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1.1 General introduction
Social relationships are vitally important in human life. People are strongly motivated to 
be included by others and to establish a sense of belonging. Although social rejection is a 
distressing experience across the life span (Baumeister & Leary, 1995), the distress of peer 
rejection is believed to be particularly high during adolescence (Kloep, 1999; Sebastian 
et al., 2010a). During the transition into adolescence there is an increased importance 
of peer relationships, and adolescents become more self-conscious and sensitive to the 
opinions of others (Steinberg, 2005). Furthermore, adolescence is characterized by a 
continuing development of social perspective taking skills and theory of mind processes 
(Blakemore, 2008; Dumontheil et al., 2010; Van den Bos et al., 2009). Recently, these 
changes in social behavior have been increasingly linked to the protracted structural and 
functional development of the adolescent brain (e.g., Blakemore, 2008; Nelson et al., 
2005). The main aim of this thesis is to gain more insight in the heightened emotional 
sensitivity to peer rejection during adolescence, vis-à-vis developmental changes in neural 
and autonomic responses. In addition, this thesis describes a study on developmental 
differences in neural responses associated with mental state attribution, which is a vital 
skill for social interactions. 

In this chapter, a theoretical background will be given of the empirical studies 
that are presented in this thesis. First, changes in social behavior that take place during 
adolescence and the heightened sensitivity to peer rejection in that period will be discussed, 
followed by a short overview of literature on adolescent brain development. Finally, the 
neural substrates involved in social rejection and mentalizing will be reviewed, as well as 
literature on developmental differences. 

1.2 Moving into adolescence 
Social re-orientation 
As children move into adolescence, they face an important set of physical, cognitive, 
emotional, social, and biological changes (e.g., Spear, 2000; Steinberg, 2005).  Adolescence 
is typically defined as the period between the onset of puberty and the attainment of adult 
roles and responsibilities in society (Forbes & Dahl, 2010). As such, the beginning of 
adolescence is marked by changes in physical appearance, that are triggered under the 
influence of gonadal hormones. The age at which puberty begins varies strongly between 
individuals, but pubertal onset generally occurs between the ages 10 and 12 in girls, and 
between 12 and 15 in boys (Baird, 2007). The end of adolescence is more difficult to 
define and is marked by psychological and social variables, which may continue well until 
the early twenties (Choudhury, 2010). Importantly, the transition period of adolescence is 
thought to be a unique period in life characterized by a wide range of changes in behavior 
and appearance, together with an ongoing maturation of the brain (e.g., Blakemore, 2008; 
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Casey et al., 2010; Steinberg, 2005). 
One of the most apparent changes of adolescent behavior involve changes in the 

social domain. The transition from childhood to adolescence co-occurs with a shift in social 
orientation from parents to peers (Larson & Richards, 1991; Steinberg & Morris, 2001). 
Adolescents spend increasingly more time with their peers, seeking independence from 
their parents. The heightened importance of peers is further characterized by qualitative 
changes in peer relationships; adolescents increasingly describe their friendships in terms 
of trust, intimacy, closeness, and emotional support, replacing their parents as primary 
attachment figures (Berndt, 2002; Hartup, 1996; Marsh et al., 2006). In the light of this 
process of social re-orientation, it has been argued that adolescents show an enhanced 
sensitivity to social cues from peers (e.g., Forbes & Dahl, 2010; Nelson et al., 2005). 

Sensitivity to peer rejection
Being included and accepted by peers is a primary goal among adolescents. In particular, 
adolescence is believed to be a developmental period in life characterized by a heightened 
sensitivity to peer rejection (e.g., Kloep, 1999; Nelson et al., 2005; Sebastian et al., 
2010a). Social integration into the peer network is proposed to be essential for a healthy 
development of teenagers. However, not all adolescents manage to form friendships and 
some are rejected by their peers. The negative impact of social rejection on emotional 
well-being is well documented; adolescents who are rejected by their peers tend to be at 
a greater risk for developing internalizing or externalizing problems (Deater-Deckhard, 
2001; Dodge et al., 2003; Nolan et al., 2003; Rigby, 2000). This underlines the need for 
a greater understanding of the heightened emotional sensitivity to peer rejection during 
adolescence. Possibly, the negative impact of social rejection by peers is especially potent 
during adolescence because of the increased importance of peer interactions.

To date, evidence in support of a heightened sensitivity to peer rejection and 
acceptance in adolescence comes largely from self-report studies assessing attitudes 
and concerns about peer relationships in daily life. The results of these studies suggest 
that concerns about peer evaluation typically increase during late childhood, rising into 
adolescence, followed by a decline into adulthood. In addition, it has been reported that peer 
rejection is especially salient in adolescent girls (e.g., Kloep, 1999; Larson & Richards, 
1991; O’Brien & Bierman, 1988). Recently, the emotional impact of social rejection has 
been increasingly studied using self-report ratings of distress in response to laboratory 
manipulations. An advantage of these laboratory studies is that it enables the study of 
immediate affective responses to social rejection, which is usually elicited by short-term 
rejection from strangers. Similar to experimental research in adults, social rejection has 
been shown to evoke strong negative affect in children and adolescents, but few of these 
studies tested for developmental differences (e.g., Nesdale & Lambert, 2007; Reijntjes et 
al., 2006a, 2006b, 2010; Sebastian et al., 2010a, 2011). A recent study by Sebastian et al. 
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(2010a) was the first showing a heightened sensitivity to social rejection in adolescents 
in an experimental context. In this study, adolescent females reported greater affective 
distress compared to adult females after experimentally induced social rejection. Yet, 
more experimental research is required to assess the affective impact of social rejection 
by peers, and to test whether adolescents are more sensitive to social rejection relative to 
adjacent developmental stages (i.e., children and adults). 

In addition to the increased importance of peer relationships during adolescence, 
the heightened sensitivity to peer acceptance and rejection could be related to changes in 
self-awareness and perspective taking. As cognitive abilities increase, teenagers become 
more capable of abstract, multidimensional, and hypothetical thinking (Steinberg, 2005). 
These improvements in cognition enable adolescents to become more aware of their 
own thoughts and behavior, and to realize that others have the capacity to evaluate them 
(Choudhury et al., 2006; Muris et al., 2002; Sebastian et al., 2008). Indeed, adolescence 
is believed to be a time of increased self-consciousness and sensitivity to the opinions of 
others (e.g., Steinberg, 2005; Westenberg et al., 2007). Elkind’s (1967) theoretical model 
of adolescent egocentrism proposed that adolescents have a high tendency to think that 
others are constantly watching and evaluating them, which is known as the ‘imaginary 
audience’. The rise and fall of this adolescent egocentrism have been linked to Selman’s 
(1989) stages of social perspective taking (see Baird, 2007). According to this theory, 
perspective taking skills of early adolescents (ages 10-15) are characterized by the ability 
to consider the perspectives of the self and other simultaneously from a third-party 
perspective, which may explain the heightened self-consciousness associated with the 
‘imaginary audience’. This ability differs from the preceding stage of perspective taking 
(ages 7-12) that is limited to sequentially considering one perspective at a time. The adult 
stage of perspective taking (from 14-adulthood) is believed to reduce self-consciousness, 
since individuals become better able to see the self within the context of multiple third-
party perspectives.

The main aim of this thesis is to gain more insight in the neurobiological 
mechanisms underlying the heightened sensitivity to peer rejection during adolescence. 
In particular, this thesis describes a set of studies using functional neuroimaging and heart 
rate measurements. The advantage of these measures is that they can provide insight 
into processes that underlie the experience of peer rejection, instead of subjective ratings 
of distress that are typically assessed after a social rejection manipulation and could 
suffer from demand characteristics. An important assumption is that adolescent brain 
development may have an impact on social and emotional information processing that 
could potentially bias adolescents towards a heightened sensitivity to peer rejection. In 
the next section, an overview will be presented on adolescent brain development. 
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1.3 The developing brain 
The adolescent brain is believed to undergo major structural and functional developmental 
changes that continue into early adulthood. This section starts with an overview of 
structural brain changes that take place during adolescence. Next, several theoretical 
models will be introduced discussing how functional brain development can contribute to 
developmental changes in social and emotional behavior. 

Structural brain development 
In the last decades, great progress has been made in understanding the structural brain 
development in normally developing children and adolescents, especially since the rise of 
magnetic resonance imaging (MRI). Results of these studies improved our understanding 
of earlier findings about brain development based on post-mortem studies. In particular, 
post-mortem studies reported two main processes at the cellular level that are characteristic 
for the developing brain; i) changes in synaptic density, and ii) axonal myelination. In more 
detail, developmental changes in synaptic density appear to follow a general pattern of 
synaptogenesis (formation of new synapses), followed by synaptic pruning (elimination 
of synapses), in such a way that the child brain has more connections between neurons 
compared to the adult brain (Huttenlocher, 1979). In addition, there is evidence suggesting 
that the peak in synaptic density may come at different times in different regions, with the 
prefrontal cortex as one of the latest regions to show this peak in the number of synapses 
(Huttenlocher & Dabholkar, 1997). Further, post-mortem studies pointed to the expansion 
of myelin (i.e., insulating fatty sheaths) around the axons of developing neurons that 
persists into adolescence, which is known as myelination (Huttenlocher, 1990; Yakovlev 
et al., 1967). Importantly, both cellular processes are believed to result in more efficient 
information processing, respectively by the fine-tuning of neural networks and the loss of 
inefficient connections, and by the increase of processing speed (see Blakemore, 2008; 
Blakemore & Choudhury, 2006). 

Non-invasive neuroimaging techniques, including MRI, made it possible to 
examine changes in brain structure in more detail in vivo developing populations. Structural 
MRI studies mainly focused on developmental changes in grey (cell bodies, synapses, 
unmyelinated axons) and white matter (myelinated axons) of the brain. Changes in grey 
matter are believed to be a marker of the pattern of developmental changes in synaptic 
density, and tend to be non-linear and region-specific. That is, the general pattern of grey 
matter volume follows an inverted U-shaped course, first increasing and then decreasing 
(e.g., Giedd et al., 1999; Paus, 2005). Further, studies have shown that the peak volume 
occurs at different ages in different lobes. The first areas to mature are those associated with 
more basic functions, including the somatosensory and visual cortices. Areas involved 
in higher-order cognitive processes and social reasoning continue to mature well into 
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adolescence, with the latest changes observed in the frontal, parietal, and temporal lobes 
(e.g., Giedd et al., 1999; Gogtay et al., 2004; Sowell et al., 2003; 2004). White matter 
maturation on the other hand appears to follow a more linear pattern of development from 
childhood into adulthood, showing an increase in white matter volume and density with 
age. While there is some inconsistency in the literature on region-specific changes, the 
increase in white matter volume in the prefrontal cortex seems to be a consistent finding 
(e.g., Østby et al., 2009; Paus et al., 1999; Sowell et al., 1999). Maturation of white matter 
is associated with an increase in axonal myelination (see Blakemore & Choudhury, 2006). 

Despite the broad consensus of decreases in grey matter and increases in white 
matter volume during childhood and adolescence, some studies hint towards a more 
nuanced picture of structural changes. For instance, it has been reported that different 
brain regions could be characterized by distinct developmental trajectories (i.e., linear, 
quadratic, cubic), showing a peak in cortical thickness at different ages (Shaw et al., 2008). 
This finding raises compelling questions concerning the impact of the specific timing of 
these changes on cognitive and social functioning. Further, a recent study by Østby et 
al. (2009) reported a distinction between structural changes in cortical and subcortical 
regions. That is, while cortical structures typically showed non-linear decreases in grey 
matter volume with age, most subcortical structures (i.e., basal ganglia, accumbens) 
showed linear age-related decreases. In addition, this study revealed that the amygdala 
and hippocampus showed slight, non-linear increases in grey matter volume with age. 
Together, these results suggest a more heterogeneous pattern of structural changes 
depending on the specific region of the brain. 

Neurobiological models of adolescent development
A fundamental question in the current thesis concerns how changes in social behavior 
during adolescence are linked to brain development. Although the exact relationship 
between structural brain development and behavior remains unclear, studies increasingly 
try to relate changes in brain activation to developmental changes in behavior. The most 
commonly used method in these studies is functional MRI (fMRI), which enables the 
study of brain function while participants are asked to perform a specific task. Most of 
this work is built on the assumption that developmental changes in behavior are related to 
changes in neural activation, which in turn are related to the structural maturation of the 
brain (e.g., Burnett et al., 2011; Luna et al., 2010). 

An important theoretical framework for the empirical studies in this thesis is the 
Social Information Processing Network (SIPN) model developed by Nelson and colleagues 
(2005). According to this model, the brain contains three basic nodes involved in social 
information processing, each dedicated to a specific set of functions; i) a ‘detection’ 
node, that is implicated in the basic detection and processing of social stimuli, ii) an 
‘affective’ node, that is implicated in the affective processing of social stimuli, and iii) 
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the ‘cognitive-regulatory’ node, which is dedicated to higher-order cognitive processes 
that are important for social behavior, such as understanding the mental states of others, 
inhibition of responses, and goal-directed behavior. Importantly, the authors propose that 
these three nodes develop along different developmental trajectories. While brain regions 
involved in the ‘detection’ node (i.e., occipital and temporal regions, fusiform face area) 
mature well before adolescence, regions of the two other nodes undergo structural and 
functional changes during adolescence. More specifically, the regions that make up the 
‘affective’ node (i.e., limbic system) are believed to be highly sensitive to the increase 
of gonadal hormones at the onset of puberty, which may lead to changes in the affective 
processing of social stimuli. Developmental changes in the ‘cognitive-regulatory’ node 
(i.e., prefrontal cortex) on the other hand are believed to be more gradual, independent 
of hormonal status, and could persist into early adulthood (Nelson et al., 2005; Nelson & 
Guyer, 2011). 

One of the main hypotheses that can be derived from the SIPN model is that changes 
in social behavior during adolescence are related to developmental changes in brain 
regions that are implicated in social information processing. In particular, the adolescent 
brain is proposed to be characterized by earlier functional maturation of the subcortical 
affective system (i.e., limbic regions) relative to prefrontal areas important for regulatory 
control, that could bias adolescents towards a heightened sensitivity to social cues from 
peers and enhanced emotional experiences. The SIPN model has similarities with other 
neurodevelopmental models explaining typical adolescent behavior, such as increased 
sensation-seeking and risk-taking behavior (e.g., Casey et al., 2008a, 2008b; Crews et al., 
2007; Ernst et al., 2006; Steinberg, 2008)1, which differ in their degree of focus on social 
behavior (Burnett et al., 2011). An important challenge for scientific research is to obtain 
empirical evidence that can support and refine these theoretical models of adolescent 
development. 

1  Both theoretical models described by Casey et al. (2008a, 2008b) and Steinberg et al. (2008) aim to 

explain the non-linear change in risk-taking behavior and emotional reactivity during adolescence. According to 

these models, adolescent brain development is characterized by earlier functional maturation of limbic regions 

relative to prefrontal control regions. In adults, both systems are believed to be fully mature, whereas in children 

both systems are still developing. Further, Steinberg et al. (2008) hypothesized that the increase in risk-taking 

behavior (especially in the presence of peers) is related to a remodeling of the dopaminergic system, accompanied 

by the effects of gonadal steroids that increase the salience of social information. 

According to the Triadic model of Ernst et al. (2006), increased risk-taking behavior during adolescence is related 

to an imbalanced function of three neural systems that support: i) reward-related/approach behavior (ventral 

striatum), ii) harm avoidance (amygdala), and iii) affect regulation. More specifically, adolescent behavior is 

believed to be biased towards reward-driven behavior which may be the result of a stronger reward-related system, 

a weaker harm-avoidant system, and/or poor prefrontal control. 



15

INTRoDuCTIoN

1.4 Social rejection
Experimental studies in adults have led to important insights regarding the psychological 
mechanisms underlying social rejection experiences, and also the brain regions that are 
involved. Given the goal of this thesis to gain more insight in the heightened emotional 
sensitivity to peer rejection during adolescence, this section starts with a review of 
relevant studies in adults. Next, an overview will be given of recent experimental studies 
exploring the hypersensitivity to social rejection in adolescents. Finally, we hypothesize 
that the recording of heart rate changes can provide a useful window on the processing of 
social rejection, which will be addressed in the final part of this section. 

Social rejection hurts
Humans are strongly motivated to gain social acceptance and are therefore typically highly 
sensitive to interpersonal rejection. Indeed, social rejection has been found to be highly 
distressing and to result in feelings of hurt (i.e., ‘social pain’) (Baumeister & Leary, 1995; 
Eisenberger et al., 2003). The experimental literature on the affective impact of social 
rejection is growing rapidly. An important challenge in these laboratory studies is the 
choice of an appropriate experimental paradigm to induce feelings of social rejection and 
acceptance; there is an important trade-off between experimental control and ecological 
validity, in which the latter is especially important for establishing the feeling of real 
social interactions. 

The paradigm most commonly used in laboratory studies on social rejection is a 
virtual ball tossing game, called Cyberball, a paradigm believed to have a high degree of 
ecological validity (Williams & Jarvis, 2006). In Cyberball, participants are led to believe 
that they are playing a ball tossing game with two other players on the internet. Cyberball 
typically starts with a game of fair play (i.e., inclusion game), followed by an exclusion 
game in which the participant receives the ball for a brief period at the beginning, but 
then gets ostracized by the two other players for the remainder of the game. Based on 
this paradigm, self-report studies in adults have shown that social exclusion elicits strong 
negative affect and threatens four fundamental human needs; belonging, control, self-
esteem, and meaningful existence (Williams et al., 2000; Williams, 2007). Furthermore, 
studies using variations of Cyberball reported that exclusion is distressing even when it 
results in financial gain (Van Beest & Williams, 2006), or when participants are rejected 
by a computer (Zadro et al., 2004). 

Cyberball is also frequently used in fMRI studies aiming to test the impact of 
social exclusion on brain activity. In particular, neuroimaging studies have shown that 
social exclusion elicits activity in brain regions that are involved in the processing of 
physical pain (Eisenberger & Lieberman, 2004; Lieberman & Eisenberger, 2009). In the 
first of these studies, Eisenberger and colleagues (2003) observed that the dorsal anterior 
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cingulate cortex (dACC), insula, and the ventrolateral prefrontal cortex (vlPFC) were 
more active during periods of social exclusion than during periods of social inclusion. 
These regions are also commonly reported in physical pain studies (see Shackman et al., 
2011; Vogt, 2005). In addition, results of this study showed that activity in the dACC 
correlated positively with self-reported exclusion distress, whereas activity in the vlPFC 
showed a negative correlation with activity in the dACC and self-reported distress. These 
results were taken to suggest that the vlPFC could regulate the experience of emotional 
pain induced by social exclusion, by disrupting activity in the dACC (Eisenberger & 
Lieberman, 2004). The overlap between brain regions involved in social and physical 
pain fits well with earlier animal studies on separation distress, suggesting that the 
social attachment system may have adopted the neural circuitry involved in physical 
pain (Panksepp, 2003). Indeed, it is likely that humans and other mammals evolved a 
highly sensitive ‘alarm’ system in order to quickly respond to signs of social rejection 
by registering social rejection as painful (Eisenberger & Lieberman, 2004; Lieberman 
& Eisenberger, 2009; MacDonald & Leary, 2005). Subsequent neuroimaging studies 
with Cyberball both replicated the initial findings reported by Eisenberger et al. (2003) 
and showed that a broader network of areas can be engaged during exclusion, including 
the medial prefrontal cortex (mPFC)/ventral ACC (vACC), subgenual ACC and the 
posterior cingulate cortex (e.g., Bolling et al., 2011; DeWall et al., 2010; Masten et al., 
2009; Onoda et al., 2009, 2010; Sebastian et al., 2011). Finally, a recent study using a 
different experimental paradigm (i.e., viewing pictures of an ex-partner after an unwanted 
romantic break-up) showed that social rejection also elicits activity in brain regions that 
are involved in the somatic representation of physical pain, including the somatosensory 
cortex and the posterior insula (Kross et al., 2011). 

The Cyberball paradigm has been criticized in terms of a possible confound 
between social exclusion and expectancy violations (Sebastian et al., 2011; Somerville et 
al., 2006). In particular, it has been argued that the exclusion game may elicit a reaction 
of violated expectations of inclusion (i.e., fair play), as well as exclusion-related distress. 
Somerville et al. (2006) designed a Social-Judgment task aiming to disentangle between 
these different processes. In this task, participants are presented with a series of unfamiliar 
faces and asked to indicate whether they like the person on the picture, or to predict 
whether the person would like them. These judgments are then followed by feedback 
indicating acceptance or rejection by the person on the picture. Results of their fMRI 
study showed that activation in the dACC was specifically related to expectancy violations 
(i.e., incongruent vs. congruent social feedback), while activity in the vACC/mPFC was 
sensitive to social acceptance feedback (i.e., social acceptance vs. rejection) (Somerville 
et al., 2006). Thus, these findings suggest that the vACC/mPFC and dACC subserve 
different functions in the processing of social-evaluative feedback. Indeed, the dACC 
is commonly reported in studies on conflict processing and expectancy violations (e.g., 
Botvinick et al., 2001; Critchley et al., 2005). To account for these divergent findings for 
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the dACC in pain processing and cognitive control, Eisenberger and Lieberman (2004) 
conceptualized the dACC as a more general neural ‘alarm’ system in which both affective 
distress and discrepancy detection may act as complementary processes. 

Social rejection and developmental differences 
Despite the well-known changes in social behavior during adolescence, the underlying 
mechanisms of increased rejection sensitivity are still poorly understood. Currently, there 
are only a few experimental studies which have tested the hypothesis that adolescents are 
hypersensitive to social rejection. Using the Cyberball paradigm, Sebastian et al. (2010a) 
showed that both early (11-14 years) and mid-adolescent (14-16 years) females reported 
lower mood after being excluded relative to adult females (22-47 years). In addition, levels 
of anxiety were higher after social exclusion in the youngest group of adolescents. It should 
be noted that in this study no age-related differences were reported in the experience of 
need threat (i.e., belonging, control, self-esteem, and meaningful existence), showing that 
each of these fundamental needs were threatened by social exclusion regardless of age. 

Recently, neuroimaging studies have started to explore the neural substrate of social 
rejection in adolescents. In particular, these studies aimed to test whether the heightened 
sensitivity to social rejection may be related to increased activity in brain regions associated 
with negative affect and/or immature activation in regulatory brain regions (see also SIPN 
model Nelson et al., 2005). Using a modified version of Cyberball, Sebastian et al. (2011) 
observed that, relative to adult participants (23-28 years), social exclusion in adolescents 
(14-16 years) was associated with less neural activity in the vlPFC, suggesting that adults 
might be better able to regulate the negative feelings associated with being excluded. A 
similar age-effect in activity in the vlPFC was obtained in a study by the same research 
group using a rejection-themed emotional Stroop task (Sebastian et al., 2010b). In this 
study, adolescents (14-16 years) and adults (23-28 years) were asked to indicate the ink 
colour in which stimulus words (i.e., rejection, acceptance, and neutral) were presented. 
Together, these findings fit well with neurobiological models on adolescent development 
suggesting that brain regions involved in the regulation of affect (i.e., vlPFC) are among 
the latest regions reaching functional maturity (e.g., Burnett et al., 2011; Nelson et al., 
2005). 

In another fMRI study using Cyberball in 12-13 year olds, both similarities and 
differences were reported with the pattern of neural activity previously reported in 
Cyberball studies in adults (Masten et al., 2009). In this study, adolescents were explicitly 
told that they would play the ball-tossing game with two other adolescents, aiming to 
probe the neural correlates of social rejection by peers. Similar to adult findings, the insula 
and the vlPFC were more active during periods of social exclusion than during periods 
of social inclusion, and activity in these regions showed comparable relationships with 
respectively high and low levels of exclusion-related distress (e.g., Eisenberger et al., 2003). 
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Further, results revealed a pattern of neural activity which may be unique to adolescents; 
activity in the subgenual ACC during social exclusion was positively correlated to self-
reported exclusion distress, and activity in the ventral striatum was negatively correlated 
to distress. In a follow-up study, it was further reported that activity in the subgenual ACC 
during periods of social exclusion was predictive for future depression in the same sample 
of adolescents (Masten et al., 2011). With regard to activity in the striatum, Masten et al. 
(2009) hypothesized that this region plays a role in affect regulation in adolescents in 
order to compensate the prefrontal cortex that is still developing.

Taken together, the results that emerged from these neuroimaging studies suggest 
that adolescents and adults differ in their neural responses to social exclusion, but the exact 
neurobiological mechanisms of increased rejection sensitivity remain largely unknown. It 
is important to note that in the studies by Sebastian and colleagues (2010a, 2010b, 2011) 
only females were included and that general rejection experiences were measured (not 
necessarily peer rejection). While the study by Masten and colleagues (2009) aimed to 
probe the neural correlates associated with peer rejection in both adolescent boys and girls, 
in this study no comparisons were made with adjacent age groups. In the neuroimaging 
studies presented in this thesis we aimed to test the impact of social-evaluative feedback, 
by 1) including participants of at least three age groups, which allows more precise 
measurement of developmental change, and 2) by using different experimental paradigms 
to induce feelings of social rejection by age-matched peers (i.e., Cyberball and Social-
Judgment task). 

Autonomic correlates of social rejection 
Besides functional neuroimaging studies testing for developmental differences in neural 
responses to social-evaluation, the current thesis contains two empirical studies testing 
the impact of social rejection feedback on beat-by-beat heart rate responses. Like fMRI, 
measures of heart rate can provide insight in the development of processes that underlie 
the experience of social rejection, which are not always easily detected on the basis of 
self-reports or behavior. 

Despite the wealth of research suggesting that social rejection elicits feelings 
of hurt that share common physiological mechanisms in the brain that are involved in 
physical pain processing, little is known about the impact of social rejection on bodily 
responses. Previous studies using cognitive tasks have shown that the processing of 
psychologically relevant stimuli is accompanied by rapid changes in the time interval 
between consecutive heart beats (i.e., interbeat interval), for example by examining the 
processing of different feedback signals. That is, the typical heart rate pattern observed 
in these studies consists of a transient heart rate slowing in anticipation of the feedback, 
followed by an acceleratory recovery to baseline (Jennings & Van der Molen, 2002). 
Importantly, studies have shown that this recovery is considerably delayed when the 
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feedback conveys negative information, such as negative performance feedback, or 
when expectations are violated (e.g., Crone et al., 2003; Somsen et al., 2000). A similar 
pattern of heart rate deceleration has been reported in response to signals of punishment 
(e.g., Crone et al., 2004a; Luman et al., 2008), unpleasant affective stimuli (e.g., Bradley, 
2009), and following the commission of errors (e.g., Hajcak et al., 2003). Together, this 
line of research suggests that phasic heart rate responses reflect a system implicated in 
the monitoring of behavior and relevant signals from the environment. Notably, there is a 
large body of evidence showing that heart rate responses can provide important insights 
into developmental changes in information processing (e.g., Crone et al., 2004b, 2006a, 
2007; Groen et al., 2007; Van Leijenhorst et al., 2007). For instance, in a study by Crone 
et al. (2004b), it was demonstrated that children showed a pattern of cardiac slowing 
to uninformative negative feedback that was not observed in adults, suggesting that the 
ability to differentiate between the relevance of feedback signals improves with age. 

Beat-by-beat heart rate changes are believed to be mediated under the joint control 
of the sympathetic and the parasympathetic division of the autonomic nervous system, 
which differ in the time course in which they affect the beating heart. Whereas it takes the 
sympathetic system (i.e., norepinephrine) several seconds to increase the rate of beating 
of the heart, the parasympathetic system (i.e., acetylcholine) affects the heart rate quickly 
by decreasing the rate of heartbeats, suggesting that short-latency decreases in heart 
rate are primarily parasympathetically mediated (Berntson et al., 2007; Somsen et al., 
2004). Indeed, the fast parasympathetic contribution to heart rate has been interpreted 
as a reflection of an ‘orienting’ response that supports the intake of relevant information 
from the environment (Bradley, 2009). Based on this literature, it could be hypothesized 
that social rejection feedback would be associated with a response of the parasympathetic 
nervous system and therefore should be accompanied by a transient slowing of heart rate.

From a somewhat broader perspective, the key role of the parasympathetic 
nervous system in facilitating the processing of psychologically relevant information is 
consistent with studies exploring individual differences in heart rate variability (HRV). 
Specifically, these studies argue that high parasympathetic regulation of cardiac activity 
(indexed by high HRV) is indicative of a self-regulatory process facilitating adaptive and 
flexible behavior. Lower levels of HRV (i.e., low parasympathetic regulation) on the other 
hand have been linked to a wide range of somatic and mental diseases, including anxiety, 
depression and hypertension. That is, by the reduction of fast parasympathetic control the 
organism is less able to flexibly respond to rapidly changing environmental demands and 
to efficiently process salient information (Thayer & Brosschot, 2005; Thayer & Lane, 
2009). Further, the Polyvagal theory (Porges, 2003, 2007) emphasizes the important 
link between parasympathetic regulation of bodily responses and adaptive social and 
emotional behavior (i.e., social engagement system). More specifically, this theory argues 
that a calm physiological state (indexed by the amplitude of respiratory sinusarrythmia, 

RSA) is critical for social interactions and effective emotion regulation. The rhythmic 
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increase and decrease of heart rate in this high-frequency respiration band is under vagal 
control, and therefore indicative of parasympathetic nervous system activity (Berntson et 
al., 2007). Less parasympathetic contribution to heart rate (low RSA) has been associated 
with the mobilization of defensive behavior (i.e., fight or flight) that is mediated by the 
sympathetic nervous system (Porges, 2003). In support of this hypothesis, Gyurak & 
Ayduk (2008) demonstrated that high resting RSA might serve as a protective factor 
against difficulties in controlling negative affect and hostile behavior (i.e., aggression) 
in interpersonal conflict situations in people who are highly sensitive to social rejection. 

1.5 Mentalizing 
Another key component of human social interactions is mentalizing, which refers to the 
ability to read and understand the mental states of others (Premack & Woodruff, 1978). 
Mentalizing enables us to recognize that other people have their own internal states, 
including feelings, beliefs, and desires, which is essential to understand their intentions 
and behavior. Recently, there is increasing evidence suggesting that brain regions involved 
in mentalizing undergo functional changes during adolescence (Blakemore, 2008, 2010). 
Despite the focus of this thesis on social-evaluative feedback processing, this thesis also 
contains an empirical study testing the developmental trajectories of neural responses 
associated with mental state attribution. This section starts with a review of brain regions 
involved in mentalizing based on neuroimaging studies in adults. Subsequently, the main 
findings of recent developmental studies on mentalizing will be discussed. 

Brain regions involved in mentalizing
There is an extensive body of evidence revealing a network of brain regions that is 
consistently engaged in mentalizing tasks, including the mPFC, temporoparietal junction 
(TPJ), posterior superior temporal sulcus (pSTS), and the temporal poles (e.g., Amodio 
& Frith, 2006; Blakemore, 2008; Gallagher & Frith, 2003; Frith & Frith, 1999). Together, 
these regions have often been referred to as the ‘mentalizing network’, although the exact 
functional role of each region in mentalizing is still debated. Neuroimaging studies have 
shown that the mPFC is often activated in tasks that require participants to think about the 
mental states of others (Amodio & Frith, 2006; Fletcher et al., 1995), as well as in tasks that 
involve self-knowledge or self-referential processing (e.g., Johnson et al., 2002; Kelley et 
al., 2002; Lombardo et al., 2010). As such, it has been hypothesized that the mPFC may 
be involved in the decoupling of mental states from physical reality (Gallagher & Frith, 
2003). In addition, some studies hint towards distinct functional subregions of the mPFC. 
For instance, Mitchell et al. (2006) reported that the ventral mPFC is mainly involved 
in self-referential processing and mentalizing about similar others, whereas mentalizing 
about dissimilar others engages a more dorsal region of the mPFC. Similar to the mPFC, 
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the TPJ is consistently activated in mentalizing tasks, and in particularly in tasks tapping 
into the ability to infer and understand the mental states of others (Saxe & Kanewisher, 
2003; Van Overwalle, 2009). However, it should be noted that there is also increasing 
evidence suggesting that the TPJ is activated in non-social tasks mediating the ability 
to shift attention for goal-directed behavior (Decety & Lamm, 2007; Mitchell, 2008). 
As such, it has been proposed that in the context of social interactions, the TPJ may be 
particularly important for shifting attention between the self and the other (Van den Bos 
et al., 2011; Van Overwalle, 2009).

Both the temporal pole and the pSTS have been associated with more specific 
sub-functions involved in mentalizing (Atique et al., 2011). Although the function of the 
temporal pole is not yet well understood, studies increasingly point to a role of this region 
in the retrieval of social semantic information (i.e., social concepts) that is necessary to 
describe the mental states of self and others (Ross & Olson, 2010; Zahn et al., 2007). 
In addition, this region has been associated with the storage of episodic memories that 
could facilitate mentalizing (Gallagher & Frith, 2003). The pSTS on the other hand is 
believed to play a key role in the visual analysis of other people’s mental states and 
intentions using signals conveyed by the face and body, i.e., biological motion, facial 
expressions, and gaze direction (e.g., Hoffman & Haxby, 2000; Pelphrey et al., 2003, 
2004; Van Overwalle, 2009).

Developmental changes associated with mentalizing 
There is a broad consensus in the developmental literature that mentalizing abilities de-
velop early in life. Young infants already display a sensitivity to social cues, such as the 
eyes and faces (Grossman et al., 2008), which is then followed by an increase in explicit 
understanding of false beliefs around the ages 4-5 or younger (e.g., Onishi & Baillar-
geon, 2005; Wellman et al., 2001). Despite this literature, there is mounting evidence that 
brain regions involved in mentalizing undergo functional changes during adolescence 
(Blakemore, 2008, 2010). In particular, it has been reported that activity in the mPFC 
during mentalizing tasks decreases between adolescence and adulthood (e.g., Blakemore 
et al., 2007; Burnett et al., 2009; Pfeifer et al., 2009; Wang et al., 2006). In addition, 
there is some evidence that activity in other regions, such as the TPJ or temporal pole, 
increases with age (e.g., Burnett et al., 2009; Van den Bos et al., 2011). Together, it has 
been hypothesized that this pattern of functional changes could reflect maturational pro-
cesses involved in the fine-tuning of neural systems (Blakemore, 2008, 2010; Burnett 
& Blakemore, 2009a). Indeed, regions such as the mPFC are among the latest regions 
to show a peak in grey matter volume (e.g., Gogtay et al., 2004; Sowell et al., 2004). 
Alternatively, it has been proposed that these changes could reflect developmental dif-
ferences in the strategy used for mentalizing, in such a way that mentalizing becomes 
less effortful or more automatic with age (Burnett & Blakemore, 2009a). It is important 
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to emphasize that developmental differences in neural activation are mainly obtained in 
studies in which participants are engaged in mental state reasoning. Social perceptual 
processes involved in mentalizing, such as decoding intentions from the eyes and faces, 
are believed to lie at the foundation of subsequent mentalizing operations (Nelson et al., 
2005; Wellman & Brandone, 2009). Yet, it is largely unknown whether basic perceptual 
processes involved in mentalizing continue to develop across adolescence. In the current 
thesis, we aim to test this by using the Reading the Mind in the Eyes task (adopted from 
Baron-Cohen et al., 2001a). 

1.6 Outline of this thesis 
The main aim of this thesis is to gain insight in the neurobiological mechanisms underlying 
the heightened emotional sensitivity to peer rejection during adolescence. In particular, 
this thesis describes a set of empirical studies examining neural and heart rate responses 
to social-evaluative feedback in children, adolescents, and adults. An important advantage 
of these measurements is that they can provide insight in the development of processes 
that cannot always be observed in overt behavior or self-reports. In addition, these 
measurements provide access to processes during the experience of peer acceptance and 
rejection, instead of subjective indices that are typically assessed after an experimental 
manipulation. 

Chapters 2 and 3 describe two studies using heart rate measurements aiming to 
examine the cardiac response associated with social rejection feedback. In these studies, 
a modified version of the Social-Judgment task was used (adopted from Somerville et al., 
2006) in which participants received both social acceptance and rejection feedback. In 
addition, this task enabled us to test the impact of prior expectations of social evaluation 
(i.e., to be liked or disliked) on social feedback processing. Chapter 2 describes the 
cardiac pattern associated with social rejection feedback in adults, which sets the stage 
for examining developmental differences. The subsequent study tested the impact of peer 
rejection on heart rate in both pre-pubertal and pubertal boys and girls (Chapter 3).

Chapters 4-6 describe fMRI studies aiming to test for developmental differences 
in neural activity across adolescent development. Chapter 4 describes a study with the 
same experimental task that was used in the heart rate studies. This study investigated 
the developmental changes in neural activity associated with expectations about social 
evaluation and social feedback processing. In the following developmental fMRI study 
(Chapter 5), the impact of social exclusion on brain activity was tested using the Cyberball 
paradigm. In addition, this study examined whether adults and adolescents differ in the 
way they allocate money with the players who previously excluded or included them using 
a Dictator game. Finally, Chapter 6 describes a study aiming to chart the developmental 
trajectories of neural responses associated with perceptual mind-reading abilities, using 
an adapted version of the Reading the Mind in the Eyes task (Baron-Cohen et al., 2001a). 
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Although the focus of this study is not on social-evaluative feedback processing, this 
study provides additional insight in the protracted development of social brain regions 
across adolescence. In Chapter 7 of this thesis, the results of the empirical studies are 
summarized and discussed. 
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