 2 could be 
lost. These different distributions of coins were included to keep participants engaged 
in the task, but were not analyzed separately (see also Braams, et al, 2013 and Braams, 
et al, 2014). Participants were informed about the different distributions of coins and 
were familiarized with them during the practice task. Participants were explained 
that the coins won during the experiment translated to real money at the end of the 
experiment. Participants received 4, 5 or 6 euro’s at the end of the task. Unbeknownst to 
the participants, the total earnings on the task did not relate to the amount won during 
the task but were chosen at random.

Participants played 30 trials in the gambling game for themselves, 30 trials for 
their best friend and 30 trials for another person. The goal of the current study was to 
specifically assess neural responses to rewards for self, therefore for the current study 
only trials on which the participants played for themselves were included (see Braams, 
et al., 2013 and Braams, et al., 2014 for a description of the data of the first time point 
for the full task). 

Procedure
Participants received instructions regarding the testing session in a quiet laboratory 

room. Participants were familiarized with the MRI scanner with a mock scanner. Next 
the gambling game was explained and participants performed six practice trials. After 
the scanner session WISC-III or WAIS-III were administered. Participants collected 
saliva for testosterone assessment and filled out the alcohol questionnaire at home, 
before the testing session. 

MRI Data Acquisition
Scanning was performed on a 3 Tesla Philips scanner, with a standard whole-head 

coil. The functional scans were acquired using a T2*-weighted echo-planar imaging 
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(EPI) (TR= 2.2 sec, TE= 30 ms, sequential acquisition, 38 slices of 2.75 mm, field of 
view 220 mm, 80x80 matrix, in-plane resolution 2.75 mm). The first two volumes 
were discarded to allow for equilibration of T1 saturation effects. After the functional 
runs, a high-resolution 3D T1-weighted anatomical image was collected (TR= 9.751 
ms, TE=4.59 ms, flip angle= 8°, 140 slices, 0.875mm x 0.875mm x 1.2mm, and FOV= 
224<.001x168<.001x177.333). Visual stimuli were displayed on a screen in the magnet 
bore. A mirror attached to the head coil allowed participants to view the screen. Foam 
inserts inside the coil were used to limit head movement. MRI data acquisition was 
similar at the two time points (see also Braams et al, 2014).

fMRI Preprocessing and Statistical Analyses
In total 299 participants were scanned at the first time point and 254 participants 

were scanned at the second time point. For fMRI-analyses, 36 participants at the first 
time point and 10 participants at the second time point were excluded for moving more 
than 1 voxel. An additional 14 participants at the first time point and six participants at 
the second time point were excluded for not finishing the task, technical problems and/
or artefacts during data collection. For a total of 160 participants at T1 and 208 at T2 
fMRI and data for the alcohol questionnaire was available. Whole brain fMRI analyses 
are reported for the group for whom data on the fMRI task and alcohol questionnaire 
was available. 

All data were analyzed with SPM8 (Wellcome Department of Cognitive Neurology, 
London). Images were corrected for slice timing acquisition and differences in rigid 
body motion. Structural and functional volumes were spatially normalized to T1 
templates. Translational movement parameters never exceeded 1 voxel (<3 mm) in any 
direction for any participant or scan. The normalization algorithm used a 12-parameter 
affine transform together with a nonlinear transformation involving cosine basis 
functions and resampled the volumes to 3mm cubic voxels. Templates were based on 
the MNI305 stereotaxic space (Cocosco, Kollokian, Kwan, & Evans, 1997). Functional 
volumes were spatially smoothed with a 6 mm FWHM isotropic Gaussian kernel. 
Statistical analyses were performed on individual subjects data using the general linear 
model in SPM8. The fMRI time series were modeled as a series of zero duration events 
convolved with the hemodynamic response function (HRF). On trial onset events were 
modeled separately for playing for self, friend and other. On feedback onset winning 
and losing for self, friend and antagonist were modeled. This resulted in three conditions 
at trial onset (self, friend, other) and six conditions at feedback onset (self win, self lose, 
friend win, friend lose, other win, other lose). Trials on which the participants failed to 
respond were modeled separately as covariate of no interest and were excluded from 
further analyses. The modeled events were used as regressors in a general linear model, 
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Figure 6.2. Whole brain activation at the first and second time point for Win > Lose for self and the 
anatomical nucleus accumbens (NAcc) region used for analyses. A similar figure has been published before 
in Braams et al, 2015.

along with a basic set of cosine functions that high-pass filtered the data, and a covariate 
for session effects. The least-squares parameter estimates of height of the best-fitting 
canonical HRF for each condition were used in pair-wise contrasts. The resulting 
contrast images, computed on a subject-by-subject basis, were submitted to random-
effects group analyses. The contrast of interest was win > lose when playing for self, 
specified at the moment of feedback onset.

Region of Interest Analysis
We used the MarsBaR toolbox (Brett, Anton, Valabregue, & Poline, 2002) (http://

marsbar.sourceforge.net/) for SPM8 to perform region of interest (ROI) analyses to 
extract patterns of activation in an a priori defined NAcc cluster. Average beta values, 
also known as parameter estimates, were used for ROI analyses. We used the functional 
activation, masked with an anatomical mask of the left and right NAcc extracted from 
the Harvard-Oxford subcortical atlas, thresholded at 40%. We specifically focused on 
the NAcc, since previous studies have highlighted this part of the ventral striatum as a 
key region in reward-based processing (Braams et al., 2014; Delgado, 2007). 

6.3 Results

Whole brain analysis
The whole brain contrast for winning > losing for self resulted in significant 

activation in the bilateral NAcc on both time points, see Figure 6.2 and Table 6.2 for a 
whole brain table of all above threshold activation for this contrast. The NAcc is a key 
region for processing rewards and we used the functional activation, masked with an 
anatomical mask of the NAcc for region of interest analyses. 
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Table 6.2. Whole brain table for neural activation for the contrast win>lose when playing for self at the first 
and second time point. Reported clusters survive Family Wise Error correction at the voxel level. Only 
clusters comprised of 10 voxels or more are reported. 

Region MNI
R/L x y z T(159) Voxels

Time Point 1
Caudate Nucleus L -9 14 -5  12.24 305
Caudate Nucleus R 12 14 -5  12.01 631
Mid Cingulate Cortex L -3 -7 34  6.41 33
Mid Cingulate Cortex R 3 -34 37  5.20 10
Inferior Occipital Gyrus R 42 -79 -11  5.78 45
Supplementary Motor Area R 6 -22 55  5.53 35
Superior Frontal Gyrus L -18 11 58  5.30 13

Time Point 2 T(207)
Caudate Nucleus R 15 11 -8  12.26 497
Superior Medial Gyrus L -3 56 4  6.30 126
Superior Frontal Gyrus L -24 17 55  6.10 148
Inferior Parietal Lobule L -48 -61 49  5.84 45
Precuneus L -6 -58 10  5.57 23
Paracentral Lobule L -12 -22 61  5.47 60
Postcentral Gyrus L -27 -34 58  5.34 17
Mid Cingulate Cortex L -3 -40 40  5.32 23
Superior Frontal Gyrus R 21 -13 55  5.30 11
Postcentral Gyrus R 24 -34 55  5.28 15
Superior Temporal Gyrus L -60 -37 17  5.27 15
Inferior Occipital Gyrus R 42 -91 -8  5.10 14
Mid Frontal Gyrus R 36 20 52  5.01 10 

The relationship between the alcohol questionnaire and age
Reported alcohol use was highly correlated with age: average amount of glasses per 

night (r(206) =.59 , p< .001), last month (r(206) =.62, p< .001) and lifetime (r(206) = 
.77, p< .001). Participants reported to have drunk less than one glass of alcohol in their 
lifetime at age 12 and 13. Adults reported to drink an average of 4.5 glasses per night 
and 24 glasses in the last month, see also Figure 6.3. Note that the scale for lifetime 
alcohol use ranged from 0 to 91 or more. The highest possible value for lifetime alcohol 
use is therefore 91 glasses. There were no differences between males and females in 
average amount of glasses per night (F(1,196)=.31, p= .58), alcohol drunk last month 
(F(1,196)=.01, p= .92) and total lifetime use of alcohol (F(1,196)=.48, p= .49). 

The relationship between age, testosterone, NAcc activation and alcohol use
To investigate the relationship between testosterone levels, NAcc activation during 

reward processing and 1) average alcohol use per night, 2) alcohol use last month and 
3) lifetime alcohol use, we performed linear regressions for each measure. Since alcohol  
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Table 6.3. Hierarchical regression testing the relationship between average amount of glasses of alcohol 
drank per night at the second time point (T2) and testosterone levels and left and right Nucleus Accumbens 
(NAcc) activation at the second time point (T2).

df F R2Δ B SE β t p
Left NAcc
Step 1 1, 167 76.6 .32

Constant -5.7 .98 -5.8 <.001
Age .49 .06 .56 8.8 <.001

Step 2 3, 165 29.1 .03
Constant -6.1 .98 -6.2 <.001
Age .42 .06 .48 7.0 <.001
Testosterone T1 .32 .19 2.7 .007
NAcc win > lose T1 .03 .07 .03 .41 .680

Right NAcc
Step 1 1, 167 76.6 .32

Constant -5.7 .99 -5.8 <.001
Age .49 .06 .56 8.8 <.001

Step 2 3, 165 29.1 3.9
Constant -6.0 .98 -6.2 <.001
Age .42 .06 .48 7.0 <.001
Testosterone T1 .87 .32 .19 2.7 .007
NAcc win > lose T1 .02 .07 .02 .28 .781

use is related to age, we included age in the first step. In the second step we included 
testosterone level and the contrast value between winning and losing for self in the 
NAcc. Separate models were fit for the left and the right NAcc, and separate models 
were fit for males and females. 

Average amount of glasses
First we tested whether there was a relationship between average amount of glasses 

drunk per night, and age, testosterone and NAcc activation at the second time point. 
Results showed that, corrected for age, testosterone did not explain variance for the 
average amount of glasses at the second time point, whereas NAcc activation explained 
significant variance in the average amount of glasses (see Table 6.3 for a description of 
the regression models, see Supplemental Table 6.1 for a description of the models for 
males and females separately).

Second, we tested whether testosterone levels and NAcc activation at the first time 
point were predictive for the average amount of glasses drank per night at the second 
time point. This model shows that, again corrected for age, testosterone levels at the 
first time point significantly predicted the average amount of glasses at the second time 
point, whereas NAcc activation at the first time point was not predictive of the average 
amount of glasses per night at the second time point (see Table 6.4 for a description of  
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Figure 6.3. Correlations between age and (panel A) the average amount of glasses that participant report to 
drink on average per night, (panel B) the total amount of glasses that participant report to have consumed 
last month, (panel C) the total amount of glasses that participant report to have consumed in their lifetime. 
All correlations are significant at p< .001.

the regression models, see Supplemental Table 6.2 for a description of the models for 
males and females separately).
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Table 6.4. Hierarchical regression testing the relationship between average amount of glasses of alcohol 
drank per night at the second time point (T2) and testosterone levels and left and right Nucleus Accumbens 
(NAcc) activation at the first time point (T1).

df F R2Δ B SE β t p
Left NAcc
Step 1 1, 196 102 .34

Constant -6.0 .87 -6.9 <.001
Age .51 .59 10.1 <.001

Step 2 3, 194 37.2 .02
Constant -6.6 .87 -7.1 <.001
Age .49 .92 .57 9.7 <.001
Testosterone T2 .24 .28 .05 .86 .389
NAcc win > lose T2 .16 .07 .14 2.4 .017

Right NAcc
Step 1 1, 196 102 .34

Constant -6.0 .87 -6.9 <.001
Age .51 .05 .59 10.1 <.001

Step 2 3, 194 38.2 .03
Constant -6.8 .93 -7.3 <.001
Age .50 .05 .58 9.8 <.001
Testosterone T2 .30 .28 .06 1.1 .285
NAcc win > lose T2 .17 .06 .16 2.8 .006

Alcohol use last month
We first tested whether there was a significant relationship between alcohol use 

in the last month, and age, testosterone and NAcc activation at the second time point. 
Only age was a significantly related to alcohol use last month (β=.62, t(196)=11.0 , p< 
.001). Testosterone and NAcc activation were both not significantly related to alcohol 
use last month (all t<.86, p> .38). When tested separately for males and females there 
were also no relationships between testosterone and NAcc and alcohol use last month 
(males, all t<-1.83 , p> .070; females all t<.72, p> .472). 

We then tested whether testosterone and NAcc activation at the first time point 
were predictive of reported alcohol use in the last month at the second time point. 
Age at the first time point was a significant predictor for alcohol use last month at the 
second time point (β=.62, t(168)=10.2 , p< .001). Testosterone and NAcc activation 
at the first time point were not predictive of alcohol use on the second time point (all 
t<.1.6, p> .106). When tested separately for males and females the relationship between 
testosterone and NAcc on the first time point and alcohol use last month on the second 
time point was not significant (males, all t<.91 , p> .368; females all t<.65, p> .521).
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Table 6.5. Hierarchical regression testing the relationship between lifetime alcohol use at the second time 
point (T2) and testosterone levels and left and right Nucleus Accumbens (NAcc) activation at the first time 
point (T1).

df F R2Δ B SE β t p
Left NAcc
Males
Step 1 1,84 98.34 .539

Constant -90.06 13.75 -6.55 <.001
Age 8.61 0.87 0.73 9.92 <.001

Step 2 3,82 40.65 .059 <.001
Constant -100.11 13.48 -7.43 <.001
Age 6.37 1.05 0.54 6.06 <.001
Testosterone T1 20.64 6.05 0.31 3.41 0.001
NAcc win > lose T1 0.36 1.05 0.02 0.34 0.735

Females
Step 1 1,80 125.07 .610

Constant -106.45 13.61 -7.81 0
Age 9.89 0.88 0.78 11.18 0

Step 2 3,78 43.99 .019
Constant 9.34 0.92 0.73 10.12 0
Age 22.19 11.23 0.14 1.97 0.052
Testosterone T1 0.14 1.19 0.00 0.12 0.904
NAcc win > lose T1 9.34 0.92 0.73 10.12 0

Right NAcc
Males
Step 1 1,84 98.34 .539

Constant -90.06 13.75 -6.55 0
Age 8.61 0.87 0.73 9.92 0

Step 2 3,82 40.78 .059
Constant -100.15 13.36 -7.50 0
Age 6.37 1.05 0.54 6.07 0
Testosterone T1 20.45 6.06 0.30 3.38 0.001
NAcc win > lose T1 0.55 1.04 0.04 0.53 0.598

Females
Step 1 1,80 125.07 .610

Constant -106.45 13.62 -7.82 0
Age 9.89 0.89 0.78 11.18 0

Step 2 3,78 44.29 .020
Constant -126.32 16.95 -7.45 0
Age 9.35 0.91 0.74 10.23 0
Testosterone T1 22.95 11.29 0.15 2.03 0.045
NAcc win > lose T1 -0.75 1.27 -0.04 -0.59 0.557
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Lifetime alcohol use
For life time alcohol use, we first tested whether there was a significant relationship 

between lifetime alcohol use, and age, testosterone and NAcc activation at the second 
time point. Results showed that only age was significantly related to lifetime alcohol use 
(β=.76, t(197)=16.3, p< .001). Testosterone and NAcc activation were not significantly 
related to lifetime alcohol use (all t<1.78, p> .07). When tested separately for males and 
females the relationship between NAcc activation a the second time point and lifetime 
alcohol use measured at the second time point was significant for males, but only for 
the right NAcc (right NAcc t=2.05, p= .043 left NAcc t=1.12, p= .264). For females this 
relationship was not significant (all t’s<.836, p> .405).

We then tested whether testosterone and NAcc activation at the first time point 
were predictive of lifetime alcohol use at the second time point. Results showed that 
age at the first time point was a significant predictor for lifetime alcohol use at the 
second time point (β=.76, t(168)=14.8 , p< .001). Testosterone and NAcc activation 
at the first time point were not predictive of lifetime alcohol use on the second time 
point (all t’s<1.7, p> .085). However, tested separately for males and females, the 
relationship between testosterone levels at the first time point and alcohol use at the 
second time point was significant for males and trend level significant for females, 
see Table 6.5.

6.4 Discussion

In this study we aimed to investigate the relationship between risk taking behavior, 
testosterone and neural responses to rewards. The current study is one of the first to 
combine neural and endocrinological measures with real life risk taking in a large 
longitudinal sample with continuous age range. We showed that neural responses to 
rewards were most strongly related to current alcohol use, whereas testosterone levels 
were predictive of future alcohol use. The discussion is organized along the lines of the 
cross-sectional versus predictive analyses. 

Cross-sectional and predictive analyses
The results of the cross-sectional comparisons showed that, after controlling for 

age, NAcc activation in response to receiving rewards explained significant variation in 
average amount of glasses consumed per night. These findings are consistent with prior 
research showing that activity in NAcc to rewards correlates with risk taking tendencies 
in adolescence (Galvan et al., 2007). In contrast, testosterone did not relate to reported 
alcohol use when analyzed cross-sectionally. 
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Next, we tested whether testosterone and NAcc activation predicted future alcohol 
use. This analysis showed that testosterone levels at the first time point, but not NAcc 
activation, significantly predicted alcohol use on the second time point. This indicates 
a more protracted relationship than the relationship found between NAcc and alcohol 
use on the second time point. 

Possibly this finding indicates a role for testosterone in (structural) NAcc 
development. Exactly how testosterone influences brain development is still unknown. 
To date, two studies have investigated this relationship using a longitudinal design. 
A study by Herting et al (2014) found that testosterone levels influenced caudate 
development. In both boys and girls, low levels of testosterone were related to increases 
in caudate gray matter volume and high levels of testosterone were related to decreases 
in caudate gray matter volume. A study by Goddings et al. (2014) showed that pubertal 
development, measured with Tanner stages (Tanner & Whitehouse, 1976), explained 
variance in NAcc development above age for both sexes. Those individuals who were in 
a higher pubertal development stage compared to their age-matched peers had smaller 
NAcc volumes. NAcc development over time shows a linear decrease, which means that 
smaller NAcc volumes indicate a more adult like structure. These studies combined 
indicate that pubertal development has an influence on NAcc development above the 
influence of age. This fits with the protracted relationship between testosterone and 
alcohol use found in the current study. Testosterone effects on the brain can be slow, 
but also rapid (Goetz, Tang, Thomason, Diamond, Hariri, & Carre, 2014). In this case, 
the predictive association between testosterone and future alcohol use might reflect 
slow effects of testosterone on future behavioral outcomes.

 
Limitations

The current study used self-reported alcohol use as a proxy for risk taking behavior. 
We only found a relationship between average amount of glasses and not alcohol use 
per month and lifetime alcohol use. Possibly there is large variation in circumstantial 
variables such as number of parties in a certain month, which is reflected in the score for 
past month alcohol use. Lifetime alcohol use was highly correlated with age and might 
be more reflective of risk taking behavior when assessed in a group with a smaller age 
range with preferably mostly young adolescents. Variation in the measure might reflect 
risk taking behavior in this group more than in an older group. 

Risk taking behavior entails a much greater spectrum of behaviors such as sexual 
risk taking or traffic related risk taking. Future studies could focus on a larger spectrum 
of risk taking behaviors. Furthermore, the current study used baseline testosterone 
levels, measured at the beginning of the day. Testosterone levels are known to fluctuate
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throughout the day and can change rapidly due to environmental influences (Apicella, 
Carré, & Dreber, 2014). To assess the relationship between NAcc responses to the 
gambling task and testosterone levels, future studies could measure testosterone at the 
moment of task administration. 

Conclusions
In conclusion, NAcc activation to rewards is positively related to self-report 

alcohol use. This finding confirms the hypothesized relationship between neural 
activation to rewards and real-life risk taking behavior. Even though there was no direct 
effect of testosterone on alcohol use, testosterone levels were found to be predictive 
of alcohol use two years later, indicating a more protracted relationship. A crucial 
question for the future is how testosterone levels influences brain development, and 
how the combination of both influences real life risk taking (Crone & Dahl, 2012). 
Future studies assessing these relations across multiple times points will be important 
to unravel these dynamic relations
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Supplemental Table 6.1. Hierarchical regression testing the relationship between average amount of glasses 
of alcohol drank per night at the second time point (T2) and testosterone levels and left and right Nucleus 
Accumbens (NAcc) activation at the second time point (T2) for males and females separately.

df F R2Δ B SE β t p
Left NAcc
Males
Step 1 1, 100 68.598 .407

Constant -7.010 1.201 -5.839 <.001
Age .570 .069 .638 8.282 <.001

Step 2 3, 98 23.821 .015 <.001
Constant -7.976 1.537 -5.191 <.001
Age .534 .077 .597 6.932 .372
Testosterone T2 .598 .667 .078 .896 .236
NAcc win > lose T2 .106 .089 .092 1.192 <.001

Females
Step 1 1, 94 32.347 .256

Constant -4.656 1.280 -3.638 <.001
Age .425 .075 .506 5.687 <.001

Step 2 3, 92 12.872 .040
Constant -5.590 1.553 -3.601 .001
Age .433 .075 .516 5.736 <.001
Testosterone T2 .297 .832 .032 .356 .722
NAcc win > lose T2 .244 .109 .197 2.245 .027

Right NAcc
Males
Step 1 1, 100 68.598 .407

Constant -7.010 1.201 -5.839 <.001
Age .570 .069 .638 8.282 <.001

Step 2 3, 98 25.404 .031
Constant -8.107 1.516 -5.348 <.001
Age .535 .076 .598 7.042 <.001
Testosterone T2 .586 .655 .076 .895 .373
NAcc win > lose T2 .171 .084 .156 2.051 .043

Females
Step 1 1, 94 32.347 .256

Constant -4.656 1.280 -3.638 <.001
Age .425 .075 .506 5.687 <.001

Step 2 3, 92 11.808 .022
Constant -5.745 1.617 -3.552 .001
Age .431 .076 .513 5.633 <.001
Testosterone T2 .492 .850 .053 .579 .564
NAcc win > lose T2 .155 .095 .147 1.634 .106
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Supplemental Table 6.2. Hierarchical regression testing the relationship between average amount of glasses 
of alcohol drank per night at the second time point (T2) and testosterone levels and left and right Nucleus 
Accumbens (NAcc) activation at the first time point (T1) for males and females separately.

df F R2Δ B SE β t p
Left NAcc
Males
Step 1 1, 86 57.479 .403

Constant -6.074 1.217 -4.991 <.001
Age .583 .077 .635 7.581 <.001

Step 2 3, 83 22.207 .042
Constant -6.772 1.233 -5.492 <.001
Age .437 .096 .475 4.550 <.001
Testosterone T1 1.359 .553 .257 2.457 .016
NAcc win > lose T1 .031 .096 .026 .323 .747

Females
Step 1 1, 80 20.512 .204

Constant -2.949 1.266 -2.329 .022
Age .373 .082 .452 4.529 <.001

Step 2 3, 78 8.822 .049
Constant -5.017 1.566 -3.204 .002
Age .311 .085 .377 3.652 <.001
Testosterone T1 2.232 1.037 .220 2.151 .035
NAcc win > lose T1 .080 .111 .071 .721 .473

Right NAcc
Males
Step 1 1, 86 56.041 .207

Constant -7.062 1.361 -5.188 <.001
Age .574 .077 .630 7.486 <.001

Step 2 3, 83 21.945 .045
Constant -7.510 1.343 -5.590 <.001
Age .426 .095 .467 4.489 <.001
Testosterone T1 1.393 .553 .264 2.520 .014
NAcc win > lose T1 .031 .095 .027 .324 .747

Females
Step 1 1, 80 20.916 .397

Constant -3.766 1.430 -2.634 .010
Age .376 .082 .455 4.573 <.001

Step 2 3, 78 8.758 .045
Constant -5.724 1.677 -3.414 .001
Age .323 .085 .391 3.813 <.001
Testosterone T1 2.241 1.043 .221 2.148 .035
NAcc win > lose T1 -.003 .117 -.003 -.027 .979
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Adolescence is a developmental period associated with increases in risk taking 
behavior. There is preliminary evidence that risk taking behavior is related to pubertal 
development (Collado, 2014), reward related neural responses (Galvan, 2007), and 
social context (Chein et al, 2011). The goal of this thesis was to further investigate 
relevant factors for risk taking behavior in adolescence and to investigate the relationship 
between these factors. The chapters in this thesis are centered around three main 
questions. The first question is whether striatum responses are hypo- or hyperactive 
in adolescence, and how pubertal development and testosterone levels are related 
to this response. The second question concerns the influence of social context. We 
tested which aspects of social context interact with reward processing regions and how 
social brain regions develop with age. The last question is how age, puberty and neural 
responses to rewards influence real life risk taking behavior. In the discussion, first the 
main findings of each chapter are briefly summarized, after which the implications 
for the imbalance model are discussed. The discussion ends with directions for future 
research and general conclusions.

Summary
The first empirical chapter, Chapter 2, describes the effects of social context on 

reward processing and the validation of a new paradigm. Adolescence is a time in 
which peers become very important (Dahl, 2004). Adolescents spend more time with 
their peers than children and adults, and risk taking behavior often occurs in groups 
(Steinberg, 2004). It has been shown that being observed by a peer increases risk taking 
behavior on a task and striatum responses during the task (Chein et al, 2011). However, 
it is not known which aspects of the social context are driving this effect. In this chapter 
this question was investigated, with a specific focus on whether thinking about a peer 
affects striatum responses. 

We developed a new paradigm; participants played a game in which they 
could win and lose money for themselves, their best friend and a disliked other. We 
hypothesized that a set of cortical and mid-line structures that have previously been 
identified in studies investigating the social brain, i.e. temporo-parietal junction (TPJ), 
precuneus and medial pre-frontal cortex (mPFC), would respond to social context 
and that the ventral striatum, a key region for reward processing (Delgado, 2007), 
would respond to reward information. In a sample of young adults we confirmed these 
hypotheses. Results showed that TPJ, precuneus and mPFC respond to social context, 
and that ventral striatum distinguished between winning and losing. The only region 
in which an interaction between social context and reward information was found 
was the ventral striatum. When playing for self and for a best friend the striatum was 
more active when winning than when losing. However, this pattern was reversed when 

35773 Braams.indd   146 07-10-15   18:36



SUMMARY AND GENERAL DISCUSSION | 147

receiving outcomes for a disliked other. In this case the striatum was more active when 
losing than winning. This indicates that ventral striatum responses are dependent 
on the beneficiary. These results were mirrored in subjective ratings. Participants 
rated how they felt when winning and losing for each of the beneficiaries. The fact 
that striatum responses and subjective ratings showed a similar pattern strengthens 
the interpretation that the striatum signals subjective pleasure. To further test how 
these patterns of responses in social brain areas and the striatum change with age, we 
investigated the developmental pattern of these responses in the next chapter. 

Chapter 3 describes the results of study in which a large sample of 299 participants 
between 8 and 25 years of age played the gambling game described in Chapter 2. The 
imbalance model (Somerville et al, 2011) proposes hyperactivity of the ventral striatum 
in adolescence. Previous studies testing this model found mixed results regarding 
the specificity of striatum activation during adolescence, with some studies finding 
hyperactivation of the striatum (Christakou et al., 2011; Ernst et al., 2005; Galvan et 
al., 2006; Van Leijenhorst et al., 2010a, Van Leijenhorst et al., 2010b) and others hypo-
activation of the striatum (Bjork et al., 2004; Bjork et al., 2010). Possible explanations 
for this inconsistency in results are the use of relatively small samples and inclusion 
of different age groups to compare striatum responses in childhood, adolescence and 
adulthood (for a review see Richards et al., 2013). 

In this study, we used a large sample with continuous age range.  The findings 
from the adult sample were replicated in this sample: ventral striatum responses were 
linked to winning versus losing, whereas social brain regions such as the TPJ, precuneus 
and mPFC were selectively active for social context information. To follow up on the 
whole brain results and to identify regions in the brain that showed hyperactivity in 
adolescence, a whole brain regression with age was performed. In this analysis the 
ventral striatum was identified as a region that shows hyperactivity in adolescence. 
Furthermore, the results showed that this peak was specific for playing for self. The 
whole brain quadratic regressions for friend and antagonist did not yield significant 
results in the striatum. This means that striatum responses in adolescence are not 
always hyperactive, but that this is dependent on the social context in which rewards 
are received. A study by Chein et al. (2011) showed that striatum responses are elevated 
when peers are present and that these responses are even more elevated in adolescence. 
Combining the current study with this study, it appears that receiving rewards for others 
is different from receiving rewards for self when others are present. Possibly receiving 
rewards for others is related to social skills such as perspective taking or friendship 
quality. Indeed, we found a relationship between striatum responses to winning versus 
losing for a friend and reported friendship quality. 
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Chapter 4 zoomed in on striatum responses when playing for self and used 
longitudinal data. One of the main advantages of a longitudinal design, compared 
to a cross-sectional design is the possibility to test both between- and within-subject 
effects. Furthermore, a longitudinal design is sensitive to subtle individual differences. 
A large sample with continuous age range not only provides the opportunity to test 
for continuous developmental effects, but also to test whether individual difference 
variables such as pubertal development or risk taking tendency explain additional 
variance in striatum activation above age. 

First it was tested whether the peak in striatum responses during adolescence 
could be confirmed in the longitudinal data set. The peak in striatum activation during 
adolescence was confirmed. Results showed that this peak was specific to the nucleus 
accumbens, a part of the ventral striatum. Besides the effects of age, the influence of 
puberty was also tested. Although all adolescents go through puberty, not all do so 
at the same pace. This means that adolescents of the same age could be in a different 
stage of pubertal development. Previous studies have shown a relationship between 
testosterone, a hormone associated with puberty, and neural responses to rewards 
(Op de Macks et al, 2011). To test the influence of pubertal development and pubertal 
hormones, we investigated whether pubertal development, measured with the Pubertal 
Development Scale (Petersen et al., 1988) and salivary testosterone levels, were related 
to nucleus accumbens responses to rewards. Results showed that testosterone was 
positively related to nucleus accumbens activation. However, these models were 
not corrected for age. When corrected for age, there was no relationship between 
testosterone and striatum responses to rewards, probably because chronological age 
is highly associated with testosterone levels. We also tested whether personality was 
related to neural responses to rewards. Results showed that the willingness to put effort 
into obtaining a reward, as measured with the Drive scale of the Behavior Inhibition 
System/Behavior Activation System (BIS/BAS) questionnaire (Carver & White, 1994), 
was positively related to the ventral striatum response to rewards. This relationship was 
not found cross-sectionally. This highlights the importance of a longitudinal design and 
indicates that the changes in striatum responses to rewards and changes in motivational 
drive are associated with each other, but that the absolute values do not correlate. 

Chapter 5 describes longitudinal changes in social brain areas. Social development 
is one of the key goals of adolescence. During adolescence, perspective-taking skills 
increase and friendships become more intimate and complex (Rubin, Fredstrom, & 
Bowker, 2008). The restructuring of adolescents’ social environment and the changes 
in social skills, go hand in hand with changes in the brain. Since the focus of this study 
was on the effects of social context, irrespective of outcome of the gamble, responses 

35773 Braams.indd   148 07-10-15   18:36



SUMMARY AND GENERAL DISCUSSION | 149

to winning and losing were averaged in the analyses for this chapter. In this chapter 
we focused on playing for self and friend. Results showed that playing for a friend, 
compared to playing for self, resulted in activation in the TPJ, precuneus and mPFC. 
All of which are regions related to social information processing (Blakemore, 2008; Van 
Overwalle, 2009). Developmental patterns in all regions showed that as participants 
get older, the neural responses to playing for a friend become more similar to the 
neural responses when playing for self. To follow up on these results, we tested whether 
the developmental patterns for playing for a friend and for self showed a different 
trajectory. In other words, we tested whether activity in social brain areas showed a 
linear increase (or decrease) over age, or a peak in adolescence. Results showed different 
developmental trajectories for playing for friend and playing for self in the same neural 
region. More specifically, in the dmPFC activation related to playing for self showed a 
peak in adolescence whereas in this region the activation related to playing for a friend 
remained the same over development. In the TPJ both activation for thinking about a 
friend and self is decreased over age, but friend related activity decreased more rapid. 

Perspective taking is the ability understand the emotions and intentions of others, 
for instance when someone else is upset that you understand why. In Chapter 5 it 
was tested whether differences in recruitment of the social brain areas was related to 
individual differences in how well participants reported to be able to take someone 
else’s perspective. Previous studies reported a relationship between perspective taking 
and activity in social brain areas (Ruby & Decety, 2004). However, in this study we did 
not find a relationship between perspective taking skills and activity in social brain 
areas. This study differs from other studies investigating social responses. In most 
studies, participants are required to think about personality traits of different persons, 
or mentalize about others’ intensions (for a review, see Blakemore, 2008). Those type 
of studies require much higher social processing compared to winning or losing for 
someone else, without the explicit instruction to think about what winning or losing 
would mean for that person or how they would feel. This study shows that low level 
social processing is related to activation in social brain areas and that this network is 
established at a young age. Children as young as 8 are already capable of recruiting 
these brain areas and possibly, differences occur when social information processing 
is challenged. Challenges in this case could be perspective taking or mentalizing about 
others’ feelings and intentions. This might explain why we did not find a relationship 
between perspective taking and neural activation in the TPJ and mPFC. In other words, 
if every participant performs at ceiling level, there are no individual differences to relate 
to other measures. 
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Adolescence is associated with increased risk taking behavior in real life. Chapter 
6 describes the relationship between neural responses to rewards and real-life risk 
taking behavior. Most risk taking behavior is normative, but excessive risk taking can 
have adverse effects. Risk taking behavior can be expressed in substance use, alcohol 
use or traffic related risks. Identifying relevant factors for risk taking behavior is an 
important step towards preventing excessive risk taking behavior. Proposed relevant 
factors are ventral striatum hyperactivity during adolescence (Galvan, 2007) and 
pubertal development (Collado, 2011). The measure for real-life risk taking behavior 
in this study was alcohol consumption. Alcohol consumption can be considered risky 
behavior due to the known adverse effects on health.  It is especially risky for young 
adolescents, not only for the presumed negative influence of alcohol on the developing 
brain, but also since alcohol consumption is illegal for those adolescents who have not 
yet reached the legal drinking age. 

In this chapter it was assessed whether self-reported alcohol use was related to 
neural responses to rewards during the fMRI gambling task and pubertal development. 
Expected was that those adolescents who showed higher neural responses to rewards 
during the fMRI task would also report higher alcohol use. In this study we again 
used longitudinal data, which allowed us to test cross-sectional relationships as well as 
predictive relationships between testosterone, neural responses to rewards and alcohol 
use. As hypothesized, we found that higher nucleus accumbens responses during the 
task were related to more alcohol use. Furthermore, testosterone levels were predictive 
of alcohol use. In other words, those participants who had relatively high levels of 
testosterone at the first time point, reported higher alcohol use at the second time point.  

Implications for the imbalance model
The imbalance model proposed by Somerville et al, (2011) describes an imbalance 

development of subcortical and cortical brain regions. Subcortical regions, regions 
involved in affective processing such as the ventral striatum, are thought to develop 
faster than the prefrontal regions, which are involved in executive functions. The 
interplay between the overactive subcortical regions and the not fully developed 
prefrontal cortex results in a drive towards rewards and risk taking. This model 
provides a framework to understand some of the changes observed in adolescence. 
One aspect that the model is not specific about is which factors might be driving 
the hyperactivation of the subcortical regions. The studies in this thesis were set out 
to test development of the ventral striatum and to refine the imbalance model by 
investigating which individual difference factors influence ventral striatum activation. 
The factors of interest were chronological age, pubertal development, personality and 
social context. 
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The first question concerned whether ventral striatum responses showed hypo- or 
hyperactivity during reward processing. The results described in this thesis show that 
neural responses to rewards are elevated during adolescence and that this response 
is specific to the nucleus accumbens, a primary reward area and part of the ventral 
striatum. The elevated nucleus accumbens response during adolescence is consistent 
with predictions from the imbalance model (Somerville et al, 2011). The next question 
was how individual differences in pubertal development and personality relate to 
individual differences in nucleus accumbens responses. Although the general trend 
is toward elevated responses during adolescence, nucleus accumbens responses show 
large individual differences. These differences are evident in both the absolute values 
of response at a certain time point as well as in the effects over time. In other words, 
cross-sectionally some children and adults show higher responses than adolescents, 
and longitudinally some children show an expected increase in their response over time 
whereas other show a decrease and vise versa in adulthood. Explaining this variation in 
nucleus accumbens responses was one of the focus points of this thesis. We investigated 
whether pubertal development (PDS and testosterone levels) and personality (BAS 
Drive) were related to nucleus accumbens responses. Results showed that participants 
with higher levels of testosterone, also exhibited higher nucleus accumbens responses 
to rewards. This same relationship was found between BAS Drive and the nucleus 
accumbens response. Lastly, we were interested in how the nucleus accumbens response 
changes as a function of context information. In previous studies it is shown that the 
nucleus accumbens flexibly responds to different reward magnitudes (Galvan, Hare, 
Parra, Penn, Voss, Glover, & Casey, 2006) and contexts (Fareri, Niznikiewicz, Lee, & 
Delgado, 2012). In the studies in this thesis different social contexts were used. Results 
showed that winning money for self results in different activation than winning money 
for a friend or disliked other. This means that contextual information is an important 
factor in nucleus accumbens responses to rewards. Taken together, the results in this 
thesis show that nucleus accumbens responses to rewards peak in adolescence, that 
there are large individual differences in the nucleus accumbens response, and that age, 
pubertal development, personality and social context influence nucleus accumbens 
response to rewards. These results can be used to refine the imbalance model. 

The imbalance model proposes hyperactivity of the nucleus accumbens in 
adolescence, but does not specify the conditions under which nucleus accumbens 
responses to rewards are hyperactive in adolescence. The studies in this thesis show 
that the nucleus accumbens is specifically active when winning money for self and 
a friend, rather than for a disliked other. However, only when winning for self does 
the nucleus accumbens peak in adolescence. This shows that the nucleus accumbens 
activation is related to motivation and that the imbalance model is only valid when 
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rewards are self-relevant. Furthermore, the imbalance model does not take personality 
differences into account. The studies in this thesis show that there are large individual 
differences in nucleus accumbens response and that these differences are related to 
personality factors. Besides the quadratic trajectory of development for the nucleus 
accumbens, resulting in a peak of activation in adolescence, the imbalance model 
proposes linear development of the prefrontal cortex. Although linear development of 
the pre-frontal cortex has been shown in a study investigating structural changes over 
development (Mills, Goddings, Clasen, Giedd, & Blakemore, 2014), this thesis shows 
that functional activation over development of the prefrontal areas can also show a 
non-linear, i.e. quadratic, developmental trajectory. In the medial pre-frontal cortex a 
quadratic pattern over development was observed for receiving outcomes for self, and 
when winning versus losing for an antagonist. Future studies are needed to investigate 
whether other areas of the pre-frontal cortex show non-linear development and under 
which conditions. 

Limitations and future directions
All studies in this thesis are based on a reward task in which participants could win 

and lose money. This task has been successful in showing responses in expected brain 
areas and these neural responses were related to individual differences. Furthermore, 
neural responses and individual difference variables were related to real life risk taking 
behavior. Importantly, in the current task no aspect of risk taking was included. The 
gamble at the beginning of the trial did not influence outcome probabilities and there 
was no option not to play, i.e. to pass. To get a handle on complex behavior, such as real 
life risk taking behavior, there are many merits of starting off with a simplified version 
of a task in which some ecological validity is traded off for high experimental control. 
Undeniably, real life situations are vastly different from such a paradigm. The factors 
identified in this research should be tested and validated in other, more ecologically 
valid, paradigms. These paradigms should include an aspect of risk, in which 
probabilities and levels of outcome are manipulated to capture risk taking behavior. 
Furthermore, behavior/outcome contingencies in real life are often ambiguous. The 
chances of getting into a car accident or getting caught by the police are not explicit. 
There is preliminary evidence that especially adolescents are differentially sensitive to 
varying levels of ambiguity (Tymula, Rosenberg Belmaker, Roy, Ruderman, Manson, 
Glimcher, & Levy, 2012): a notion that should be tested further in the future. 

On the far end of the spectrum between experimental control and ecological 
validity is real life risk taking behavior. A good way to capture real life behavior is to 
use an experience sampling method. In a study that uses this method, participants are 
prompted at random intervals throughout the day to answer a few short questions about 
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what they are doing and with whom. This provides an ecologically valid measure of 
participants’ behavior. Future studies could link these observations to other variables, 
such as age, puberty, personality and social context. 

In this thesis different factors that influence real life risk taking behavior were 
identified. At the neural level the main factor of interest was on the nucleus accumbens. 
The nucleus accumbens is an important brain region for reward processing. However, 
from connectivity and network analyses it is known that neural regions do no operate 
alone, but that the brain is a highly complex system in which different areas communicate 
with and influence each other.  One approach to measuring network connectivity is 
using a resting state functional connectivity approach. In such an approach participants 
are asked to lie still in the scanner for approximately ten minutes and they are instructed 
to just let their mind wander. Spontaneous connectivity between different brain 
areas is captured with a resting state approach. Studies have shown that resting state 
connectivity between affective regions and prefrontal regions is related to alcohol use 
in adolescents (Peters, Jolles, Van Duijvenvoorde, Crone, & Peper, 2015). New, cutting 
edge techniques, are being developed that will allow us not only to identify networks, 
but also to investigate the temporal dynamics of these networks. The first studies using 
this technique show that the brain cycles through different network states. In a certain 
network state some areas are highly connected with each other, which areas are highly 
connected varies per state (Hutchison & Morton, 2015). This new dynamic network 
analysis provides a promising new direction to understand how the brain is connected 
and how network connectivity is related to behavior. 

In the studies in this thesis, the influence of puberty was assessed with measures 
of pubertal status and testosterone levels. We showed an effect of baseline levels of 
testosterone on nucleus accumbens activation. However, the exact mechanism by 
which testosterone influences nucleus accumbens activity remains speculative. Effects 
of testosterone can both be slow and acute (Goetz et al., 2014). A slow effect is the 
organizing role in brain development of testosterone through a complex cascade of 
genomic effects, whereas an acute effect could be for instance the rise in testosterone 
in response to a threat or a sexual stimulus. In the studies described in this thesis, 
participants collected saliva at the beginning of the day, directly after waking up. This 
measurement captures baseline levels of testosterone. It is likely that baseline levels are 
related to slow effects of testosterone, such as structural brain reorganization. These 
changes in structure could then be reflected in brain function. This would explain 
why we found a relationship between nucleus accumbens activation at the second 
time point and alcohol use at the second time point. Acute effects of testosterone are 
presumably related to brain function. In testosterone administration studies, changes 
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in risk taking behavior (Van Honk et al., 2004) and nucleus accumbens activation were 
found (Hermans et al., 2010). Acute effects could be captured by measuring naturally 
fluctuating testosterone levels, which could be done by sampling testosterone levels in 
close proximity to the fMRI task. In such a way testosterone reactivity to the task would 
be measured. Higher testosterone reactivity during the task could be related to alcohol 
use. Future studies could focus on this hypothesis.

Personality was the last factor that was focused on. A relationship was found 
between the drive to obtain rewards and nucleus accumbens activation during the 
gambling task. However, personality is a very broad construct and does not only 
comprise a drive for rewards. Another factor that has been shown to influence risk 
taking is impulsivity (Peper, Mandl, Braams, de Water, Heijboer, Koolschijn, & Crone, 
2013). Those individuals who are more impulsive also take more risks on a risk taking 
task. Impulsivity is a multidimensional construct and comprises at least three factors: 
acting without thinking, impatience and sensation/novelty seeking (Robbins, Gillan, 
Smith, de Wit, & Ersche, 2012; van den Bos, Rodriguez, Schweitzer, & McClure, 2015). A 
recent study showed that of these three factors impatience was most related to adolescent 
specific impulsive behavior. Possibly impulsivity, or more specifically impatience, and a 
high drive for rewards interact. That is to say, if an individual has a high drive for reward 
and is highly impulsive (impatient), this combination may lead to risk taking behavior 
Future studies should investigate whether these two factors interact and how.

Peer influence was not a factor that was investigated in this thesis. However, 
adolescent risk taking behavior often occurs in groups and peers are an important 
influence on adolescent behavior. One of the first studies to test whether peer 
presence influenced risky decision making used a driving game in which participants 
encountered several stoplight and could decide whether they would run the yellow light 
and take a risk, or to stop (Chein et al., 2011; Gardner & Steinberg, 2005). Adolescent 
participants showed increased risky decisions when peers were present. This effect has 
now been replicated in several other studies (O’Brien, Albert, Chein, & Steinberg, 2011; 
Smith, Halari, Giampetro, Brammer, & Rubia, 2011; Weigard, Chein, Albert, Smith, 
& Steinberg, 2014). Exciting new research has shown that peers do not only have a 
negative influence on adolescent behavior, but that peers who favor a pro-social attitude 
can trigger pro-social behavior in adolescents (Van Hoorn, Van Dijk, Meuwese, Rieffe 
& Crone, 2014). This shows that peer influence is situational and that adolescents can 
flexibly adapt to the peer norms. A crucial question concerns the mechanism behind 
this effect. In other words, which properties of a peer influence behavior? Future studies 
could focus on whether personality, i.e. risk taking or risk averse, and other variables 
such as age and sex are important for this effect. 
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Conclusions
Taken together, the studies in this thesis show that neural responses to rewards in the 

striatum are elevated during adolescence. This response is influenced by chronological 
age, pubertal development, personality and the social context. Importantly, the 
striatum response to rewards is related to real life risk taking behavior and therefore 
has functional relevance. The results of this thesis provide vital insight in the complex 
relationship between reward processing and real life risk taking behavior. Some amount 
of risk taking in adolescence is normative and should not be problematized. However, 
some health compromising behaviors that find their onset in adolescence may become 
lifelong habits. Understanding which factors may lead to excessive risk taking in 
adolescence could help prevent adverse effects of this behavior in adulthood. 
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Inleiding
De adolescentie is de overgangsfase van de kindertijd naar de volwassenheid en 

wordt gekenmerkt door veranderingen op het fysieke, cognitieve en sociaal-emotionele 
vlak. Eén van de aspecten die de adolescentie kenmerkt is een toename in risicogedrag. 
Onder risicogedrag wordt gedrag verstaan dat mogelijke negatieve gevolgen heeft, 
bijvoorbeeld het drinken van grote hoeveelheden alcohol en te hard rijden. Een bepaalde 
mate van risico nemen in de adolescentie is gebruikelijk, maar excessief risicogedrag 
kan schadelijke effecten hebben. 

De start van de puberteit markeert de start van de adolescentie. Voor meisjes 
start de puberteit op ongeveer 10-11 jarige leeftijd en voor jongens iets later. Tijdens 
de puberteit vinden lichamelijke en sociaal-emotionele veranderingen plaats. De 
lichamelijke veranderingen worden aangestuurd door een toename in testosteron- 
en oestrogeenspiegels. Op ongeveer 15-16 jarige leeftijd start de tweede fase van de 
adolescentie en deze duurt tot ongeveer 21-22 jaar. Een belangrijk doel tijdens deze 
tweede fase is het verwerven van zelfstandigheid. De focus van de studies die in dit 
proefschrift beschreven worden is gericht op de toename van risicogedrag tijdens de 
adolescentie. Het doel van dit proefschrift is om individuele verschilvariabelen die 
gerelateerd zijn aan risicogedrag te identificeren. Op deze manier kan meer inzicht 
worden verkregen in welke adolescenten een verhoogde kans hebben om excessief 
risico gedrag te (gaan) vertonen. 

Om de toename van risicogedrag tijdens de adolescentie te verklaren is een 
aantal modellen voorgesteld. Het model dat de meest expliciete voorspellingen over 
risicogedrag maakt is het ‘imbalance’ model. Het imbalance model verklaart de 
toename in risicogedrag tijdens de adolescentie als gevolg van een discrepantie in 
de ontwikkelingssnelheid van twee hersengebieden: het ventraal striatum, hetgeen 
geassocieerd wordt met beloningsverwerking en de prefrontale cortex, een gebied 
dat in verband wordt gebracht met executieve functies zoals het remmen van gedrag. 
Volgens het imbalance model ontwikkelt het ventraal striatum zich sneller dan de 
prefrontale cortex. De discrepantie in de ontwikkeling van deze twee gebieden is 
het grootst tijdens de adolescentie, hetgeen de toename in risicogedrag tijdens deze 
levensfase kan verklaren. 

Studies waarin dit model is getest maken veelal gebruik van functionele 
kernspintomografie (functional Magnetic Resonance Imaging, fMRI). Deze veilige en 
non-invasieve techniek maakt gebruik van een verschil in gedrag van zuurstofrijk en 
zuurstofarm bloed in een magnetisch veld. In actieve hersengebieden wordt zuurstof 
verbruikt waardoor de verhouding zuurstofrijk/zuurstofarm bloed verandert, deze 
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verandering wordt gemeten als een verstoring in het magnetische veld en met behulp 
van computertechnieken zichtbaar gemaakt. In de meeste fMRI studies doen de 
deelnemers een taak waarbij ze een beloning kunnen ontvangen, bijvoorbeeld punten 
of een geldbedrag. Een consequente bevinding in dit type studies is de betrokkenheid 
van het ventraal striatum bij de verwerking van beloningen. Er is echter geen consensus 
over de specificiteit van de striatum respons in de adolescentie. Sommige studies 
vinden hogere activiteit van het striatum, hetgeen overeenkomt met het imbalance 
model, terwijl andere studies juist een lagere activiteit van het striatum vinden. Deze 
verschillen in uitkomst kunnen het gevolg zijn van het gebruik van relatief kleine 
onderzoeksgroepen en verschillen in de gebruikte taken. Eén van de doelen van dit 
proefschrift is om te onderzoeken of de striatumactiviteit in reactie op het krijgen 
van een beloning tijdens de adolescentie verhoogd of verlaagd is ten opzichte van de 
kindertijd en volwassenheid. 

Ondanks dat het imbalance model een goed startpunt biedt, schiet het model op 
een aantal vlakken tekort. Het model voorspelt bijvoorbeeld niet welke individuele 
verschillen ten grondslag zouden kunnen liggen aan de verhoogde striatumactiviteit 
in de adolescentie. Eén van de doelen van dit proefschrift is om meer inzicht te krijgen 
in welke individuele verschillen een verband hebben met de ventraal striatumactiviteit. 
In dit proefschrift is de invloed van de puberteit, hormoonspiegels, persoonlijkheid en 
sociale context onderzocht. Deze factoren worden hieronder kort belicht.

De puberteit wordt gekarakteriseerd door de ontwikkeling van secundaire 
geslachtskenmerken, veranderingen in gedrag en snelle groei. De puberteit leidt 
uiteindelijk tot geslachtsrijpheid. Puberteitsontwikkeling wordt aangestuurd door 
activatie van de hypothalamus-hypofyse-bijnier-as (hypothalamic-pituitary-adrenal; 
HPA as) en de hypothalamische-hypofysaire-gonadale-as (hypothalamic-pituitary-
gonadal; HPG-as). De HPG-as zorgt bij jongens en meisjes voor aanmaak van 
testosteron en oestrogeen. Het niveau van testosteron is over het algemeen hoger bij 
jongens dan bij meisjes, voor oestrogeen is dit andersom. Testosteron en oestrogeen 
hebben een effect op het brein via de androgeen receptoren. Wanneer androgenen 
binden aan een androgeen receptor zorgen veranderingen in de receptor ervoor dat 
het neuron actiever wordt. 

Eerdere studies laten een effect van testosteron op risicogedrag zien. Toediening 
van een kleine dosis testosteron zorgde er bij jonge vrouwen voor dat zij meer risico 
namen tijdens een goktaak (Van Honk, Schutter et al., 2004). Ook zorgde toediening van 
testosteron voor verhoogde activiteit in het ventraal striatum (Hermans et al., 2010). De 
toename in testosteron tijdens de puberteit is vele malen groter dan de toegediende dosis 

35773 Braams.indd   159 07-10-15   18:36



160

in deze studies. Het is dan ook te verwachten dat risicogedrag en de ventraal striatum 
activiteit tijdens de puberteit gerelateerd zijn aan de testosteronspiegel. Een studie van 
Op de Macks en collega’s (2011) heeft inderdaad een verband aangetoond tussen striatum 
activatie en de testosteronspiegel. Wat het precieze verband is tussen de testosteronspiegel 
en de activiteit in het ventraal striatum is echter grotendeels onbekend. Eén van de 
hoofddoelen van dit proefschrift is om meer inzicht te verkrijgen in deze relatie.

Naast puberteit is sociale context een belangrijke factor voor risicogedrag tijdens 
de adolescentie. Tijdens de adolescentie worden vriendschappen steeds belangrijker 
(Dahl, 2004) en veel risicogedrag vindt plaats wanneer adolescenten met vrienden 
samen zijn (Steinberg, 2004). Echter, wanneer risicogedrag onderzocht wordt in 
het lab zijn adolescenten vaak alleen en niet samen met hun vrienden. De toename 
in risicogedrag die jongeren in het echte leven laten zien wordt hierdoor niet altijd 
gevonden in een labsetting. De invloed van sociale factoren op risicogedrag is een 
nieuwe lijn van onderzoek met veelbelovende resultaten. 

De eerste studie waarin de invloed van sociale factoren op risicogedrag is 
onderzocht is een studie van Chein en collega’s (2011). In deze studie deden de 
deelnemers een soort computerspelletje waarbij ze zo snel mogelijk van het startpunt 
naar het eindpunt moesten rijden. Onderweg kwamen ze een aantal kruispunten 
tegen en op sommige van die kruispunten sprong het stoplicht net op oranje als ze aan 
kwamen rijden. De deelnemer kon dan kiezen om door te rijden en daarmee tijdswinst 
te behalen met het risico op een crash, of om te stoppen en daarmee een paar seconden 
vertraging op te lopen. De deelnemers lagen in de scanner tijdens de taak en zo kon 
de hersenactivatie tijdens het nemen van een risicovolle beslissing, doorrijden of niet, 
onderzocht worden. Om de invloed van de sociale context te onderzoeken hadden alle 
deelnemers een vriend naar het onderzoek meegenomen. In de ene conditie deden de 
deelnemers de taak alleen, in de andere conditie keek de vriend mee. De onderzoekers 
vonden bij jongeren een hogere ventraal striatum activiteit dan bij jong volwassenen 
en volwassenen en dat dit met name het geval was wanneer een vriend meekeek. 
Dit resultaat is onlangs verder onderzocht in een aantal andere studies (Smith et al., 
2014; O’Brien et al., 2014; Weigard et al., 2014). In al deze studies wordt gevonden dat 
jongeren meer risico nemen wanneer ze geobserveerd worden door een vriend tijdens 
het nemen van risicovolle beslissingen. Hoewel uit deze studies blijkt dat de sociale 
context een invloed heeft op risicogedrag is het nog niet precies bekend welke aspecten 
van de sociale context invloed hebben. Een belangrijke vraag is of alleen het denken aan 
een vriend voldoende is om dit effect teweeg te brengen. Deze vraag is een focuspunt 
van dit proefschrift. 
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Zoals eerder aangegeven is de adolescentie een levensfase die gekarakteriseerd 
wordt door een toename van risicogedrag. Risico nemen hoort bij de adolescentie en 
wordt gezien als een normale verandering die belangrijk is voor het ontdekken van 
de omgeving. In sommige situaties kan risicogedrag echter nadelige gevolgen hebben 
voor de gezondheid, bijvoorbeeld in het geval van alcohol misbruik. Onderzoek naar 
risicogedrag bij jongeren in het lab is erop gericht om beter te begrijpen en mogelijk te 
voorspellen welke jongeren excessief risicogedrag (zullen gaan) vertonen. 

 
Doelen van dit proefschrift 

Samengevat, risicogedrag in de adolescentie is een belangrijk onderwerp voor 
onderzoek vanwege de potentiële gevolgen voor de gezondheid. In de adolescentie 
vinden grote veranderingen plaats in hormoonspiegels, breinfunctie en de sociale 
omgeving. In eerdere studies zijn deze veranderingen en de relatie met risicogedrag 
onderzocht, hierbij zijn belangrijke resultaten geboekt. Echter, een aantal grote vragen 
is tot op heden onbeantwoord gebleven. De eerste vraag is of striatumactiviteit tijdens 
de adolescentie verhoogd of juist verlaagd is ten opzichte van de kindertijd en de 
volwassenheid. In de studies in dit proefschrift testen we dit en onderzoeken we hoe 
testosteronspiegels samenhangen met de striatumactiviteit. De tweede vraag betreft de 
invloed van sociale context. Vrienden hebben een invloed op striatumactiviteit, maar 
welke aspecten van sociale context hierbij precies belangrijk zijn blijft onduidelijk. In 
dit proefschrift onderzoeken we of denken aan een vriend dezelfde invloed heeft als 
bekeken worden door een vriend. De laatste vraag is hoe de veranderingen in leeftijd, 
puberteit en sociale context zich verhouden tot risicogedrag in het echte leven. 

Om optimaal onderscheid te kunnen maken tussen veranderingen binnen een 
individuele proefpersoon en tussen proefpersonen onderling is voor alle studies 
in dit proefschrift data gebruikt die zijn verzameld tijdens een groot, longitudinaal 
onderzoek. Aan dit onderzoek, Braintime, hebben 299 deelnemers tussen de 8-27 jaar 
meegedaan. Alle deelnemers zijn twee keer gemeten met een tussenpauze van twee 
jaar. Op beide meetmomenten, of tijdspunten, hebben de proefpersonen dezelfde 
taken gedaan. Eén van deze taken was een goktaak die speciaal ontwikkeld is voor dit 
proefschrift. De goktaak is zo gemaakt dat er onderscheid gemaakt kon worden tussen 
de sociale context en neurale responsen op beloningen. Bij de instructie van deze taak 
werd de deelnemers verteld dat de computer een muntje op zou gooien, als ze correct 
voorspelden of het kop of munt werd, wonnen ze geld. Om de effecten van de sociale 
context te onderzoeken speelden de deelnemers niet alleen voor zichzelf, maar ook 
voor hun beste vriend en voor iemand anders. 

35773 Braams.indd   161 07-10-15   18:36



162

Samenvatting van de resultaten 
In hoofdstuk 2 worden de resultaten beschreven van een studie waarbij jong 

volwassenen tussen de 18-25 jaar de goktaak in de scanner hebben uitgevoerd. De 
resultaten laten een discrepantie zien tussen informatieverwerking over beloningen en 
de sociale context. Informatie over de beloning werd verwerkt in het ventraal striatum 
terwijl informatie over de sociale context verwerkt werd in de temporaal-pariëtale 
junctie (TPJ), de precuneus en de mediale prefrontale cortex (mPFC). Al deze gebieden 
behoren tot een netwerk dat ook wel het ‘sociale brein netwerk’ genoemd wordt. Dit is 
een netwerk dat actief wordt wanneer deelnemers een taak met een sociale component 
uitvoeren, bijvoorbeeld door na te denken over de intentie van een ander. In deze 
studie hebben we ook getest of er neurale gebieden waren die zowel informatie over 
de beloning als informatie over de sociale context verwerkten, in andere woorden: 
gebieden die een interactie tussen beloningsinformatie en sociale context lieten zien. 
Het enige gebied dat een interactie liet zien was het ventraal striatum. Deze resultaten 
laten zien dat striatumactiviteit afhankelijk is van de sociale context. De volgende 
stap was om te onderzoeken of bij kinderen en jongeren dezelfde neurale gebieden 
geactiveerd worden en of er patronen in de activatie van deze gebieden te ontdekken 
zijn die gerelateerd zijn aan leeftijd. 

In hoofdstuk 3 worden de resultaten beschreven van een studie waarin een 
grote groep van 299 kinderen, jongeren en jong volwassenen tussen de 8 en 25 jaar 
dezelfde goktaak hebben uitgevoerd. In deze studie worden de resultaten die eerder 
in de groep jong volwassenen waren gevonden gerepliceerd. Weer gaven de resultaten 
aan dat informatie over de sociale context activatie in de sociale breingebieden 
teweeg bracht en beloningsinformatie activatie in het ventraal striatum. De centrale 
vraag in dit hoofdstuk is welke gebieden leeftijdsgebonden veranderingen laten zien. 
Om dit te testen werd een kwadratische regressie uitgevoerd. Met een kwadratische 
regressie kunnen neurale gebieden worden geïdentificeerd die actiever zijn tijdens de 
adolescentie dan in de kindertijd en de volwassenheid. Deze analyse is gedaan per 
sociale context, dus eenmaal voor het spelen voor zichzelf, eenmaal voor het spelen 
voor hun beste vriend en eenmaal voor het spelen voor een ander. Het ventraal striatum 
liet een piek in activiteit zien tijdens de adolescentie. Echter, het striatum was alleen 
overactief wanneer deelnemers voor zichzelf speelden. Tijdens de adolescentie was 
het striatum niet overactief wanneer deelnemers voor een vriend of voor een ander 
speelden. Dit geeft aan dat het striatum niet altijd overactief is, maar dat dit afhangt 
van de sociale context waarin beloningen ontvangen worden. 

In hoofdstuk 4 is de striatumactiviteit wanneer deelnemers geld wonnen en 
verloren voor zichzelf, verder onderzocht. De hoofdvraag in dit hoofdstuk is welke 
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factoren, naast leeftijd, invloed hadden op de activiteit van het striatum. De factoren, 
ook wel individuele verschilvariabelen genoemd, die we onderzochten zijn: puberteit, 
testosteronspiegel en persoonlijkheid. Om veranderingen over de tijd in individuele 
verschilvariabelen optimaal te kunnen onderzoeken is in dit hoofdstuk gebruik gemaakt 
van longitudinale data. In een longitudinale studie worden deelnemers meerdere malen 
met een bepaalde tussenpose gemeten met dezelfde meetinstrumenten. Veranderingen 
over de tijd kunnen zo in kaart gebracht worden en er kan onderzocht worden hoe 
veranderingen in deze variabelen onderling samenhangen. De eerste stap was om de 
overactiviteit van het striatum, een resultaat dat in hoofdstuk 3 beschreven wordt 
voor het cross-sectionele sample, te repliceren in het longitudinale sample. Ook in 
het longitudinale sample zagen we overactiviteit van het striatum en we toonden 
aan dat deze overactiviteit specifiek is voor de nucleus accumbens, een onderdeel 
van het ventraal striatum. De nucleus accumbens activiteit hing samen met de 
testosteronspiegel en met de hoeveelheid moeite die deelnemers op een vragenlijst 
aangaven te willen doen om een beloning te krijgen. Voor allebei deze variabelen gold 
dat er een positieve relatie met nucleus accumbens activatie was, in andere woorden, 
hoe hoger de testosteronspiegel en hoe meer moeite deelnemers wilden doen voor een 
beloning, hoe sterker de activatie in de nucleus accumbens wanneer ze geld wonnen. 
Deze verbanden waren in de cross-sectionele studie niet gevonden, hetgeen het belang 
van longitudinale studies onderstreept. 

In hoofdstuk 5 worden longitudinale veranderingen in sociale brein gebieden 
beschreven. Sociale ontwikkeling is één van de belangrijke ontwikkelingen tijdens 
de adolescentie. De sociale omgeving van de adolescent verandert waarbij vrienden 
belangrijker en vriendschappen intiemer en complexer worden (Rubin et al., 2008). 
Gelijktijdig met de verandering in sociale omgeving en veranderingen in sociale 
vaardigheden vinden veranderingen in het brein plaats. In dit hoofdstuk waren we 
specifiek geïnteresseerd in de ontwikkeling van de sociale breingebieden. Deelnemers 
speelden dezelfde goktaak zoals gebruikt in de studies die beschreven zijn in de 
eerdere hoofdstukken. We onderzochten verschillen in neurale activatie in sociale 
breingebieden wanneer deelnemers voor hun vriend of voor zichzelf speelden. Het 
resultaat was dat wanneer deelnemers voor hun vriend spelen de sociale breingebieden 
geactiveerd worden, deze activatie vonden we bij alle leeftijden. Echter, er waren ook 
specifieke leeftijdspatronen in deze gebieden. Des te ouder de deelnemers waren, 
hoe minder groot het verschil in activatie in de sociale breingebieden was wanneer 
deelnemers voor hun vriend of voor zichzelf speelden. 

In hoofdstuk 6 beschrijven we de resultaten van een studie naar de relatie tussen 
de testosteronspiegel, nucleus accumbens respons op beloningen en risicogedrag in het 

35773 Braams.indd   163 07-10-15   18:36



164

echte leven, waarbij vooral gekeken wordt naar alcoholgebruik. Alcoholgebruik wordt 
gezien als risicovol gedrag door de nadelige effecten voor de gezondheid. Met name 
tijdens de adolescentie is alcoholgebruik risicovol door de veronderstelde effecten 
op de breinontwikkeling. In dit hoofdstuk onderzochten we of zelf-gerapporteerd 
alcoholgebruik samenhing met het testosteron gehalte en nucleus accumbens 
activatie. De verwachting was dat deelnemers met hogere testosteronspiegels en 
nucleus accumbens activatie tijdens het winnen van geld, ook degenen zouden zijn die 
meer alcohol drinken. Ook in deze studie maakten we gebruik van longitudinale data 
waardoor niet alleen de relatie tussen de variabelen op een bepaald tijdstip onderzocht 
kon worden, maar ook of de variabelen een voorspellende waarde hebben voor 
alcoholgebruik twee jaar later. We vonden dat nucleus accumbens activatie samenhing 
met alcoholgebruik en het effect was in de verwachte richting, namelijk dat de jongeren 
die hogere nucleus accumbens activatie bij het winnen van geld lieten zien ook degenen 
waren die rapporteerden dat ze meer alcohol dronken. Voor testosteron vonden we 
dit verband niet, maar we vonden wel dat testosteronspiegels van twee jaar eerder 
voorspelden welke jongeren twee jaar later meer alcohol zouden drinken.

In hoofdstuk 7 worden de implicaties voor het imbalance model besproken. 
Het imbalance model van Somerville en collega’s (2011) beschrijft een discrepantie 
in de ontwikkelingssnelheid van het ventraal striatum en de prefrontale cortex. Deze 
discrepantie zorgt voor een voorkeur voor het nemen van risico’s tijdens de adolescentie. 
Dit model is een uitstekend startpunt gebleken van waaruit de resultaten van studies 
naar de neurale correlaten van risicogedrag verklaard konden worden. Het model doet 
echter geen voorspellingen over waarom ventraal striatumactiviteit in de adolescentie 
verhoogd is. In dit proefschrift laten we zien dat leeftijd, puberteit, testosteronspiegel 
en persoonlijkheid van invloed zijn op de nucleus accumbens respons op het krijgen 
van een beloning. Deze nieuwe kennis kunnen we gebruiken om het model van 
Somerville te verfijnen. De resultaten van de studies in dit proefschrift geven aan dat 
het ventraal striatum alleen overactief is tijdens de adolescentie wanneer de beloning 
voor de deelnemer zelf is en niet wanneer de beloning voor een ander is. Dit betekent 
dat het imbalance model alleen valide is wanneer beloningen zelfgerelateerd zijn. Ook 
laten de studies in dit proefschrift zien dat er grote individuele verschillen zijn in de 
mate van activiteit van het ventraal striatum wanneer een beloning wordt gekregen. 
Deze individuele verschillen zijn deels gerelateerd aan persoonlijkheid. Het imbalance 
model beschrijft een lineaire ontwikkeling van de prefrontale cortex. De studies in dit 
proefschrift laten zien dat in sommige gevallen sprake is van non-lineaire ontwikkeling, 
namelijk verhoogde activiteit van de prefrontale cortex tijdens de adolescentie. 
Toekomstige studies zijn nodig om te onderzoeken welke prefrontale gebieden non-
lineaire ontwikkeling laten zien en onder welke condities. 
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Suggesties voor vervolgonderzoek
Ondanks dat de resultaten van dit proefschrift laten zien dat de variabelen 

die onderzocht zijn een effect hebben op risicogedrag, is het nog niet mogelijk om te 
voorspellen welke jongeren risicovol gedrag zullen gaan vertonen en welke jongeren 
niet. Vervolgonderzoek is nodig om meer variabelen te identificeren en te onderzoeken 
wat hun invloed is. Op het breinniveau zouden vervolgstudies kunnen onderzoeken hoe 
connecties tussen verschillende hersengebieden risicogedrag beïnvloeden. Een andere 
belangrijke factor die verder onderzocht moet worden is de invloed van leeftijdsgenoten 
op risicogedrag. Veel risicogedrag vindt plaats wanneer adolescenten met leeftijdsgenoten 
samen zijn, maar het is niet bekend welke factoren hierin precies meespelen. Recent 
onderzoek laat zien dat de invloed van leeftijdsgenoten niet alleen negatief is, in de zin van 
dat er meer risicogedrag vertoond wordt, maar dat de invloed ook positief kan zijn, in de zin 
van meer pro-sociaal gedrag (Van Hoorn et al., 2014). Wellicht zou sociale beïnvloeding een 
krachtig mechanisme kunnen zijn om invloed uit te oefenen op risicogedrag bij jongeren. 

Conclusies
De resultaten van de studies in dit proefschrift geven aan dat de neurale respons 

bij het verkrijgen van een beloning verhoogd is tijdens de adolescentie. Deze respons 
wordt beïnvloed door leeftijd, puberteit, persoonlijkheid en sociale context. De 
striatum respons is gerelateerd aan risicogedrag in het echte leven. Deze resultaten 
geven inzicht in de complexe relatie tussen beloningsverwerking in de hersenen en 
risicovol gedrag in het echte leven. Een bepaald niveau van risicogedrag tijdens de 
adolescentie is gebruikelijk en hoeft geen probleem te vormen. Echter, bepaald gedrag 
tijdens de adolescentie met nadelige gevolgen voor de gezondheid kan uitmonden in 
een levenslange ongezonde gewoonte. Inzicht in welke factoren aan de basis liggen van 
excessief risicogedrag tijdens de adolescentie kan bijdragen aan het voorkomen van 
nadelige effecten op de gezondheid tijdens de volwassenheid. 
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